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Abstract

Red blood cells (RBCs) release ATP in response to haemoglobin deoxygenation, which binds to
endothelial purinergic receptors and stimulates vasodilatation. This ATP release is impaired in
RBCs from older vs. young adults, but the underlying mechanisms are unknown. Using isolated
RBCs from young (24+1) and older (65+2) adults, we tested the hypothesis that age-related
changes in RBC deformability (Study 1) and cAMP signalling (Study 2) contribute to the
impairment. RBC ATP release during normoxia (PO, ~112 mmHg) and hypoxia (PO, ~20 mmHg)
was quantified via luciferin-luciferase technique following RBC incubation with either Y-27632
(Rho-kinase inhibitor to increase deformability), diamide (cell-stiffening agent), cilostazol
(phosphodiesterase 3 inhibitor), or vehicle control. The mean change in RBC ATP release from
normoxia to hypoxia in control conditions was significantly impaired in older vs. young (~50% vs
~120%; P<0.05). RBC deformability was also lower in older vs. young as indicated by a higher
RBC transit time (RCTT) measured by blood filtrometry (RCTT: 8.541+0.050 vs. 8.234+0.098
a.u., respectively; £<0.05). Y-27632 improved RBC deformability (RCTT: 8.228+0.083) and ATP
release (111.7+17.2%) in older and diamide decreased RBC deformability (RCTT: 8.955+0.114)
and ATP release (67.4+11.8%) in young (/<0.05), abolishing the age group differences (~>0.05).
Cilostazol did not change ATP release in either age group (~>0.05), and RBC cAMP and ATP
release to pharmacological G; protein activation was similar in both groups (~>0.05). We conclude
that decreased RBC deformability is a primary contributor to age-related impairments in RBC
ATP release, which may have implications for impaired vascular control with advancing age.
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Introduction

The local control and regulation of blood flow involves the integration of multiple
substances, signalling pathways, and vascular responses, the end goal of which is the
matching of oxygen supply to tissue metabolic demand (Clifford & Hellsten, 2004;
Mortensen & Saltin, 2014; Joyner & Casey, 2015). Of these substances, circulating
adenosine triphosphate (ATP) is among the most unique in that it can stimulate both local
and conducted vasodilatation via binding to purinergic Poy receptors on the endothelium
(Collins et al., 1998; Winter & Dora, 2007; Dora, 2017), and it is the only molecule
demonstrated to have the intrinsic ability to blunt sympathetically-meditated
vasoconstriction when administered exogenously (Rosenmeier et al., 2004; Kirby et al.,
2008; Hearon Jr. et al., 2017). Importantly, circulating concentrations of ATP in healthy
young adults increase in response to physiological stimuli such as hypoxia and exercise, and
are closely correlated with skeletal muscle blood flow during exercise (Mortensen et al.,
2011; Kirby et al., 2012). Advancing age in humans is associated with impairments in
vasodilatation and regulation of blood flow to the skeletal muscle during exercise, which can
contribute to increases in cardiovascular disease morbidity and mortality as well as declines
in functional capacity, exercise tolerance, functional independence, and overall quality of life
(WHO, 1993; Go et al., 2014; Hearon Jr. & Dinenno, 2016; Mozaffarian et al., 2016).
Advancing age is also accompanied by an attenuation in circulating ATP during hypoxia and
exercise (Kirby et al., 2012), but not an impaired responsiveness to ATP as determined by
measuring vasodilatation in the forearm to brachial artery infusion of ATP (Kirby et al.,
2010). Although there is evidence that the vasodilatory responsiveness to ATP may differ
with age in the leg vasculature and that this can be modulated by physical activity status
(Mortensen et al., 2012), the collective evidence suggests that if ageing adversely affects the
contribution of ATP to vascular control and regulation of skeletal muscle blood flow, the
impairment is likely related to the source of ATP.

While the exact mechanisms by which local changes in metabolic demand are sensed and
vascular responses coordinated to provide the appropriate oxygen supply remain unclear, a
growing body of evidence indicates that red blood cells (RBCs) could play a central role in
this process (Bergfeld & Forrester, 1992; Ellsworth et al., 1995; Ellsworth, 2000; Jagger et
al., 2001; Jensen, 2009; Ellsworth & Sprague, 2012). Specifically, RBCs can stimulate
vasodilatation and increase oxygen delivery to the tissue by releasing ATP in direct
proportion to the degree of haemoglobin deoxygenation, thus allowing them to act as both a
‘sensor’ for oxygen demand and an ‘effector’ capable increasing blood flow to facilitate the
coupling of oxygen delivery to tissue metabolic demand (Dietrich et al., 2000; Jagger et al.,
2001; Gonzéalez-Alonso et al., 2002; Sprague et al., 2009). Cell deformation, which occurs
as RBCs traverse the microcirculation and is augmented by stimuli associated with the local
milieu of contracting skeletal muscle such as elevated shear stress and mechanical
compression of blood vessels, also stimulates ATP release and more deformable cells release
more ATP in response to a given stimulus (Sprague et al., 1998; Faris & Spence, 2008;
Sridharan et al., 2010b; Mortensen et al., 2011; Thuet et al., 2011; Crecelius et al., 2013).
Both of these stimuli have been linked to ATP release through activation of heterotrimeric
inhibitory G (G;) proteins (Olearczyk et al., 2004a, 2004b). Downstream of G; activation, it
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has been demonstrated that stimulation of adenylyl cyclase (AC) and increases in
intracellular cyclic AMP (cAMP), the overall level of which is regulated by the balance
between AC-mediated synthesis and hydrolysis by phosphodiesterase 3 (PDE3), are
involved in the signalling cascade for RBC ATP release (Sprague et al., 2001a, 2006, 2011,
Conti & Beavo, 2007; Adderley & Sprague, 2010; Lomas & Zaccolo, 2014; Brescia &
Zaccolo, 2016). /n vivo, the aforementioned increase in circulating ATP during exercise has
been shown to be dependent on skeletal muscle perfusion, suggesting that intravascular
sources such as RBCs play an essential role in this response (Kirby et al., 2013). Consistent
with the evidence that RBCs are a primary source of circulating ATP and that circulating
ATP responses to hypoxia and exercise are impaired with age, our laboratory was the first to
demonstrate that deoxygenation-induced ATP release is impaired in RBCs isolated from
healthy older compared with young adults (Kirby et al., 2012).

Although the underlying mechanisms of this impairment in RBC ATP release are unknown,
one possibility is the age-associated decrease in RBC membrane fluidity and deformability
(Reid et al., 1976; Hegner et al., 1979; Gelmini et al., 1987, 1989). In this context, it has
been demonstrated that acute, pharmacologically-induced increases or decreases in RBC
deformability produce parallel changes in deoxygenation-induced ATP release from RBCs
of young healthy donors (Thuet et al., 2011). Another potential mechanism is altered
intracellular cAMP signalling given that RBCs from type 2 diabetics, in addition to
exhibiting impaired ATP release responses to cell deformation and deoxygenation
(Subasinghe & Spence, 2008; Sprague et al., 2010, 2011; Richards et al., 2014, 2015;
Dergunov et al., 2015), also exhibit blunted increases in intracellular cAMP and ATP release
following direct pharmacological G; protein stimulation relative to RBCs from healthy
controls (Sprague et al., 2006, 2011). Importantly, treating RBCs from type 2 diabetics with
the PDE3 inhibitor cilostazol significantly improves these intracellular cAMP and ATP
release responses (Hanson et al., 2010; Sprague et al., 2011; Dergunov et al., 2015). To date,
whether changes in red blood cell deformability and/or cAMP signalling are
mechanistically-linked with impaired RBC ATP release in older adults has never been
experimentally tested.

Accordingly, the primary purpose of the present investigation was to determine if age-related
declines in RBC deformability and/or potential alterations in cCAMP signalling contribute to
impaired deoxygenation-induced ATP release from RBCs of healthy older adults.
Specifically, we tested the hypothesis that increasing RBC deformability would improve
deoxygenation-induced ATP release in RBCs from older adults and, conversely, that
decreasing RBC deformability would attenuate deoxygenation-induced ATP release in RBCs
from young adults (Study I). Further, we hypothesized that treating RBCs with the PDE3
inhibitor cilostazol would improve deoxygenation-induced ATP release from RBCs of
healthy older adults, and sought to determine if cellular responses downstream of G;
activation (i.e., increased intracellular cCAMP and ATP release) are impaired with advancing
age (Study 2).
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Ethical approval and subjects

With approval from the Institutional Review Board at Colorado State University (protocol
16-6361H) and after written informed consent, a total of 17 young and 15 older healthy
adults participated in the first series of experiments (Study 1: RBC deformability and ATP
release), of which 12 young and 10 older subjects participated in multiple experiments.
Similarly, 14 young and 13 older healthy adults participated in the second series of
experiments (Study 2: RBC cAMP and ATP release), with 6 young and 6 older subjects
participating in multiple experiments. All subjects were free from overt cardiovascular
disease as assessed from a medical history, free of cardiovascular medications, non-smokers,
non-obese, normotensive, and sedentary to moderately active. Young female subjects were
studied during the early follicular phase of their menstrual cycle to minimize any potential
cardiovascular effects of sex-specific hormones, whereas older female subjects were post-
menopausal and not taking hormone replacement therapy. Additionally, older subjects were
further evaluated for clinical evidence of cardiopulmonary disease with a physical
examination and resting and exercise (Balke protocol) electrocardiograms. Body
composition was determined by whole-body dual-energy X-ray absorptiometry scans (QDR
series software, Hologic, Inc., USA). Whole blood lipid panels were run using a Piccolo
Xpress chemistry analyser (Abaxis, USA). All studies were performed according to the
Declaration of Helsinki.

Isolation of RBCs

Blood was obtained by either venipuncture of the antecubital vein or catheterization of the
brachial artery (if the subject was participating in another study in the laboratory) and
collected into Vacutainer tubes containing sodium heparin (158 USP units) after a 4 hour
fast and 12 hour abstention from caffeine, alcohol, and exercise. RBCs were isolated by
centrifugation of the collected whole blood (500g, 4°C, 10 min) followed by removal of the
plasma and buffy coat by aspiration. Packed RBCs were resuspended and washed three
times in a cell wash buffer (CWB) containing (in mM) 4.7 KCI, 2.0 CaCly, 1.2 MgSOy,
140.5 NaCl, 21.0 Tris-base, 5.5 glucose, and 0.5% BSA, with pH adjusted to 7.4 at room
temperature (Sridharan et al., 2010b; Thuet et al., 2011; Kirby et al., 2012; Richards et al.,
2014, 2015). All studies were performed immediately after blood collection and RBC
isolation.

RBC drug treatment and deoxygenation

As described previously by our laboratory (Kirby et al., 2012), washed RBCs were diluted to
20% haematocrit with a warmed (37°C) bicarbonate-based buffer containing (in mM) 4.7
KCI, 2.0 CaCly, 1.2 MgSOy, 140.5 NaCl, 11.1 glucose, 23.8 NaHCO3, and 0.5% BSA and
placed in a rotating bulb tonometer (Eschweiler GmbH & Co. KG, Germany). Drug
treatments were performed on separate days (Study 1. 1 pM Y-27632 or 500 uM diamide,
references below; Study 2. 100 uM cilostazol, Sprague et al., 2011; all drugs from Sigma)
and were always paired with a vehicle control in a second tonometer bulb (Study 1: saline;
Study 2. dimethylformamide, DMF, Sigma). This concentration of the Rho-kinase inhibitor
Y-27632 has been shown to increase deformability and hypoxia-induced ATP release in
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RBCs from healthy humans (Thuet et al., 2011), whereas the thiol cross-linking agent
diamide has been shown to decrease RBC deformability and hypoxia-induced ATP release
(Sridharan et al., 2010b; Thuet et al., 2011) without significantly altering haemoglobin or
normal cell function (Kosower et al., 1969; Maeda et al., 1983). This concentration of
cilostazol has been shown to enhance pharmacologically-stimulated elevations in
intracellular cAMP in isolated RBCs (Hanson et al., 2010; Sprague et al., 2011; Leal Denis
et al., 2013; Knebel et al., 2013).

Paired drug- and vehicle-treated RBC suspensions were incubated in tonometer bulbs for 30
min in normoxia (16% O, 6% CO», balanced nitrogen; Study 1. PO, = 111.8 £ 0.7 mmHg
and FO,Hb = 94.9 + 0.1%,; Study 2. PO, = 114.3 + 0.7 mmHg and FO,Hb = 95.0 + 0.1%;
mean of all age groups and conditions), after which a sample was removed from each
tonometer bulb for measurement of extracellular and intracellular ATP (details below).
RBCs were then deoxygenated by exposure to hypoxia for 15 min (Study 1. 1% O, 6%
CO», balanced nitrogen; PO, = 18.4 + 0.5 mmHg and FO,Hb = 21.7 + 1.0%; Study 2.
2.25% O, 6% CO,, balanced nitrogen; PO, = 24.1 + 0.4 mmHg and FO,Hb = 34.8 £ 1.2%;
mean of all age groups and conditions) and RBC samples were taken for measurement of
ATP as in normoxia. Normoxic and hypoxic gases were blended via gas blender (MCQ Gas
Blender Series 100, Italy) and humidified before introduction into the tonometer bulbs. Our
goal was to reduce PO, and FO,Hb to levels within the range observed in vivo during
conditions such as exercise (Kirby et al., 2012), and the O, percentage was adjusted in Study
2to approach that goal more closely. Blood gases were confirmed by blood gas analysis
(Siemens Rapid Point 405 Series Automatic Blood Gas System, Los Angeles, CA) (Kirby et
al., 2012).

Measurements of extracellular ATP and RBC total intracellular ATP

ATP was measured via the luciferin-luciferase technique as described previously (Sprague et
al., 20014, 2011; Sridharan et al., 2010b, 2010a; Thuet et al., 2011; Kirby et al., 2012;
Richards et al., 2013, 2014, 2015), with light emission during the reaction detected by a
luminometer (TD 20/20, Turner Designs). For measurement of extracellular ATP (i.e. ATP
release), a 10 pL sample of the 20% haematocrit suspension was taken from each tonometer
bulb and diluted 500-fold (0.04% haematocrit), from which 200 pL samples were taken and
injected into cuvettes containing 100 pL of firefly tail extract (10 mg/mL deionized water;
Sigma) and 100 pL of D-luciferin (0.5 mg/mL deionized water; Research Products
International). Peak light output was measured at least in triplicate for each experimental
condition and the mean was used for determination of ATP levels by comparison to a
standard curve for ATP (Calbiochem) generated on the day of the experiment. Cell counts
were obtained from each 0.04% RBC suspension and extracellular ATP was normalized to 4
x 108 cells. To confirm that ATP release was not due to haemolysis, the 0.04% RBC
suspensions from which samples for ATP analysis and cell counting were taken were
analysed for free haemoglobin by measuring absorbance at 405 nm and samples with
significant lysis were excluded, similar to previous reports (Sprague et al., 1998, 2011,
Sridharan et al., 2010a; Thuet et al., 2011; Kirby et al., 2012, 2014; Richards et al., 2013,
2014, 2015).
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To confirm that the effects of donor age and pharmacological agents on RBC ATP release
were not due to differences in total intracellular ATP or the increase in RBC glycolytic
activity during hypoxia (Messana et al., 1996; Campanella et al., 2005; Lewis et al., 2009;
Kirby et al., 2014), 50 pL samples of drug- and saline-treated RBCs (20% haematocrit) were
taken from the tonometer bulbs in normoxia and hypoxia following measurement of
extracellular ATP and lysed in deionized water at room temperature (a 20-fold dilution).
This lysate was diluted an additional 400-fold (8000-fold total) and ATP was measured by
the same approach used for determination of extracellular ATP (Sridharan et al., 2010b,
2010a; Sprague et al., 2011; Thuet et al., 2011; Kirby et al., 2012, 2014). Values were
normalized to ATP concentration per RBC.

Measurement of RBC deformability (Study 1)

RBC deformability was measured using the St. George’s blood filtrometer (Carri-Med,
Dorking, UK) (Sprague, 1996; Sprague et al., 1998, 2001b, 2001a; Olearczyk et al., 2004a;
Sridharan et al., 2010b; Thuet et al., 2011; Clapp et al., 2013; Richards et al., 2014). This
device develops a calibrated 3 cm H,O pressure gradient across a vertically mounted, 13 mm
diameter polycarbonate filter (Nucleopore) with 9.53 mm exposed surface diameter and
average pore size of 5 um compared to the average RBC size of ~6-8 uM (thus, RBCs must
deform to pass through the filter). Distal to the filter, the outflow channel was filled with
CWB and flow was prevented by a stopcock. Proximal to the filter, the chamber and an
open-ended capillary tube were filled with either CWB (as described above for RBC
isolation, but with pH adjusted to 7.4 at 37°C) alone or a 10% haematocrit solution of RBCs
and CWB, both warmed to 37°C. For calibration, the time required for CWB alone to pass
through the filter was measured by four fibre optic detectors and recorded digitally, with this
process repeated until the coefficient of variance between runs was 1% or less; two to four
total runs were typically needed throughout the duration of each experiment to achieve this
variance criterion. The RBC suspension was then passed through the calibrated filter and red
(blood) cell transit time (RCTT) was calculated based on the rate at which the RBC
suspension traversed the filter relative to the rate of CWB alone as described previously
(Sprague, 1996). If the average filter pore size and haematocrit are kept constant, then RCTT
is a unitless index of RBC deformability, with lower RCTT indicating greater RBC
deformability.

Measurements of RBC deformability were made after a 30-min incubation with either saline
(vehicle control), Y-27632 (1 pM; Sigma), or diamide (500 uM; Sigma). RBC deformability
was measured on the same day and in triplicate for each condition, with the treatment order
randomized and counterbalanced between subjects. RBC deformability was measured on a
different day than the measurements of deoxygenation-induced ATP release, using fresh
blood samples on each day in order to ensure that RBCs were studied within ~4 hours of
isolation.

Measurement of RBC intracellular cAMP (Study 2)

As described previously (Olearczyk et al., 2004a; Sprague et al., 2005, 2006, 2011; Hanson
et al., 2010; Sridharan et al., 2010b), washed RBCs were diluted to a 50% haematocrit in a
CWB (as described for isolation of RBCs) and three 1 mL aliquots of this RBC suspension
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were incubated at room temperature with either DMF for 45 min (vehicle and time control)
or the G;j activator mastoparan 7 (Mas 7; 10 uM; Sigma) for 15 min. The reaction was halted
by the addition of 4 mL of ice cold acidified ethanol (1.3 pL of 11.6 M HCI in 15 mL of 200
proof ethanol), followed by vortexing and centrifugation (14,000g, 4°C, 10 min). The
supernatant was removed and stored overnight at —20°C to precipitate the remaining proteins
and centrifuged (3,700g, 4°C, 10 min) the next day. The final supernatant was removed,
dried under vacuum centrifugation, and stored at —80°C until enough samples were collected
to run the assay. The dried sample was reconstituted in an assay buffer and the concentration
of cAMP (fmol) was determined using a commercially available enzyme immunoassay (GE
Healthcare; non-acetylation protocol kit). RBCs from 6 young and 6 older subjects were
used for this experiment. Treatment of RBCs and measurement of intracellular cAMP was
performed in duplicate and averaged for each subject, and the mean was used to determine
the relative (%) change in intracellular ;cAMP compared to the DMF vehicle control (Hanson
etal., 2010).

RBC G;j activation (Mas 7) and measurement of extracellular ATP (Study 2)

Statistics

Washed RBCs were diluted to a 10% haematocrit with a bicarbonate-based buffer (as
described above for RBC deoxygenation), placed in a rotating bulb tonometer, and warmed
to 37°C in normoxia (15% O, 6% CO», balanced nitrogen; PO, = 118.1 + 1.1 mmHg and
FO,Hb =93.7 + 0.2% across both age groups and conditions). After a 15 min equilibration
period, RBC samples were taken from each tonometer bulb for baseline measurement of
extracellular ATP followed by incubation with saline (vehicle control) or 10 uM Mas 7
(Sprague et al., 2005, 2006; Hanson et al., 2009, 2010; Sridharan et al., 2010b; Thuet et al.,
2011). Saline-treated RBCs were sampled for measurement of extracellular ATP at 15 min
after the addition of saline, and RBCs incubated with Mas 7 were sampled for extracellular
ATP at 5, 10, and 15 min after the addition of Mas 7 and the peak value was used for
calculating the relative (%) change in extracellular ATP from baseline (Thuet et al., 2011).
Extracellular ATP was measured as described above for the deoxygenation experiments,
with the 0.04% haematocrit RBC suspensions obtained by taking a 10 pL sample of the 10%
haematocrit suspension from each tonometer bulb and diluting it 250-fold. To confirm that
ATP release was not due to haemolysis, free haemoglobin was measured as described for
Study 1, but with addition of measures at 570 nm with the background absorbance at 700 nm
subtracted as described by (Keller et al., 2017), which was published between the
completion of Study 1 and the initiation of Study 2.

All values are reported as mean + SEM. Statistical analyses of absolute ATP values
(intracellular and extracellular) were performed using R (R Core Team 2016, R Foundation
for Statistical Computing, Vienna, Austria). Absolute ATP values were tested using a 3-way
repeated measures ANOVA, with age as the between subjects factor (young vs. older) and
drug/gas conditions as the within subject factors (control vs. drug and normoxia vs. hypoxia,
respectively). When an interaction or main effect was found, appropriate pairwise
comparisons were made. SigmaPlot (Systat Software, San Jose, CA, USA) was used to
perform 2-way repeated measures ANOVAs for statistical analyses of the relative (%)
change in ATP release from normoxia to hypoxia, RBC deformability (RCTT), the relative
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change in intracellular cAMP, the relative change in ATP release in response to incubation
with Mas 7, and blood gases. In the event of a main effect of age or drug condition or an
interaction between the two, post hoc comparisons were made with Tukey’s HSD test. Less
than 1% of samples required exclusion due to significant lysis. The relative increase in
intracellular cAMP compared to zero was tested using a one-tailed t-test. Significance was
set at A< 0.05.

Subjects and blood gases

Subject characteristics are reported in Table 1. Compared to the young adults, older adults
had either trending or significant elevations in body mass index (BMI), body fat percentage,
and blood lipids; however, all values were still within the normal healthy range. Blood gases
for isolated RBCs are reported in Table 2. Most importantly, there were no significant
differences in the fraction of oxygenated haemoglobin (FO,Hb) between age groups or
pharmacological treatments in normoxia or hypoxia.

Effect of donor age, Y-27632, and diamide on RBC deformability (Study 1)

RBC deformability (n = 9 young, 9 older) was lower in RBCs from older adults as indicated
by the significantly higher RCTT in the saline condition compared to young adults (8.541

+ 0.050 vs. 8.234 £ 0.098, respectively; £< 0.05; Fig. 1). Incubation with the Rho-kinase
inhibitor Y-27632 improved RBC deformability significantly relative to the saline condition
only in the older adults (RCTT: 8.228 + 0.083; A< 0.05), such that there was no longer a
difference between the age groups (Fig. 1). In contrast, incubation with diamide significantly
decreased RBC deformability compared to saline in both young and older adults (RCTT:
8.955 + 0.114 and 9.242 + 0.154, respectively; P< 0.05; Fig. 1).

Effect of donor age, Y-27632, and diamide on deoxygenation-induced ATP release from
RBCs (Study 1)

In the Y-27632 experiment (n = 13 young, 14 older), extracellular ATP in normoxia was not
different between age groups or drug condition (Fig. 2A). With saline, extracellular ATP
from RBCs of older adults in hypoxia was significantly lower compared to young adults
(19.7 + 3.1 vs. 29.7 + 4.3 nmol/4 x 108 RBCs, respectively; £< 0.05; Fig. 2A) and the mean
percent increase from normoxia to hypoxia was significantly impaired in the older vs. young
adults (35.8 £ 11.1% vs. 114.7 + 11.0%, respectively; £< 0.05; Fig. 2B). Incubation of
RBCs with Y-27632 significantly increased extracellular ATP during hypoxia in older adults
(27.4 + 3.3 nmol/4 x 108 RBCs; P< 0.0001; Fig. 2A) and significantly increased the mean
percent increase in extracellular ATP from normoxia to hypoxia in both older and young
adults compared to saline (111.7 + 17.2% and 159.7 + 22.5%, respectively; £< 0.05), thus
reversing the age-related impairment in ATP release compared to control conditions in the
young (Fig. 2B).

In the diamide experiment (n = 13 young, 10 older), extracellular ATP in normoxia was not
different between age groups or drug condition (Fig. 3A). As in the Y-27632 experiment,
extracellular ATP from RBCs of older adults in the saline hypoxia condition was
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significantly lower compared to young adults (18.0 + 3.0 vs. 25.8 + 2.5 nmol/4 x 108 RBCs,
respectively; £< 0.05; Fig. 3A) and the mean percent increase from normoxia to hypoxia
was significantly impaired vs. young adults (57.7 £ 14.2% vs. 137.9 £ 25.3%, respectively;
P<0.05; Fig. 3B). Relative to the saline condition, incubation of RBCs with diamide
resulted in significantly lower extracellular ATP during hypoxia in older and young adults
(14.1 £ 2.9 and 15.7 + 2.6 nmol/4 x 108 RBCs, respectively; £< 0.05) (Fig. 2A) and
significantly blunted the mean percent increase in RBC ATP release from normoxia to
hypoxia in young adults (67.4 + 11.8%; P< 0.05) such that it was not different from older
adults in either condition (Fig. 3B).

Effect of donor age and cilostazol on deoxygenation-induced ATP release from RBCs

(Study 2)

Extracellular ATP (n = 10 young, 12 older) in normoxia was not different between age
groups or drug conditions (Fig. 4A). In the DMF vehicle control condition, extracellular
ATP from RBCs of older adults in hypoxia trended towards being lower compared to young
adults (10.7 + 1.4 vs. 15.0 + 2.5 nmol/4 x 108 RBCs, respectively; 2= 0.07; Fig. 4A) and the
mean percent increase from normoxia to hypoxia was significantly impaired in the older vs.
young adults (46.7 £ 8.0% vs. 117.6 + 13.3%, respectively; £< 0.05; Fig. 4B). This age-
related impairment in ATP release during hypoxia was unaffected by incubation of RBCs
with cilostazol, as both extracellular ATP and the percent increase from normoxia to hypoxia
remained significantly lower in older vs. young adults (10.7 + 1.2 vs. 16.7 £ 3.4 nmol/4 x
108 RBCs and 64.2 + 11.4% vs. 141.0 + 25.6%, respectively: both < 0.05; Figs. 4A and
4B).

Effect of donor age on RBC intracellular cAMP and ATP release responses to Mas 7 (Study

2)

For measurements of the RBC intracellular cAMP response to incubation with the G;
activator Mas 7 (n = 6 young, 6 older), the concentration of intracellular cAMP in
unstimulated (DMF vehicle control) RBCs was not significantly different between young
and older adults (233.2 £ 41.0 fmol vs. 191.4 £ 38.0 fmol, respectively; P=0.47).
Incubation of RBCs with Mas 7 significantly increased intracellular cAMP relative to the
DMF condition in both young and older adults (52.3 £ 15.2% and 60.8 + 22.8%,
respectively; P< 0.05 vs. zero; Fig. 5A). For measurements of the RBC ATP release
response to incubation with Mas 7 (n = 4 young, 4 older), baseline extracellular ATP prior to
the addition of saline or Mas 7 was not different in RBCs from young (10.8 £ 5.6 and 12.5
+ 6.1 nmol/4 x 108 RBCs, respectively; 2> 0.05) or older (7.5 + 1.2 and 6.4 + 1.9 nmol/4 x
108 RBCs, respectively; 2> 0.05) adults. ATP release from RBCs of both young and older
adults did not change significantly following incubation with saline for 15 min (Fig. 5B).
Following incubation with Mas 7, the mean percent increase in ATP release from baseline to
peak was significantly greater than saline in RBCs from both young and older adults (231.8
+91.4% and 259.8 + 43.8%, respectively; £< 0.05) and was not different between age
groups (P> 0.05; Fig. 5B).
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Effect of donor age and drug treatments on RBC intracellular ATP (Studies 1 and 2)

RBC intracellular ATP increased significantly from normoxia to hypoxia during control
conditions in both age groups (P < 0.05) and this was unaffected by incubation of RBCs
with Y-27632 (Fig. 6A), diamide (Fig. 6B), or cilostazol (Fig. 6C). Intracellular ATP was
significantly lower in RBCs from older vs. young adults during hypoxia with Y-27632 (1.88
+0.07 vs. 2.12 £ 0.13 mM/RBC, respectively; P< 0.05; Fig. 6A), although the mean change
from normoxia to hypoxia was unaffected by age (0.24 £ 0.05 vs. 0.28 + 0.07 mM/RBC for
older vs. young, respectively; 2> 0.05). Similarly, diamide significantly decreased
intracellular ATP compared to saline during normoxia and hypoxia in both age groups (P <
0.05; Fig. 6B), but the mean change from normoxia to hypoxia with diamide vs. saline was
not significantly different in young (0.24 £ 0.03 vs. 0.26 + 0.04 mM/RBC, respectively) or
older (0.17 + 0.03 vs. 0.13 + 0.05 mM/RBC, respectively) adults. Intracellular ATP was
unaffected by age group or drug condition in the experiment with cilostazol (Fig. 6C).

Discussion

The primary new findings from the present investigation are as follows. First, Rho-kinase
inhibition completely reversed age-related declines in RBC deformability and in doing so,
abolished the impairment in deoxygenation-induced ATP release from RBCs of older adults
(Figs. 1 and 2). Second, decreasing RBC deformability in young adults impaired
deoxygenation-induced ATP release to the same degree as occurs with advancing donor age
(Figs. 1 and 3). Third, treatment of RBCs from older adults with the PDE3 inhibitor
cilostazol did not improve the age-related impairment in deoxygenation-induced ATP
release, which may be related to the lack of an impairment in RBC intracellular cAMP and
ATP release responses to direct pharmacological G; activation in older compared to younger
adults (Figs. 4 and 5). Finally, and to the best of our knowledge, this is the first study to
demonstrate that the age-related impairment in deoxygenation-induced ATP release was not
due to changes in RBC metabolism (i.e., glycolysis), as intracellular ATP in normoxia and
its increase during hypoxia were unaffected by donor age (Fig. 6). These collective findings
provide the first insight into the underlying mechanisms of impaired deoxygenation-induced
ATP release from RBCs of healthy older adults, indicating that the age-related reduction in
RBC deformability is a key mechanism (Fig. 7).

Mechanisms of impaired deoxygenation-induced ATP release from RBCs of older adults

The findings from Study 1 of the present study are the first experimental evidence that the
age-related decline in RBC deformability is a primary mechanism of impaired
deoxygenation-induced ATP release from RBCs of healthy older adult humans. In this
context, we demonstrate that increasing deformability of RBCs from older adults and
decreasing deformability of RBCs from young adults (Fig. 1) abolished the difference in
deoxygenation-induced ATP release between the age groups (Figs. 2 and 3). This is aligned
with earlier studies using RBCs from young donors, which demonstrated that acute,
pharmacologically-induced increases or decreases in RBC deformability produce
corresponding increases or decreases in deoxygenation-induced ATP release (Sridharan et
al., 2010b; Thuet et al., 2011). Collectively, this suggests that these two properties of RBCs
are linked. Although the precise pathway for RBC ATP release in response to deoxygenation

J Physiol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Racine and Dinenno

Page 11

and the mechanism(s) by which RBC deformability alters this process remain to be fully
elucidated, the physiological events associated with haemoglobin’s conformational change
from the oxygenated (oxyHb) to deoxygenated (deoxyHb) state provide valuable insight.
Specifically, the reversible association of deoxyHb with band 3 in the RBC membrane,
increased intracellular glycolysis, and Gj protein activation are all linked to this
conformational change and have been shown to be required for deoxygenation-induced ATP
release (Jagger et al., 2001; Olearczyk et al., 2004b; Chu et al., 2016). In addition, the
association of deoxyHb with band 3 increases RBC deformability by displacing band 3 from
the cytoskeletal protein ankyrin (Stefanovic et al., 2013; Chu et al., 2016; Zhou et al., 2019),
which is closely associated with deoxygenation-induced increases in RBC capillary velocity
(Zhou et al., 2019), and also facilitates an increase in glycolysis by displacing a complex of
glycolytic enzymes from band 3 (Campanella et al., 2005, 2008; Chu & Low, 2006; Lewis et
al., 2009; Puchulu-Campanella et al., 2013; Chu et al., 2016). Increases in intracellular ATP
also produce fluctuations, or “flickering”, of the RBC membrane, (Park et al., 2010), which
could activate mechanosensitive proteins such as Gj proteins or Piezol channels (Gudi et al.,
1998; Cinar et al., 2015) and facilitate the subsequent release of ATP.

If the initial stimulus for RBC ATP release following haemoglobin deoxygenation is
mechanical in nature, as the aforementioned evidence suggests, then the parallel effects of
increasing or decreasing RBC deformability on deoxygenation-induced ATP release are
likely due to respective increases or decreases in the activation of mechanosensitive
pathways that facilitate RBC ATP release. Thus, we propose that impaired deoxygenation-
induced RBC ATP release with advancing age is primarily due to reductions in RBC
deformability limiting the mechanosensitive stimulation of ATP release rather than an
impairment in other components of the signalling cascade (Fig. 7). The findings from Study
2suggest that this may be the case given that treatment with cilostazol to target PDE3,
which is multiple steps downstream of the initial haemoglobin deoxygenation stimulus in the
proposed RBC signalling cascade for deoxygenation-induced ATP release (Ellsworth &
Sprague, 2012), had no effect on impaired ATP release from RBCs of older adults during
hypoxia (Fig. 4), although effective PDE3 inhibition was not confirmed as addressed in the
“experimental considerations and limitations” section below. Further, no age-related
impairments were observed in RBC intracellular cAMP responses or ATP release following
direct pharmacological activation of G; using a single concentration of Mas 7 (Fig. 5),
providing the first experimental evidence that elements of the proposed intracellular
signalling cascade downstream of deoxygenation may remain intact with age. Finally, RBCs
from older adults retained the ability to increase glycolysis during hypoxia, which has been
shown to be required for deoxygenation-induced ATP release despite the presence of a large
intracellular pool of ATP (Jagger et al., 2001; Kirby et al., 2014; Chu et al., 2016).

Potential causes of decreased RBC deformability with advancing donor age

Advancing donor age is associated with multiple deleterious changes in RBC properties,
including increased fragility (Detraglia et al., 1974; Bowdler et al., 1981), morphological
changes (Bowdler et al., 1981), and decreases in membrane fluidity and deformability (Reid
etal., 1976; Hegner et al., 1979; Gelmini et al., 1987, 1989). Among these, the age-
associated decline in RBC antioxidant capacity (Glass & Gershon, 1984; Gershon &
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Gershon, 1988; Gil et al., 2006; Rizvi & Maurya, 2007; Chaleckis et al., 2016) is likely one
of the most detrimental given that RBCs can generate substantial amounts of reactive
oxygen/nitrogen species (Johnson et al., 2005; Cimen, 2008; Rifkind & Nagababu, 2013;
Kuhn et al., 2017), which cause oxidative damage that has been clearly linked to decreased
RBC deformability (Haest et al., 1977; Wang et al., 1999; Tsantes et al., 2006; Rifkind &
Nagababu, 2013; Mohanty et al., 2014; Xiong et al., 2017). Further, this would likely be
exacerbated given the increased susceptibility of RBCs from older adults to oxidative
damage (Glass & Gershon, 1984; Gershon & Gershon, 1988; Gil et al., 2006; Rizvi &
Maurya, 2007). Although studies testing the effects of increasing antioxidant capacity
(exogenously or endogenously) on age-associated decrements in RBC properties are limited
(Nelson et al., 2006; Cazzola et al., 2012; Xiong et al., 2017), reduced RBC deformability in
aged rats can be improved following single or combined administration of vitamins C and E
(Xiong et al., 2017).

Experimental considerations and limitations

In Study 1, incubation of RBCs with 500 uM diamide significantly decreased intracellular
ATP in normoxia and hypoxia compared to the saline control condition (Fig. 6B). However,
this effect of diamide was the same in RBCs from both age groups and it also did not affect
the upregulation of glycolytic activity and increase in intracellular ATP in hypoxia (Fig. 6B),
which is required for deoxygenation-induced ATP release (Jagger et al., 2001). In both age
groups in the present study, diamide did not alter RBC characteristics such as haemoglobin
concentration or oxygen saturation relative to saline in normoxia or hypoxia (Table 2).
Further, other functional properties of RBCs including survival, osmotic fragility, density
distribution, and haemoglobin polymerization have been shown to be unaffected by
treatment with diamide at similar concentrations (Kosower et al., 1969; Schmid-Schénbein
& Gaehtgens, 1981; Maeda et al., 1983). Diamide-mediated decreases in RBC deformability
and deoxygenation-induced ATP release have also been shown to be abolished by
subsequent incubation of RBCs with Y-27632 (Thuet et al., 2011). Thus, the decrease in
deoxygenation-induced ATP release from RBCs following incubation with diamide in Stuady
Zis likely to be due primarily to the decrease in RBC deformability.

It has been suggested recently that RBC ATP release occurs primarily through haemolysis
rather than a regulated export process (Sikora et al., 2014; Grygorczyk & Orlov, 2017).
However, while haemolysis can certainly contribute to ATP release and is an important
methodological challenge that must be controlled for in studies such as these (Keller et al.,
2017), the collective experimental evidence does not support the hypothesis that haemolysis
is a primary mechanism for ATP release from human RBCs (Kirby et al., 2015).
Accordingly, there were no significant differences in haemolysis between age groups or drug
treatments during normoxia or hypoxia in the present investigation, and no significant
correlations between haemolysis and ATP release in young or older adults during any of the
experimental conditions (adjusted r2 ranged from —0.042-0.056). Thus, RBC ATP release in
the present study was primarily due to a regulated export process that was dependent on the
oxygenation state of haemoglobin and influenced by donor age and pharmacological
manipulations of deformability.
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Cilostazol did not have an effect on deoxygenation-induced ATP release in Study 2 of the
present investigation, and it cannot be ruled out that this was due to ineffective PDE3
inhibition as we were unable to measure intracellular cAMP in the presence of cilostazol due
to unexpected technical issues. While this limitation prevents definitive conclusions
regarding the contribution of cAMP-related signalling to impaired RBC ATP release with
advancing age from being made, the 100uM concentration of cilostazol used in the present
study has been shown to be an effective inhibitor of PDE3 in a variety of other isolated RBC
studies (Hanson et al., 2010; Sprague et al., 2011; Leal Denis et al., 2013; Knebel et al.,
2013). The intact cAMP and ATP release responses to pharmacological G; activation of
RBCs from older compared to young adults provides additional supporting evidence that
intracellular signalling downstream of deoxygenation may not be impaired with age, but this
finding is limited by the use of a single concentration of Mas 7 that resulted in an
approximately two-fold greater increase in ATP release relative to that observed during
hypoxia from RBCs of young adults. As such, it is possible that more subtle differences with
age might be observed with a lower concentration of Mas 7, although other isolated RBC
studies have demonstrated impaired ATP release responses to the same 10uM concentration
of Mas 7 used in the present study (Sprague et al., 2006; Hanson et al., 2010).

An alternative explanation for the lack of effect of cilostazol on ATP release in Study 2is
that cAMP may not actually be involved in the signalling cascade for RBC ATP release, as
suggested by Keller et al. (2017) based on their recent experimental findings. This proposal
is based on the specific findings that incubation of RBCs with the active cAMP analogue
8Br-cAMP did not induce any ATP release independent of significant increases in RBC lysis
and that treatment of RBCs with various compounds that increased intracellular cAMP had
no effect of ATP release (Keller et al., 2017). These findings are in direct contrast to work
performed by Sprague et al. (2001) demonstrating that incubation of RBCs with the active
CcAMP analogue Sp-cAMP stimulates ATP release, whereas pretreatment with Rp-cAMP, an
inactive CAMP analogue and inhibitor of protein kinase A, blocks deformation-induced RBC
ATP release. Studies demonstrating the efficacy of cilostazol for improving intracellular
CcAMP responses and ATP release from RBCs patients with type 2 diabetes or RBCs co-
incubated with insulin also support a role for cAMP in the signalling cascade for ATP
release (Hanson et al., 2010; Sprague et al., 2011; Dergunov et al., 2015). The reasons for
the discrepant results with pharmacological stimuli are unclear, but this is an issue that
warrants further investigation, perhaps using comparable physiological stimuli such as
hypoxia or deformation in order to define more clearly the intracellular factors that regulate
the release of ATP from RBCs.

Conclusions

ATP is a unique vasoactive molecule that can stimulate vasodilatation and blunt
sympathetically-mediated vasoconstriction to help facilitate appropriate regulation of blood
flow to active skeletal muscle. RBCs are a key source of circulating ATP, and the ability to
release ATP in response to haemoglobin deoxygenation allows RBCs to both detect and
initiate a vascular response to imbalances between local oxygen supply and demand.
Deoxygenation-induced ATP release is impaired from RBCs of healthy older adults, and the
present findings indicate that reduced RBC deformability with age is a primary mechanism.
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In contrast, these data suggest that healthy ageing may not be associated with changes in
intracellular signalling downstream of G; activation. The mechanistic contribution of
impaired RBC ATP release to declines in vascular function and blood flow regulation in
healthy older adults, and whether enhancing RBC ATP release to physiological stimuli /n
vivo can improve vascular function with age, remains to be determined.
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AC adenylyl cyclase

ATP adenosine triphosphate

BMI body mass index

cAMP cyclic AMP

CwB cell wash buffer

deoxyHb deoxygenated haemoglobin

DMF dimethylformamide

FHHb fraction of deoxygenated haemoglobin
FO,Hb fraction of oxygenated haemoglobin
Gj inhibitory G (proteins)

Mas 7 mastoparan 7

oxyHb oxygenated haemoglobin

PCO, partial pressure of carbon dioxide
PDE3 phosphodiesterase 3

PO, partial pressure of oxygen

RBCs red blood cells

RCTT red (blood) cell transit time

tHb total haemoglobin
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Key Points

Red blood cells (RBCs) release ATP in response to deoxygenation, which can
increase blood flow to help match oxygen supply with tissue metabolic
demand.

This release of ATP is impaired in RBCs from older adults, but the underlying
mechanisms are unknown.

In this study, improving RBC deformability in older adults restored
deoxygenation-induced ATP release, whereas decreasing RBC deformability
in young adults reduced ATP release to that of older adults.

In contrast, treating RBCs with a phosphodiesterase 3 inhibitor did not affect
ATP release in either age group, possibly due to intact intracellular signalling
downstream of deoxygenation as indicated by preserved cCAMP and ATP
release responses to pharmacological G; protein activation in RBCs from
older adults.

These findings are the first to demonstrate that the age-related decrease in
RBC deformability is a primary mechanism of impaired deoxygenation-
induced ATP release, which may have implications for treating impaired
vascular control with advancing age.
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Figure 1. Effect of donor age, Y-27632, and diamide on red blood cell deformability
RBCs from older adults were less deformable than RBCs from young adults in control

(saline) conditions, as indicated by a greater RCTT. Incubation of RBCs with 1 uM Y-27632
restored deformability in older adults, whereas 500 uM diamide decreased RBC
deformability similarly in young and older adults. *~ < 0.05 vs. saline (within age); TP<
0.05 vs. young (within condition)
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Eigure_ 2. Effect of donor age and Y-27632 on red blood cell ATP release in normoxia and

oxla
/X:pextracellular ATP (i.e., ATP release) from RBCs of older adults was significantly lower
compared to young adults during hypoxia with saline (control) but not Y-27632, as Y-27632
significantly increased extracellular ATP during hypoxia from RBCs of older adults. B: the
mean percent increase in extracellular ATP from normoxia to hypoxia was impaired from
RBCs of older adults in the saline condition. Incubation with Y-27632 normalized this
response from RBCs of older adults relative to the young saline control. *£< 0.05 vs. saline
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Eigure_ 3. Effect of donor age and diamide on red blood cell ATP release in normoxia and

oxla
/X:pextracellular ATP (i.e., ATP release) from RBCs of older adults was significantly lower
compared to young adults during hypoxia with saline (control) but not diamide, as diamide
significantly decreased extracellular ATP during hypoxia from RBCs of both age groups. 5:
the mean percent increase in extracellular ATP from normoxia to hypoxia was impaired
from RBCs of older adults in the saline condition. Incubation with diamide significantly
decreased ATP release from RBCs of young adults such that it was no longer different from
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older adults. *~ < 0.05 vs. saline (within age); T~ < 0.05 vs. young (within condition); $P<
0.05 vs. normoxia (within condition)
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Eigurq 4. Effect of donor age and cilostazol on red blood cell ATP release in normoxia and

oxia
/X:pextracellular ATP (i.e., ATP release) from RBCs of older adults trended towards being
lower compared to young adults during hypoxia with DMF (control; A= 0.07) and was
significantly lower with cilostazol. Cilostazol had no effect on extracellular ATP from RBCs
of young or older adults during normoxia or hypoxia. B: the mean percent increase in
extracellular ATP from normoxia to hypoxia was impaired from RBCs of older adults in
both the DMF (control) and cilostazol conditions. £ < 0.05 vs. young (within condition);
1P < 0.05 vs. normoxia (within condition)
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Figure 5. Effect of donor age on RBC responses to Mas 7
A: the G;j activator Mas 7 increased intracellular cAMP similarly from RBCs of young and

older adults. B: extracellular ATP (i.e. ATP release) from RBCs of young and older adults
was unaffected by incubation with saline (vehicle and time control) and increased
significantly following incubation with Mas 7. ¢~ < 0.05 vs. zero; *P< 0.05 vs. saline
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Figure 6. Effect of donor age and pharmacology on red blood cell intracellular ATP in normoxia
and hypoxia

RBC intracellular ATP increased significantly during hypoxia in all age groups and drug
conditions. A: intracellular ATP was significantly lower in older (n = 10) compared to young
(n = 9) adults during hypoxia with Y-27632, although the mean change from normoxia to
hypoxia was unaffected by age. B: diamide significantly decreased intracellular ATP vs.
saline during normoxia and hypoxia in young (n = 11) and older (n = 10) adults. C.
intracellular ATP in young (n = 10) and older (n = 12) adults was unaffected by age group or
drug condition. *~ < 0.05 vs. control (within age); £ < 0.05 vs. normoxia (within condition)
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Figure 7. Experimental targets and working hypothesis for the mechanism of impaired
deoxygenation-induced from RBCs of older adults

Pharmacological manipulations in Study 1 targeted the RBC cytoskeleton and in Study 2
targeted cAMP-related components of the proposed signalling cascade for deoxygenation-
induced ATP release (adapted from Ellsworth & Sprague, 2012). Our findings indicate that
reductions in RBC deformability with advancing donor age may limit activation of the
signalling cascade downstream of haemoglobin desaturation, ultimately leading to impaired
deoxygenation-induced RBC ATP release in older adults.
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