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Abstract

Encapsulation of hemoglobin (Hb) within red blood cells (RBCs) preserves nitric oxide (NO) bioactivity. With encapsulation, millimolar
concentrations of Hb quench only a fraction of NO bioactivity, whereas mere micromolar concentrations of cell-free Hb completely quench
NO bioactivity. A submembrane cytoskeletal barrier has been hypothesized to account for the lowered quenching of NO bioactivity. In order
to substantiate this hypothesis, here, the underlying submembrane cytoskeletal barrier was physically reduced and the rate of NO entry into
the modified RBC measured. The submembrane cytoskeletal barrier of normal and depleted RBCs was characterized using atomic force
microscopy and the lipid to protein ratio measured. The reduction in the submembrane cytoskeletal barrier resulted in an increase in the rate
of NO entry. We suggest that the underlying submembrane cytoskeleton may be a key component of RBC mediated regulation of NO

bioavailability.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is endogenously produced in many
cells for a variety of functions. In the vasculature, NO is
produced by endothelial cells in order to regulate blood
flow. Endothelium derived NO freely diffuses into adjacent
smooth muscle cells to activate soluble guanylyl cyclase.
The activation of guanylyl cyclase initiates a cascade of
reactions that results in vasodilation [1-4]. Nitric oxide
also freely diffuses into the lumen, where it is scavenged
by hemoglobin (Hb), which exists at millimolar concen-
trations in red blood cells (RBCs) [5,6].

Abbreviations: NO, nitric oxide; RBCs, red blood cells; Hb, hemoglobin;
oxyHb, oxyhemoglobin; metHb, methemoglobin; Sper/NO, spermine NON-
Oate; AFM, atomic force microscopy; 5P8, 5 mM phosphate at pH 8.0
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Oxyhemoglobin (oxyHb) converts NO to nitrate,
whereas deoxygenated hemoglobin binds NO to form
iron-nitrosylhemoglobin. In the presence of excess Hb, the
half-life of NO 1is on the order of microseconds (k~10 7
M~ s7) [5,6]. As NO is produced adjacent to Hb-rich
blood (10 mM) and Hb rapidly deactivates NO bioactivity
[5-12], how NO escapes to activate soluble guanylyl
cyclase is a question that has received considerable
attention [8,13—15]. In partial resolution to this question,
the enclosure of Hb within RBCs [15,16] has been
proposed to be the primary mode by which NO bioactivity
is preserved.

Without RBC enclosure, mere micromolar concentra-
tions of cell-free oxyHb have been shown to cause vaso-
constriction [15,17] and the release of Hb from RBCs has
been linked to the painful crisis episodes experienced by
sickle cell patients [12]. The enclosure of Hb within RBCs
alleviates vasoconstriction through (i) the creation of a
RBC-free zone adjacent to the vessel wall from hydro-
dynamic forces [15], (ii) high extracellular diffusional
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resistance from the fluid bulk to the surface of the RBC
[16], and (iii) the presence of an intrinsic barrier composed
of the RBC submembrane cytoskeletal protein that reduces
the entry of NO into the RBC [18,19]. Although each barrier
may be important under different conditions, it is the
underlying protein barrier that is always present to preserve
NO bioactivity [18,19]. Moreover, RBC chemical modifi-
cations using Band 3 crosslinkers, sodium azide, phenyl-
hydrazine, or nitric oxide, itself, have been suggested to
alter the submembrane barrier and demonstrated to alter the
NO consumption rate [19,20]. These changes in the NO
consumption rate directly led to corresponding changes in
the vessel diameter of isolated coronary arterioles [19,20].
Thus, it was suggested, based on these chemical modifica-
tions, that the submembrane cytoskeleton may be a barrier
to NO entry and accounts for the preservation of NO
bioavailability.

If the RBC submembrane cytoskeleton is the barrier that
reduces NO entry, the physical reduction of the submem-
brane cytoskeleton should increase the rate that NO is
consumed by the RBC. By forming white ghosts, with
extensive washing to remove a portion of the submembrane
cytoskeleton, and resealing with Hb, here we demonstrate
that the NO uptake rate was increased. In addition, the
submembrane cytoskeleton of both white and pink ghosts
was imaged in their native state using atomic force
microscopy (AFM). In pink ghosts, where the submembrane
cytoskeleton was preserved, the NO consumption rate was
not altered.

2. Materials and methods
2.1. Chemicals
The NO donor, Spermine NONOate (Sp/NO), N-[4-[1-

(3-aminopropyl)-2-hydroxy-2-nitrosohydrazino]butyl]-1,3-
propanediamine, was purchased from Alexis L.L.C. (San

Diego, CA). Sodium chloride, sodium hydroxide, and
hydrochloric acid were purchased from Fisher Scientific
(Tustin, CA). All other chemicals were purchased from
Sigma (St. Louis, MO).

2.2. Preparation of red blood cells

Bovine blood was collected in anticoagulant citrate
dextrose (15%). The plasma and buffy coat were removed
following centrifugation at 800Xg for 10 min. The cells
were resuspended in a 40 mM HEPES buffer containing
125 mM NaCl and 5 mM glucose (pH 7.4). Red blood
cells were isolated from white cells by filtration through a
mixture of 4 cellulose and microcrystalline cellulose. Red
blood cells were washed again to remove any residual
plasma proteins.

2.3. Preparation of oxyhemoglobin

Isolated RBCs were concentrated by incubation in a
hypertonic 40 mM HEPES buffer containing 275 mM NaCl
and 5 mM glucose (pH 7.4). The initial hematocrit was
adjusted to 15%. The RBC suspension was then centrifuged
at 800X g for 20 min. All the supernatant was aspired and
the RBCs were lysed by freezing at —80 °C. The lysate was
centrifuged at 22,000xg, 4 °C for 30 min and the
supernatant collected (50% of the sample volume). The
pellet, which contained lysed RBC membranes fragments
and associated submembrane proteins, was discarded. The
supernatant was centrifuged again for 30 min and the
resultant supernatant collected (25% of the total sample
volume). All solutions for preparing proteins were main-
tained at 4 °C.

2.4. Preparation of resealed white and pink ghosts

Resealed ghosts were prepared following the methods of
Steck and Kant [21] with some modification (Fig. 1).

Extract barrier

Resealed
Pink
Ghost

Add oxyHb

Reseal
Reseal

Resealed
White
Ghost

Fig. 1. Starting from isolated RBCs, pink ghosts were first prepared by lysis with 5P8 buffer. White ghosts were then prepared by a cycles of centrifugation and
washing until all residual Hb was removed. Resealed pink ghosts were prepared by adding salt and incubating at 37 °C for 1 h. Resealed white ghosts were
prepared by first incubating the white ghosts with concentrated Hb solution on ice. After 30 min, a 5 M salt solution was added to the sample until the solution

became isotonic. The sample was then incubated at 37 °C for 1 h.
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Briefly, 25 mL of 5 mM phosphate buffer at pH 8.0 (5P8) at
4 °C was added to 4 mL of a 50% hematocrit RBC
suspension. The sample was left on ice for 5 min then
centrifuged at 22,000xg, 4 °C for 40 min. The pellet was
washed, resuspended, and centrifuged four times using 20
mL of 5P8 at 22,000xg, 4 °C for 20 min. The RBC
submembrane pellet (white submembrane) was incubated on
ice for 30 min in various concentrations of oxyHb. A 5 M
NaCl solution was used to adjust the osmolality to 290
mosM/kg. The ghost submembrane was sealed by incuba-
tion in concentrated oxyHb solutions (20-30 mM) at 37 °C
for 1 h. With this procedure, the maximum concentration of
resealed intracellular oxyHb achieved was 1000 pM. The
sealed ghosts were centrifuged at 800Xg for 20 min and
then equilibrated with HEPES buffer. Pink ghosts were
prepared by lysis of RBCs in 5P8 to the desired intracellular
Hb concentration with no washing. The intracellular Hb
concentration was adjusted by changing the lysis buffer to
RBC ratio. Pink ghosts were resealed with a method similar
to resealed white ghosts.

2.5. The competition assay for measuring the nitric oxide
uptake rate by red blood cells

This procedure has been described previously [22]. A
detailed description of the procedure along with the
computer program for calculating the kinetic coefficient is
available (http://www.seas.ucla.edu/~liaoj). Briefly, the
competition assay measures the NO uptake rate of RBCs
by allowing extracellular oxyHb to compete with RBCs in
the same solution for a limited amount of NO released
homogeneously by Sp/NO, a slow releasing NO donor. In a
separate sample, the total amount of NO released by Sp/NO
was measured by the formation of metHb in the extracellular
space from the oxyHb reaction with NO. The difference in
total NO released and NO consumed by extracellular oxyHb
in the RBC suspension was the NO consumed by the RBC.
No export of oxidizing species was detected by incubating
resealed ghosts with only oxyHb in the extracellular space.
No export of reducing species was detected by incubating
RBCs or resealed ghosts with methemoglobin (metHb) in
the extracellular space. Under these experimental condi-
tions, neither S-nitrosated Hb nor iron-nitrosyl Hb were
detected using an independent ozone-based chemilumines-
cence method [23]. The rate constant (kgrpc, or A rpc) for
NO consumption by RBC was defined in the following
equation

Vrsc = krpc[rbcHb][NO] = kyp[RBC][NO]

where Vgpc is the rate of NO consumption by RBCs,
[rbcHb], and [NO] are the concentrations of total RBC
heme and NO, respectively, based on the total volume as if
Hb was not enclosed by the RBC submembrane. The first
definition allows the comparison between krpc with kyyp
(rate constant for the reaction between NO and free

oxyHb) on the same homogeneous basis. To determine
the NO consumption on a per RBC basis, we used the second
definition in the above equation, where [RBC] is the number
of RBC per unit volume. The RBC cell density was 3.0x 10%/
pL for 15% hematocrit of bovine RBCs. For resealed ghosts,
k'rpc is a better definition for comparison because it is
insensitive to the intracellular Hb concentration.

2.6. Measurement of the protein to lipid ratio

The protein content of each sample was measured with
a commercial kit (Bio-Rad DC Protein Quantification
Assay). Phospholipid content was measured using the
interaction of phosphomolybdenum and malachite green as
previously described [24]. Briefly, total lipids were
extracted using a methanol, chloroform, water mixture in
a 1:1:1 final ratio to isolate lipids. Lipids were transferred
to clean glass tubes and the solvent evaporated. Lipids
were then reacted with 70% perchloric acid at 180 °C for
30 min. After cooling for 20 min, a solution of 0.24%
malachite green, 0.85% ammonium molybdenum, and
0.04% Tween-20 (all final concentrations) was added.
After agitation, the absorbance of each sample was
measured at 660 nm and compared to a phosphate
calibration curve to determine phospholipid content.

2.7. Atomic force microscopy measurement of the submem-
brane cytoskeleton

Ghosts were placed on silane coated mica lysed with
hypotonic 5 mM phosphate buffer (pH 7.2). Freshly cleaved
mica slides were prepared by adhering strips of tape to
opposite sides of a mica book, and then pulling the strips of
tape apart. These freshly cleaved mica slides were then
stored in a small enclosed chamber (<100 mL) with 0.2 mL
of silane overnight. Mica slides were rinsed with water
filtered through a Milli-Q filter system (Millipore) and air
dried. Mica slides were used within a day.

Atomic force microscopy (AFM) measurements were
carried out on a Digital Instruments Nanoscope IV
Bioscope (Veeco Metrology, Santa Barbara, CA). Oxide
sharpened triangular silicon nitride tips (Olympus OTR4
SiN probes, Veeco Metrology, Santa Barbara, CA) with a
tip size of less than 10 nm were used (0.08 N/m spring
constant). All measurements were made under isotonic 5
mM phosphate buffer and the system was allowed to
thermally equilibrate for at least 1 h. In order to obtain the
highest resolution images possible we paid special
attention to sources of noise (acoustic, thermal, electrical)
inherent in many experimental systems. The AFM was
placed on a vibration isolation air table, which was housed
inside an acoustic isolation chamber that also shields out
electrical noise and thermal drift. The entire system was
kept in a sound proof room and all electronics (computers,
controllers, pumps) are kept outside the room where the
user can perform the measurements. With all these
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precautions in place we achieved a noise level of 0.06 nm
(RMS). Images were acquired at 0.5 Hz in tapping mode
in order to minimize the forces acting on the sample and
also to increase resolution. Adjusting the force curve
appropriately minimized the tip-sample contact force,
which was determined to be below 5 nN.

3. Results

3.1. Protein to lipid ratio decreased in white ghost
preparation

White ghosts were prepared by deliberate extraction of
cytoskeletal proteins, while pink ghosts were prepared with
maximum preservation of the cytoskeletal proteins. The
extent of protein extraction was assessed by measuring the
protein to lipid ratio (Fig. 2). The lipid extraction yield was
similar for white and pink ghosts. If cytoskeletal proteins
were extracted in the white ghosts, a decreased protein to
lipid ratio should result. The protein to lipid ratio of white
ghosts was determined to be approximately 30% less than
the protein to lipid ratio of pink ghosts. Thus, white ghosts
contained less cytoskeletal protein than the equivalent pink
ghost did. The proportion of each cytoskeletal protein
remained essentially the same after extraction, as measured
in a SDS-PAGE stained with Coomassie Blue (data not
shown). Thus, the findings presented here reflect changes
due to the overall loss of cytoskeleton. In order to assess the
physical changes that occurred with the extraction of
cytoskeleton proteins, the inner surface of white and pink
ghosts were imaged using AFM.

3.2. Submembrane cytoskeleton altered by white ghost
preparation

The inner submembrane surface topography of white
and pink ghosts was imaged with AFM; two representative
images are presented (Fig. 3a and b, respectively). Atomic
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Fig. 2. The extent of cytoskeleton protein loss was determined by
measuring the protein to lipid ratio of white and pink ghosts. Complete
extraction of intracellular Hb also resulted in a loss of intracellular
cytoskeleton proteins. White ghosts contained approximately 30% less
cytoskeleton protein content than pink ghosts.

force microscopy directly images the surface topography
by measuring the force of attraction/repulsion from the tip
of a cantilever with the sample. Thus, an image of the
topography of the inner membrane can be generated by
scanning over the inner membrane surface. Ghosts were
placed on mica slides and lysed. Line traces were made of
the white and pink ghost surface to represent the surface
topography (Fig. 3c and d, respectively). Pink ghosts
exhibited greater variation in surface topography compared
to white ghosts. This variation in topography may result
from submembrane skeletal proteins or proteins that
associate with the submembrane cytoskeleton, such as
metHb [25]. The average thickness of white ghosts
(14.1£4.0 nm) was less than that of the pink ghosts
(18.21+4.5), as reflected in the distribution of thicknesses
(Fig. 3e). The average peak to peak distance for white
ghosts was 173.4%£53.1 nm and was 130.8+45.5 nm for
pink ghosts (Fig. 3f). The smaller thickness (Fig. 3e) and
the larger peak to peak distance for white ghosts may
reflect the depletion of submembrane cytoskeleton and the
dissociation of proteins bound to the submembrane
cytoskeleton during the washing process to create white
ghosts.

3.3. Nitric oxide consumption increased by cytoskeleton
extraction

The NO consumption rate of resealed white ghosts was
measured using the competition assay [18,22]. By measur-
ing the formation of metHb in the extracellular space of a
resealed ghost suspension (15% Hct) containing 10 uM
extracellular oxyHb and 15 pM Sp/NO and comparing that
with the total amount of NO released by Sp/NO, the rate the
ghosts consume NO was calculated [19]. No export of
oxidizing or reducing species was measured, as described in
Materials and methods. Data from resealed ghosts with
severe lysis (>5 puM total Hb released into the extracellular
space) were not included in the analysis. The NO uptake
rate of resealed white ghosts containing 500 or 1000 uM
oxyHb was 70% and 100% higher than the unmodified
RBC (20 mM intracellular Hb) rate of NO uptake,
respectively (Fig. 4), on a per RBC basis (K'rpc). As
previously reported by Huang et al. [19], when the intra-
cellular Hb decreased below 250 uM, the NO consumption
rate was limited by intracellular Hb.

For controls, pink ghosts in which intracellular Hb was
incompletely extracted were tested. Pink ghosts were
prepared by lysis of RBCs at ratios empirically deter-
mined to result in the desired intracellular Hb concen-
tration. Incomplete extraction of Hb preserved the
submembrane cytoskeleton [26], and as a result, the rate
of NO uptake of these pink ghosts did not increase as
much (Fig. 4). Hence, the observed increase in NO
uptake was possibly due to the difference in the
submembrane cytoskeleton of resealed white and pink
ghosts.
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Fig. 3. Atomic force microscopy was used to image the topography of open (a) pink and (b) white ghosts. Constructing a plot from the AFM image along a line,
(c) pink ghosts were observed to possess flatter and less frequent peaks compared to (d) white ghosts. (¢) The histogram (10 nm bin size) of the pink (solid line)
and white (dashed line) ghost submembrane cytoskeleton thickness shows that white ghosts are thinner with an average thickness of 14.1+4.0 nm compared to
pink ghosts (18.2+4.5 nm). (f) In addition, the distance from peak to peak (20 nm bin size) was greater for white ghosts (173.4453.1 nm) than for pink ghosts
(130.8+£45.5 nm). The valleys between these peaks may represent binding sites for proteins, such as metHb.
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Fig. 4. The NO uptake rate of resealed white (open bars) and pink ghosts
(shaded bars) was measured with the competition assay. Compared to the
NO uptake rate of unmodified RBCs (20 mM intracellular Hb, dashed
horizontal line), resealed white ghosts consumed NO more rapidly at
intracellular Hb concentrations of 0.50 (60% higher rate) and 1.00 mM
(90% higher rate) (open bars, *P<0.05, n=4 for each concentration). At
0.25 mM intracellular Hb concentration, resealed white ghosts consumption
of NO did not statistically differ from that of unmodified RBCs (n=4 for
each concentration). This may be due to limitations imposed by the low
intracellular Hb concentrations [19,20]. The NO uptake rate of resealed
pink ghosts also did not statistically differ from that of unmodified RBCs at
all intracellular Hb concentration investigated (shaded bars, n=3 for each
concentration). The difference in the NO uptake rate of resealed white and
resealed pink ghosts stems from the process of preparation. White ghosts
were first extracted of all intracellular Hb and presumably some
cytoskeletal proteins which led to the observed increased NO uptake.

4. Discussion

The preservation of NO bioactivity in the presence of
Hb-rich blood can be justified by the enclosure of Hb into
RBCs. The nature by which NO is preserved from
intracellular Hb is complex, but can be separated into four
distinct barriers [18]: (i) the creation of an RBC-free zone
adjacent to the vessel wall from hydrodynamic forces [15],
(i) high extracellular diffusional resistance from the fluid
bulk to the surface of the RBC [16], and (iii) the presence of
an intrinsic barrier composed of the RBC submembrane
cytoskeletal protein that reduces the entry of NO into the
RBC [18,19]. Among the barriers to NO transport, only the
RBC intrinsic barrier is present at all times and can be
altered to modulate NO bioavailability [18]. Huang et al.
proposed that the submembrane cytoskeleton and other
relatively NO inert proteins are vital components of this
intrinsic barrier using modifications that crosslinked pro-
teins, oxidized hemoglobin, or displaced hemoglobin from
the submembrane cytoskeleton [19]. These modifications
were hypothesized to lead to physical changes in the
underlying submembrane protein structure, as illustrated in
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Fig. 5. Han et al. demonstrated that treatment of hypoxic
RBCs with nitric oxide accelerated the rate of nitric oxide
consumption [20]. Here, we have substantiated the hypoth-
esis of submembrane cytoskeleton resistance to NO trans-
port by demonstrating that physical reduction of the
submembrane cytoskeleton leads to an increase in the rate
of NO consumption.

The RBC submembrane cytoskeleton has been estimated
to range from 18 to 60 nm in thickness in its native state
[27,28]. As shown here and in other studies, the RBC
submembrane cytoskeleton possesses a complex three
dimensional structure [29], which may force NO and other
small molecules to traverse tortuous channels or pores to
access intracellular Hb. Prior studies that address the
structure of the submembrane cytoskeleton failed to image
the cytoskeleton in its native state [30—33]. In those studies,
the submembrane cytoskeleton was artificially stretched in
order to obtain an image of a two-dimensional mesh-like
network of spectrin fibers. Hence, these extrapolations on
the role of the cytoskeleton in the uptake of NO do not
consider that the native state cytoskeleton is more dense and
compressed than the stretched cytoskeleton [34].

Previously, questions regarding the role of the submem-
brane cytoskeleton as a barrier to NO entry into RBCs have
been put forth by Liu et al. [34]. This discussion revolves
around a mathematical analysis of the competition assay.
Following the prior O, transport literature, Liu et al.
suggested that an unstirred layer surrounding each RBC is

Band 3

Tetramer Ankyrin

Spectrin / MetHb/Hemichromes/
Actin Heinz Bodies
b. Band 3

Tetramer Ankyrin

MetHb/Hemichromes/
Heinz Bodies

Spectrin /
Actin

Fig. 5. The entry of NO into the RBC is reduced by the submembrane
cytoskeleton. Other relatively NO inert proteins, such as metHb, hemi-
chromes, and Heinz bodies, also contribute to the reduction in NO entry. (a)
Unmodified RBCs or pink ghosts possess a submembrane cytoskeleton that
effectively reduces the rate of NO entry. The submembrane cytoskeleton is
bound to the submembrane through the ankyrin/Band 3 association. (b)
Reduction of the submembrane cytoskeleton by forming resealed white
ghosts leads to an increase in the rate of NO entry.

the primary component responsible for the preservation of
NO bioactivity [16,34]. However, if an external, unstirred
layer was the primary mode by which NO is preserved, then
chemical modifications using Band 3 crosslinkers, sodium
azide, phenylhydrazine, or nitric oxide, itself, [19,20] or
submembrane cytoskeleton depletion, as shown in this
study, should have no impact on the rate of NO con-
sumption by RBCs. As these modifications did not
significantly change the RBC morphology, the alteration
of an intrinsic barrier is the most likely explanation for the
observed changes in the NO uptake rate. Moreover, recent
simulations on the reaction and diffusion of endothelium
derived NO have reinforced the finding that the RBC must
possess an intrinsic barrier to NO diffusion [20,35]. Prior
studies that investigated the kinetics of NO uptake by RBCs
were limited by extremely low hematocrits (0.01%—0.15%),
which may have inflated the importance of external
diffusion [36]. The experiments performed here and in our
prior studies were performed at hematocrits (15%—20%) that
better reflect those found in vivo (~40%-45%). In addition,
the use of a slow releasing NO donor at these hematocrits
diminishes external barriers to NO [18,22]. This allowed for
the determination of whether intrinsic factors were respon-
sible for the low rate of NO uptake. It is likely that under
certain conditions, the external barrier is important; how-
ever, the intrinsic barrier is always present.

The submembrane cytoskeleton barrier has the vital
function of reducing the rate that NO is metabolized in the
vasculature [18]. Endothelium derived NO can diffuse to
adjacent smooth muscle cells to activate soluble guanaylyl
cyclase, which initiates a cascade of interactions that leads
to vasodilation. In addition to preserving endothelium
derived NO, the submembrane cytoskeleton barrier may
also play a role in the delivery of NO from the RBC. Recent
studies have identified deoxyHb as a mediator in the
formation of NO bioactivity [23,37,38]. Once formed, NO
either binds deoxyHb, reacts with oxyHb, or escapes into
the plasma. The reuptake of NO that escapes into the plasma
is effectively slowed by the submembrane cytoskeleton
barrier. In turn, this allows NO to diffuse to the smooth
muscle cell to initiate the cascade of interactions that results
in vasodilation.

Since the specific extraction of submembrane cytoskele-
tal proteins could not be achieved, our conclusion at this
point is that the submembrane cytoskeletal proteins reduce
NO entry into the RBC by physically retarding NO
diffusion. With further studies using RBCs from knock-
out mice or other animal strains, the specific protein or set of
proteins may be identified. The extraction of the submem-
brane cytoskeletal proteins resulted in an increase in the rate
of NO entry. Whether this preparation also increases the rate
of entry for other small gas molecules, such as dioxygen and
carbon monoxide, is an interesting topic that needs further
study.

We have recently demonstrated that exposure of hypoxic
RBCs to NO to form iron-nitrosylhemoglobin results in an
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increase in the rate RBCs consume NO [20]. Therefore, it
appears that NO consumption by RBC can be regulated
under physiological or pathophysiological conditions. The
results presented here strengthen the hypothesis that NO
consumption rate by RBC is limited by an RBC intrinsic
barrier (which can be modulated), rather than an extrinsic
diffusion layer which cannot be regulated. An intrinsic
barrier that can modulate the entry of NO may have
physiological and therapeutic relevance. The regulation of
NO consumption was suggested to occur under conditions
such as hypoxic pulmonary vasoconstriction, ischemic
vasospasm, and inhaled NO therapy. In addition, as the
submembrane cytoskeleton is the primary barrier within the
RBC to NO entry, blood substitutes that do not incorporate a
barrier to NO entry may have difficulties emulating the NO
preserving properties of RBCs.
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