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Previously, we reported that in the isolated perfused rabbit
lung, red blood cells (RBCs) obtained from either rabbits or
healthy humans were a required component of the perfusate to
unmask evidence of nitric oxide (NO) participation in regulation
of the pulmonary circulation. In addition, we found that me-
chanical deformation of rabbit and healthy human RBCs re-
leased ATP, a known agonist for enhanced NO synthesis. In
contrast, RBCs obtained from patients with cystic fibrosis (CF)
did not release ATP in response to mechanical deformation.
The coexistence of airway disease and alveolar hypoxia in pa-
tients with CF precluded the drawing of conclusions relating a
defect in RBC ATP release with the pulmonary hypertension
associated with CF. Airway disease and alveolar hypoxia are
not, however, features of primary pulmonary hypertension
(PPH), a human condition of unknown etiology. We postulated
that a defect in NO generation might contribute to the increased
pulmonary vascular resistance in PPH, and as a first step, we
hypothesized that RBCs obtained from patients with PPH wouid
not release ATP. In contrast to RBCs of healthy humans, when
RBCs of PPH patients were passed through filters (average
pore size 12, 8, or 5 pm), ATP was not released and the RBCs
exhibited reduced deformability. Moreover, when incubated
with the active cAMP analogue, Sp-cAMP (100 uM), an activator
of the CF transmembrane conductance regulator, ATP was not
released. These results demonstrate that RBCs obtained from
patients with PPH fail to release ATP whether the stimulus is
mechanical or pharmacological. Thus, failure of RBCs to re-
lease ATP in patients with PPH might be a major pathogenetic
factor that accounts for the heretofore unknown etiology of their
pulmonary hypertension. [Exp Biol Med Vol. 226(5):434--439, 2001)
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nder physiological conditions, resistance to blood
flow in the pulmonary circulation is maintained at a
value 10-fold less than that of the systemic circu-
lation. It is well recognized that the endothelium of the
pulmonary circulation synthesizes and releases factors that
relax the underlying vascular smooth muscle, leading,
thereby, to increased vascular caliber and reduced vascular
resistance (1, 2). Previously, we reported that the red blood
cell (RBC) is a determinant of endogenous nitric oxide
(NO) synthesis in the pulmonary circulation; i.e., in the
isolated perfused rabbit lung, RBCs obtained from either
rabbits or healthy humans were a required component of the
perfusate in order to demonstrate flow-induced endogenous
NO synthesis (3). In the absence of these RBCs, increments
in perfusate flow rate did not stimulate NO synthesis in the
pulmonary circulation (3). RBCs contain concentrations of
ATP adequate to activate the endothelial P,, purinergic re-
ceptors, resulting, thereby, in synthesis of NO (4, 5). In
addition, RBCs are deformed as they traverse microvascular
beds such as in the pulmonary circulation (6). Recently, we
reported that RBCs of rabbits and healthy humans release
ATP in response to mechanical deformation (7). It is im-
portant to note that as the degree of deformation was in-
creased, ATP release increased, i.e., ATP was released in a
stimulus-dependent fashion.
The finding that RBCs are required for flow-induced
NO synthesis in the isolated perfused rabbit lung, coupled
with the finding that mechanical deformation of RBCs re-
sults in ATP release, which, in turn, can stimulate NO syn-
thesis in the lung, suggests a novel mechanism for the con-
trol of pulmonary vascular caliber. In this construct, as the
RBC is increasingly deformed by increments in the velocity
of blood flow through a vessel and/or by reductions in vas-
cular caliber, it releases ATP, which stimulates endothelial
synthesis of NO, resulting in relaxation of vascular smooth
muscle and thereby, an increase in vascular caliber. Failure
of this mechanism for deformation-induced ATP release
from RBCs could be expected to lead, ultimately, to the
development of pulmonary hypertension. Indeed, we re-

434 ERYTHROCYTES AND PULMONARY HYPERTENSION



ported that RBCs of patients with cystic fibrosis (CF) in
which the activity of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) is either diminished or lost, do
not release ATP in response to mechanical deformation (8),
suggesting that CFTR is a component of a signal-
transduction pathway that links mechanical deformation of
the RBC to the release of ATP. CF patients develop pul-
monary hypertension. However, the co-existence of severe
airways disease, alveolar hypoxia, and pulmonary hyperten-
sion in these individuals makes investigation of the contri-
bution of defective ATP release from RBCs to the devel-
opment of pulmonary hypertension difficult (9, 10). Severe
airways disease and alveolar hypoxia are not, however, fea-
tures of primary pulmonary hypertension (PPH), a human
condition of unknown etiology (11, 12, 21-23). Indeed, it
was suggested that a defect in NO generation might con-
tribute to the increased pulmonary vascular resistance in
PPH.

In the present study, we investigated the hypothesis that
RBCs of patients with PPH fail to release ATP in response
to increasing mechanical deformation. In addition, we hy-
pothesized that since cAMP is a stimulus for the activity of
CFTR (13-15), the active cAMP analogue, Sp-cAMP,
would stimulate ATP release from RBCs of healthy hu-
mans, but not from those of patients with PPH.

Materials and Methods

Preparation of RBCs. Sixty milliliters of blood was
collected into a syringe containing heparin (50 units) via a
central venous catheter or by venipuncture without the use
of a tourniquet. Immediately after blood collection, RBCs
were separated from other formed elements and plasma by
centrifugation at 500g at 4°C for 10 min. The supernatant
and buffy coat were removed by aspiration. Packed RBC§
were re-suspended and washed three times in a physiologi-
cal salt solution (PSS; in millimoles: 4.7 KC, 2.0 CaCl,, 1.2
MgSO,, 140.5 NaCl, 15.7 N-2-Hydroxyethylpiprazine-N'-
2-ethanesulfonic acid [HEPES], 11.1 dextrose, and 0.5%
bovine serum albumin, pH adjusted to 7.4). RBCs were
prepared on the day of use. The protocol for removal of
blood from humans was approved by the Institutional Re-
view Board of Saint Louis University.

Deformation of RBCs. RBCs were subjected to me-
chanical deformation using the St. George's Blood Filtrom-
eter (Carri-Med Ltd., Dorking, UK) (16). This device de-
velops a calibrated pressure gradient across a vertically
mounted filter. A 13-mm diameter polycarbonate filter (Nu-
cleopore) with a 9.53-mm exposed surface diameter and
average pore size of 12, 8, or 5 wm was placed in the filter
chamber and the outflow channel was filled with PSS. Flow
was prevented by an outflow channel tap. For calibration,
proximal to the filter, an open-ended capillary tube was
filled with PSS. The time taken for the PSS to pass four
fiberoptic detectors was recorded with a computer. This
process was repeated until coefficients of variance between
runs were 1% or less.

Deformation of RBCs was achieved by passing cells
suspended in PSS at a hematocrit of 10% through the filters.
The filtration rate of the RBC suspension relative to PSS
alone, the red cell transit time (RCTT), was calculated as
described previously (7, 8, 16). The RCTT is dependent on
the deformability of the RBCs, the hematocrit, and the size
of the filter pores relative to the size of the RBC studied.
Thus, the St. George’s Blood Filtrometer can be used to
determine the deformability of RBCs (16), as well as ATP
released in response to increasing deformation (decreasing
pore size) (7, 8). The basal release of ATP from RBCs was
determined by measurement of ATP present in a 10% sus-
pension of RBCs not passed through a filter. All solutions
and RBC suspensions were warmed to 37°C for a minimum
of 30 min before use. The concentration of ATP present
in the effluent from the various filters or under basal
conditions was normalized to that released from 2 x 10°
RBCs/mm’.

Incubation of RBCs with Sp cAMP or Its Ve-
hicle. The active cAMP analogue, adenosine 3’ 5'-cyclic
monophosphorothioate, Sp-isomer (Sp-cAMP, Biomol Re-
search Labs, Plymouth Meeting, PA)(17) was dissolved in
distilled water. RBCs (hematocrit 20%) were incubated for
30 min at 37°C with either Sp-cAMP (100 uM) or its ve-
hicle. This dose of Sp-cAMP was chosen based both on
reports in the literature (17) and on preliminary results ob-
tained in our laboratory. Importantly, this amount of Sp-
¢AMP did not cause RBC lysis and did not interfere with
the ATP assay. The concentration of ATP released in re-
sponse to Sp-CAMP or its vehicle was normalized to that
released from 5 x 10°> RBCs/mm®.

Measurement of ATP and Hemoglobin. ATP
was measured by the luciferin-luciferase technique (7, 8,
18) in which the amount of light generated by the reaction
of ATP with firefly tail extract is dependent on the ATP
concentration. Sensitivity was augmented by addition of
synthetic D-luciferin to the crude firefly tail extract. A 200-
pl sample of RBC-containing solution was injected into a
cuvette containing 100 pl of crude firefly tail extract (5
mg/S ml distilled water, FLE 50, Sigma, St. Louis, MO) and
100 wl of a solution of synthetic D-luciferin (50 mg/100 ml]
distilled water, Sigma). The peak light efflux from cuvettes
to which either known ATP standards or samples are added
was determined using a luminometer (model 20/20; Turner
Designs, Sunnyvale, CA). An ATP standard curve was ob-
tained on the day of each experiment.

To exclude the presence of significant hemolysis, after
ATP determinations, RBC suspension were centrifuged at
500g at 4°C for 10 min and the presence of hemoglobin in
the supernatant was determined by light absorption at wave-
lengths of 385, 405, 560, 577, and 630 nm (8, 19, 20). This
technique for hemoglobin determination is sufficiently sen-
sitive to detect hemolysis of 0.5% of RBCs added to the
filtrometer. The amount of ATP released in association with
this level of hemolysis was not detectable in the luciferin-
luciferase assay. Finally, in all experiments, ATP content of
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RBCs was determined by measurement of ATP in solution
following lysis of a known number of RBCs in distilled
water.

Statistical Methods. Statistical significance be-
tween experimental periods and groups was determined
with analysis of variance. In the event the F ratio indicated
that changes had occurred, a Tukey’s protected T test was
used to identify individuatl differences. A P value of 0.05 or
less was considered statistically significant. Results are re-
ported as the means + SEM.

Results

Human Subjects Studied. RBCs from five patients
(three male, two female) with the diagnosis of PPH as de-
fined by recognized criteria (11, 12, 21-23) were studied.
No patient had a family history of PPH. Patient 4 had a
history of appetite suppressant usage (a derivative of fen-
fluramine). The average age of the patients was 36 + 4
years. The data for the individual patients with PPH is sum-
marized in Table I. In addition, RBC:s of five healthy human
volunteers (three male, two female, average age 39 £ 6
years) on no medications and with no history of pulmonary
disease were studied.

Deformability of RBCs of Healthy Humans and
Humans with PPH. As the average pore size through
which RBCs were passed was decreased, the time taken for
the cells to traverse the filters (RCTT) increased (Fig. 1).
The RCTT for RBCs of patients with PPH passed through
filters with a pore average diameter of 5 wm was greater
than that for RBCs of healthy humans (Fig. 1). In these
studies both filter pore size and driving pressure were held
constant, thus the finding of an increase in RCTT for RBCs
of patients with PPH is consistent with previous studies (28)
that reported decreased RBC deformability relative to cells
of healthy control subjects.

Effect of Deformation of RBCs on ATP Re-
lease. Mechanical deformation of RBCs of healthy hu-
mans (n = 5) by passage of the cells through filters with
decreasing average pore size (12, 8, or 5 um) produced
increments in ATP release (Fig. 2). Basal release of ATP
from RBCs of healthy humans was 0.06 £ 0.03 uM ATP per
2 x 10° RBCs/mm® and was significantly less than amounts
of ATP released in response to passage of these cell through
filters with average pore diameters of 8 or 5 um (P < 0.01).

In contrast to RBCs of healthy humans, RBCs of pa-
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Figure 1. RCTT in response to passage of RBCs through filters with
pore sizes of 12, 8, or 5 ym. Open bars, RBCs of healthy humans (n
= 5); cross hatched bars, RBCs of patients with PPH (n = 5). Aster-
isk, different from respective 12 pym value (P < 0.001); t, different
from respective 8 ym value (P < 0.001); t, different from value for
RBCs of healthy humans (control; P < 0.05). Values are means +
SEM.
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Flgure 2. ATP release (ATP concentration in filter effluent per 2 x
10° RBCs/mm?) in response to passage of RBCs through filters with
pore sizes of 12, 8, or 5 pm. Open bars, RBCs of healthy humans (n
= 5); cross hatched bars, RBCs of patients with PPH (n = 5). Aster-
isk, different from respective 12 pym value (P < 0.01); 1, different from
respective 8-um vaiue (P < 0.01); £, different from value for RBCs of
healthy humans (control; P < 0.01). Vales are means + SEM.

tients with PPH (n = 35) failed to release ATP in response
to mechanical deformation, i.e., these was no increase in
ATP released in response to passage of RBCs through filters
with decreasing average pose size (Fig. 2). The inability of
RBCs of patients with PPH to release ATP was not the

Table I. Characteristics of Patients with PPH at the Time of Study

Ppa Cardiac output PVR

Patient {mmHg) (//min) (dyn/sec/cm®) Medication (years) Sex
1 35 5.58 330 Epoprostenol; diltiazem 46 M
2 60 6.54 588 Epoprostenol 25 M
3 53 4.33 831 None 42 F
4 20 7.57 106 Epoprostenol; enalapril; diltiazem 27 F
5 45 6.46 348 None 38 M

Note. Ppa, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance.
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result of a decrease in total ATP content of the cells com-
pared with RBCs of healthy humans (Table II). Basal ATP
release from RBCs of patients with PPH was 0.12 + 0.03
M ATP per 2 x 10° RBCs/mm? and was not different from
that released from RBCs of healthy humans under these
conditions. In addition, in contrast to RBCs of healthy hu-
mans, amounts of ATP released from RBCs of PPH patients
did not increase significantly above this basal value in re-
sponse to mechanical deformation (Fig. 2).

Effect of Incubation of RBCs with an Active
CAMP Analogue (Sp-cAMP). Incubation of RBCs of
healthy humans with the active cell-permeable cAMP ana-
logue, Sp-cAMP (100 pM, n = 5) resulted in a 3.0- +
0.7-fold increase in ATP release (P < 0.01, Fig. 3). In con-
trast, incubation of RBCs of three patients with PPH with
Sp-cAMP did not resulted ATP release (Fig. 3).

Discussion

PPH is a condition in which pulmonary vascular resis-
tance is increased in humans in the absence of known eti-
ology (11, 12, 21-24). The disease is progressive with a
mean survival time after diagnosis of 2 to 3 years (22). PPH
occurs in individuals of all ages and both sexes, but is most
commonly diagnosed in young to middle-aged females (20).
Despite the findings that as many as 10% of cases are fa-
milial in nature (11, 12) and that the development of PPH
may follow the use of some appetite suppressants (25),
those pathophysiological mechanisms responsible for the de-
velopment and progression of PPH have not been defined.

The results presented here demonstrate that in contrast
to RBC:s of healthy humans, RBCs of patients with PPH fail
to release ATP in response to mechanical deformation such
as occurs in the intact pulmonary circulation (6). One in-
terpretation of these findings is that the failure of RBCs of
patients with PPH to release ATP, a stimulus for the en-
dogenous synthesis of endothelium-derived relaxing factors
such as NO and prostacyclin (PGL,) (4, 5, 26), deprives the
pulmonary circulation of a mechanism for the maintenance
of normal pulmonary vascular resistance. The finding of a
decrease in NO in the lungs of patients with PPH suggests
that there may indeed be a relationship between impaired
synthesis of NO and the disease process (27). This inter-
Pretation is strengthened by the finding that in patients with
PPH, amounts of biological reaction products of NO present
in bronchoalveolar lavage fluid were correlated inversely
with both the pulmonary arterial pressure and the duration
of disease (27).

Table Il. Concentration of ATP in Red Blood Cells
(RBCs) of Healthy Humans (control, n = 5) and
Humans with PPH (n = 5)

Total ATP

Control 23+0.6
PPH 29+11

Note. Values are represented as millimoles of ATP per RBC. Values
are means + SEM.
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Figure 3. ATP release (ATP concentration in filter effluent per 5 x
10° RBCs/mm?®) from RBCs of healthy humans (open bars, n = 5)
and patients with PPH (cross hatched bars, n = 3) in response to
incubation of RBCs with the active cAMP analogue, Sp-cAMP (100
#M). Asterisk, different from respective vehicle value (P <0.01); 1,
different trom patients with PPH before and after incubation with
Sp-cAMP (P < 0.01). Vales are means + SEM.

Previously, it was reported that the RBCs of patients
with PPH are distinct from those of healthy humans, i.e., the
deformability of RBCs of patients with PPH was found to
be decreased when compared with those of heaithy humans
(28). Blood viscosity was increased in patients with PPH,
while plasma viscosity was normal, suggesting that de-
creased RBC deformability resulted in rheological changes
of physiological significance (28). In support of this hypoth-
esis it was reported that perfusion of isolated rabbit lungs
with human RBCs with decreased deformability resulted in
an impaired oxygen diffusing capacity and an increase in
perfusion pressure when compared to lungs perfused with
human RBCs in which deformability was unaltered (29).
Taken together, these results are consistent with the hypoth-
esis that in PPH, decreased RBC deformability could con-
tribute to increased vascular resistance. In the present work
we confirm the observation that RBC deformability is de-
creased in patients with PPH (Fig. 1).

The results of the present study demonstrate that RBCs
of patients with PPH have a defect in addition to decreased
deformability, i.e., these cells do not release ATP in re-
sponse to mechanical deformation (Fig. 2) or incubation
with an active cAMP analogue (Fig. 3). The hypothesis that
the release of ATP from RBCs is an important mechanism
for the maintenance of normal pulmonary vascular resis-
tance is supported by the results of several studies (3, 7, 8,
30, 31). It was reported that in isolated perfused lungs,
flow-induced increases in NO synthesis required the pres-
ence of RBCs (3, 30, 31). In addition, endogenous NO
synthesis was reported to be increased in isolated rabbit
lungs in response to increments in perfusate flow rate solely
in the presence of RBCs that release ATP in response to
mechanical deformation, i.e., RBCs of rabbits and healthy
humans (7). Finally, it was reported that the passage of
rabbit RBCs through the circulation of isolated rabbit lungs
resulted in the release of ATP from these cells (32). Taken
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together, the results of these studies suggest that ATP re-
leased from RBCs of healthy humans could serve as an
important stimulus for the endogenous release of NO, a
potent pulmonary vasodilator. These results are consistent
with the hypothesis that in humans with PPH, failure of
RBC:s to release ATP in response to deformation could con-
tribute to the increase in pulmonary vascular resistance that
characterizes this disease process.

Examination of the pulmonary vasculature of patients
with PPH reveals one of three histological patterns de-
scribed as either veno-occlusive disease, thrombosis in situ,
or plexogenic arteriopathy (23, 33). The latter condition is
the most common pathological lesion reported in patients
with PPH and is proliferative in nature (31, 33). Indeed, it
has been suggested that PPH may represent an inflamma-
tory process resulting in vascular remodeling of pulmonary
resistance vessels (34). In addition to its effects on smooth
muscle tone, NO has been reported to inhibit vascular
smooth muscle proliferation (35). Thus, it is possible that
the failure of deformation-induced ATP release from RBCs
and the consequent decrease in this stimulus for endogenous
NO synthesis could, in addition to depriving the vascular
smooth muscle of a physiological stimulus for vasodilation,
contribute to the vascular lesions that are present in patients
with PPH. Resolution of this issue is beyond the scope of
the present study.

Like patients with PPH, humans with CF develop pul-
monary hypertension (9, 10). Interestingly, both PPH pa-
tients (27) and patients with CF (36) were reported to dem-
onstrate decreased NO synthesis in the lung when compared
with those of healthy humans. Although several different
genetic defects result in the clinical manifestations of CF,
the feature common to all CF patients is reduced or absent
activity of the CFTR (37). Previously, we reported that
RBCs of humans with CF demonstrate normal RBC de-
formability, but fail to release ATP in response to mechani-
cal deformation (8). Moreover, incubation of rabbit RBCs
with either of two chemically dissimilar inhibitors of CFTR
resulted in inhibition of deformation-induced ATP release
without any effect on RBC deformability (8). One interpre-
tation of these results is that CFTR is a component of a
signal-transduction pathway for deformation-induced ATP
release from RBCs (8). A major stimulus for the activation
of CFTR is an increase in intracellular cAMP (14). Here we
report that incubation of RBCs of healthy humans with Sp-
cAMP, an active cAMP analogue (17), results in ATP re-
lease (Fig. 3). In contrast, RBCs of patients with PPH did
not release ATP in response to incubation with Sp-cAMP
(Fig. 3). Although Sp-cAMP could have effects in addition
to activation of CFTR, these findings demonstrate that in
contrast to RBCs of healthy humans, RBCs of patients with
PPH fail to release ATP in response to a pharmacological
stimulus. Importantly, this finding demonstrates that the
failure of mechanical deformation to induce ATP release
from RBCs of patients with PPH cannot be attributed to an
effect on RBC deformability per se.

In summary, we have presented evidence in support of
the hypothesis that RBCs of humans with PPH have de-
creased deformability and do not release ATP in response to
mechanical deformation. In contrast to results obtained with
RBCs of healthy humans, RBCs of PPH patients do not
release ATP in response to Sp-cAMP, suggesting that a
cAMP-mediated increase in CFTR activity may be a nec-
essary component in a signal-transduction pathway that
couples mechanical deformation to ATP release in RBCs of
healthy humans. These findings suggest a new and hereto-
fore unexplored mechanism for the development of in-
creased vascular resistance in humans with PPH.
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