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Abstract
Several apparent paradoxes are evident when one compares mathematical predictions from models
of nitric oxide (NO) diffusion and convection in vasculature structures with experimental
measurements of NO (or related metabolites) in animal and human studies. Values for NO
predicted from mathematical models are generally much lower than in vivo NO values reported in
the literature for experiments, specifically with NO microelectrodes positioned at perivascular
locations next to different sizes of blood vessels in the microcirculation and NO electrodes
inserted into a wide range of tissues supplied by the microcirculation of each specific organ
system under investigation. There continues to be uncertainty about the roles of NO scavenging by
hemoglobin versus a storage function that may conserve NO, and other signaling targets for NO
need to be considered. This review describes model predictions and relevant experimental data
with respect to several signaling pathways in the microcirculation that involve NO.
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I. INTRODUCTION
Murad and Barber1 hypothesize that nitric oxide (NO) must have evolved as one of the
earliest signaling molecules in primitive organisms, preceding the presence of O2 in the
atmosphere and the subsequent evolution of heme-containing proteins. In the 30 years since
NO was identified as the endothelium-derived relaxing factor2,3 produced by NO synthases
(NOS; isoforms include endothelial NOS [eNOS], neuronal NOS [nNOS], immunologic
NOS [iNOS], and possibly mitochondrial NOS), NO now is recognized to be a ubiquitous
signaling molecule with a multitude of diverse biological actions. Significant advances in
understanding the complex chemistry of NO have been made. Signaling involves direct
reactions between NO and a molecular target or can occur through indirect reactions of
secondary reactive nitrogen species with signaling targets.4 However, contradictory results
are reported in the literature, especially with regard to pathophysiologic disturbances in NO
signaling. There continues to be debate about what levels of NO are involved, whether there
is a clearly defined threshold at which NO crosses from being beneficial to being
destructive, and whether there are mechanisms to conserve NO scavenged by hemoglobin
(Hb) in the bloodstream to increase downstream NO bioavailability to the vascular wall.

Thomas et al.5 note that the biological function of NO seems to depend greatly on
concentration, although the time course of exposure to NO also may be critical. Many
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studies cited in their review were conducted using NO donors to produce well-controlled
NO concentrations. They postulate that there are 5 distinct NO concentration ranges
associated with different molecular targets for NO, and they review the evidence for
different processes that occur for these targets. The lowest NO range (<30 nM) is associated
with cyclic guanosine monophosphate (cGMP)–mediated processes. The next range (30–100
nM) involves phosphorylation of protein Akt. Stabilization of hypoxia-inducible factor-1α is
proposed to occur in the next range (100–300 nM). NO is believed to play a protective role
when its concentration is within these 3 ranges. At NO concentrations greater than 400 nM,
p53 phosphorylation is induced, and at NO >1 μM, nitrosative stress will occur. Cytotoxic
events, such as arrest of the cell cycle, cell senescence, or apoptosis, can occur at these high
NO concentrations. However, Hall and Garthwaite6 suggest that the chemical and biological
reactivity of NO that has been studied using very high NO concentrations is of doubtful
physiological relevance. It is their view that the normal physiologic concentration for NO
should be very low, approximately 100 pM or even lower.

A computer simulation for the chemistry of reactive nitrogen species by Lancaster7 suggests
that, under physiologically relevant conditions in the presence of carbon dioxide (CO2),
nitrosation and nitration are relatively minor reactions, and that mostly oxidative reactions
are predicted to occur, primarily through the oxidizing species carbonate ion (CO3

–),
nitrogen dioxide (NO2), and peroxynitrite (ONOO–) that is generated by the rapid reaction
of NO with superoxide (O2

–). Deficiencies in L-arginine or tetrahydropterin (BH4)
availability have been linked to increased generation of O2

– by NOS (uncoupled NOS) with
increased incidence of cardiovascular diseases (see reviews8–10). Also, there is evidence that
the enzyme arginase, which competes for L-arginine as a substrate,11, is upregulated as
blood vessels age and impairs endothelial cell (EC) function.12,13 Inhibitors of arginase can
restore endothelial function and vascular compliance in old rats14 Asymmetric
dimethylarginine (ADMA), an analogue of L-arginine, may directly inhibit eNOS.15

Elevated ADMA levels in blood plasma are thought to be a risk factor in
hypercholesterolemia, diabetes mellitus, hypertension, chronic heart failure, coronary artery
disease, erectile dysfunction, and other cardiovascular diseases.16–18

In this review, we will survey both theoretical and experimental studies that are relevant to
understanding how NO signaling affects the mammalian microcirculation. This review will
focus only on mathematical models that are particularly relevant to the microcirculation and
will not consider models that have been developed for other physiologic systems. Effects of
oxidative stress with reactive oxygen species and a few pathologic alterations in NO
signaling will be discussed briefly, but further details are left to other reviews in this issue.

II. CALCIUM, ION CHANNELS, SHEAR STRESS, AND NITRIC OXIDE
PRODUCTION BY ENDOTHELIAL CELLS

Modeling at the cellular level can prove to be useful in understanding normal
microcirculatory function as well as to provide insight into pathophysiologic processes that
lead to vascular disease. Although exact mechanisms by which ECs sense blood flow and
propagate signals that control the microcirculation are not fully understood, changes in Ca2+

and electronic transmission of membrane potential changes (Vm) seem to play major roles,
especially for acute responses to changes in flow. More prolonged activation of eNOS via
phosphorylation has also been demonstrated in response to shear stress.

Many candidates for wall shear stress (WSS) sensors and possible mechanisms by which
ECs sense changes in blood flow have been proposed (see review19). Fluid flowing over the
endothelium may directly deform molecular structures on the cell surface, and the stresses
transmitted throughout the cell via cytoskeletal linkages or the plasma membrane potentially
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can affect molecular structures capable of transducing the stress signal. Cell surface
structures reported to be involved in flow sensing include the glycocalyx, plasma membrane
ion channels, cell surface receptors, and caveolae. Important signaling sites located away
from the exposed surface of the cells include focal adhesion complexes and cell-cell
adhesion complexes. Finally, because the mechanical stimulus is caused by fluid flow,
changes in stress are inextricably coupled to changes in transport processes at the cell
surface. Changes in convective transport affect the delivery of blood-borne agonists and the
removal of secreted factors that can play a role in the overall response of the cell.

An early response to flow typically observed in ECs is a rapid transient increase in [Ca2+]i
that depends on the magnitude of shear stress.20,21 Typical [Ca2+]i responses following step
changes in shear stress were recently reported for bovine aortic ECs by Hong et al.22

Fluorescence imaging shows a synchronous response with higher average peak amplitude at
higher shear stresses (Fig. 1A), with similar rapid time courses for individual measurements
(Fig. 1B). In contrast, heterogeneous responses with multiple peaks were observed with rat
adrenomedullary ECs derived from capillary endothelium (Fig. 1C). Also, Ca2+ oscillations
in individual ECs that did not propagate to neighboring ECs frequently were observed.
Some ECs had Ca2+ responses that were delayed in time after initiation of shear stress (Fig.
1D). Though the time to peak was tightly grouped at around 15 s for BAECs, there was a
wide distribution of peak times for the rat adrenomedullary ECs over a 5-min period after
the change in WSS. These findings highlight the heterogeneity of endothelial cells both
regionally (microvascular vs. large vessel) and among individual cells.

An in vitro study with isolated pig femoral arteries treated with enzymes to degrade specific
components of EC glycocalyx reported that hyaluronic acid is involved in sensing WSS and
NO production because removal decreased vasodilation and nitrite production.23 Other
components of EC glycocalyx (heparin sulfate and sialic acid) do not seem to be involved in
WSS sensing, but have an effect on NO bioavailability because they seem to be associated
with modulating O2

– generation through the presence of extracellular superoxide dismutase.

Nauli et al.24 reported that cilia on the apical membrane of ECs and polycystin-1, a cilia-
specific protein, act as fluid shear sensors based on optical measurements of [Ca2+]i and NO
in cultured mouse ECs. Mutant ECs from mice lacking specific genes that regulate cilia and
polycystin-1 did not respond to shear stress. Polycystin-1 modulates polycystin-2, a protein
cation channel that belongs to a superfamily of transient receptor potential (TRP) ion
channels, and there is evidence that this ion channel has a specific shear-sensing role in
ECs.25 The role of TRP vanilla type 4 (TRPV4) channels has been studied in small
resistance arteries from the mesentery of wild type and TRPV4-null mice.26 An agonist to
the TVRP4 channel caused rapid increases in EC [Ca2+]i in blood vessels from wild-type but
not TVRP4-null mice. The Ca2+ response to WSS could be blocked with pharmacologic
inhibitors of TRPV4 channels and by gene-specific small interfering RNA.

eNOS is found in plasma membrane invagi-nations called caveolae, where association with
the protein caveolin-1 inhibits its activity. Because of the structure and location of caveolae
on the flow-contacting surface of ECs, they have been proposed as a mechanosensory
structure.27 In an in situ flow model, Rizzo et al.27 showed shear stress–induced release of
eNOS from its inhibitory association with cav-1 and increased association with calmodulin.

Shear stress has been shown to activate eNOS via Akt/protein kinase (PK) B–dependent
phosphorylation of Ser1177.28 Several mechanisms for initiating this pathway have been
proposed. Activation of the vascular endothelial growth factor receptor independent of
ligand binding caused Akt and eNOS activation, providing an example of a cell surface
molecule acting as a mechanochemical transducer.29 The platelet EC adhesion molecule
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(PECAM), found primarily at EC junctions, also has been implicated in the shear stress
response. Flow-induced phosphorylation of PECAM caused association of PECAM with
eNOS and activation of eNOS via the Akt pathway.30 However, PECAM phosphorylation
could be blocked by tyrosine kinase inhibition, so it seems that PECAM itself is not the
stress sensor. Finally, α1 integrin also has been shown to modulate shear stress–dependent
phosphorylation of eNOS. In mouse mesenteric resistance arteries, both anti-α1 blocking
antibodies and genetic deficiency in α1-integrin (α1(-/-)) inhibited flow-induced
vasodilation by blocking eNOS phosphorylation via the Akt-eNOS pathway.31

It is important to note that there are conflicting reports about the relative importance of Ca-
dependent and -independent pathways for eNOS activation and NO production. These
discrepancies may be because of the use of different species or vascular beds. Significant
differences between the structure and gene expression profiles of ECs in culture and those of
ECs in vivo, or from isolated vessel preparations, are to be expected. It is clear that not only
the level of expression of relevant signaling molecules but also their spatial arrangement
within the EC can modulate the mechanism of response32 as well as the manner in which
mechanical forces are distributed throughout the EC.33 Hopefully, the development of
techniques to make measurements with better temporal and spatial resolution in combination
with mathematical modeling of the complex interplay of mechanics, transport, and
biochemical reactions will help resolve these issues.

II.A. Modeling Ca2+ Kinetics in Endothelial Cells
Normally, active transport maintains free Ca2+ in EC cytosol at a very low concentration.
This is accomplished in part by storing Ca2+ in the endoplasmic reticulum. In response to
mechanical stimuli or local chemical stimulation by agonists, [Ca2+]i can be increased by
Ca2+ release from ER by inositol triphosphate (IP3)–activated pumps initiated via ligand
binding to EC surface receptors, causing activation of G-proteins and increased IP3
production.19 Depletion of stored Ca2+ stimulates capacitive Ca2+ entry (CCE) through the
EC membrane. We present a brief history of the development of models related to NO
signaling and refer the reader to a recent review of vascular Ca2+ dynamics.34

Early mathematical models of EC Ca2+ dynamics were developed by Wiesner et al.35,36 and
others.37,38 These models often relied upon parameter values estimated from in vitro
experiments using other types of cells. Mechanisms to alter [Ca2+]i included ligand-receptor
binding, Ca2+ resequestration, CCE, and Ca2+ release pumps.35 In the second modeling
article by Wiesner et al.,36 2 mechanisms were used to model effects of WSS stress on
[Ca2+]i by means of agonist mass transfer via perfusion and by increasing EC permeability
to extracellular Ca2+.

Silva et al.39 integrated models for plasmalemma electrophysiology and Ca2+ dynamics to
predict EC responses to different stimuli and to characterize how Vm varies with [Ca2+]i.
The model was able to reproduce EC responses that had been reported in the literature, and
it predicted observed effects of external K+ on hyperpolarization or depolarization of ECs.
Effects of WSS on [Ca2+]i or mechanisms causing Ca2+ oscillations were not modeled. A
sensitivity analysis of model parameters was conducted and the range of uncertainties for
each parameter was described and model limitations were discussed. As part of their review
of atherosclerosis and EC Ca2+ signaling, Plank et al.40 developed a model incorporating
both mass transport and IP3-dependent Ca2+ dynamics. The model shows that peak [Ca2+]i
depends more on stored Ca2+ release whereas the resting plateau [Ca2+]i, and consequently
Vm, depend more on Ca2+ influx. The model also can generate sustained Ca2+ oscillations.
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II.B. Modeling Ca2+ Kinetics and eNOS Activation
Amongst known NOS isoforms, eNOS is most sensitive to changes in [Ca2+]i,41 although
eNOS activity also can be regulated by Ca2+-independent mechanisms42–45 Caveolin-1, the
major coat protein of caveolae, binds to eNOS,46 which in turn binds to calmodulin to
activate the synthesis of NO. Increased NO leads to increased levels of cGMP, which
activates PKG, which is thought to inhibit Ca2+ influx, creating a negative feedback loop to
control [Ca2+ ]i.

Production of NO by eNOS was added in a second Ca2+ dynamics modeling article by Plank
et al.47 A mathematical relationship between eNOS concentration and WSS was used that
previously had been determined in a combined hemodynamic modeling simulation that
correlated computed WSS at locations where in vitro confocal measurements of eNOS
protein concentration were obtained in rabbit carotid artery samples.48 The model
incorporated effects of increased free Ca2+ in the cytosol, which causes eNOS to
disassociate from caveolin and become enzymatically active. Based on uniform EC
properties, the model characterized concentrations of IP3, free Ca2+, and buffered Ca2+ in
the cytosol and Ca2+ in internal stores.47 Comerford et al.49 further modified this model to
predict effects of adenosine triphosphate (ATP) and [Ca2+]i on eNOS activity in 3-
dimensional hemodynamic models of arterial bends and bifurcations with regions of reduced
eNOS protein where WSS is low. The resulting spatial variations in eNOS concentration
predicted for these geometries are shown in Fig. 2. The strong correlation between WSS and
eNOS activity suggests that low Ca2+ in these regions is associated with reduced NO
bioavailability and has implications for development of atherosclerosis.

Hong et al.32 developed a 2-dimensional microdomain model that considers the influence of
spatial colocalization of eNOS and CCE channels on NO production by ECs. The model
suggests that spatial distributions of CCE channels in caveolae microdomains as well as the
location of ER relative to eNOS can create significant Ca2+ gradients in the EC. The model
can explain differential sensitivity of eNOS activation by increased Ca2+ from clustered
CCE channels or from the ER.

Munaron50 modeled interaction between NO and arachidonic acid (AA) in Ca2+ signaling.
The 3-dimensional simulations used Virtual Cell software (available at http://
www.nrcam.uchc.edu) with 2 different EC geometries that were determined by imaging
BAECS. Calcium diffusion inside the EC caused by plasma membrane Ca2+ channels
depends not only on the quantitative expression of channels and buffers but also on how
they are distributed in specific microdomains. The model suggests that there may be a major
effect of channel clusters in thin lamellipodia.50 It was demonstrated previously by this
researcher that low concentrations of AA and NO do not activate release of Ca2+ from ER
and therefore can be ignored.51 Changes in NO with AA stimulation also were modeled
using information from the literature. However, when eNOS activity was excluded from the
simulation, there was no effect on the time course and propagation of the Ca2+ response to
AA. This model assumed that there are independent ion channels that are activated
separately by AA or NO, but the author notes that these specific channels have not yet been
identified.

II.C. Shear Stress and Nitric Oxide Production
Shear stress has many effects on ECs, including an increase in [Ca2+]i and BH4 with
activation of PKs that lead to eNOS activation (see review19). Increased NO with higher
WSS also has been shown to lead to increased S-nitrosylation of at least 12 major proteins in
ECs,52 which may affect multiple signaling pathways. Increased expression of eNOS with
high WSS is associated with an increase in the transcription factor nuclear factor κB and a
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shear stress response element located in the eNOS gene promoter. The transcription
response to increased WSS is under negative feedback control because NO inhibits nuclear
factor κB activation.53 Production of other potential vasodilators, including prostacyclin, c-
type natriuretic peptide, and adrenomedullin, also is increased in ECs exposed to shear
stress, whereas production of the vasoconstrictor angiotensin II decreases.19 In studies of
mouse carotid artery in which tapered casts were placed to alter WSS in the blood vessel,
eNOS was upregulated within 1 day and reached steady state levels in 2 days in regions with
augmented WSS.48 An in vitro study using ovine fetoplacental artery ECs grown to
confluence at 3 dyn/cm2 then subjected to higher pulsatile shear stresses for up to 24 hr has
shown that acute increases in NO production are attributed to eNOS activation whereas
longer-term increases in pulsatile shear stress are associated with increased eNOS
expression and NO production.54 At the highest WSS (25 dyn/cm2) investigated, there was
an 8-fold increase in NO production that exceeded the increase in eNOS protein (3.6-fold
increase) and eNOS messenger RNA (1.5-fold increase).

Information about the effects of WSS on NO production has come primarily from in vitro
studies with cultured ECs. A combined imaging and porphyrin/Nafion-coated carbon fiber
NO microelectrode study reported transient increases in NO with changes in WSS.55 The
NO sensor was positioned at a distance approximately 100 mm above the surface of a
monolayer of cultured BAECs. The measured NO reached a peak within 1 to 3 s after the
peak increase in [Ca2+]i following a step change in shear stress under laminar flow
conditions. Peak NO increased as a linear function of the magnitude of the change in WSS
in the range of 0.2 to 10 dyn/cm2. Following each step change in flow, NO returned to
roughly the same level.

Fadel et al.56 used a linear relationship linking shear stress (τ) and NO production in a series
of time-dependent simulations for an NO-producing monolayer of ECs in a parallel-plate
flow chamber. A nonlinear, power law relationship between shear stress and NO production
was also examined:

where RBasal is the basal rate of NO production at zero shear stress, and B and m are
parameters used to represent the influence of shear stress on NO production relative to a
reference shear stress (τref). The power m was set to either 1/3 (nonlinear model) or 1 (linear
model) in both transient and non-time-dependent simulations. Although linear and power
law relationships may be useful over limited ranges of shear stress, these functional
relationships may not be accurate at higher WSSs outside the range investigated
experimentally. The model predicts that NO gradients are very steep in the flow stream near
the EC surface, except at very low flow rates. Steady state NO values are affected strongly
by convection, so that high NO values are generated at low flow rates and decrease with
higher flow rates. The model suggests that interpretation of NO microelectrode
measurements in the flow chamber would require precise knowledge about the position of
the sensor tip in the flow stream due to the very steep NO gradients. However, the
relationship between NO concentration and NO production is constant for any fixed
position.

In their model of a commercially available parallel-plate flow chamber for cultured ECs,
Plata et al.57 use a sigmoidal function for RNO as a function of shear stress
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where RNOmax is the maximum NO production rate and A and B are constants. This is a
saturating model that approaches a maximum rate at very high WSSs. The basal rate (at zero
shear stress) for this model is Rbasal = RNOmax/(1+A).

This functional relationship assumes that RNO is related to eNOS expression directly and is
based on in vitro confocal microscopy measurements of eNOS-green fluorescent protein
expression at different locations in mouse carotid artery where large spatial variations in
WSS were created after placing a tapered cast around the blood vessel.48 The green
fluorescent protein signal was correlated with WSS at each measurement site as determined
from computational fluid dynamics modeling of blood flow in the tapered vessel. Other
studies using pharmacologic agents to alter eNOS expression were also done, showing a
similar sigmoidal relationship between eNOS expression and WSS.58 Experimental data
were obtained from blood vessels removed from animals where ECs were continuously
exposed to in vivo WSS levels for relatively long time periods (days). A negative feedback
term that is linearly proportional to NO also was added to the nonlinear function, which has
an effect on eNOS transcription with long-term exposure to higher WSS.57 Despite
differences in the design and physical dimensions between flow chamber models developed
by Fadel et al.56 and Plata et al.57 predicted NO gradients in the chamber were similar using
NO production rates reported in the literature. The model developed by Plata et al.57 did not
include a time delay between the onset of WSS and completion of transcriptional changes.
The sigmoidal function for the relationship between RNO and WSS may not be the optimal
function to use for cultured ECs that are subjected to acute changes in WSS for relatively
short time periods without sufficient time for changes in eNOS expression. Either model can
be modified using other assumed relationships of RNO with WSS; however, both chamber
models need to be verified by comparing experimental results with model predictions.

We have conducted a flow chamber study with cultured bovine BAECs to measure changes
in NO at different shear stresses in the range of 0.1 to 20 dyn/cm2,59 using our chamber
model56 to interpret the experimental data. The relationships for RNO with τ described
above did not provide the best match to our NO measurements. Instead, a hyperbolic
relation

with RNObasal = 2.13 nM s-1, RNOmax = 457.5 nM s-1 and A = 35 dyn/cm2 gave a better fit.
This model predicts that the value for RNO = 104 nM s-1 at τ = 10 dyn/cm2 for these ECs.

This study emphasizes the importance of modeling NO transport within the experimental
system to utilize NO sensor measurements to determine actual NO production rates.
However, there is a need for the incorporation of mechanistic models of
mechanotransduction events and signaling processes leading to NO production in response
to shear stress. Real-time NO measurements will allow comparison of predicted changes in
the kinetics of response when elements of the signaling system are experimentally
modulated.
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II.D. Integrated Models for Blood Vessels
A network model of the coronary circulation consisting of 10 resistance compartments in
series was developed by Cornelissen et al.,60 which included NO-dependent flow dilation,
metabolic flow control, and myogenic mechanisms to predict changes in vascular tone in the
network. The spatial distribution of NO in the network was not modeled explicitly.
Mathematical relationships used in the model were based on experimental data obtained
from different sizes of isolated porcine coronary arterioles61,62 that quantified changes in
diameter with luminal pressure, as well as diameter changes with NO generated from
nitroprusside. In these studies, arterioles with diameters of approximately 165 μm were
found to be the most sensitive to shear stress, and smaller arterioles of approximately 100
μm in diameter had the strongest myogenic responses. It should be recognized that these in
vitro experiments were conducted in the absence of blood, so they may have limitations
when extrapolated to in vivo conditions. Vascular wall tension was represented by a thin
wall (law of Laplace) model. A Hill model relationship was used to vary a flow-dependent
parameter as a function of NO, based on the experimental nitroprusside studies, with the NO
concentration at 50% of the response estimated to be 93 nM. Another nonlinear function for
the relationship between NO and shear stress also was derived from the experimental data.
However, this function was saturated for τ > 4 dyn/cm2. An attenuation factor was
introduced into the model to shift the NO-shear stress relationship to higher τ to better
represent in vivo conditions. The authors concluded that there was a balance between
upstream flow-dependent dilation due to NO and downstream constriction with metabolism.
The model predicted that the myogenic mechanism has a significant contribution toward the
control of blood flow.

To better understand signal transduction mechanisms, Kapela et al.63–65 developed a blood
vessel model with intracellular signaling between neighboring cells in the vascular wall. A
3-mm-long rat mesenteric arteriole segment was modeled with anatomically appropriate
arrangements of ECs and smooth muscle cells (SMCs). Individual cells were connected by
gap junctions permeable to Ca2+, K+, Na+, and Cl– ions and IP3. The model also included
effects of NO. The model simulates local changes in Vm when either ECs or SMCs are
stimulated electrically or chemically, based on gap junction connectivity between cells.
Signaling cascades generate contrasting responses depending upon which side of the vessel
is stimulated. When the SMC side is stimulated, a biphasic Vm response is predicted,
whereas when the EC side is stimulated, there is a moderate effect on conduction of signals
initiated within the endothelium. Inhibition of IP3 diffusion is predicted to abolish EC Ca2+

spreading and reduce the total number of ECs with open channels. The model also predicts
that Ca2+ diffusion through gap junctions does not increase [Ca2+]i levels. It should be noted
that some gap junction parameters for ion transport between different cell types in the model
have not yet been experimentally determined.

II.E. Experimental Studies of Ca2+ and Nitric Oxide–Dependent Conducted Vasomotor
Responses

Local changes in blood flow to tissue not only require changes in arteriolar tone, but also in
larger upstream feed vessels. Conducted vasomotor responses are thought to provide a signal
from metabolically active tissue to the upstream blood supply.66–68 Uhrenholt el al.69

demonstrated in isolated hamster retractor muscle feed arteries that an acetylcholine (ACH)
stimulus caused a decrease in SMC [Ca2+]i with rapid upstream and downstream
propagation of Ca2+ waves in ECs for distances >1 mm at a velocity of ~111 mm/s, which is
much faster than velocities measured in EC cultures in the literature. Maximum dilation
using a NO donor reduced the distance traveled by propagated Ca2+ waves to approximately
300 μm. Another study by this group used Ca2+ imaging to investigate effects of inhibiting
NO production in isolated, perfused rabbit renal arterioles, which have ECs and only a
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single layer of SMCs.70 Only increases in EC [Ca2+]i were observed following stimulation
by ACH. Depolarization by perfusing the arterioles with high K+ caused vasoconstriction
with large increases in SMC [Ca2+]i and more modest increases in EC [Ca2+]i. In untreated
arterioles with normal NO production, there was an initial contraction with high K+,
followed by relaxation despite sustained elevation of SMC [Ca2+]i. Vasoconstriction with
high K+ was significantly greater in arterioles treated with the nonspecific NOS inhibitor
Nw-nitro-L-arginine methyl ester (L-NAME). Vessels remained constricted during
perfusion, although there was no difference in the increase in SMC [Ca2+]i compared with
untreated arterioles. The authors speculated that NO is affecting Ca2+ sensitivity of the SMC
contractile apparatus through cGMP-dependent stimulation of myosin light change
phosphatase.

In an in vivo study, Figueroa et al.71 investigated activation of Ca2+ channels and long-
distance signaling in electrically stimulated mouse cremaster arterioles in wild-type and
eNOS-knockout mice. As shown in Fig. 3, changes in arteriolar diameters were quantified at
the stimulation site and at more distant locations, and different experimental manipulations
were done, including damaging the endothelium at the stimulation site by air embolism and
pharmacologic inhibition of NO production. Damaging the endothelium significantly
reduced resting diameters and propagated responses (Fig. 3A). Resting diameters also were
significantly reduced after inhibiting NO production, with smaller changes in diameter
during stimulation both locally and at more distant locations (Fig. 3B). Conducted responses
were still present in the eNOS-knockout mice, but were smaller both locally and at more
distant locations compared with responses from wild-type mice (Fig. 3C). Another in vivo
study measured local and conducted responses to ACH or adenosine in arterioles in the
cremaster muscle microcirculation of wild-type and connexin 40-deficient mice.72 These
studies demonstrate that the ACH response is propagated through ECs, whereas the response
to adenosine is propagated through SMCs, independent of NO. In connexin 40-deficient
mice, ACH-conducted responses were attenuated at longer distances from the local
stimulation site, whereas adenosine-conducted responses were no different compared with
wild-type mice. Other studies in mouse cremaster muscle examining effects of local changes
in tissue oxygenation also report NO-independent conducted vasomotor responses, based on
inhibition of NO production, with evidence that ATP-sensitive K+ (KATP) channels play an
important role.73,74Future research efforts need to be directed toward obtaining a better
understanding of the physiological and molecular mechanisms that regulate eNOS activity,
including how shear stress modifies endothelial function. Though EC culture studies may
continue to be useful for exploring these mechanisms, in vivo EC behavior needs to be
better characterized using appropriate experimental designs. At the present time, integrated
models for vascular networks may be premature and difficult to truly validate by comparing
theory with experimental measurements.

III. SOLUBLE GUANYLATE CYCLASE AS PRIMARY TARGET OF NITRIC
OXIDE

Soluble guanylate cyclase (sGC) generally is recognized to be the primary target for NO,
which rapidly activates the conversion of guanosine triphosphate (GTP) to the second
messenger cGMP after binding to the ferrous iron atom in the β-subunit, with resulting
relaxation of vascular smooth muscle.75 Estimates for the NO concentration at half-maximal
activation (EC50) of sGC range from 1 to 250 nM.76–81 It now seems that sGC regulates 2
types of cGMP signals: a tonic response to basal NO levels that is long lasting and produces
low levels of cGMP, and an acute response that can generate a shorter, large increase in
cGMP synthesis (see review82).
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III.A. Models for Soluble Guanylate Cyclase Activation
A model for activation of sGC by Yang et al.83 assumes NO binding at 2 sites with a
negative feedback loop based on cGMP concentration to inhibit sGC activity. This modeling
approach results in a Michaelis-Menten type of relationship between NO and cGMP that can
be shifted toward increased sensitivity at lower NO concentrations. The model predicts how
intracellular Ca2+ might vary as NO affects sCG activity, based on cGMP activation of large
conductance K+ or Ca2+ ion channels, which in turn predicts how the relative force
generated by smooth muscle might vary. However, the authors noted that there are many
other mechanisms that were not included in the model that also have an impact on activation
of sGC by NO.

Also, ATP, nucleotides, and purine-like molecules affect the sGC catalytic site (see
review82), and ATP has been shown to inhibit sCG activity.84,85 An enzyme-linked receptor
model for sGC activity, analogous to modeling of a G-protein receptor (adenylyl cyclase),
has been developed by Roy et al.77, which characterizes interactions with ATP, GTP, and
the allosteric enhancer YC-1. The model was fitted to experimental data obtained with
purified bovine lung sGC. In the presence of 100 μM GTP, the EC50 for NO was 3.4 nM
with 1 mM ATP. With higher ATP concentrations (up to 3 mM), activity was inhibited with
a right shift (higher EC50) in the inhibition curve. With ATP < 1 mM, which can occur
during hypoxia, sGC activity was increased with a left shift (lower EC50) in the inhibition
curve. The low NO concentration required for activation of sCG from this study was cited
by Hall and Garthwaite6 to support their view that the normal physiological concentration
for NO should be very low. As reviewed by Garth-waite,86 the inhibition of sGC by ATP
may create a sink for NO, serving to direct NO diffusion toward the signaling target.

III.B. Nitric Oxide Transport Models Based on Soluble Guanylate Cyclase Activation
Mass transport models have been developed to confirm whether NO in the vascular wall is
sufficient to activate sGC, guided by available information on the EC50 for activation. A
comprehensive review of different mathematical models for NO transport was published
recently by Tsoukias.87 As reviewed by Buerk,88 the rapid uptake of NO by Hb in red blood
cells (RBCs) was recognized to be a critical parameter that had a profound effect on NO
bioavailability in early NO transport models.89–94 It appeared that only a small fraction of
the NO produced by the endothelium could escape Hb scavenging reactions to reach the
vascular wall. Several NO transport models included diffusion barriers around the RBCs and
in the RBC-free plasma gap in the bloodstream near the endothelium to limit NO diffusion
into the RBCs.95–102 In general, NO biotransport models have used hematocrit-dependent
NO scavenging rates that are approximately 2 orders of magnitude lower than the rate for
free Hb. NO scavenging by Hb is still so rapid that convective transport of NO is negligible
compared with diffusion. One exception was a planar diffusion and convection model for a
renal arteriole that predicted significant amounts of NO can be transported downstream
because the assumed half-life for NO was relatively long compared with the blood flow
transit time used in this model.103

Another major parameter in NO transport models is the rate of NO production (RNO) by
eNOS, usually assumed to be a constant or variable depending on the wall shear rate. NO
also can be produced by other NOS enzymes. Units for RNO are μM s-1 on a cell volume
basis, or in some modeling articles is represented by an exchange rate (NO flux or NO
release) from the endothelium with units of μM cm-2 s-1. RNO values for eNOS are in the 10
to 12 mM s-1 range, depending on shear stress, based on measurements of metabolic
products nitrite (NO2

–) and nitrate (NO3
–) generated by cultured ECs.45,104 However, a

model for predicting RNO based on kinetic rates for in vitro cultured EC studies and other
biochemical measurements from the literature predicted much lower values for RNO ranging
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between 0.01 and 0.095 mM s-1.105 This may reflect differences in eNOS expression and
function in vitro, which may be much lower than in vivo or in situ. Based on an analysis106

of in vitro experimental NO microelectrode measurements from aortic vessel segments,107

values for RNO of 70 mM s-1 or higher have been used in mathematical models for NO
transport. However, it is still not clear how much NO must be produced by the endothelium
to control vascular tone. There is experimental evidence from in vitro studies with mouse
aorta that the efficacy of NO in producing vasodilation depends on how Ca2+ is mobilized in
vascular smooth muscle.108 A second, non-cGMP-dependent pathway may be involved.

In contrast to the majority of models that use constant, steady-state RNO, Tsoukias et al.109

simulated the effects of periodic, transient bursts of NO, modeled as a 10-s duration square
wave with 25-nM amplitude and 30-s period (frequency = 2 per min, or ~0.03 Hz). The
model predicted an enhancement of sGC activity compared with sustained NO production.
Furthermore, the model predicted that it is possible to activate sCG with a smaller NO
release rate and reduce the effects of NO scavenging by Hb in the bloodstream or NO
scavengers in tissue (e.g., myoglobin). They speculated that NO oscillations may be
associated with Ca2+ oscillations in the endothelium.

Kavdia and Popel110 modeled how large reductions in hematocrit following transfusion of
volume expanders can influence NO bioavailability in the vascular wall of a 50-μm-
diameter arteriole. A linear relationship between NO production by eNOS and WSS was
used. For the parameters used in their model, WSS = 24 dyn/cm2 generated a peak NO value
of approximately 101 nM in the endothelium, with slightly lower values in the vascular wall
of the arteriole as NO diffused out into tissue. The model predicted that a 50% reduction in
hematocrit increased endothelial NO to 167 nM, which can be attributed to the combination
of reduced scavenging of NO by Hb in the bloodstream along with an overall increase in
WSS as blood viscosity is reduced and blood flow increases. However, it is possible to have
an overall decrease in WSS with reduced blood viscosity if the increase in blood flow is not
large enough. They also modeled effects of transfusion of Hb-based O2 carriers (HBOCs) on
NO. In contrast, much lower NO values were predicted despite an increase in blood flow
with reduced blood viscosity. This is consistent with a model by Tsoukias and Popel,111 who
predicted that NO scavenging by blood containing 5 g/dL free Hb is approximately 2 orders
of magnitude greater than NO scavenging by RBCs at a normal hematocrit of 45%. HBOCs
are small, (typically ~0.1 μm diameter) and can enter the normally RBC-free plasma layer
near the endothelium. Also, there is no diffusion barrier as attributed to the diffusion-
limiting blood plasma boundary layer around larger RBCs.92,111,112 The model prediction is
consistent with a higher scavenging of NO in the blood by HBOCs, which has clinical
relevance for possible systemic hypertension and vasoconstriction with HBOC transfusion.
However, it is not clear whether increased NO scavenging contributes to the adverse events
reported in clinical trials of HBOCs.113

Some models include a region of capillaries near the arterioles or between arteriole-venule
pairs, which can act as a sink for NO because of scavenging by Hb in the RBCs,109 or it can
act as either a sink or source that influences NO diffusion near arterioles and venules,98,114

depending on NO production from capillary endothelium or from other sources in tissue.
Models have also been developed showing the interaction between NO and O2

–, which can
reduce NO bioavailability significantly and generate ONOO– in the vascular wall and
surrounding tissue.101,115,116

Preliminary work has been done to develop NO transport models for microcirculatory
networks.117 A model to predict effects of changes in WSS and flow-related hematocrit
distributions on NO was developed for a 3-dimensional geometry using published
microcirculatory data for hamster cheek pouch. NO concentration profiles in a 100 μm ×
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500 μm × 75 μm volume of tissue containing 2 arteriole-branching trees and 9 capillaries
supplied by the arterioles were computed using finite element methods, as shown in Fig. 4A.
Distributions for WSS and RBCs in this branching network were heterogeneous, depending
on flow conditions. Details for the spatial variation in WSS in the 2 arterial branching trees
are shown in Fig. 4B, where regions of low WSS are present. In some simulations, the
model predicted that an arteriolar branch with high flow and high RNO could have lower NO
in the vascular wall than the other branch (Fig. 4C). Diminished NO in the vascular wall
also could be simulated with a higher scavenging rate of NO due to a higher hematocrit
resulting from RBC redistribution at the vessel bifurcation. The model also predicted that
low WSS and low eNOS activation at other locations could have higher vascular wall NO
caused by reduced NO scavenging rates with lower hematocrit resulting from blood phase
separation.

III.C. Experimental Measurements of Vascular Wall Nitric Oxide Bioavailability
Optical measurements of NO using diaminofluorescenin (DAF) or other NO-sensitive dyes
are useful for identifying anatomical locations where NO is being produced or where RNO is
changing in response to a stimulus. For example, Kashiwagi et al.118 reported that, in
addition to production from eNOS, NO also was produced by nNOS in nerves around
arterioles (but not venules) in the rat mesentery, based on their optical measurements.
Another DAF study of the mesenteric microcirculation found 50% lower NO levels in the
microvascular walls of streptozotocin (STZ) diabetic rats compared with normal rats.119

Results for arteriolar-venule pairs in this study suggested that NO from the venule was
influencing arteriole tone. Interestingly, no correlation was found between WSS and NO in
arterioles in either normal or STZ-diabetic rats. However, a correlation between WSS and
NO in venules was found for normal rats, but not in STZ-diabetic rats. Also, activated
leukocytes adhering to venular walls caused a reduction in NO in normal rats, presumably
because of the release of O2

– and scavenging of NO, but had little effect in STZ-diabetic
rats, suggesting that O2

– levels were elevated. A DAF study of hemorrhagic shock (blood
pressure reduced to 40 mm Hg for 20 min) in rat mesentery reports that venular endothelial
NO production is reduced significantly within 30 min after restoring blood volume, with no
difference from controls after 24 hr of recovery.120 An increase in NO production in mast
cells was observed after 24 hr, which could be attributed to NO production from iNOS.
However, it is not possible to determine absolute NO levels in the microcirculation from any
of these in vivo DAF studies. There are many technical issues, such as nonuniform
distribution of DAF in tissues or cells and interference from other chemical species, that
must be solved before reliable, quantitative optical measurements of NO can be made in
vivo.121–127Chemiluminescence analysis of superfusate over a hamster cheek pouch
preparation has been used to quantify in vivo NO production from a microcirculatory bed,
demonstrating an increase in NO production following topical application of platelet
activating factor (PAF).128 The same group used the chemiluminescence method to
demonstrate that there is an 83% reduction in NO production after inhibiting NOS that was
associated with a 28% reduction in blood flow in the cheek pouch microcirculation.129 They
also demonstrated increased NO production from the cheek pouch following topical
application of ACH, which was reduced after treatment with a NOS inhibitor.130 Although
the chemiluminescence technique generated quantitative information about global NO
release from the microcirculation, it was not possible to discriminate between rates of NO
production from tissue or microvessels.

Electrochemical methods have been employed in a number of microcirculatory studies for
more localized measurements with rapid temporal resolution. In vivo experimental NO
microsensor measurements of perivascular NO values are generally much higher than
predicted by most mathematical models for NO transport in the literature. For example,
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Bohlen131 measured in vivo perivascular NO levels in a superfused rat mesentery and small
intestine preparation, reporting mean (±SEM) values of 353 ± 28 nM around arterioles and
slightly higher values (401 ± 48 nM) around venules. Vukosavljevic et al.132 measured
similar NO levels in the same microcirculatory preparation, averaging 338 ± 40 nM around
arterioles, with slightly lower values of 313 ± 48 nM around venules. In another rat study,
even higher NO values, averaging 522 ± 33 nM near arterioles with diameters averaging
53.2 ± 1.6 mm, were reported.133 An example of NO mapping in a microcirculatory network
(superfused rat mesentery and small intestine) conducted in our laboratory (unpublished)
using this technique with Nafion-coated recessed NO microelectrodes is shown in Fig. 5,
with NO values indicated at each measurement site (circles). In these studies, the zero
current (background current) was obtained in the bath far from tissue, assuming negligible
NO in the bath. The polarographic current increased as the NO microelectrode was
advanced toward the vessel. Examples of experimental measurements near a venule, an
arteriole, and a capillary-perfused location are shown at the bottom of Fig. 5.

An earlier study with larger blood vessels in dogs, in which an NO sensor was introduced
into the bloodstream via a catheter with the tip positioned near the endothelium, reported
baseline values of approximately 154 nM in femoral artery.134 and approximately 90 nM in
femoral vein.135 NO measured near the dog femoral artery endothelium increased more than
2-fold to approximately 358 nM with infusion of ACH and approximately 420 nM with
bradykinin (BK). L-NAME reduced the baseline NO by only 20% but significantly reduced
responses to ACH and BK, although both responses were still large (increases >100 nM). It
is not clear if the electrodes in these studies might have been sensitive to flow artifacts.

An NO microelectrode study in the hamster cheek pouch microcirculation found much
different responses between arterioles and venules with pharmacologic stimulation.136

Topical application of ACH caused large increases in perivascular NO near arterioles, but no
increase was observed for venules. On the other hand, PAF caused large increases in
perivascular NO near venules, but not near arterioles. In vitro studies with cultured bovine
postcapillary ECs confirmed that PAF stimulated NO production whereas ACH did not.
Thus, the increase in NO with PAF or ACH measured previously using chemiluminescence
analysis of the superfusate128,130 did not reflect increases in NO from the entire cheek pouch
microcirculation, but were the result of differential responses from arteriolar and venular
segments.

One in vivo NO microelectrode study reported that there is a substantial amount of NO
(200–600 nM) in the luminal blood of 50- to 70-μm-diameter arterioles, measured by
penetrating through the blood vessel wall.137 This observation raises the possibility that NO
can be transported downstream in the bloodstream and diffuse back into tissue. However, a
flow-sensitive NO microelectrode might lead to a measurement error (“stirring artifact”) and
the actual NO value in blood might be lower. Most models for NO transport predict low NO
values in blood, although higher values have been computed in a diffusion and convection
model for an arteriole138 that compares predicted NO gradients using a lower scavenging
rate for NO in blood reported by Azarov et al.139

1. Effect of Increased L-Arginine—A study by Wagner et al.140 speculated that rat
mesenteric venules should have a higher capacity for NO synthesis in vivo than arterioles
because cultured ECs derived from venules were found to have greater NOS activity, with
higher intracellular L-arginine and eNOS enzyme levels compared with cultured ECs from
arterioles. This suggested that there could be differences in both L-arginine availability and
regional NO production along the microvascular network. Because blood plasma and
intracellular L-arginine concentrations (millimolar range) are much higher than the Km for
eNOS (micromolar range), the substrate for NO production by ECs should be at saturating
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levels. However, exogenous L-arginine has been shown to increase NO production
(reviewed by Forstermann et al.141 and Bode-Boger et al.142), a phenomena known as the
“L-arginine paradox.” For example, in vivo microelectrode measurements of perivascular
NO demonstrated that topical application of 100 mM L-arginine caused a significant
increase in NO with an increase in tissue perfusion for several minutes.132 Venules had a
slightly larger increase in NO with L-arginine compared with arterioles. An earlier study
measured similar changes in NO after continuous topical administration of 1 mM L-
arginine, with a 2-fold increase (baseline, 334 ± 19 to 686 ± 53nM) within 2 to 3 minutes.131

Similar but faster NO responses were measured using local micropipette superperfusion
techniques.143 The amino acid L-lysine, which competes with L-arginine transport via
cationic amino acid transporters, caused decreased NO production and blood flow in rat
intestinal arterioles,144 suggesting that L-arginine availability is transport-dependent in the
microcirculation.

One hypothesis for the L-arginine paradox is that the presence of ADMA inhibits NOS
activity.15 Evidence for this hypothesis has been reviewed.142 Because eNOS is biologically
active when colocalized with caveolae on the plasma membrane.46 another possibility is that
compartmentalization of L-arginine within cells limits its availability to NOS. There is also
evidence that the activation of eNOS by L-arginine is a membrane-bound, receptor-mediated
process, affecting NO release through a signal transduction mechanism.145

2. Effect of Hypoxia—The Km for O2 required for NO production by eNOS is relatively
low,146 but NO production could be limited under severely hypoxic conditions. For
example, in vitro studies with human umbilical vein ECs exposed to chronic hypoxia (1%
O2) for 24 hr had decreased eNOS expression and lower basal NO release compared with
human umbilical vein ECs cultured for 24 hr in 5% or 21% O2.147 Interestingly, NO
responses to histamine were enhanced after 1 hr of hypoxic exposure but were blunted after
chronic hypoxia. However, there are other mechanisms in vivo that can cause hypoxic
vasodilation and increase microcirculatory blood flow independent of NO, although higher
WSS could then cause an increase in NO production.

An early in vitro study with isolated rabbit femoral artery and aorta segments subjected to
luminal hypoxia provided evidence that endothelium-derived relaxing factor is released,
with vascular relaxation blocked in the presence of Hb or after removing the
endothelium.148 More recently, in vivo diameter measurements of primary arterioles
(diameter ~45 μm) and terminal arterioles (diameter ~10 μm) in rat spinotrapezius muscle
have shown that both sizes of arterioles dilate during systemic hypoxia (12% or 8% O2),
with relatively larger responses for terminal arterioles.149 There was no significant change in
arteriolar diameter from baseline after treatment with L-NAME. However, hypoxic
vasodilation was attenuated significantly for both sizes of arterioles. Infusing an NO donor
restored hypoxic vasodilation for primarily arterioles, but not for terminal arterioles, in
animals treated with L-NAME, suggesting that other vasoactive substances (e.g., adenosine)
may be involved in hypoxic vasodilation of terminal arterioles. Another in vivo
microcirculatory study in electrically stimulated rat spinotrapezius muscle preparation found
that L-NAME reduced microvascular diameters as well as responses to electrical
stimulation, which could be restored with an NO donor.150 However, studies with a cyclo-
oxygenase inhibitor (indomethacin) reduced the inhibitory effects of L-NAME. Greater
effects that were observed for paired arterioles and venules suggest that vasodilatory
prostanoids are released from the venules. Increased perivascular NO near rat intestinal
arterioles has been measured during acute systemic hypoxia.133L-lysine was found to
suppress increases in NO and blood flow with hypoxia.144 In a study using normal and
obese rats, baseline perivascular NO levels in the obese animals were lower, with
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approximately 50% smaller increases in NO during acute hypoxia compared with normal
animals.151

A number of studies have shown increased cerebrovascular blood flow during hypoxia that
implicates NO. A magnetic resonance imaging study with conscious, healthy, human
volunteers in which inspired O2 was reduced to cause hypoxic vasodilation found that
infusing a nonspecific NOS inhibitor reduced the increase in cerebral blood flow during
hypoxia.152 A study in rat brain demonstrated that increased RBC velocity observed during
hypoxia could be blocked with a specific inhibitor of nNOS.153 In vivo perivascular NO
microelectrode measurements near cerebral arterioles in rat brain during superfusion with
low O2 in the bath reports increased NO during hypoxic vasodilation, and both the increase
in vessel diameter and increase in NO can be suppressed significantly using a selective
inhibitor of nNOS.154 Studies of Na+ and Ca2+ ion transporters in the rat cerebral
microcirculation using pharmacologic agents found that NO production (primarily by
nNOS) and vasodilation could be reduced significantly by suppressing Na+/K+/2 Cl–

exchange or Na+/Ca2+ exchange; altering Na+/H+ exchange had little effect.155 Similar
findings were reported for the influence of ion transporters on NO production by eNOS and
hypoxic vasodilation of arterioles in the intestinal microcirculation.156

3. Effect of Hyperoxia—Little increase in NO production from eNOS is expected at
higher blood pO2 levels, although increased O2 availability may have more of an effect on
nNOS, which has a higher Km for O2 compared with eNOS.146 In vitro studies with porcine
coronary artery segments with NO electrodes positioned in the lumen of the vessels report
that hyperoxia reduces luminal NO.157 Inhibition of NO with ADMA markedly reduced
hyperoxic vasoconstriction, and vessels did not constrict with O2 after removing the
endothelium. Vessels that were preconstricted with K+ also had blunted responses to O2,
suggesting that endothelium-derived hyper-polarizing factors (EDHFs) may also be
involved. On the other hand, in vivo NO electrode studies in rats conducted during exposure
to hyperbaric O2 report large increases in NO at perivascular locations near the abdominal
aorta, which can be reduced substantially using an inhibitor specific for nNOS, and reduced
even more with L-NAME, a nonspecific NOS inhibitor.158 Additional NO microelectrode
studies near the abdominal aorta were conducted under hyperbaric conditions with wild-
type, eNOS-knockout, and nNOS-knockout mice, with large increases in perivascular NO
found with wild-type and eNOS-knockout mice, but much smaller increases with nNOS-
knockout mice. Increased perivascular NO production at 2.8 atmospheres pure O2 seemed to
be an oxidative stress response involving enhanced association of nNOS with calmodulin
facilitated by heat shock protein 90158 and probably not a direct effect of increased O2
availability.

4. Effect of Hemodilution—Tsai et al.159 made NO measurements at perivascular
locations near arterioles and venules, and in regions of tissue perfused by capillaries in the
skinfold of conscious hamsters. NO microelectrode measurements were made before and
after animals were exchange transfused with either high- or low-viscosity Dextran solutions,
reducing hematocrit from 45% to 11% in both cases. They reported mean (±SEM)
perivascular NO values of 632 ± 36 nM for arterioles (mean diameter , 54.9 ± 17.7 mm)
prior to transfusion. Figure 6 shows NO measurements and statistical comparisons among
vessels and experimental groups, with the most significant differences found when
comparing high- and low-viscosity groups. Higher WSS would be expected with the high-
viscosity solution. There were significant differences in microvascular hemodynamics
depending on final blood viscosities after transfusion, without significant changes in
arteriolar or venular diameters. Measured RBC velocity and calculated flow rates were
significantly lower in both arterioles and venules for the low-viscosity transfusion compared
with the controls before hemodilution. The opposite result was found for high-viscosity
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transfusion, with significant increases in measured RBC velocity and calculated flow,
especially for venules. Transfusion with high-viscosity solution significantly increased NO
levels (>1,000 nM) for both arterioles and venules compared with control blood vessels. In
contrast, there was a reduction in perivascular NO measured after transfusion with a low-
viscosity solution, although it was not statistically different from control. The first
observation is consistent with a reduction in NO scavenging by Hb, although the second
observation is not consistent with this explanation. Although the calculated WSS was higher
for the high-viscosity transfusion compared with the lowviscosity transfusion, no
statistically significant relationship was found between WSS and perivascular NO levels.

III.D. Tissue Nitric Oxide Bioavailability Measurements
NO bioavailability in other tissues is also important for understanding how blood flow and
O2 metabolism are regulated in different organs and for validating NO transport model
predictions. Mitchell and Tyml160 reported indirect experimental evidence that NO is
released from capillaries and influences arteriolar tone. Using intravital microscopy, they
measured RBC flux and velocity in capillaries in response to BK to stimulate NO production
and local application of L-NAME to inhibit NO production. They found that locally applied
L-NAME significantly reduced RBC flux and velocity in the capillary but had no effect on
the feeding arteriole and draining venule. Locally applied BK, on the other hand, caused
pronounced increases in RBC velocity in the capillary and gave rise to remote arteriolar
dilation. They concluded that NO is released from capillaries, affecting arteriolar tone.160

The hemodilution study in hamster skinfold by Tsai et al.159 found baseline tissue NO levels
of approximately 300 nM prior to transfusion in regions perfused by capillaries. Tissue NO
was significantly higher in animals transfused with high-viscosity solution and slightly
lower in animals transfused with low-viscosity solution. Lower tissue NO levels of
approximately 150 nM in regions perfused by capillaries were reported in the rat intestinal
preparation.133 Relatively large, needle-type, commercial NO electrodes have been used to
measure tissue NO. For example, a 200-μm diameter electrode with a 3-mm working length
(NO-sensitive part) reports average values for NO in rat renal cortex of approximately 231
nM and higher values of approximately 703 nM in the renal medulla.161 Currents for the
zero NO levels were determined using L-NAME. Earlier studies with larger NO electrodes
report similar values for rat renal cortex162,163 and renal medulla.164

In vivo NO recordings have been made in the CA1 subregion of the hippocampus in rat
brain using Nafion and o-phenylenediamine surface-modified, 30-μm-diameter, carbon fiber
NO microelectrodes with approximately 200 μm exposed length.165,166. Extensive electrode
testing was done to ensure that interference from other chemical species (ascorbate,
dopamine, NO2

–, noradrenaline, serotonin) was minimized. In one study, pressure injections
of saline solution containing dissolved NO or solution with 100 μM N-methyl-D-aspartic
acid (NMDA) were made and changes in tissue NO from baseline were measured.165 When
NO solution was injected approximately 300 μm from the sensor, transient increases in
tissue NO were measured with a rise time of 1.5 s and first-order decay rate constant of 0.78
s-1. No changes in tissue NO were observed following local injection of saline without
dissolved NO. Local injection of NMDA caused a biphasic NO response in 28% of trials,
with a large transient peak followed by a smaller and lower secondary peak. The NO
response was frequently smaller for repeated NDMA injections, although it was variable for
other repeated trials. Measurements also were made in the striatum, with large transient
increases in tissue NO after injecting100 μM NMDA. In a second in vivo study, local
injections of 5, 20, or 100 mM glutamate or 0.1, 1, or 5 mM NMDA were made in the CA1
subregion of the rat hippocampus, with peak NO responses reaching 1 μM or higher,
depending on the dose.166 NO responses could be attenuated significantly using inhibitors of
nNOS or with antagonists of α-amino-3-hyroxy-5-methyl-4-isoazolepropionic receptors and
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NMDA receptors. Baseline NO levels were not reported in either study. The same type of
NO sensor also has been used for tissue NO measurements in slices of rat
hippocampus.167,168 In vivo NO recordings also have been made at different depths in the
granule cell layer of mouse olfactory cortex using recessed tip, Nafion-coated NO
microelectrodes in response to computer-controlled delivery of different odors for 5 s.169

Peak tissue NO responses increasing to an average of 56.4 nM above baseline were reached
by 3.4 s (range, 1.45–5.75 s) after exposure to the different odors. Baseline tissue NO was
not determined, only the changes with odor stimulation. In vitro NO microelectrode
measurements also were made in mitral and granule cell layers of slices from mouse
olfactory cortex in response to different experimental conditions.

In vivo tissue NO responses with simultaneous laser Doppler flowmetry (LDF) have been
measured in rat somatosensory cortex using recessed, Nafion-coated NO microelectrodes
during electrical stimulation of the contralateral forepaw for 4 s.170 Peak NO responses were
approximately 125 nM above baseline within 400 ms after onset of stimulation, whereas the
peak LDF increase occurred at 3.7 s, toward the end of the stimulation period. Tissue NO
decreased from the peak during continued stimulation and decreased below baseline as
blood flow remained elevated for several seconds after ending stimulation, suggesting that
convective washout of NO may be involved. Baseline NO in the somatosensory cortex was
not determined.

Very high tissue NO levels (>2 μM) have been measured with recessed, Nafion-coated NO
microelectrodes in tumors implanted in immunodeficient mice.171 which were related to NO
production by eNOS and were higher with increasing density of blood vessels. Average NO
levels were higher in melanoma tumors grown in cranial windows compared with dorsal
skin windows and, in each case, average NO levels were higher in melanoma tumors with
higher metastatic potential.Spontaneous in vivo oscillations in tissue NO have been
observed in the cat optic nerve head.172 The amplitudes were approximately 20 nM, with a
Fourier analysis showing greatest power at frequencies below 11 per minute (<0.2 Hz), with
similar frequencies for tissue perfusion oscillations measured by LDF in the optic nerve
head. Inhibition of NO production by L-NAME greatly attenuated the amplitude of the NO
oscillations but not the LDF oscillations. It is possible that these observations were caused
by transient changes in NO production as described in the mathematical model by Tsoukias
et al.109 or, alternately, caused by vasomotion and periodic changes in shear stress with
spontaneous variations in blood flow.

1. Effect of Increased L-Arginine—An in vivo NO microelectrode study found
increased renal tissue NO after intravenous injections of L-arginine in normal rats, but
smaller NO responses were measured in STZ-diabetic rats.173 The NO response to L-
arginine in STZ-diabetic rats was reduced by 38% compared with control rats. An in vitro
study of NO responses to stimulation by Ca2+ ionophore were measured in renal slices and
aortic ring segments from normotensive Wistar-Kyoto (WKY) rats, spontaneously
hypertensive rats (SHRs), and diabetic rats (SHR treated with STZ) using NO electrodes and
electrodes reported to be sensitive to ONOO–.174 The magnitude of NO responses for both
aortic rings and tissue slices were highest in WKY and lowest in the diabetic rats, whereas
the opposite finding was reported for ONOO– measurements, with the highest responses
measured with rings and slices from diabetic rats. The NO:ONOO– ratio was approximately
2 for WKY rats but much lower for SH and diabetic rats, consistent with increased
generation of O2

–. Restoration of endothelial function was found from measurements in
tissue samples from STZ-diabetic rats pretreated with nebivolol.

2. Effect of Hypoxia and Ischemia/Reperfusion—Early in vivo studies using an NO
microelectrode reported baseline tissue NO of approximately 10 nM in rat brain, with a large
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increase in NO > 2 μM with ischemia during middle cerebral artery occlusion.175,176 An
increase in tissue NO above baseline was noted during reperfusion. Differences between
normal and SHR rats also were reported, with a smaller increase in NO during occlusion
measured in SHR rats with a larger region of infarction.177 Much different NO responses
have been reported for in vivo experiments using larger commercial NO electrodes
(diameter ~200 μm) to measure the time course of tissue NO in rat hippocampus during
ischemia and reperfusion.178,179 A large decrease in NO was measured during ischemia,
which is consistent with O2 requirements for NO production by NOS. Baseline NO
measurements were approximately 400 nM in this study, with increases in NO of between
700 and 800 nM above baseline during reperfusion. The baseline NO was not characterized
in the other study, but the average peak NO increase during reperfusion was 768 nM above
baseline.179

3. Effect of Hyperoxia—Studies in rat brain using H2 clearance methods to measure
blood flow and microdialysis probes to measure NO metabolites (NO2

– and NO3
–) in brain

tissue (substantia nigra and caudate putamen) provided evidence that brain tissue NO is
increased during hyperbaric O2, especially at higher pressures.180 At 4 atmospheres pure O2,
there was a decrease in blood flow and a decrease in NO metabolites in both regions of the
brain, but the opposite was observed at 6 atmospheres, with a 200% increase in blood flow
and a 150% increase in NO metabolites. These changes were blocked in animals treated with
L-NAME. An in vivo NO microelectrode study in the cerebral cortex of rats and mice
exposed to 2.8 atmospheres for 45 min confirmed that brain tissue NO increases with
hyperbaric O2.181 Additional NO microelectrode studies in wild-type, eNOS-knockout, and
nNOS-knockout mice, and in wild-type mice treated with a nNOS-specific inhibitor, showed
that nNOS is the primary source of NO. The increase in brain tissue NO could be attenuated
by superoxide dismutase, by an NMDA receptor antagonist, or by a Ca2+ channel blocker
delivered during hyperbaric O2. Immunoprecipitation studies found an increased association
between nNOS and heat shock protein 90 during hyperbaric O2 at these pressures.181 More
recently, a hyperbaric O2 study in rat brain using H2 clearance methods to measure blood
flow in animals treated with either sildenafil or tadalafil (phosphodiesterase inhibitors) to
prolong NO bioavailability reported that greater increases in blood flow were found
compared with untreated animals exposed to 4 or 6 atmospheres pure O2.182 An initial
decrease in blood flow was observed at 4 atmospheres, with a secondary rise above baseline
after 30 min of hyperbaric O2 for treated animals but only a decrease in blood flow for
untreated animals. At 6 atmospheres, the increase in blood flow was greater than for
untreated animals. The increase in blood flow and O2 delivery to the brain associated with
increased NO seemed to cause more rapid development of central nervous system O2
toxicity because the time for onset of convulsions was faster in treated animals compared
with untreated animals.

Future studies need to address whether the relatively high NO values obtained in many
experimental studies are accurate. Though some investigators have paid attention to
minimizing interference from other chemical species using various membrane modifications
on their NO sensors, the possibility that these electrochemical measurements have been
influenced by other oxidized species cannot be ruled out. However, relative changes in NO
may still provide insight into physiologic mechanisms, especially if these measurements are
repeated after inhibiting NO production or investigated in different NOS-knockout animal
models. Advances in development of NO-sensitive dyes also may be forthcoming, and
experiments using both electrochemical sensors and optical methods may lead to better
quantification of NO under different physiological conditions. Parameters used in NO
transport modeling may need to be adjusted, if the accuracy of NO measurements can be
established, so that the apparent discrepancy between theory and experiment in the current
literature can be resolved.
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IV. CYTOCHROME OXIDASE AS A SECONDARY TARGET OF NITRIC OXIDE
It has been known for some time that NO competes with O2 and reversibly inhibits
mitochondrial O2 consumption by the terminal respiratory chain enzyme cytochrome c
oxidase.183–186 As reviewed by Taylor and Moncada,184 NO is consumed when tissue pO2
is high; thus cytochrome c oxidase is a sink for NO. However, when tissue pO2 is low, the
inhibitory effect of NO on respiration is a protective mechanism against hypoxia, acting to
conserve limited O2 availability.

IV.A. Models for Inhibition of O2 Consumption by Nitric Oxide
This dependence has been modeled as a simple competitive inhibition, given by a Michaelis-
Menten model:

where VO2max is the maximum O2 consumption rate with a linear relationship for the
increase in apparent Km for O2 consumption with NO:

where Km is the Michaelis constant in the absence of NO. The above relationship for the
apparent Km and a value for kNO of 27 nM was proposed in a review by Buerk88 based on
limited experimental results in the literature.185,187 From this analysis, the apparent Km
doubles when NO = 27 nM. Hall and Garthwaite6 discuss an identical model that has a
much stronger dependence on NO, with the apparent Km doubling at NO = 0.225 nM. A
comparison of the 2 models is shown in Fig. 7.

A single catalytic site model for inhibition of O2 consumption developed by Antunes et
al.188 also is based on purely competitive molecular mechanisms at the heme O2 binding
site. This model predicts that inhibition of mitochondrial O2 consumption is greater for a
high O2:NO ratio, with a much lesser effect when tissue pO2 is low. The single-site model
also predicts that NO is a weaker inhibitor when O2 consumption and enzyme turnover is
low. Mason et al.189 propose a 2-site mechanism, where an adjacent copper site can bind NO
at lower affinity with noncompetitive kinetics. They reported that NO inhibition of
cytochrome c oxidase activity was strongly dependent on enzyme turnover, which is
consistent with the single-site competitive model by Antunes et al.188 However, only the 2-
site model was able to describe the full range of data obtained in their study.189 At low
turnover rates, they found that cytochrome c oxidase activity was half-maximal when NO =
84 nM, but at high turnover rates, half-maximal activity occurred when NO = 1170 nM. The
2-site model predicts that NO is a more effective inhibitor than the single-site model,
especially when O2 consumption is low.

IV.B. Models for Coupled O2 and Nitric Oxide Transport
There have been relatively few attempts to incorporate NO inhibition of O2 consumption
into mathematical models for O2 transport. The first model to include inhibition of O2
consumption by NO was described for vessels in planar geometry by Thomas et al.190 using
experimental estimates for NO scavenging rates in tissue. Our models for coupled NO and
O2 transport in cylindrical geometry for small arterioles for a wide range of conditions
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include reversible inhibition of O2 metabolism by NO.95,96,98,101,102,191 In general, these
models demonstrate that when the source of NO is primarily from the endothelium, O2
consumption is inhibited to a greater extent in the region of tissue nearest the endothelium,
where NO levels are higher, compared with distances farther away because NO disappears
as it is scavenged in the surrounding tissue. However, even a small degree of inhibition of
O2 consumption in the well-oxygenated region closest to the arteriole allows more O2 to
diffuse deeper into the surrounding tissue, preventing more hypoxic conditions at deeper
locations. This effect is predicted to be even greater in models that include additional NO
production by mitochondrial NOS or iNOS in surrounding tissue.101,102

IV.C. Experiment Evidence for Inhibition of O2 Consumption by Nitric Oxide
Earlier studies report increased O2 consumption in heart,192 kidney,193,194 and hind limb
preparations195 after inhibiting NO production, although one study reported a 23% to 34%
decrease in myocardial O2 consumption in canine heart196 and another reported no change
in porcine heart197 after inhibiting NO production. More recently, a study in conscious,
pregnant canines found that inhibition of NO production caused a 49% increase in
myocardial O2 consumption compared with studies in pregnant canines that were conducted
without inhibiting NO production.198 Pregnancy caused an increase in eNOS in the left
ventricle, a 55% increase in cardiac output, and increased transcardial NO metabolites, with
a shift in metabolism toward greater free fatty acid oxidation and a decrease in glucose
oxidation compared with female canines that were not pregnant. The metabolic changes with
pregnancy were reversed after treatment with L-NAME, with an increase in glucose
oxidation and a decrease in free fatty oxidation. It seems that the increase in NO in the
canine heart during pregnancy enhanced the ability of NO to regulate blood flow and control
myocardial substrate utilization in these studies.

A dual NO and O2 electrode study in slices of rat hippocampus recently found that local
NMDA stimulated NO production and inhibited O2 consumption.167 Tips of individual NO
and O2 electrodes were positioned into the slice with a separation of approximately 50 μm.
Figure 8A shows individual NO responses to 10, 50, or 100 μM NMDA, which provoked an
increase in NO to as high as 356 nM above baseline (with 100 μM NMDA) and caused a
delayed increase in tissue O2. The maximum NO and increase in O2 followed a similar trend
(Fig. 8B) that was consistent with NO-dependent inhibition of tissue O2 consumption. A
specific inhibitor of nNOS reduced the peak increase in NO with NMDA by 58.5%, with a
similar reduction for the increase in O2 by 50.9%. This study also found that inhibition of O2
consumption by NO seemed to be reversible with small increases in NO, but was
irreversible for the highest peak NO changes with 100 μM NMDA.

In vitro studies with isolated aortic, pulmonary, and mesentery blood vessels from rats and
mice determined how the apparent Km for vascular wall O2 consumption was affected by
NO.199 The apparent Km was in the range of 20 to 30 mm Hg pO2 for control conditions,
and decreased into the 7 to 13 mm Hg range after inhibiting NO production or removing the
endothelium. After stimulating NO production with either ACH or BK in the bath, the
apparent Km increased into the 40 to 80 mm Hg range and even higher in the 70 to 113 mm
Hg range using an NO donor.

Inhibition of O2 consumption in the vascular wall and surrounding tissue by NO may
provide an explanation for differences in intra- and extravascular pO2 measured by
noninvasive O2 phosphorescence quenching measurements through dorsal chamber
windows in conscious wild-type and eNOS-knockout mice.200 The pO2 was found to be
significantly lower in arterioles, tissue, and venules in eNOS-knockout mice compared with
wild-type mice, despite that there were no statistically significant differences in
microvascular parameters such as vessel diameter, blood velocity, volumetric flow rate, or
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functional capillary density. Because the calculated longitudinal loss of O2 down the length
of arterioles was approximately 40% higher in eNOS-knockout mice compared with wild-
type mice, Cabrales et al.200 concluded that eNOS-knockout mice had greater O2 extraction
because of higher O2 consumption in the surrounding tissue compared with wild-type mice.

Shibata et al.201–203 conducted similar O2 phosphorescence measurements in the
microcirculation of rat cremaster muscle and quantified transmural O2 gradients to evaluate
changes in vascular wall O2 consumption under different conditions, including inhibition of
NOS activity with L-NAME. They concluded that there was an increase in vascular wall O2
consumption after inhibiting NOS.202,203 However, they attributed this finding to an
increase in the workload for smooth muscle in the vasoconstricted vascular wall and not to
the loss of the inhibitory effect of NO on O2 consumption. They also reported that maximal
vasodilation by papaverine decreased vascular wall O2 consumption, which they attributed
to a decrease in the smooth muscle workload.201 However, another possibility is that there
might have been greater NO production with an increase in WSS as blood flow increased
during vasodilation, and the resulting increase in tissue NO inhibited O2 consumption in the
surrounding skeletal muscle. A possible difference in vascular wall workload does not seem
to account for the apparently lower O2 consumption rates in eNOS-knockout mice.200

Because arterial blood pressure was higher in eNOS-knockout mice, vascular wall
mechanical strain would be greater with a higher rate of vascular wall O2 consumption than
for the wild-type mice.

IV.D. O2-dependent Consumption of Nitric Oxide
An in vitro electrode study of NO diffusion across strips of rat thoracic aorta reported that
NO consumption in vascular tissue is first order with NO and first order with O2, with an
overall reaction = k1[NO][O2], with k1 determined experimentally to be 4 × 103 M-1 s-1.204

This is a much higher NO consumption rate than for direct auto-oxidation, which is first
order with O2 and second order with respect to NO.205,206 At low O2 concentrations in the
bath, a 5-fold higher NO flux across the wall was found compared with NO flux when the
bath O2 concentration was high.204 Thus, there is a possibility that some of the increase in
NO measured during hypoxia might be attributed to a reduction in NO consumption.
Vascular wall NO consumption may be related to the reaction between NO and cytochrome
c oxidase. Alternately, it has been shown that the heme-containing protein cytoglobin, which
is expressed in smooth muscle cells and adventitial fibroblasts, may act as an NO
dioxygenase that consumes NO.207 These in vitro studies, using murine fibroblasts, found
that NO was mostly converted to NO3

–, with very little formation of NO2
–. NO also can be

consumed and primarily converted to NO2
– by several different oxygenases.208–210

V. RED BLOOD CELLS AS TARGETS OF NITRIC OXIDE
The prevailing viewpoint has been that RBCs are extremely strong sinks for NO. The
possibility that some NO scavenged by Hb in the bloodstream could be recycled for
downstream release is an attractive concept that has generated considerable interest and
sometimes vigorous debate. However, a major challenge to this hypothesis is to explain how
NO formed by the RBCs could be released without first reacting with concentrated Hb
inside the RBCs. Azizi et al.211 used the analogy that the RBC is a “black hole” for NO (i.e.,
it can enter but cannot get out). Also, ceruloplasmin in blood plasma catalyzes the
conversion of NO to NO2

–.212 However, chemiluminescence measurements of NO in the
headspace above a suspension of RBCs during deoxygenation suggest that either freely
diffusible NO was released or another intermediate species escaped RBCs and was released
from the blood as NO.213 There have been a number of proposed mechanisms, and there is
evidence that NO or possibly other vasoactive substances that are regulated by NO may be
released by RBCs.
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V.A. S-Nitrosylated Hemoglobin
Hypoxic vasodilation has been attributed to S-nitrosylated (SNO) Hb,214 although this has
been questioned.215 Furthermore, a mathematical model of this mechanism by Chen et al.216

predicts that very little, if any, NO can escape the RBCs and reach the vascular wall. Though
the relative numbers of SNO-Hb molecules in the RBCs may be small, there is experimental
evidence for their role in regulating hypoxic vasodilation. It has been shown that SNO-Hb in
freshly drawn human blood falls below 20% of initial values within 3 hours, with additional
bioassays indicating that hypoxic vasodilation is impaired.217 Another study found similar
decreases in SNO-Hb in banked human blood, falling to 30% after 1 day and to 17% after 1
week of storage.218 Evidence was presented that hypoxic vasodilation can be restored by
renitrosylation, based on measurements of increased coronary blood flow in dogs receiving
renitrosylated blood compared with infusions of SNO-Hb–depleted blood. There are
ongoing research efforts to investigate whether depletion of NO bioactivity is a type of
storage lesion in banked blood that might account for adverse outcomes that are seen after
blood transfusion in some higher risk populations.

V.B. Red Blood Cell Membrane eNOS
There was early evidence that eNOS is expressed in the RBC membrane,219 although later
studies concluded that the enzyme was not active.220. More recently, evidence has been
reported that human RBCs express an active eNOS in the RBC membrane, which seems to
be involved in the regulation of RBC deformability.221 An in vitro study reported electrode
measurements of NO in human blood under oxygenated (pO2 approximately 150 mm Hg) or
hypoxic (pO2 approximately 36 mm Hg) conditions and found an increase in NO with shear
only in hypoxic blood.222 The NO response to shear could be blocked with L-NAME, which
may be evidence that the NO was derived from RBC eNOS. Changes in RBC deformability
in stored human blood have been reported to be much more gradual than changes in SNO-
Hb.217

V.C. Nitrite as a Source of Nitric Oxide
1. In Blood—A role for NO2

– in hypoxic vasodilation has received attention
recently.223,224 Based on comparative studies of NO2

– uptake by RBCs from 4 different
species, it seems that the main mechanisms for NO2

– transport across the RBC membrane
are passive diffusion of nitrous acid (HNO2) and facilitated transport mediated via anion
exchanger-1,225 allowing accumulation of NO2

– in the RBCs. In human RBCs, NO2
– is

approximately 300 nM—2 times higher than in blood plasma.226 Also, there is an arterial to
venous NO2

– gradient in the bloodstream, from 176 nM in arterial blood decreasing to 143
nM in venous blood.226 It has been known for several decades that Hb in the RBCs can
reduce NO2

– to NO.227 More recently, is has been shown that the reaction is maximal
around the P50 of the oxyhemoglobin saturation curve.228 The NO reductase activity of Hb
may be able to release NO from RBCs as they pass through the microcirculation and are
deoxygenated, especially under hypoxic conditions.223 As an alternative vasoactive species,
it has been proposed that a NO2

– reductase/anhydrase redox cycle in the RBCs catalyzes
anaerobic conversion of 2 NO2

– molecules into dinitrogen trioxide (N2O3), an uncharged
molecule that presumably is not scavenged by Hb.229 However, it is not clear whether N2O3
is vasoactive or converted to free NO in the vascular wall by other pathways.

Chen et al.230 also modeled NO2
– reduction by Hb and predicted that vascular wall NO

could be increased only by picomolar levels at best. It was necessary to propose NO-
protective mechanisms (facilitated transport from the RBCs or an intermediate species that
is not scavenged by Hb) as possible ways to increase NO transport from the RBCs to the
vascular wall.
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2. In Tissue—Alternately, enzymes in tissues may provide another pathway for recovering
NO from NO2

–. NO produced by this mechanism would not be affected as strongly by Hb
scavenging because the NO source would be much farther from the bloodstream. Recent
evidence strongly suggests that tissues play a greater role than blood in reducing NO2

– to
NO when O2 availability is limited under ischemic or hypoxic conditions. Feelisch et al.231

reported a 3- to 5-fold lower rate for NO formation from NO2
– reductase activity in RBCs

compared with NO formation from tissue homogenates. Li et al.232 reported that maximum
NO production from anoxic RBCs is only 0.004 nM s-1 compared with rates >0.5 nM s-1 for
anoxic heart and liver tissue homogenates. There is also in vitro evidence that sGC or other
heme-proteins in vascular tissue can catalyze the reduction of NO2

– to NO under aerobic
conditions.233Buerk et al.234 developed a diffusion and convection model for NO and O2
transport in an arteriole that includes nitrite reductase activity in blood and in tissue.
Compared with simulations without nitrite reductase activity, the model predicts that only
very small amounts of additional NO in the vascular wall (pM increases) can result from
nitrite reductase activity in RBCs, whereas much larger additional amounts of NO (nM
increases) can be generated by tissue nitrite reductases, depending on tissue pO2 levels.
Varying blood flow or arterial blood pO2 in the model was examined for effects on NO
profiles in blood and tissue around the arteriole, showing a larger increase in additional NO
caused by nitrite reductase activity in tissue for more hypoxic conditions.

V.D. Nitric Oxide–Mediated Adenosine Triphosphate Release
It has been shown that RBCs release ATP in response to decreased O2, more acidic pH, and
mechanical deformation235–237 and that NO inhibits ATP release from RBCs.238 More
recently, it has been shown from studies with human RBCs that NO2

– stimulates ATP
release from human RBCs.239 Another recent study in rats is consistent with this
mechanism, suggesting that ATP released from RBCs was responsible for the decrease in
mean arterial blood pressure after infusion with NO2

–-treated RBCs.240 In this study,
infusing 10 μM/kg NO2

– caused an almost 2-fold increase in blood plasma ATP (from 4.8
to 9.1 nM) and a drop in blood pressure. Furthermore, injections of ATP in this range caused
similar reductions in blood pressure. An increase in the releasable pool of ATP in the RBCs
does not seem to be mediated by NO generated by NO2

– reductase activity but is caused by
the reaction between NO2

– and Hb, so there is no requirement for NO to escape from the
RBCs with this mechanism. However, ATP released from the RBCs can increase vascular
wall NO bioavailability by increasing eNOS activity. A recent study of human umbilical
vein ECs suggests NO production by eNOS is stimulated by ATP through P2 purinergic
receptors through a specific isoform of PKC, causing an increase in [Ca2+]i.241 The
requirement for O2 to produce NO has not been included explicitly in many mathematical
models of NO transport. Also, the physiologic status of the circulatory system to provide
adequate tissue oxygenation can be uncertain in animal experiments, possibly confounding
measurements and interpretation of various maneuvers that change NO production.
Additional research is needed to gain a better understanding of the different mechanisms that
have been outlined in this section.

VI. CONCLUSION
Future advances in understanding the role of NO in regulating blood flow at the level of the
microcirculation will, without doubt, require both mathematical modeling and experimental
investigation. Specific mechanisms for shear stress–dependent activation of NO production
from different sources and complete characterization of NO losses from other reactions will
need to be incorporated into more elaborate NO transport models. Models employing more
complex geometries will need to be developed that better represent actual microcirculatory
networks in different organs. Communication between EC and SMC through multiple types
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of ion channels that regulate [Ca2+]i will need to be incorporated. A better understanding of
how endothelium-derived hyperpolarizing factors and NO interact through shared caveolin
regulatory mechanisms is needed. Another fertile area of investigation is to understand how
the posttranslational protein S-nitrosylation affects signaling pathways that are involved in
regulating multiple physiologic processes. We have limited our review of pathological
states, but it is evident that, as new modeling approaches are developed, there will be more
work on predicting how NO either contributes to or helps to prevent pathologic changes.
Though validating these theoretical models may prove to be challenging, further work
should be encouraged because these model predictions will be invaluable for assessing
normal physiological mechanisms as well as pathologic processes.
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FIGURE 1.
Calcium fluorescence data from Hong et al.22 obtained with bovine aortic endothelial cells
(BAECs) (A, B) and rat adrenomedulary endothelial cells (ECs) derived from capillary
endothelium (C, D). Synchronous Ca2+ responses with similar shear stress–dependent peak
values were observed with BAECs, but heterogeneous Ca2+ responses were observed (C)
with rat adrenomedulary ECs, although some cells had a synchronized response delayed in
time after an increase in shear stress (D). Modified from Figs. 1 and 2 in Hong et al.22, with
permission from the American Journal of Physiology.
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FIGURE 2.
Computer simulations conducted by Comerford et al.49 for spatial distributions of
endothelial nitric oxide synthase (eNOS) protein in vascular bifurcations and bends. Regions
with low wall shear stress (WSS; calculated from a fluid dynamics model) are associated
with low eNOS expression and based on a functional relationship determined for eNOS with
WSS from experimental studies by Cheng et al.48,58 Modified from Figs. 7 and 11 in
Comerford et al.49, with permission from the Journal of Biomechanical Engineering.
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FIGURE 3.
In vivo studies of endothelium-dependent propagated vascular responses to local electrical
stimulation in the mouse cremaster microcirculation by Figueroa et al.71 Removal of
endothelium at the simulation site by air embolism greatly attenuates downstream responses
(A); an inhibitor of nitric oxide (NO) production partially attenuates propagated responses
(B); and propagated responses are smaller in endothelial NO synthase knockout mice
compared with wild-type mice (C). Modified from Figs. 2 and 7 in Figueroa et al.71, with
permission from the American Journal of Physiology.
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FIGURE 4.
Computational model of 3-dimensional microcirculatory network by Chen117 predicting
nitric oxide (NO) distributions (A) with different blood flow rates. Distribution of wall shear
stress in 2 branching arterioles (B) and redistribution of red blood cells with branching have
an impact on the NO distribution (C) around these branches. Reprinted from Chen.117
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FIGURE 5.
Mapping of perivascular nitric oxide (NO) in superfused rat mesentery and small intestine
conducted in our laboratory (unpublished) using Nafion-coated recessed NO
microelectrodes (top panel). Examples of experimental vessel diameter measurements and
NO measurements also are shown (bottom graphs). For venule and arteriole measurements,
the NO microelectrode initially was positioned far from the vessel (zero reading), then
moved to touch the outer surface of the vessel gently (perivascular NO value). The
microelectrode image interfered with video diameter measurements when it was near the
vessel (for clarity, the diameter signal is removed just before the tip touches the vessel). For
the capillary-perfused site, the NO microelectrode was initially far from the tissue surface,
then was moved to the surface and back out into the superfusion bath. The NO
microelectrode current was converted to concentration based on calibrations at known NO
concentrations.
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FIGURE 6.
In vivo study by Tsai et al.159 using nitric oxide (NO) microelectrodes to measure
perivascular and tissue (T) NO in the dorsal skin chamber of unanesthetized hamsters for
control animals and animals receiving isovolemic hemodilution with either low- or high-
viscosity solutions. *P < 0.05. **P < 0.01. ***P < 0.001. A, arteriole; NS, not significant; V,
venule. Modified from Fig. 5 in Tsai et al.159, with permission from the American Journal of
Physiology.

Buerk et al. Page 42

Crit Rev Biomed Eng. Author manuscript; available in PMC 2013 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
Differences in effects of nitric oxide (NO) on inhibition of O2 consumption as modeled by
Buerk88 and Hall and Garthwaite.6 The model by Hall and Garthwaite6 has a stronger
dependence of apparent Km on NO (A), with greater inhibition of O2 consumption by NO
(B) than that predicted from model by Buerk88 (C).
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FIGURE 8.
In vitro measurements by Ledo et al.167 of changes in nitric oxide (NO) and tissue O2 in rat
hippocampus slice following pressure injection of different concentrations of N-methyl-D-
aspartic acid (A) provides evidence for inhibition of O2 consumption by NO because tissue
O2 increases with higher NO (B). Modified from Figs. 1 and 2 in Ledo et al.167,with
permission from Free Radical Biology and Medicine.
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