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Abstract

Red blood cells (RBCs) have been ascribed an essential role in matching blood flow to local
metabolic demand during hypoxic vasodilation. The vasodilatory function of RBCs evidently
relies on the allosteric properties of hemoglobin (Hb), which couple the conformation of Hb to
tissue oxygen tension (PO5) and thereby provide a basis for the graded vasodilatory activity that is
inversely proportional to Hb oxygen saturation. Although a large body of evidence indicates that
the PO,-coupled allosteric transition from R (oxy)-state to T (deoxy)-state subserves the release
from Hb of vasodilatory nitric oxide (NO) bioactivity, it has not yet been determined whether the
NO-based signal is a necessary and sufficient source of RBC-mediated vasoactivity and it has
been suggested that ATP or nitrite may also contribute. We demonstrate here by bioassay that
untreated human RBCs rapidly and substantially relax thoracic aorta from both rabbit and mouse
at low PO, (*1% O») but not at high PO, (21% O,). RBC-mediated vasorelaxation is inhibited
by prior depletion of S-nitroso-Hb, potentiated by low-molecular-weight thiols, and dependent on
cGMP. Furthermore, these relaxations are largely endothelium-independent and unaffected by NO
synthase inhibition or nitrite. Robust relaxations by RBCs are also elicited in the absence of
endothelial, neuronal or inducible NO synthase. Finally, contractions that appear following
resolution of RBC-mediated relaxations are dependent on NO derived from RBCs as well as the
endothelium. Our results suggest that an S-nitrosothiol—based signal originating from RBCs
mediates hypoxic vasodilation by RBCs, and that vasorelaxation by RBCs dominates NO-based
vasoconstriction under hypoxic conditions.
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The present perspective on the mechanisms of peripheral blood flow regulation is informed
by the recognition that tissue perfusion is coupled to the O, saturation of hemoglobin (Hb),
and not to the partial pressure of oxygen (PO5),1 and by a requirement that changes in blood
flow can be elicited very rapidly (arteriovenous transit time is seconds or less). Blood flow
is also dependent on the bioavailability of nitric oxide (NO).1 It has thus been appreciated
over the past decade that red blood cells (RBCs) themselves are principal transducers of the
physiological response, hypoxic vasodilation, and that this involves NO-based bioactivity:
Hb desaturation in the arterial periphery, results in the release from RBCs not only of O, but
also of vasodilatory activity.1"8 Dysregulated vasodilation by RBCs has been implicated in a

© 2008 American Heart Association, Inc.

Correspondence to Jonathan S. Stamler, MD, Box 2612, Duke University Medical Center, Durham, NC 27710. E-mail
staml001@mc.duke.edu .

Disclosures: None.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Diesen et al.

Page 2

broad spectrum of pathophysiological conditions characterized by tissue hypoxemia’~13 and
in the defect accompanying blood storage.14:15

NO bioactivity in biological systems is present in the form of NO and S-nitrosothiol
derivatives (SNOs).1 NO itself cannot escape the RBC because it is rapidly sequestered and
inactivated by both oxygenated and deoxygenated Hb.3:16 In contrast, SNOs are impervious
to heme and thus retain the ability to elicit vasodilation in the presence of Hb.6 Substantial
evidence supports a model in which an SNO derivative of a highly conserved cysteine
residue within the g-chain of Hb (SNO-HDb) serves as a principal source of PO,-regulated,
RBC-mediated vasoactivity.! Intracellular SNO-Hb is in equilibrium with other SNOs,
including S-nitrosoglutathionel2:17:18 and its effector dipeptide metabolite S-nitroso-
cysteinylglycine,18:19 which are potent vasodilators. Vasodilation by RBCs® is faithfully
recapitulated both in vitro20 and in vivol:1® by SNO-Hb, which dilates blood vessels at low
PO, and constricts blood vessels at high PO,. Under this model, the R-state to T-state
allosteric transition facilitates the release from Hb of both O, and vasodilatory NO
equivalents,3:20 thereby coupling local metabolic demand and blood flow.1:17:20 However,
the nature of the RBC-derived vasoactive species and the mechanism of its delivery to the
vessel wall are not fully understood,!:3 and it has been suggested that RBCs may deliver
alternative agents, in particular ATP,21:22 whose vasodilatory activity is dependent on the
endothelium.1:23 It has also been suggested that RBC-induced vasorelaxation is mediated by
nitrite,24 but it is unclear from recent studies whether nitrite can elicit relaxations in the
presence of Hb,25727 unless it were to form SNO-Hb.28-30

We have developed an in vitro bioassay using native human RBCs that recapitulates the PO,
dependence of RBC-mediated vasodilation and vasoconstriction.> Here, we use this assay to
provide evidence that an SNO-based signal originating in a PO,-dependent fashion is the
principal effector of hypoxic vasodilation by RBCs. RBCs elicit cGMP-mediated relaxations
that are largely independent of endothelium, unaffected by added nitrite, and attenuated by
depletion of intracellular SNO-Hb.

Materials and Methods
Red Blood Cells

Human venous blood was drawn from an antecubital vein and RBCs, collected by
centrifugation at 1000g, were rinsed 3 times in PBS at 4°C, stored in PBS on ice at 50%
hematocrit, and used within 4 hours. Blood sampling from human subjects was approved by
the Institutional Review Board of the Duke University Medical Center. Depletion of SNO-
Hb (by ~80%) was induced by storage of RBCs for 24 hours, as described recently.1®

Animals and Preparation of Aortic Ring Segments

New Zealand White rabbits (5 to 6 1bs), wild-type C57BL/6J mice, endothelial NO synthase
—null (eNOS™") mice, inducible NO synthase—null (iNOS”-) mice, and neuronal NO
synthase—null (NNOS™) mice (The Jackson Laboratory, 8 to 16 weeks of age) were
euthanized by CO, inhalation. A segment of thoracic aorta was excised, placed in Krebs
solution, and cleaned of adventitial tissue and adherent blood cells before division into rings
of 2 to 3 mm in length. All experimental procedures were approved by the Animal Care and
Use Committee of Duke University Medical Center.

Bioassay of RBC Vasoactivity

Aortic rings were attached to isometric force transducers (Grass) and suspended in jacketed
organ chambers containing Krebs-bicarbonate buffer (pH 7.4, 37°C) gassed with either 21%
0,/5% CO,/74% nitrogen or 1% O,/5% CO2/94% nitrogen (measured PO,~5 to 12 mm
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Hg). Resting tension was maintained at 2 or 1 g for rabbit and mouse aortic segments,
respectively. Contraction elicited by potassium chloride (80 mmol/L) was evaluated
initially, and active tension (50% to 80% of the KCI-induced tension) was evoked by
phenylephrine before administration of RBCs (larger amounts of phenylephrine were
required to maintain tension under hypoxia versus normoxia). RBCs were added to produce
a bath hematocrit of 0.4% (higher hematocrit resulted in excessive hemolysis), and rings
were rinsed 3 times following each measurement. Hypoxia (1% O,) was maintained for 5
minutes before adding RBCs.

Denudation of Rings and Pharmacological Inhibitors

Endothelium was removed from rings by gentle abrasion with a cotton swab and/or the
smooth surface of a 27-gauge hypodermic needle. Relaxation to acetylcholine (10-7 mol/L)
was assessed to confirm the presence or absence of intact endothelium in both denuded and
control rings. When used, N®-nitro-.-arginine methyl ester hydrochloride (L-NAME)
(Sigma) or N-(3-(aminomethyl)benzyl)acetamidine (1400W) (Cayman) was added to baths 1
hour before assessment of RBC vasoactivity, N®-methyl-.-arginine acetate (L-NMMA)
(Sigma) 30 minutes before assessment, 1H[1,2,4]oxadiazolo[4,3a]quinoxalin-1-one (ODQ)
(Sigma) 20 minutes before assessment, and nitrite (VWR) 2 minutes before assessment.

Assay Design and Data Analysis

Results

Responses were assessed separately for intact and denuded mouse rings; responses were
assessed in intact rabbit segments before denudation and reassay of the same segments.
Rings exhibiting no relaxation to RBCs (~10% of experiments) or acetylcholine were not
included in the data analysis. Relaxation or contraction is expressed as a percentage of the
(equal) initial, active (phenylephrine-induced) tension. Data are expressed as means+SE, and
n is the number of rings tested. Statistical significance was evaluated with Student t test and
P<0.05.

RBC-Mediated Vasoactivity

At ~1% Oy, representative of tissue PO, during moderate activity,31:32 administration of
human RBCs rapidly elicited relaxation of aortic rings with latencies of ~8 to 12 seconds
and durations of ~0.5 to 1.5 minutes (return to starting tension; for reference, arteriovenous
transit times are seconds or less) (Figures 1B, 1C, and 2B through 2D). The magnitudes of
relaxation (means+SEM) averaged 26+2% (range 10% to 38%; n=34) and 15.1+0.8% (range
8% to 41%; n=110) for mouse and rabbit rings, respectively (Figures 1A and 2A). RBC-
induced relaxations were followed by contraction. The magnitude of contraction was PO,-
dependent, as detailed below (Figure 5). In contrast, at 21% O,, RBCs induced immediate
contraction (latencies of contraction at 21% O, were equivalent to latencies of relaxation at
1% O5). It has been shown that the amplitude of contraction progressively diminishes as O,
concentrations are lowered below 9% (PO,~60 mm Hg), ultimately converting to overt
relaxations.® Thus, both vasorelaxation and vasoconstriction by RBCs are coupled to PO.

Nature of RBC-Derived Vasodilatory Signal: Role of Endothelium and eNOS

A large body of evidence supports a role for an NO-based effector in mediating the
vasodilatory influence of RBCs,1+* but the possibility has been raised of additional or
alternative RBC-derived signals, including ATP,21:22 and a role for the endothelium in
transducing an NO-based or other RBC-derived signal has not been elucidated fully.

ATP-induced vasorelaxation of intact aorta is dependent on eNOS.14:23 [nhibition of NOS
with any of several pharmacological inhibitors including L-NAME, L-NMMA, or 1400W
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had no significant effect on RBC-induced vasodilation at ~1% O, either alone or in
combination with endothelial denudation (Figures 1A' 2A, 2C, and 2D). Thus, NOS
activation by ATP, or any other RBC-derived effector, does not contribute significantly to
RBC-mediated, PO,-coupled vasodilation under these conditions. This conclusion is
supported further by the finding that hypoxic vasodilation by RBCs did not differ in aortic
segments derived from wild-type versus eNOS- knockout mice (Figure 3A and 3B). In
addition, eNOS is found in RBCs,33 but pretreatment of RBCs with 1 mmol/L L-NAME (1
hour) did not inhibit RBC-induced vasodilation of rabbit aortic rings (24+4%; n=8).

By contrast, exposure of rings to the soluble guanylate cyclase inhibitor ODQ (3 zmol/L)
greatly reduced the magnitude of RBC-induced hypoxic vasorelaxation in both mouse and
rabbit rings (Figures 1A, 2A, 2E, 3A). Thus, RBC-mediated hypoxic vasodilation is largely
dependent on enhanced cGMP production that is coupled to the delivery by RBCs to the
vessel wall of an NO-based effector.

Removal of the endothelium, verified by complete loss of vasorelaxation to acetylcholine
(Figure 1B and 1C), did not affect the magnitude of RBC-induced hypoxic vasodilation of
mouse aortic segments (intact and denuded rings were assessed separately) (Figure 1A).
Denudation of rabbit rings (which followed assessment of intact rings) resulted in a small
decrease (*33%) in some but not all studies, ie, in the absence but not presence of L-NAME
(Figures 1A and 2A). Interpretation of the effects of endothelial denudation is complicated
by the possibility of attendant damage to smooth muscle that might compromise import of
NO bioactivity.18:1° Thus, although our results exclude a role of endothelium-derived NO
(ie, relaxations were unaffected by NOS inhibition or eNOS deletion), they do not eliminate
a role for the endothelium in the relay of an NO-based signal from RBCs. We, therefore,
examined the possible involvement of endothelial release of prostaglandins, which may
contribute to flow-induced vasodilation. However, the prostaglandin synthesis
(cyclooxygenase) inhibitors indomethacin or acetylsalicylic acid had no effect on RBC-
mediated hypoxic vasodilation (Figure 4A).

It has been proposed that iNOS may be upregulated by lipopolysaccharide in bioassays,34
and nNOS present in smooth muscle may also counteract contractile responses.32:36 In
addition, both nNOS and iNOS have been implicated in some hypoxic responses (bioassays
are performed at 1% O5).37 Therefore, we wanted to be sure that neither INOS nor nNOS
was responsible for hypoxic relaxations by RBCs. In comparison to wild-type and eNOS™-
mice, we found it more difficult to sustain contractions under hypoxia in vessels from
iNOS™- and nNOS™- mice (contractions began to decline spontaneously at ~2 minutes
versus ~10 minutes in wild-type mice), and RBC-induced relaxations were enhanced in
nNOS™ (51+4%) and INOS™- (50+3%) aortae (Figure 3A and 3B). RBC-mediated
relaxations in both strains were largely unaffected by L-NAME (data not shown) but were
blocked by ODQ and, thus, dependent almost entirely on cGMP (Figure 3A). Accordingly,
the NO-dependent relaxations in nNOS- and iNOS-null mice are likely enhanced (versus
wild-type mice) because of increased intrinsic sensitivity of these vessels to hypoxia.

Palmer et al® have recently characterized the effects of the thiol N-acetylcysteine (NAC) on
intraerythrocytic SNO-Hb levels and on exported bioactivity as a function of PO,. NAC
depletes SNO-Hb at low PO», forming S-nitroso-NAC, as determined in vitro, ex vivo, and
in vivo. Furthermore, NAC potentiated RBC bioactivity in vivo, as measured by pulmonary
arterial responses.1® SNO-NAC itself was hypoxiamimetic in vivo. Collectively, these data
indicate that RBCs transduce systemic and pulmonary responses to hypoxia via SNO.
Additional evidence of a role for SNO-based vasodilatory activity was obtained from our
finding of significant potentiation of RBC-mediated hypoxic vasodilation by NAC (1 mmol/
L) or cysteine (100 umol/L), which also readily forms S-nitrosothiols that can serve to
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transfer NO groups (Figure 4A through 4C).29:38 This finding is consistent with the
possibility that an S-nitrosothiol may serve as an intermediate in the transfer of NO-based
bioactivity from RBCs to the vessel wall in the context of hypoxic responses.

Finally, to elucidate further the origin within RBCs of NO-based vasodilatory activity that is
potentiated by thiols, we manipulated levels of endogenous SNO-Hb. We have reported
previously that exposure of RBCs to exogenous S-nitrosothiols,3:6 or to NO (followed by
oxygenation),3 increases SNO-Hb levels and potentiates RBC-induced relaxation, whereas
conditions that deplete SNO-Hb, including storage15 or maintained deoxygenation for >30
minutes,10 are associated with attenuated relaxation. Here, we show that storage (18- to 24-
hour)-induced depletion of SNO-Hb in RBCs, as assessed by Hg-coupled photolysis
chemiluminescence (*80% depletion; 2.0 versus 0.25x10°3 NO/Hb tetramer),3:6:14.15 js
associated with diminished relaxation (Figure 4D). It has also been suggested that generation
of NO-based bioactivity by RBCs entails a nitrite reductase activity of Hb that directly
releases NO.24 However, others have not interpreted the responses elicited in these nitrite
bioassays as commensurate with hypoxic relaxations or with NO release,1:4:10:27:39 and it
remains unclear how NO would escape the RBC to activate guanylate cyclase (let alone on
timescales commensurate with arterial-venous transit).18 We, therefore, examined the effects
in rabbit aorta of the addition of nitrite (1 zmol/L) ~2 minutes before or simultaneously with
the addition of RBCs or at the end of RBC-induced relaxations (on return to initial tension).
There was no detectable effect on the magnitude or time course of relaxation by the addition
of nitrite at any point (Figure 4A and 4E); specifically, the magnitude of RBC-induced
relaxation after the prior addition of nitrite averaged 13+3.9% (n=7) versus 15% in the
absence of added nitrite. Evidently, any NO produced by nitrite reduction is scavenged by
Hb. Thus, under these conditions, nitrite does not appear to play a role in the export of NO
bioactivity by RBCs.

RBC-Induced Vasoconstriction

RBCs produced contractions that either truncated the RBC-induced relaxation at ~1% O, or
occurred in isolation (in the absence of relaxation) at *21% O, (Figure 5). Endothelium
removal, and thus loss of NO scavenging by Hb,3 attenuated but did not eliminate RBC-
induced contraction (Figure 5). Notably, residual contractions of denuded rings under
hypoxia were greatly attenuated by ODQ (Figures 2 and 5), consistent with evidence that
NO/cGMP might exert a contractile effect.40-41 Thus, NO-based vasoactivity of RBCs
reflects net relaxation versus constriction, with the former dominating at low PO, and the
latter at high PO».

Discussion

The original discovery that RBCs can dilate blood vessels® was followed by the
demonstration that RBCs3'5 (and isolated SNO-Hb1:20) can replicate the physiological
responses of hypoxic vasodilation and hyperoxic vasoconstriction across a PO, continuum.
RBCs are the only cell type known to recapitulate this physiology ex vivo. Here, we provide
a detailed characterization of these standard bioassay responses. Our analysis indicates that
hypoxic vasodilation by native human RBCs in bioassay is largely independent of the
endothelium, potentiated by thiols and mediated by cGMP. Furthermore, we find that RBCs
depleted of SNO-Hb elicit attenuated relaxations. Thus, our results confirm that native
RBCs contain vasodilatory activity that is characteristic of SNO and released on the
transition to low PO,. Previous work has shown that RBC vasoactivity is directly correlated
with amounts of RBC SNO-Hb?3:7:10:14:15 and is replicated in vitro by isolated SNO-Hb (in
added presence of thiol).1:5:20 Collectively, these studies strongly support the conclusion
that NO-based bioactivity is necessary and sufficient to convey this PO,-dependent
vasodilatory influence. Additional physiological context for these studies is provided by the
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work of Gaston and colleagues,1’+18 who showed that deoxygenation of RBCs results in a
decline in SNO-Hb that is potentiated by thiols and paralleled by accumulation of plasma
SNOs, indicating that NO groups are also exchanged between SNO-Hb and low-molecular-
weight thiols in vivo.

There is also evidence that ATP is released from many cells, including endothelium,
platelets, and RBCs, under hypoxia. However, whereas a role in hypoxic vasodilation for
ATP release by RBCs has been thoughtfully considered, 22122 RBC-induced responses were
never actually studied in bioassays,?! and in humans and mice, NOS inhibition has little
effect on the coupling of blood flow to metabolic demand, evidently excluding a major role
for ATP.1:42:43 In addition, direct measurements of ATP1:2 during (and following) hypoxic
relaxations by RBCs do not support a primary role in RBC-mediated vasodilation, consistent
with the lack of effects of eNOS deletion and NOS inhibitors in vivo, which do not generally
affect microcirculatory flow responses to hypoxia (exercise).42:43 Most recently, 1 group
has suggested that RBC-mediated relaxation is endothelium-dependent (and thus dependent
on ATP),44 but the effects of eNOS (and ATP) inhibition, in fact, were no different from
those reported here (attenuation of relaxation by a small percentage). Moreover, those
studies are difficult to interpret because they were conducted at PO5 levels at which RBCs
do not elicit overt relaxations in our hands, and basal ring tone was apparently not controlled
for across different experimental conditions. Inasmuch as no mechanism has been proposed
that would couple changes in PO, (for which Hb is the only available sensor) to graded ATP
release, RBC lysis (in bioassays) will need to be excluded as a likely factor. One possibility
is that ATP contributes to settling points in vivol:4 and/or increases gain of the responses to
SNO-based signals acting on more rapid timescales, and may be released by RBCs to
compensate for SNO deficiency (resulting from disease, storage, or preparatory losses).

Our results demonstrate an obligate role for cGMP in RBC-mediated vasodilation, as
revealed by the inhibitory effect of ODQ. In contrast, a significant proportion of vasodilation
by endothelially derived NO may be cGMP-independent in rabbit aortae,*>46 and a role for
direct modification by NO (likely through S-nitrosylation) of charybdotoxin-sensitive Ca2*-
dependent K* channels#® and calcium ATPase*’ has been proposed. It is important to note
that, although the cGMP-dependence of RBC-mediated vasodilation of aortic segments
identifies an NO-based mechanism, the extent to which RBC-mediated vasodilation in the
microcirculation is dependent on activation of guanylate cyclase or on other, NO-based
protein modifications has not been determined.

The role of nitrite in hypoxic vasodilation has been the subject of intense interest since
Coshy et al reported that Hb potentiated nitrite-mediated relaxations by 3 orders of
magnitude in bioassays.2* However, the same investigators*® and other groups10:26:27 have
reported more recently that both Hb and RBCs in fact block nitrite-mediated relaxations,
25,27,48 and thus the original studies await confirmation. As shown here, we find no
evidence for a direct role of nitrite in RBC-mediated responses, in agreement with others.
10:14+25 Although increases in nitrite (infusion or oral intake) elicit vasodilatory effects,
24,49 these are commensurate with pharmacological rather than hypoxic vasodilation,1:4:26
and nitrite is an extremely weak vasodilator in comparison to organic nitrates or endogenous
S-nitrosothiols. Moreover, “hypoxic potentiation,” characteristic of many compounds that
induce vasodilation, is conflated with “hypoxic vasodilation,” in which blood flow is
coupled to metabolic demand.4 With that said, nitrite may react with deoxy-Hb (venous
blood) to generate Fe(111)NO, which converts to SNO following oxygenation (across the
lungs),28°30 and may be converted into SNOs following acidification in the gut.50
Therefore, although nitrite may serve as a source of SNOs, a role for “nitrite reductase” in
the generation of vasoactivity during hypoxic vasodilation (ie, rapid relaxations that are
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coupled directly to Hb deoxygenation during arteriovenous transit)24 cannot be adduced
from this or other work.

Most recently, a role for nitrite in RBC-mediated hypoxic vasodilation has been inferred
from studies in a Cys mutant mouse that purportedly cannot form SNO-Hb.>! However,
whereas hypoxic vasodilation is a measure of blood flow coupled to PO,, neither blood flow
nor PO, was measured in any experiment. Moreover, the assessment of RBC-mediated
relaxations was mistakenly performed in pulmonary arteries that normally constrict to
hypoxia, and the data in fact show markedly impaired relaxations of mutant RBCs compared
to normal literature controls (wild-type controls were not performed by the authors).10
Additionally, relaxations shown in that study are endothelium-dependent (presumably ATP
mediated), consistent with either lysis of RBCs or absence of SNO-Hb.

Several salient aspects of RBC-mediated vasoactivity in bioassay support a role for RBCs in
hypoxic vasodilation in vivo. In particular, the response to RBCs is rapid (seconds,
reflecting the minimal latency in bioassays) and fairly substantial (*15% to 50% of initial
tension), even at 0.4% hematocrit. Because blood flow is a function of vessel radius to the
fourth power, RBCs can probably exert substantial vasoactivity in vivo.1> Moreover, the
vasodilatory response to RBCs under hypoxia occurs in the face of opposing
vasoconstriction that is mediated by NO scavenging. Thus, RBC vasoactivity represents a
net response that may enable RBCs to fulfill requirements of both vasodilation and
vasoconstriction to match blood flow with metabolic demand. Vasodilation is evidently
carried out by SNOs, which are the only endogenous species known to retain vasodilatory
activity in the presence of Hb, whereas vasoconstriction is mediated partly by heme-based
sequestration of endothelial NO. However, RBC-induced contraction was also reduced
significantly by exposure to ODQ, implicating a role for cGMP. Constrictor effects of SNOs
have been previously reported,40:52 as have contractile effects of cGMP,41 and new data
suggest that such effects may result from modulation of GPCR signaling, including
inhibition of desensitization by NO.53 RBC-derived NO bioactivity may have different
effects from that derived in the endothelium.

Dysregulated formation of SNO-Hb is evident in a number of pathophysiological conditions
characterized by tissue hypoxemia, including sickle cell disease,’ diabetes,8° pulmonary
hypertension,10 septic shock,11:12 and congestive heart failurel3; when examined by
bioassay, impaired production of SNO-Hb is reflected in impaired vasodilation by RBCs.
7,910 1n addition, as shown here and previously,1415 SNO-Hb levels decline in stored
RBCs, in close concert with a loss of vasodilatory ability, providing a potential explanation
for at least some part of the ischemic morbidity and mortality associated with blood
transfusion. Loss of SNO during preparation of RBCs may also account for discrepancies
between groups that have investigated the RBC-mediated vasodilatory response.14 Thus,
identification of an NO-based signal as a necessary and sufficient RBC-mediated effector in
hypoxic vasodilation supports a focus on SNO-Hb formation and NO/SNO delivery from
RBCs to ameliorate deficiencies in tissue oxygenation.
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Figure 1.

Hypoxic vasodilation (1% O,) by native human RBCs of mouse aortic segments,
precontracted with phenylephrine (PE). A, Lack of effect of endothelial denudation or

4

5

0.6 4

1 2 3 4 5
Time (min)

ACh

-

U e A e

0

PE
1 2 3 4 5
Time (min)

Page 11

inhibition of NOS activity with L-NAME. Vasorelaxation was greatly attenuated by the
guanylate cyclase inhibitor ODQ (n=9 to 34). *P<0.05. B and C, Representative examples
of the elimination of acetylcholine (ACh)-induced vasorelaxation following endothelial
removal versus preserved RBC-induced vasorelaxation.
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Hypoxic vasodilation by native human RBCs of rabbit aortic segments. A, No significant
effect on vasorelaxation resulted from inhibition of NOS activity with L-NAME, L-NMMA,
or 1400W. Vasorelaxation was greatly attenuated in both intact and denuded rings by
treatment with ODQ (n=12 to 110) *P<0.05. B through E, Representative examples
illustrate the lack of effect of NOS inhibition, the lack of effect of NOS inhibition combined

with denudation, and the elimination of vasorelaxation by ODQ.
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Figure 3.

Hypoxic vasodilation by native human RBCs of mouse aortic segments. A, Lack of effect of
genetic elimination of eNOS (eNOS™"). Elimination of iNOS (iNOS™"), or nNOS (nNOS™")
was associated with enhanced vasorelaxation. VVasorelaxation was greatly attenuated
following treatment with the guanylate cyclase inhibitor ODQ in all cases (n=6 to 29).
*P<0.05. B through D, Representative tracings illustrate the lack of effect of eNOS
elimination and the enhancement of relaxation by nNOS and iNOS elimination.
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Figure 4.

Hypoxic vasodilation by native human RBCs of rabbit aortic segments. A, RBC-induced
vasorelaxation was potentiated by cysteine and by N-acetylcysteine but was unaffected by
nitrite or the prostaglandin synthesis inhibitors indomethacin and aspirin (all agents added 2
minutes before RBCs) (n=5 to 11). *P<0.05. B through D, Representative tracings illustrate
the augmentation of relaxation by cysteine and the attenuation of relaxation by SNO-Hb
depletion (~#80% depletion). E, Addition of nitrite to the bath (even at supraphysiological
concentrations of 1 umol/L, which are higher than those used in Cosby24) before
(NO,=RBC) or simultaneously with the addition of RBCs (NO, +RBC), or near the
termination of RBC-induced vasorelaxation (RBC=NO5") had no discernible effect on the
magnitude or duration of RBC-induced hypoxic vasodilation.
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Figure 5.

PO, dependence of vasoconstriction by native human RBCs of rabbit aortic segments. RBC-
induced contraction terminated the relaxation at 1% O, and exhibited latencies at *21% O
(in the absence of relaxation) that were indistinguishable from the latencies of relaxation at
~1% O,. Contractions were greater at ~21% O, than at 1% O, and greatly attenuated by
endothelium removal and by ODQ (n=9 to 36). *P<0.05. Representative examples illustrate
the attenuation of vasoconstriction by hypoxia, denudation, and exposure to ODQ.

Circ Res. Author manuscript; available in PMC 2009 October 19.



