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Blood pressure regulation is crucial for the maintenance of health, with hypertension being a
risk factor for myocardial infarction, heart failure, stroke and renal disease. Although nitric
oxide (NO) and prostacyclin trigger well-defined vasodilator pathways, when their synthesis
is prevented a significant relaxation to agents such as acetylcholine remains. This remaining
enigmatic relaxation, known as endothelium-derived hyperpolarizing factor (EDHF), is
considered a major mechanism controlling blood pressure during health and is more
prevalent in resistance than conduit vessels1,2,3,4. Hydrogen peroxide (H2O2) has been
shown to be a major component of EDHF in several vascular beds in multiple species
including human5,6,7,8,9,10. H2O2 also caused interprotein disulfide bond in protein kinase G
(PKG) I-α, which activated the kinase independently of the NO-cyclic guanosine
monophosphate (cGMP) pathway and coupled to vasodilation11. To definitively establish
the importance of kinase oxidation in the EDHF mechanism and blood pressure control in
vivo, we generated a ‘redox-dead’ Cys42Ser PKGI-α knock-in (KI) mouse. This single
atom mutation (oxygen instead of sulfur) eliminates the cysteine-based oxidant sensor in
PKG making it unable to sense or transduce oxidant signals.

We compared the dose-dependent vasorelaxation of arteries from wild-type (WT) and KI
mice to H2O2. There was a significant rightward shift (insensitivity) in the dose-response
curve of KI compared to WT mesenteric (Supplementary Fig. 1a, EC50 WT= 23.7±3.2 μM,
EC50 KI = 79.4±13.9 μM), carotid, renal or femoral (Supplementary Fig. 1a-c) arteries. KI
aortas were partially resistant to H2O2-induced relaxation, showing a 45% deficit in their
maximal dilatory response which occurred at the higher doses of oxidant examined (Fig.
1b). There was no difference in the initial force of contraction generated by specific pairs of
vessel types from either genotype (Table S1). The size of the vessels (Supplementary Fig.
1d) correlated with their sensitively to H2O2, with smaller size having a progressively lower
EC50 for H2O2-dependent relaxation. Western immunoblotting confirmed mesenteric or
aortic PKGI-α from WT mice formed a disulfide bond following H2O2 treatment whereas
the KI failed to as anticipated from the mutation introduced (Fig. 1c). Pharmacological
inhibition of PKG with Rp-8-Br-PET-cGMP attenuated H2O2-induced vasorelaxation of
WT mesenteries (Supplementary Fig. 2a), albeit the shift in the relaxation curve by PKG
inhibition was rather small. There is potential complexity in the use of Rp-8-Br-PET-cGMP
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as its potency or selectivity could change depending on the precise molecular state of PKG,
which changes with cellular redox state or cGMP levels. However, kinase assays have
confirmed that disulfide-activated PKG was inhibited by Rp-8-Br-PET-cGMP in vitro12.
These potential limitations of pharmacology were addressed by comparing the responses of
WT and KI mesenteries to H2O2 (Fig. 1a) where the inability to disulfide-activate PKG is
clearly apparent. The deficit in H2O2-induced vasorelaxation in KI blood vessels that were
also unable to form an interprotein disulfide, together with the attenuation of H2O2-induced
vasorelaxation by pharmacological PKG inhibition in WT, provides robust evidence that
PKGI-α oxidation is a crucial molecular event integral to vasorelaxation. H2O2-induced
vasorelaxation was neither altered by the removal of endothelium (Supplementary Figs. 2b
and 3b), nor by inhibition of NO synthases with NG-nitro-L-arginine methyl ester (L-
NAME), or cyclooxygenase with indomethacin, or these two inhibitors in combination
(Supplementary Figs. 2c-d and 3c-d).

H2O2 also induced WT mesenteric vessel hyperpolarization, which was attenuated by either
apamin or charybdotoxin alone or highly effectively blocked when these two potassium
channel inhibitors were used together (Fig. 1d). There was a marked deficit in the
hyperpolarization of KI mesenteries exposed to H2O2 compared to WT. The observation
that apamin- or charybdotoxin-sensitive potassium channels are integral to oxidant- and
EDHF-mediated vasorelaxation is in line with other studies4,13,14,15,16. Disulfide-activated
PKG could potentially phosphorylate potassium channels to result in membrane
hyperpolarization. The molecular basis of EDHF, not least in the context of defining the
potassium channels involved, is controversial and complex, especially as responses can be
species, sex or vascular bed-dependent. Potential selectivity or specificity issues associated
with potassium channel inhibitors adds further intricacy. However, it is also important to
consider other studies that appear inconsistent with the scheme we have presented. For
example, activation of endothelial SK3 and IK1 is required for EDHF-mediated responses,
as well as Ca-dependent activation of endothelial NO synthase17. However, these potassium
channels are considered to be in low abundance in healthy vascular smooth muscle cells and
their activation by PKG has not been described. BKCa, ATP-sensitive potassium channels
and inwardly-rectifying potassium channels have also been reported to induce smooth
muscle cell hyperpolarization in response to H2O2. However some of these channels or their
accessory, regulatory proteins have their own redox sensitive thiols that can directly respond
to H2O2, independently of kinase activity18.

To establish whether PKGI-α disulfide-activation contributes to the EDHF phenomenon we
compared WT and KI vessel relaxations to acetylcholine with or without combined
inhibition with L-NAME and indomethacin to remove NO and prostacyclin relaxing factors.
This ‘EDHF protocol’ induced a disulfide in WT mesenteric vessels, but failed to in those
from the Cys42Ser PKGI-α KI (Fig. 2a). Acetylcholine-induced vasorelaxation was
markedly deficient in KI mesenteric vessels compared to WT. The acetylcholine-dependent
relaxation of WT was also substantially attenuated by either L-NAME (Fig. 2b, EC50 WT=
148.9±48.9 nM, EC50 KI= 614.2±162.9 nM) or catalase (Fig. 2c) alone, or when they were
combined together (Supplementary Fig. 4f). In addition, pharmacological blockade of PKG
or removal of endothelium substantially attenuated acetylcholine-induced relaxation of WT
mesenteries (Supplementary Fig. 4a-b). In contrast, cyclooxygenase blockade with
indomethacin alone did not alter acetylcholine-induced vasorelaxation (Supplementary Fig.
4c), whereas indomethacin combined with L-NAME partial blocked relaxation
(Supplementary Fig. 4d). Combining indomethacin with catalase and L-NAME resulted in
full blockade of relaxation to acetylcholine (Supplementary Fig. 4e). These observations are
consistent with acetylcholine triggering two primarily pathways leading to vasorelaxation in
mesenteric resistance vessels; one involving synthesis of NO and another H2O2. The latter is
consistent with a number of studies linking EDHF-dependent relaxation to the biosynthesis
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of H2O2 7,9,19, which good evidence suggests is derived from NOS-generated superoxide in
resistance vessels19. Aortas of either genotype lacked an EDHF response (Fig. 2d),
consistent with reports that this hyperpolarization mechanism is largely absent from conduit
vessels9. In contrast an NO donor relaxed both conduit and resistance vessels from both
genotypes equally (Supplementary Figs. 2a and 6a,c), as did the direct PKG activator 8-Br-
cGMP (Supplementary Fig. 6b,d). Clearly in the aorta conduit vessel acetylcholine was
unable to recruit the kinase oxidation pathway, evidenced by acetylcholine-induced
relaxation being identical in WT and KI aorta, as well as being fully blocked by L-NAME
(Fig. 2e) and insensitive to catalase (Fig. 2f). Furthermore PKGI-α in aorta did not form a
disulfide with an EDHF protocol (Fig. 2d). Acetylcholine-induced relaxation of aorta was
also attenuated by PKG inhibition or fully blocked by a combination of L-NAME,
indomethacin and catalase, and was also endothelium-dependent (Supplementary Fig. 5a-b).

Overall our observations are consistent with EDHF being a property of resistance vessels
that at least in part relies on a pathway generating H2O2. This reduced ability of KI vessels
to relax to an EDHF protocol is logically explained by the one atom mutation that prevents
disulfide formation and associated PKG activation. In other words the Cys42Ser mutation
prevents the kinase sensing H2O2 and transducing the oxidant signal into kinase activity that
in WT couples to resistance vessel vasorelaxation.

To assess the importance of this disulfide oxidation pathway to blood pressure regulation in
vivo we implemented telemetric monitoring. Mean, systolic and diastolic arterial pressures
were significantly higher in KI mice than WT littermate controls (Fig. 3a). The blood
pressure increased at night as the mice become more active during the dark cycle, but the
relative hypertension in KI compared to WT mice was maintained. Both mouse genotypes
increased their blood pressure in response to L-NAME, but the delta increase was greater in
KI compared to WT (Fig. 3b). This is consistent with WT recruiting PKGI-α disulfide-
activation during a hypertensive challenge to enable blood pressure homeostasis, but as this
mechanism is not possible in KI there is a proportionately greater hypertension.
Indomethacin caused only a relatively small increase in blood pressure, but despite a trend
towards a greater hypertension in KI this was not significantly different than the WT
response (Fig. 3c). We attribute the basal hypertension and exaggerated L-NAME pressor
response of KI mice to a fundamental functional difference in the vasomotor coupling of
their resistance blood vessels compared with WT. Although the responses of the mesenteries
from the two genotypes to oxidants are disparate, this difference only stems from the highly
conservative single atom sulfur to oxygen replacement at residue 42 of PKGI-α which
removes oxidant sensing in the cell selectively from this single kinase. This has allowed us
to definitively illustrate the importance of PKG-Iα Cys42 disulfide oxidation in regulating
basal blood pressure during health. Potentially contrary to our observations is lower blood
pressure in catalase over-expressing mice which was reversed by a catalase inhibitor20.
Similarly, catalase over-expression have a reduced pressor response to vasoconstrictor
agents21. However, catalase may not be anticipated to lower H2O2 concentration pertinent to
vasorelaxation as this enzyme is principally located in peroxisomes. Thus spatially catalase
may not compete with the highly abundant, ubiquitously-expressed peroxiredoxin proteins
with a Km of □20 μM, which happens to approximate to the EC50 of WT mesenteric vessels
for H2O2-dependnet relaxation. Furthermore, although catalase over-expression reduced
H2O2 below WT in some tissues, it didn’t in all and the levels in resistance vessels were not
studied20.

Although the hypertensive phenotype of the KI mouse is explained by an intrinsic deficit in
their resistance blood vessels ability to sense, transduce and relax to H2O2, we also assessed
several other components that could potentially contribute to the hypertension in the KI.
Using echocardiography we found that the KI mice have a slightly depressed cardiac output,
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despite heart weights being the same (Fig. 4a-b). If the cardiac output of the KI was elevated
to match the WT then the observed hypertension would likely be markedly greater. Thus,
the reduced cardiac output may be an adaptive mechanism in the KI to limit hypertension.
The blood vessels from WT and KI mice were no different in terms of hypertrophy or
fibrosis (Fig. 4c-d), and neither was kidney function between genotypes in terms of plasma
renin (Fig. 4e) or inulin clearance (Fig. 4f). We assessed possible central effects that may
result from the Cys42Ser mutation by indexing heart rate variability and environmental
stress responses as a non-invasive measure of autonomic function. There were no genotype
differences in these metrics (Supplementary Fig. 7a, b), meaning the hypertension in KI is
not associated with a centrally-mediated decrease in parasympathetic activity.

We conclude PKGI-α disulfide formation is a significant mechanism contributing to blood
pressure homeostasis and a major component of the EDHF phenomenon. Acetylcholine, in
addition to an NO-dependent pathway, also recruits an H2O2-dependant mechanism which
leads to oxidation and activation by PKG, which phosphorylates potassium channels to
cause vessel hyperpolarization and relaxation. This regulatory mechanism operates basally
to control blood pressure in healthy animals. Elimination of this mechanism by the genetic
removal of the thiol oxidant sensor in PKG results in hypertension. These observations are
contrary to the historical perspective that oxidants are principally harmful. Instead this
evidence supports an evolving paradigm shift in which oxidants are important regulators of
homeostasis during health22.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix

Online Methods
Animals

Mice were maintained as stated in ‘Principles of Laboratory Animal Care’ as published by
the National Institutes of Health (NIH Publication no.85-23).

Generation of Cys42Ser PKGIα knock-in mouse
Mice constitutively expressing PKGIα Cys42Ser were generated for us on a pure C57BL/6
background by TaconicArtemis. A targeting vector was constructed, which involved PCR
amplification of the murine Prkg1, introducing the Cys42Ser mutation into exon 1a (which
is specific for the alpha isoform) by site directed mutagenesis and inserting an FRT-flanked
neomycin selection marker (to allow for selection of transfected embryonic stem (ES) cells)
close to the mutation to favour homologous recombination. Then screening by southern blot
was carried out to identify if homologous recombination had occurred followed by
validation of the positive clones. ES cell transfection was then carried out followed by
chimera generation. The chimeras were directly bred with an Flp deletor for the in vivo
deletion of the selection marker. As the ES cells always go germline, chimeras can be
directly bred to the deletor in order to obtain germline transmission and selection marker
deletion at the same time.
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Myography
Vascular rings were isolated from the thoracic aorta, carotid, renal (second order), femoral
or mesenteric (second order) arteries. They were mounted in a tension myograph (Danish
Myo Technology), stretched to the optimal pre-tension conditions (using DMT
Normalization Module), bathed in Krebs solution maintained at 37°C and gassed with 95%
CO2:5% O2. During the vessel ‘wake up’ phase, if vessels failed to generate >1mN of force
they were rejected and the myograph channel was switched off. No vessels were rejected
during subsequent data analysis of responses. Vasotone measurements of aortic rings were
made essentially as before1, determining the responses of phenylephrine- (1 μM) or
U46619-contracted (0.1 μM) vessels to a number of agents. Vasotone measurements of
mesenteric vessels were made by determining the responses of U46619-contracted (0.1 μM)
vessels to various vasoactive agents, which included hydrogen peroxide (0-1000 μM),
spermine-NONOate (0-10 μM), 8-Br-cGMP (0-30 μM) or acetylcholine (0-10 μM).
Inhibitors were pre-incubated with vessels for 30min before dose-response curves were
constructed. Rp-8-Br-PET-cGMP inhibitor was used at 100 μM and peg-catalase at
1000units/ml. If endothelium was removed from vessels this was achieved by passing a
human hair twice through the lumen. The EDHF protocol involved pre-incubating vessels
with NO synthetase and cyclooxygenase inhibitors NG-nitro-L-arginine methyl ester (L-
NAME, 300 μM) and indomethacin (10 μM) for 30 minutes respectively, then treating with
acetylcholine (0.1 μM).Tension experiments were carried out using one or two vessels per
treatment intervention derived from at least 5 different WT of KI animals. The initial force
of contraction generated by vessels under different conditions used in these studies are
shown in Table S1.

Membrane hyperpolarization
Membrane hyperpolarization was measured using established methods2,3. Bis-(1,3-
dibutylbarbituric acid)trimethine oxonol (DiBAC4) was loaded (30min, 2μM) into
mesenteric vessels and fluorescence (excitation 495 nm, emission 520 nm) output monitored
by microscopy. Hyperpolarization following hydrogen peroxide treatment (10min, 30μM)
resulted in loss of DiBAC4 fluorescence and was compared in wild-type or knock-in vessels.
In some studies the potassium channel inhibitors apamin (0.1 μM) or charybdotoxin (0.1
μM) were utilised. Quantitative analysis of images was carried out using ImageJ software
(NIH).

Telemetric blood pressure monitoring in vivo
Blood pressure was assessed by remote radio-telemetry in conscious freely moving mice as
described 4. Briefly, mice were anesthetised with 2% isoflurane in 1l of oxygen per minute
with pre and post-operative analgesia (buprenorphine, 0.1mg/kg). Radio-telemetry probe
catheter (TA11PA-C10, O.D 0.4 mm, Data Science International Inc.) was implanted into
the aortic arch via the left carotid artery. Following one week recovery, mice housed in
individual cages were placed above the telemetric receivers with output to a computer.
Blood pressure was recorded by scheduled sampling for 10 seconds every 5min (Dataquest
LabPRO Acquisition System version 3.01, Data Sciences International, St Pauls, MN). 8-10
animals were studied per group to produce average blood pressure data.

Heart rate variability and environmental stress test
The heart rate variability (HRV) parameters were determined as a measure of autonomic
function5,6. Briefly, HRV were analysed from a 300sec continuous telemetric blood pressure
record made between 0900 and 1000hrs in undisturbed telemetered animals in a quiet room.
Data sets recorded in a sinus rhythm were used. Time and frequency domain of HRV
analysis were performed using HRV module of Chart 5.0 analysing software

Prysyazhna et al. Page 5

Nat Med. Author manuscript; available in PMC 2012 August 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(ADInstruments, Colorado Springs, CO). Ectopics and visible short artefacts were manually
excluded or replaced by intervals linearly interpolated from the nearest normal interval in
order to avoid discontinuity in the record. Integrated boundaries for spectral bands were set
at 0.4-1.5Hz for low frequency (LF) and 1.5-4Hz for high-frequency (HF) component.

Mice were exposed to the environmental stress as described7. Briefly, mice were removed
from their home cages and placed into a new cage without bedding for 2 hours. MAP and
HR were recorded continuously while the mice were exposed to the new environment.
Blood pressure and heart rate changes were expressed as response in % of the average
baseline recorded for 1.5 hours before conducting the stress-test.

Plasma renin
This was measured using a SensoLyte 520 mouse renin assay kit (Anaspec), according to the
manufacturer’s instructions.

Inulin clearance
This was carried out by measuring plasma clearance of FITC-inulin (Sigma) essentially as
described,8 using anaesthetised mice to avoid animal stress. Plasma FITC-inulin levels were
serially monitored using a Spectramax Gemini XS microplate fluorometer (Molecular
Devices).

Fibrosis
Picrosirius red was used to monitor fibrosis in aorta using a commercial kit (Polysciences
Inc.), according to the manufacturer’s instructions. Western immunoblotting (details below)
was used to compare Type I and III collagen content in WT and KI mesenteric vessels.

Western immunoblotting
Immunoblotting was carried out as before 9, utilizing maleimide (100mM) in preparation
buffers to alkylate thiols and prevent thiol disulfide exchange. cGKIα (E-17) primary
antibody (Santa Cruz), Type I collagen (Abcam), Type II collagen (Abcam), HRP-linked
secondary antibody (Dako) and ECL reagent (GE Healthcare) were utilized. Digitized
immunoblots were quantitatively analyzed using Gel-Pro Analyzer 3.1.

Statistics
Results are presented as mean ± SEM. Differences between groups were assessed using a
one or two way ANOVA where appropriate followed by a t test. Differences were
considered significant at the 95% confidence level.
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Figure 1.
Differential response of WT and KI vessels to oxidant interventions. (a) Dose-dependent
relaxation of WT or KI mesenteric vessels to H2O2. Representative traces from WT or KI
mesenteric vessels following H2O2 treatment. (b) Dose-dependent relaxation of WT or KI
aortas to H2O2. KI aorta had a sub-maximal (45%) relaxation to H2O2 compared to WT at
the higher doses of oxidants examined, as shown in the representative trace. KI aorta
relaxations are also less sensitive to H2O2 (EC50 WT= 508.4±70.9 μM, EC50 KI =
1311.3.4±703.6 μM). (c) Quantitative Western immunoblot showing that WT PKG Iα from
either mesenteries or aortas forms a disulfide following H2O2 treatment, but this fails to
occur in corresponding KI tissues. (d) KI mesenteric vessels showed a significantly deficient
hyperpolarization in response to H2O2 compared to WTs. The H2O2-induced
hyperpolarization measured in WTs was blunted individually by apamin or charybdotoxin,
and was fully prevented when these potassium channel inhibitors were used in combination.
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Figure 2.
Differential response of WT and KI vessels to acetylcholine. (a) Comparison of relaxation
responses of WT and KI mesenteric vessels to SpNONOate, acetylcholine or an EDHF (i.e.
acetylcholine in the presence of L-NAME and indomethacin) protocol. Western immunoblot
comparing EDHF-induced PKG disulfide formation in mesenteries. (b-c) Comparison of
dose-response of WT and KI mesenteric vessels to acetylcholine and how this modulated by
L-NAME or catalase. (d) Comparison of responses of WT and KI aortas to SpNONOate,
acetylcholine or an EDHF protocol. Western immunoblot comparing EDHF-induced PKG
disulfide formation in aortas. Western immunoblot comparing EDHF-induced PKG
disulfide formation in aortas. (e-f) Comparison of dose-response of WT and KI aortas to
acetylcholine and how this modulated by L-NAME or catalase.
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Figure 3.
KI mice are hypertense compared to WT littermates. (a) In vivo telemetric blood pressure
monitoring comparing KI mice with WT littermate controls during the day and night. Data
are presented as mean arterial pressure over time or as the time-averaged mean systolic and
diastolic pressure in WT and KI mice. (b) Comparison of the blood pressure response to
intraperitoneal injection of L-NAME in WT and KI mice. (c) Comparison of the blood
pressure response to intraperitoneal injection of indomethacin in WT and KI mice.
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Figure 4.
Comparison of cardiac output, vascular fibrosis and renal function in WT and KI mice. (a)
Representative M-mode echocardiography recordings from WT and KI mice. (b)
Comparison of indices of cardiac function in WT and KI as determined by
echocardiography. (c-d) Comparison of blood vessel fibrosis, indexed by measuring
picrosirius red staining of aorta (scale bar = 100 μm) or collagen content of mesenteries
measured by Western immunoblotting. Renin activity was compared in the plasma of WT
and KI mice. (f) Plasma inulin clearance was compared in WT and KI mice.
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