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Untersuchungen zur Freisetzung von
Stickstoffmonoxid (NO} und EDRF aus
Endotheizeilen

Zusammenfassung: Die Freisetzung von Stick-
stoffmonoxid (NQ) wurde aus kultivierten makrovas-
kuldren Endothelzellen und isolierten Meerschwein-
herzen mit einem spezifischen spektrophotometri-
schen Assay gemessen. NO wurde unter basalen
Bedingungen kontinuierlich sowohi aus kultivierten
Zellen als auch aus dem isolierten Herzen in das ko-
ronarvendse Effluat freigesetzt. Bradykinin (1077 M)
steigerte die NO-Freisetzungsrate in beiden experi-
mentellen Modellen maximal zwei- bis dreifach. Der
Beginn der NO-Freisetzung ging in allen Fiilen dem
Beginn der Vasodilatation voraus (< 15 s). Unsere Er-
gebnisse zeigen, dal 1. Endothelzellen NO direkt als
freies Radikal freisetzen, 2. NO allein fUr die vasodi-

latatorischen Eigenschaften von EDRF verantwort--

lich ist, und 3. unter.in vivo Bedingungen die endo-
gene NO-Bildung quantitativ ausreichend ist. um an
der Regulation des koronaren GefaRwiderstandes
teilnehmen zu kénnen.

Schlisselwérter: Stickstoffmonoxid (NO), Endo-
thel, EDRF, Bradykinin, Koronarkreisiauf

Summary: Release of nitric oxide (NQ) from cul-
tured macrovascular endathelial cells (EC) and from
isolated perfused guinea pig hearts was measured
with a specific spectrophotometric assay. Under
basal conditions NO was continuously released
from cultured cells and from isolated hearts into the
coronary effluent perfusate. Bradykinin (10‘7 M) in-
creased rate of NO release maximally two- to three-
fold in both experimental models. Onset of NO re-
lease always preceded start of vasodilation (<15 s).
QOur results provide evidence that under basal and
bradykinin-stimulated conditions. 1} endothelial
cells release nitric oxide as a free radical. 2} NO is
solely responsible for the vasodilatory properties of
EDRF and. 3) under in vivo conditions the endoge-
nous formation of NO is quantitatively sufficient to
influence the coronary vascular tone and thus, may
play an important roie in the regulation of coronary
vascular resistance.
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Introduction

Within the last year evidence was provided by dif-
ferent laboratories that a parallel exists between the
release of an endothelium-derived relaxing factor
(EDRF) and endothelial formation of N-oxides (7,
12, 14). While these studies were carried out on cul-
tured macrovascular endothelial cetls (EC) recent re-
ports demonstrated that one or more EDRF(s) may
intfluence the tone of coronary resistance vessels (6,
16). None of these in vivo studies however have fur-

ther characterized the chemical identity of the sub-
stances involved. In addition there are also reports
describing different biological and chemical proper-
ties of EDRF and NO (11, 15).

Whether NO formation exclusively is responsible
for the biological activities of EDRF requires an
answer to the following questions: 1) Do endothelial
cells directly release the free radical of NO or other
precursors? 2) Does the onset of endothelial NO re-
leuse precede the biological response of EDRF?
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The aim of the present study was to directly com-
pare the amount and time course of the release of
the free nitric oxide radical and EDRF from cul-
tured macrovascular cells and from the isolated per-
fused guinea pig heart.

Materials and Methods
Endothelial cells

Endothelial cells were isolated from porcine tho-
racic aorta and cultured in M199 medium plus 20 %
fetal calf serum. Purity of culture was determined by
immunological fluorescent staining with ac-LDL,
phase-contrast, and scanning electron microscopy.
Eight days after isolation cells were grown on micro-
carrier beads (Biostolon, Nunc, 5-7x 10° cells/g
bead) (3), packed into a column and perfused at 2
ml/min with a HEPES-buffered Krebs-Ringer solu-
tion containing (mM): NaCl 140, KCl1 4.0, CaCl, 1.8,
MgCl, 1.03, NaH,PO, 0.42, glucose 5.0, pyruvate
2.0, HEPES 10.0 and indomethacine 0,01 (pH 7.4,
37°C).

Isolated guinea pig hearts

Guinea pigs, weighing 280-320 g, were stunned by
a blow on the neck. Hearts were excised, perfused
according to the Langendorff technique with the
above mentioned medium (10 ml/min, equilibrated
with 100% O,) and electrically paced (285) bpm).
Left ventricular systolic pressure (LVSP), dp/dt max
and heart rate were documented on a Gould 2300
recorder. Left ventricular diastolic pressure was ad-
justed to 0 mm Hg. Hearts were accepted for further
study only when |) coronary perfusion pressure
{CPP) was higher than 55 mmHg and 2) bolus injec-
tion of 50 ul adenosine (50 uM) decreased CPP by
more than 20 mm Hg. N

Measurement of nitric oxide

Endothelial NO release was continuously quantif-
ied in the effluent perfusate by a specific differen-
cespectrophotometric assay (5, §), which is based on
the rapid oxidation of oxyhemoglobin (HbO,) to
methemoglobin (MetHb) by NO (4). Since HbO,
traps the entire released NO in less than 100 ms (8)
measurement of the extinction difference (A, 401
nm, A, 411 nm) in a flow-through cell with a double-
beam double-wavelength spectrophotometer (Hita-
chi model 557, Perkin-Elmer) permitted the contin-
uous assay of released NO. Concentrations of NO
were calculated from the extinction coefficient de-
termined under the conditions used in this study (38
mM~™' em™").

Aqueous solutions of bovine hemoglobin were
oxygenated and reduced by a molar excess of na-
triumdithionite and purified by gelfiltration (Se-

phadex G 25, Pharmacia) (5). Purity was controlled
spectrophotometrically and by SDS - gelelectro-
phoresis.

Standards of aqueous NO solutions were pre-
pared by saturation of deoxygenated water with pu-
rified nitric oxide gas, and further dilution. NO con-
centration of stock solutions was determined by
means of HPLC (Merck-Hitachi, LiChrosorb-NH;,
Hibar) as nitrite ions.

Bioassay

An isolated perfused, endothelium-denuded, pre-
contracted segment of rat aorta served as a stable
bioassay for NO and EDRF. Aortas were perfused
at constant flow with 2 ml/min and a pressure of 60
cm H,O with the above mentioned HEPES-buffered
Krebs-Ringer solution (10). Removal of endothelium
by deoxycholic acid (0,75%, 15 sec) was verified by
transmission and scanning electron microscopy and
lack of responsiveness to acetylcholine (1 uM). Ves-
sel diameter was measured by a pair of piezoelectri-
cal crystals (4 MHz, detection limit of diameter
changes: 2 um). -

Experimental protocols

Parallel measurement of EDRF and NO release in
two columns, packed with EC covered microcarriers,
was performed under identical experimental condi-
tions with EC of the same cell batch. In the case of
NO measurement perfusion medium was supple-
mented with 4 uM HbOQ, (Fig. 1).

In isolated guinea pig hearts dose-response curves
for bradykinin (BK) were determined in the pres-
ence and in the absence of hemoglobin. The brady-
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Fig. 1. Cultured EC grown on microcarriers beads were per-
fused in a column (2 mi/min) and stimulated with bradykinin
(BK). Release of EDRF was continuously determined in the
bioussay. Changes in NO release were determined with a dou-
ble-wavelength-double-beam  spectrophotometer.  Meusure-
ment of both parameters was performed in parallel with two
columns under identical experimental conditions. Only EC of
the sume cefl butch were compared.
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kinin-induced release of NO from five hearts was
measured in the presence of hemoglobin by differ-
ence-spectrophotometry.

Results and Discussion
Endothelial cells

Stimulation of EC with BK (100 nM) resulted in
the immediate release of nitric oxide which was pa-
ralleled by relaxant effects in the bioassay (Fig. 2).
In all cases the NO release preceded the mechanical
response and thus, constitutes an important argu-
ment for postulating NO' to be responsible for the
observed vasorelaxation. The time interval required
for endothelial cells to release NO after stimulation
was 15+1 s (n=26). Interestingly, this interval was in
the same range as the time required to increase cy-
tosolic calcium in EC stimulated with BK (2), which
is known to correlate with the production or release
of EDRF (13). In our experiments bradykinin
caused a threefold increase of endothelial NO re-
lease after the first challenge. Upon repetitive stimu-
lation (BK, 100 nM, 3 min) endothelial NO forma-
tion rapidly decreased and this tachyphylaxis corre-
lated well with the decrease in EDRF release (Fig.
2). Endothelial NO liberation was maximal at 1£0.2
min after start of response, while relaxation maxi-
mum was reached at 3£0.3 min. After cessation of
BK infusion endothelial NO release reached basal
levels in less than 1 min. Reversal of endothelium-
derived relaxation was not attained before 10 min.
Basal release of NO by endothelial cells was 16
pmol/min/ml column; which closely correlated
with the basal release of EDRF.

In order to elucidate whether the concentrations
of released NO are sufficient to explain the dilatory
effect of EDRF we compared the maximal values of
EDRF-mediated relaxation with the relaxation that
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Fig. 2. Stimufation of EC with bradykinin (100 nM, 3 min,
n=5), Apm: changes of diameter in the bioassay induced by
refease ol EDRF, ANO: release of NO determined by ditfer-
ence-spectrophotometry. Values for Apm and ANO were cor-
rected for basal release of EDRF and NO.
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Fig. 3. Comparison of EDRF- and NO-induced relaxation.
Data for maximal response elicited by bradykinin (BK, first to
fifth stimulus) are from experiments shown in Fig. 2: C: relax-
ation induced by basal release of EDRF and NO. In the case
of NO the assay permitted detection of total endothelial NO
release, while EDRF was subject to degradation during pas-
sage to its site of detection in the bioassay. Therefore, NO con-
centrations measured in the photometric assay were corrected
for haif-life of NO and known transit time (t, and t,, for de-
tails see (8)).

measured NO concentrations would have elicited in
the bioassay. Since the photometric assay deter-
mines total cellular NO release not influenced by
metabolism, respective values shown in Fig. 2 were
first corrected for the half-life of NO and then con-
verted into changes in vessel diameter using a dose-
response curve for exogenously applied NO in the
bioassay (for details see 8). From the data compiled
in Fig. 3 it.is evident that the correlation between
EDRF- and NO-mediated relaxation is linear and is
close to the line of identity. This finding clearly de-

. monstrates that the observed smooth muscle relaxa-

tion was entirely due to the NO released by EC.

Isolated guinea pig hearts

Isolated hearts consistently released NO at a basal
rate of 21636 pmol/min (n=>5). Bradykinin eli-
cited an additional dose-dependent increase ranging
from 709 (BK: Sx 10~ '° M) to 300£8 pmol/min
(BK: 10~-7 M). In contrast to cultured endothelial
cells repetitive stimulation with bradykinin (100 nM,
Fig. 3) did not cause a tachyphylaxis in the isolated
heart for NO release and coronary vasodilation.
Consistent with the observed NO release is the find-
ing that hemogiobin (4 wM) significantly shifted the
dose response curve for the bradykinin-induced de-
crease ol coronary perfusion pressure to the right
(data not shown). Furthermore, the onset of NO re-
lease preceded the onset of the hemodynamic re-
sponse consistently by 2 s. This intervai was in the
sume range as the response time of coronary vascu-
lar smooth muscle when NO was applied intracor-
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Fig. 4. Representative tracing ol the etfect of bradykinin (Bk,
100 nM, 2 min, n=3) on hemodynamic parameters of the iso-
lated guinea pig heart (coronary flow: 10 mi/min) and the re-
tease of NO into the coronary effluent perfusate. LVP: left
ventricular pressure, CPP: coronary perfusion pressure, INO:
release of nitric oxide in addition to basal release, AR: bolus
injection ol adenosine {50 ul, 30 uM).

onarily. The amount of released NO was within the
vasodilatory range of intracoronarily applied NO
(9).

Comparison of NO release from isolated hearts
and cultured macrovascular endothelial cells

Comparing the release of NO under in vivo condi-
tions (isolated heart) with cultured macrovascular
endothelial cells reveais the following interesting
features:

1) Bradykinin at a maximally effective concentra-
tion (100 nM) increased basal NO release in both ex-
perimental models two to three fold. Since isoiated
hearts as well as cultured cells were perfused at a
constant volume, this increase cannot be attributed
to a washout phenomen.

2) Onset of NO release always preceded the start
of vasodilation. The interval between these two pa-
rumeters was 45 s in the case of cultured EC and 2 5
in the isolated heart. This response time of the vas-
cular smooth muscle was in both experimental pre-
parations identical for endogenously released and
exogenously applied NO.

3) The intervai required tor bradykinin to increase
endothelial NO release via the receptor mediated
pathway is much shorter in the isolated heart (<2 s)
than in cultured macrovascular endothelial cells
(< 15 s). This may be due to differences in the spe-
cies (hog vs guinea pig) and in the origin ot the en-
dothelial cells (micro- vs macrovascular EC). It is
also conceivable that the culture condition as such
may alter the responsiveness.

4) [n contrast to the conditions ol the isolated
heart the bradykinin receptor in cultured endothelial
cells iy subject to tachyphylaxis upon repetitive stim-
ulation with bradykinin. A possible explanation lor
this tinding could be, thut the hradykinin receptor

itsetf (1) or intracellular mechanisms participating in
the signal-transduction pathway for NO release are
altered in cultured endothelial cells. Consistent with
this interpretation is our observation that calcium
ionophore (10~° M) still elicited a maximal NO re-
lease in bradykinin-desensitized cultured endothelial
cells (data not shown).

Conclusions

Evidence is provided that the free nitric oxide ra-
dical is released from cultured macrovascular endo-
thelial cells as well as from the isolated guinea pig
heart under basal conditions. The amount of re-
leased NO from cultured EC can completely explain
the vasodilatory effect of EDRF: no additional
EDRFs need to be postulated in this model. Brady-
kinin dose-dependently decreases coronary perfu-
sion pressure and increases the release of NO into
the coronary effluent perfusate. Amount and time-
course of released NO suggest that the NO formed
within the heart can influence the tone of coronary
resistance vessels and is thus involved in the regula-
tion of coronary vascular resistance.

References

1. Arleth A. Sung C, Shikano K. Zabko-Potapovich B, Ber-
kowitz B (1988) Regulation of bradykinin receptors in vas-
cular endothelial cells. FASEB J 2 (4):A505

. Colden-Stantield M. Schiiling WP, Ritchie AK, Eskin S,
Navarro LT (1987) Bradykinin-induced increases in cy-
tosolic calcium and ionic currents in cultured bovine aor-
tic endothetial cells. Cir Res 61:632-640

. Davies PF (1981) Microcarrier culture of vascular endo-
theiiul cells on solid plastic beads. Exp Cell Res 134:367-
376

4. Doyle MP, Hoekstra JW (1981) Oxidation of nitrogen ox-

ides by bound dioxygen in hemoproteins. J Inorg Biochem
t4:351-358
5. Feelisch M. Noack E (1987) Correlation between nitric ox-
ide formation during degradation ol orgunic nitrates and
activation of guanylate cyclase. Eur J Pharmacol 139:19-
30

6. Forstermann U, Migge A, Bode SM, Frolich JC (1938)
Response of human coronary arteries to aggregating plate-
lets: Importance of endothelium-derived relaxing factor
and prostanoids. Circ Res 63:306-312

7. lgnarro LI, Byrns RE, Buga GM, Wood KS (1987) Endo-
thelium-derived relaxing lactor [rom puimonary artery
and vein possesses pharmacologic and chemical proper-
ties identical to those of nitric oxide radical. Circ Res
61:366-379

3. Kelm M. Feelisch M, Spahr R, Piper H-J, Noack E.
Schrader J (1988) Quantitative and kinetic characteriza-
tion of nitric oxide and EDRF refeased from cultured en-
dothetial cells. Biochem Biophys Res Com 154:236-244

9. Kelm M. Schrader J (1988) Nitric oxide release [rom the
isolated guinen pig heart. Eur J Pharmacol 155:317-321

10. Kroll K, Kelm M, Birrig K-F, Schrader J (1989) Transen-
dothelial transport and metabolism od adenosine and ino-
sine in the intact rat aorta, Cire Res 64111471157

Il Long CJ, Shikano K, Berkowitz BA (1987) Anion ex-
change resins  discriminate  between nitric oxide and
EDRFE. Lur J Pharmacol 142:317-3138

(]

()



74

Z. Kardiol. 78: Suppl. 6 (1989)

. Palmer RMJ, Ferrige AG, Moncada S (1987) Nitric oxide

release accounts for the biological activity of endothelium-
derived relaxing factor. Nature 327:524-526

. Peach MJ, Singer HA, Izzo NJ, Loeb AL (1987) Role of

calcium in endothelium-dependent relaxation of arterial
smooth muscle. Am J Cardiol 59:35A-43A

. Schmidt HHHW, Klein MM, Niroomand F, Bdhme E

(1988) Is arginine a physiological precursor of endothe-
lium-derived nitric oxide? Eur J Pharmacol 148:293-295

. Shikano K, Berkowitz BA (1987) Endothelium-derived re-

laxing factor is a selective relaxant of vascular smooth
muscle. J Pharmacol Exp Ther 243:55-60

16. Stewart DJ, Miinzel T, Bassenge E (1987) Reversal of ace-
tyl-choline-induced coronary resistance vessel dilation by
hemoglobin. Europ J Pharmacol 136:239-242

Authors’ address:

Physiologisches Institut I

Medizinische Einrichtungen

der Heinrich-Heine-Universit4t Disseldorf
Moorenstralle 5

4000 Diisseidorf 1, FRG



