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BACKGROUND AND PURPOSE

Nitric oxide (NO) is known to activate NO-sensitive guanylyl cyclase (NO-GC) and to elicit cGMP production. However, NO
has also been proposed to induce cGMP-independent effects. It is accepted practice to use specific NO-GC inhibitors, such as
ODQ or NS2028, to assess cGMP-dependent NO effects. Consequently, NO-induced reactions seen in the presence of these
inhibitors commonly serve as an affirmation of cGMP independence.

EXPERIMENTAL APPROACH
We evaluated the use of ODQ to discriminate between cGMP-dependent and cGMP-independent NO effects.
NO-GC-expressing HEK cells, platelets and tissues from wild type (WT) and NO-GC-deficient mice (GCKO) were used.

KEY RESULTS

NO donors led to accumulation of cGMP in platelets and GC-expressing HEK cells and induced phosphorylation of the
vasodilator-stimulated phosphoprotein in platelets; both effects were reduced by ODQ. High concentrations of NO donors,
however, overrode the inhibitory effect of ODQ. Correspondingly, ODQ inhibited but did not fully eliminate NO-induced
relaxation of aorta and fundus from WT mice. Relaxation induced by endogenously released NO was fully or partially inhibited
by ODQ in fundus and aorta, respectively. In aorta and fundus of GCKO mice NO-induced relaxation was absent and served
as standard for complete NO-GC inhibition.

CONCLUSIONS AND IMPLICATIONS

High NO concentrations can overcome the inhibitory effect of ODQ on NO-GC. Smooth muscle relaxation induced by NO
donors/endogenously released NO in the presence of ODQ in WT was absent in GCKO animals indicating involvement of
NO-GC. Accordingly, NO-induced effects in the presence of ODQ do not necessarily prove cGMP independence.

Abbreviations

ACD, acid citrate-dextrose; CCh, carbachol; DEA-NO, 2-(N,N-diethylamino)-diazenolate-2-oxide.diethylammonium salt;
GCKO, guanylyl cyclase knockout; GSNO, S-nitrosoglutathione; IBMX, 3-isobutyl-1-methylxanthine; NO-GC, nitric
oxide-sensitive guanylyl cyclase; NS2028, 8-bromo-4H-2, 5-dioxa-3, 9b-diaza-cyclopentalajnaphthalen-1-one; ODQ,
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; PE, phenylephrine; VASP, vasodilator-stimulated phosphoprotein; WT,
wild type

Introduction cular and gastrointestinal smooth muscle relaxation

(Waldman and Murad, 1987; Moncada and Higgs, 1995;
The nitric oxide (NO)/cGMP signalling cascade regulates a Groneberg etal., 2010), neuronal signal transduction
large number of physiological processes including cardiovas- (Ignarro, 2002) and platelet aggregation (Walter and
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Gambaryan, 2004). In mammals, three different isoforms of
NOS catalyze the production of NO from L-arginine:
endothelial, neuronal and inducible NOS. Binding of NO to
its most important receptor, NO-sensitive guanylyl cyclase
(NO-GC; IUPAC nomenclature: soluble guanylyl cyclase),
leads to an increase in cGMP production and, thereby, to an
activation of effector molecules such as cGMP-dependent
protein kinases, cGMP-regulated ion channels and phospho-
diesterases (Kaupp and Seifert, 2002; Friebe and Koesling,
2003; Rybalkin et al., 2003; Hofmann, 2005). As a hemo-
protein, NO-GC requires a prosthetic heme group for
NO-induced activation (Ignarro, 1990). Heme depletion
abolishes NO stimulation which can only be restored after
reconstitution of NO-GC with heme (Ignarro et al., 1986).
Several studies have shown that the activation of the
enzyme by NO involves direct binding to the enzyme’s pros-
thetic heme group which leads to an up to 200-fold activa-
tion of the enzyme (Humbert et al., 1990; Stone and Marletta,
1994).

The substance 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-
one (ODQ) has been established as an effective inhibitor of
NO-GC by blocking NO-induced cGMP synthesis. However,
NO-induced effects in the presence of ODQ have been shown
to occur. Thus, inhibitors such as ODQ (Garthwaite et al.,
1995) or its analogue 8-bromo-4H-2, 5-dioxa-3, 9b-diaza-
cyclopenta[a]naphthalen-1-one (NS2028; Olesen et al., 1998)
are commonly used to discriminate between cGMP-
dependent and cGMP-independent effects of NO. These
cGMP-independent effects have been attributed to S-
nitrosylation, S-glutathionylation and tyrosine nitration
reactions, yet, in some cases no conclusive mechanism has
been described for the cGMP-independent action of NO
(Marcondes et al.,, 2006; Lima etal., 2010; Martinez-Ruiz
et al., 2011; Rukoyatkina et al., 2011; Hess and Stamler, 2012;
Meng et al., 2012).

It has been demonstrated that ODQ binds to the heme
group of NO-GC in an NO-competitive manner (Schrammel
etal., 1996). In vitro, ODQ was shown to inhibit the stimu-
lated enzyme irreversibly. Spectral analyses have shown oxi-
dation of the heme iron as the mechanism underlying the
inhibitory effect (Schrammel et al., 1996; Zhao et al., 2000).
The ICs value of ODQ for the NO-stimulated enzyme ranges
from 0.2 to 0.7 uM depending on the 2-(N,N-diethylamino)-
diazenolate-2-oxide.diethylammonium salt (DEA-NO) con-
centration used (Schrammel et al., 1996); thus, 10 uM ODQ
can be expected to achieve virtually complete inhibition of
NO-stimulated NO-GC. Due to a low specificity of other
inhibitors, such as methylene blue (Mayer et al., 1993; Luo
et al., 1995) or LY83583 (Mulsch et al., 1988), the use of ODQ
and NS2028 is recommended to obtain specific GC inhibi-
tion. ODQ-mediated oxidation of the heme iron and subse-
quent loss of the heme group is known to enhance the
stimulatory effect of heme-independent activators of NO-GC
such as Bay 58-2667 (Stasch et al., 2002). In addition to the
effects on NO-GC, ODQ in the micromolar range has been
shown to be an unselective heme protein inhibitor through
inhibition of NO synthase as well as cytochrome P450
enzymes involved in nitrate biotransformation (Feelisch
et al., 1999; Zhao et al., 2000). These unspecific effects prob-
ably underly the fact that ODQ is rarely used in in vivo
studies.
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In the present study, we intended to validate the utility of
ODQ as NO-GC inhibitor to characterize cGMP-independent
effects. To this end, we used two cellular systems (HEK cells
stably expressing NO-GC and human platelets) and two
organ systems (aorta and fundus) from wild-type (WT) and
NO-GC-deficient mice. Our results show that ODQ serves as
valid inhibitor for NO-GC but, in contrast to the purified
enzyme, is not able to completely inhibit NO-GC in intact
cellular systems. Consequently, there should be no doubt on
its use as NO-GC inhibitor to demonstrate cGMP-dependent
effects. The incomplete inhibition of NO-GC, although, does
not qualify ODQ to provide evidence for cGMP-independent
effects.

Materials and methods

Animals

All experiments were conducted in accordance with the
German legislation on protection of animals and approved by
the local animal care committee. Mice (C57BL/6 background)
were housed in standard mouse cages (267 x 207 x 140 mm;
maximally three animals/cage) with woodchip bedding mate-
rial and under conventional laboratory conditions [constant
room temperature (22°C), humidity level (55%), a 12-h
light : 12-h dark cycle (lights on at 0600 h) and either stand-
ard rodent diet (WT) or fibre-reduced rodent diet (guanylyl
cyclase knockout; GCKO) (Altromin, Germany) and water
available ad libitum]. Animals of either sex were sacrificed at
an age of 8-14 weeks by isoflurane overdose and blood/tissues
were removed. A total of 55 animals were used (platelet
studies 22, organ bath experiments 33 animals). All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Generation of GCKO mice

Mice lacking NO-GC globally were generated as previously
described (Friebe et al., 2007). In every experiment, WT lit-
termates were used as controls.

Cell culture of HEK cells

HEK 293 cells were cultured in DMEM supplemented with 5%
heat-denatured FCS and 1% penicillin/streptomycin at 37°C
in a humidified 5% CO, atmosphere. HEK cells stably express-
ing bovine o; and f; subunits of NO-GC (HEK-GC) were
generated as described (Mullershausen et al., 2004). These
cells had no detectable PDE activity.

Isolation of human platelets

Human platelets were prepared and used as previously
reported (Gambaryan etal.,, 2010). Shortly, blood was
obtained according to our institutional guidelines and the
Declaration of Helsinki from healthy volunteers (two males
and two females, age 26-38 years) who had not taken any
antiplatelet medication in the previous 10 days. Our studies
with human platelets were approved and recently recon-
firmed by the local ethics committee of the University of
Wiirzburg (Studies no. 67/92 and 114/04). Blood was col-
lected into 1/7 volume of acid citrate-dextrose (ACD) solution



(12 mM citric acid, 15 mM sodium citrate, 25 mM bD-glucose
and 2 pM EGTA, final concentrations). PRP was obtained by
5 min centrifugation at 330x g. PRP was centrifuged for
10 min at 430x g, then the pelleted platelets were washed
once in CGS buffer (120 mM sodium chloride, 12.9 mM triso-
dium citrate, 30 mM p-glucose, pH 6.5), and resuspended in
HEPES buffer (150 mM NaCl, 5mM KCl, 1 mM MgCl,
10 mM HEPES, pH 7.4, 10 mM b-glucose). After 30 min
rest in a 37°C water bath, washed human platelets (2 x
108 platelets-mL™") were pre-incubated with or without ODQ
(10 uM) for 10 min at 37°C and then incubated for up to
10 min with the indicated DEA-NO concentrations. Reac-
tions were stopped by addition of Laemmli buffer and boiling
for 5 min.

Isolation of murine platelets and

cGMP measurement

Mice were anaesthetized by isoflurane inhalation. Blood
(400-800 puL) was drawn into 200 uL. of ACD (85 mM triso-
dium citrate dehydrate, 65 mM citric acid, 2% p-glucose) and
isolation of murine platelets was performed as described
(Dangel et al., 2010). For each experiment platelets from two
animals were pooled.

For cGMP RIA, platelet suspensions were adjusted to 3 x
10® platelets-mL™" and were allowed to rest at RT for 60 min
before starting the experiment. Aliquots were equilibrated at
37°C for 5 min, pre-incubated for 10 min with ODQ or carrier
and then incubated with DEA-NO for 10 min. All samples
routinely contained sildenafil (100 uM) to inhibit cGMP deg-
radation. The incubation was stopped by addition of ice-cold
ethanol (final concentration 66%). Isolation of cGMP and
measurement by RIA were performed as described previously
(Friebe et al., 1998).

For Western analysis, murine platelets (2 X
10® platelets-mL™") were pre-incubated with or without ODQ
(10 uM) for up to 30 min at 37°C and then incubated for
either 5 min with the indicated DEA-NO concentrations or
for S5min or 15s with 10 uM DEA-NO. Reactions were
stopped by addition of Laemmli buffer and boiling for 5 min.

Western blot analysis

Platelet proteins were separated by SDS-PAGE (9%) and
blotted on nitrocellulose. Blots were blocked for 30 min with
Roti-Block (Roth, Germany) and incubated over night at 4°C
with a polyclonal antibody against pVASP (Nanotools, Tenin-
gen, Germany). Immunoreactive bands at 46 and 50 kDa
were detected by chemiluminescence using the ECL kit
(Thermo Scientific, Rockford, IL, USA). VASP phosphoryla-
tion was monitored at serine 239 and serine 235 for human
and murine vasodilator-stimulated phosphoprotein (VASP)
respectively. Actin and PKG were used as loading controls.
Blots were scanned using SilverFast software and analysed
densitometrically by NIH Image ] software for uncalibrated
optical density.

Preparation of murine tissues and isometric
force studies

Animals were killed by isoflurane inhalation. The abdomen
was opened and the upper digestive tract and thoracic aorta
were removed. The tissues were transferred to Krebs-Henseleit
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solution (118 mM NaCl, 4.7 mM, KCI, 2.5 mM CacCl,,
1.2 mM KH,PO,, 1.2 mM MgSO,, 25 mM NaHCO;, pH 7.4,
7.5 mM p-glucose) and bubbled with 95% O, and 5% CO,.

Aorta

Murine thoracic aortic rings were mounted in a myograph as
described previously (Friebe et al., 2007). Each experiment
was performed with 2—4 aortic rings derived from GCKO and
WT mice. After equilibration (at least 60 min at 37°C) aortic
rings were pre-contracted with phenylephrine (PE; 1 uM).
When reaching a stable contraction, ODQ (1, 10 or 100 uM)
or NS2028 (10 uM) were administered. After 20 min of
incubation, the vasorelaxing effects of DEA-NO or S-
nitrosoglutathione (GSNO) were determined. For the meas-
urement of relaxation by endogenously released NO, we used
the thromboxane A2 mimetic U46619 (10 nM) for contrac-
tion. After 20 min of incubation, the vasorelaxing effect of
carbachol (CCh; 30 uM) was determined in the presence or
absence of ODQ (10 uM; 10 and 30 min pre-incubation).
3-Isobutyl-1-methylxanthine (IBMX; 100 uM) was added at
the end of each experiment to determine maximal relaxation.

Fundus

Murine fundus strips were mounted in a myograph as
described previously (Groneberg et al., 2011). Each experi-
ment was performed with 2-4 fundus strips derived from WT
and GCKO mice. After equilibration (at least 60 min at 37°C)
fundus strips were pre-contracted with CCh (0.1 or 10 uM).
When reaching a stable contraction, ODQ (10 uM) was
administered. After 20 min of incubation, the vasorelaxing
effect of DEA-NO was determined. IBMX (100 uM) was added
at the end of each experiment to determine maximal relaxa-
tion. To measure the relaxation by endogenously released NO
under non-adrenergic non-cholinergic (NANC) conditions
electric field stimulation was applied to fundus strips pre-
contracted with U46619 (100 nM) in the presence of atropine
and guanethidine (1 pM, respectively). Electrical field stimu-
lation (EFS) was applied through two platinum wire elec-
trodes (5 mm distance; maximal voltage, 0.5 ms, 0.5-4 Hz,
3's. After a first protocol of EFS ODQ (10 uM) was added to
the organ bath and pre-incubated for 20 min before a second
protocol of EFS.

Individual statistical analyses

For calculation of statistical tests, GraphPad Prism version
4.00 for Windows, GraphPad Software, San Diego, CA, USA,
was used. Mann-Whitney U-tests were used for the data
in Figures 1B, 4C and 6B in a predefined sequence. In
Figures 1A, 3B and D, 4B, 5A and B, and 6B, all groups were
compared by Kruskal-Wallis test. If P was <0.05 for the global
test, two groups were compared by Mann-Whitney U-test in
a predefined sequence. If not stated otherwise, data are
expressed as mean + SEM (n = number of animals).

Materials

DEA-NO, GSNO, L-NAME, NS2028, U46619 and ODQ were
obtained from Alexis Biochemicals (Lausen, Switzerland).
CCh, Diclofenac, IBMX and PE were purchased from Sigma
(Taufkirchen, Gemany). Sildenafil was a gift from Pfizer
(Sandwich, UK).
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ODQ inhibition of NO-stimulated NO-GC. (A) DEA-NO-induced cGMP production in HEK-GC cell homogenate in the presence of different
concentrations of the NO-GC inhibitor ODQ (1, 10, 100 uM; 10 min pre-incubation); GSNO-induced cGMP production in HEK-GC cell
homogenate in the presence of different concentrations of the NO-GC inhibitor ODQ (1, 10, 100 uM) (*P < 0.05, **P < 0.01 compared to
non-stimulated control). (B) DEA-NO-induced cGMP production in murine platelets in the presence of ODQ (10 uM; 10 min pre-incubation). Data
shown are mean + SEM of n=10 (***P = 0.0003, **P = 0.0019); GSNO-induced cGMP production in murine platelets in the presence of ODQ
(10 uM; 10 min pre-incubation). Data shown are mean + SEM of n = 8 (***P = 0.0003).

Results

Measurement of cGMP in NO-GC transfected
HEK cells and murine platelets

First, we used HEK cells stably expressing NO-GC (HEK-GC)
to determine the inhibiting effect of ODQ. PDE activity was
not detectable in these cells (Mullershausen et al., 2004).
Addition of DEA-NO led to a concentration-dependent
increase in intracellular cGMP concentrations (Figure 1A).
Pre-incubation with ODQ reduced NO-induced cGMP
increases, but even at a concentration of 100 uM ODQ the
NO-induced c¢cGMP production was not completely abro-
gated. This result was not dependent on the nature of the
NO-donor since the non-radical GSNO showed similar
results.
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In order to test another cellular system, we used murine
platelets (Figure 1B). Similar to the HEK-GC cells, platelets
showed a pronounced cGMP increase after stimulation with
DEA-NO. Incubation with 10 uM ODQ reduced but did not
abolish ¢cGMP production. When using very high DEA-NO
concentration (100 uM) ODQ lost its inhibitory effect. Using
GSNO, the cGMP increase in the presence of ODQ was largely
diminished but still detectable at a concentration of 100 uM
GSNO. Thus, ODQ only reversed, but did not fully abolish
c¢GMP production in intact cells. This effect was more pro-
nounced when using the NONOate DEA-NO compared to
GSNO.

To prove the functionality of the cGMP signal in platelets,
we measured phosphorylation of the VASP which is com-
monly used as an indicator of NO/cGMP signalling. Increas-
ing concentrations of DEA-NO led to phosphorylation of



VASP in human and murine platelets (Figure 2). In murine
platelets, pre-incubation with ODQ (10 uM; 10 min) reduced
NO-induced VASP phosphorylation, however, 10 uM DEA-
NO still evoked a pronounced phosphorylation (Figure 24,
murine platelets; pSer-239). We then measured the time-
dependence of ODQ pre-incubation (Figure 2B, murine plate-
lets). VASP phosphorylation induced by a short stimulation
with DEA-NO (10 uM; 15s) could be largely blocked by a
>10 min pre-incubation with 10 uM ODQ. The inhibitory
effect of ODQ was, strongly reduced when stimulating plate-
lets for 5 min with 10 uM DEA-NO. These data indicate that
the inhibitory effect of ODQ can be overcome by increasing
the amount of released NO.

To further examine the time-dependent component of
DEA-NO incubation, we looked at VASP phosphorylation
after different DEA-NO incubation times (Figure 2C, human
platelets; pSer-239). As soon as 30 s after incubation with
10 uM DEA-NO, phosphorylation was observed showing the
two characteristic bands at 46 and 50 kDa. Pre-incubation of
10 uM ODQ (10 min) inhibited VASP phosphorylation up to
2 min. However, when incubating platelets with 10 uM
DEA-NO in the presence of ODQ for 3 min or longer, we saw
pVASP signals indicating recovered NO/cGMP-mediated
signal transduction.

NO-induced relaxation of aortic rings

Next, we tested the effect of ODQ in pre-contracted aortic
rings from WT and GCKO mice using wire myography.
Figure 3A shows the original traces of the myograph and
Figure 3B the resulting statistics. DEA-NO led to a
concentration-dependent relaxation of aorta from WT mice
which was absent in GCKO mice. As can be seen in the
original traces, the presence of ODQ inhibited NO-induced
relaxation of WT aorta; yet, even 100 uM ODQ did not fully
abolish the relaxation to DEA-NO.

Similar results were observed with the non-radical NO
donor GSNO (Figures 3C and D). While GSNO caused a
concentration-dependent relaxation of WT aorta, relaxation
was absent in aorta from GCKO animals. As seen in Figure 3B
for DEA-NO, co-incubation with 10 uM ODQ did not fully
eliminate GSNO-induced relaxation. Only the use of 100 UM
ODAQ led to a nearly abolished relaxation (not shown) which
is in line with the cGMP data obtained in platelets. Clearly,
the nature of the NO donor and its rate of NO release have a
major impact on the reversal of ODQ inhibition.

To confirm that the relaxation observed in the presence of
ODQ was dependent on NO-GC activity (and thus cGMP), we
repeated this experiment in the presence of the PDES inhibi-
tor sildenafil (Figure 4A and B). Co-incubation of aorta from
WT with sildenafil caused a leftward shift of the curve indi-
cating a sensitized relaxation to DEA-NO which can be attrib-
uted to diminished cGMP degradation. Interestingly, aortic
rings incubated with both ODQ and sildenafil showed a left-
ward shift of the curve as well. This clearly proves the
involvement of cGMP in the remaining relaxation seen in the
presence of ODQ.

To investigate the time dependence of ODQ inhibition in
aortic tissue, we added ODQ (10 uM) to pre-contracted aortic
rings. After 10 and 30 min of ODQ pre-incubation relaxation
to 10 uM DEA-NO was determined (Figure 4C). There was no
additional effect of prolonged ODQ pre-incubation time.

ODQ does not prove cGMP-independent effects

NO-induced relaxation of fundus tissue
In order to find out whether the effect seen in aortic tissue is
consistent with other organs, we consequently tested the
impact of ODQ in fundus tissue. Fundus strips were pre-
contracted with the muscarinic agonist carbachol (CCh;
10 uM), a concentration commonly used for contraction.
Under these conditions, DEA-NO-induced relaxation was
basically inhibited by 10 uM ODQ matching the results from
GCKO fundus (Figure 5A).

In a second attempt, the experiment was performed with
a reduced pre-contraction using only 0.1 uM CCh (Figure 5B).
In this case, 10 uM ODQ evoked merely a partial inhibition
suggesting a cGMP-independent relaxation. However, since
relaxation to DEA-NO in fundus of GCKO mice is absent, we
can definitely rule out the effect to be cGMP-independent.

Inhibitory effect of ODQ on endogenously
released NO

The use of pharmacological NO donors can cause artifactual
results as the released NO may not be in the physiological
concentration range or may act at sites that usually are not
exposed to endogenous NO. In order to circumvent this
problem, we tested the inhibitory effect of ODQ on endog-
enously released NO. First, fundus strips were pre-contracted
with U46619 (100 nM) under NANC conditions and then a
train of EFS was applied (Figure 6A and B). The release of NO
after EFS led to a relaxation which was fully abolished by
ODQ (10 uM). Higher stimulation frequencies cannot be used
to increase the NO concentrations released as purinergic
relaxation would confound the relaxation seen by NO.
Second, we investigated the effect of ODQ on endothelial NO
using aortic rings. Figure 6C shows original traces from aortic
rings pre-contracted with 10 nM U46619. After stable con-
traction, we applied a bolus of 30 uM CCh in the absence or
presence of ODQ (10 uM). The original traces show that, after
application of ODQ, the onset of contraction was immediate
and the contraction was complete after 203 + 8 s indicating
fast action of ODQ to block NO-GC (which becomes acti-
vated by eNOS after CCh-treatment). The statistical analysis
(Figure 6D) reveals that ODQ reduced the relaxation to CCh
but did not completely abolish the effect. By contrast, we
were not able to detect CCh-induced relaxation mediated by
endothelial NO in aorta from GCKO animals.

In sum, using GCKO mice, we corroborate ODQ to be an
excellent inhibitor of NO-stimulated GC. However, our
data clearly show that the use of ODQ to prove cGMP-
independent mechanisms is impermissible.

Discussion

Since their implementation into laboratory use, NO-GC
inhibitors such as ODQ and NS2028 have become valuable
tools for the investigation of NO/cGMP signalling in biologi-
cal systems (Garthwaite et al., 1995; Olesen et al., 1998). Par-
ticularly, ODQ commonly serves to prove cGMP-dependent
processes but is also used to describe cGMP-independent
effects. Schrammel ef al. (1996) investigated the molecular
mechanism of NO-GC inhibition using the purified enzyme
and found that ODQ binds to NO-GC’s prosthetic heme
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VASP phosphorylation in washed platelets. (A) Mouse platelets were pre-incubated for 10 min with or without ODQ (10 uM) and then incubated
with increasing DEA-NO concentrations (0.01-10 uM; 10 min). Shown is a representative experiment and the statistical analysis of n = 6
experiments. The phosphorylation by 10 uM DEA-NO was taken as 100%. (B) Mouse platelets were pre-incubated for up to 30 min with ODQ
(10 uM; co indicates absence of ODQ) and then incubated for either 5 min or 15 s with DEA-NO (10 uM). Shown is a representative experiment
and the statistical analysis of n = 6 experiments. The phosphorylation in the absence of ODQ (co) was taken as 100%. (C) Human platelets were
pre-incubated for 10 min with or without ODQ (10 uM) and then incubated for the indicated times with DEA-NO (10 uM; co indicates absence
of DEA-NO). Shown is a representative experiment and the statistical analysis of n = 6 experiments.
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DEA-NO-induced relaxation of aortic rings. (A) Original traces of relaxation with DEA-NO from pre-contracted (1 uM PE) aortic rings of GCKO and
WT in the absence and presence of ODQ (1, 10, 100 uM). ODQ had no effect on GCKO aorta. (B) Statistical analysis of DEA-NO-induced relaxation
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trace of relaxation with GSNO from pre-contracted (1 uM; PE) aortic rings of GCKO and WT in the absence and presence of ODQ (10 uM).
(D) Statistical analysis of GSNO-induced relaxation in aorta from GCKO and WT in the absence and presence of ODQ (10 uM) [**P < 0.01,
compared to GCKO (GSNO 100 uM)]. Data shown are mean + SEM of n =5 WT and n = 3 GCKO.

group and induces oxidation of the heme iron. In addition,
binding of ODQ to the purified NO-GC was NO-competitive
and led to an apparently irreversible inactivation of the
enzyme.

In the present study, we looked at ODQ-mediated NO-GC
inhibition in HEK-GC cells and human platelets as well as in
aorta and fundus from WT mice and mice deficient in
NO-GC. In order to stimulate NO-GC, we used DEA-NO as
radical and GSNO as non-radical NO donor. Our results
confirm that ODQ potently inhibits NO-stimulated NO-GC.
Nevertheless, in all NO-GC-containing systems increasing
concentrations of NO led to a reversal of ODQ-mediated
inhibition contrasting the findings of Schrammel et al.
(1996). Thus, we conclude that in a cellular context ODQ-
induced NO-GC inhibition is not irreversible but can rather
be reversed by increasing NO concentrations.

The results obtained with ODQ on murine tissues could
be confirmed with another specific inhibitor of NO-GC,
NS2028. In both fundus tissue (Supporting Information
Figure S1A) and aortic rings (Supporting Information
Figure S1B) from WT mice NS2028 inhibited NO-stimulated
NO-GC which was overcome by elevated concentrations of
DEA-NO. Thus, NO-mediated reversibility of NO-GC inhibi-
tion appears to be a property shared by heme-oxidizing
inhibitors such as ODQ and NS2028.

Similar effects have been shown by Moro et al. (1996) in
platelets and smooth muscle cells. Their study showed that
a 100:1 excess of the NO donor S-nitroso-N-acetyl-D,L-
penicillamine leads to partial reversal of ODQ-mediated
NO-GC inhibition. In our experiments, however, ODQ-
mediated NO-GC inhibition was overcome even by equimo-
lar concentrations of NO donor and ODQ. Also, addition of
100 uM ODQ, which is far exceeding the commonly used 1 or
10 uM, did not completely block cGMP production either in
HEK-GC cells or platelets. Similarly, 100 uM ODQ did not
fully inhibit aortic relaxation to DEA-NO when compared to
aorta from GCKO animals. Mechanistically, it is conceivable
that intracellular reducing agents may convert the oxidized
iron to the reduced form. Ascorbate has been proposed as has
been an excess of NO (Zhao et al., 2000). In fact, our data
corroborate this idea as high concentrations of NO donor or
longer exposure to the NO donor overcame the inhibitory
effect of ODQ on VASP phosphorylation.

ODQ has been reported to inhibit NO-GC by oxidation of
the heme iron with subsequent loss of the heme group. To
rule out that the reversal of ODQ inhibition was due to short
pre-incubation time (routinely 10 min), we performed experi-
ments with increased ODQ pre-incubation (up to 30 min).
Neither in platelets (VASP phosphorylation) nor in aorta did
we see a difference with prolonged incubation time. In fact,
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DEA-NO-induced relaxation of aortic rings. (A) Original trace of relaxation with DEA-NO from pre-contracted (1 uM PE) aortic rings of WT in the
absence and presence of ODQ (10 uM), sildenafil (0.1 uM) or both. (B) Statistical analysis of DEA-NO-induced relaxation in aorta from WT in the
absence and presence of 10 uM ODQ, 0.1 uM sildenafil or the combination of both drugs (*P = 0.0317, **P = 0.0079, each measurement
compared to corresponding value without sil). Data shown are mean + SEM of n =5 WT and n = 3 GCKO animals. (C) To evaluate the time
dependence of ODQ, aortic rings were pre-incubated with ODQ (10 uM) for 10 or 30 min and then relaxed by the addition of 10 uM DEA-NO.

Data shown are mean = SEM of n =4 WT animals (n.s.: P = 0.6857).
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DEA-NO-induced relaxation of fundus strips. (A) DEA-NO-induced relaxation in fundus strips pre-contracted with 10 uM CCh from GCKO and WT
in absence or presence of 10 uM ODQ [*P < 0.05, **P < 0.07 compared to GCKO (10 uM DEA-NO)]. (B) DEA-NO-induced relaxation in fundus
strips pre-contracted with 0.1 uM CCh from GCKO and WT in absence or presence of 10 uM ODQ [**P < 0.01 compared to GCKO (10 uM

DEA-NO)]. Data shown are mean + SEM of n =5 per genotype.

overall ODQ exposure to the tissues in our organ bath studies
was actually up to 40 min until reaching the highest NO
donor concentration (see Figure 3). Thus, we can rule out that
the reversal of ODQ inhibition by NO was due to insufficient
ODQ exposure.
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Application of NO donors to mimic NOS-induced
responses bears several disadvantages: Pharmacologically
applied NO donors will elevate the general NO concentration
in the tissue regardless of its physiological origin; in addition,
this NO would affect cellular sites hardly reached under
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ODQ inhibition of relaxation by endogenously released NO. (A) Original traces and (B) statistical analysis of EFS-induced relaxation from
pre-contracted (100 nM U46619) fundus strips from WT mice in the absence and presence of ODQ (10 puM). Prior to the addition of U46619,
NANC conditions were obtained by adding atropine and guanethidine (1 uM, respectively). After the first EFS protocol ODQ was administered
for 20 min with subsequent repetition of the EFS protocol. Data shown are mean = SEM of n = 6 (**P < 0.01 compared to WT with ODQ).
(C) Original traces of carbachol (CCh)-induced relaxation of aortic rings in the absence (WT and GCKO) and presence (WT) of ODQ (10 puM).
Aortic rings were pre-contracted with 10 nM U46619. Approx. 30 min after addition of U46619, vehicle or ODQ were administered followed by
a maximally effective concentration of CCh (30 uM). After application of ODQ, the onset of contraction was immediate and the contraction was
complete after approximately 230 s indicating fast action of ODQ to block NO-GC. Note that these experiments were carried out in the absence
of NOS inhibitors so that the stimulation of contraction induces counter-regulatory activation of eNOS. (D) Statistical analysis of carbachol
(CCh)-induced relaxation of aortic rings in the absence (WT and GCKO) and presence (WT) of ODQ (10 pM). Data shown are mean + SEM of
n=4 (WT) (*P < 0.005) and n = 3 (GCKO).

physiological conditions. Therefore, we evaluated the inhibi-
tory effect of ODQ on endogenously released NO in two
different organ systems, aorta and fundus. In fundus, we used
EFS to release endogenous NO from the enteric nervous
system in a spatially confined way. Here, ODQ fully inhibited
this relaxation. In contrast, when stimulating endothelial NO
release by the addition of CCh in aorta, we only saw partial
inhibition by ODQ. This effect was independent of the level
of pre-contraction: CCh-induced relaxation was detectable
when aorta were pre-contracted with U46619+0DQ to a level
similar to U46619 alone (not shown) as well as when induc-

ing higher levels of contraction by the additive effect of
U46619+0DQ as shown in Figure 6C. This could obviously be
taken as proof for a cGMP-independent mechanism. Yet,
under identical conditions, there was no CCh-induced relaxa-
tion of aorta from GCKO mice clearly disproving cGMP-
independent mechanisms.

Why is the effectiveness of ODQ so diverging? Our find-
ings show that reversal of ODQ-mediated NO-GC inhibition
is strongly dependent on at least three experimental condi-
tions. First, the nature of the NO donor plays an important
role as seen in the difference between the radical and non-
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radical NO donors DEA-NO and GSNO. Using the non-radical
NO donor GSNO, higher concentrations were needed to over-
come the ODQ-mediated NO-GC inhibition. This indicates
that the NO species released (NO. vs. NO*) influences the NO
concentration required for reversal of ODQ-mediated NO-GC
inhibition. Second, incubation time of ODQ and the half-life
of the NO donor are important parameters for reverting
ODQ-mediated NO-GC inhibition. Using Western blotting,
we performed experiments on the time-dependence of ODQ-
mediated NO-GC inhibition. We found that phosphorylation
of VASP due to incubation with 10 uM DEA-NO was inhibited
by 10 uM ODQ; however, VASP phosphorylation occurred in
the presence of ODQ albeit after sustained incubation. Thus,
the ODQ-mediated NO-GC inhibition can be overcome with
increasing incubation time; this is of particular importance as
even tiny cGMP elevations are known to lead to functional
response via PKG (Mullershausen et al., 2006). Third, when
using smooth muscle tissues in organ bath experiments the
strength of the preceding contraction may obscure an incom-
plete NO-GC inhibition by ODQ and, therefore, lead to mis-
interpretation of the obtained results. In our experiments,
after contraction with 10 uM CCh, DEA-NO induced a dose-
dependent relaxation which was completely inhibited by
10 uM ODQ. With this knowledge, after contraction with a
comparatively low CCh concentration (0.1 uM), relaxation
by DEA-NO in the presence of 10 uM ODQ (see Figure 3B) can
easily be mistaken for a cGMP-independent effect. Yet, cGMP
independence can be definitely ruled out due to the lack of
relaxation in GCKO tissue. Accordingly, only the comparison
with GCKO allows an entirely unambiguous interpretation.

How to be sure of a cGMP-independent effect? Wanstall
et al. (2005) have outlined several criteria for the proof of a
cGMP-independent mechanism which include the use of a
selective NO-GC inhibitor at a concentration that completely
blocks NO-GC. In our study, however, we demonstrate that
NO responses in the presence of ODQ (at putatively fully
inhibiting concentrations of 10 and 100 uM) may not neces-
sarily be cGMP-independent. Based on the strong influence of
the varying conditions there is no concentration of ODQ
which can be regarded as fully inhibitory. Consequently, the
NO-induced effects in the presence of ODQ are not to be
taken as evidence for cGMP-independent effects. Rather,
additional controls have to be performed which depend on
the cell/tissue used. Possible controls may include the addi-
tion of sildenafil (potentiation would indicate cGMP depend-
ence) or the detection of PKG activation (phosphorylation
of VASP or Rho-kinase would indicate cGMP-dependence).
Measurement of cGMP itself is not suitable as in some cases
smooth muscle relaxation or platelet inhibition may occur
at NO concentrations which do not lead to measurable
increases in cGMP (Gordge et al., 1998; Mullershausen et al.,
2006).

Taken together, our experiments show that the effective-
ness of NO-GC inhibition by ODQ is dependent on at least
three experimental conditions: (i) the nature of the NO
donor, (ii) the incubation time of ODQ and the NO donor as
well as (iii) the strength of the preceding contraction when
working with smooth muscle containing tissue. The choice of
these parameters is of key importance and determines to
what extent ODQ is able to inhibit NO-stimulated NO-GC.
Without doubt, ODQ can be used as NO-GC inhibitor to
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reveal cGMP-dependent effects. However, we strongly advise
against its use as a proof of cGMP-independent effects.
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online version of this article at the publisher’s web-site:

Figure S1 (A) DEA-NO-induced relaxation of fundus strips
from WT in the absence and presence of 10 uM NS2028 (**P
= 0.0079). (B) DEA-NO-induced relaxation of aortic rings
from WT in the absence and presence of 10 uM NS2028 (**P
=0.0079). Data shown are mean + SEM of n = 5 animals.

British Journal of Pharmacology (2013) 170 317-327 327



