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Abstract:

In skeletal muscle, oxygen (O2) delivery to appropriately meet metabolic need requires mechanisms for detection of the magnitude

of O2 demand and the regulation of O2 delivery. Erythrocytes, when exposed to a decrease in O2 tension, release both O2 and the

vasodilator adenosine triphosphate (ATP). The aims of this study were to establish that erythrocytes release ATP in response to re-

duced O2 tension and determine if erythrocytes are necessary for the dilation of isolated skeletal muscle arterioles exposed to re-

duced extraluminal O2 tension. Rabbit erythrocytes exposed to reduced O2 tension in a tonometer (n = 5, pO2 = 27 ± 3, p < 0.01)

released ATP in response to reduced O2 tension. ATP release increased in proportion to the decrease in O2 tension. The contribution

of erythrocytes to the response of skeletal muscle arterioles to reduced extraluminal O2 tension was determined using isolated ham-

ster cheek pouch retractor muscle arterioles perfused with buffer (n = 11, mean diameter 52 ± 3 �m) in the absence and presence of

rabbit erythrocytes. Without erythrocytes, arterioles did not dilate when exposed to reduced extraluminal O2 tension (pO2 = 32 ±

4 mmHg). In contrast, when rabbit erythrocytes were present in the perfusate (hematocrit 15%), the same decrease in O2 tension re-

sulted in a 20 ± 4% dilation (p < 0.01). These results provide support for the hypothesis that erythrocytes, via their ability to release

O2 along with ATP in response to exposure to reduced O2 tension, can participate in the matching of O2 delivery with metabolic need

in skeletal muscle.
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Abbreviations: ATP – adenosine triphosphate, O2 – oxygen,

pO2 – partial pressure of oxygen, pCO2 – partial pressure of

carbon dioxide

Introduction

The oxygen (O2) required to meet the metabolic needs

of all tissues is delivered by the erythrocyte, a small

flexible cell that contains large amounts of the O2

transporting protein hemoglobin. Since mammalian

erythrocytes lack a nucleus, mitochondria and protein

synthesis machinery, these cells were often presumed

to be little more than passive O2 transporters. More

recently, several groups have suggested that erythro-

cytes of humans and rabbits could contribute to the

control of vascular caliber via their ability to release

adenosine triphosphate (ATP) in response to physio-

logical stimuli, including exposure to reduced O2 ten-

sion [1, 4, 8, 9, 16, 18, 24].
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A signaling pathway that relates physiological

stimuli to ATP release from rabbit and human erythro-

cytes has been described [23–25, 29, 30, 33]. This

pathway includes the heterotrimeric G protein, Gi,

adenylyl cyclase, protein kinase A and the cystic fi-

brosis transmembrane conductance regulator. Impor-

tantly, exposure to reduced O2 tension, as would oc-

cur when metabolic need is increased in skeletal mus-

cle, activates this signaling pathway resulting in ATP

release from the erythrocytes in rabbits and humans

[1, 4, 8, 9, 16, 25]. This finding, coupled with reports

that ATP stimulates vasodilation in the microcircula-

tion, suggests that the erythrocyte can not only carry

O2, but also participate in matching O2 delivery with

metabolic need [4, 7, 8, 18]. Failure of the erythrocyte

to release ATP in response to reduced O2 tension

could be expected to contribute to peripheral vascular

disease.

Here, we investigate the hypothesis that rabbit

erythrocytes release ATP in response to exposure to

reduced O2 tension, and that the amount of ATP re-

leased correlates with the reduction in O2 tension. In

addition, we determined the contribution of rabbit

erythrocytes to the response of isolated perfused

skeletal muscle arterioles to reduced extraluminal O2

tension. Specifically, we sought to establish that ery-

throcytes are a necessary component of the perfusate

of isolated resistance vessels in order to demonstrate

vasodilation in response to exposure to reduced extra-

luminal O2 tension, as would be encountered in vivo.

Materials and Methods

Isolation of washed rabbit erythrocytes

Rabbit blood was obtained from male New Zealand

white rabbits (2–3 kg). The animals were anesthetized

with ketamine (12.5 mg/kg) and xylazine (1.5 mg/kg)

intramuscularly, followed by pentobarbital sodium

(10 mg/kg) administered intravenously via a catheter

placed in an ear vein. After tracheal intubation, the

animals were ventilated with room air (tidal volume,

10 ml/kg; rate, 25 breaths/min). A catheter was placed

in a carotid artery for the administration of heparin

(500 units) and for blood removal. The animals were

exsanguinated 10 min after heparin administration.

Whole anti-coagulated blood was centrifuged at 500 × g

for 10 min at 4°C. The plasma, buffy coat, and upper-

most erythrocyte layer were removed by aspiration and

discarded. The remaining erythrocytes were washed

three times in buffer containing (in mM) 21.0 Tris-

HCl, 4.7 KCl, 2.0 CaCl2, 140.5 NaCl, 1.2 MgSO4,

5.5 glucose and 0.5% bovine albumin fraction V, with

a final pH of 7.4. The hematocrit of the washed eryth-

rocytes was determined by micro-centrifugation.

Measurement of ATP

ATP was measured using the luciferin-luciferase as-

say as described previously [31, 34]. Briefly, a 200 �l

sample of an erythrocyte suspension was injected into

a cuvette containing 100 �l of 10 mg/ml crude firefly

tail extract (Sigma) and 100 �l of a 0.5 mg/ml solu-

tion of D-luciferin (Sigma). The light emitted from

the reaction of ATP with the crude firefly tail extract

was measured using a luminometer (TD 20/20, Turner

Designs). The peak light emitted was compared to an

ATP standard curve generated on the day of the ex-

periment.

Measurement of free hemoglobin

Erythrocyte suspensions used to measure ATP were

centrifuged at 500 × g for 10 min at 4°C. The amount

of hemoglobin present in the supernatant was deter-

mined by measurement of the absorbance at 405 nm

(oxyhemoglobin). If any free hemoglobin was de-

tected, the studies were not included.

Exposure of erythrocytes to reduced oxygen

tension

Washed erythrocytes were diluted in buffer containing

(in mM) 21.4 NaHCO3, 4.7 KCl, 2.0 CaCl2, 140.5

NaCl, 1.2 MgSO4, 11.0 glucose, and 0.5% bovine al-

bumin fraction V, with a final pH ~7.4 at 37°C when

equilibrated with gas containing 6% CO2. Erythro-

cytes (20% hematocrit) were equilibrated for 30 min

in a tonometer (model 237, Instrumentation Laborato-

ries) with gas containing 15% O2, 6% CO2, and the

balance N2 (normoxia). Erythrocytes were then ex-

posed to gas containing 4.5% O2, 6% CO2, and the

balance N2 (reduced O2 tension) for 10 min. ATP re-

leased from the erythrocytes was determined as de-

scribed above. In addition, pH, O2 and CO2 tensions

were determined using a blood gas analyzer (model

pHOx, Nova Biomedical).
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Isolation, cannulation and perfusion of arteri-

oles from hamster skeletal muscle

Male golden hamsters (104 ± 4 g) were anesthetized

with pentobarbital sodium (6.5 mg/100 g body wt., ip).

The trachea was cannulated to ensure a patent airway

for spontaneous breathing. The right cheek pouch re-

tractor muscle was surgically exteriorized as de-

scribed by Sullivan and Pittman [35]. In brief, the

muscle was separated from underlying back muscles

and a clip was used to secure two ligatures to the mus-

cle. The muscle was then cut at its spinal end and

placed ventral side up, at its in situ dimensions on

a Plexiglass platform and covered with plastic film

(Saran, Dow Corning) to prevent desiccation of the

tissue. Unbranched segments of first and second order

arterioles, approximately 1,000 �m in length, were

surgically removed from the muscle. The vessel was

trimmed and cleared of connective tissue while im-

mersed in cold (4°C) modified Ringer’s buffer con-

taining (in mEq/l): 144.0 NaCl, 3.0 KCl, 2.5 CaCl2,

1.5 MgSO4, 5.0 glucose, 2.0 pyruvate, 0.02 ethylene-

diaminetetraacetic acid (EDTA), 2.0 3-(N-morpholi-

no)-propanesulfonic acid (MOPS), 1.21 NaH2PO4

and 1% bovine serum albumin (dialyzed for 48 h

against distilled water and 48 h against MOPS-Ringer)

with the pH adjusted to 7.40. The vessel was then

transferred to an organ bath (2.5 ml) mounted on a mi-

croscope stage containing the Ringer’s buffer de-

scribed above, but without albumin.

Isolated arterioles were cannulated using concen-

tric glass pipettes (constructed on a Stoelting micro-

forge) and assembled with a larger outer holding pi-

pette and a smaller inner perfusion pipette. The pi-

pette assembly was mounted on micromanipulators

attached to the microscope base. Each end of the vessel

was, in turn, aspirated into the holding pipette using

a controlled vacuum and cannulated with the perfu-

sion pipette filled with the albumin-containing Rin-

ger’s buffer described above. The vessel was held in

place suspended between the two pipettes. Following

stabilization, intraluminal pressure was increased to

60 mmHg while the bath temperature was increased

to 37°C. The vessel was allowed to develop spontane-

ous tone over the next 30–45 min. The vessel was

viewed using a Zeiss Axiovert 100 inverted micro-

scope with long working distance objectives (10X and

20X). The microscope image was recorded using

a high resolution, closed circuit video system consist-

ing of a CCD video camera (model 72, Dage-MTI),

video monitor (PVM-137, Sony), S-VHS video re-

corder (AG1970, Panasonic) and a time-date genera-

tor (WJ-810, Panasonic). Vessel diameter was

determined off-line using both an automated system

(Diamtrax, version 3.5) and direct measurement using

a video caliper (model 308, Colorado Video).

Following the development of spontaneous tone,

viability of the vessel was determined by the demon-

stration of constriction in response to an alkaline pH

(7.65) and to an acidic pH (6.80). Vessels were subse-

quently perfused with the same albumin-containing

Ringer’s buffer at 3 �l/min using a 3-syringe microin-

jection pump (model CMA/100, CMA/Microdialy-

sis). The pump was configured in such a way that the

perfusate could be instantly switched by means of

a microswitch. Initially, the buffer surrounding the ves-

sel was equilibrated with room air (pO2 ~135 mmHg).

The pO2 in the microscope chamber was measured

using an oxygen microelectrode (MI 730, Microelec-

trodes Inc.) polarized to –0.7V and a chemical micro-

sensor, (Diamond Electro-Tech Inc.). After stability

was achieved and the vessel diameter was recorded, the

buffer in the vessel chamber was replaced with buffer

equilibrated with 100% nitrogen (pO2 ~33 mmHg).

The vessel diameter was again recorded. The chamber

buffer was then returned to one equilibrated with

room air. Following stabilization, the perfusate was

switched to albumin-containing buffer to which washed

rabbit erythrocytes (hematocrit 15%) had been added.

Care was taken to ensure that the erythrocytes were

well distributed within the syringe. Again, the vessel

was allowed to stabilize and the sequence of normal

and low pO2 exposures repeated.

Data analysis

Statistical significance between experiments was de-

termined using either an analysis of variance (ANOVA)

or the Student’s t-test, as appropriate. In the case of

ANOVA, in the event that the F ratio indicated that a

change had occurred, a Fisher’s LSD test was performed

to identify individual differences. Results are reported as

the means ± the standard error of the mean (SEM).

Institutional approval

The protocols used to obtain blood from rabbits and

all surgical and experimental procedures were ap-

proved by the Institutional Animal Care and Use

Committee of Saint Louis University.
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Results

Effect of reduced O2 tension on ATP release

from erythrocytes

Exposure of erythrocytes (20% hematocrit) to 15%

O2, 6% CO2, and the balance N2 in the tonometer re-

sulted in a pO2 of 133 ± 11 mmHg (Fig. 1A, n = 5).

The pH and pCO2 of the erythrocytes were 7.49 ±

0.06 and 34.6 ± 0.8 mmHg, respectively, and were not

altered by exposure to reduced O2 tension. When the

equilibrating gas was changed to 0% O2, 6% CO2,

and the balance N2, the pO2 decreased by 102 ± 10

and 115 ± 12 mmHg after 5 and 10 min, respectively

(Fig. 1A). ATP release from erythrocytes increased

5 min after exposure to reduced O2 and remained ele-

vated at 10 min (Fig. 1B). Figure 2 depicts the rela-

tionship between the decrease in pO2 and the increase

in ATP. Increases in ATP release correlated with the

reduction in O2 tension (r2 = 0.73, p < 0.02).

Effect of reduced O2 tension on vascular cali-

ber of isolated arterioles in the absence and

presence of erythrocytes

Eleven arterioles having an initial diameter of 28 ±

3 �m were pressurized to 60 mmHg (initial diameter

76 ± 3 �m) and developed spontaneous tone resulting

in a final diameter of 52 ± 3 �m. This level of sponta-

neous tone (32 ± 2% of the diameter at the time of ini-

tial pressurization) was maintained throughout the

studies. Vessels included in these studies demon-

strated a 14 ± 2% constriction to pH 7.65, and a 20 ±

4% dilation to pH 6.80. During perfusion with buffer

in the absence of erythrocytes, when the extraluminal

buffer was switched to one equilibrated with 100%

N2, there was a decrease in O2 tension from 134 ± 3 to

32 ± 4 mmHg (Fig. 3A) that was associated with

a small, non-significant decrease in vessel diameter of
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Fig. 1. Effect of exposure of washed rabbit
erythrocytes (20% hematocrit, n = 5) to gas
mixtures containing either 15% O2, 6%
CO2, and the balance N2 (NORMOXIA), or
0% O2, 6% CO2, and the balance N2 (RE-
DUCED O2) on oxygen tension (A) and ATP
release (B). † = p < 0.01 compared to
NORMOXIA. Values are the mean ± SE

Fig. 2. Linear regression relationship between the change (decrease)
in O2 tension (pO2) and the change (increase) in ATP release from
rabbit erythrocytes in response to exposure to reduced O2 (p < 0.02)



4 ± 2 �m (Fig. 3B). The vessel returned to its original

diameter when the extraluminal buffer was returned

to one equilibrated with room air.

Similarly, when vessels were perfused with buffer

containing washed rabbit erythrocytes (hematocrit of

15%), changing the extraluminal buffer to one equili-

brated with 100% N2 resulted in a decrease in pO2

that was not different from the value measured in ves-

sels perfused with buffer in the absence of erythro-

cytes (Fig. 3A). However, in contrast to vessels per-

fused with buffer in the absence of erythrocytes, when

rabbit erythrocytes were present in the perfusate, the

vessels dilated when exposed to reduced O2 tension

(33 ± 4 mmHg). Under these conditions, vessel di-

ameter increased from 47 ± 4 to 56 ± 4 �m (Fig. 3B).

Importantly, the vessels again returned to their origi-

nal diameter when the extraluminal buffer was re-

turned to one equilibrated with room air.

Discussion

It is well recognized that, within skeletal muscle,

blood flow (O2 delivery) is matched with the meta-

bolic requirements of the tissue (O2 utilization). Al-

though several mechanisms that could mediate this

fundamental physiological response have been pro-

posed, none has been universally accepted. For exam-

ple, it was suggested that arterioles feeding capillary

beds in areas of increased O2 utilization could re-

spond directly to decreased tissue O2 levels [2, 15, 20,

27], or that a mediator(s) associated with increased O2

utilization could be released into the venous circula-

tion and diffuse to feed the arterioles producing dila-

tion [12, 13, 28, 29]. Although there is experimental

data in support of both mechanisms, the results do not

fully explain the tight coupling of O2 supply with the

demand observed in skeletal muscle.

The physiological regulation of the supply of O2 to

meet exactly the metabolic need in skeletal muscle re-

quires several components, including a mechanism to

sense and quantify the requirement for O2 and a means

to communicate that information to vascular smooth

muscle. Since the O2 content of the erythrocyte as it

traverses a tissue is directly linked to the level of O2

utilization of that tissue, it has been proposed that the

erythrocyte could assume a central role as a sensor of

oxygen demand [8]. When exposed to reduced O2 ten-

sion, erythrocytes of several species, including rabbits

and humans, release ATP. This ATP can then interact

with purinergic receptors on the vascular endothelium

[5, 6, 10, 14, 17, 21, 30], resulting in the synthesis and

release of vasodilators, including nitric oxide and me-

tabolites of arachidonic acid [2, 10, 18, 32, 34]. Since
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Fig. 3. (A) Buffer pO2 in the isolated vessel chamber when equilibrated with either room air (NORMOXIA) or 100% N2 (REDUCED O2) (n = 11). †
= p < 0.01 compared to NORMOXIA. Values are the mean ± SE. (B) Percent change in vessel diameter in response to exposure to reduced O2
tension in the absence (BUFFER) and presence of rabbit erythrocytes (BUFFER + RBCs, hematocrit 15%) (n = 11). † = p < 0.01 compared to
diameter during normoxia. Values are the mean ± SE



ATP is metabolized by ecto-enzymes present in the

circulation, its effects on vascular resistance would be

expected to be limited to its site of release; in this

case, the microcirculation [19, 26].

Physiological effects of ATP in the microcircula-

tion of the hamster cheek pouch retractor muscle have

been well characterized [4, 8, 18]. Ellsworth et al. re-

ported that ATP injected into either arterioles or ve-

nules produces vasodilation that is conducted to up-

stream sites [4, 18]. The ability of ATP to stimulate

conducted vasodilation is a physiologically important

property since an increase in upstream arteriolar di-

ameter is required if blood flow to the microcircula-

tion is to be significantly increased. Importantly, in

this model, conducted vasodilation was accompanied

by a significant increase in erythrocyte supply rate

and thus, O2 delivery [4, 18].

Here, we demonstrate that rabbit erythrocytes re-

lease ATP when exposed to reduced O2 tension (Fig. 1A)

and that the increase in ATP released correlates di-

rectly with the magnitude of the decrease in O2 ten-

sion (Fig. 1B). That is, the ATP released upon expo-

sure to reduced O2 tension is graded. This relationship

between ATP release and the O2 tension would permit

the erythrocyte to participate in the precise matching

of O2 delivery with demand in skeletal muscle. How-

ever, if the release of ATP in response to reduced O2

tension is physiologically important, it must be dem-

onstrated that this ATP produces vasodilation in

microvessels.

To address this important issue, we performed a sec-

ond series of experiments in which hamster skeletal

muscle resistance vessels (arterioles) were isolated

and perfused with either physiological buffer alone or

the same buffer containing rabbit erythrocytes and ex-

posed to reduced extraluminal O2 tension. In the ab-

sence of erythrocytes, exposure of the isolated vessels

to an O2 tension that stimulates ATP release from

erythrocytes (Fig. 1A and 2A) did not result in a sig-

nificant change in vascular caliber (Fig. 2B). In

marked contrast, when erythrocytes were present in

the vessel perfusate, exposure of the vessels to the

same decrease in O2 tension resulted in vasodilation

(Fig. 3B). These studies provide strong support for the

hypothesis that erythrocyte-derived ATP, released in

response to exposure of these cells to reduced O2 ten-

sion, can contribute to the control of vascular caliber

in skeletal muscle arterioles.

Numerous studies have evaluated the response of

arterial blood vessels to decreased O2 tension. In

1973, Pittman and Duling reported that strips of hog

carotid artery relaxed when exposed to reduced pO2,

and that the magnitude of the relaxation was depend-

ent upon the thickness of the vessel wall [27]. In these

vessels, mechanical tension decreased only when the

pO2 at the center of the vessel wall reached 2 mmHg.

More recently, the O2 sensitivity of resistance arteries

has been evaluated using segments of the first branch

of the femoral artery of rats [11]. It was reported that,

when these small arteries were simultaneously per-

fused and superfused with buffer equilibrated with

low O2 tension in the absence of erythrocytes, the ves-

sels dilated [11]. Although the latter study appears to

contradict our finding that erythrocytes are required to

demonstrate vasodilation when skeletal muscle arteri-

oles are exposed to reduced O2 tension, several im-

portant factors distinguish the two studies. First, the

study in rat vessels used muscular arteries which con-

tain a significantly greater proportion of smooth mus-

cle compared with the arterioles used in our study.

Second, we continuously perfused the isolated arteri-

oles with buffer equilibrated with room air, and only

the extraluminal O2 tension was reduced. This is in

contrast to the previous study in which pO2 was re-

duced both intra- and extraluminally. Differences in

design notwithstanding, the results presented here

demonstrate that, in isolated perfused hamster skeletal

muscle arterioles, erythrocytes that release ATP in re-

sponse to reduced O2 tension are a required compo-

nent of the perfusate in order to demonstrate vasodila-

tion when extraluminal pO2 is decreased. Although in

the present study ATP release from the erythrocytes

present within the isolated arterioles was not meas-

ured, previous studies support the hypothesis that the

observed dilation was the result of erythrocyte-

derived ATP [7]. In these earlier studies using isolated

rat cerebral arterioles perfused at the same flow rate

as the vessels studied here, similar reductions in ex-

traluminal O2 tension stimulated increases in ATP

measured in the vessel effluent. ATP was detected in

the effluent only when the perfusate contained eryth-

rocytes that released ATP in response to that stimulus

[7]. In addition, these studies in rat cerebral arterioles

established that the response was physiologically rele-

vant based on the time required for the dilation to

occur.

The finding that erythrocytes release both O2 and

ATP when exposed to reduced O2 tension suggests
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that these cells could be major contributors to the

matching of O2 supply with demand in skeletal mus-

cle. At any location within the microcirculation, the

O2 content of the erythrocyte is directly linked to

the level of O2 utilization. Importantly, as the erythro-

cyte enters an environment in which O2 utilization is

increased, that cell releases O2, which addresses the

metabolic need of the tissue, but also releases ATP,

which facilitates increases in blood flow (erythrocyte

delivery rate), resulting in increased O2 supply. The

finding that the magnitude of ATP release from eryth-

rocytes correlates inversely with decreases in O2 ten-

sion suggests that this mechanism can contribute to

the tight regulation of O2 supply with demand in

skeletal muscle.
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