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Abstract

Erythrocytes appear to be ideal sensors for regulating microvascular O, supply since they release
the potent vasodilator adenosine 5’-triphosphate (ATP) in an O, saturation dependent manner.
Whether erythrocytes play a significant role in regulating O, supply in the complex environment
of diffusional O, exchange among capillaries, arterioles and venules, depends on the efficiency
with which erythrocytes signal the vascular endothelium. If one assumes that the distribution of
purinergic receptors is uniform throughout the microvasculature, then the most efficient site for
signaling should occur in capillaries, where the erythrocyte membrane is in close proximity to the
endothelium. ATP released from erythrocytes would diffuse a short distance to Py receptors
inducing an increase in blood flow possibly the result of endothelial hyperpolarization. We
hypothesize that this hyperpolarization varies across the capillary bed dependent upon erythrocyte
supply rate and the flux of O, from these erythrocytes to support O, metabolism. This would
suggest that the capillary bed would be the most effective site for erythrocytes to communicate
tissue oxygen needs. Electrically coupled endothelial cells conduct the integrated signal upstream
where arterioles adjust vascular resistance, thus enabling ATP released from erythrocytes to
regulate the magnitude and distribution of O, supply to individual capillary networks.
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Introduction

The ability of the microvasculature to supply the appropriate amount of O, to every cell in
an organ is a remarkable example of an effective biological control system. Depending on
mitochondrial density and hence the capacity for O, consumption, every skeletal muscle cell
needs to be less than ~25 pm from a source of O, and the supply of O, must adjust to match
the cells” O, requirements (48). Krogh (32) was the first to recognize this biophysical
limitation and proposed the active regulation of capillary density in skeletal muscle to
efficiently accommaodate a wide range of O, consumption rates. Our understanding of blood
flow regulation has shifted from regulating flow to individual capillaries to regulating the
magnitude and distribution of erythrocyte supply to capillary networks via the arteriolar tree
(14, 16, 42). The functional increase in capillary density envisioned by Krogh is
accomplished by passive rheology redistributing a heterogeneous erythrocyte supply to the
capillary bed at rest to a more uniform distribution of erythrocyte supply as flow increases
(15). At rest approximately 90% of capillaries have some degree of erythrocyte flow, from a
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fraction of an erythrocyte per second in a few vessels up to a maximum as high as forty
erythrocytes per second with an overall mean of ten erythrocytes per second (4, 12, 39). As
demand increases blood flow is recruited to individual microvascular units, consisting of the
terminal arteriole and its associated capillaries (42), resulting in a higher, more uniformly
distributed erythrocyte supply among capillaries that were already perfused. Most research
on blood flow regulation in recent years has focused on mechanisms for integrating the flow
response across multiple generations of arterioles to achieve the magnitude of flow increase
that is needed. Although integration of the flow response across the arteriolar tree is likely
critical for O, supply regulation (42), it does not address how the system senses O, levels
and hence distributes O, supply appropriately. In a previous review (16) we outlined the
complexity of O, supply to tissue that requires a local control mechanism “that is capable of
sensing O, need and adjusting flow within the small arterioles feeding the capillary
network.” Regulatory mechanisms that rely solely on sensing flow (wall shear stress) or
changes in vascular resistance (wall tension) do not directly sense O, levels and hence are
insufficient to precisely regulate O, supply. This is further complicated by the rheology of
erythrocyte flow within the arteriolar tree and by the diffusion of O, from arterioles.
Rheology and O, flux from arterioles produce radial profiles of erythrocyte concentration
and O, saturation across the vessel lumen (26, 38). The impact of lower erythrocyte
concentration and O, saturation near the wall occurs as the flow stream is divided at
bifurcations. A branch with a higher proportion of the flow will have a catchment area that
includes the center of the lumen and thus will receive a higher concentration of erythrocytes
(with relatively high O, saturation), while the branch with a lower proportion of the flow
will draw flow more from the edges thus receiving a lower concentration of erythrocytes
(with relatively low O, saturation). Since O, supply is the product of velocity, erythrocyte
concentration and O, saturation, the potential exists for large changes in O, supply to result
from small changes in vascular resistance. From a control perspective, the O, regulatory
system should sense and respond not simply to flow or O levels, but to the O, needs of the
tissue relative to the O, supply.

The radial flux of O, from arterioles creates a separate challenge for the O, regulatory
system. Although some of the flux goes to support the metabolic needs of the vessel wall
and tissue in the immediate neighborhood of the vessel (23), the remainder is either lost by a
diffusion shunt directly to paired venules (46) or diffuses to nearby capillaries where it
reoxygenates passing erythrocytes (19). This latter “sink” for oxygen confounds the simple
Krogh model of a monotonic decrease in O, saturation along individual capillaries (17). O,
diffusing from capillaries near the arteriole to less well-oxygenated capillaries spreads the
impact of the arteriole further, thus increasing the radial flux and amplifying the bifurcation
effect.

Reoxygenation of erythrocytes in capillaries by arterioles (and deoxygenation by venules)
creates an additional complication for a regulatory system. For example consider the
situation in Figure 1a where X mL of O, per second destined for delivery by convection to
capillary network C2 (capillary network supplied by a single terminal arteriole, “AZ2’) are
shunted by diffusion to capillary network C1, and Y mL of O, per second are shunted from
network C3 to the crossing collecting venule, “ V2’ (see (19)). The result is higher O levels
in network C1, lower levels than normal in network C2 and much lower levels in network
C3 downstream of the venule. Venous outflow O, levels would also be very heterogeneous.
Given the three-dimensional geometry of the skeletal muscle microvascular bed it is likely
that networks C1, C2 and C3 are supplied by different arterioles. To compensate for these
diffusion “shunts” and produce more homogeneous O, levels in the tissue and venous
outflow from these networks, the O, supply would need to be adjusted in all three terminal
arterioles. Ideally, vascular resistance in A2and A3 should be reduced to increase
convective O, supply by X mL/sec to network C2 and by Y mL/sec to network C3 while
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increasing vascular resistance in AZ to reduce O, supply to network C1 by X mL/sec (Figure
1b). A regulatory system, sensing O, levels solely in the arteriolar tree, should be able to
adjust for the diffusional loss of O, in A2, but it would not be able to make the needed
adjustment in AZ or A3because the changes in O, supply occur downstream of the terminal
arterioles. The example presented may seem complex but in a three-dimensional
microvascular bed this is likely an over-simplification of what occurs commonly throughout
the tissue. Furthermore there will be diffusional exchange among capillary networks
(adjacent or overlapping above or below) that to varying degrees will transfer O, among
these networks (17) as they work together to maintain tissue oxygenation. Again, an O,
regulatory system based solely in the arteriolar tree cannot “sense” the complex O,
environment in the capillary bed.

To handle these situations, would the microvasculature rely on a metabolic regulatory
pathway, or in some way directly sense O levels in the tissue or capillary bed? If
metabolism is changing because of a change in energy requirements in the tissue then one
would expect that metabolism would trigger a vascular response. However, the case we wish
to consider is where O, demand is unchanged and flow is being adjusted to establish or
maintain the appropriate distribution of O, supply. It is unlikely that a regulatory system
controlling O, supply would delay its response until the tissue has become hypoxic enough
to trigger a metabolic regulatory pathway.

O, Response of the Microcirculation

It has been recognized for many years that the skeletal muscle microvasculature responds
directly to changing O, levels. It is standard practice for those using a superfusion solution
to test the viability of a preparation by increasing O levels of the superfusion fluid to verify
that arterioles vasoconstrict and flow is reduced (26). Switching back to a superfusion
solution equilibrated with near zero O, levels causes a rapid increase in flow to a stable
“normal” level of perfusion. These responses are a direct effect of either adding additional
O, to (high superfusion O,) or removing O, from (low superfusion O,) the tissue, not to
altered O, consumption or metabolism. In most of these thin microvascular preparations,
with the arteriolar tree exposed at the tissue surface, one may assume that the altered O,
levels are acting directly on individual arterioles (27). However, in thicker tissues such as
the extensor digitorum longus (EDL) muscle where the arteriolar tree is deep within the
tissue, a response to a changing surface O, environment cannot be due to a direct effect on
the arteriolar tree since only terminal arterioles and capillaries are exposed at the muscle
surface.

Figure 2 shows the results of two separate experiments where the surface O, levels of rat
EDL muscle were manipulated using a gas exchange chamber inserted into the stage of an
inverted microscope. Gas of varying O, levels with fixed CO, (5%) and temperature (32°C)
was passed through the chamber causing rapid changes in the surface O, environment across
the entire bottom surface of the muscle. The chamber O, levels were measured using a fiber-
optic pO, sensor (Ocean Optics) in the gas outlet and erythrocyte O, saturation and supply
rate (SR) in individual capillaries at the muscle surface were measured using a dual
wavelength intravital video microscopy system (30). The SR response was clearly
associated with a change in O, levels at the muscle surface since other factors which might
affect blood flow such as temperature and CO, were controlled. Although the O, level in the
chamber was reduced from a PO, of 150 mmHg to ~10 mmHg, the erythrocyte O,
saturations in the two capillaries represented in this figure never fell below 40% before
increased O, supply from the upstream arteriolar tree offset the O, lost to the exchange
chamber. Note: the capillary PO, never fell below 32 mmHg based on the Hill equation with
p50 of 37 mmHg (rat) and Hill coefficient of 2.8 for an O, saturation of 40%. In panel A,
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exposure to low O, (~10 mmHg) in the chamber for two minutes required a SR of ~15
erythrocytes/sec to maintain a stable erythrocyte O, saturation of 65%. The delay from the
onset of the drop in chamber O, affecting the tissue, as indicated by the drop in O,
saturation, until the microvascular response was ~14 seconds. If we assume the steady state
O, saturation of 65% was the apparent “set-point” for this capillary and we assume the
microvascular response was triggered when the O, saturation fell below this value, the
response delay is ~10 seconds. Panel B shows a similar response time for each of five 30
second exposures to low O,. In this capillary each period of low O, resulted in an overshoot
in SR of well oxygenated erythrocytes from the upstream arteriolar tree causing erythrocyte
O, saturation in this capillary to briefly increase to 70-80%. Despite still being exposed to
the low O, environment, in each case, SR rapidly declined reducing the O, supply and the
O, saturation. These data imply that the O, regulatory system was repeatedly attempting to
adjust O, saturation levels to some apparent set-point. The increase in chamber O, caused
an increase in erythrocyte O, saturation and further rapid drop in SR.

In 1995, Ellsworth et al. (18) proposed that oxygen dependent release of ATP from
erythrocytes could provide the signal for regulating O, supply. Our most up-to-date
understanding of the mechanism for O, dependent ATP release is presented in the
companion paper by Sprague and Ellsworth in the current edition. The erythrocyte as a
carrier and sensor of O, that is able to signal the vessel wall to adjust blood flow would
appear to be an ideal system for regulating O, supply and would explain the data shown in
Figure 2.

ATP is released from erythrocytes in response to increased shear stress (44, 47), mechanical
deformation (44, 47) and a drop in O, saturation (18). This released ATP would diffuse to
P,y receptors on the vascular endothelium inducing the synthesis and release of nitric oxide
(NO), prostacyclin (PGly) and/or endothelial derived hyperpolarizing factor (EDHF) which
cause local vasodilation. For the vasodilation to evoke an effective increase in blood flow,
the signal must be conducted to upstream sites (33). It is generally accepted that the
conduction of the vasodilatory signal in the arteriolar tree and capillary bed occurs via the
spread of a hyperpolarization via gap junctions from endothelial cell to endothelial cell, thus
integrating the ATP signal from the capillary bed across the arteriolar tree (10, 41, 42, 49).
However, an important question to ask is whether the erythrocyte as an O, sensor is able to
effectively respond to the complexities of microvascular blood flow and the diffusional
exchange of O, among multiple levels of the microvasculature and thus appropriately
distribute O, supply to match the O, needs of the tissue?

How efficient is the ATP communication from the erythrocyte to the vascular endothelium?
Factors determining this efficiency include:

a. How rapidly ATP is released from erythrocyte after a change in O, saturation.
b. Once ATP is in the plasma, how far it travels before reaching a Py receptor.
c. How rapidly ATP is degraded by ecto-ATPase.

The efficiency of ATP signaling likely determines whether ATP release from erythrocytes
can be an effective regulator of tissue oxygenation and to what level the distribution of O,
supply can be regulated-- i.e., one capillary network supplied by a single terminal arteriole
or multiple capillary networks supplied by a higher order arteriole. The efficiency of ATP
signaling will also determine at what point a decrease in microvascular hematocrit causes

this form of regulation to fail.
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ATP Flux from Erythrocytes

One of the critical factors in erythrocyte signaling to the endothelium is how rapidly the
ATP flux from the erythrocyte (denoted /) can be increased, because this will determine
how far downstream an erythrocyte travels before it releases additional ATP in response to a
drop in saturation. Experiments on isolated arterioles in vitro originally suggested that flux
must increase within 500 ms of a decrease in O, saturation (8). However, recent
measurements of shear-dependent changes in R (47), which are thought to involve the same
signaling pathway as saturation-dependent ATP release, give a timescale of ~30 ms for
changes in Rand 100-150 ms for peak values of Rto be attained. This latest result still
implies that in arterioles erythrocytes will travel a substantial distance downstream before
increasing ATP flux in response to decreased saturation. In capillaries, timing may be less
important because of longer transit times. Similarly in venules, the further downstream
erythrocytes travel before ATP is released, the less specific the vascular response can be.
These considerations highlight the need to fully characterize the dynamics of O, saturation
dependent ATP release for changing saturation.

From the data in Figure 2, the microvasculature of the EDL was able to increase SR and
reverse the drop in erythrocyte O, saturation in ~10 seconds following the drop in SO,
below a threshold value. If Ris <500 msec what accounts for the 10 second delay in the
response? Dietrich et al. (9) reported that application of ATP directly to the outer surface of
isolated cerebral penetrating arterioles at high concentration resulted in hyperpolarization at
a remote site 1.24 mm away from the stimulus within 0.6 sec. This means a conduction
velocity for hyperpolarization of ~2 mm/sec. Depending on the path length from the
capillary bed to the arterioles controlling their blood supply and how far up the arteriolar
tree the signal is conducted, one might anticipate a delay in the arteriolar response on the
order of 3-5 seconds. Although a change in arteriolar resistance would alter velocity
immediately, delivery of erythrocytes with higher O, saturation to the surface capillaries
would require the additional transit time delay for these cells to travel from upstream
bifurcations.

ATP Signaling: Function of Capillary Hematocrit

Once ATP has been released from the erythrocyte, the most straightforward approach would
be to assume that the local plasma ATP concentration determines the level of signaling by
P,y receptors on the vascular endothelium. Plasma ATP concentration ([ATP]) can be
calculated from the flux of ATP from the erythrocytes into the plasma volume, making
[ATP] dependent on the number of erythrocytes releasing ATP and the plasma volume, i.e.,
the local microvascular hematocrit. This relationship between the local hematocrit and the
level of O, regulatory signal from erythrocytes would have consequences for O, regulation.
The longitudinal gradient of O, down the arteriolar tree would appear to make the arterioles
a primary site of O, regulation since ATP would have a direct vasodilatory effect on
vascular smooth muscle as well as immediate conduction of the signal along the vascular
endothelium to integrate the response over multiple generations of arterioles. However as
one descends the arteriolar tree, tube (local) hematocrit decreases due to a combination of
Fahraeus and network Fahraeus effects (preferential distribution of erythrocytes at
bifurcations, plasma skimming). As a consequence, the efficiency of ATP signaling would
fall as one descends the arteriolar tree, thus limiting the ability to regulate the distribution of
O, supply as one approaches the capillary bed. This conclusion was supported by the
modeling results of Roy and Secomb (40) which showed that asymmetry in blood flow at
arteriolar bifurcations could not be corrected by a signal originating from erythrocytes.
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In contrast to arterioles, hematocrit in venules increases as blood flows from small collecting
venules to larger venules. This increased hematocrit or efficiency of signaling plus low O,
saturations results in a strong signal being conducted upstream to regulate arteriolar
diameter, which is likely why the model of Arciero et al. (2) selected the venules as the
primary site for regulating O, supply. Since the number of capillary beds contributing blood
to the venous outflow increases when ascending the venular tree, one would anticipate that
this type of regulation would increase regional flow but not effectively redistribute flow to
individual capillary beds. Again the modeling results in (2) support this conclusion.

One would expect that a substantial signal should arise from erythrocytes as they pass
through the capillary bed since capillaries are the primary site of tissue oxygenation. But
capillaries have, on average, the lowest hematocrit in the microvasculature so their
efficiency for signaling based on average plasma [ATP] would be the lowest. If the
assumption that the average plasma [ATP] determines the level of O, regulatory signaling is
correct, then the erythrocyte as a sensor and regulator of O, supply is limited to helping
establish the magnitude of O, supply to the microvascular bed, but not to the distribution of
O, supply to individual capillary networks.

ATP Signaling: Function of Erythrocyte Supply Rate

Capillary Bed

A more efficient mechanism for signaling would be for ATP released from the erythrocyte
to signal directly to the P,y receptors on the endothelium rather than first being diluted by
the plasma volume contained within the entire vessel lumen. Figure 3 shows individual
erythrocytes at low hematocrit (high velocity) passing through a capillary. The erythrocytes
are highly deformed with the majority of their membrane in very close contact with the
vascular endothelium. This situation would approach that of neurotransmitters being
released into a synaptic junction. ATP released from the membrane facing the endothelium
would only be diluted in the small plasma “junction” between the endothelial and
erythrocyte membranes, and the distance for diffusion for ATP would be < 1 pm meaning
that ATP would only be convected downstream a very short distance, i.e., in the time
required for ATP to diffuse to receptors on the vessel wall. In the smaller diameter
capillaries, there may be almost a direct transfer of ATP from the erythrocyte pannexin 1
channel to the Py, receptor depending on the thickness of the endothelial surface coat. ATP
released into the plasma gap between erythrocytes would be diluted in a much larger volume
and hence have a minor impact on signaling.

Thus, rather than ATP signaling from the erythrocyte being determined by local hematocrit,
the signal would be determined by the number of erythrocytes per second passing through
the capillary, i.e., the erythrocyte supply rate. At an average supply rate of 10 erythrocytes/
sec, P,y receptors at one location on an endothelial cell would experience a passing
erythrocyte and ATP signal approximately every 100-msec. The duration of the ATP signal
experienced by a single endothelial cell from a passing erythrocyte would be determined by
the erythrocyte’s velocity and the length of the endothelial cell. For a capillary endothelial
cell in muscle of 104-pm in length (50) and an erythrocyte velocity of 100-pwm/sec, a single
erythrocyte would stimulate Py, receptors on the endothelial cell for 1-sec. Clearly multiple
erythrocytes would be stimulating simultaneously multiple receptors on the endothelial cell,
each erythrocyte adding to Ca2 * signaling and hyperpolarization of the cell. As the
erythrocyte travels downstream it would continue to contribute to hyperpolarization of
additional endothelial cells.

A key aspect of this hypothesis is that capillary endothelial cells are electrically coupled and
hence capable of sending a hyperpolarization signal from capillaries to the arteriolar tree (3).
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Several groups have demonstrated conducted signaling along capillaries in vivo (6, 7, 10,
43) or along capillary endothelial tubes in vitro (35). ATP has been shown to generate
conducted vasodilation via hyperpolarization of the endothelium (9, 35).

With this scenario, the efficiency for ATP signaling would be very high since every
erythrocyte passing through the capillary network would contribute to the conducted signal
generated by all endothelial cells in the network. Since capillary endothelial cells lack
surrounding electrically coupled smooth muscle cells, there may be less of a current “drain”
on the conducted signal. With less current dissipation, the conduction length constant for
capillaries may be greater than for arterioles further enhancing their efficiency of signaling.
Integration of this hyperpolarization signal from capillaries supplied by a single terminal
arteriole would provide the foundation for appropriate distribution of O, supply to that
microvascular unit and hence provide the mechanism for controlled O, supply distribution
across the entire capillary bed.

Arteriolar Tree

We expect that ATP signaling to the endothelium in arterioles will be less efficient than in
capillaries but more efficient than one would estimate based on local hematocrit. The source
of the longitudinal gradient, which provides the signal for regulating the distribution of O,
supply, is the metabolic requirements of the wall and surrounding tissue that causes a radial
flux of O, out of the arteriolar blood. Re-oxygenation of erythrocytes in nearby capillaries
and diffusional shunting to venules also contributes to the radial flux (16). A recent
theoretical paper (38) modeling O, flux from arterioles into surrounding tissue predicts the
magnitude of both the axial and radial gradient in O, levels in the vessel lumen as a function
of arteriolar diameter and axial distance down the vessel. The model demonstrates that the
erythrocytes nearest the wall will have substantially lower O, saturations than erythrocytes
in the vessel centerline in all order of arterioles, and that the longitudinal O, saturation
gradient increases as the arteriolar diameter decreases. In the capillaries we proposed that all
erythrocytes are able to signal the capillary wall due to the small separation between
erythrocyte and endothelial membranes. But in arterioles only erythrocytes adjacent to the
cell-free-plasma layer directly release their ATP into this plasma volume. ATP molecules
released from erythrocytes closer to the centerline are less likely to reach the wall, or at a
minimum will be convected far downstream before reaching the wall. Based on this
argument there will be a spatial misalignment (and blurring) between the O, saturation
gradient along an arteriole and the ATP flux reaching P5y, receptors on the endothelium.
ATP may not be released from an erythrocyte until the erythrocyte has traveled one or more
generations of arterioles downstream, and ATP released into the plasma may not reach the
endothelium until the capillary bed.

Al-Khazraji et al. (1) measured the velocity profile in arterioles from 100-iwm down to 20-
pwm diameter in the gluteus maximus muscle of rat. In the largest arterioles the velocity
profile was parabolic but as diameter decreased the profile became more blunted with the
velocity ratio (Vimax/Vmean) decreasing from 1.98 to 1.35. As a consequence, the velocity of
erythrocytes adjacent to the cell free plasma layer approaches that of the centerline velocity
in smaller arterioles. For example Al-Khazraji et al. reported the velocity adjacent to the
plasma layer of ~5-mm/sec (maximum velocity ~7-mm/sec) in 30-um diameter arterioles.
With estimated release times following a change in O, saturation of 30 to 500-msec, an
erythrocyte near the plasma layer would have traveled 150 to 2500-.m before releasing
ATP. ATP released on the endothelial side of the erythrocyte would enter the plasma layer
and diffuse across the ~1.6-pm thick layer to the vessel wall while being carried further
downstream a relatively short distance of ~25-pum (for diffusivity Datp = 5%10°6 cm?/sec).
ATP released on the opposite side of the erythrocyte would enter a plasma volume traveling
at a higher velocity with a greater distance to diffuse to the wall and hence the ATP would
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be carried further downstream. If we define the proportion of the erythrocyte supply rate
able to signal the wall as one aspect of efficiency, the proportion increases from ~25% in
100-pm diameter to ~65% in 20-iwm diameter arterioles, where we have assumed a
parabolic profile in the erythrocyte column with a 7-pum outer signaling layer and an edge
velocity ~13% of Vyax. Thus in this scenario, terminal arterioles would be able to play a
significant role in regulating the distribution of flow to individual capillary networks.

Another aspect of ATP signaling is the magnitude of the hyperpolarization signal that would
be generated in the arteriolar segment. Although 65% efficiency in terminal arterioles for an
erythrocyte supply rate that supports 20-40 capillaries represents a substantial ATP efflux,
there are fewer endothelial cells generating the hyperpolarization signal to be conducted
upstream compared to the capillary bed. Thus, ultimately, the efficiency of erythrocyte
signaling will be greatest in capillaries.

Venular Tree

The erythrocyte supply rate hypothesis, which considers near-wall erythrocyte ATP release
of primary importance, suggests that venules will also have lower signaling efficiency than
capillaries due to their relatively small surface area to volume ratio. In addition, since
streams of erythrocytes from different capillary beds tend not to mix within venules (very
low Schmidt number flow), there will be a heterogeneous ATP signal delivered to the
venular wall which could result in inappropriate dilatory signals being propagated upstream.
This would be another argument for decreased importance of venules in regulation of O,
supply to individual capillary networks. However, venular signaling may help set the overall
magnitude of the O, supply to larger regions of the microvascular bed, especially when one
considers cross-talk between venules and their paired arterioles (25).

O, Diffusional Exchange and Implications for ATP signaling

For the O, regulatory system to work in the environment illustrated in Figure 1, ATP
signaling from the erythrocyte must remain very local implying a close temporal link
between local O, environment, erythrocyte O, saturation, the release of ATP and binding of
ATP to Py receptors. With estimated release times from a change in O, saturation to
receptor binding in the range of 50 to 500-msec, an erythrocyte could signal the capillary
wall its current level of O, saturation at a specific location within 5 to 50-pum further
downstream at an erythrocyte velocity of 100-pm/sec. This possible spatial offset in
reporting the erythrocyte’s O, saturation under resting conditions would be less than the
typical length of an endothelial cell in skeletal muscle. But under high flow conditions, e.g.
1000-.m/sec, the spatial offset would range from 50 to 500-p.m depending on the release
times. Experiments to determine the release times for O, saturation dependent ATP release
more precisely are clearly needed. Since it is the hyperpolarization of the endothelial cell
that signals upstream arterioles, the length of the endothelial cell likely defines the highest
resolution with which the vasculature could resolve erythrocyte O, levels.

Highly localized signaling also implies that ATP must be rapidly degraded. The signal for
the amount of convective transport of O, required by a capillary or group of capillaries
should reflect whether there is an additional diffusional source of O, at some point along the
path to the collecting venule, e.g., a nearby crossing arteriole as in Figure 1. ATP released in
an upstream section with low O, saturation should not be swept downstream masking the
presence of an additional source of O, from the arteriole. Clustering on the endothelium near
purinergic receptors of ecto-ATPases (31, 37), which metabolize ATP to ADP, AMP and
adenosine, has been suggested for ATP released from platelets and endothelium to
modulate/regulate platelet adhesion and the coagulation pathway. It is likely that similar
clustering of ecto-ATPases exists around Py, receptors such that ATP released into the gap
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between erythrocyte and endothelium can be rapidly degraded to ensure a very local O,
dependent response to ATP. Note: localization of the O, signaling can only occur if the
metabolic products of ATP degradation fail to produce a conducted vasodilation, that is a)
they do not stimulate a conducted signal, b) they are themselves rapidly degraded or c) they
are rapidly transported via nucleoside transporters back into the erythrocyte or endothelium
(36). Hydrolysis of ATP to adenosine has been reported to cause a conducted signal in
cremaster muscle (11) but not in rat penetrating arterioles by Dietrich et al (9). Clearly this is
an area requiring further study to determine how localized O, regulation can occur. Further
study is also required to understand how the potential cross-talk between ATP signals from
erythrocytes, platelets or endothelium via different signaling pathways is regulated.

If the O, regulatory system functions as we have described in the previous paragraph, then
plasma levels of ATP measured in the venous outflow of skeletal muscle would not
necessarily reflect ATP levels in the microvascular bed. ATP concentrations may only
reflect the local O, saturations of the venous blood (28).

Alternative Dependence of R on O, Saturation

It has been assumed, both in experiments and modeling, that the ATP flux from the
erythrocyte Ris simply a function of the absolute level of O, saturation (denoted here by S).
However the rapid change in hemoglobin conformation as the O saturation falls is the
likely mechanisms by which the ATP signaling pathway is activated, i.e., R ~ dS/dt. The
magnitude and rapidity of change in the conformation of hemoglobin bound to the
erythrocyte membrane may deform the membrane much like shear stress triggering the
signaling pathway for ATP release. Sridharan et al. have shown that reduced deformability
attenuates ATP release (45) which supports the link between a biomechanical trigger and
ATP release. R ~ dS/dtimplies that as an erythrocyte traverses a given section of the
microcirculation its total ATP release is proportional to its total change in saturation,
independent of velocity. This can be seen by integrating /R = k*dS/ dtfrom time ¢= 0 to the
time t= 7 = L/vthat it takes an erythrocyte to travel a distance L down a vessel at velocity
V. The total ATP released over L is then

ATPoi=k* [S (t=T) — S (1=0)] =k* [S (x=L) — S (x=0)] =k*AS

where A Sis the steady-state change in saturation over L. If v (and hence 7) changes but AS
remains fixed then ATPyq; will remain fixed, assuming R is able to change rapidly enough to
keep pace with dS/dt. The above relation is consistent with the supply rate hypothesis We
believe the dynamic dependence of / on saturation needs to be explored experimentally to
examine the possible role of S/t (e.g., as a co-factor with saturation itself) in determining
the ATP flux.

Range and Set-point for O, Supply Regulation

Two key questions about the proposed O, regulatory system are the range over which it
functions and whether there is a specific set-point O, saturation that the regulatory system is
attempting to maintain. Jagger et. al. (28) reported that the ATP release was linearly
dependent on the hemoglobin O, saturation over the physiological range, i.e. ATP release
increased as O, saturation decreased. Ellsworth et al. have reported that there is a significant
increase in ATP release at 50% saturation relative to the baseline release at high saturation
supporting the concept that this mechanism regulates O, supply over the physiological
range. Data shown in Figure 2 supports the close link between O, saturation and regulation
of O, supply over the physiological range. The early work by Jackson and Duling (27)
studying the O, sensitivity of hamster cheek pouch arterioles in vivo also shows a strong
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correlation between arteriolar diameter and O, saturation (their Figure 9) over the range of
O, saturations they measured, 60 to 95%, which further supports this proposal that O,
saturation dependent ATP release from erythrocytes regulates O, supply over the
physiological range.

Is there an O, saturation set-point? In the context of ATP release from the erythrocyte, a set-
point would be the ATP signaling levels rather than a specific O, saturation. For example, if
dysfunctional erythrocytes released less ATP in the capillary bed at the apparent set-point
saturation, the endothelium would sense this as a higher O, saturation and “excess” O,
supply to the capillary bed. This would result in a decrease in the dilatory signal to the
arteriolar tree and a fall in erythrocyte O, saturation until a new balance between ATP
release and O, supply has been established. If this concept is correct then the apparent O,
saturation set-point would fall and the microvasculature would have less capacity to
maintain tissue oxygenation unless some other release mechanism were able to compensate
(20).

Is this the only mechanism for regulating O, supply to tissue? No. At very low O, levels,
ATP release from endothelial cells likely plays a role (51). In exercise, other mechanisms
likely account for the rapid onset of blood flow to increase O, delivery but we would expect
that O, saturation dependent ATP release from erythrocytes would fine tune the distribution
of increased flow to match the O, needs. Simply increasing flow is not enough.

Approaches to Address O, Regulatory Mechanisms

The data in Figure 2 generated in response to a perturbation of the O, levels at the surface of
the EDL muscle indicate that the signal derived from the terminal arterioles and capillary
bed at the muscle surface is able to over-ride whatever control is being exerted by the
arteriolar tree deeper in the muscle. This supports the hypothesis of ATP release as a
function of SR rather than hematocrit although it does not definitively link regulation to the
erythrocyte. The very close association of SR and erythrocyte O, saturation levels shown in
Figure 2, especially panel B, does support ATP signaling from the erythrocyte in the
capillary bed as the source of the regulatory signal.

In the experiments used to produce the data in Figure 2, the entire bottom surface of the
muscle was stimulated with varying O, levels. One cannot determine from this approach
whether the regulatory system is capable of responding to very local sources or sinks for O,
such as the crossing arterioles and venules in Figure 1. We have recently published a
technique using an O, permeable micro-outlet in a thin glass sheet for altering the surface
O, levels in a region of the EDL muscle as small as 100-im in diameter (22). We have
demonstrated that erythrocyte O, saturation can be altered in a single capillary while
limiting the impact of the O, perturbation to the immediate vicinity of the micro-outlet. We
are currently adapting this micro-fluidic approach to simulate arterioles or venules crossing
a small group of capillaries to test the concepts we derived from Figure 1. Does increasing
the O, saturation of erythrocytes as depicted in capillary network DA (Figure 1) cause flow
to be reduced to that group of capillaries? Similarly, does decreasing the O, saturation of
erythrocytes as depicted in capillary network Caz cause flow to be increased to that group of
capillaries? Is the response limited only to the capillaries supplied by the terminal arteriole
associated with these stimulated capillaries? If the answer to these questions is yes, then we
will have demonstrated that the O, regulatory system is able to regulate the distribution of
O, supply to individual capillary networks with the signal originating from the capillary bed
over-riding the signal originating in the arteriolar tree.

Thus we anticipate that the use of a microfluidic approach to explore the very local
regulation of O, supply combined with protocols for inhibiting/attenuating ATP release
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from the erythrocyte will enable us to directly address the O, regulatory mechanisms
proposed in this paper and help establish the link between the erythrocyte and O, supply
regulation in vivo.

We propose that the site where ATP release from the erythrocyte functions to regulate the
distribution of O, supply within the microvascular bed of skeletal muscle occurs primarily
in the capillaries, where every erythrocyte is able to communicate directly to the
endothelium through the thin plasma gap separating the membranes. Hyperpolarization of
the capillary endothelium across the entire capillary bed is then conducted upstream into the
arteriolar tree to direct the distribution of O, supply to where it is needed. This hypothesis
links O saturation dependent ATP signaling from the erythrocyte with erythrocyte supply
rate rather than the local tube hematocrit, which means that the ATP signaling from the
erythrocyte closely reflects microvascular O, transport. For this system to regulate O,
supply in the O, environment of the capillary bed with substantial diffusional exchange
among capillaries, arterioles and venules, ATP release from the erythrocyte must be rapid
(<500 msec) and, once signaling has occurred, ATP must be rapidly degraded to metabolic
products that do not elicit a conducted vasodilatory signal.

If the arguments presented in this paper are supported by experimental evidence then there
are a number of important consequences that need to be considered.

The density of the capillary bed may play a critical role in regulation of the distribution of
O, supply within the microvascular bed. Tissues such as skeletal muscle with a large range
of metabolic demands from rest to exercise require a high capillary density to minimize
diffusion distances and maximize surface area for O, exchange during peak exercise. These
tissues would also require a large endothelial source of stimulus to generate a sufficiently
large signal to be conducted upstream into the arteriolar tree to ensure the proper distribution
of O, supply during periods of maximum O, demand. Based on this scenario, tissues such as
the mesentery which have lower O, demand and fewer capillaries would be unlikely to be
able to support a substantial increase in O, demand because too few endothelial cells would
be available to produce a signal for the necessary increase in flow.

Ultimately, the hypothesis we present in this position paper directly links the flux of O,
from the erythrocyte to support O, metabolism with the flux of ATP from the erythrocyte to
regulate the magnitude and distribution of O, supply. As O, metabolism increases, the flux
of O, from the erythrocytes increases leading to decreased O, content in the blood and
increased ATP signaling from the erythrocyte.

Perspectives

Failure of the proposed O, regulatory system could occur at several levels such as attenuated
ATP release from the erythrocyte, impaired conducted signaling along the vascular
endothelium and/or loss of capillary density. High insulin levels as occur in prediabetes have
been shown to attenuate ATP release for the same drop in O, level (13, 24) with potentially
adverse effects on tissue oxygenation (13). Human erythrocytes from patients with type 2
diabetes have decreased expression of Gi protein in the erythrocyte membrane which may
contribute to peripheral vascular disease in type 2 diabetes patients.

Impaired endothelial conduction likely occurs in a variety of diseases due to endothelial
damage or reduced electrical coupling between endothelial cells (5). Diabetes (21, 52) and
sepsis (4, 34) are both associated with a loss of functional capillary density which may
contribute to impaired signaling from the capillary bed. Understanding the role of the
erythrocyte in regulating the distribution of O, supply, independent of changes in
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metabolism, will give new insights into a variety of cardiovascular diseases and hence lead
to novel therapeutic approaches to aid in the treatment of patients.
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Figure 1.

Schematic of three capillary beds (rectangles labeled C1, C2 and C3) supplied by three
terminal arterioles (A1, A2 and A3) and draining into two collecting venules (VZ and V2).
Color coding of vessels and capillary beds represents O, levels as indicated in colorbar. The
label hypoxia in this context means any O level below the normal range. Solid arrowheads
indicate the direction of blood flow. White arrowheads indicate the direction of diffusive O,
transport either adding X ml O,/sec to capillary network C1 from AZor removing Y ml O,/
sec from capillary network C3 by V2. Panel A illustrates the wide range of the distribution
of O, among these vessels and capillary beds without regulation of O, supply. All of
capillary network C2 is shown as hypoxic while only the venular region of network C3 is
hypoxic. C1 has higher than normal O, levels. Panel 2 shows the ideal situation with
regulation of O, supply ensuring the appropriate distribution of O, supply to each of the
terminal arterioles resulting in normal O, levels in all three capillary beds.
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Figure2.

Measured change in erythrocyte (RBC) oxygen saturation (SO5,) and supply rate (SR) in two
different capillaries near bottom surface of rat EDL muscle in response to step changes in
oxygen level in gas exchange chamber (Chamber %0,) inserted into the microscope stage
under the muscle. CO5, fixed at 5%, temperature maintained at 32°C. Panel A shows 60
seconds of baseline data at high chamber %0, followed by a 2 minute period of low
chamber %05 level. Panel B shows a sequence of cycles of chamber %0, levels, each with
30 sec of high %0, and 30 sec of low %0,. Note: different scaling of axes between the two
panels. In panel A, O, saturation varies between 40 and 100% (left Y axis) as compared to 0
to 100% in panel B. Supply rate or chamber %0, (right Y axis) varies between 0 to 25 in
panel A and 0 to 50 in panel B.
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Figure 3.

Figure illustrates the potential for direct transfer of ATP from the erythrocyte (RBC) to Py
receptors on the capillary endothelium. Left panel shows composite image of a single video
frame (opacity 64%) superimposed on a functional (minimum) image from the same video.
Video sequence captured at 40X with a 1-msec exposure using a Rolera XR digital video
camera on an Olympus IX-81 inverted microscope using a 420-nm interference filter. The
video frame has been processed as a pseudo-optical density image with low to high values
scaled from black to white. The functional image (29) represents the minimum light
intensity value at each pixel over the video sequence and hence shows the capillary lumen as
defined by the passage of erythrocytes (glycocalyx not included). In the composite image,
white erythrocytes are superimposed on the black capillary lumen. The middle panel shows
a schematic of a single erythrocyte in the capillary and the right panel a schematic of a
magnified view of the plasma junction between erythrocyte and endothelial membranes.
ATP released from the erythrocyte via pannexin 1 channels diffuses across the narrow gap
to P,y receptors on the capillary endothelium inducing the synthesis and release of nitric
oxide (NO) and prostacyclin (PGl,) as well as CaZ* signaling in the endothelium resulting in
hyperpolarization of the endothelial cell via Ca2* sensitive K* channels.
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