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Abstract—Multiple sets of experimental data have shown that reactive free radical that participates in a diverse array of
the red blood cel(RBC) consumes nitric oxidgNO) about yjta| piological functions in humans and animals such as

600—-1000-fold slower than the equivalent concentration of cell- . C o .
free hemoglobin(Hb). Diffusion barriers of various sources vascular regulation, inhibition of platelet aggregation,

have been suggested to explain this observation. In this work, aand immunological respons¢see Ref. 9 for details and
multicellular, spatially distributed, two-dimensional model, that references Enhanced understanding of the key mecha-
describes the production, transport, and consumption of NO in nisms for NO transport and consumption, through com-

blood vessels and the surrounding tissue, is developed. The, ational modeling coupled with experiments, has cru-
model is used to assess the relative significance of NO trans-". | implicati f he d | f ’ ical
port barriers that reduce the rate of NO consumption in the cial implications for the development of practica

blood. Unlike previous models of this system, the model de- technologiede.g., artificial blood substitutgshat can be
veloped here accounts explicitly for the presence of, and inter- used to treat diseases attributed to imbalances in NO
actions among, a population of RBCs inside the lumen of the bioavailability.

blood vessel and is, therefore, better suited to analyze, quanti- . . . .
tatively, the contribution of each transport barrier as NO dif- The transport of NO from its site of synthesis to its

fuses from its site of synthesis to the interior of the RBCs targetis a complex process that is under intensive inves-
where it interacts with Hb. The model, which uses experimen- tigation. In order to exercise its vasoregulatory effect in
tally derived parameters, shows that extracellular unstirred the microcirculation, NO must diffuse from the endothe-
boundary layer diffusion alone cannot account for the reduced lium lining blood vessel walls to the external surround-

NO consumption by RBC compared to an equivalent concen- . fi | th lavh it activates it
tration of cell-free Hb. Since this result is reached using a ing tissue(vascular smooth musdlevhere it activates its

two-dimensional representation of the RBCs, which overesti- primary target, soluble guanylate cyclase. Due to its re-
mates the importance of the boundary layer diffusion resis- activity, however, NO may be consumed and degraded
tance, it would be expected that in the real three-dimensional by numerous reactions before it reaches its target. In

case, diffusion through the extracellular boundary layer would : . :
contribute even less to the overall mass transfer resistance.partlcwar’ NO diffuses into the lumen of the blood vessel

Consistent with recent experimental findings, the results of our Where it reacts at very high rates with Hb in red blood
model suggest that, under physiological conditions, transmem- cells (RBC9.**’ The extremely fast kinetics of this re-
brane (membrane and its associated cytoskeleton Jagléfu- action, however, suggest that most of the NO produced
sion limitations in RBCs represent a_key source of_ resistance i, the endothelium would be consumed in the blood,
for NO uptake by RBCs. €2003 Biomedical Engineering . . S
Society. [DOI: 10.1114/1.1553454 severely limiting NO b|o-ava|Iab|!|ty in the- vascular
smooth muscle. Indeed, mathematical modeling based on
diffusion theory andin vitro measurements of kinetic
Keywords—Nitric oxide, Diffusion reaction, Red blood cells,  constants have confirmed that Hb could effectively scav-
Mass transfer resistance, Computational modeling. enge endothelial produced NO and mitigate its
effect!?82°Gjven that small amount&uM) of free Hb
can abolish NO-mediated vasodilatiom vitro,*>® NO
The problem of computational modeling of nitric ox- consumption by RBCs must be much slower than origi-
ide (NO) transport—reaction processes in blood vessels Nally expected. Carlsen and Comtoaere the first to
has been the subject of significant research over the pasf®Port that the reaction between NO and Hb in intact
decade. Interest in this problem has been motivated byuman RBCs was slower than others measured in Hb
the physiological significance of NO itself as a versatile Solutions. They speculated that membrane diffusion re-
sistance might account for their experimental results, al-
Address correspondence to James C. Liao at Department of though they CO_U|d not rule O'_Jt J_[he p055|b|I|ty that the
Chemical Engineering, University of California, Los Angeles, CA reaction rate might be slower inside red blood cells with
90095-1592. Electronic mail: liaoj@ucla.edu more concentrated Hb than others measured with more
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FIGURE 1. Potential barriers for NO transport as it diffuses from the endothelium across a cell-depleted zone (a), into the

extracellular space surrounding the RBCs (b), and across the RBC membrane (c) before it is consumed by Hb in the cytosol.

dilute cell-free Hb solutions. This apparent discrepancy, RBCs inside the lumen of the blood ves$at opposed
therefore, has been known for over four decades, and haso a homogeneous medium or just a single RBC where
generated recent interest now that the biological signifi- NO reacts with Hly has not been considered in any of
cance of NO is known. the existing models so far, thus limiting their capability
The low rate of NO uptake has been attributed to to capture or quantify the full host of transport barriers
hindrances to NO transport caused by diffusion through: that reduce NO uptake. The particulate nature contributes
(i) RBC-depleted region that intravascular flow creates to the reduction of NO uptake in the blood by diminish-
near the vessel wall}??8(ii) the undisturbedboundary ing the actual exposure of NO to Hb further, compared
layer around the RB&*'® and (iii) a RBC-membrane to that predicted from the continuum model, and intro-
associated barrigf® (see Fig. 1 The diffusion inside  duces additional diffusional barriers in the extracellular
the RBC has been shown to be nonlimitfhgVvhile the spaces between cells in the population. On the other
three barriers may contribute, the relative importance of hand, single cell models cannot account for intercellular
each barrier has been difficult to assess. This assessmentdiffusion realistically. Motivated by these considerations,
can be made, however, through detailed mathematicalwe develop in this study a detailed two-dimensional,
modeling of NO reaction—diffusion processes in blood multicellular model for NO transport, based on
vessels. Previous modeling efforts were reviewed and diffusion—reaction principles, that explicitly takes into
summarized in Ref. 1. In particular, a mathematical account the presence of, and interactions among, a popu-
formulatiorf® that accounts for the geometry of NO pro- lation of red blood cells inside the blood vessel. The
duction and consumption regions was developed to de-model describes the production, diffusion, and consump-
termine factors that affect the NO concentration and the tion of NO in different regions, including the vascular
effective diffusion distance, especially in the microcircu- smooth muscle surrounding the blood vessel, the vessel
lation. In this modef® the blood was treated as a con- wall, a cell-free zone inside the lumen and near the
tinuum, i.e., a homogeneous medium where NO con- vessel wall, the extracellular space between the popula-
sumption by Hb takes place uniformly throughout. In tion of RBCs in the vessel lumen, the membrane sur-
addition to these efforts, the modeling of NO uptake by rounding each cell, and, finally, the intracellular space
a single red blood cell was considered in Ref. 27. The inside the RBCs. The model equations consist of several
model in this case takes into account the resistances ofsets of partial differential equatiof®DES9 that describe
the diffusional layer around the RBC, the membrane, and the production, diffusion, and consumption of NO in
the intracellular interactions between NO and Hb. By each of these regions. The equations are coupled through
applying the model in Ref. 27 to experimental data, the the boundary conditions that govern the flux and concen-
authors obtained estimates of the membrane permeabil-tration of NO at the interfaces between the different
ity. compartments. The parameters for the model are ob-
While the previous works have made significant con- tained from experimental data reported in the literature
tributions to the modeling and analysis of NO transport and the entire set of PDEs is solved for the NO concen-
and reaction, the particulate nature of the blood, namely, tration profile using efficient finite-element algorithms. It
the presence of, and interactions among, a population ofshould be emphasized that our goal here is not to predict
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the actual concentration of NO in tissue. Rather, we are and, finally, the intracellular spacé¢see Fig. 2a)]. The
interested in assessing the relative significance of eachsystem was modeled using two-dimensional polar coor-
transport barrier using a more realistic model for NO dinates. To keep the model realistic, yet computationally
transport that considers the multicellular nature of the tractable, we make the following assumptions:

problem and is, therefore, better suited to quantify the
contribution of each barrier to the overall resistance for
NO uptake in the blood.

We compare four scenarios. In the first scenario, the
blood is treated as a homogenous Hb solution without
RBCs. In the second scenario, the blood is modeled as a
random suspension of RBCs with no transmembrane dif-
fusion barrier. In the third scenario, a low transmembrane
NO permeability is used instead of the high transmem-
brane permeability used in scenario 2. Finally, in the
fourth scenario, a RBC-free zone near the vessel wall is
added due to blood flow. NO concentration profiles com-
puted in scenarios 2—4 are compared with the profiles
obtained from scenario 1 for various valueslkgf,, the
rate constant of the NO reaction with oxygenated Hb.
This comparison allows assessment of the contribution
from each diffusion barriefinter-RBC diffusion, trans-
membrane diffusion, and RBC-free zonm terms of
fold reduction inky, compared to its equivalent homog-
enous Hb solution. Results show that the extracellular
diffusion barrier caused by the unstirred layer is insuffi-
cient to explain the 1000-fold reduction in NO consump-
tion rate by RBCs under physiological hematocrits. Be-
cause of its two-dimensional representation of the RBCs,
the model underestimates the diffusion rate across the
extracellular boundary layer and, therefore, overestimates
the boundary layer diffusion resistance. However, even
under this conservative estimation, we found that the
boundary layer resistance was insignificant under physi-
ological hematocrits. We would expect that in the real Governing Equations
RBC, where surface/volume ratio is significantly larger
than what the model assumes, diffusion through the ex-  The concentration of a diffusing reacting substance,
tracellular boundary layer would even be more efficient Such as NO, is described by the species mass balance.
and thus contributes less to the overall mass transferor NO, this balance, in its general form, can be written
resistance. Furthermore, the effect of membrane diffusion &S
barrier (including the cytoskeleton layercan only be

(1) The axial NO gradient along the vessel is small com-
pared with the length of the region producing NO, so
NO transport by convection can be neglected.

(2) The NO transport—reaction process is analyzed at
steady state. This assumption is motivated by the
large difference in time scales between the diffusion/
reaction(on the order of 10 msand NO production.
Therefore, transients in the NO gradient die out
quickly.2’

(3) Since NO is present in trace quantities, the diffusion
coefficient is taken to be independent of concentra-
tion.

(4) The diffusion of NO is isotropic and the diffusion
coefficient in a given region is the same in all direc-
tions.

(5) The main NO reaction in the blood is that with Hb,
and is assumed to be pseudo-first-order in NO con-
centration. NO consumption in tissue is primarily
through reaction with oxygen and is taken to be
second order in NO concentration, with an empiri-
cally determined rate constant that sums the contri-
bution of various NO decomposition mechanisms
and reactions with other species in tis$tie.

(6) The rate of NO production in the endothelium is
estimated from the data of Malinskdt al>?° ob-
tained by stimulating endothelial cells for NO pro-
duction.

seen under highphysiological hematocrits. These re- dCno )
sults explain in part the discrepancy between different ot =DnoV™Crno= VCno v+ Ro, @)
8,13,26
groups:
where V is the vector gradient operatoV,? is the La-
MATHEMATICAL MODELING OF NO placian operatorCy is the concentration of NAD g IS
TRANSPORT the diffusion coefficient, andRyo is the rate at which

NO is produced or consumed by reaction. Two processes
are involved in the transport of NO: the first term on the
To provide a detailed model that captures the main right-hand side represents the diffusion of NO; the sec-
features of NO transport in blood vessels and the sur- ond represents the transport of NO by a molar-averaged
rounding tissue, we divide the system into three major velocity. From assumption$l) and (2), we have that
compartments: the abluminal region, the endothelium, VCyo-v=0 and dCyo/dt=0, respectively. The system
and the lumen. The lumen is further divided into a cell- can, therefore, be treated as a two-dimensional problem,
free zone, extracellular spaces between the cell popula-with NO concentration varying only in the radiad)(and
tion in the vessel, the membrane surrounding each cell, azimuthal @) directions. The azimuthal variation of NO

Modeling Assumptions
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FIGURE 2. (a) Geometry of the
blood vessel showing the vari-
ous compartments of the
model and a distribution of
RBCs. (b) Example of the
finite-element mesh used to
discretize the spatial domain in
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concentration arises from nonuniform consumption of
NO inside the vessel due to a nonunifofrandon) dis-
tribution of cells. The balance between NO diffusion and
reaction in all compartments can be written for polar
coordinates as

dCno
ar

I:)NO

19
roar

Equation(2) is used for all compartments, although the
value of Dy may differ depending on the intrinsic trans-

72 (b)

In the abluminal region, NO is assumed to be con-
sumed by a second-order reactffnso Ryo takes the
form

)

Rno= — kabcﬁlov

where k,, is an overall reaction rate constant that ac-
counts for the contribution of various NO decomposition
mechanisms and reactions with other species in the
smooth muscle tissue. The valuelgf, was estimated by
fitting the data of Malinskiet al® to a one-dimensional

port resistance in each region. Also, the expression for homogeneous model, developed in Ref. 29, based on

Rno may differ in each region depending on whether NO

is being produced or consumed and depending on the

oblate spherical coordinates.
In the endothelium, NO is also consumed by the

rate laws of the chemical reactions taking place in each above second-order reaction but, in addition, it is pro-

region.

duced by an enzyme that is partially bound to the mem-
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TABLE 1. Model parameters.

Parameter Definition Symbol Value Unit Reference
Extracellular NO diffusion coefficient Dy 3300 um? s 15,29
Intracellular NO diffusion coefficient Djny 880 um?st 27
RBC membrane permeability PRrec est 450 ums™t 27
Lipid membrane permeability Plipia 9x10° umst 27
Abluminal NO reaction rate coefficient Kap 0.05 um ls™t 28
OxyHb-NO reaction rate coefficient Kup 8.9x 107 M tst 7
Total NO production rate in endothelium Qno 42.4 uMs™t 15,28
Blood vessel radius R 50 pum 28
RBC-free zone thickness S 25 pum 28
Endothelium thickness € 25 um 28
Effective radius of RBC a 3.39 um 27
RBC membrane thickness Srec 0.0078 um 27

Hb concentration in RBC Chpb.reC 23 mM 27
brane of endothelial cellg§constitutive NO synthase Rno= — KubCnoChbrac™ — K1 juCno» (5)

The expression foRyg in this compartment, therefore,
takes the form

Rno= —Kar'CRoT Qno. (4)

where Qo is the total NO production rate in the endot-
helium. The rate of NO production is computed by di-
viding the total molar flux of NO in the endothelium,

Ono (estimated from the data of Malinskit al® to be
10.6x 10 ** umol/um?s), by the thickness of the endot-
helium, €, i.e., Quo=0no/€ (see Table 1 The rate
expression in Eq(4) is different from the one used in
Ref. 28 for the same region. In Ref. 28, the NO produc-
tion term was not included in the expression Ry .
Instead, NO production was accounted for in the flux
boundary conditions(through surface mass balanges
where NO was assumed to be produced from two singu-
lar surfaces that bound the endotheligiine endothelial/
luminal and endothelial/abluminal interfagesThe net

whereky, andky, are the rate constants a@y, rgc is

the hemoglobin concentration in the red blood cell,
which remains essentially constant so the reaction can be
considered pseudo-first-order in NO with the reaction
rate constanky;,=Kp,Chp-

In order to solve the resulting set of PDEs for NO
concentration, we need to specify the boundary condi-
tions. In the radial direction, one boundary condition is
implied by the no-flux condition at the center

or =0

atr=0, (6)

while far from the vessel wall we have that the NO
concentration changes slowly; therefore

dCno
ar

=0 atr—oo, (7

fluxes at both surfaces were assumed to be the same,

with the value of each flux equaling half af,o. In Eq.

(4), the production of NO is assumed to take place uni-
formly inside the endothelium rather than at the inter-
faces. The validity of both approximations owes to the
relatively small thickness of the endothelium compared
with other spatial dimensions in the problem.

In the extracellular vascular lumen and inside the
RBC membrane, NO is transported by diffusiomith a
different diffusivity in each regionand Ry is taken to
be zero. This treatment is justified because the third-
order NO reaction with @ (second-order in NO concen-
tration) in the blood is negligible compared with its re-
action with Hb. Finally, inside each RBC, NO

In the homogeneous one-dimensional model proposed in
Ref. 28, the boundary condition of E¢6) was justified
from the expected symmetry of the radial NO concentra-
tion profile about the vessel axis, owing to the uniform
NO production from the endothelium around the vessel
and subsequent uniform consumption by Hb in the lu-
men. In our two-dimensional model, however, while NO
is still produced uniformly around the vessel, its con-
sumption in the lumen is, in general, not symmetric
about the axis, owing to a random distribution of a popu-
lation of RBCs that enclose Hb. In this case, the bound-
ary condition arises, not from symmetry, but from the
fact that the changes in NO concentration, at the center

consumption by hemoglobin can be expressed by the rateof the blood vessel, are virtually nonexistent due to the

equation given in Ref. 28:

strong scavenging effect of NO by Hb in the RBCs,
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practically depleting all of NO before it reaches the cen- event generator routine, which is used to randomly place
ter of the vessel. The rest of the boundary conditions in the RBCs inside the blood vessel, when they are consid-
the radial direction are obtained by invoking continuity ered in the model. This routine uses the value of the
of the NO concentration profile and matching the fluxes hematocrit, provided by the user, to create and position
at the interfaces between the various regions. For thethe corresponding number of RBCs inside the lumen of
azimuthal direction, we use periodic boundary conditions the blood vessel.
that express continuity of both the NO concentration and  The second sublayer of the program is responsible for
NO concentration gradients in the azimuthal direction  discretizing the spatial domain of the problem into a
finite number of elements and implementing the bound-

Cro(0=0)=Cpo(0=27), ary conditions at the various interfaces between the com-

(8) partments. The spatial discretization transforms the sys-
9C 9C tem of PDEs in the model into a set of nonlinear
320(020): &go(ozzw), algebraic equations, for which an iterative nonlinear

solver that relies on Newton's method is used to obtain
the solution. Because the concentration of NO in the
endothelium and close vicinity is of particular interest,
an adaptive meshingvariable grid spacingtechnique
was implemented to allow a larger number of elements
near the endothelial surfaces, where the concentration
gradients are expected to be stdepe Fig. Pb) for an
example of the structure of the finite-element megh
finer mesh was also used in areas where the RBCs are
ability of the RBC membrane Rgrgc estOF Pipia); (4) the  closely spaced and in the thin RBC membrane region.
total NO production rate in the endotheliu®yo; and The mesh size typically ranged from 10,000 elements, in
(5) the rate constants for NO degradation in each region, areas far from the boundaries, to 200,000 elements in the
Kap and k. The values of these parameters have beenvicinity of the interfacegsuch as the endothelial surfaces
derived from experimental data reported in the literature and the RBC membraheln each simulation run, the
and are summarized in Table 1. The paramelesg, q, consistency of the numerical solution was verified by
and k,, have been estimated by fitting the data of Ma- continuously refining the mesh until further increases in
linski et al*® to a one-dimensional model based on ob- the number of discretization elements did not influence
late spherical coordinatés (see this reference for the the results, which ensures that the solution obtained is
detailed computations The parameterDj,, Pgrpcest mesh independent. Particular attention was paid to the
have been obtained from Ref. 27. Finally, the NO- refinement of the mesh size in the RBC membrane re-
hemoglobin reaction rate constant in the RBKg,, has gion due to its very thin dimensions relative to the other
been obtained from the recent kinetic studies in Ref. 7. spatial dimensions in the problem. The mesh size in the
Other parameters used in the numerical simulations in- RBC membrane region was sufficiently refined to ensure

Model Parameters and Numerical Solution

The main parameters in the model includé) the
diffusion coefficient of NO in the abluminal region, the
endothelium, and the extracellular vascular lum@i
assumed to be the sam®,,;, (2) the diffusion coeffi-
cient of NO inside the RBCD;y; (3) the NO perme-

clude the radius of the blood vess&, the thickness of
the cell-depleted zonej; the thickness of the endothe-
lium region producing NOg; the effective radius of the
RBC, a (modeled as a spherehe effective thickness of
the RBC membranedrgc; and the concentration of he-
moglobin inside the RBCKCy, rgc. The values of these
parameters are also given in Table 1.

In order to compute a reliable numerical solution to

a valid mesh-independent numerical solution. Also, al-
though the boundary condition in EG7) applies to an
infinite domain, it was implemented on the outermost
elements of our finite mesh, typically, 2000—40@6n
from the vessel axis. Several maximum distances were
used to ensure that the results did not vary appreciably
with the distance where the boundary condition was ap-
plied. Finally, after each simulation run, the solution ob-

the model equations, a finite-element-based program wastained was checked by verifying that it satisfies the
developed, within the FEMLAB simulation environment. boundary conditions.

The program consists of two user-created, interconnected
sublayers. The first sublayer specifies the geometry of the
system and generates the various compartments, where
NO is produced, transported, and consumed, for each
scenario(see the section on simulation resplfghe rela- In order to assess the relative contribution of each of
tive dimensions and positions of the various regions are the barriers for NO mass transport, we solve the above
fixed by this layer according to the actual physical di- model under four different scenarios that incorporate,
mensions, reported in Table 1, which serve as input datasequentially, each of the transport barriers. The complex-
provided by the user. This layer contains also a random- ity and level of detail of the model, therefore, grows as

SIMULATION RESULTS
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more transport barriers are included. Initially, we simu-
late the base-line scenario where NO consumption by
hemoglobin is assumed to take place uniformly through-
out the vascular lumerii.e., we neglect the particulate
nature of the blood as well as the presence of a cell-free
zone. In the second scenario, we account explicitly for
the particulate nature of the blood by confining the NO-
hemoglobin interaction to take place only inside a popu-
lation of highly permeable RBCs. The effect of low RBC

B -FARRA, CHRISTOFIDES and LIAO

modeled explicitly. In the subsequent scenarios, the
NO-Hb reaction is confined within the RBCs and, there-
fore, the consumption rate of E@5) is directly appli-
cable. The effect of the hematocrit in these scenarios is
accounted for by directly adjusting the number of RBCs.
Using a physiological Hct of 45%, the homogeneous
model equations were solved for several valuekgf,
the rate constant of the NO reaction with oxygenated Hb.
The resulting NO concentration profiles are shown in

membrane permeability and cell-free zone are neglectedFig. 3@), which depicts the meafazimuthally averaged

at this stage. In the third scenario, we model the effect of
adding low RBC membrane permeability. Finally, in the
fourth scenario, we add the effect of the cell-free zone
and simulate the full particulate model that describes NO
transport and consumption in all compartments.

Homogenous Case: Scenario 1

In this case, the blood is treated as a continuum and
the NO—hemoglobin interaction is assumed to take place
uniformly inside the vascular lumen. The NO transport
model, therefore, consists of three differential equations
describing NO production, diffusion, and consumption in
the endothelium, and NO diffusion and consumption in
the abluminal and luminal regions. The model, in this
case, is just a two-dimensional generalization of the con-
tinuum one-dimensional model proposed in Ref. 28.
While it can be argued that azimuthal gradients in NO
concentration are nonexistent in this case, due to the
uniform production and consumption of NO in all re-

gions, we nonetheless consider the two-dimensional rep-

NO concentration as a function of the distance from the
vessel axis, for four different values &fy,. The kyy
values considered range from a nominal value of
108 M~1s 1, which is close to the NO—Hb reaction rate
constant reported in Table 1, to values describing
NO—-Hb reactions that are tenfold (1M~ 1s 1), 100-
fold (10° M 1s 1), and 1000-fold (1® M 1s™%)
slower. It is clear from Fig. @& that the slower the
NO-Hb reaction, the higher the NO concentration. Note
that since diffusional barrierdnter-RBC diffusion, trans-
membrane diffusion, and RBC-free zoQnact to slow
down the overall rate of NO consumption by RBCs, the
fold reduction inky, displayed in Fig. 8) mimics the
effect of adding diffusional barriers to the homogeneous
model. To this extent, the concentration profiles in Fig.
3(a) provide a useful grid that will allow us in the sub-
sequent scenarios to assess the contribution of each dif-
fusional barrier in terms of the equivalent fold reduction
in kyp, it produces compared to the equivalent cell-free
Hb solution.

resentation when solving the model because the results

of this scenario will serve as the basis for comparison
with the other three scenarios, all of which involve azi-
muthal variations. It should also be noted that, since
RBCs are not modeled explicitly in this scenario, the Hb
concentration termCy, rgc @appearing in the rate expres-
sion for NO consumption in Eq5) should be replaced
by the concentration of Hb in the lume€y, jymen: i-€.,

Rno lumer™ ~ KibCrnoChb lumens )
whereCyy umenis related toCyy, rgc by a factor equal to
the blood hematocrit, i.e.,

Chib lumer= HCtX Ciyp rBC: (10
where Hct is the blood hematocrit, or the volume frac-
tion of RBCs in a unit volume of blood. For a given
value of Hct (i.e., a given number of Hb-containing
RBCs9, the above calculation provides the equivalent Hb

concentration of a cell-free Hb solution that fills the
entire luminal region. This modification of the rate ex-

Population of RBCs: Scenario 2

Since Hb, under physiological conditions, is packaged
inside RBCs, NO consumption by Hb takes place only
inside RBCs, and not everywhere in the blood vessel.
Therefore, the extent to which NO is “accessible” for
scavenging by Hb is less than what is predicted from the
continuum model. Furthermore, the diffusion of NO in
the extracellular space between RBCs offers an addi-
tional barrier that could slow down NO uptake. To ana-
lyze these effects, we explicitly incorporate a population
of RBCs into the vascular lumen compartment of our
model. Since the developed model is two-dimensional,
the RBCs are modeled as circles, randomly distributed
throughout the lumen. The radius of each circle corre-
sponds to the effective spherical radius of the RBC,
(see Table L In this representation, the RBC circles
essentially represent projections of the population of
“spherical” RBCs onto the two-dimensional cross sec-
tion of the blood vessel. Note that this two-dimensional
representation of the RBC tends to underestimate the
surface/volume ratio and favor the importance of the

pression is needed only in the homogenous scenario be-boundary layer diffusion resistance. In the luminal space

cause it is the only scenario where the RBCs are not

outside and near the RBCs, NO transport is assumed to
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FIGURE 3. (a) Mean NO concentration profiles, as a function

of distance from the vessel axis, obtained by solving the
continuum model  (with 45% Hct ) for ky,=10° M~'s™%, kyp
=10" M 's7? k=10 M~1s™! and ky,=10° M~tsi. (b)
Mean NO concentration profiles obtained from the con-
tinuum model (ky,=8.9X107 M~1s™%, blue solid lines with-
out markers ), the particulate model with NO-permeable RBC
membrane (Ppenm=, blue dashed lines ), the particulate
model with RBC membrane permeability of a lipid bilayer

[ Pmem= Piipid » blue dashed-dotted lines, which almost coin-
cides with the dashed profile  (Pyem=)] and the particulate
model with low RBC membrane permeability (Pmem
= Pgrec.est » blue solid line with circle markers ). The dotted red
profiles represent the NO concentration profiles shown in

(a). 45% Hct was used in all simulations. Enclosing Hb in
highly permeable RBC (dashed lines ) or in RBC with lipid
bilayer (dashed-dotted ) results in only tenfold reduction in
the NO consumption rate compared with an equivalent con-
centration of cell-free Hb. Under physiological Hcts, extracel-
lular boundary layer diffusion alone cannot explain the 1000-

fold reduction in NO consumption rate observed
experimentally. A low transmembrane permeability (mem-
brane and associated cytoskeleton layer ) can explain the
1000-fold reduction.

be governed only by extracellular unstirred boundary
layer diffusion. The corresponding mass balance used in
the extracellular space is that given in E@) with
Dno=Dey: (see Table 1and Ryo=0 (the NO reaction
with O, in the blood is negligible compared with its
reaction with HP. For each RBC, a mass balance of the
form of Eq. (2) describing the diffusion and consumption
by Hb of NO inside the cell is included in the model,
with Dyo=Dj, (see Table 1and Ry as given in Eq.
(5). With this addition, the resulting NO transport model
now consists of(1) one PDE describing NO production,
diffusion, and consumption in the endotheliuf@) one
PDE describing NO diffusion and consumption in the
abluminal region,(3) one PDE describing NO diffusion
in the extracellular space between the RBCs, éhda
population of PDEs describing the internal NO diffusion
and consumption inside the population of RBGme
PDE for each RBC Note that, at this stage, the RBC
membrane is not yet explicitty modeled and NO is as-
sumed to diffuse freely across the membrafe.,
Pmem=). This factor will be considered in subsequent
scenarios.

The number of RBCs distributed in the lumen is de-
termined by the blood Hct, which under normal physi-
ological conditions, is in the range of 40%—50%. In our
two-dimensional model, Hct is equivalent to the frac-
tional coverage of the luminal area by the RBC circles.
For a meaningful comparison with the continuum model
result, the same Hct value of 45% was used in solving
the particulate model equations. The resulting mean NO
concentration profile is shown by the blue dashed lines
in Fig. 3(b). It should be noted here that since the RBCs
are assumed to be randomly placed in the blood vessel,
the NO concentration profile will depend, in general, on
the particular random distribution of the RBCs, espe-
cially at low Hct where the intercellular spacing between
the few RBCs present can vary significantly from one
random placement to another. To eliminate this depen-
dence on the randomness of RBC placement, the NO
concentration profile is obtained by averaging the results
over an exhaustive set of random RBC distributions. For
large Hct valuegsuch as the one used in Fig(bJ],
however, the NO distribution is essentially independent
of the RBC placement because of the resulting tight
packing of the RBCs. This fact was verified in our simu-
lations by solving the model equations for a large num-
ber of random RBC distributions. In all cases, only neg-
ligible variations in the NO concentration profile were
observed.

Included in Fig. 8b) also (blue solid line without
markers is the NO concentration profile obtained from
the homogeneous model using the NO—Hb reaction rate
constant given in Table 1. By comparing the profile of
the particulate modelblue dashedwith that of the ho-
mogeneous modgblue solig it is clear that enclosing
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Hb in NO-permeable RBCs, at 45% Hct, leads to
slightly less than a twofold increase in NO concentration

compared to the homogeneous model. More importantly,

by comparing the particulate model profildashed with

the “grid” profiles [obtained earlier in Fig. & and
reproduced in Fig. ®) with dotted red lines for conve-
nience of comparisdnit can be seen that the particulate
model (with NO-permeable RBQsproduces a concen-
tration profile that practically coincides with the one ob-
tained from the homogeneous model usinkgy,
=10" M~ !s ! This implies that, at 45% Hct, enclos-
ing Hb in NO-permeable RBCs in effect slows the ef-
fective NO consumption rate by no more than an order
of magnitude, compared to the equivalent cell-free Hb
solution. This result suggests that extracellular diffusion
alone cannot explain the 1000-fold reduction in the ef-
fective NO consumption rate observed experimentally.
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9Cno

mem or

D mem

—(C —C
5RBC( NO,ext NO,cyt)

= F)men{CNO,ext_ CNO,cyt)v (11)
where D,om is the effective NO diffusion coefficient
inside the membran@ncluding the cytoskeleton laygr
Cno.ext IS the NO concentration at the interface between
the membrane and extracellular spaCggp ¢yt is the NO
concentration at the interface between the membrane and
the intracellular regioricytoso), Sggc is the thickness of
the membrane, an®,.n is the NO permeability of the
membrane. This computation is justified by the very
small thickness of the membrane relative to the diameter
of the RBC. Equatior{11) assumes there is no solubility
factor due to a hydrophilic mediurfwaten and a hydro-
phobic membrane. The analysis is still valid, however,

Recall that because of our two-dimensional assumptions,since theD o, value calculated would be the product of
the model underestimates the surface/volume ratio of thediffusivity and solubility (assuming the solubility is the
RBCs and, therefore, overestimates the boundary layersame on both sides of the membrane
diffusion resistance. However, even under this conserva- Due to the thin dimensions of the RBCs, the finite-
tive estimation, diffusion through the boundary layer is element mesh size was refined sufficiently in the mem-
not limiting. We would expect that in the real three- brane region and close vicinity to ensure a reliable nu-
dimensional case, where surface/volume ratio increasesmerical solution. Furthermore, similar to the previous
significantly, diffusion through the extracellular boundary scenario, the model was solved here, using 45% Hct, for
layer would be more efficient and thus contributes even several random RBC placements with no appreciable
less to the overall mass transfer resistance. variations in the results. Two values for the RBC mem-
brane permeability were considered in solving the model:
(1) the membrane permeability of a lipid bilayeP {em
=Piipiq; See Table Land (2) the low membrane perme-
ability estimate obtained in Ref. 2Pf .= Prpcess S€E
Table 1. The resulting mean NO concentration profiles
So far in our model, we have neglected the potential for both values are depicted in Fig(l3 by the blue
role of the RBC membrane in reducing NO uptake in the dashed-dotted profile and the circle-marked blue solid
blood by assuming that the RBC membrane is highly profile, respectively. By comparing with the blue dashed
permeable to NO. Based on this assumption, it has beenprofile (RBCs with completely permeable NO-
suggested in the literature that NO consumption is lim- membrane, i.e.P =), it is clear that using the lipid
ited mainly by the mass transfer resistance of the diffu- membrane permeability yields practically the same con-
sion layer adjacent to the RBC membrane. Recently in centration profile, while using the low membrane perme-
Refs. 8, 26, and 27, however, combination of various ability estimate in Ref. 27 results in nearly a threefold
experimental techniques together with model analysis increase in endothelial and abluminal NO concentrations.
have been used to show that the RBC may possess arMore importantly, comparison with the red dotted “grid”
intrinsic mechanism that can slow down NO uptake. The profiles indicates that enclosing Hb in RBCs with a low
results of this work point to the RBC membrane and the transmembrane permeability, at 45% Hct, effectively
associated cytoskeleton layer as a significant barrier toslows the NO consumption rate by about 500-fold, com-
NO transport into RBC. To investigate this effect using pared to the equivalent cell-free Hb solutigeffective
our model, we explicitly model the RBC membrane by kg,=2x10° M~ 1s™1). This result is consistent with
enclosing each cell in the population with a thin layer experimental data showing that RBCs consume NO
whose thickness corresponds to the effective thicknessabout 600—1000 fold slower than the equivalent concen-
(based on spherical geometyf the RBC(see Table L tration of cell-free Hb.
Inside these layers, NO is transported by diffusion and is
not consumed by Hb. The value of the NO diffusion Analysis of the Effect of Hct on NO Consumption Rate.
coefficient inside the membrane is computed directly One of the important factors that directly influences the
from the RBC membrane permeability, using the film level of NO consumption in the blood is the blood Hct.
theory approximation By definition, this factor determines the number of RBCs

Effect of RBC Transmembrane Barrier: Scenario 3
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present in a fixed volume of blood and, therefore, con- Hb [compare the dashed and dotted profiles in Fig)]4
trols the extent to which NO is consumed through its In contrast, at 45% HcfFig. 3(b)], extracellular diffu-
interaction with Hb contained in the RBCs. This, in turn, sion could explain only a 10-fold reduction in the effec-
affects how far NO travels inside the blood vessel. In tive NO—Hb reaction ratgcompare the dashed and dot-
scenarios 1-3, considered so far, we have used a physited profiles in Fig. &)].
ological Hct (45%) to solve the model equations and, = We saw in scenario 3 that enclosing Hb in RBCs, at
subsequently, analyze the contribution of extracellular 45% Hct, with a lipid membrane permeability yields
diffusion (scenario 2 and RBC membrane permeability only a ten-fold reduction ik, (compared to the equiva-
(scenario 3. In this section, we use our detailed model to lent cell-free Hb solution while the low permeability
investigate the quantitative effect of varying Hct on the estimate,Prgces; Was able to account for about 500-
NO concentration profiles and the effective NO con- fold reduction. To investigate the relationship between
sumption rate. To this end, we solve the model equationsthe RBC membrane permeability,,.,, and the equiva-
for several values of Hct and repeat, for each value, the lent effective NO—Hb reaction rate constakty,, and
same computations performed in scenarios 1-3. For thehow this relationship is modulated by Hct, we solved the
first scenaridhomogeneous modelwhere the RBCs are  particulate model for various values Bf,¢,,, and solved
not modeled explicitly, Hct is varied by adjusting the Hb the homogeneous model for various valuekgf. Then,
concentration inside the luminal region. For scenarios 2 by matching similar NO concentration profiles obtained
and 3, where the RBCs are modeled explicitly, Hct is from both models, each value &, was assigned an
varied by adjusting the number of RBCs in the luminal equivalentky,, which describes the effective rate of NO
compartment of the model. consumption in an equivalent concentration of cell-free
Figure 4 depicts the mean NO concentration profiles Hb. The results are summarized in Fig. 5, which displays
(for scenarios 1-Bobtained using Hct values of 25% (on a log—log scalethe effective NO—Hb reaction rate
(@), 15% (b), and 5%(c), respectively. Included in each constant as a function of permeability, for four different
plot (dotted line$ also are the corresponding “grid” pro-  values of Hct.
files obtained by solving the homogenous model, for the  For a given Hct, it is clear from the shape of the
given Hct, for various values dfy;,. By comparing Fig. profiles in Fig. 5 that at high permeability the effective
4 with Fig. 3b), it is clear that the NO concentration NO-Hb reaction rate constant is essentially independent
increases as Hct decreases. More importantly, the extra-of membrane permeability. In this regime, the effective
cellular diffusion barrier(scenario 2 becomes increas- ky, approaches the coefficient of the reaction rate be-
ingly significant as Hct decreases. At Hd% %, the ex- tween NO and completely NO-permeable RB@gth
tracellular diffusion barrier decreases the effective NO P.=). In the low permeability regime, however, the
consumption rate by about 600-fold, surprisingly consis- reaction rate constant drops as permeability decreases.
tent with the data from Liwet al*® using low Hct (less Furthermore, for a given value of membrane permeabil-
than 0.01%). In addition, the contribution from the ity, Fig. 5 shows that the effective reaction rate constant
membrane barrier is diminishing as Hct is decreased. decreases as Hct decreases. This implies that, while a
This observation can also be made by comparing the low membrane permeability is needed to explain the
how the relative “distance” between the mean NO con- 1000-fold reduction in the effective NO consumption
centration profiles of the three scenarios changes as arate at high Hct, a large permeabilityP(,qy, for ex-
function of Hct. In particular, we see that, as Hct de- ampl@ is sufficient to explain the same fold reduction in
creases, the distance between the profiles of scenarios Xk, at low Hct. For example, we see that, at 45% Hct, a
and 2 increases, while that between scenarios 2 and 3transmembrane permeability value less than 408/s is
decreases. Recall that the distance between two consecureeded to account for 1000-fold reduction kp, from
tive profiles is a measure of the extent to which a given 10° to 1 M~'s 1. At 5% Hct, however, an infinite
transport barrier slows down the uptake of NO. For ex- value for permeabilityP =2 can explain this reduc-
ample, the distance between the profiles of scenarios 1tion. These findings are consistent with the fact that, at
and 2 reflects the effect of extracellular diffusion, while low Hct, the RBC membrane barrier contributes less to
the distance between the profiles of scenarios 2 and 3the overall transport resistance compared with extracel-
reflects the effect of the low RBC membrane permeabil- |ular diffusion, which becomes the dominant barrier.
ity. In light of this interpretation, the trend observed
above suggests an increasingly important role for extra- Computation of Fractional Resistancesn this section,
cellular diffusion in slowing down NO uptake at low we use the simulation results obtained in scenarios 1-3
Hct. This is further confirmed by the fact that, at 5% Hct to quantify the contribution of extracellular diffusion and
[Fig. 4], extracellular diffusion alone can explain an the RBC membrane barriers relative to the overall mass
effective NO—Hb reaction rate that is about 1000-fold transfer resistance for NO. To this end, we will adopt the
smaller than the reaction rate between NO and cell-free classical definition of transfer resistance as the ratio be-
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FIGURE 4. Mean NO concentration profiles, as a function of
distance from the vessel axis, obtained from the continuum
model (ky,=8.9X10" M~!s™! blue solid lines ), the particu-
late model with NO-permeable RBC membrane  (Ppem=,
blue dashed lines ), and the particulate model with low RBC
membrane permeability  (Pmem=Pracest » blue dashed-dotted
lines) using (a) 25% Hct, (b) 15% Hct, and (c) 5% Hct. The
red dotted profiles in each plot represent the NO concentra-
tion profiles obtained by solving the corresponding homoge-
neous model (with the corresponding Hct ) for various values
of kyp. At low Het (5%), enclosing Hb in highly permeable
RBC leads to nearly 1000-fold reduction in the equivalent NO
consumption rate. Boundary layer diffusion is the key
source of NO mass transport resistance at low Hct.

tween the driving force for mass transfer and the flux of
the transported species. The driving force for NO trans-
port in the blood vessel is taken to be the difference
between NO concentrations at the center of the vessel
(r=0) and at the vessel wallrER). Since the NO
concentration at the vessel wall varies in the azimuthal
direction (due to the randomness of the RBC distribu-
tion), we use the meartazimuthally averagedNO con-
centration arr =R. Also, since the flux varies across the
vascular lumen both in the radial and azimuthal direc-
tions, we use a mean value by averaging over the entire
area of the vascular lumen. In mathematical terms, we
write

ACno

Nno

Resistance (12

where ACy is the concentration difference, given by
ACno=Cno(r=R)—Cyo(r=0), (13

whereENO(r=R) is the mean NO concentration at the
vessel wall, and\g is the mean flux of NO into the
vascular lumen, given by

1 0=2m [r=R
NNO:_ f (_DNocho)rdrd 6. (14)
’7TR2 =0 r=0

The above double integral is computed numerically from
the NO concentration data obtained by solving the model
equations corresponding to each scenario. Note that in
scenarios 2 and 3, the value Bf, in Eq. (14) is not the
same everywhere in the lumen due to the presence of
different compartmentéhe extracellular space, the RBC
membrane, and the intracellular spacda these cases,
the mean flux is computed by partitioning the above
integral into a number of subintegrals, each of which
corresponds to a particular compartment, and then sum-
ming them all up. Note also that since NO concentration
is essentially zero at the center of the blood vessel in all
scenarios, the magnitude of the mass transfer resistance
is directly proportional to the NO peak concentration at
the vessel wall.

Using Egs.(12)—(14), we initially compute the resis-
tance associated with each of the three scenarios consid-
ered so far, with scenario (homogenous modgkepre-
senting the base-line resistance, created by diffusion
resistance in the homogeneous phase, and scenario 3
(full particulate model representing the total resistance.
Then, by subtracting the resistance of a given scenario
from the resistance of the next one, the contribution
of the corresponding transport barrier can be quantified.
For example, by subtracting the resistance obtained for
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scenario 1 from that obtained for scenario 2, we obtain effect of this layer has been verified experiment&dly.
the mass transfer resistance due to the packaging of Hbintuitively, since NO is not consumed by Hb in this
inside a population of NO-permeable RBGxxtracellu- region, the cell-free layer provides an additional source
lar boundary layer diffusion Similarly, by subtracting  for mass transfer resistance that contributes to diminish-
the resistance obtained for scenario 2 from that obtaineding the NO-scavenging effect of the blood. To account
for scenario 3, we obtain the mass transfer resistance dugfor this effect, we add a thin RBC-free layer near the
to the low permeability RBC membrane. vascular wall in our particulate model. The entire RBC
The results of the above calculations are summarized population is therefore confined to a smaller region in
in the charts depicted in Fig. 6, which display the frac- the luminal compartment. The thickness of the RBC-free
tional resistance associated with each barrier as a func-layer depends on fluid mechanical considerations. In our
tion of Hct. Here, the fractional resistance of a given simulations, the thickness of the cell-free zone was taken
barrier is defined as the ratio of the resistance contrib- to be 2.5 xm.?° The resulting NO concentration profiles,
uted by that barrier to the total resistance of all the for 45% Hct, are shown in Fig. 7 by the square-marked
barriers combined at the same Hgtote that by this blue solid lines (using Pyen=) and the diamond-
definition, for a given Hct, the sum of the fractional marked blue solid linegusing Ppnem=Preces)- IN both
resistances contributed by the different barriers must addcases, it is clear that NO concentration increases relative
up to 1. The results indicate that as Hct is decreased to the corresponding model with no cell-free zone. Also,
from 45% to 5%, the contribution of the RBC mem- by comparing these profiles against the “grid” profiles
brane barrier drops from 75% to about 30% while the (red dotted lineg it is clear that the addition of the
extracellular boundary layer diffusion resistance jumps RBC-free zone to a population of NO-permeable RBCs
from less than 5% to about 65%. These findings are in effect reduces the NO consumption rate by about
consistent with the experimental data shown in Ref. 8. 50-fold while the addition of the RBC-free zone to a
population of RBCs with low membrane permeability
results in more than 800-fold reduction. The two-
dimensional NO distribution in all of the model compart-
In the particulate model scenarios 2 and 3 discussedments is shown in Fig. 8.
above, the RBCs were assumed to be randomly distrib-
uted throughout the vascular lumen and were, therefore, DISCUSSION
allowed to get arbitrarily close to the vessel wall. Under
flow conditions, however, and due to the hydrodynamic It is commonly observed that RBC consumes NO at a
effects of blood flow, the RBCs tend to migrate towards rate about 600—1000 times slower than the equivalent
the center of the vessel, thus creating a cell-depleted concentration of cell-free HB8121328Whether NO con-
zone, or layer, near the vascular wall where NO has to sumption by RBC is limited by an unstirred boundary
travel across before it reaches Hb inside the RBCs. Thelayer outside of RBC, or diffusion barrier caused by the

Effect of Cell-Free Zone: Scenario 4
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FIGURE 6. Fractional resistance (to NO uptake in the blood )
associated with (a) diffusion in the homogeneous phase, (b)
unstirred boundary layer diffusion, and (c) RBC transmem-
brane permeability (including cytoskeleton layer ), as func-
tion of Hct. The fractional resistance of each barrier is de-
fined as the ratio of the resistance contributed by that barrier

to the total resistance of all the barriers combined at the
same Hct. At 45% Hct, more than 70% of the total resistance

is contributed by the RBC membrane and cytoskeleton layer,
while less than 5% is contributed by extracellular (unstirred
layer) diffusion in the vicinity of the RBCs. At 5% Hct, close

to 65% of the total resistance is contributed by diffusion in

the unstirred boundary layer while about 30% is contributed

by the RBC membrane and cytoskeleton layer.
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FIGURE 7. Mean NO concentration profiles obtained from
the continuum model  (ky,=8.9X10" M~!s™1 blue solid
lines), the particulate model with NO-permeable RBC mem-
brane (Ppem=, blue dashed lines ), the particulate model
with RBC membrane permeability of a lipid bilayer (Pmem
= Piipig » blue dashed-dotted lines, which coincide with the
blue dashed profile ), the particulate model with P, =% and
RBC-free zone (blue solid lines with square markers ), the
particulate model with low RBC membrane permeability and

no RBC-free zone (Pmem= Prac.est » blUe solid lines with circle
markers ), and the particulate model with  Ppem=PRrgcest and
RBC-free zone (blue solid lines with diamond markers ). The
red dotted profiles represent the NO concentration profiles
obtained by solving the continuum model for various values

of k. In all simulations, 45% Hct was used.

membrane and associated cytoskeleton is an on-going
subject of research!®'4232®previous studies using ei-
ther extremely low Hct €0.01%) 2 or near physiologi-

cal Hct (5%—15%)%%° yielded different conclusions.
Since experiment under high Hct conditions is relatively
difficult, and since diffusion reaction is a well-
characterized physical chemical process, mathematical
modeling using experimentally derived parameters is a
powerful tool to gain insight. Here, we presented a
model which accounts explicitly for the effects of inter-
RBC diffusion of NO and diffusion barrier caused by
RBC membrane and associated cytoskeleton.

Using the experimentally derived parameters, we cal-
culated the NO concentration profiles under various Hcts
and conducted various “in silico” experiments. Our
model analysis shows that under physiological conditions
(Hct =45%), the diffusion barrier created by the bound-
ary layer is insignificant and insufficient to account for
the 600—1000-fold reduction in the NO consumption
rate. It should be noted here that the fact that this result
was obtained using a two-dimensional, cylindrical repre-
sentation for the RBCs lends greater support to this con-
clusion. The reason is that the two-dimensiof@}lin-
drical) representation inherently underestimates the
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NO concentration (uM) into account the difference in geometry between the two
0.08 representations. Related to this difference in geometry is
the fact that the cylindrical representation leads to a
smaller surface/volume ratio than in the spherical case,
which also leads to slower diffusion rates and, hence,
larger resistance. These conditions would only favor the
importance of the boundary layer diffusion resistance.
However, even under such conservative assumptions in
favor of the boundary layer diffusion barrier, the model
results show that extracellular diffusion in the boundary
layer was not limiting under physiological conditions.
Therefore, one would expect that when the real three-
dimensional, spherical representation of the RBCs is con-
sidered(where both the Nusselt number and the surface/
48 d4 42 0 03 04 08 (a) volume ratio are significantly higherdiffusion through
the extracellular boundary layer would be more efficient
and thus contributes even less to the overall mass trans-
fer resistance.

Incorporating the membrane and cytoskeleton-
associated resistance can explain the large difference be-
tween the NO consumption rates by RBC and cell-free
Hb. The difference between RBC and cell-free Hb under
high Hct condition was supported by experimental data
shown in Fig. 3 of Liaoet al.'? where 50% Hct of RBC
(equivalent to 11 mM cell-free Hb, heme basia the
lumen of an isolated microvessel produced less vessel
constriction than 10 mM of cell-free Hb. In this experi-
ment, RBC suspension was stationary in the lumen and
thus cell-free zone did not develop. Therefore, the dif-
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Exdracelular space (b} ference must be explained in terms of boundary layer
diffusion barriet>'* or membrane and cytoskeleton asso-

FIGURE 8. (a) Distribution of NO in all of the model compart- ciated diffusion barriet?® Our model analysis here
ments, including the abluminal region, the endothelium, the shows that the difference cannot be explained by extra-
cell-free zone, the extracellular space in the vascular lumen, . . . .
the RBC membranes and the intracellular space inside the cellular boundary layer diffusion resistance and is best
population of RBCs, for blood Hct of 45%, and  (b) a magni- accounted for by the membrane and cytoskeleton-
fied view of a portion of the blood vessel  (bottom plot ). associated diffusion resistance. It should be noted that

the intra-RBC diffusion limitation was conclusively ruled

diffusion speed across the extracellular boundary layer OUt by either oxidizing the intracellular Hb to mettb,
relative to the real three-dimensioné8D) (spherical or depleting the intracellular Hb concentration in RBC
case. This point is illustrated by the difference between ghosts’ On the other hand, extracellular boundary layer
the Nusselt number for a cylinder and that for a sphere. diffusion barrier was dominating under low HEt5%)

In the case of a sphere suspended in an infinite medium,conditions. Under these conditions, the effect of mem-
for example, the low Reynolds number asymptote for brane associated resistance becomes negligible.

mass transfer is 2.0. The bgsixperimental estimate of The conclusions presented here contradict previous
the analogous Nusselt number for the cylinder is much studies on NO and Otransport into RBCs. Previous
smaller than thige.g., about 0.3 for the analogous heat studies®***"?*?* mainly used extremely low Hct
transfer problem From its definition, the Nusselt num- (<1%), and thus the diffusion barrier was the only con-
ber is directly proportional to the external mass transfer clusion, and the membrane or cytoskeleton-associated re-
rate and is therefore inversely proportional to the exter- sistance could not be detected. One study using packed
nal mass transfer resistance. The smaller Nusselt numbeRBC film to evaluate effect of membrane resistance to
for a cylinder, therefore, signifies a smaller mass transfer O, transport from one side of the film to anotheon-

rate across the boundary layer and, therefore, a largercluded that membrane resistance was insignificant. Under
diffusion resistance in the layer. Note that the Nusselt this condition, however, the Otransfer rate was domi-
number, which is a dimensionless quantity, already takes nated by the © release rate of Hb. Thus, membrane-
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associated resistance could not be accounted for. MoreNO-inert proteing. It has been shown that RBC cytosk-
studies are needed to completely resolve the discrepancyeleton is a net of spectrins anchored indirectly to band
between various theories. 32122 Although the measured spectrin network is too
Perhaps the best support of membrane and loose to account for the 600-1000 fold reduction in NO
cytoskeleton-associated resistance is by chemical modi-permeability, it is possible that the cytoskeleton network
fication of RBC membrane and/or cytoskeleton. Huang was loosened during sample preparation. In addition, this
et al® provided several experimental examples where layer of cytoskeleton is known to bind to various NO-
RBCs are pretreated with protein cross linkers, azide, inert proteins, such as metHb and Heinz bodies. The
and high concentrations of NO. In these cases, the combination of spectrin and these associated NO-inert
chemicals were washed away after treatment and no sizeproteins forms a 3D tortuous mesh of cytoskeleton,
and shape changes on RBC were observed. Yet, the NOwhich reduces the gas transport rate. This model, al-
consumption rate by the treated RBCs were increased orthough partially supported by data in Huaegal.® re-
decreased, depending on the specific treatment. All themains to be refined as more data are available.
biological complications such as potential perturbations  Another theory to explain the NO bioavailability cen-
to free radical generation and metabolism have beenters on the formation of S-nitroso-HB!® This theory
carefully controlled (unpublished daba Moreover, the requiresR to T transition of Hb and is mainly designed
NO consumption rates were measured by both the com-to explain the long-range delivery of NO from the lung
petition experiments and an isolated vessel bioassay,to the tissue. Here, we are addressing the local effect of
which generated consistent data. Since these pretreatNO production by endothelial cells and consumption by
ments did not alter the boundary layer barrier, they pro- RBCs, particularly in arteries and arterioles. Under this
vided strong support for the membrane and cytoskeleton-local condition, theR to T transition of Hb does not
associated barrier. occur. Thus, the S-nitroso-Hb formation was not explic-
Liu et al'* recently rederived a mathematical model itly considered. The formation of S-nitroso-Hb does not
published by Vaughret al?® to analyze the competition  affect local vessel regulation as it would be delivered to
experiment® They argued that extracellular diffusion is 0xygen depleted tissue at a distane.
the primary limiting factor in NO consumption by RBC,
contrary to the conclusion of Vaughet al. Their main
argument is that increasing Hct in fact makes the NO
concentration “more inhomogeneous.” Unfortunately,
this argument is based on an incorrect model, which does
not account for the NO donor concentration correctly in
the competition experiment. In order to keep the total
amount of NO released constant, the NO donor concen-
tration in the competition experiment is based on the
total volume not the extracellular volumé® Thus, when 'Buerk, D. G. Can we model nitric oxide biotransport? A
Hct increases, the donor concentration based on the ex- surxl/ey Qtfhmatrhfir;ﬁti?alc?rgd%i Eiglg fgpitfy%f:r:ﬁumm'
H Wi .
tracellular volume increases as well, but the total amount eRZL\J/.eBiomeZL.I Engsz%9—14§, 001 9
of NO donor added remains constant. This was not taken 2pjer A, R, I. L. Megson, and P. G. Wright. Diffusion of
into account in their calculation. As such, Ed.3) and nitric oxide and scavenging by the blood in the vasculature.
the following equations in Liuet al,'* incorrectly as- Biochim. Biophys. Actd425:168-176, 1998.
sumed the extracellular NO donor concentration is con- -Carlsen, E., and J. H. Comroe, Jr. The rate of uptake of
stant as Hct increases. Therefore, when etial 2 in- carbon monoxide and of nitric oxide by normal human eryth-

creased Hct, the total amount of NO released decreased, L?@/;ej_ 2;%3e_xl%e7r:rrigré§ny produced spherocytsGen.
and of course the NO flux into RBC decreased as well. “Cassoly, R., and Q. H. Gibson. Conformation, cooperativity,
After correcting for the extracellular volume change and ligand binding in human hemoglobid. Mol. Biol.
when varying Hct, the flux monotonically increases as 91:3301-3313, 1974.

Hct increases. Here, we show that increasing Het de- E¢m R-F. T S. L, D. D. Lemon, D. H. Doherty, S. R.

. . Curry, J. F. Aitken, A. J. Mathews, K. A. Johnson, R. D.
creases the particulate behavior and decreases extracellu-
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