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Abstract

Nitric oxide (NO) derived from nitric oxide synthase (NOS) is an important paracrine effector that
maintains vascular tone. The release of NO mediated by NOS isozymes under various O, conditions
critically determines the NO bioavailability in tissues. Because of experimental difficulties, there has
been no direct information on how enzymatic NO production and distribution change around
arterioles under various oxygen conditions. In this study, we used computational models based on
the analysis of biochemical pathways of enzymatic NO synthesis and the availability of NOS
isozymes to quantify the NO production by neuronal NOS (NOS1) and endothelial NOS (NOS3).
We compared the catalytic activities of NOS1 and NOS3 and their sensitivities to the concentration
of substrate O,. Based on the NO release rates predicted from kinetic models, the geometric
distribution of NO sources and mass balance analysis, we predicted the NO concentration profiles
around an arteriole under various O, conditions. The results indicated that NOS1-catalyzed NO
production was significantly more sensitive to ambient O, concentration than that catalyzed by
NOS3. Also, the high sensitivity of NOS1 catalytic activity to O, was associated with significantly
reduced NO production and therefore NO concentrations, upon hypoxia. Moreover, the major source
determining the distribution of NO was NOS1, which was abundantly expressed in the nerve fibers
and mast cells close to arterioles, rather than NOS3, which was expressed in the endothelium. Finally,
the perivascular NO concentration predicted by the models under conditions of normoxia was
paradoxically at least an order of magnitude lower than a number of experimental measurements,
suggesting a higher abundance of NOS1 or NOS3 and/or the existence of other enzymatic or non-
enzymatic sources of NO in the microvasculature.
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INTRODUCTION

Nitric oxide (NO) is a potent vasodilator with diverse physiological and pathological functions
[1]. NO can be enzymatically synthesized in a reaction catalyzed by nitric oxide synthase
(NOS). Three isoforms of NOS have been identified: neuronal NOS (nNOS or NOS1),
inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or NOS3). The substrates that
are required for NO synthesis are L-arginine, O, and nicotinamide adenine dinucleotide
phosphate (NADPH). Once formed in the vasculature, NO diffuses into the smooth muscle
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and activates soluble guanylate cyclase (SGC) that catalyzes the formation of 3',5'-cyclic
guanosine monophosphate (cGMP), resulting in smooth muscle relaxation and therefore
vasodilation [1].

NO derived from the NOS3 found in vascular endothelial cells has been considered to be the
major regulator of vascular tone, acting through a paracrine effect [1,2]. However, because of
experimental difficulties, there have been no direct and quantitative measurements of NO from
specific vascular and perivascular sources (e.g., the endothelium, nerve fibers, or mast cells
containing NOSL1) in the microvasculature, nor have any studies directly examined how NO
release rates and distribution relate to different O, levels. Recently, microfluorographic and
immunohistochemical analyses have indicated that there is strong expression of NOS1 around
arterioles [3-5] while the expression of NOS3 is much lower [4]. Computational models [6,
7] have demonstrated that the enzymatic activity of NOS1 has a significant effect on the levels
of NO in the smooth muscle. In these previous models, the level of NO production catalyzed
by NOS1 was assumed to be equal or similar to that of NOS3, which was estimated by fitting
the data for the perivascular NO concentration to a mathematical model with the assumption
that all the measured NO was derived from NOS3 [8].

The NO release rates from specific sources are critical parameters that determine the NO
bioavailability in the microvasculature. However, little is known about NO production rates
within specific cellular elements around an arteriole. Recent experimental evidence has shown
that NO can be synthesized from both endothelial and nonendothelial sources around arterioles:
NOS3 in the endothelium catalyzes the formation of NO while NOS1 in the nerve fibers
adjacent to the blood vessel wall and nearby interstitial mast cells also produces NO [4,9,10].
We have used a theoretical model based on the analysis of the biochemical pathways of NOS3
to quantify the NO production in the microvasculature and have discovered a paradox: the
NOS3-derived NO cannot account for the previously measured perivascular NO concentration
[11]. In this study, we extended our investigation to include the NOS1- and NOS3-derived NO
distribution under various oxygen conditions in the microvasculature. We specifically
considered the catalytic activities, amounts, and locations of NOS1 and NOS3. We first
quantified NOS1-derived NO through biochemical pathway analysis and then compared the
influence of the NOS1 and NOS3 catalytic mechanisms on NO production and distribution.
We also used the production rates of NOS1 and NOS3 around the arterioles derived from the
model to consider the NO profile in the microvasculature. We further examined how the
vascular and perivascular NO release, and therefore NO transport, are affected by the change
inambient oxygen tension. Our results showed that NO production by NOSL1 in the perivascular
nerve fibers and interstitial cells accounted for a far larger share of the total amount of NO than
did that produced by NOS3 in the endothelium. Also, the high sensitivity of the NOSL1 catalytic
activity to O, was associated with significantly reduced NO production, and therefore reduced
NO concentrations, in hypoxia. Finally, the perivascular NO concentration in normoxia
predicted by the models was at least an order of magnitude lower than that in a number of
reported experimental measurements, suggesting a higher abundance of NOS1 or NOS3
distribution and/or the existence of other enzymatic or non-enzymatic NO sources in the
microvasculature.

MODEL FORMULATION
NOS1 catalysis pathway

We have previously formulated a model to quantify the NO release by NOS3 located in the
vascular endothelial cells under physiological conditions [11]. We have now applied the same
analysis to the NOS1. The catalytic mechanism of NOS1 has been extensively studied and is
similar to that of NOS3; however, some of the kinetic parameters are significantly different
for the two pathways [12,13]. Basically, like NOS3, NOS1 catalyzes NO formation through
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sequential electron transfer and the oxidation of L-arginine. NOSL1 binds the substrates L-
arginine, O,, and NADPH and catalyzes the N? -hydroxylation of the guanidine group of L-
arginine to form N? -hydroxyl-L-arginine (NOHA). NOHA is then further oxidized to L-
citrulline through NOS1-mediated catalysis and NO is released. This catalytic pathway of
NOS1 is shown in Figure 1. In the catalytic process, flavin mononucleotide (FMN), flavin
adenine dinucleotide (FAD), and tetrahydrobiopterin (H4B) are required as coenzymes, and
the presence of Ca2*/calmodulin can aid the electron transfer. In our calculations, we assumed
that the presence of all these coenzymes and Ca2*/calmodulin was sufficient, and we therefore
ignored the regulation of NOS1 catalysis that is mediated by the availability of coenzymes.
The time-dependent ordinary differential equations that describe the concentration changes in
the different species in Figure 1 are listed in the Appendix. The concentrations of substrate
O, and L-arginine were specified as constants, assuming that there is unlimited supply of
oxygen from the environment and a large cellular reservoir of L-arginine. With proper initial

dCNO)
dat

conditions, the solution of these equations will yield the production rate of NO (Q =
per unit volume of tissue that contains NOS1.

Parameters for the biochemical pathway model

The kinetic parameters for each step in Figure 1 are listed in Table 1. Specifically, L-arginine
binds to both the ferric and ferrous heme of NOS1 with an apparent binding rate of 2.5
uM~L.s71 while the apparent dissociation rate is 2.5 s~1 [14]. Both were measured at 15°C.
Here we assumed the binding rate of L-arginine to the ferric heme (k1) as 1.25 uM1.s1 and
L-arginine to the ferrous heme (ka) as 1.25 pM~1.s71 (the sum of k; and k4 being equal to the
measured apparent binding rate). Similarly, the dissociation rate of L-arginine from the ferric
heme (k;) was assumed to be 1.25 s~ and L-arginine from the ferrous heme (k") was 1.25
s1. Regarding these two assumptions, we tested the sensitivity of NO production to the choice
of ky and k4 with the constraint that the sum of kq and ks was fixed at 2.5 uM~1.s™1 (the apparent
binding rate). As shown in the supplemental materials (Figure S1(A)), the NO production by
NOS1 did not strongly depend on whether the binding of L-arginine to NOS1 heme primarily
occurs at the ferric or the ferrous heme. Moreover, NO production was insensitive to how the
apparent dissociation rate was split between k;’ and k' (supplemental materials, Figure S1
(B)). The heme reduction rate (K, k3, k7, and k1) was reported to be 2.6 s~1 at 10°C [12]. The
rate of O, binding to heme iron (ks) was 1.0 uM~1.s™1, while the dissociation rate (ks') was 27
s 1 at 10°C [12,15]. In single-turnover experiments, the reaction rate (kg) for the conversion
of Fe3*0O,to ferric heme with NOHA formation was reported to be 22 s71 at 10°C [12,15].
After it is formed, NOHA can dissociate from the complex and subsequently rebind to the
heme iron of NOSL1. The dissociation rate (kg') for this reaction is 2.5 s and the rebinding rate
(Kg) is 13.2 uM~1.s71 at 10°C [14]. With NOHA bound, the rates of O, binding to (kg) and
dissociation from (kg") heme are 1.0 uM~1.s71 and 50 s71, respectively, at 10°C [15]. The rate
(k10) of the subsequent reaction to form Fe3*NO is 4.9 s at 10°C [15]. The oxidation rate
(k1) of Fe2*NO is 0.0013 pM~1.s71, while the NO release rate from the ferric heme is 5571
at 10°C [12]. These Kinetic parameters, which were obtained at temperatures lower than
physiological conditions, were scaled to 37°C using the Arrhenius equation [11]. The activation
energy of each step during NOSL1 catalysis is not available in the literature and we used the
average activation energy of all the intermediate catalytic steps of NOS3 [11]. We also
conducted a parameter sensitivity analysis (supplemental materials), which provides a range
of NO production rate with the variations in single parameters. The scaled parameters are given
in Table 1.

In terms of the concentration of NOS1 in the perivascular region, no direct NOS1 concentration

measurements from the nerve fibers or mast cells have been reported. However, fluorescent
and immunohistochemical measurements have qualitatively showed a much higher presence
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of NOS1 than NOS3 around small arterioles [4]. Moreover, Wehling et al. [16] have reported
that NOS1 comprises approximately 0.05% of the total muscle protein in muscle fibers. On
the other hand, NOS3 accounts for approximately 0.0025% of the total protein in endothelial
cells [11,17]. Based on the above quantitative measurements involving different tissues and
direct qualitative fluorescent measurements, we assumed the intracellular concentration of
NOS1 to be approximately 20-fold higher than that of NOS3. We also tested the NO production
by NOS1 when NOS1 concentration was in a possible range: in our calculations, we used 0.3
to 0.9 umol molecules per L of NOS1-containing tissue volume as NOS1 concentrations. For
the concentration of substrate L-arginine, we assumed the concentration of L-arginine
accessible to NOS1 to be the same as that for NOS3, which is 100 uM or higher [18]. We also
varied the concentration of another substrate, O, within the possible physiological range, and
tested its effects on the NO production rate.

NO transport around an arteriole

After modeling the NO production by NOS1, we simulated the NO transport around an arteriole
utilizing the predicted NO production rates. We considered a small arteriole and its surrounding
tissue containing both NOS1 and NOS3 and evaluated the NO concentration distribution.
Previous models considering the contribution of different NOS isoforms to NO exposure in
smooth muscle [6,7] have estimated the NO production rates: the NO production rate from the
endothelium containing NOS3 was estimated with a mathematical model that fit the
experimental data from perivascular NO measurements [8], while the NO production rate from
the nerve fibers containing NOS1 was tested using similar values. In this study, we used the
NO production rates obtained from our biochemical pathway analysis and conducted sensitivity
analysis with respect to the substrate concentrations.

The geometry of the arteriole and its surrounding tissue was based on the micromorphological
measurements that defined the spatial distribution of different NOS isoforms [4]. The arteriole
was modeled as a cylinder, as in the previous model by Kavdia and Popel [6]. The arteriole
and its surrounding tissue consist of the following layers: (1) a red blood cell (RBC)-rich layer;
(2) a RBC-free plasma layer; (3) endothelium layer, including the endothelial glycocalyx; (4)
interstitial space (IS) layer between the endothelium and the smooth muscle layers; (5) smooth
muscle (SM) layer; (6) nerve fiber layer; (7) non-perfused perivascular (NPT) tissue layer; and
(8) perfused tissue (PT) layer containing capillaries. The mast cells scattered in the NPT layer
were considered as sub-regions that contain NOS1. The mast cells were modeled as circles in
the cross-section of blood vessel and surrounding tissues, with a radius of 4.5-6 um [19]. The
dimensions of all regions in our model are summarized in Table 2.

The governing equation describing the NO transport in each layer is:
+R Q)

where Dy is the NO diffusion coefficient, Cyg is the NO concentration, and R is the sum of

NO production and consumption in each layer. When the NO distribution reaches an

0 Chno
ot

of convection of blood in the lumen, as justified in [20].

equilibrium state, = 0. Dno is 3300 um?/s in all regions [8]. Here we ignored the effect

In the RBC-rich layer, NO is scavenged by hemoglobin contained in RBCs. Here we ignored
the possible non-enzymatic NO production released by RBCs [21,22]. Therefore,

Regc—rich = ~ KHpSno @)
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where kyp = 1230 s when the blood is treated as homogeneous and the core hematocrit is
45% [6]. In the RBC-free layer, there is no NO production and NO is consumed through the
reaction with Oy:

2

R NO

RBC— free — k

c
0,

c 3

0, ()
where the NO and O, reaction rate kgy = 9.6x1076 uM~2.s71 [23]. In the endothelium layer,
NO is produced through the catalysis of NOS3 and, meanwhile, NO reacts with O5:

— 2
Rendothelium = Pnos3 ~ Ko, no o, “
where Qpos 3 is the NO production rate through the catalysis of NOS3 in the endothelium. In
this study, we used 0.017 uM/s as the value of Qyos 3, based on the biochemical pathway
analysis [11]. In the interstitial space (IS) layer, there is no NO production and NO is consumed
through the reaction with Oa:

2

No‘o, ®)

R

5= -kH C

O,

In the smooth muscle (SM) layer, there is no NO production and NO is consumed through the
reaction with sGC:

c2

R NO (6)

sm= —k

sGC

where ksgc = 5%x1072 uM~1.s71 [8]. In the layer representing nerve fibers, NO is produced
through the catalysis of NOS1 and NO is consumed through the reaction with Oo:

R — Kk, C2

nerve = QNOSl O2 NOC

.
o, @)

where Qnos;1 is the NO production rate through the catalysis of NOS1 in the nerve fibers, as
determined by the kinetic model discussed above. In the non-perfused parenchymal tissue,
experiments have shown that NO can be consumed by the cells through an oxygen-dependent
mechanism [24,25]. This reaction can be approximated [24]:

Rnpr =~ Kt€0,CNn0Ccen ®)

where k; is the effective NO scavenging rate by cellular sinks in oxygenated tissue and is equal
t0 5.38 x10710 uM~L.s71.(cell/ml) 1 [24]. Ce is the density of the cellular sinks in the tissue
and is chosen as 1x108 cell/ml [24]. Experimental evidence suggests that a significant amount
of NOS1-derived NO is derived from the interstitial mast cells located in the non-perfused
region. Thus, when the sub-regions of mast cells are considered, the NO production rate of
Qnos 1is applied in each mast cell sub-region. The positions of mast cells were selected to
represent the distribution of these cells observed in fluorescent and immunohistochemical
studies [4]. In the perfused tissue, the hemoglobin in the capillaries consumes NO, and the
capillary endothelium produces NO. Therefore,

k

Rpr = Onos3— capillary — cachO ©)

where Qnos 3—capillary IS @ homogeneous value for the entire perfused tissue layer and is
estimated to be 1.36x10~4 uM/s, based on the NO production rate of the arteriolar endothelium
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(Qnos 3) [11] and the capillary density in the tissue [6]. kcap IS the effective reaction rate of
NO with capillary blood in the perfused area. It is determined by the capillary hematocrit and
the fractional volume and is calculated to be 12.4 s [6].

We assumed that there is no flux of NO at either the center of the blood vessel or the outermost
edge of the perfused tissue. We used these as the boundary conditions to solve the governing
Equation (1) in each layer simultaneously. When the mast cells were not considered, all the
regions were symmetrical around the axis of the arteriole and thus we used the cylindrical
coordinates. When the mast cells were considered, cylindrical symmetry no longer applied and
thus we used Cartesian coordinates to simulate the cross section of the tissue consisting of the
various layers described above.

Numerical solution

Results

The ordinary differential equations (ODE) that describe the kinetics of NOS, coupled with
appropriate initial conditions, were solved numerically using Compaq Visual Fortran 6
software (Digital Equipment Corporation). The program uses the ODE solver IVMRK that is
incorporated in the Compag Visual Fortran developer studio. For solving the partial differential
equations describing NO transport, we used FlexPDE software package (PEDSolutions,
Antioch, CA). The codes calculating both the rate of NO production catalyzed by NOS and
the NO concentration distribution were implemented on a single Pentium processor computer
with 3 GHz and 1024 MB synchronous dynamic random access memory (SDRAM).

Production of NO by perivascular NOS1 and endothelial NOS3

We applied the kinetic model to quantify NO production by NOSL1. Figure 2 shows the NO
production rates after the system reached steady state, when NOS1 concentrations ranged from
0.3t0 0.9 uM. The ambient oxygen concentration was 100 uM and the L-arginine concentration
was 100 uM. The steady-state NO production rate by NOS1 shown in Figure 2 was from 0.39
to 1.16 pM/s. NO production by NOS3 in the endothelium, assuming a physiological NOS3
concentration of 0.045 uM, was 0.017 uM/s [11], much lower than that generated by NOSL1 in
the perivascular tissue. Here uM signifies micromole per L of the neural tissue containing
NOSL1 or endothelial tissue containing NOS3, respectively. Note that unlike NO production
by NOS3 that reached the steady state monotonically, there was a transient higher production
of NO before steady state was reached in the case of NOS1 catalysis. This maximum value
was in the range of 1.1 to 3.3 uM/s, about 3-fold higher than the corresponding steady
production. This high, transient rate may have significant physiological impact when NOS1
around the arterioles is stimulated by agonists from resting conditions. We subsequently tested
the effect of this rate on the distribution of NO concentration around the microvasculature
(below).

Another difference in the catalytic activity between NOS1 and NOS3 is that the same amount
of NOS3 catalyzed significantly less NO than did NOS1. The NO production from the 0.3
uM NOS3 was calculated to be 0.12 uM/s (data not shown) at steady state when the substrate
conditions were the same as those in Figure 2, as compared to a value of 0.39 uM/s (69% lower)
for 0.3 uM NOSL. Furthermore, this gap becomes larger when the ambient O, tension was
increased due to the fact that the activity of these two NOS isoforms are differentially sensitive
to Oy, as will be shown below.

We can also see the dependence of NO production on NOS1 concentration when all other
conditions were kept unchanged from Fig. 2. When substrates were present in excess, the NO
production rate increased linearly with the increase in intracellular NOS1 concentration. This
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result is consistent with the prediction from enzymology that the enzyme concentration and
product formation are linearly related. Thus, higher availability of NOS1 can result in
significantly higher NO production.

Unless otherwise indicated, the initial conditions for the simulations shown in the figures were
that all NOS1 molecules are in ferric form and do not bind any substrates. Different initial
conditions converged to the same steady state, although the transient peak values were not
always the same (data not shown).

Sensitivity of NO production to O, tension

NO production by NOS1 is sensitive to the availability of O,. Figure 3A shows the NO
production by NOS1 at O, levels of 200, 150, 100, 50, 25, and 5 uM (116, 87, 58, 29, 15, 2.9
mmHg). The steady NO production decreased ~20 fold, from 1.81 to 0.08 uM/s, when the
O, tension dropped from 200 to 5 uM. Note that the transient peak value also decreased, but
to a lesser extent, from 3.5 to 0.7 uM/s (~5 fold) for the same change in O, level.

Figure 3B shows how the NO steady-state production by NOS1 changed with different oxygen
levels. The NO production increased with higher O, concentration and reached a plateau when
O, approached 4000 uM. Although the hyperbaric level in Figure 3B (as high as 4000 puM) is
not physiological, the results at this level still show how the NO production by NOS1 depends
on O, tension, and the K, of NOS1 for O, (the O, concentration that results in half-maximal
NO production) can be estimated from Figure 3B. In our calculations, the estimated K, value
for O, was 240-245 uM when the concentration of the other substrate, L-arginine, was varied
from 10 to 200 uM. This result is in agreement with the high experimental K, value for NOS1
that has been reported for O, (260 uM) [26], although an even higher value (350 uM) was also
reported [27].

NO distribution around an arteriole without mast cells

Using the model described by Eq. (1)-(9), we predicted the NO concentration around an
arteriole. The endothelium containing NOS3 and the nerve fibers containing NOS1 were the
NO-producing sources. Figure 4A shows that when the NO production rates corresponding to
different possible NOS1 levels (Figure 2) were applied to calculate the NO concentration
distribution, the NO concentration in the smooth muscle layer was ~1-4.5 nM. At these
calculations, the NOS3 concentration was 0.045 pM and the O, level around the arteriole was
set to 100 uM (58 mmHg). Figure 4B shows the NO distribution around the arteriole when the
O, tension was varied from 5 to 200 uM, a range that covers O, levels from hypoxia to
normoxia. When the O, level was 200 uM, the NO exposure of smooth muscle was about 6
nM, higher than the concentration required to activate 50% sGC [28], which is in 1-5 nM level
(although some other studies have reported higher, or even lower, ECsg values for NO potency
[29-31]); when the O, level was reduced to as low as 5 uM, the NO concentration decreased
to 0.3 nM, a value approximately 20-fold lower than that predicted when the O, concentration
was 200 pM. As discussed above, this 0.3 nM NO is probably below the NO concentration
necessary to cause vasodilation [28]. Overall, the results showed that the NO distribution in
the arteriolar wall had strong oxygen dependence. However, it is interesting to note that this
oxygen dependence was not significant in the perivascular region that is further from the
vascular wall (> 30 um; Figure 4B), because of the oxygen-dependent consumption by
parenchymal cells.

The relative influence of NOS1 and NOS3 on the NO profile

Both NOS1-derived and NOS3-derived NO can diffuse into the smooth muscle cells, where
the NO reacts with sGC and induces smooth muscle relaxation. Previous mathematical models
[6,7] have shown that NO derived from perivascular NOS1 has a significantly stronger effect
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on the NO distribution around an arteriole than NO derived from NOS3. Here we have
calculated the relative influence of NOS1 and NOS3 on the NO profile using the NO release
rates from the kinetic models without considering the mast cells as NO sources. Our
calculations also indicated that, with 20 uM O, when both NOS1- and NOS3-derived NO
were considered, the NO exposure in the middle of smooth muscle was 1.17 nM. In the NOS3-
depletion case, this value decreased slightly to 1.16 nM. If the oxygen concentration was higher,
given the stronger sensitivity of NOS1 than NOS3 to O, tension, the contribution of NOS1-
derived NO to smooth muscle NO exposure would presumably become more significant. Thus,
our calculations predict that NOS1, rather than NOS3, is the major NO source in the
microvasculature. These results are determined by the microvascular geometry and the NOS
characteristics: the faster catalysis of NOS1 (Figure 2) than NOS3, the more abundant presence
of NOS1 than NOS3, and the further location of NOS1 from the lumen, which prevents the
scavenging of NO by hemoglobin [4]. However, this result is contradictory to the established
conclusion that NOS3 in the endothelium is the NO source that maintains basic homeostasis
[1]. These results will be further discussed below.

The effect of the transient peak value of NOSL1 catalysis and the sources of mast cells

In addition to its location in the nerve fibers adjacent to the arteriolar wall, NOSL1 is also found
in the mast cells in the surrounding tissue [4,9]. The presence of these cells in the nearby tissue
should significantly affect the NO concentration in the arteriolar wall and perivascular region.
We expanded our model to include the contribution of NOS1 from all specific sources to the
NO concentration distribution. A number of mast cells were placed in the perivascular non-
perfused tissue layer to mimic the fluorescent and immunohistochemical observations in [4];
these mast cells were modeled as circles with a radius of either 6.0 or 4.5 um. The concentration
of NOSL1 in the mast cells was assumed to be the same as that in the nerve fibers; quantitative
data on NOS1 expression in mast cells are not available. Figure 5 shows the distribution of NO
around an arteriole for different concentrations of ambient O, when mast cells were also
considered as NO sources. With the production rate by NOS1 at steady state, the concentration
of NO could be approximately 5 nM NO in the smooth muscle layer, while the perivascular
NO concentration was as high as 7 nM when the O, concentration was 20 uM (Figure 5A).
These values were approximately 11 and 18 nM, respectively, when the O, level was 100 uM
(Figure 5B).

NOS1 catalysis could have a much higher output for a transient period of time, as shown in
Figure 2. Transient release could be facilitated and maintained by external stimuli or variation
in the NOS1 cofactors and substrates. The same phenomenon was not observed for NOS3. The
peak values of NO production were used to calculate the highest possible NO distribution. As
shown in Figure 5C, the concentration of NO in smooth muscle could be as high as 29 nM and
44 nM NO in the perivascular region when the O, concentration was 20 puM. When the O,
level was increased to 100 uM (Figure 5D), the NO concentrations in the smooth muscle layer
and perivascular region were approximately 33 and 51 nM, respectively. These predicted
values are still an order of magnitude lower than a number of perivascular NO measurements
that have been reported to be several hundred nM of NO [32-34].

Discussion

We have extended our previous model of NOS3 to formulate a kinetic model of NO synthesis
pathway to allow us to quantify NO production by various sources containing NOS1 around
arterioles. The model also allows explicit analysis of the sensitivity of NO production to Oy,
a substrate for enzymatic NO formation. We also predicted the NO concentration in the
microvasculature using the NO production rates under various O, conditions. The kinetic
model shows that NOS1 has a much stronger O, dependence than does NOS3 (Figure 3 and
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[11]). Moreover, NOSL1 is predicted to be the major source of NO in the smooth muscle region
of the vascular wall, given that in comparison to NOS3, NOS1 is more abundantly distributed
around the arteriolar wall, NOS1 catalyzes NO formation more rapidly (Figure 2), and NOS1-
derived NO is to a lesser degree scavenged by hemoglobin in the lumen.

To date, there are no reported in vivo experimental measurements of the rate of NO production
by the nerve fibers and mast cells containing NOSL1, thus we compared our predictions with
other experimental measurements. Our model correctly predicts a number of enzymatic
behaviors of NOS1 catalytic activities: it predicts the K, values of NOS1 for O, (Figures 3);
moreover, the NO synthesis by NOSL1 is linearly related to the concentration of the available
enzyme, which is consistent with enzymology theory.

The perivascular NO concentration in our diffusion-reaction models was predicted to be as
high as 51 nM (Figure 5) when NOS3 in the endothelium and NOS1 in the nerve fibers and
interstitial cells were all considered (Figure 5). This value is similar to the predictions of other
NO transport models [8,20,35]. Note that these models used a high rate of NO production by
the endothelium, estimated by fitting the data [36] for perivascular NO concentrations using a
mathematical model [8] with the assumption that NOS3-derived NO from the endothelium was
the sole source in the vasculature. Also this predicted NO concentration is sufficient to activate
50% sGC and induce vasodilation, as discussed in Results section. However, the predicted
highest NO concentration value (up to 51 nM) from our model is still significantly lower than
a number of experimental results. Vukosavljevic et al. [33] reported a ~400 nM perivascular
NO concentration in rat mesentery and intestines, while Zani and Bohlen [34] reported a
perivascular concentration of more than 500 nM NO in the rat intestinal microvasculature under
unstimulated conditions. Also, ~1200 nM perivascular NO was measured in vivo during
extreme hemodilution using high-viscosity plasma [32]. It is interesting to note that with the
vascular NO concentrations of several hundred nM, smooth muscle would be constantly
relaxed if the ECsg values for NO potency are as low as recent reports suggest (at the level of
nM) [28]. The discrepancies between our model predictions and the perivascular NO
measurements could possibly be explained if a higher NOS1 expression level or other NO
sources in the microvasculature were considered. It has been suggested that NOS-independent
sources of NO could account for 40% of the basal NO production in arterioles [37]. This leaves
open the possibility for NO or NO equivalents preserved in the blood to regulate blood flow.
It has been proposed that S-nitrosohemoglobin can release NO upon reduction in local O,
tension [21,38]. Also, nitrite can serve as an NO reservoir and can be reduced to NO upon
hypoxia by intraerythrocytic hemoglobin through allosteric structural transition, resulting in
NO-dependent vasodilation [22,39]. The contribution of these non-enzymatic NO sources to
microvascular smooth muscle NO exposure is likely to be indicated by the K, value of
guanylate cyclase for NO, which according to recent studies is in the low nM range [28].
Moreover, Kleinbongard et al. [40] discovered the expression of functional NOS3 on the RBC
membranes, which is also potentially a source of NO in the arteriole. Other NOS isoforms in
the vasculature, such as NOS2 or the putative mitochondrial nitric oxide synthase (mtNOS)
[7,41], could contribute to the perivascular NO concentration.

The sensitivity analysis of parameters for NOS1 synthesis pathway (supplemental materials,
Table S1) shows that, when all other parameters were fixed, the change in a single parameter
did not significantly influence the NO production, except the parameters of k11, k12, and kj3.
Large variations (10-100 fold) in these three parameters could increase the NOS1-NO
production by 3-4 fold at steady state, to ~4 uM/s. At the same time, the peak output can also
be increased by less than 2 fold (data not shown). However, this few fold increase in the NO
production by NOS1 still cannot account for the at least an order of magnitude discrepancy
between our model predictions and the perivascular NO measurements, as discussed above.
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Because NOS1 has a strong O»-dependent behavior and NOS1-derived NO can contribute to
the smooth muscle NO exposure significantly more than NOS3-derived NO, the NO
concentration profile around an arteriole varies considerably with different levels of O, tension
(Figure 4B); the lower the oxygen level, the lower the NO concentration in the vascular wall
and perivascular tissue near the wall. This relationship is consistent with some experimental
reports [42]; however, reports of other experiments [43] have indicated that small reductions
in perivascular PO, increase NO release. This apparent discrepancy could be explained by the
phenomenon of the peak values of NOS1 catalysis. Small reductions in oxygen tension may
alter the existing steady state, shifting the allocations of the intermediate species of NOS1. This
shift could cause a transient catalysis of the NO formation by NOS1 at the peak rates, which
are higher than the rate at steady state.

One of the conclusions of our study is that NOSL1 is the major source of the NO to which the
microvascular smooth muscle is exposed. This conclusion appears to contradict the
experimental measurements showing that NO catalyzed by NOS3 expressed in the vascular
endothelial cells regulates the basal vascular tone [32,44-46]: hypertension or increased
vascular tone has been measured in NOS3 knockout rats [46], and the shear stress-dependent
NO production and the subsequent vasodilation of arterioles have also been documented in
vivo [32]. The heterogeneous distribution of NOS isoforms may play a role in these phenomena
[4,47]. The effect of mechanotransduction on the vascular and perivascular NO production
may also be heterogeneous since recent experiments on different hierarchies of blood vessels
showed that, whereas the vascular tone and NO production are regulated by the shear stress
exerted on the endothelium of the larger proximal arterioles, the NO production around distal
precapillary arterioles are independent of the shear stress [48-50]. Thus, we suggest caution
in interpretation of the calculated contributions of different NOS isoforms to vasodilation
before a clearer experimental mapping of the heterogeneous NO specific sources in the vascular
and perivascular regions is available.

There is evidence that microvascular tone can be regulated through an endocrine effect
produced by NO released from circulating blood proteins upon oxygen sensing [21,22,39,
51]. An increase in metabolic activity, such as exercise, consumes a large amount of oxygen,
and leads to a decrease in the tissue PO,. The change in oxygen level results in vasodilation,
which increases the blood flow and ensures the delivery of the adequate oxygen to match the
tissue’s metabolic requirements. Moreover, the transport of oxygen and NO can be coupled
and influence each other [52]. With regard to the endocrine vasodilation induced by NO during
hypoxia, one of the questions that remains to be elucidated is how the vasculature senses
oxygen. It is reasonable to postulate that the paracrine regulation of vascular tone by NOS-
derived NO is significantly attenuated under conditions of low oxygen tension, such that the
NO from RBCs becomes an important source of NO. The NO that is locally produced by NOS3
has been thought to act as a paracrine source to regulate the vascular tone; however, the Ky,
value of NOS3 for oxygen has been reported as ~7 uM [53], a level much lower than the oxygen
concentration in the precapillary arterioles [54]. Thus, there is an apparent contradiction
between endocrine NO acting as the major vascular relaxing factor under conditions of hypoxia
and the low sensitivity of NOS3 to the change in oxygen concentration. However, based on
the predictions by our model, a significant reduction in enzymatic NO release is expected when
the oxygen tension falls.

In conclusion, using our kinetic models of NO production by NOS1 and NOS3 and diffusion-
reaction model of NO transport in the microvasculature, we have analyzed the intrinsic
differences between two NOS isoforms (NOS1 and NOS3), which involve the dependence on
ambient O levels, the different catalytic activities of the two constitutive enzymes and the
existence of a transient burst of NO formation catalysis. We have also predicted the NO
concentration around an arteriole for different concentrations of oxygen. Our predicted NO
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concentrations of NO in the smooth muscle were consistent with the amounts necessary for
the activation of cGMP but were significantly smaller than a number of experimental values
for peri-arteriolar NO. Other sources, such RBC-released NO, may explain this apparent
discrepancy. Moreover, future experiments featuring high specificity in real-time NO
detection, such as membrane-permeable fluorescent probes (e.g. 4,5-diaminofluorescein
diacetate) with calibrated signal and the use of selective NOS inhibitors, would be useful to
test our theoretical predictions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A set of coupled ordinary differential equations are listed below to describe the change in
species concentration with time, as illustrated in Figure 1. The equations are conceptually
similar to those formulated earlier [12], but they are extended to the binding kinetics of L-
arginine and O, under physiological conditions, in order to quantify NO production catalyzed
by NOS1. The iron heme group represents NOSL1 in different states, Arg indicates L-arginine,
and [Fe-Arg] and [Fe-NOHA\] indicate the species generated when NOSL1 is bound to Arg or

NOHA, respectively. The changes in L-arginine and O, are not included in the equations
because these species can be quickly replenished from large reservoirs once some are

consumed.

Governing equations
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Figure 1.

Mechanism of catalysis by NOS1. H4B or its reduced form is bound to the enzyme. The heme
iron of NOS1 binds L-arginine and O, and undergoes a series of oxygenation/reduction
reactions; NO is released during the catalytic cycle. NOSL1 is represented by the heme iron
(Fe), where most of the catalytic reactions occur. Arg indicates L-arginine. (Adapted from
[13] and [55]).
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NOSI: 0.9 pM

NOS3: 0.0éf uM NOS1: 0.3 uM
2 3 4
Time, s

NO production by NOS1, with concentrations ranging from 0.3 to 0.9 uM. The ambient oxygen
concentration was 100 uM and the L-arginine concentration was 100 uM. The initial condition
was set so that the functioning iron groups of all NOS1 molecules were in the ferric form
without binding any ligand. The NO production at the first 4 s after the initial time point is
shown. Also shown is the NO production by NOS3 at 0.045 uM. The substrates and initial
conditions for NOS3 were the same as those for the NOS1 calculations. All other conditions
for the NOS3 catalysis were the same as in [11].
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Figure 3.

Sensitivity of NO production by NOS to O, concentration. The concentration of NOS1 was
set at 0.9 uM and the concentration of L-arginine was set at 100 uM. (A) The time course of
NO production by NOS1 at different ambient O, concentrations in the physiological range of
5-200 uM. (B) The sensitivity of NO steady-state production by NOS1 to ambient O,
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concentrations of up to 4000 uM. The Michaelis constant (K,) of NOS1 for O, can be estimated
from the sensitivity test.
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Figure 4.

NO concentration around an arteriole in the absence of mast cells. The region marked by
vertical lines is the smooth muscle layer. (A) Different levels of NOS1 (0.3-0.9 uM) were
present in the nerve fibers adjacent to the vessel wall. The concentration of NOS3 in the
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endothelium was 0.045 uM. The O, concentration was 100 uM. (B) The NOS1 level was 0.9
M, and NOS3 level was 0.045 uM, with the O, concentration in the range of 5 — 200 uM.
The concentration of L-arginine was 100 uM in both (A) and (B). The NO production rates by
both NOS1 and NOS3 were those at steady state.
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Figure 5.

The NO concentration distribution when a non-uniform distribution of mast cells containing
NOS1 is also considered. The larger mast cells had a radius of 6 um, while the smaller cells
had a radius of 4.5 um. The concentration of NOSL1 in the mast cells was assumed to be the
same as that in the nerve fibers (0.9 uM). In (A) and (B), the NO production by NOS1 at steady
state was considered. In (C) and (D), the NO production by NOS1 at the maximum values was
considered, resulting in the highest vascular and perivascular NO concentration profiles. The
O, concentrations were 20 uM (A, C) and 100 uM (B, D), respectively.
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Table 1
Parameters of NOS1 activity.
Coefficient Values Unit References
Cnost 0.3-0.9 my text
O, concentration 1-200 uM text
L-arginine concentration ~100 uM text
At37°C
Ky 1.25 (15°C) 6.6 uMtst [14]; text
k' 1.25 (15°C) 6.6 st [14]; text
k, 2.6 (10°C) 20.8 st [12]
ks 2.6 (10°C) 20.8 st [12]
K, 1.25 (15°C) 6.6 M st [14]; text
K, 1.25 (15°C) 6.6 st [14]; text
ks 1.0 (10°C) 8.5 uM st [12,15]
ks’ 27 (10°C) 2156 st [12,15]
ks 22 (10°C) 175.6 st [12,15]
ky 2.6 (10°C) 20.8 st [12]
Kg 2.5 (10°C) 13.2 st [14]; text
kg’ 2.5 (10°C) 13.2 uMLst [14]; text
kg 1.0 (10°C) 8.6 pM st [15]
Ky’ 50 (10°C) 399.2 st [15]
Ko 4.9 (10°C) 39.1 st [15]
Ky 2.6 (10°C) 20.8 st [12]
Kyp 0.0013 (10°C) 0.01 uMLst [12]
Kyis 5 (10°C) 39.9 st [12]
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Parameters of the NO diffusion-reaction model around an arteriole. The radius of each layer except the mast cell

in the model is the distance from the center of the lumen to the outer surface of the layer.

Parameters Values Unit References
Radius
RBC-rich layer 10.25 pum text
RBC-free layer 12.5 um text
Endothelium layer 12.75 um text
Interstitial space layer 13.0 um text
Smooth muscle layer 16.0 um text
Nerve fiber layer 18.0 um text
Non-perfused tissue layer 100.0 um text
Perfused tissue layer 1000.0 um text
Mast cell 4.5-9 um [19]
Reaction rate
with Hb 1230 st [61
with O, 9.6x10°° pM 257t [23]
with sGC 5x10°2 pM st [8]
Effective rate with capillary RBCs 12.4 st [6]
Effective rate with oxygenated tissue 5.38x10 710 pM s Y(cell/mi) [24]
Density of tissue cellular sinks 1x10° cell/ml [24]
Diffusion coefficient, NO 3300 pm?/s [81
Hematocrit 45% N/A text
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