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General introduction

|.1. Soluble guanylyl cyclase

[.1.1. Historical perspective

A few years after the detection of guanosine 3¢ylic monophosphate (cGMP) in the urine
of rats!, an enzyme capable of synthesizing cGMP, guarggglase (GC) was found in
several mammalian tissué$. It took until the mid-1970’s to find out that teeare two
different types of GC, which were subsequently found to differ not oirytheir cellular
localization (cytosolic and membrane-bound) bub ars their structure and regulation. In
further research, nitric oxide (NO) released fromsadilators such as nitroglycerin and
nitroprusside, was shown to activate the cytos@& enzyme or soluble guanylyl cyclase
(sGC)®. As at that point, NO was unknown in biologicast®ms, the NO mediated activation
of sGC was considered as a non-physiological phenom However, when in the early
1980’s Furchgott and Zawadski discovered an entlothederived relaxing factor (EDRF)
which was later identified as N& * it was realized that SGC mediated many of the
beneficial effects of endogenous NO in the cardou&ar system (vasodilatation, inhibition
of platelet aggregatiorf. Later on, the importance of sGC in mammalian faygy further
increased, as it became apparent that NO and satalgtracellular receptor sGC were not
only involved in vasorelaxation but also in phegpii and central neurotransmissithnin

phototransductiofi* and in immunomodulatiofr.

[.1.2.sGC isoforms

In 1979 it was first described that the purifiedG@nzymes from rat and bovine lung
consisted of two subunits of around 72 kEfASeveral years later, Kamisaki et al., showed
that those two subunits, later designatiedndf, were similar but not identical. Based on
the protein sequence of the purifiefl heterodimerthe first subunitsp; and3; were cloned
1821 By homology screening, two other subunits weeniilied, known asx, andf, % 23
Subsequentlyq3 pairs were cloned from Homo sapiens, which wergiaily termedas and

Bs2%. However, the so-called; andp; subunits have, based on sequence homology, come to
be generally accepted as the human orthologs ofrahe; and (31 subunits rather than
different isoforms?. So, two isoforms of each subunit currently egistl are termeds, oo,

B1, B2 respectively. Despite multiple possible combinagioronly the ai3; and ayf3;
heterodimers have been demonstrated to occur gprtstein level and to be catalytically

active®®,
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Figure |.1: Schematic representation of the sGC heterodimeaptad from Evgenov et al! and
Lucas et al*®)

[.1.3. Structure of the subunits

Each sGC subunit contains three domains (figunethdt make up its structure and function:
an N-terminal regulatory domain involved in hemaedng, a central domain commonly
referred to as dimerization domain and a C-terncaglytic domain.

Compared to the central and catalytic domainsN#erminal parts of the sGC subunits are
relatively diverse. Only a stretch of about 100 rammiacids shows a high degree of
conservation among the isoforms of ther 3 subunits, but not between tbheand3 subunits.
Conceivably, the properties of am or a B subunit are defined by these regiofis
Furthermore, the N-terminal parts bind and coor@irihe heme moiety, which mediates the
NO sensitivity of the enzyme. The binding of NOtke prosthetic heme group, induces a
conformational change in the enzyme, resulting seweral-hundred-fold greater production
of cGMP*°. Although there has been some debate in the th@sheme stoichiometry of sGC
has now been agreed to be one mole per mole hetmod’. In contrast to other
hemoproteins that use the heme group for the staaad transport of oxygen fQthe heme

group of sGC has remarkably overcome the inherffimityt for O, *2. The discrimination

|4



General introduction

against @ binding, which is based on the lack of a residapable of forming a strong H-
bound, is extremely important for the fidelity oONsignaling™.

By sequential truncation experiments, Foerstet.etlanonstrated the need of bothandf3 )
subunits for heme to bind properly to the heteraimcomplex’*. On the other hand, Koglin
and Behrends observed that deletion of the firSti8erminal amino acids of thee-subunit,
had no effect on heme-binding or NO-sensitivity toe enzyme®. Furthermore, the
importance of theB; subunit as primary heme-binding subunit was sugdesas the
expression of the N-terminal part Bf resulted in a domain capable of binding hethe
Moreover, a histidine residue (His-105) of tBe subunit, was identified as the heme-
coordinating residud” * In addition, two highly conserved cysteines (%@ 214) adjacent
to the His-105 on thdg3; subunit appear to be important for the heme-bopdaffinity.
Interestingly, mutation of the corresponding cystsion thex;-subunit, did not alter the NO-
responsiveness, what provides additional prootHerpredominant role of th& subunit in
heme-binding®®. So, the function of the N-terminal part of tlesubunit is not clear,
compared to that of thg; subunit. As the central part of the sGC enzyma&wikn as the
dimerization domain, shows considerable homologyhts membrane-bound or particulate
GC (pGCQ), it was suggested in analogy, that trggorewould be involved in the dimerization
of the subunit®. Additional evidence was derived from multiple NdaC-terminal deletion
experiments, where in both subunits of thgs; isoform, the central region but also the
regulatory domain was reported to contribute t@twtimer formatiori’. Besides hetero-and
homodimerization, Koglin and Behrends concluded tha central domain of the-subunit
would be involved in sensitivity to NO and the egngus activator YC-.

The C-terminal domains of sGC (responsible for gsare triphosphate (GTP) binding and
conversion to cGMP) are the most conserved regiooispnly among the four subunits but
also between both pGC and the adenosine 3’, 5liecymonophosphate (CAMP)-generating
adenylyl cyclases (AC). This evolutionarily consmtvcatalytic domain defines sGC, pGC
and AC as a single family of nucleotide cycla&e$® Homology modelling of sGC, based on
the crystal structure of AC, revealed the existeoica low affinity nucleotide-like binding
site, in addition to the putative catalytic sffe Despite its low affinity for nucleotide, this
pseudosymmetric counterpart of the catalytic sipears to be of significance for the
regulation of sGC activity. It has been shown torésponsible for the allosteric pattern of
non-competitive inhibition by purine nucleotidesckuas GTP and adenosine 3’, 5’-cyclic
triphosphate (ATP)“°. This notion was further supported by the finditigat the

5|
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pseudosymmetric site acts as an ATP sensor sig&6f*°. Besides inhibition of the NO-
stimulated activity, the pseudosymmetric site wéso dound to be a target for sGC-
stimulators like YC-1 and BAY 41-2272, that lead fotentiation of the NO-stimulated
activity %",

Many aspects of the sGC-catalysed conversion of @IEGMP are poorly understood.
According to Senter et al., the catalysis procdedsvay of a single displacement reaction,
with the pyrophosphate-leaving group in the nuatlobeing displaced by the 3’-hydroxyl
group on the ribosé® On activation, under conditions of surplus suistr(GTP) and
activator (NO), the enzyme exhibits straightforwdthaelis-Menten-type kinetics: cGMP
accumulates at a constant rate with tiffle Nuclear magnetic resonance spectroscopy
demonstrated that only pyrophosphate and cGMP wuais corresponding to the amount of
GTP utilized were produce¥f. As for all nucleotide cyclases, divalent catidivn®" and
Mg®") are needed as substrate cofactors and allosteoitulators to express maximum
catalytic activity®’. As the residues required for substrate recogniiad catalysis are
distributed on thex and 3 subunit of the heterodimeric sGC enzyme, cycladevity is
dependent upon the presence of both subthitBo-expression of the C-terminal regions of
the a andf3 subunits, which form a heterodimer and that pass@serization and catalytic
regions, is sufficient for basal cGMP productidn

Clearly, the above observations demonstrate that rdgulatory, catalytic as well as
dimerization properties of sGC can be attributeditierent domains of each subunit and that
both subunits are required to render the sGC enzynation.

[.1.4. Genomic organisation of sGC

In medaka fisi*, rat®>, human®® as well as mous¥, the genes encoding the s@&Candp.
subunit are found on the same chromosome and eaelb very close to each other (mouse:
3E3-F1, rat: 2931, human: 4932). Moreover, in thedaka fish genome, the s@{andf;
genes are tandemly organized like a single genéchwsuggests that the transcriptional
regulation of the two subunits is cis-coordinatédHowever, this has not been duplicated in
any mammalian system. The s&C® and 8, >° subunits on the other hand appear to be
localized on different chromosomes and seperatentbsomes than the; andp; subunit®.
The chromosomal localisation of the sGC subunitsjegthe opportunity to address and
identify whether then and 3 subunits of sGC are possible candidate genesirfkade in

NO/cGMP-mediated disease states. Azam et al., tigatsd such a linkage for the sG@nd
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B genes with respect to blood pressure in the Daldsensitive rat>. They showed that the
genes for the sG& andf; subunits are closely linked to the GC-A locus, ahhhas been
shown to cosegregate with blood pressure, and the K'-ATPase a; isoform and
calmodulin-dependent protein kinase dllgenes, which have been shown to flank a
quantitative trait locus for blood pressure in fh&hl rat®*®® In addition, theB, locus was
also closely linked to the endothelin-2 locus, knote cosegregate strongly with systolic
blood pressure. Moreover, the mRNA and proteinllewethe sG@, subunit are increased in
kidney of Dahl salt-sensitive vs. salt-resistams 4 °> Together, these results suggest that the
sGC subunit loci ofa;, 31 and3; are good candidatder genes controlling salt-sensitive

hypertension in the Dahl rat

[.1.5. Expression of sGC

The expression of the sGC subunits does not appdze limited to any specific tissue. The
0181 heterodimer, is the most abundant and ubiquitod&iributed isoform in mammalian
tissues witho; andf; mMRNA being expressed at high levels in the lumgin heart, kidney,
spleen and muscfé. Thea, subunit has a more restricted expression pattéth the highest
level in the brain, where the; subunit was present in comparable amounts. Theeipla,
pancreas, spleen and uterus contain a lower Ié¥bear, subunit. In most tissues s@; is
the prevailing isoform?%. The B, subunit was detected in kidney and IiV&r However,
methods and sensitivity of measuring the transemptsGC vary in each report. In the study
of Mergia et al., thg3, subunit mMRNA levels were almost undetectable irsintissues and
relatively most abundantly in the testis and thecehta®’. No sGC heterodimer containing
the B, subunit has been isolated from tissues or celts saveral investigators failed to
express a catalytically activa 3, or a3, complex. Therefore, the physiological relevance of
the 32 subunit is questionable. However, using a chiménm in which the raf}, is fused
downstream of the green fluorescent protein (GIERpta et al.,, demonstrate that a3,
heterodimer does exhibit enzyme activity, albeibhsiderably lower when compared to the
0131 enzyme. More importantly, these authors reported the3; subunit could act as a
negative regulator of NO-stimulated activation leé ¢1;3; SGC enzyme by complexing with
the a; subunit and reducing the NO-sensitivity of s&C One explanation for this novel
finding of catalytic activity is that GFP in the 88, fusion substitutes for the missing N-

terminal heme-binding region @h. This may also account for the reported abilitythed 3,-
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GFP fusion construct to form a catalytically activemodimer®. On the other hand, a
frameshift deletion has been shown in the hufiiagene population that is incompatible with
the occurrence of th@, subunit on protein level. The fact that the hunflansubunit is
exclusively expressed in gastric tumors, raisesptiesibility that this subunit would have a
role in tumorigenesis or cell growth Anyhow, as the actions of NO are so widespre@d,s

no matter which isoform, is likely to be presenalhtissues.

For eacha andf3 subunit, spliced variants have been reportedeWter®l human tissues and
cell lines, Behrends et al. discovered a variarthefti, subunit (1)) containing 31 additional
amino acids in the catalytic domain. Ttig subunit retained its ability to heterodimerize, but
the resultinga,iB; isoforms exhibited no sGC activify. For thea; subunit, three mMRNA
species were identified, of which only one contditige full expression sequence, necessary
for the formation of a functionak; subunit. The other two, N-terminal truncated wvasa
have a significantly reduced enzymatic activityggesting that they do not contribute to the
cGMP formation’’. Using PCR, Chhajlani et al. detected a splicéanarof theP; subunit
that lacks 33 amino acids when compared to theinaiigB; subunit "> Finally, an
alternatively spliced variant of th& subunit was reported in human corpus cavernosuis. |
suggested that this subunit may be NO insensitagalse of the absence of 2 exons that are

homologous to the N-terminal heme-binding donfain

[.1.6. Transcriptional and post-transcriptionalulagion of sGC

Several factors are known to regulate sGC expnes3ibe chronic exposure of cultured rat
pulmonary artery smooth muscle cells (rPASMC) to éidor compounds has been shown to
decrease sGC subunit mRNA in a cGMP-dependent {{fayAlso other investigators
suggested that cGMP regulates sGC subunit geneessipn. Ujiie et al.,, observed that
incubation of cultured rat medullary interstitiadlls with cGMP-elevating agents, decreased
sGQu; andB; subunit mMRNA levels®. Similarly, in aortic smooth muscle cells the sGC
subunit gene expression was shown to decreaseinpobation with the phosphodiesterase
(PDE) type 5 inhibitor Zaprinast. Increased cGMP levels may alter sGC subunit gene
expression via downregulation of the RNA-bindingtein HUR (human R, embryonic lethal
abnormal visual [ELAV]-like RNA-binding protein)hereby destabilizing sGC mRNA.
Similarly, also cAMP has been reported to decrélaseexpression and RNA binding of HUR
8 S0, alternatively, cGMP may also inhibit the sléi$ cCAMP phosphodiesterase activity

leading to increased cAMP levels that in turn magrdase sGC subunit mRNA levels. This
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cAMP-mediated reduction of the sGC mRNA and proteirels has not only been described
in rat aortic smooth muscle ceffSbut also in other cells like rat fetal lung fibtasts®* and
pheochromocytoma (PC12) ceffs cGMP may also exert its effect through activatirihe
cGMP-dependent protein kinase, which is known tosphorylate splicing factor 1 and
thereby inhibiting the prespliceosome assenfibly

In certain disease states, such as hypertensiberosatlerosis, hypercholesterolemia and
Alzheimer's diseas&" ® it is demonstrated that disturbances in sGC sewel/or activity
may play an important role in the pathophysioloyh@se disorders. Ruetten et al. found a
significant reduction in MRNA and protein expressa both the sG&; and3; subunits in
the aortic rings of young and aging spontaneougpettensive rats (SHR) when compared
with normotensive Wistar-Kyoto rats (WKY), whichrcelated with an attenuated response to
YC-1 activation of sGC®. Further evidence for a role of sGC in hypertemsiomes from a
study of Kloss et al, that showed a downregulaténthe sG@; subunit expression in
senescent SHR compared with age-matched WKYIn addition to hypertension, both
research groups demonstrated that also aging lalwemRNA and protein levels of sGC in
aortic smooth muscle cells and so worsen the N@aldgnt vasodilator mechanism of the rat
aorta. Furthermore it is suggested that the ®@@d 3 subunits can be independently
regulated, as the expression of f®ubunit and not of the correspondimgubunit has been
shown to be switched off in aortic smooth muscliésaef old rats compared with newborn
and adult rat$®. An age-induced reduction of the sGC activity s been reported in
nonvascular smooth muscle celfs suggesting that the downregulation of smooth eusc
sGC may be a common response to aging. Furthermemteced3; but increase@®, mMRNA
and protein levels have been reported in kidnepatil salt-sensitive rat¥. Therefore, the
reduced renal sGC activity found in the Dahl salisstive rats was suggested to be due to a
higher formation of the physiologically non-actieg3, heterodimer.

Hypercholesterolemia is reported to induce an oymession of the sGC enzyme, albeit in a
dysfunctional form®, which may contribute to the pathogenesis of aswerosis®.
Similarly, chronic myocardial infarction has beemown to increase the sGC expression
despite the altered vasodilator resporféeAs many cardiovascular diseases are known to be
associated with an increased vascular oxidativesstrit is not surprising that inhibition of
sGC activity under pathological conditions sucthggercholesterolemia and atherosclerosis

is redox-controlled®. Further evidence is provided by the involvemehteactive oxygen
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species (ROS) and cyclooxygenase (COX)-2 in thengapression of the s@g subunit
induced by lead in the rat vascular wAll

The effect of hypoxia on sGC expression has besouace of controversy. Crawley and
colleagues reported that sGC function was impaimgguimonary arteries from rats exposed
to 10 % oxygen, leading to decreased cGMP accuinnlahd vasorelaxatiofi. On the other
hand, Li and associates reported that exposuratefto hypoxia significantly upregulates
pulmonary sGC expressidh The in vitro report of Hassoun et al., is howeweine with the

in vivo study of Crawley et al., as in rPASMC sGbsnit mRNA levels were significantly
reduced in response to hypoxic concentrations pfien’’. Furthermore, also allergic asthma
has been documented as a down-regulating condéticsGC.

sGC subunit levels have also been shown to be alewventally regulated. During pregnancy,
stimulation of the sGB: mMRNA and protein levels is evident in uterine aalesmooth
muscle tissu€®. Concomitantly, sG&; and B, subunit mRNA levels rise in unborn rat
pulmonary artery, beginning at approximately 20daf/ gestation, and mRNA and protein
remain elevated for at least 8 days following bifth This concurs with the gentle decrease
of a; mMRNA in mouse kidney after birth®. Also in the rat brain, sGC activity was found to
be high immediately after birth and to decreasénduthe early postnatal week®. In the
prenatal rat brain, it has also been shown that @nimRNA is expressed, whilg, is absent.

In the early postnatal stage, however, the expegsattern was reported to be essentially the
same as at adult age, with a more widespread laistsh of thef3; subunit compared to its
heterodimeric partner s@G % Also in rat heart, SGC expression underlies a dymam
change, as it was shown to shift from endothelrl amooth muscle cells in the neonatal
stage to only endothelial cells in adult animatsatldition to this anatomical change, also a
higher cardiac sGC activity was found in the peghperiod*®®. The reported changes in
expression levels, activity and cell types expressGC at different times of development
and in different organs, clearly demonstrate a dyoaegulation of the sGC enzyme.

Various additional factors like the nerve growtlctéa (NGF), estradiol, cytokines and
lipopolysaccharide (LPS) also appear to reduce StBE enzyme expression. The NGF-
dependent decrease of the sGC subunit mMRNA levadssivown to occur via activation of the
Ras-MAPK signaling cascad®. Furthermore, it is suggested that the estrogeepter-
dependent pathway for the regulation of the ag@nd B, subunits by estradiol® °°
proceeds via NGF, as an elevated level of the N&Feported in the rat uterus during

pregnancy’’. Takata and coworkers have demonstrated thamninfiaory cytokines, such as

|10



General introduction

interleukin-PB and tumor necrosis factor{TNF-0) negatively modulate sGC subunit gene

expression via NO-dependent and NO-independent anésths'®® Also exposure to the

bacterial inflammatory mediator LPS, causes a rieoluén sGC mRNA abundance, enzyme

mass and enzyme activity’ *° The possibility of NGE*, estradiof**? and cytokines™ to

stimulate the JNK signaling pathway and the blogleffect of an c-Jun NHterminal kinase

(INK)-II inhibitor on the inhibition of sG& MRNA expression by NFG, TN&-and
114

interleukin-PB ", implicate a role for the c-Jun kinase in the tagon of the sGC

expression.

[.1.7. Post-translational requlation of sGC

[.1.7.1. sGC activation by ligands

*Nitric oxide (NO)

It is generally accepted that NO binds to the pretst heme group associated with fhe
subunit of sGC, which finally leads to activatio the enzyme and enhanced cGMP
production. In the unligated state, the heme grdigplays an absorbance maximum at 431
nm, the Soret band, indicative of five-coordinatedous heme with a histidine as axial
ligand. The presence of the heme moiety in theaedFé" state is a major prerequisite for
the NO-induced activation of sGC, as its removabridation abolishes any NO-induced
enzyme activation.

Upon binding of NO, the absorbance maximum shift839 nm*2. Together with the finding
that heme-free sGC could be activated by the irea-heme precursor, protoporphyrin IX, it
was hypothesized that active sGC required a fiedinate nitrosyl heme compleX®
However, much speculation has centered on theggateps involved in the formation of this
five-coordinate nitrosyl heme complex (figure 1.Bjirst, sGC was thought to behave as a
traditional signal transduction receptor and tdofela simple two-step activation process. In
the first step, NO binds to the sixth coordinafusition of the heme, forming a 6-coordinate
ferrous-nitrosyl species with an absorbance maxinain399 nm. Subsequently, the bond
joining the heme to His105 breaks, resulting infilke-coordinate species. This second step
is considered to initiate conformational changes@C that greatly increase the catalytic
activity of the enzymé®. It is agreed that the initial rate of associati®a fast second-order
process, whereas for the second step, differeetiksrhave been reported. Zhao et al., found
that the rate of transition from the six-coordintidhe five-coordinate sGC also depends on

the NO-concentratioft”. This suggested a novel mechanism for sGC regulatihereby NO
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not only determines the amount of occupied enzymeabso how quickly the enzyme is
activated. It was concluded that various additicealctions of NO with sGC, including the
presence of a second NO-binding site, accountedhierfinding. The requirement for two
NO molecules for full sGC activation, was suppotgdhe work of Russwurm and Koesling
118 They presented the all-heme site model that mepadwo five-coordinated NO-bound
states of the enzyme: an active and nonactive. $tatke presence of the reaction products or
substrate and additional NO, the high catalyticvégtor active species is formed, whereas in
the absence of the enzyme’s products, the low ytetahctivity or nonactive species is
formed. Based on the cristal structure of cytocteah it was suggested that the binding of
the second NO molecule occurred to the héMeHowever, more recently, a second non-
heme site model has been proposed, in which thendeblO-binding event involves the
binding of NO at a non-heme site, or at least &ita that does not influence the heme
spectrum?°. This model, derived from the observation thatréte at which NO dissociates
from sGC is much slower than the rate of enzymectiledion, has significant in vivo
implications. Under normal resting conditions, dgriwhich basal levels of NO are
synthesized, sGC is most likely to have NO staldyra at the heme and to be partially
activated (long-lasting tonic activity). Other pholegical processes require a rapid rise in
cGMP levels, driven by an acute increase in NOthis case the enzyme becomes fully
activated by NO binding to the non-heme site (phastivity) and deactivation occurs rapidly
when levels of NO drop. Both two-site models (ahte site and non-heme site) account for
much of the behaviour of sGC in vitro, especiallg presence of a low-activity form that is
spectrally indistinguishable from the fully actis&C. According to Roy and Garthwaite, the
non-heme site model for the regulation of sGC @gtlyy NO is of doubtful relevance to cells
121 Their in vivo measurements of cGMP production figtelet and cerebellar cells are
entirely consistent with the involvement of onlysimgle ligand binding site and with the
concept that activation and deactivation followdang and unbinding of NO to this site.
Earlier on, criticism on the existence of a secbif@binding site was raised by Bellamy et
al., who swear by the simple two-state, single-sitelel*2. To conclude that there is some
fundamental difference between the behaviour offipdrsGC compared to the behaviour of

sGC in the intracellular milieu, further researcts lho be done.
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Figure 1.2: Three possible mechanisms
for the activation of sGC by NO. In all
schemes, NO binds rapidly to the five-
coordinate ferrous heme (431 nm),
forming a six-coordinate ferrous-
nitrosyl intermediate (420 nm). The
scheme depicted by the interrupted line
(e —e) represents the simple two-step
binding model. The full lines<) show

the possible steps of the all-heme site
model, whereas the dotted linese@)
represent the steps of the non-heme site
model. The latter two models account
for the experimental observation that
there is a low-activity form of sGC
(depicted in red) that is spectrally
indistinguishable from the fully active
sGC

(depicted in green)

CO, similarly to NO, binds to the distal side ottprosthetic heme, leading to a 4-6 fold

increase in cGMP producticf. The binding of CO results in formation of a heo@clinate,

rather than pentacoordinate complex without axgainid displacement. It has been suggested

that the dissociation of CO from sGC, proceedsutjnoa pentacoordinate intermediate,

which, by its structural similarity to the hemerogyl complex, presumably is responsible for

the activation of sGC?. By steric hindrance, the tyrosine phenyl ringtia sGC distal heme

pocket, creates a heme environment in which COitini strongly impeded®®. Given its

rather poor sGC-activating propeityvitro (30-100 times lower than that of NO), it remains

unclear how CO can exert physiological signalinfpes. However, multiple studies have

demonstrated modulation of cGMP levels by endogemooduced CO. Moreover, there is

substantial evidence that CO can regulate sGCaiticplar in olfactory neurons in which

heme oxygenase produces G8 In the presence of YC-1, a synthesized benzyhznte

derivative, CO has been shown to activate sGC d¢ostime level as that of N&. So, the
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modulation of sGC activity by an endogenous sulegtanimicking YC-1, could provide the
molecular basis for CO functioning as a signalirgeaule.

*YC-1

YC-1 or 3-(5-hydroxymethyl-3’-furyl)-1-benzylindate, was first shown to inhibit platelet
aggregation, to disaggregate platelets and to pgolbleedings in miceé?®. Additional
findings, all consistent with its ability to actieasGC, showed that YC-1 inhibits proliferation
of vascular smooth muscle celf® and relaxes smooth muscle céft§'*3 YC-1 activates
sGC directly, without the intermediate productionNO or some other factor capable of
activating sGC® 2 133 However, similar to NO, the activating effect ¥Y€-1 crucially
depends on the presence of the reduced prostlegtie moiety of sGC.

In vitro studies with the purified sGC enzyme destasted that incubation with YC-1 leads
to a 10-fold increase of purified sGC enzyme attjvan effect that was slightly further
potentiated in the presence of N&' '3 In intact cells on the other hand, this syneigist
effect of NO and YC-1 on activation of sGC was @g as YC-1 combined with NO was
reported to be up to 100 fold more effective thhe tndividual compound$®* 3413
Moreover, YC-1 has been reported to potentiatevthek sGC activator CO to a level of
effectiveness comparable to N®*?® 137 Those overadditive effects are suggested to ke du
to the facilitated formation of an active five-cdorate NO- or CO-heme complé¥. In other
studies, the sensitizing action of YC-1 is explditgy a reduction of the ligand dissociation
rate from the heme group yielding a prolonged litgfof the ligand-heme compleX® **
Besides the data on the mechanism of theYC-1-irlg@C activation, also the data on the
location of the YC-1 binding site on sGC are comdrgial. YC-1 was shown not to alter the
ultraviolet-visible absorptionspectrum of basalstimulated sGC?® and, in addition, to still
bind to a heme-depleted enzyhi& suggesting that YC-1 combines with a site diffi¢feom
the heme group. Furthermore, the inability of Y@ Xkensitize a sGC mutant with a changed
substrate specificity utilizing ATP instead of GTpposed the involvement of a special
structure within the catalytic domair’. Guided by structure modelling of sGC with AC as

44199 and by the results of mutational studfés’’” **! it was suggested that YC-1

template
binds to a pseudosymmetrical site in the catabjdimain, which is equivalent to the allosteric
regulatory forskolin-binding pocket in AC. Althoughese findings do not support a direct
interaction of YC-1 with the heme group, some ré&pordicate that YC-1 binding to CO-sGC

results in a shift of the Soret absorption band4bpm to a shorter wavelengtf{* 43
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Additionally, raman resonance studies of the YCt#iteraction with sGC, detected
spectroscopic alterations of the CO-heme boundlldength sGC and in a heme-containing
fragment of theB-subunit in the absence of the catalytic dorafnMoreover, YC-1 would
lack the ability to increase the basal activityadieme-deficient sGC mutafit. Furthermore,

a region in the regulatory domain of tliesubunit has been reported to be important in the
signal transduction of NO and to represent theetdiar YC-1%°. These apparently conflicting
results postulate two or more binding mechanisras,definitive conclusions await protein
crystallography*’. Besides the stimulatory effect on sGC, YC-1 hasnbshown to increase
the intracellular cGMP level in different cell typby inhibition of cGMP breakdown through
PDE’s *?° ¥ |n addition to the cGMP-degrading PDE-1 and B, ahtivity of cAMP specific
PDE- isoenzymes (2-4) was also significantly sugged by administration of YC-1*
Furthermore, it has been suggested that YC-1 hamdirect effect to stimulate sGC.
Wohlfart et al. argued that YC-1 stimulates the pi©duction by endothelial cells through
activation of endothelial NO synthase (eNOS) arat the released NO may stimulate sGC
and increase the intracellular cGMP le¥8l However, according to the study of Chun et al.,
the stimulatory effect of YC-1 on the synthesisatlothelial NO is not due to the activation
of eNOS™’. On the other hand, the results of Schmidt etsafgest that a heat-labile factor
present in the endothelial cells potentiates tfiecebf YC-1 on NO-activated sGE>. Even
many other reports have established that YC-1 é&shgmme additional effects that do not
involve cGMP. For example, in rat neutrophils, Y®ds been shown to block the?Cantry
through inhibition of the tyrosine kinase activity® and to inhibit the generation of
superoxide anion™. Additionally, it has an inhibitory effect uponetthuman white blood
cell function through a cAMP-dependent pathway Besides the antiproliferation effect
through activation of sGC, YC-1 also demonstratesnaibitory effect on cell proliferation
via a cGMP-independent pathway. In rat mesangis,abe YC-1-induced cell-cycle arrest,
proceeded through suppression of cyclin D1 synshasd related cyclin-dependent kinase
(CDK)4 kinase activity"!, whereas in human umbilical vein endothelial ¢ehe increased
level of the CDK-inhibitory protein p21 and assdedh lower CDK2 activity, was the
underlying mechanisr*®> A study in endothelial and chromaffin cells frdravine adrenal
medulla showed that prolonged exposure to YC-loatcentrations that activate sGC and
cause vasorelaxation, results in apoptotic deathassociation with increased caspase-3-like
activity > An additional mode of action of YC-1 is the enb@ment of the gene expression
and production of the TNE-in LPS/interferonyactivated rat alveolar macrophagesé.

According to Yeo et al., YC-1 has the potentiabémome an anticancer agent, as it appears to
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inhibit hypoxia-inducible factor-1-and consequently halts tumor growth by blockingdu
angiogenesis and tumor adaptation to hypo¥id>>

The effects of YC-1 seems to vary dependent onctietype and perhaps also on the
experimental conditions. In isolated rat aortic sthomuscle cells, YC-1 increases the
intracellular cGMP concentration, whereas in thetsieular myocardium it does ndt’. On
the other hand, in rat cardiomyocytes in vivo, Y@ds shown to induce apoptosis via cGMP
signaling'®®. YC-1 increases cGMP levels in platelets and staouscle cells by direct
activation of sGC without any effect on the prodrctof NO **”. Nevertheless, in bovine
aortic endothelial cells and human umbilical veimdathelial cells, YC-1 stimulates the
production of NO"*®, as discussed above.

*BAY 41-2272

From a new series of potent pyrazolopyridine dénres synthezised using the YC-1
chemical lead structure, BAY 41-2272 was selected promising heme-dependent, but NO-
independent, sGC-stimulator. In vitro studies stobweat BAY 41-2272 activates purified
sGC up to 30-fold and that it potentiates sGC atitm by NO at ~ 100-fold lower
concentrations than its analog YC2£ However, the potency of BAY 41-2272 in vivo, with
respect to platelet aggregation, is considerabtipced and certainly much lower than its
hypotensive action§. The structural similarity between BAY 41-2272 an@-1 suggests
that both compounds have similar mechanisms obmctiowever, the effect of BAY 41-
2272 on PDE-5 activity is at present controverssahsch et al1*® and Bischoff and Stasch
180 observed that BAY 41-2272 was devoid of any irtbityi effect on PDE-5 up to a
concentration of 10 umol/L. However, at higher doddullershausen et al. demonstrated
PDE-5 inhibitory effects of BAY 41-2272 in platedetThey observed that this inhibitory
action critically depends on the substrate coneéotr, indicating a competitive component
in the mechanism of inhibitiod®’. Still, as the concentration of BAY 41-2272 used b
Mullershausen et al., is several orders of mageitalgbve those needed for sGC stimulation,
the PDE-5 inhibition by BAY 41-2272 is rather catesied as irrelevarif. In addition, other
non-cGMP specific effects have been reported foryBAL-2272, although much less in
comparison to YC-1. In ovine pulmonary artery, BAM-2272 seems to stimulate the
sarcolemmal sodium pump independent from cG¥fP Furthermore, it was demonstrated
that besides stimulating sGC, inhibition of the’Tantry also represents an important

mechanism in BAY 41-2272-induced relaxation ofbrasilar'®® and mesenteric artef§”. In
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rabbit aorta'®® as well as in human and rabbit corpus cavernd€nthe relaxant responses
to BAY 41-2272 were only partially attenuated by @Dsuggesting an additional cGMP-
independent mechanism.

As a®H-labelled derivative of BAY 41-2272 was bound he tysteines 238 and 243 of the
subunit of sGC after radiation, it was suggested these residues or the surrounding region
might represent the target site for non-NO sGCugiators*® *°” However, the observation
that this region is poorly conserved in tigesubunit of sGC and that tlog3; heterodimer is
also activated by YC-1 and BAY 41-227% argue against the binding of those sGC-
stimulators to this N-terminal region of thesubunit. As with YC-1, the postulated allosteric
site involved in NO sensitization of sGC will hate be validated by co-crystallization

studies.

*BAY 41-8543, CFM-1571 and A-350619

Like BAY 41-2272, BAY 41-8543 and CFM-1571 were 8wsized based on YC-1 as lead
structure, whereas the chemical structure of A-3908hares no structural similarity with
YC-1. As members of the class of heme-dependents®&tilators, their activity depends on
the presence of the reduced heme moiety of sGOsaoldaracterised by strong synergistic
enzyme activation when combined with NO. They afgwease the maximal catalytic rate of
the sGC enzyme, except for CFM-1571BAY 41-8543 is regarded as the most promising
compound with respect to potency, specificity a#l e availability after oral administration.
Like its close chemical analogue BAY 41-2272, italsout two orders of magnitude more
potent than YC-1 in vitrd®®. However, in several in-vivo models a 3-fold higli®se of
BAY 41-2272 would be needed to show an effect coatga to BAY 41-8543"°.

*BAY 58-2667

Through a high-throughput screening using a reddsgstem consisting of a chinese hamster
ovary cell line expressing sG€', a cyclic GMP-sensitive cation channel and aequdfi a
class of aminodicarboxylic acids were identifiedaasew type of sGC activators. Following
chemical optimization, BAY 58-2667 was identified the most potent member. With an
ECspvalue in the subnanomolange, it is about 160 fold more potent than BAY22T2. In
contrast to heme-dependent sGC stimulators like BAY2272, that show a strong synergism
when combined with NO and a loss of effect aftex thmoval or oxidation of the heme

moiety, BAY 58-2667 produces an additive, not sgisic effect when combined with NO

17|



Chapter |

and its activity is maintained, even enhanced, xidired or heme-free enzyné®. This
differential activity of BAY 58-2667 on sGC actiyittogether with binding studies and
photoaffinity labelling studies, suggested two haffinity binding sites for BAY 58-2667:
one that is saturable at nanomolar concentratiodsshows no direct interference with the
heme moiety and a second one, which changes itstyfior BAY 58-2667 from low to high
upon oxidation or removal of the heme moiety of s5C Subsequently, it was shown that
this heme-dependent high affinity site for BAY 586Z exhibits a direct competitive
inhibition between the negatively charged carbaxyjroups in BAY 58-2667 and the
propionic acids of the heme for the tyrosine 138 arginine 139 residues of tBesubunit.
As those two aminoacids, together with serine I8 a unique heme-binding moti¥ {x-
Sx-R) ' this competition results in the displacement & theme moiety and as a
consequence activation of sGC due to release obtutied heme ligand. Those actions are
facilitated by oxidation of the heme moiety as thas been shown to strongly reduce the

binding affinity for the heme-binding moftif®.

To overcome a pathological state of NO-deficiendifferent NO donor compounds have
been clinically used for over 100 years, e.g. igiaa pectoris and coronary heart disease.
However, there are certain disadvantages with N@odbased therapies, such as the
development of tolerance, insufficient biometabulisinpredictable pharmacokinetics of NO
and non-specific interactions of NO with other bgital molecules, including the formation
of peroxynitrite (ONOQ resulting in tyrosine nitration. Therefore compdsa that directly
activate sGC in an NO-independent manner mightr aftensiderable efficacy and safety
advantages over current therapies in a varietyppfi@ations, including cardiovascular and
sexual dysfunctiond” *”” Indeed, the vasorelaxant and/or anti-plateleibastof non-NO
sGC-stimulators like YC-1, BAY 41-2272 and BAY 4548 and non-NO sGC-activators
like BAY 58-2667in vitro are mirroredin vivo % 1™ 178 179 Moreover, the selectivity of
BAY 58-2667 to activate oxidation-impaired/hemeefi®@GC has serious implications for its
use as diagnostic tool or as highly innovative dpgrfor vascular disease. After all, the NO-
insensitive ferric/lheme-free form of sGC is presphysiologically and its level increases
under pathological conditions associated with otiveastress'®**%2 Not only do these
compounds offer novel therapeutic approaches, #isy highlight previously unknown
regulatory sites on the enzyme which may be imponpdysiologically, representing target

sites for endogenous molecules modulating sGCiggctiv
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[.1.7.2. sSGC inhibition
*Methylene blue

Methylene blue (MB) has been widely used to prdbe ivolvement of the NO/cGMP
signal-transducing pathway in various biologicabqasses. It is known to be an inhibitor of
sGC 818 although its action is not specifc for this eneynThis is apparent from the
numerous reports in the literature which showed MB was more potent in inhibiting

endothelium-dependent than nitrovasodilator-induceelaxation 18688

Subsequent
experiments revealed that MB directly inhibits eN@Soncentrations some 100-fold lower
than those that inhibit sGE®. In addition, it was demonstrated that MB lower® N
concentrations by the production of superoxide msifrom its reduced form®” % Both
non-sGC specific effects were also reported for83683, another compound recognized as
sGC-inhibitor'®* 192 Additional studies that have questioned the meishaof action of MB,
have revealed that this compound is also activiahiibiting prostacyclin synthesiS® and in
altering the noradrenaline uptake, release andhbuksan *°*. Furthermore, MB appears to
modulate the cholinergic systet™ *°® by inhibition of the cholinesterase activity ang b

muscarinic receptor antagonism®” 1%

Clearly, those drawbacks may lead to
misinterpretations. Therefore, the identificationdastudy of cGMP-dependent and -
independent effects, benefit substantially from aranpotent and selective sGC-inhibitor,

such as the oxadiazoloquinoxaline derivative, ODQ.

*ODQ

Garthwaite et al., demonstrated that ODQ inhibitexlbasal and NO-stimulated sGC-activity
without interfering with the steps leading to NOngesis*®®. Its mechanism of action is
believed to be specifically related to the oxidatiaf F&* into Fé* 2®°, which decreases the
sensitivity of the heme group for NO and the subsef cGMP elevatiorf®. This is
translated into a significant rightward shift ofetiNO concentration-response curve. In
addition, ODQ also attenuates the maximal sGC iagtivpointing to a mixed
competitive/noncompetitive type of inhibition, ieatd of a simple competitive antagonism.
However, in the study of Feelisch et al.,, no evadefor a mixed type of inhibition was
obtained®?. In contrast to the irreversible inhibition of ffied sGC?°°, ODQ was shown to
reversibly inhibit basal and NO-enhanced sGC agtith neuronal tissues in vivé™
Removal of the oxidized heme and insertion of theolus heme into the apoenzyme was
suggested as endogenous mechanism to reactivateT$&Chypothesis is supported by the
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finding that the heme may move in and out of it<gdcket in the presence of lipophilic
compounds®, and that NO promotes heme transfer from hemoimote apo-sGG™,

The previous reports on the ability of ODQ to inhibe basal sGC activity are contradicted
by the study of Zhao et al., showing that ODQ-edasGC had the same basal activity as
untreated sGC. They state that sGC inhibition gebaon a selective interaction and oxidation
of the heme group, without adversely affectingehtalytic domain. In addition, re-reduction
of the heme by dithionite completely restored th® Nensitivity °>>. On the contrary,
Kosarikov et al. did not observe a reversal of s@@bition when in the presence of ODQ,
the heme is re-reduced by dithionite. This suggésiisin addition to its role as oxidant of the
sGC heme, ODQ may have another mechanism, whidives the binding to a region that is
not associated with NO, metal or nucleotide bindiMgreover, since the changes in the far-
UV circular dichroism spectrum of NO-activated s@@uced by ODQ were strikingly
similar with those induced by YC-1, it was conclddeat these compounds bind to sGC at
the same site or overlapping sit&$

Although ODQ has been shown to be a potent andyhgghective inhibitor of sGC, it is not
infallible. Besides its action on sGC, it was foutd inhibit basal and stimulated NO-
production. It should however be mentioned thas teffect is related to relative high
concentrations of ODQ. Still, preincubation with QD markedly potentiated its NOS
inhibitory effect, suggesting that ODQ may be metahlly converted to a more potent NOS
inhibitor. Moreover, ODQ would also affect vasosation induced by organic nitrates and
NO-donors like sodium nitroprusside by inhibitifgetr bioactivation via the heme-containing
cytochrome P-450 (CYP) systeff?. In addition, also the heme enzymes myoglobin and
hemoglobin have been shown to be targets of OD@ OIDQ scavenger function of
myoglobin was suggested to account for the failoFeODQ to inhibit the NO-induced
increase in cGMP content of the myoglobin-rich vientar cardiomyocyte$®’. Indirectly,
this also reflects the higher effectiveness of ODQaortic tissue, which contains no
detectable amounts of myoglobff®. It was shown that the inhibitory effect of ODQ is
abolished by its reaction with oxyhemoglobin ane tesulting formation of methemoglobin.
Given the high level of oxyhemoglobin in blood,sthieaction is likely to significantly alter
the potency of ODQ in vivo and has therefore seriouplications for the therapeutic use of
ODQ %** 2% Furthermore, the inhibitory effect of ODQ on Nedcysteine-induced
relaxation in LPS-treated aortic rings® and on nonadrenergic-noncholinergic (NANC)
relaxation in rectum longitudinal muscle strfd§ has also been related to mechanisms other
than inhibition of sGC.
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1.1.7.3. SGC phosphorylation

Phosphorylation delineates one of the most importanlecular mechanisms by which
several signals produce their biological responBesh a; and(3; subunits of sGC contain
putative phosphorylation sites for multiple kinasesl may represent potential target sites
contributing to the regulation of sGC activity. Bastudies on sGC have demonstrated that
sGC could be phosphorylated ‘in vitro’ by the’Gdependent protein kinase C (PKC) and
cAMP-dependent protein kinase (PKA), resultingrinreased activity*® %2 In yet another
study, PKC was reported to increase phosphorylaiuh activity of sGC in PC12 celf$*
Kostic et al., showed that the stimulatory actidPBEA on the production of cGMP proceeds
through the phosphorylation of two N-terminal sermesidues of the sG& subunit and this
mechanism accounts for the NO-independent AC-chetrproduction of cGMP™.

The cGMP-dependent protein kinase (PKG) on therottend, attenuates the catalytic
capacity of sGC, most likely through an inhibitdigedback mechanism. The studies of
Murthy et al., demonstrate inhibition of sGC adgivwwia PKG-dependent phosphorylation,
which is analogous to PKA-mediated inhibition of A %’ Those data are not in line with
those of Ferrero et al.,, who demonstrate that a -HEgendent stimulation of protein
phosphatase(s), that reduces the Ser/Thr phosphiorylevel of the sGf;  is the underlying
mechanism for the feedback sGC inhibitfof In line with the notion that phosphorylation is
important for sGC function, Bfestradiol is reported to inhibit sSGC by stimulatiof protein

219 Moreover, it was recently

tyrosine phosphatase activity and subsequent dppbogdation
reported that both inhibition of tyrosine phospkata and the presence of ROS induce
tyrosine phosphorylation of the s@G{subunit accompanied by a reduced NO sensitivity an
enhanced basal activity?>. This latter effect can be due to Src-like kinasediated
phosphorylation of AGAP-1 (the prototype of arf@AP protein with a GPase-like domain,
Ankyrin repeats, and a lgekstrin homology domain), which binds to sGC in a

phosphorylation-dependent w&y.

[.1.7.4. Protein-protein interactions involving sGC

Protein-protein interactions can alter both thevagtand subcellular localization of the
interacting partners. In the case of sGC, the aloap@ containing t-complex polypeptide
(CCT) subunitn interacts with thed; subunit of sGC and, in cooperation with some other
factor, inhibits NO-stimulated sGC activity by mfyiing the binding of NO to the heme

group or the subsequent conformational chafAtfe®©n the other hand, the interaction of sGC
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with the heat shock protein (Hsp) 70 has been tegddo increase the cGMP-forming ability
of sGC?%, Additionally, the binding of Hsp90 to tifa subunit of SGC was shown to regulate
the pool of active enzymes by affecting the proteurels of the two subunits. The abundantly
expressed Hsp90, has also been found to bind toSeRtD?? to facilitate the calmodulin-
dependent disruption of eNOS binding with the iftoity protein caveolin-1>*® and to
mediate the interaction with between eNOS and jrdi@ase B/AkE?” ?28 Therefore it was
suggested that in cells that express eNOS or nNG®) avith sGC, Hsp90, in addition to
preserving sGC levels, would facilite the autociegéons of NO by bringing together the NO
source and its targét®. This prevents the inactivation of NO by superexihion and the
formation of peroxynitrite, which is a toxic moldeuthat has been implicated in the
pathology of several vascular diseases. Data byimeanet al. show that in endothelial cells,
the majority of the sGC is membrane-associated redsein vascular smooth muscle cells
most of sGC is found in the cytosol. Therefore @éisvepeculated that eNOS, which is located
in specific plasmalemmal microdomains called caaedf’ recruits sGC to the plasma
membrane through their mutual interaction with Hp®hereas in the eNOS-negative
smooth muscle cells, sGC remains mostly in thesnjtd’. Analogously Hsp90 is suggested
to play an essential role in the translocation@®€go the plasma membrane in response to an
agonist-induced elevated cytosolic?Caoncentratiorf** >** The membrane-associated sGC
had a higher apparent sensitivity toward NO, dermatisg that the subcellular localization
of sGC can modulate its activation properties andunctionally important. Also in the
sarcolemmal region of skeletal muscles, sGC wasdan colocalization with NOS and the
CO-producing enzyme Heme Oxygenas€-2 In contrast with Hsp90 and Cgthat only
bind to the sG@@; subunit, the multivalent scaffold protein AGAPIshaeen reported to bind
to thea; andpB; subunit of sGC. Thereby, it serves as a bidemqatter accomodating both
subunits of sGC, without affecting its enzymatipaeity or NO sensitivity. The finding that
AGAPL1 is subject to tyrosine phosphorylation, magly by members of the Src family and
the fact that this significantly enhances its iattion with sGC, points to a convergence of
signal transduction pathways at the level of AGARIolving Arf-type GTPases, Src-like
kinases, and the NO/cGMP signaling cascd&lde Moreover, cross-talk between the
NO/cGMP and tyrosine kinase signaling pathwaysaiss been reported at the level of sGC
220.

Besides the association of thg3; heterodimer with the plasma membrane,ahsubunit has

been shown to target to synaptosomal membranesghribs interaction with the third PDZ
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(post-synaptic density protein-95/Discs large/zoneludens-1)-domain of the post-synaptic
density protein-95 (PSD-95¥°. As PSD-95 integrates the NMDA receptor with itstfPDZ-

domain?3® 2%7

and nNOS with its second PDZ-domaif} a signal transduction unit is formed
downstream of the NMDA receptor which is importéotsynaptic plasticity and learnirfy’.

So, PSD-95, just like Hsp90 for eNOS and &% serves as a linker between nNOS and
sGQ,f;. In both cases NO would not need to travel throtighcell to reach its cytosolic
receptor sGC, but NO/cGMP signaling would be mooafioed to a protein complex,
presumably at or near the cell membré&fieClearly, those findings challenge the designation
of sGC as a purely cytosolic enzyme. The term tslefuor ‘cytosolic’ GC may therefore be

misleading and instead some prefer to use the ‘té@rsensitive GC'.

[.1.7.5. Other

Before the identification of NO as the physiologiaativator of sGC, a multitude of redox
active substances have been proposed as activa®rsral mechanisms of activation have
been postulated and subsumed as “redox-regulatibsGC?*°?*2 The importance of thiol
groups of sGC has been shown by various reports.uBle of several thiol blockers led to
inhibition of basal as well as stimulated activitysGC, a process prevented by an excess of
the thiol-reductant dithiothreitgf® #*¢ Furthermore, formation of mixed disulfides oceatr
as>’S-labeled cysteines were shown to be incorporatedSGC?*. Those findings clearly
favour an oxidative-reductive mode of sGC modutatighich involves sulfhydryl-disulfide
interconversions on the sGC enzyme. In contraghéovarious reports observing largely
inhibitory effects of thiol-oxidizing compounds su@s diamide, the study of Wu et al.,
proposed a concentration-dependency of the diamilezed regulatory effect on sGC. They
demonstrated in platelets that low concentratiohshml-oxidizing compounds or partial
oxidation is associated with increased sGC activityereas higher concentrations or massive
oxidation results in loss of enzymatic activatféh Also a more recent study demonstrated an
inhibitory effect on NO-elicited relaxation of ertlelium-denuded bovine pulmonary arteries
(BPA) and stimulation of sGC activity in BPA homogges by 1 mM of diamide, however
not with lower doses of diamide. Furthermore, 8tigdy supports the possibility that besides
the direct oxidation of sGC thiols, diamide alsbibts the NO-induced stimulation of sGC
through oxidation of glutathione (GSH). The levéloytosolic NADPH controlled by the
pentose phosphate pathway, appears to regulat&8tisbalance and therefore this system is
suggested to be an additional potentially imporfamgsiological mechanism of controlling
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sGC activity?*’. In addition to modulation of the redox statuss&C thiols, also more
indirect effects such as an improved NO-generdtiom NO-donors*® and the reconversion
of reactive NO-derived metabolites such as ON®@® NO ?*°, participate in the thiol-
mediated effect on sGC stimulation. Like OND@lIso the reactive oxidant species hydrogen
peroxide (HO,), has been shown to stimulate sGC activity angtéonote vascular relaxation
250-232 Basides a direct effect of,8, on sGC activity, also activation of NO-synthaseswa
reported to be partially involved>?*® This was not supported by Garcia-Gardena et lad, w
claim that HO, increases eNOS tyrosine phosphorylation, whichuces its activity™".
However, in several following reports, the relagatiand sGC activation elicitday H,O,
could be confirmed and thgarticipation of NO in this response excludgdi*®® Recently,
tyrosine phosphorylation as mentioned above, wagsrted as a potential mechanism for the
H,O,-mediated regulation of sG&.

In human platelet§®! and bovine lung®, an endogenous inhibitor of sGC has been isolated.
However, the molecular identity of this inhibitas still unknown. The 149 kDa protein
detected in lung tissue is suggested to be antatiosegulator, whereas the inhibitory effect
by the platelet-derived inhibitor, results from firesence of the heme.

Isoliquiritigenin, a chalcone derivative of vegd&abrigin, was shown to exert a vasorelaxant
effect on precontracted rat aortic rings by acthgasGC and increasing cGME® However,
later on, this finding was refuted by the lack loé potent and selective sGC inhibitor ODQ to
influence the action of isoliquiritigenin. Instead, was suggested that the effects of
isoliquiritigenin are due to direct inhibition ohpsphodiesterase activity for which evidence
has also been obtained in cell-free preparati&end in rat ventricular heart muséfe

Copper sulphate has been reported to inhibit sG@éyeversible high affinity binding of
Cu'-ions to a site of the protein that is criticallyvolved in enzyme catalysis. This Gu
mediated inhibition of sGC may not play a majorerahder normal physiological conditions
but become significant under pathophysiologicalditions 2°°,

Also rather likely in pathological states is théiibition of basal and NO stimulated sGC
activity by biliverdin 1X, a heme-degradation pratlof heme oxygenase besides CO. The
inhibitory mechanism of biliverdin IX is suggestedbe different from ODQ as biliverdin 1X
was able to inhibit protoporphyrin IX activation efeas ODQ was nét".

For many enzymes, product inhibition is a relevarthanism of regulating catalytic activity.
In case of sGC, feedback inhibition by both cGMRI ayrophosphate (PPhas been
demonstrated in an adapted Sf9 cells/baculovirustesy for overexpression of an

enzymatically active human sGC protein. Both reectproducts displayed independent
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binding and cooperativity with respect to enzymahibition. The extent of inhibition by
cGMP depended on the activation state of the enzyvhereas inhibition by RRvas not
affected by the enzyme stat®. The sodium nitroprusside (SNP)-stimulated enzywes
reported most susceptible to cGMP inhibition, aliffo even in this case thesiGvas in the
6-10 mM range, concentrations that are unlikelgdour in vivo. Moreover, kinetic studies of
sGC catalysis reveal a linear relation between ¢@P concentration and the time,
indicating that the enzyme is not subject to feellbar ‘end-product’, inhibitior®.

Cd" has been reported to be a negative allosteric fatmof sGC, which is in line with the
antagonistic functions of Gaand cGMP in several physiological systeffis*’> According

to Parkinson et al., Gadecreases both,), and K, of sGC, consitent with an uncompetitive
mechanism of inhibition, in which &adirectly interacts with the enzynf€®. The calcium
concentrations used to inhibit sGC in the studbe® (250 pmol/L) are, however, much higher
than those commonly observed in cells, even wheporeding to C&-elevating stimuli.
Therefore, a relevant role for €an regulating sGC under physiological conditioms mot
be assumed. Moreover, the study of Parkinson ethat. shows a decrease in the cGMP
accumulation in NO-stimulated HEK (human embryadkiginey)-293 cells in response to an
influx of Ca*, failed to address the possible involvement ofGM®-hydrolysing C&-
calmodulinsensitive PDE-1 which has a sensitivity to°Ci the appropriate range for
physiological C&" signaling®®®. However, as discussed above*Cappears to regulate the
association of sGC with cellular membranes accomepdny increased sensitivity toward NO
232.

On protein level, also alternative heterodimer@atiand changes in the extent of
homodimerization may play a role in regulating s@divity. As discussed above, the study
of Gupta et al., indicates that tBe subunitcomplexes with thet; subunit of sGC to form a
heterodimer with reduced sensitivity to NO and ttis (3, subunit can inhibit the NO-
stimulated cGMP accumulation in cells containing dhf, form of sGC by exchanging with
the B1 subunit. Therefore, enhanced expression offthsubunit has been implicated in the
downregulation of renal sGC activity in Dahl sansitive rat$*. Expression of alternative
splice variants exposing modified N-or C-terminairtppns but retaining the dimerization
region may contribute to the fine tuning of sGCiatst through proteasomal degradation of
the resultant complexé&§ Likewise, the variant of the, subunita, can compete with the;
subunit and may act as a dominant negative inhibilo Although naturally occurring

homodimers have not been isolated, glutathioneassterase (GST)-tagged recombinant
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humana;- and3;-subunits have been shown to form homodimeric @@¥-and GSTH1p;

complexes that are devoid of enzymatic activity.oblpcoexpression of the respective

complementary subunits, heterodimers were prefiatgntormed, whereas homodimers were

still detectable. Those observations suggest thesipidity of an physiological equilibrium

between homo-and heterodimers that regulates s@®@tyam cells
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General introduction

|.2. Soluble guanylyl cyclase-mediated smooth muscle
r elaxation

[.2.1 Soluble guanylyl cyclase effectors

Stimulation of sGC and the resultant accumulatibrc@MP regulate complex signaling
cascades through immediate downstream effectakidimg PKG’s, cyclic nucleotide-gated
(CNG) ion channels and cGMP-regulated PDE’s. Thecifipity of cellular responses to
cGMP is dictated by cGMP-binding motifs in the &rgroteins. Two evolutionarily distinct
allosteric sites for binding of cGMP are presenteunkaryotic cells. One occurs with
significant sequence homology in PKG’s and PKA’'sl an the CNG channels, while the
other occurs in PDE’s. In addition, the outcomeanfincreased intracellular cGMP level is
determined by the type and combination of targeitgns and substrates, the cGMP-
metabolizing enzymes expressed in cells, and thafracellular colocalization and
organization into selective compartments and origgste

The principal intracellular mediator of the cGMBrgal is the family of PKG'’s, that become
active as serine/threonine kinase upon bindingGiIE 2. In mammals, two types of PKG’s
have been described: the cytosolic 76 kDa homodPkes | * and the membrane-associated
86 kDa monomer PKG fi. The type | form is more widely distributed and tzparticularly
high expression level in the cerebellum, plateksts all types of smooth muscle cells
Furthermore, it consists of anand a3 isoform, which arise from alternative spliciig. By
immunological analysis, PK@Ilwas shown to be mainly expressed in cells that h#s/e
been reported to contain high concentrations of ,s&€h as smooth muscle cells. It is
suggested that the lisoform is predominantly expressed in those tissioee dampen the
physiological effects of short-term increases oMi%', as the b isoform requires a 10-fold-
higher concentrations of cGMP for activation thhe b isoform®. The type Il form of PKG

is mainly expressed in intestine, kidney, chondiegynd specific brain regions, but notably
absent from cells of the cardiovascular systenBecause of the significant homology
between the cyclic nucleotide binding domains, PKA&an also be targets for cGMP,
although with a 50-fold lower selectivity than fohMP > °. Insight into PKG functions were
obtained from analyses of substrates phosphorylayedKG and from PKG knockout mice.
Homozygous deletion of the PKG | gene in mice aftas relaxation of vasculdt visceral
1911 and penile smooth muscle ceffsresulting in a very low ability to reproduce aselere

vascular and intestinal dysfunction with deathaatyeage™. In addition, the PKG | knockout
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mice also showed an increased platelet adhesioraggregation®. The phenotype of the
PKG Il knockout mice on the other hand, includednarmal lifespan®®, decreased
longitudinal bone growtht, decreased intestinal chloride secrettdn®® and altered renin
secretion®®. Those data support that PKG | plays an importatg in regulating smooth
muscle tone, proliferation and differentiation @fseular smooth muscle cells, endothelial cell
and platelet function, whereas PKG Il has an infbeeon the hemodynamic parameters via
regulation of renin release and ion transport ekigney'’.

Another target for cGMP includes the voltage-gai®&tic channels. In the principal family of
CNG channels, each member consists of 4 subumitddhm a voltage-responsive core in the
plasmamembrane that directly opens upon bindingyolic nucleotides®. They regulate the
influx of Na" and C&" into cells and are critical for the regulationpifototransduction and
neurotransmission in the retifia

PDE’s are the last group of cGMP activated effextdihose enzymes which catalyze the
conversion of cAMP or cGMP to 5’-adenosine monopihase (5'-AMP) or 5’-guanosine
monophosphate (5-GMP), respectively, are cruomal the modulation of the intracellular
concentration of cyclic nucleotidé8. Based on their specificity for cGMP and/or cAMP
hydrolysis and tissue specific expression, multfplailies of PDE’s have been characterized
21 PDE-5, a homodimer of 93 kDa subunits specificdégrades cGMP and is predominantly
expressed in smooth muscle célfs Direct binding of cGMP to allosteric sites hasie
shown to promote phosphorylation of PDE-5 by eitRé&G or PKA, thereby indirectly

stimulating enzyme activity,

[.2.2. Mechanisms of cGMP-dependent smooth mustéation

The mechanism underlying the contractile activifytlee smooth muscle cell is based on
synergistic and antagonistic forces regulating ititeacellular C&" concentration ([Cd];).
Increases in the levels of cytosolic fQainitiate smooth muscle contraction by binding te th
universal intracellular Ca receptor calmodulirf®, which in turn binds to and activates
smooth muscle light chain kinase (MLCK) Activated MLCK catalyzes the phosphorylation
of serine 19 on the 20 kDa light chain of myosinL(20) %, thereby increasing its actin-
activated ATPase activitf’ and subsequent cross-bridge cycling. As a meartsalance
MLCK activity, myosine’s actin-activated ATPaseidity is attenuated by dephosphorylation
of MLC20 by myosin light chain phosphatase (MLCR), smooth muscle specific
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serine/threonine protein phosphatdsé® Decreases in [¢§; and MLC dephosphorylation
are considered as 2 salient, independently coatt@lents in smooth muscle relaxatian

1.2.2.1. Regulation of [ Ca®'];

As increases in Gaare required for MLC phosphorylation and cont@gtireduction of the
free intracellular cytosolic Gaconcentrations was the first mechanism proposed@P-
dependent smooth muscle relaxatiin® Several sites of action have been reported to
account for the cGMP-dependent reduction of{f;a with PKG | as principal mediator
(figure 1.3). PKG | inhibits the release of €4rom the sarcoplasmic reticulum (SR), either by
phosphorylation of the inositol 1,4,5-triphosphéfes) receptor’® **and/or by inhibition of
agonist-induced generation of3I® An SR-targeting protein for PKG | termed IRAG {IP
receptor associated PKG | substrate) has beenatbarad and shown to be necessary for the
phosphorylation of the freceptor®. Furthermore, PKG | has been shown to increase the
Cd* sequestration through activation of the smoothoplamic reticulum Ca-pumping
ATPase (SERCA)*. The correlation between vascular smooth musclaxagon and
phosphorylation of the SR membrane protein, phdspfioan (PLB), supports the hypothesis
that PKG | regulates the €aATPase activity via PLB phosphorylation. Moreovar, rat
aortic smooth muscle cells, PLB has been showrate fan inhibitory effect on the €a-
ATPase, which is relieved when PLB is phosphorgated subsequently dissociates from the
ATPase®” * However, a study on the aorta of mice lacking®h® gene has demonstrated
that PLB plays only a minor role, if any, in cGMRediated vasorelaxatiofi. In aortic*® and
airway** smooth muscle cells, this SERCA-dependent regjlbii the intracellular stores, has
also been reported to prevent thé'Gaflux through store-operated €achannels (SOCCY:

3 thereby maintaining the decrease irf‘CAnother PKG | substrate group in the SR, are the
tightly clustered ryanodine-sensitive Caelease (RYR) channels. The combined effect on
SR C&" load and RYR channels, results in an increaseglasimalemmal Ca transient or
cd* spark frequency, which in turn activates nearbgalammal C&-sensitive K (Kca)
channelé”. In addition, PKG | has also been reported toadiyéncrease the open probability
of the Keachannels™ %€ Together these actions increase the frequencyaamditude of the

4 This results in

“spontaneous transient outward currents” (STOC'§) Ko ions
hyperpolarization, which in turn closes voltage-etegent L-type Cd channels leading to
reduced global [Cd]; “*°° Besides this indirect hyperpolarization-mediaitgubition of the

C&* channels, the Ghinflux is also decreased through a direct impairimef the C&'
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channel activity by PKG P! Furthermore, activation of two different ionicastnels, the
plasma membrane &apumping ATPasé” and the N& C&* exchanger®, may mediate an
increased efflux of G4 from the smooth muscle cell. The driving force éatrusion of C&
from the cell through the NAC&"* exchanger, in turn, is dependent on two otherciffe
mediated by PKG |, depletion of intracellular N@a activation of N&K* ATPase and
hyperpolarization of the cell membrane via an echdrSTOC activity.

According to the study of Zolle et al. localizectrieases in cGMP have distinct regulatory
effects on the concentration of [€J within individual cells They claim that pGC or the
particulate pool of cGMP is involved in the inhibit of C&" efflux via the plasma membrane
Ca&*-pumping ATPase, whereas sGC or the soluble pociGdP modulates [G4); via an
increased reuptake of €anto the intracellular stores without affectingioa influx or C&*

efflux >*.

1.2.2.2. Regulation of MLC dephosphorylation/Ca®* sensitization

In addition to the multiple G4 lowering mechanisms, PKG | also mediates cGMP-ulepet
relaxation of the smooth muscle cell by lowering 8&"* sensitivity of the contractile

apparatus or “Ca desensitization*

by stimulation of the MLCP activity (figure 1.3An
appreciation for the role of MLCP in the regulatioh MLC phosphorylation and smooth
muscle contraction began with studies on “calciwmsgtization” of contractior’>. These
studies demonstrated that G-protein-coupled agamisiced MLC phosphorylation and
contraction of smooth muscle were apparent ativelgt low concentrations of [C;
compared with phosphorylation and contraction atétil by membrane depolarization using
elevated K solutions®®*2 Later on, several protein kinase pathways weperted to mediate
calcium sensitization including PKC, which is aated on agonist-dependent stimulation of
phospholipase C (PLC) , and the small moleculaghte-protein, Rho A, which activates
Rho kinase®. Rho kinase inhibits the MLCP, resulting in an rease in MLC20
posphorylation and force in the smooth muscle ©elt has been shown that PKG | inhibits
the RhoA-mediated Gasensitization pathway through phosphorylation cbRfat Ser 188,
which subsequently induces its translocation froenrhembrane to the cytodl Thus PKG

| inactivates RhoA and consequently activates MLE@P dephosphorylate MLC. The
phosphatase inhibitor protein CPI-17 is anotheepidal mediator of Ca sensitization, which
on phosphorylation by a variety of kinases inclgdRho kinase and PKE&, inhibits the

MLCP catalytic subunit (PP1c), resulting in ‘Caensitized force independent of the
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inhibitory phosphorylation of the regulatory subufMYPT1) of MLCP ®%. PKG | has been
shown to prevent the inhibition of MLCP in vivo lagcelerating dephosphorylation of CPI-
17 **. Additionally, MYPTL1 is also reported to be a ®irgf PKG I. The phosphorylation of
Ser 695 of MYPT1, prevents phosphorylation of T®6 &Gy MYPTL1 kinase and RhoA-
activated kinases, thereby blocking inactivationVifCP °°. Moreover, interaction between
the leucine zipper region at the C terminus of stYd>T1 isoforms and the leucine zipper
domain of PKG leads to direct stimulation of MLEP A role for this interaction in Ga
desensitization is supported by in vivo experimet@monstrating that only smooth muscles
expressing MYPTL1 isoforms containing the leucinger motif were sensitive to relaxation
by 8-Bromo-guanosine 3’, 5’ -cyclic monophosph&eB(-cGMP), a membrane permeable
cGMP analogue. The expression of leucine zippeitipessoforms has been demonstrated to
be tissue specific and developmentally regulateggesting a correlation with the diversity in
NO-mediated smooth muscle relaxatfdnAlthough the MYPT1 leucine zipper may serve to
target PKG, it is not known whether this is reqdif®r phosphorylation of Ser 695 or
structurally whether this is feasibf. Furthermore, Wu et al. demonstrated that PKG-
mediated C& desensitization of visceral smooth muscle involpl®sphorylation of the

myosin-binding protein telokin, which acceleraties tlephosphorylation of MLE.

[.2.2.3. Thin filament regulation

Despite numerous studies performed aiming to uhiineerole of the thin filament in actin-

myosin cross-bridge cycling or force regulationsimooth muscle cells, this issue remains
controversial. Thin filament-associated proteingutate and contribute to the contractile
activity of the cell, but there have been very fesports regarding the role of second

messenger regulation of thin filament protein fiowet’

. The thin filament/actin-binding
proteins vasodilatory-stimulated phosphoprotein ) and the 20 kDa Hsp (Hsp20) raised
interest in possible regulation of smooth muscletiaztion, as they have been shown to be
phosphorylated by PKG. This PKG-specific phosplatigh decreases the binding of VASP
to actin filaments, possibly through its dissodatfrom the actin binding protein profilift.

In case of Hsp20 this PKG-mediated phosphorylagaeported to be associated with smooth
muscle relaxatiof®. Tropomyosin, caldesmon, calponin and SM22 are isported to bind

actin and possibly regulate cross-bridge funcfibbut this is not regulated by PKG.
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,3Na* (5a)

ATPase

Ca? - Mg?
ATPase

exchanger

Figure 1.3: The [C&”]; lowering and C& desensitization mechanisms underlying smooth rauscl
relaxation mediated by cGMP. cGMP reduces?[[zhy decreasing G& mobilization through (1a)
inhibition of the IR receptor in the sarcoplasmic reticulum (SR) o) (hhibition of agonist-induced
IP; formation; (2a) increasing €asequestration through activation of the SR*@amping ATPase
((2b) the SERCA-dependent reuptake into the SRiwillirn inhibit the SOCC’s); (3) inhibiting €a
influx through L-type C& channels; increasing €aefflux through activation of (4a) NaC&"
exchanger and (4b) the £@umping ATPase; also, cGMP may produce hyperptian through
activation of (5a) the N&* ATPase and (5blKca channels (increase®ITOC of K). ThoseKca
channels can also be activated by an increasédspark frequency, which results from the cGMP-
mediated activation of (5¢) RYR channels and SERTHe resulting hyperpolarization will in turn
increase CA extrusion by the N4 C&* exchanger. cGMP desensitizes the contractile apmato
Cd" by (6) inhibition of the RhoA-dependent suppressad the myosin light chain phosphatase
activity, (7) accelerating the dephosphorylation ©PI-17, activating the myosin light chain
phosphatase by (8a) leucine zipper interaction WMifPT1 and by (8b) exclusion of phosphorylation
of MYPT1 and (9) phosphorylation of telokin.

R, receptor; G, G protein; PLC, phospholipase C;a4Q, 20 kDa light chain of myosin; MLCK,
myosin light chain kinase; MLCP, myosin light chghosphatase; PKC, protein kinase C; PLC,
phospholipase C; DAG, diacylglycerol; CPI-17, 17 akDPKC-potentiated myosin phosphatase
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inhibitor; STOC, spontaneous transient outward entfrSOCC, store-operated ‘Cahannel; RYR,

ryanodine receptor; R, IP; receptor; ke, C&" sensitive K channel; MYPT1, MLCP regulatory

subunit; PP1c, MLCP catalytic subun{§) : inhibitory/negative effect(¥) : stimulatory/positive

effect (adapted from Porter et 4. Jaggar et af’, Lucas et at.and Jin and Burneff).
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|.3. Role of the NO/cGM P pathway

[.3.1. Role of the NO/cGMP pathway in the vascskstem

As illustrated in the previous part, NO plays ampartant role in vascular tone regulation
through the activation of sGC and subsequent ptamiuof cGMP. Beyond its vasodilator
actions, NO was found to inhibit vascular smoothsaohe proliferation and platelet
aggregation and to regulate interactions betweeoolgytes and the blood vessel wall. All
these findings established NO as a homeostatidatgun the vasculature, the absence of

which plays a role in a number of conditions anthpkgical states.

1.3.1.1. Source of NO

The endothelium, a cell monolayer which constituthe internal lining of the entire
circulatory system, has long been considered asssiye physical barrier whose only
function was to provide vessels a smooth surfaaeptevented clotting and turbulence of the
blood flow 2. This vision changed upon the findings of Furchgotd Zawadzki, who first
demonstrated that the relaxation of vascular smoutkcle cells in response to acetylcholine
is dependent on the anatomical integrity of the oémelium 3. They named the factor
responsible for this intercellular relationship tBORF. Some years later, EDRF was
recognized as the free radical gas NCO. Following the identification of NO, many
laboratories jumped into this field of cardiovasecutesearch to study the physiological
importance and pathophysiological roles of endaiheldependent vasodilatation and
endogenous NO and cyclic cGMP in the regulatiosystemic blood pressure, organ blood
flow, hemostasis and cell proliferation.

In mammalian tissues, NO is derived from the amaca L-arginine, that is accumulated
from the extracellular space and is synthesizedagetlularly. Under physiological
conditions, not the availability of L-arginin but the activity and expression of the NO-
producing enzymes termed NOSs are the rate-limfantprs for the production of NO. This
family of enzymes uses NADPH as electron donor emgloys five enzyme cofactors (e.g.
tetrahydrobiopterin)’ to catalyse a five electron oxidation of L-argmio NO with
stoichiometric formation of citrullin The now widely accepted nomenclature identiffes t
three mammalian enzyme isoforms as neuronal NQisicinle NOS, and endothelial NOS,
reflecting the tissues of origin for the originalofein and cDNA isolates. However, their
expression patterns are now known to overlap imraptex manner. For example, muscle

cells appear to express all three NOS isoformshBotOS and eNOS are expressed in
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cardiac myocytes and hippocampus neurbngascular endothelial cells express eNOS but
can be induced to express iINOS. The nNOS and eNGfSrims are similar, in that they are

generally constitutively expressed and their atiis regulated by [Cd];. In contrast, INOS

is only present after induction by immuno-inflamorgtstimuli such as tumor necrosis factor

n’ °and is not regulated by EaHowever, it is now known that the level of gene

or interfero
expression as well as the activity of both eNOS aN®DS can be induced or upregulated
under different physiological conditiorfs. Mechanical stimulation, especially fluid shear
stress exerted on the endothelium by the streablowy, represents a major stimulus for the
production of NO in viva*. The ability of shear stress to enhance the agtofieNOS has
been reported to involve the opening of stretchvatd C&" channels, thereby leading to an
increase in [CA]; ***° Under basal conditions, eNOS interacts directlhveaveolin-1,
leading to an inhibitory effect on eNOS activityhi§ inhibitory effect can be completely
reversed by Céd/calmodulin, a complex elicited upon the influx@&*. The activated eNOS
synthesizes NO until the [€% decreases to the point where the calmodulin distzscand
the inhibitory eNOS-caveolin-1 complex reforrtfs *”. This mechanism accounts for the
initial peak of shear stress-induced NO produchiotinot for the following sustained plateau
phase which is maintained as long as shear sgegsplied. In case of sustained shear stress,
NOS has been reported to be activated at basdslef¢Ce"]; via a mechanotransduction
cascade that involves tyrosine phosphorylation thatl can be modulated by changes in the
intracellular pH*.

Besides physico-chemical stimuli such as sheasstigressure and hypoxia, also receptor-
mediated mechanisms have been shown to initiat€#fiedependent activation of eNOS. A
number of agonists varying as neurotransmitterstyéholine (ACh)), hormones (insulin),
autacoids (bradykinin, histamine) and some reledsgedaggregating platelets (serotonin,
adenosine) have been reported to act on recepeeisnl C& channels, thereby leading to
an increase in [G4]; *2 The initial increase in the endothelial cel’Cis however mediated
by the phosphatidylinositol pathway, which mobitizentracellular C& from the
endoplasmatic reticulum. As the extent of G4 increase is modified by the membrane
potential of the endothelial cells, the openingofassium channels with hyperpolarisation of
the endothelium will facilitate G4 entry and thus synthesis of Nt Recently, several
reports have shown that activation of eNOS can exasur in the presence of low €a
concentrations by the action of the serine/thremkinase Akt. Akt phosphorylates the serine

1177-residue and renders NOS activated by incrgasmaffinity of eNOS for calmoduliff.
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1.3.1.2. Direct vascular effects of NO

It is now appreciated that NO is continuously gatext from vascular endothelial cells in the
absence of added endothelium-dependent vasodildbaspite the fact that the intrinsic
stimulus for basal production of NO was not apmtd in the early 1980’s, later studies
revealed that the shear stress generated by floblowd against the endothelial cell surface
triggered the generation of NO in the endothelillsc®®. The mechanism by which the
endothelium is able to sense changes in sheassiregs luminal surface remains obscure,
although there have been reports that disruptiorthef endothelial cytoskeleton may be
responsible for initiating some of the changes @iased with the exposure to shear stféss
% The level of shear stress and the release of Iiéed by altering either diameter or flow
are positively correlated, suggesting that localngjes in tone are as important as changes in
flow for the regulation of endothelial NO releasevivo ?® #. The main physiological
consequence of this relationship is that any dserea vessel diameter (myogenically- or
neurogenically-induced contraction), at constamivflincreases the shear stress to which the
endothelial layer is exposed and elicits the r&le#ddNO, which in turn feeds back to inhibit
the original vasoconstrictioff. This tone-dependent NO release constitutes a V@szular
reflex mechanism to sustain regional blood flowoirdrterial beds in the presence of
vasoconstriction. The basis of the autoregulataoperties of any given vascular bed is the
myogenic contraction, which occurs in responsenttantaneous increases in transmural
pressure. The modulation of myogenic constrictigrNi® is more pronounced in larger than
in smaller (terminal) arterioles. As the metabdictivity of a tissue increases, the local
metabolic changes (e.g. decrease in the partiabpre of @, increase in the partial pressure
of CO,, and decrease in pH) promote the relaxation ofgpéary sphincters, causing an
increase in capillary blood flow. Despite the fH#wht the products of energy metabolism are
effective dilators, the accumulation of metabolidsne has relatively little effect on vascular
resistance. The reason for this is that in ordeadimeve optimal vascular conductance both
small arterioles and the larger arterioles feedtihgm must dilate in concert. This
phenomenon of “conducted dilation” is thought to thetermined by local changes in
membrane potential as well as by flow-dependerattidit of larger arteriole®’. The flow-
induced dilatation of proximal arterioles, combineith metabolite-induced dilation of distal
arterioles, allows a perfect adaptation betweesuésQ consumption and tissue, Gupply.

The significance of the shear stress-dependent tlegidon-derived NO in global
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cardiovascular homeostasis is demonstrated bynitrease in mean arterial blood pressure
and the reduction in blood flow upon the selecinfebition of the NO.

The most often used approach to modulate the actbiNO involves the inhibition of NOS
activity. Compounds with chemical modificationstbé guanidine group of L-arginine (e.g.
N®-monomethyl-L-arginine (L-NMMA), N-nitro-L-arginine (L-NA), and N-nitro-L-
arginine methyl ester (L-NAME)}° compete with the interaction of L-arginine on &S
active site or with the uptake of L-arginine, tmaducing the availability of substrate for NOS
catalysis®™. In 1989 Rees et al., observed that L-NMMA bylftseoduced a dose-dependent
and endothelium-dependent contraction of rabbitaaguggesting the loss of a continuous
NO-dependent relaxing torfé Subsequent studies in the whole animal demoesttatt the
intravenous administration of L-NMMA caused an india¢e and marked increase in blood
pressure that could be reversed by infusion ofdiréme **. This finding was very important
for the understanding of the mammalian cardiovascalstem, as it was concluded that
peripheral resistance was the main determinantaafdopressure regulation. Blood pressure
increase after inhibition of NO synthesis has bearfirmed in a variety of studies in animals
and humans. In Wistar rats, chronic blockade of N@ith L-NAME induced a dose-
dependent increase in blood pressure and a realpd@crease in aortic cGMP, which is
mainly dependent on sGC activit{ In healthy humans, L-NMMA increased mean arterial
blood pressure by 10% and total peripheral resistény 46%. Those data have led to the
conviction that basal NO exerts a continuous dilatinfluence on vascular tone,
counterbalancing the contractile influences. Latey those observations were extended to
models of genetic manipulation. In these, knocking the gene encoding eNOS in mice
resulted in significant hypertension, although thagnitude of hypertension reported by
different laboratories varies. Differences in siistarterial pressure in conscious eNOS

knockout mice compared with wild type mice rangenfr203 to 50°" %

mmHg, while
differences in mean blood pressure in anesthetizied range from 14’ to 37*° mmHg. The
varying magnitude of the hypertension observedN@$ knockout mice may be due to the
use of different methods for measuring blood pressur the genetic backgrounds of the
strains used. However, even with these differeneB)S knockout mice were found to be
hypertensive in all cases. In vitro, endotheliutadh aortic rings removed from these animals
display no relaxation to acetylcholine and are fewaéd by treatment with NOS inhibitots
In concert with those findings, mice with transgeaverexpression of eNOS are reported to

be hypotensivé® The importance of eNOS in the regulation of bigodssure and vascular
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homeostasis is further demonstrated by the obsenvidiat a missense variant of the eNOS
gene is positively associated with essential hgmsion and myocardial infarctidi

It is frequently assumed that all hypertensionNO& knockout mice is caused by the lack of
endothelium-derived NO and the resulting increasarierial tone and peripheral resistance.
However, also other NO-related mechanism such aseased cardiac contractility and
increased fluid absorption by the kidney may beoiwed in hypertensiorf®. Those
mechanisms are known to control the cardiac outphich determines arterial blood pressure
together with total peripheral resistance. Finafjgnetic deletion of eNOS may disrupt the
function of other important regulators of blood gsere by affecting central nervous system
activity. Stauss et al. found that in resting eN@Sicient mice, arterial blood pressure
fluctuations were more pronounced than in the obntnice, indicating that baroreflex
responses are blunted in the form&r So, hypertension may also be caused by the
involvement of eNOS in determining the baroreceptood pressure setpoint.

Besides eNOS, also nNOS which is present both somator centres of the central nervous
system and in peripheral nerves as well as ceviasgular smooth muscle cells, is likely to
play a role in the global regulation of blood prees This was concluded from the surprising
observation that in eNOS deficient mice, the aadeninistration of the selective nNOS
inhibitor 7-nitroindazole (7-NI) resulted in a dease in mean arterial blood pressure which
was prevented by L-argininé®. Although this finding suggests that nNOS may be
prohypertensive, in other cases it appears to hibymertensive. For example, the chronic
administration of 7-NI in drinking water significdy increased blood pressure in réfs
However, blood pressure in nNOS knockout mice reselly been shown to be similar to
that of wild type control$®“® This finding is in line with the observation thie systolic
blood pressure in mice deficient in both eNOS aN®8§, is higher than in wild type mice
and similar to eNOS knockout mi¢e So, those data suggest that genetic deletioN6&Sis
compensated for, in terms of blood pressure reignlatr that the hypotensive actions of
NNOS may be counterbalanced by its hypertensiexsif Moreover they suggest that nNOS
does not play an important role in the regulatidnvascular tone*”. However, there is
evidence that when eNOS-dependent vasodilatationpaired, nNOS-derived NO mediates
flow and agonist-induced dilatations. For exampigjbition of nNOS or sGC attenuated the
acetylcholine-induced pial vessel dilatation in éelN®nockout mice, whereas in wild type
mice inhibition of NNOS activity was ineffectiv8. Those data suggest that nNOS-cGMP-
dependent mechanisms compensate or upregulatedafetion of the eNOS gene. This is

supported by the Huang's study, showing that nN@®+dd NO, together with
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prostaglandins, maintains flow-induced dilatation doronary arteries of eNOS knockout
mice L. In addition, these investigators found an upratipm of NNOS expression in the
endothelium and smooth muscle of coronary artefié®se data suggest that despite the
small amount of NNOS in blood vessels, low levélslOS-derived NO could compensate
for the lack of eNOS. In contrast to eNOS and nNBI®S expression has not been found in
the vasculature under physiological conditions isrttius not likely to play a role in the basal
regulation of vascular torfé. This is in line with the observation that in iN®Sockout mice,
basal systolic blood pressure was not elevated Only in pathological states such as septic
shock, iINOS-derived NO has been shown to affectwas tone and to be responsible for
severe systemic hypotensivh

[.3.1.3. Other endothelium-derived relaxing substances
*Prostaglandins

Although the era of endothelium-derived relaxingtéas began with the seminal discovery of
the EDRF, later identified as NO, prostaglandinseatee first endothelium-derived relaxing
factor to be discovered. In 1976, Moncada et acdeed an anticlotting agent that was also
capable of relaxing vascular smooth muscle ¢éliFhey called the entity PGX which, soon
after, was identified as prostacyclin (B3 In common with NO, PGlis lipid soluble and
highly unstable in the body and thus it leavesahéothelial cell following its production and
acts as a local anticoagulant and vasodildtott is formed via the cyclooxygenase (COX)
pathway, most commonly from arachidonic acid. Atteemical (e.g. histamine, bradykinin)
or mechanical (shear stress) stimuli, the enzynespitolipase Ain the endothelial cells,
mobilizes arachidonic acid from membrane phosplasip Subsequently, COX converts
arachidonic acid to the prostaglandin endoperoxitje the precursor of all vasoactive
prostanoids®. Of the COX enzyme, two isozymes have been idedti§o far: COX-1 and
COX-2, which are produced from two different gen€&X-1 is a constitutive enzyme and
responsible for many physiological functions; isheen detected in most mammalian tissues
under basal conditions, primarily in stomach, pegeand vascular endotheliuth COX-2

on the other hand, is an inducible isozyft&® that is thought to be expressed in the
cardiovascular system (and immune cells) only dumathogenic episodes. Nevertheless,
COX-2 may have some homeostatic functions in songans because it is constitutively
present in the braiff, kidney®®, gastrointestinal systeffi and vascular endotheliufh In the
last step of the prostaglandin biosynthesis, sév&@H, isomerases catalyse the
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isomerisation of PGKto a variety of biologically active end-producGD,, PGE, PGl,
PGFR, or thromboxane (TX4), depending on the enzymatic machinery preseng in
particular cell type®. PG is the major prostanoid produced by the endothetiis, while
platelets synthesize mainly T%A®. PG} elicits smooth muscle relaxation by activating
specific cell surface receptors (IP) that are Ggimcoupled to AC and thereby elevate
cAMP levels®® ® The formed cAMP activates PKA which phosphoryaselected target
proteins, thereby reducing the fCjaand subsequently cause relaxati@rirhe effect of PGI

is tightly connected with NO effects. Koller et,alemonstrated that increases in perfusate
flow elicit endothelium-dependent dilatation of gtes muscle arterioles, a response that is
mediated by the combined release of NO and prasidigis’’. Other studies demonstrated
that NO stimulates prostaglandin synthesis in dmgl@ cells and macrophages via a
mechanism involving a reaction with the heme-congmbrthat binds to the active site of
COX enzymes? ™ Furthermore, NO has been shown to potentiatefieet of PG} in the
smooth muscle cells through inhibition of cAMP-degjng PDE’s’. In turn, PG} has been
reported to increase eNOS gene expression ancelse of NO from endothelial cells via
cAMP signaling’®. On the other hand, there are also studies thditdte an enhanced
production of prostaglandins as a consequencehdfitron of NO synthesis and thus support
a negative relation between NO and prostaglandmthsgis. Also in eNOS knockout mice,
COX-2 derived prostaglandins were reported to bbeaeoed and responsible for the
maintenance of flow-induced dilatatiéh .

In most vascular beds, PGPGD, and PGE have been shown to induce vasorelaxation,
whereas PGE and TXA have been reported to initiate vascular smoothctauntraction.
The ratio of PG¥ TXA, appears to provide an important input into detenngj vascular tone
8 The ratio of these two vasoactive agents is reditin a number of vascular diseases,
namely pulmonary hypertensiofi, selenium deficiency® and pre-eclampsi&’. In mice
lacking the PGJ synthase gene, the absence of Rfidtabolism is associated with a five fold
increase in the production of T%A? This increase in TXAmay enhance vasoconstriction
and attribute to the elevated blood pressure in, B@ithase-deficient mice. The finding that
the blood pressure of those mice increases with legels support to the contention that
polymorphism of the human P£synthase gene, which decreases the promoter tgctivi
seems to be a risk factor for higher pulse presandesystolic hypertension in the Japanese
population®:. The PG4 receptor-deficient mice, on the other hand, haaenlreported to be
normotensive, suggesting that PG not involved in the regulation of blood pressét

Furthermore, those mice did not show renal abnotieglas reported in the P&dynthase-
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deficient mice. In the latter study, the high bloptessure could be secondary to the
associated gross abnormalities in the kidney, s suiggested for the COX-2-deficient mice
8. 88 The genetic deficiency of COX-2 appears to disthe signaling pathway in the salt
sensing region of the kidney, which is importantdotivation of the renin-angiotensin sytem
87_Under conditions where renin expression and igtare induced in wild type mice, renin
production was not stimulated in the kidneys of GDXeficient mice® 8 Therefore, it is
suggested that prostaglandins produced by COX-2responsible for maintaining renal
homeostatic functions involved in the regulationsaft resorption, fluid volume and blood
pressure’®. This was also confirmed by the study of Muscarale in which the chronic
suppression of the COX-2 activity by the daily adistration of selective COX-2 inhibitor
celecoxib, significantly influenced the renal fuoat leading to severe fluid retention and
elevated blood pressure. Therefore, they suggesttiie hypertensive effects of celecoxib
may have been due to effects of this drug on thady and not by virtue of suppression of
vascular PGl synthesis™. However, in contrast to the COX-2 deficient miogce deficient

in COX-1 fail to produce an identifiable renal pattigy °2. Still, they have been show to have
an increased mean arterial blood presstite Besides positive studies regarding the
importance of COX in the regulation of blood prassuhere are also negative reports. The
blood pressure of both COX2t and COX-2* knockout animals has been reported to be not
different from the corresponding control animalaggesting that prostanoid products of
COX-activity do not regulate baseline blood pressaor that compensatory mechanisms
completely abolish the appearance of any effecisewise, baseline sodium and water
balance has been shown to be unaffected by COXfiaetey *°. As COX produces
vasoconstrictor and vasodilator metabolites, ite ino the regulation of blood pressure and
hemodynamics is difficult to predict and may explahe positive and negative results

regarding the effect of COX inhibition.

* Endothelium-derived hyperpolarising factor (EDHF)

Not all endothelium-dependent relaxations can lig &xplained by the release of either NO
and/or prostacyclin. In 1984, Bolton and collaboratreported that an additional relaxant
pathway associated with smooth muscle hyperpotinisa also exists . This
hyperpolarisation was originally attributed to thelease of an endothelium-derived
hyperpolarizing factor (EDHF) that diffuses to aactivates smooth muscle®kchannels.

More recent evidence suggests that endothelial cetleptor activation by these

|66



General introduction

neurohumoural substances opens endothelial celthénnels’”’. Several mechanisms have
been proposed to link this pivotal step to the sghent smooth muscle hyperpolarization,
e.g. K %8 CYP metabolites® '® lipoxygenase productd®, NO itself!?> ROS (HO,) 1*
cAMP %4 C-type natriuretic peptid®®°, and electrical coupling through myoendotheligb ga
junctions*°® Up until today, a single molecule or pathway conbt be identified which
explained all features of EDHF signaling in differerascular beds and species. This led to
the assumption that there are several distinct EBHiEting alone, in parallel, or even
together'®’. Although NO is the predominant endothelium-dediweasodilator in conduit
arteries, as once descends the vascular tree lthefrblO diminishes, whereas the influence
of EDHF increase$. In this way, the absolute vasodilator capacityhef arterial system is
maintained. In mice, EDHF-mediated responses iisteage vessels appear to be at least as
important as endothelium derived NO in mediatingrast-induced, endothelium-dependent
vasodilatation because neither deletion of the gameding eNOS nor inhibition of NOS
attenuates agonist-induced vasodilator responsegivin and in vitro ' 9 The large
contribution of EDHF to endothelial vasodilatory chanism in resistance-sized arteries and
arterioles, which play a critical role in the catrof organ blood flow and peripheral
resistance, makes it probable that the EDHF systean important determinant in regulating
blood pressure and vascular homeostasis. Themmsg gvidence that EDHF contributes to
regulation of blood flow in viva**3 however, extensive in vivo characterization af th
physiological role of EDHF has been delayed becaisthe complicating effects of the
agents used to explore EDHF responses. As alsé*f&hd PG *° can elicit dilatation via
hyperpolarization of vascular smooth muscle cetls®e isolation of EDHF responses
necessitates NOS and COX inhibition, which can hpxe&found inherent hemodynamic
effects. Recently, Scotland et al. described thecwar phenotype of mice with targeted
disruption of both the predominant endothelial @of of NOS (eNOS) and COX (COX-1)
and demonstrated that this “EDHF mouse” is thelideadel to investigate the physiological
role of EDHF'*®. Those mice showed that the EDHF system is capafbterercoming the
loss of NO and PGl Interestingly this occurs more effectively in female “EDHF mice”,
which are normotensive, whereas male “EDHF mice’ laypertensiveThis gender-specific
prevalence of EDHF may point to the cardiovascplatective role of the EDHF system in
females. Sex-related differences in EDHF activiggrevalso reported in estrogen receptor
and B knockout mice*’ and soluble epoxide hydrolase deficient mi¢® Studies using
transgenic mice in which the expression of the bomiductance CGé-activated K channels

(SKea) is constitutively suppressed by dietary doxycyclifé and mice deficient in
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intermediate-conductance €activated K channels (1K) *?° further highlighted the
functional role of EDHF in the control of vascutane. Nowadays, there is growing evidence
for the importance of the SKandIK ., channels in endothelial hyperpolarisation, which is
first required to initiate EDHF-mediated vasoditaia. Both suppression of the §K
channels and deletion of thi€., channels increased the mean arterial blood pressitine
respectively 20 mm Hg and 14 mm#fd. The finding that genetic manipulation of the EDHF
signaling has an impact on systemic blood pressupeorts the notion that the EDHF system

is important in the overall circulatory regulation.

[.3.2. Role of the NO/cGMP pathway in penile emaati

Penile erection is a complicated neurovascular teveulated by psychological factors and
hormonal status. Not all details of the mechanise fally understood but ultimately an
erection results from an increased blood flow itite penis and a concomitant decreased
outflow through the compressed venous outflow. €hgorgement is possible by relaxation
of the blood vessels and the specialized smootltleells of the penis, which is mainly

mediated by the NO/cGMP signaling pathway.

[.3.2.1. Anatomy of the penis

The penis in man and in most other mammalian spemesists of three corpora: dorsally
paired corpora cavernosa (CC) which comprise tleetiée tissue and the ventral corpus
spongiosum that surrounds the urethra and formsgthes penis distally (Figure 1.4).
Surrounding each cavernosal body is a thick comneetissue sheath, the tunica albuginea,
which fuses in the midline to form a perforatedtaep The proximal portion of each CC, the
crus, is attached to the inferior pubic ramus. Eacis is surrounded by the ischiocavernosus
muscle. The proximal part of the corpus spongiostim, bulb, lies in the midline in the
perineum enclosed by the bulbospongiosus muscléh Bwe ischiocavernosus and the
bulbospongiosus muscles are important in produairigid erection and in ejaculatioff.

The CC resembles a sponge, composed of a meshwankecconnected hollow cavernous
spaces or sinusoids, lined by vascular endotheledls and separated by trabeculae,
containing bundles of smooth muscle cells in a &aork of elastic fibers and connective
tissue’?® The main arterial supply to the penis is from plelendal artery on each side that
divides into the cavernosal and dorsal arterie@mFithe two cavernosal arteries, the

resistance-like helicine arteries branch off amavfinto the sinusoids, which fill with blood
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and expand during an erection. The venous drainagige penis consists of emissary veins
that drain the sinusoidal spaces and pierce thieaun drain into the circumflex veins, and
then join the deep dorsal vein of the penis. Twosdloarteries in the dorsal neurovascular
bundle (which consists of two dorsal arteries, deep dorsal vein, and the dorsal nerves)
supply the glans penis. The flow of blood into anat of the penis is regulated by the
autonomic erection centre. This provides sympatleetd parasympathetic input to the pelvic
nerve plexus including innervation of the caverh@steries and trabecular smooth muscle
124.

In a diverse range of mammals including carnivooass, rodents, insectivores, flying lemurs,
and some primates, an 0s penis or baculum hasdessmmibed. The os penis, designed for
ready intromission, often shows great morphologatigkrsity among even closely related
species, especially among rodents and carniVérett is a heterotopic bone that in rats and
mice extends from the distal end of the body ofghais to the tip of the glans penis and is
responsible for the right angle bend between tlty lamd the glans penis in a non-erect penis
(figure 1.5)*2® It consists of a proximal segment and a distgirent. The proximal segment
is formed by fusion of a hyaline growth cartilageits proximal half and a membrane bone in
its distal half. The distal segment is formed allyi as fibrocartilage, and, in case of rats,
becomes gradually ossifietf” *?® . Although there is no os in human glans, a strong
equivalent-ligamentous structure, termed the digjament is arranged centrally and acts as a
supporting trunk for the glans penis. Without tingportant structure, the glans would be too
weak to bear the bulking pressure generated deoitgs and too limber to serve as a patent
passage for ejaculation, and it could be too diffito transmit the intracavernosal pressure
(ICP) surge along the entire penis during ejacoatiA fixed os penis in the human male
would cause much awkward inconvenience in carryng daily activities; therefore this

strong distal ligament is optimal for concealmeithaut sacrifice of tissue strengtf?.
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Figure I.4: Cross section through the human penis. 1: corpav@roosa; 2: circumflex vein; 3:
emissary vein; 4: subtunical venule; 5: nerve @rsdlis penis); 6: superficial vein (v. dorsalig);
deep dorsal veirfv. dorsalis profunda); 8: dorsal artery (a. dossgkenis); 9: cavernosal artery (a.
profunda penis); 10: helicine artery; 11: sinusbggece; 12: tunica albuginea; 13: urethra; 14pasr
spongiosum; 15: urethral artery.

Penile structure in mammals is thought to be gdiyesinilar to that in humans (adapted from Morton

et al.”*9

Bulbous
glans penis
with os penis
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Cylindrical body

Figurel.5: Radiograph of the mice penis (adapted from Goyal.ét9
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1.3.2.2. Physiology of the penile erection

Erection is basically a spinal reflex that can miéated by recruitment of penile afferents but
also by visual, olfactory and imaginary stimuli.eTgenerated nervous signals will influence
the balance between the contracting and relaximgorf® which control the degree of
contraction of the corporal smooth muscle cells g the functional state of the pehts
Under basal conditions, cavernosal vasoconstricti@mrows the arteriolar lumen and
sinusoids, restricting blood flow to maintain lo@R and a flaccid penis (figure 1.6). Various
studies have suggested the endogenous constrictiobe mediated primarily by the
sympathetic nerve release of norepinephriie®** and secondarily through the local
production of endothelin-1*>**" On sexual stimulation, nerve impulses cause glease of
neurotransmitters from the parasympathetic nersaitals and of relaxing factors from the
endothelial cells, resulting in the relaxation afc®th muscle in the arteries and arterioles
supplying the erectile tissue (figure 1.6). Thiads to a several fold increase in the penile
blood flow and ICP. When the pressure begins t@eddiastolic pressure, there is a pulsing
of blood flow into the penis during systole. At tekame time, relaxation of the trabecular
smooth muscle increases the compliance of the aihss facilitating rapid filling and
expansion of the sinusoidal systéth There is an established base of evidence to sufhy
idea that NO released during NANC neurotransmissind from the endothelium is the
principal neurotransmitter mediating penile erattit®. The neuropeptide vasoactive-
intestinal polypeptide (VIP}*® and prostanoid$* have also been identified and shown to
exert potent relaxing actions on penile tissuetetphysiological role and involvement in the
erectile process remains unclear. The corpora nasarwill expand until they are restricted
by the tunica albuginea. Herewith, the emissarpy@ind subtunical venules are compressed
between the trabeculae and the tunica albuginaaltireg in an almost total occlusion of
venous outflow. This process, known as veno-ocofudt!, temporarily retains the blood
within the corpora cavernosa and further incredS@&sto approximately 100 mmHg. During
sexual intercourse, the ischiocavernous musclesfioty compress the base of the blood-
filled corpora cavernosa and the tumescence gbéinés even increases, with an ICP equal to
the mean arterial blood pressdfé During this phase, the inflow and outflow of bibare
approximately equal, and ICP remains const&nf veno-occlusive mechanism has not been
demonstrated in the corpus spongiosum. Thus thpocarcavernosa may be a “closed

system”, whereas the corpus spongiosum is a “onefla system”, draining freely through
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the penile veins?®. Therefore, the corpus spongiosum does not canérito the rigidity and
may, in fact, serve only to make the urethra aitiefit conduit for the ejaculaté®

OUTFLOW Subtunical o Tr oW

Tunica albuginea T FLACCID Venule I ERECT
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Helicine artery (CONSTRICTED) Helicine artery (DILATED)

Subtunical
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Figure 1.6: Schematic illustration (only one sinusoidal spasedépicted) of the mechanisms of
erection and flaccidity. During erection, relaxatiof the trabecular smooth muscle and vasodilatatio
of the cavernosal and helicine arteries, resules several fold increase in blood flow, which exgn
the sinusoidal spaces to lengthen and enlargeethie.gr he expansion of the sinusoids compresses the
subtunical venules against the tunica albuginesyltieg in a physically obstructive reduction in
outflow of blood. This simultaneous increase inflout resistance, along with an increased inflow and
relaxed sinusoidal smooth muscles produces ani@mnedn the flaccid state, inflow through the
constricted and tortuous helicine arteries is maijnand there is free outflow via the subtunical

venular plexus.

1.3.2.3. Source of NO

Among several organs of the body in which it wadyeund to operate, also the penis as
well as female genital tissue was shown to beedfitaction of NO**3 Several functional
studies involving isolated corporal tissues obtdifrem different specimens showed that NO
causes relaxation of the corporal smooth musclis egld thereby induces penile erection.
The fact that those relaxant responses were suisieefatr tetrodotoxin or inhibition of axonal
conduction and resistant to cholinergic and adggoeeceptor blockade, affirmed the NANC
neurogenic basis of the respon§¥8* The biological role for NO as mediator of cavesalo
smooth muscle cell relaxation was strengthened dwersl in vivo studies in which the
electrical stimulation of cavernous nerves and sgbent increase in the intracavernous

pressure could be inhibited by NO synthase inhibitd* **"* %% Moreover,

|72



General introduction

immunohistochemical tracing methods localized NG@imthetic enzyme, nNOS in the
autonomic innervation of the penis and the peleioggion™*® **°

The ultimate proof for the neurotransmitter roleN® in the NANC mediation of penile
erection would be lent by mice lacking the nNOSegefNOS™ mice). Surprisingly, although
the absence of nNOS in those mutant mice, NO-depetratectile function was preserved
Further exploration of this discrepancy, revealesl dlternative expression of splice variants
of the nNOS gene. Residual NO produced by the shalOS variant, nNOS5is shown to
be sufficient for normal physiological functioningnd explains why the nNOSmice
maintain erection'>?. Another important variant of the nNOS cDNA, penitNOS also
survives in the nANOSmice and thus has a functional significance forilpegrection in those
mice **3 The other NO-producing enzymes eNOS and iNOS wase proposed as
candidates for the NO-dependent penile erectishdmNOS mice. As it was not possible to
demonstrate the presence of iNOS in the penileediss nNOS mice, it does not appear to
be the source of NO in those mit& There is however evidence for a modulating rdle o
iNOS in the erectile response, since mice deficiantNOS (iNOS"), showed an altered
function in the corporal tissue. However, furthirdy is needed to affirm a potential role of
iNOS in erectile function in vivo™.

By contrast, the eNOS gene expression is signifigapregulated in nNOScorporal tissue,
indicating a role for endothelial derived NO in nahg corporal smooth muscle relaxation.
In many instances, compensatory mechanisms pregbevdunction in transgenic mice
engineered with disruption of specific genes. Ttoee the augmented eNOS activity in
nNOS' mice presumably compensatory overcame the nNOSieiedly, which might suggest
that nNOS derived NO is the primary source involiregenile erectiort®® **> However, the
contribution of eNOS to the regulation of penileaion should not be underestimated, since
the administration of the eNOS agonist, carbachoited penile erection in wild type mice
but not in eNO$ mice. This suggests that eNOS physiologically wiaukdiate erection via
cholinergic stimulation'*®. Moreover, it has been shown that upon nerve sitiom,
acetylcholine can be released in the presence ddtleelial cells, since neurons staining for
choline acetyltransferase extend branches througheiwcorpora cavernosa including the area
of the endothelium™’. Despite several arguments in favour of the ineofent of an
endothelium dependent mechanism in penile erectimre are also arguments that do not
support this hypothesis e.g. in isolated monkey alog penile tissues, atropine and

endothelium damage could not reduce the relaxaporese to electrical field stimulation
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(EFS) % ™%and a lack of eNOS immunoreactivity has been shimwthe endothelium of
cavernous sinusoids in rafs.

New concepts however, support the idea that besidesberation of an ancillary source of
NO from the penile endothelium by cholinergic stiation, eNOS performs an even bigger
assignment in penile erection. eNOS would facéitaaximal erection, whereas nNOS would
initiate the penile proces®’. The augmented blood flow, induced by the rapidefb
activation of nNOS at the onset of penile erectgemerates a shear force on the endothelium,
which activates the phosphatidyl-inositol 3-kinaseAkt pathway. The phosphorylated
serine/threonine kinase Akt causes in turn dirécisphorylation of eNO&’. Classified as a
C&*/calmodulin-dependent enzyme, eNOS is normallyatgil by agonists after an increase
in the intracellular C& concentration®®> Phosphorylation however, reduces its*'Ca
requirement and makes a maintained (over hourgjugtemn of NO and thus more sustained
relaxation possiblé&®®

Without any doubts, we can conclude that NO, preduzy nNOS, acts as a neurotransmitter
of NANC nerves innervating the penile tissue araypla major role in penile erection. The
role of eNOS derived NO is not established. Howewegspective of the fact that its relative
importance is species-dependéfit it can be accepted that in response to chemivdl a
possibly mechanical stimuli, NO liberated from #edothelium also participates in penile

erection.

[.3.2.4. Other peripheral neurotransmitters
*Vasoactive-intestinal polypeptide (VIP)

The possible role of VIP as a transmitter mediatihg relaxation necessary for penile
erection has been discussed since the first repats published on the occurrence of this
peptide in the penis and on its effects on isolapesile tissue'®®> Moreover, VIP
immunoreactive vesicles were localized in the nédibers of the CC of several spect88and

an increased concentration of VIP was detecteddadbdrawn from the CC during penile
erection'®® '*” However, the latter finding could not be confidria the studies of Dixson et
al. 8 and Kiely et al.’®®. The expression of VIP in rat CC appears to bercayeh-
independent and to be unaffected by age of theasitf *"* However, an impairment of

172 3s well as a decreased level of VIP

VIP-ergic innervation in penile tissue of diabetats
has been observed in the penis of impotent M&n'’* Despite all efforts, no definitive

consensus has been reached as to the exact rgl® ah the physiology of penile erection.
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Many in vitro studies of strips of human CC tissaurel cavernous vessels have shown that
VIP has an inhibitory and relaxation-producing eff€> 1’® put it has been difficult to show
convincingly that VIP released from nerves is remspole for relaxation of penile smooth
muscle. Whilst the relaxant activity of exogenouatiministered VIP was blocked by VIP
antiserum on-chymotrypsin, it had no effect on the relaxatinduced by EFS of the nerves,
suggesting that VIP is unlikely to be the NANC sanitter under these conditiohs. Further
evidence that VIP is not the key NANC transmittexdiating erection is that intracavernosal
administration of the peptide did not produce &rtctions in normai’® or impotent mert®®

17 However, the use of higher doses of VIP in comtiim with phentolamine has been
reported to induce erections sufficient for intense®. Moreover, Kim et al. reported that
in rabbit CC a VIP antagonist inhibited electrigalhduced relaxations, suggesting that the
peptide was released from nerves during stimuldftbiThey concluded that VIP appeared to
contribute to NANC mediated cavernosal relaxataong that its mechanisms of relaxation are
dependent on prostanoids and the generation ofTH@. suggestion is supported by reports
on the colocalization of VIP and NOS in the paraggthetic nerves innervating the CC and
penile vasculaturé®*84 |t seems that most of these NO- and VIP-contgimirurons are
cholinergic, since they all contain the vesiculeetgicholine transportef>, which has been
suggested to be a unique marker for investigatfaie distribution of cholinergic nerves in
the peripheral and central nervous systéffisAlso in the submandibular glard’ ' vip
has been shown to contribute to the parasympatbetitol of blood flow via NO. However,
Hempelmann et al., who studied the effects of N@ #re NO donor SIN-1 on human
isolated cavernous artery and CC, found nonsyrergiadependent relaxant effects in both
types of preparatiori®®. This finding does not favour the view of coopemtactions in
neurotransmission or the simultaneous use of tlegnts in the treatment of erectile
dysfunction. Not only NOS but also other peptidesrs to be colocalized with VIP. Peptide
histidine methioniné® **! pituitary adenylate cyclase-activating peptitfeand helospectin
193 have been shown to be localized to nerves in glomemity of bundles of smooth muscle,
around arteries in the human CC and in circumfleins™®* Like VIP, those peptides seem to
act through one of the VIP receptdfs leading to activation of AC and increase in CAMP.
They were found to be as effective as VIP for pomay relaxation of human corporal tissue
and for inhibiting contractions evoked by electrisémulation of nerve$®’. However, a role
for those peptides as neurotransmitters and/orongeniulators in the nervous control of

penile erection has not been established.
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1.3.2.5. Other endothelium derived modulators of penile erection

In the periphery, NO appears to play a key, if pigbtal role in the erectile process. Still, as
with other vascular beds, the endothelium in th@gpéboth arterial and trabecular) produces
a number of other endothelium-derived vasoactietofa, which may also be important in the

control of corporal smooth muscle tone.

*Prostaglandins

The widespread use of intracavernosally injectedEP®r the treatment of erectile
dysfunction *°® %7 focused interest on the physiological functionspobstanoids in the
mechanisms of penile erection. The ability of penilssue to generate and metabolise
prostaglandins (PGEPGb, PGE and PGE,) has amply been demonstrated in vitto*: In
strips of rabbit CC, there is a basal or tonic asée of prostanoids including P&FTXA,,
PGhL PGE and PGD. Incubation of cavernosal strips with acetylchelincreases the level
of all these prostaglandins, as determined by naimnoassay, implying that endothelium-
dependent stimulation by acetylcholine resultsardy in the production of NO, but also in
stable COX product®?

PG} is known to be a potent vasodilator in a numbevasicular bed3® 2% By contrast, in
human CC tissue, P&leleased by muscarinic receptor stimulation wa®nted to cause
contraction 1%, Also when added to isolated corporal preparatipns-contracted with
noradrenaline or PGE PGbL had no relaxant effect. Isolated pre-contractegpg@rations of
the cavernosal artery, on the other hand, weretftdy relaxed®, which suggests that PG|
may serve as a vasodilator in the initial phas@efile erectior®. Direct intracavernous
injection of PG} into the penis of pigtailed monkeys resulted itaye reduction of the
cavernosal compliance, owing to smooth muscle ectibn, but there was no increase in
cavernosal arterial blood flof#®. This argues against the fact that P@tectly contributes to
regulation of corporal smooth muscle tone. It isrenlikely that during penile enlargement
and blood stasis this prostanoid, synthesised ftloenvascular endothelium and corporal
trabecular tissue, counteracts local thrombosiméion**

By contrast, PGE seems to be a better candidate for the modulatighe corporal smooth
muscle tone. PGEeffectively relaxed human trabecular tissue, aredgontracted segments
of the cavernous arte*. Furthermore, radioligand binding studies have afestrated the
presence of PGEreceptors in penile tissues from humans and monk&s 2%
Correspondingly, intracorporal injection of PGE those speciggsulted in erection. Besides
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through the activation of AC and the subsequentei®e in the production of cAME®
PGE has been shown to decrease[®&]; through inhibition of the voltage-dependent L-

type C&" channels®°

Moreover, PGE appears to inhibit the electrical release of
noradrenaline from human penile adrenergic nerwdsch may contribute to its relaxant
action. In contrast, PGDincreases its release, suggesting the possilii#y prostanoid
receptors may exist presynaptically, thereby mdihdaonic sympathetic torfé*. Moreover,
constrictor prostanoids have been shown to nedgtivedulate the antagonizing effect of
NO on the adrenergic tone. In rabbit CC, the catitearesponse to noradrenaline, following
treatment with the sGC inhibitor LY-83583 (therebjocking the effect of NO) was
significantly increased but reversed by COX bloek&d? This indicates that under
physiological conditions, cGMP may not only be aws®l messenger involved in smooth
muscle relaxation, but it may also directly inhithie contractile effects of noradrenaline. This
alteration in vascular reactivity secondary toraieNO production has also been shown in a
number of other vascular betS. For example, in rat caudal artéry, endothelium derived
NO/cGMP was shown to directly attenuate contracBkgponses to exogenous noradrenaline
and sympathetic EFS induced contractions. This ge®cappears to be modulated by
prostaglandins, which sensitize the smooth musele to a-agonist stimulation. Besides
corporal smooth muscle, the sensitizing effect as® been reported in other vascular
models, i.e. human chorionic artef¥y and pig testicular arter§!®. In those ring segments
treated with L-NA, there was an increase in thdimgstension and enhanced contractile
responses to potassium and serotonin respectiBelth these effects were reduced in the
presence of indomethacin. These findings indich# there is an important physiological
interaction between contractile prostanoids and#malium-derived NO. Under pathological
conditions of impaired NO production, the unoppoaetions of the contractile prostanoids
may result in an increase in corporal smooth mugolee, thus contributing to the

development of erectile dysfunctiéH.

*EDHF

In addition to NO, recent reports indicate that BDHay be critical to successful erection.
Angulo et al. demonstrated that in human penilestasce arteries (HPRA) a consistent
relaxation to acetylcholine remains after NOS a@XGnhibition that is abolished by a high
extracellular K concentration that prevents hyperpolarisation ofosth muscle and

endotheliun?*®. This observation is consistent with the existenica hyperpolarizing factor
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contributing to endothelium-dependent dilatationhiorse penile resistance arterfd8 and
with the relevant role of relaxations mediated WYHE in other human resistance vesséfs
220 Additionally, calcium dobesilate, an angioproteetagent that is proposed to potentiate
the vasodilator effect of EDHF in human arteriegni$icantly improved endothelium-
dependent EDHF-like relaxation of HPRA and poteatiaerectile responses in vivo®
Further evidence for the involvement of EDHF in #rdothelium-dependent relaxation is
provided by the other study of Angulo et al., shayvthat sildenafil, which potentiates the
NO/cGMP pathway through inhibition of PDE-5, wadeato completely reverse endothelial
dysfunction in human CC from diabetic patients bat in penile resistance arteries from
those patients. Moreover, calcium dobesilate cotalyleecovered endothelial function in
penile arteries from diabetic patierfts. However, administration of DOBE also failed to
significantly improve erectile function in diabetiats while it had significant potentiating
effects in nondiabetic rafé%. Those findings demonstrate that potentiation DHE alone is
insufficient to reverse endothelial dysfunctiontioat normal function of both CC and penile
arteries is essential for the hemodynamic evemtsitiitiate and maintain penile erection. The
observations with calcium dobesilate are in linghvé study showing that chronic treatment
with evening primrose oil did not improve endothalidependent relaxation of CC from
diabetic rats while this treatment recovered enel@h function in mesenteric resistance
vessels from these animals by enhancing EDHF-nestlis#sponses, thus in a similar way as
DOBE differentially affects endothelial function i6C and penile arterie§”. Several
candidates for EDHF have been proposed, and CYPxygpobase metabolites,
epoxyeicosatrienoic acids (EET’s) are one of theesd putative mediators of endothelium-
dependent relaxation. Recently, Jin et al. propaded EET’s function as endothelium-
derived relaxing factors in penile tissue and aeatial to achieve full erectiéff. In human
penile arteries, the nonselective inhibition of CW¥Etivities by miconazole, significantly
attenuated the effect of DOBE on EDHF-mediatedxaglans, suggesting that this agent is
related to the enhancement of the production or abion of CYP derivatives®
Additionally, the pharmacological inhibition of CY#/ sulfaphenazole, attenuates cavernosal
nerve mediated erectile responses in the rat, stiggehat a CYP metabolite may mediate an
EDHF-dependent smooth muscle effect in the peng thay contribute to the erectile
respons€®. As this area of penile vascular biology is ndtyfelucidated, further research
must be undertaken to evaluate the potential imapo# of this endothelium-derived relaxing

factor in the regulatory control of penile erection
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[.3.2.6. RhoA/Rho kinase
The RhoA/Rho kinase signaling pathway (see alsdiaap.2.2.2. Regulation of MLC

dephosphorylation/Ga sensitization) is suggested to be the majof* Csensitization
mechanisms in the smooth muscle?'Gansitization is brought about by agonist actoratf
heterotrimeric G-protein-coupled receptors, thehexnge of GTP for GDP on the small
GTPase RhoA, its activation and dissociation frésnpiartner Rho-GDI (guanine nucleotide
dissociation inhibitor). GTP-RhoA activates Rhodge, which inhibits MLCP by
phosphorylating its regulatory subunit; this leadsan increase in MLC20 phosphorylation
and tension at constant [€k %®. This mechanism has been shown to make a significa
contribution to agonist-induced contraction unddéysiological conditions in peripheral
vasculatureé”®” ?*® Using an in vivo rat model, the functional roleRhoA/Rho kinase was
also demonstrated in penile corpus cavernosumctlaje of the specific Rho kinase
antagonist Y-27632 into the CC sinuses, withoutv@estimulation, resulted in a dose-
dependent increase in ICP. This suggests that the RhoA/Rho kinase is cotigtastive
and plays an important role in maintaining the panithe flaccid state. Inhibition of Rho
kinase also potentiates EFS-induced erectféhsElectrical stimulation of the major pelvic
ganglion has been demonstrated to result in ageitlependent increase in ICP, a process
that is inhibited by NOS blockade (and is thusilaited to NO release from NANC nerves)
230 Additional experiments have demonstrated a sinplatentiation of the effect of Rho
kinase inhibition on ICP upon prior injection withNO donor drug*’. These data suggest
that NO potentiates the effect of Y-27632 and ptevsupport for the hypothesis that NO-
induced penile erection is through the inhibitioh emdogenous Rho kinase constrictor
activity. However, pre-injection of L-NA and MB ddDQ did not significantly alter the
effect of Rho kinase antagonism, indicating tha¢ th-27632-induced rise in ICP is
independent of a NO-mediated pathvwiay *> Thus, antagonism of Rho kinase may offer a
potential alternate avenue for the treatment ofttdee dysfunction. Supporting such a
suggestion, Wilkes et al. investigated the effefty’-27632 on erectile responses in male
SHR, and found a significant increase in neurogeesponse after intracavernosal injection
of Y-27632. They suggested that an increased hgppsidn-induced vasoconstrictor tone and
impaired erectile response may be due to up-régolabf Rho kinase activity**®
Additionally, diabetic rabbit CC have been shown have an increased sensitivity to

stimulation by the endothelin-1 agoni&¥, an increased expression of Rho kinase and
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decreased relaxation of Y-2763%. Also in aging male Brown-Norway rats, Rho kinase
inhibition with Y-27632 was reported to improve etk function®*®.

In vitro, Rho kinase inhibition has been shownrthilbit CC smooth muscle tone including
human and rabbft’. Furthermore, Y-27632 was found to relax isolasdCC tissue that had
been precontracted with KCI or phenylephrine tarailar extent?®. As in conduit vessels
pre-constricted with KCI the effect of Y-27632 oaserelaxation was attenuated as opposed
to phenylephriné® 2*® Rho kinase activity is suggested to be elevatguenile vasculature,
as compared to conduit arteries. In addition, Ripodtein concentration was reported to be
17 times greater in rabbit CC than in ileum, blagdemoral artery and portal veiff°
suggesting that RhoA/Rho kinase’Caensitization may play a substantial role in C@sth
muscle contraction. Furthermore, the detectionhef MLCP inhibitory protein CPI-17 in
human and rabbit CC, supports the possibility of-CRmediated C& sensitization in the
penis ?*°. Finally, the adeno-associated viral gene transfea dominant-negative RhoA
mutant into the rat CC, confirmed the significant¢he RhoA/Rho kinase signaling pathway
in penile erection, as the mutant markedly increds#sal ICP as well as cavernous nerve

stimulation-induced ICP in vivg™,
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General introduction

| .4. Summarising conclusions

sGC is the only conclusively proven receptor for W@ so intimately involved in a wide
range of physiological functions, most notably ine tcardiovascular system (platelet
reactivity, vascular tone) and peripheral and @mervous system (neurotransmission). In
its molecular makeup, sGC exists as an obligatirheterodimer, of which 2 two isoforms
for each subunit have been found/¢, andp1/p2). However, only two isoforms (sG&B1
and sGG@pB;) so far have been shown to be physiologically aciivevhich ; acts as the
dimerizing partner for both types afsubunits. While sG&f; is ubiquitously expressed in
mammalian tissue, sGGP- is less widely distributed. The low basal activfysGC increases
several hundred-fold when NO binds to the hemetpetis group, which is associated with
the N-terminal region of thg, subunit through a weak histidine 105-iron bonde Tistidine-
residue is essential for the stimulation by NO absstution by phenylalanine leads to a
heme-deficient enzyme that retains basal cyclasgitgcbut fails to respond to NO. In
addition to endogenous NO, pharmacological NO-den@.g. nitroglycerin, isosorbide
dinitrate and SNP) and agents such as BAY 41-22¢RYaC-1 stimulate sGC, the latter two
also in an NO-independent way. Upon activation@Es GTP is converted to cGMP. Acting
as a second messenger, cGMP regulates the actisveral enzymes including PKG, CNG
ion channels and cGMP-regulated phosphodiestef@sgs PDE-5) which culminates in a
reduction of intracellular G4 concentration and a decrease in the sensitivith@tontractile
system to C4. Both mechanisms ultimately lead to smooth muselaxation, which is the
key event in penile erection and a very importaatedminant of blood flowand blood

pressure
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I1.1. General aim

The physiological importance of NO/cGMP signalirggriow widely appreciated. As the
predominant intracellular receptor for NO and asviéGproducing enzyme, sGC plays a
pivotal role in regulating smooth muscle tone, ¢grcontrolling, among other things, blood
pressure and penile erectioA For a long time, the scientific attention for s@@nained
significantly lower than the focus on NO itself. Wever, the finding that different sGC
isoforms (the main sG&B1 and minor sG@,B;) and splice variants exist and that other
substances besides N@an activate sGC, has led to a renewed interebtisGC enzyme.
Nonetheless, the involvement and the specific adleéhe different sGC isoforms remain
elusive. This is mainly due to the unavailabilifys&C isoform-specific inhibitors. Therefore,
targeted disruption of the genes encoding the uarg6C subunits is a valuable approach to
study the function of each isoform. In the pressntly we made use of the advantages of
sGC subunit knockout/knockin mice to explore flumctional importance of the sGC
subunits in smooth muscle relaxation. Knowledge hereof could allow the development of
more selective sGC agonists with potentially lads-gffects.

I1.2. Specific aims

[1.2.1. Relaxation of vascular smooth muscle dellsGGy; knockout mice

(sGGy,” mice)

Known the significance of endothelial NO-signalinpany cardiovascular disorders are
related with an impairment of the NO/cGMP signalaagcade. Current therapies that involve
the use of organic nitrates and other NO donorse hagvere limitations, including
unpredictable pharmacokinetics of NO, lack of resgoand the development of tolerance
following prolonged administratiohand peroxinitrite formation, which can lead totein S-
nitrosylation®, as well as tyrosine nitratich Understanding of the functional importance of
the different sGC isoforms, is of interest in deyhg improved NO-independent therapeutic
strategies for the treatment of NO/cGMP signaliathay-related disease. Therefdrg,the
use of aortic and femoral artery segments isolft@uh mice deficient for the sGfz gene
(sGGx,” mice), we exploredhe physiological contribution of the sGCasf; isoform in

sGC-regulated vascular smooth musclerelaxation (chapter 1V).
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11.2.2. Relaxation of corpus cavernosum smooth meusells in sG@G,;" mice

Although there are many neurohumoral factors inedlin penile erection, NO is generally
accepted as the most important to initiate and ta@irerection. This is also illustrated by the
extensive use of therapeutic agents targeting tBéc@MP pathway for the treatment of
erectile dysfunction. Today’'s most successful thgrasildenafil citrate (better known as
Viagra®), is based on the decreased breakdown of cGMPOB+® resulting in increased
levels of cGMP’. Because PDE-5 is also present in the systemiculatsire, sildenafil can
cause a synergistic and potentially life threatgriigpotensive response when combined with
organic nitrates. The co-administration of a nétnatthin the first 24 h after a dose of Viara
is therefore absolutely contraindicatedMoreover, the efficacy of the treatment with PBE-
inhibitors is significantly lower in specific pomilons such as patients with diabete¥.
Therefore, there is a call for alternative theraijpetargets. Especially since ED is worldwide
estimated to affect more than 150 million men, #mat number is expected to exceed 300
million men by the year 2025. In order to determine the possible value of tB€®p;
isoform as pharmacological target, we investigatezlsGC-regulated responsiveness of

cor pora caver nosa iolated from sGCa,” mice (chapter V).

11.2.3. Relaxation of coporal and vascular smootisate cells in sGf; knockin

mice 6GB,"* mice)

In the vessel and corpus cavernosum preparatiotedasl from the sG& knockout mice, we
observed a significantly reduced response to exagedy applied NO and NO-independent
sGC activators. However, those responses wereomapletely abolished; there still remained

a substantial relaxant effect, suggesting thatdessthe predominant s@; isoform, also

the less abundantly expressed sz isoform and/or an (an) sGC-independent mechan)sm(s
are involved. In order to characterise the mecmamesponsible for the remaining response in
the sG@; knockout preparationghe sGC-regulated relaxant properties of vessel and

corporal tissues isolated from sGCp,™

mice were investigated (chapter VI). In those
sG@; knockin mice, the heme-dependent activation of sGC is siedl by the substitution

of the histidine 105 residue (axial ligand) of faesubunit by phenylalaniné.
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Materials and methods

[11.1. Introduction

Our knowledge on basic pharmacodynamics is maiaetl on studies of drugs acting on
preparations of isolated tissues or blood vesselsnted in organ chambers. Suchvitro
experiments allow to analyse the influence of laoaichanisms, without the interference of
other competing or compensatory mechanisms beitigeam in vivo conditions, which
complicate the correct interpretationinfvivo data.

To study the vasoreactivity of ring segments ofatea large and small arteries, we used a
wire myograph. In this method, the vessel segmargsmounted in an organ bath onto two
thin wires that are fixed on two holders. One & tiolders is connected to a force transducer.
The length of the ring segment is maintained caristeéhile the force is recorded during

contraction or relaxation. The mechanical propsrité isolated copora cavernosa were
investigated using a myograph in which the tissaresclasped on two holders, based on the
same principles of the wire myograph for vessehsags. The strength of this technique is
that the tension measurements are very sensith@selfunctional studies were supplemented

with measurements of cGMP concentrations in vastisisue.

111.2. Mice models

The sG@;" mice, sGB.™ mice and the corresponding control mice, usedutittout the
experiments, were generated, genotyped and brige iDepartment of Molecular Biomedical
Research, Flanders Interuniversity Institute forotBthnology, Ghent, Belgium. The
genotyping of the mice was done prior to the expents by PCR and Southern blot analysis.
The Mice were treated in accordance with the Guicdethe Care and Use of Laboratory
Animals published by the US National Institutes Héalth (NIH Publication No. 85-23,
revised 1996).

11.2.1. sGGy,” mice

In the sG@; knockout mice, exon 6 of the s@{Hene, which encodes an essential part of the
conserved catalytic domain, is deleted. The tamgetiector was constructed using 4.3 kb 5’
and 2.5 kb 3’ sG& homology fragments, isolated from a 129/SvJ lamBtél mouse
genomic library (Stratagene), a neomycine (nedst@sce cassette (for positive selection)

and a thymidine kinase cassette (for negative sefgc The construct was engineered in that
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way that exon 6 of the s@&gene and the neomycine-resistance cassette akedldny loxP-
sites. Embryonic stem (ES) cells, derived from 8/$2J strain of mice were electroporated
with the linearized targeting vector and subjectedpositive and negative selection with
G418 and gancyclovir. To excise the floxed neo etdsgconditional knockout) and/or the
floxed exon 6 (full knockout), targeted ES cellreds were transiently transfected with a Cre-
expressing plasmid. Chimeras were generated byeggting ES cell clones, carrying the
desired deletion with Swiss morula stage embryod,identified by agouti contribution of the
ES cells to coat color. Male chimeric mice wereedab Swiss females to check whether the
ES cells, containing the mutant stg@llele are represented in the gametes. The hegoagy
offspring, identified by dominant agouti coat c@itton and Southern blot analysis, were then

mated to one another to produce homozygous rec@misin

11.2.2. sGB mice

In the sG@; knockin mice, residue 105, the codon of which tated in exon 5, is converted
from histidine (His) to phenylalanine (Phe). Theg&ing construct contains 4.1 kb 5’ and 3
kb 3’ flanking regions of homology cloned from a912vJ lambda FIXII mouse genomic
library (Stratagene), a positive and negative sieleanarker (a floxed neo cassette and a
thymidine kinase cassette respectively). In additm the three mutations which replace the
His with a Phe residue, 5 other silent mutationgewiatroduced to develop a means to
genotype for the inclusion of Phe during homologmesombination with amplification of a
PCR fragment making use of primers spanning tlg®re followed by a restriction digest of
the fragment with the restriction enzyme Smal, gpadly cleaving only the mutant fragment.
Also Southern blot (mutation specific restrictiomjas used to confirm homologous
recombination. The s@zknockin mice were generated following the same gdoce as the
sGGu; knockout mice. But, the recipient blastocyst wasvael from a C57BL/6J strain.
Genotyping of the mutant mice happened by a PCRrepa the region where one LoxP site
remains after excision of the neo cassette, reguith 73 extra base pairs in the mutant

fragment.

111.3. Arteries

[11.3.1. Dissection

Experiments were performed on arteries isolategh fadult male and female mice (age: 10-15

weeks). After cervical dislocation, the mouse &celd on its side and the skin is removed in
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the area from the diaphragm to the foreleg. Ndad,diaphragm is cut free from the ribs and
the thorax is opened. The flap of the thoracic watlurned over, exposing the heart and the
lungs. Next the lungs are moved aside so that dhi @an be dissected out from the aortic
arch to the diaphragm (figure Ill.1). The isolateorta is then transferred to fresh Krebs-
Ringer-Bicarbonate (KRB) solution and cleansed frasurrounding tissue without
traumatising the vessel wall. Finally, an artes@yment of about 2.5 mm in length is cut and
ready for mounting in the wire myograph.

Figure 1ll.1: Thorax and upper part

of the abdomen of the mouse. The

arrow indicates the thoracic aorta

used in the study
1: liver, 2: stomach, 3: lung, 4: heart,
5: vena cava, 6: diaphragm, 7: spleen,

8: ribs, D: dorsal, V: ventral, Cr:
cranial, C: caudal

For the isolation of the femoral artery, the moissplaced on its back with the legs extended.
Next, the skin of the groin area of the rear legeimoved and the femoral artery is carefully
dissected free from the femoral vein (figure 1ll.Zhe dissected vessel is then transferred to
fresh KRB solution and cut into segments of abobtr@m in length. After the ring segment
is slided over the first wire (see mounting of rgrsegment), the surrounding tissue is being
removed

Figure IlIl.2: Groin area of the

mouse. The arrow indicates the

femoral artery used in the study. 1:
femoral vein (v. femoralis), 2:

femoral nerve, Cr: cranial, C: caudal
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[11.3.2. Tension measurements

[11.3.2.1. The apparatus

We have used a manual wire myograph (figure li{t)sed on the automated dual channel
vessel myograph, model 500A, JP trading, Aarhus)nizek) constructed by the technical

staff of our laboratory (Dirk De Gruytere and Cyrabilde). It consists of a 10 ml organ

bath with two holders in it. One holder is conndd® a micrometer which is used to change
the distance between the two holders and whichwallprecise measurement of the distance
between the wires during the normalisation procediihe other one is connected to a force-
displacement transducer that measures the isontetrsion changes. Each ring segment is
mounted under a dissecting microscope onto two stamless steel wires (40 um diameter)

that are fixed at those holders.

Figure IIl.3: A photograph of the
organ bath of the wire myograph.
Vessel segments are mounted on two
thin wires, fixed on the two holders
in the organ bath. One holder is
connected to a micrometer which is
used to change the distance between
the wires. The other holder is
connected to a force transducer
which allows measurement of
isometric tension changes in the ring

segment.

[11.3.2.2. Mounting of a ring segment

First, a thin wire (40 um) is cut to length andnefsed between the two holders in the organ
bath (figure 111.4B). Then, the far end of the wisefixed on the left holder with a screw,

whereas the near end is kept free, pointing towtlrel®perator (figure 111.4C).
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Using a pair of tweezers, the ring segment is dlideer the free end of the wire (figure
[11.4D). Herewith, care is taken not to damage eéheothelium. Next, the holders are set apart,
and the vessel segment is slided further over thie wntil the segment is situated just
between the holders (figure IIl.4E). Subsequeritig free end of the wire is fixed with a
screw to the other side of the left holder (figlitelF).

Now, the second wire is guided through the lumethefartery (figure 111.4G) and the holders
are brought together again. Furthermore the endbeokecond wire are fixed on the right
holder (figure 11l.4H). The wires must be levellsd that both wires are in a single horizontal
plane (figure 111.41). Finally, the length of theegment (l) is measured with a micrometer

eyepiece (Zeiss, Germany).

After mounting, the preparations are allowed toildgate in a KRB solution at 37°C, pH 7.4
and oxygenated with 95%,8% CQ for 30 minutes.
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Figure Ill.4: Schematic representation of the different stepslugd in the mounting of an arterial

segment on two stainless steel wires, fixed orhtiders.
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[11.3.2.3. Preparation of the femoral artery segments before the experiment

Active force development of a muscle cell dependsts length 2. In small arteries, the
length of the circumferentially oriented smooth klascells can be influenced by stretching
the vessel. It is commonly accepted that the adtivee development in vascular tissue peaks
at a certain internal circumference or diameterctvizorresponds to a specific length of the
smooth muscle cell aiming optimal experimental ¢oos. The vessels should therefore be
set to their optimal internal diameter at the begig of each experiment.

It has been found that the active force produasomaximal when the internal circumference
is 0.9 times the internal diameter a vessel wowddehin situ when relaxed and under a
transmural pressure of 100 mm Hg (¢ *° To calculate the IGofor a vessel mounted in
the vessel myogrape use the normalisation procedure. This allowgoudetermine the
position of the holders corresponding to the vessi#al internal circumference. Also, the
size of the vessel, normally defined as its sizemwfully relaxed and under a transmural

pressure of 100 mm Hg, can be calculated througiménmalisation procedure.

*The normalisation procedure

First of all, the vessel is brought into a restpasition corresponding to a force of 0 mN.
Hence, the holders in the organ bath are brougfgthe@r until the mounting wires touch and
the force transducer registers a negative forcenTthe holders are partly pulled back until
the registered force returns to baseline. At thantp the force registered by the force
transducer is 0 mN (¥ and the distance between the two wires is 0 puMrésponding

micrometer setting = .

During the normalisation procedure, the micromagergradually moved to enlarge the
distance between the wires and subsequently stiieéchessel step by step (figure 111.5). One
minute after each step (i), the corresponding rmeater setting (x and force (y are
registered. Finally, the internal circumference ;)ICthe wall tension () and the
corresponding transmural pressurg,(€an be calculated from those recorded values.

* Internal circumference (KC

The IGis calculated from the distance between the wies &) and the diameter of the

mounting wires (40 pm)
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ICi=2X ((Ztx20 um) /2) + 4 x 20 pm + 2 X% x0) = 205.66 pm + 2 X (% Xo)

20 um (X~x,)
n—

¥
| |
J 40 ym A

Figure II1.5: a schematic representation of the blood vessel diention i.

|

(2m x 20 pm)/2

€ —
€« — —

*  Wall tension (1)

The measured force ijydivided by the wall length equals;.TThe wall length
corresponds to two times the length of the vessate there is both an upper and a lower

wall. The length of the vessel () is measured gisircalibrated eyepiece after mounting.
Ti=yi/(2x]1)
e Transmural pressure;jP

The calculation of As based on the law of Laplace, which statesithatcylinder, wall
tension (T) is proportional to the pressure times the raditishe cylinder. Since the

radius (r) can be computed from the (IC; = 2x r), the Pcan be determined with the

following formula:
P =T /(C/2n)

It should be noted that the calculated pressumnliig an approximation for the intraluminal

pressure that would be necessary to expand thelweshie measured |C

115|



Chapter Il

For each pair of xand corresponding;,ythe matching pressure is calculated. The stepwise
stretching of the vessel segments is stopped whempressure exceeds 100 mm Hg (= 13.3
kPa). Then, an exponential curve is constructedwsig the relation between the internal
circumference and the equivalent pressure. Ongraph, the point corresponding with a
pressure of 100 mmHg denotes;d& With this value, the ideal position of the hokl¢o
obtain an internal circumference of 90 % of theyy@&an becalculated by inserting this value

in the formula for IG Finally, the holders are set in this position ane éxperiment can be
started. Additionally, the diameter the ring segtnveould have when exposed to a transmural

pressure of 100 mm Hg can be deduced from thg@Value (IC = Z r).

* A detailed example of a normalisation procedure

This example demonstrates the successive stepe indrmalisation procedure for a mouse

femoral artery with a length of 2.40 mm.

Step (i) x(1m) ¥ (mN)
0 4245 0.00
1 4654 2.10
2 4773 6.48
3 4845 9.98
4 4919 16.10

1 minute after the first distension:

IC1=205.66 um + (2 X (% Xg)) Um = 205.66 um + (2 x (4654 — 4245)) um = 10836
Ti=w/ (2x1)=2.1mN /(2 x2.40 mm) = 0.438 mN/mm

P1=T1/(IC./ 21) = 0.438 mN/mm / (1.02366 mm 7P= 2.69 kPa

After the same calculations were made for the Walhg distensions, the internal
circumference is expressed in function of the pnessOn this curve (figure 111.6), the point
corresponding with a pressure of 13.3 kPa corredpaevith an 1Go of 1521.66 pum. With

this value, the ideal position of the holders dmeldize of the artery can be calculated:

The ideal internal circumference 1Gy = 0.9 X 1Ggo= 1369.50 um
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The ideal micrometer setting (') yielding the 1y can be computed with the following
formula: 1Gp = 205.66 pm + (2 X g% Xo)) HM

2> X1’ = ((ICg0— 205.66 um) / 2) +pqum = ((1369.50 pm — 205.66 um) / 2) + 4245 uym =
4826.92 um

The diameter of the ring segmentwhen it would be exposed to a transmural presstire
13.3 kPdl100) equalsiCioo/ © = 484.36 um

Before the start of the experiment, the micromesteet at 4827 pum.

Figure IIl.6: Relation between

o the internal circumference of the

E 12- E ring segment (X-as) and the

< - E intraluminal pressure that would
% o E be necessary to extend the vessel

§ E to this internal circumference (Y-

o 3 H axis). From this exponential
0- ; 1521.66 curve, the internal circumference
10'00 12'00 14'00 16'00 that the vessel would have under

a transmural pressure of 100 mm
Hg (13.3 kPa) can be deduced.

Internal circumference (um)

[11.3.2.4. Preparation of the aortic segments befor e the experiment

When studying ring segments of larger arteries siscthe mouse aorta, the ring segments are
gradually stretched until a fixed stable preloadhbsained. In mouse aorta a preload of 0.5 g

is used, as it has been shown that this resultadnaximum response.

[11.3.3. cGMP measurements

After cervical dislocation, the thoracic aorta wapidly dissected and transferred to cooled
KRB solution. Subsequently two aortic ring segmeftequal length were prepared, which
were incubated for 30 minutes in 10 ml KRB solutair87°C, bubbled with 95%£5% CGQ
(pH 7.4). Next, the aortic rings were treated v@thpmol/L PGE, for 10 minutes. Then, the
segments were treated with SNP (10 pmol/L) or eHmr 1 minute, which was terminated
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by a quick freeze with liquid nitrogen. In the atrset of experiments, the segments were
treated for 20 minutes with ODQ (1 pmol/l) or vdaitogether with PGE. Subsequently, the
relaxation reaction was initiated by SNP (10 umpHhd 1 minute later terminated by snap
freezing in liquid nitrogen. Frozen tissues wereret at -80°C until further processing.
Different homogenizing strategies were performedrder to optimize the measurement of
cGMP in the mouse aorta. A few samples were hompegérin ice cold trichloroacetic acid
(TCA) (6% w V%) with a glass-Teflon homogenizer at 4°C. In anotber of samples, the
Teflon pestle was replaced by a glass one. Besiepotter homogenizers, also a polytron
homogenizer at 3000 r.p.m. was used to grind g segments. All those methods were not
able to fully scatter the aorta, which is a verguph tissue due to the large amount of elastic
fibres. A more homogenous solution was obtaineguiyerizing the frozen segments by a
Mikrodismembrator U (B-braun Biotech Internationagrmany) and subsequently dissolving
the tissue debris in ice-cold trichloroacetic adibwever, this process is very labour-
consuming and not very practical. Considering thgree of homogenization and the practical
feasibility, the best results were obtained by leing the frozen segments by hand prior to the
addition of TCA. Immediately after the tissue wastsferred to a cooled 15 ml Falcon tube, a
few tight thrusts were applied on the tissue. Rat purpose, we used a pestle made of Teflon
which was designed to perfectly fit the Falcon tuSabsequently, the tissue homogenates
were centrifuged at 1500 x g for 10 minutes at 4F@e resulting pellets were used for a
protein assay according to the Bradford metfodith bovine serum albumin (BSA) as
standard. The supernatant fractions were extratt@des with 5 volumes of water-saturated
diethyl ether and dried in a Speed-Vac centrifugerther processing of the samples for
acetylation and subsequent determination of cGMRB warried out according to the
manufacturer's instructions using a commerciallyaible non-radioactive enzyme
immunoassay kit (Cayman Chemical, Ann Arbor, MIhisTassay, performed in duplicate, is
based on the competition between unlabelled cGMIP arixed quantity of peroxidase-
labeled cGMP for a limited number of binding sitesa cGMP-specific antibody. With fixed
amounts of antibody and peroxidase-labeled cGM& athount of peroxidase-labeled ligand
bound by the antibody was inversely proportionathte concentration of added unlabeled
ligand. The absorbance was measured with a 96plak reader at 405 nm and the arterial
cGMP content was expressed as femptomoles per gnaroprotein.
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I11.4. Corpora cavernosa

[11.4.1. Dissection

Experiments were performed on corpora cavernodatégbfrom sexually mature male mice
(age: 10-15 weeks). After cervical dislocation, theuse is placed on its back with the legs
extended. Then the skin in the uro-genital areathadinderlying adipose tissue is cut away
(figure 1Il.7A). Next the connective and adventititssue along the shaft of the penis is
removed, followed by the dorsal arteries, dorsah\and the corpus spongiosum with the
urethra (figure I11.7B). After, the glans peniscst off, the corpora cavernosa are separated by
cutting the fibrous septum between them (figure7@l). Finally, the corpora cavernosa are

excised at the base (figure 111.7D) and transfetcefiiesh KRB solution.

Figure IlI.7: Different steps involved in the isolation of thecaicorpora cavernosa.

1: fat, 2: penis, 3: seminal vesicle, 4: testisgdizda epididymis, 6: superficial vein, 7: glangipg8:

corpora cavernosa, Cr: cranial, C: caudal

119|



Chapter IlI

[11.4.2. The apparatus

We have used a manual myograph (figure I111.8) aoiesed by the technical staff of our
laboratory (Mr. Dirk De Gruytere and Mr. Cyriel Mldde). It contains two holders which are
placed in an organ bath (10 ml capacity). One hrakleonnected to a micrometer that is used
to change the distance between the two holders.offier one is connected to the lever of a

force-displacement transducer that measures theeisc tension changes. Between those

holders, each corpus cavernosum is fixed horizignf@adure 111.8A).

Figure 111.8: A photograph of the organ bath of the adapted mamgrA. top view;B. lateral view.
Corpora cavernosa are horizontdilyed on the two holders in the organ bath of theograph. One
holder isconnected to a micrometer which is used to chahgalistance between the holders. The
other holder is connected to a force transducerchvigllows measurement of isometric tension

changes in the corporal tissues.

111.4.3. Mounting of the penile tissue

First, the screw of the left holder is loosenedtlsat one end of the tissue can be placed
between the clasping parts of the holder. Thenditdning the screw, the tip of the corpus
cavernosum is fixed on the left holder. Next thédhcs are brought together so that in a

similar way, the other end of the penile tissueloarfixed on the right holder.

After mounting, the preparations are allowed toildgrate in a KRB solution at 37°C, pH 7.4
and oxygenated with 95%,8% CQ for 30 minutes.
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[11.4.4. Preparation of the tissue before the expent.

During an equilibration of 60 min, tension is ad@gsuntil a fixed stable tension was obtained.
To investigate the optimal preload for this tissugreliminary study was performed, in which
the preload was augmented in several steps (beginith 0.05 g and increasing by 0.05 g).
After each increase in preload, the contractilgooase to 5 pmol/l norepinephrine was
registered. Subsequently the CC was washed andeallto relax to the imposed basal tone.
This stepwise procedure was stopped when maximumtramile effect was obtained with
norepinephrine. From those measurements, a cuaterépresents the relationship between
the preload and the subsequent norepinephrine-@udaontraction was constructed (figure
[11.9). The point on the curve corresponding wikle maximal response to norepinephrine

(95.10 mN) then denotes the optimal preload (0.4%gplied in all further experiments on
penile tissue.

100+
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Figure 111.9: Relation between the preload and subsequent ctiotraelicited by 5 pmolL

norepinephrine (n=4). From this curve, the optipraload which results in a maximal contraction was
deduced (0.45 g).
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Role of sG& in vascular smooth muscle relaxation

1V.1. Abstract and keywords

OBJECTIVE: Soluble guanylyl cyclase (sGC), the predominanepéar for nitric oxide

(NO), exists in 2 active isoforms 31 andaif;). In vascular tissue sGB; is believed to be
the most important. The aim of our study was testigate the functional importance of the
sGQuz-subunit in vasorelaxation.

METHODS: Aortic and femoral artery segments from male antéorale sGG;" mice and
wild type mice were mounted in a small vessel mgpgrfor isometric tension recording.
This was supplemented with biochemical measurenditsee cGMP concentration and sGC
enzyme activity.

RESULTS: The functional importance of s@g: was demonstrated lihie significantly
decreased relaxing effects of acetylcholine (AGlgium nitroprusside (SNP), S-nitroso-N-
acetylpenicillaming SNAP), NO-gas, YC-1, BAY 41-2272 and T-1032 in #@Gx,” mice

of both genders. Moreover, the basal and SNP-stitedIcGMP levels and basal sGC activity
were significantly lower in the sG& mice. However, the relaxing effects of NO, BAY 41-
2272 and YC-1 seen in blood vessels from &GCmice indicate a role for an sG;-
independent mechanism. The increase in sGC actftey addition of BAY 41-2272 and the
inhibition of the ACh-, SNP-, SNAP and NO-gas-inddaesponse by the sGC-inhibitor 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) imet sG@,” mice, are observations
suggesting that also the s&f3; isoform is functionally active. However, the nagrsficant
increase in cGMP in response to SNP and the noegufated sG&;, expressiotevel in the
sGGu,” mice, rather suggest the involvement of (an) s@d®pendent mechanism(s).
CONCLUSIONS: We conclude that sGGp; is involved in the vasorelaxations induced by
NO-dependent and NO-independent sGC activatorstin ¢penders. However the remaining
relaxation seen in the s@C" mice, suggests that besides @& also the minor isoform

sGGu,P; and/or(an) sGC-independent mechanism(s) play(s) a suiimtevie.

Key words. arteries, nitric oxide, endothelial function, eBd messengers,
vasoconstriction/dilatation

Preliminary reports of these findings have beersgmted at the International Conference on
cGMP, Potsdam
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1V.2. Introduction

Soluble guanylyl cyclase (sGC) is considered teheepredominant intracellular receptor for
nitric oxide (NO) and hence a very important enzyioethe physiological regulation of
vascular tone and blood pressure. The heterodirherntoprotein is composed of a larger
and a smallep subunit, both necessary for catalytic activitffwo isoforms for each subunit
(az/o, andBa/B) have been identified in various specieFheoretically, the association ef
andp subunits could give rise to at least four différeoforms, but only thexp: andaifs
isoforms are reported to be actitzen the brain, the levels of both isoforms are pamable
but in all other tissues, including vascular tisghea;p; isoform is predominarit

The most important endogenous activator of sGC @G M addition to endogenous NO,
pharmacological NO-donors (e.g. nitroglycerin, atisde dinitrate and SNP) and agents such
as BAY 41-2272 and YC-1 stimulate sGC, the lates &ilso in an NO-independent wéy
The resulting rise in the intracellular cGMP cortcation induces vascular smooth muscle
relaxation by lowering the intracellular €aconcentration and by desensitization of the
contractile apparatus to €4.

Dysfunction of the endothelial NO/cGMP signaling thpeay contributes to the
pathophysiology of a variety of cardiovascular digss including hypertension, thrombosis,
atherosclerosis, myocardial infarction and angieetqris®. This makes the different isoforms
of sGC, as effector molecule for NO, attractiverdipeutic targets for the treatment of the
above mentioned conditions and drugs aiming toetagfsC isoforms are currently in
developmenf. However, due to the lack of sGC isoform-spedificibitors, little is known
about the specific role and relative importancetted sGC isoforms on vascular tissue
response to endogenous and exogenous sGC stinsuldtoe recently developed knockout
mice for the sG@ gene'® allow to unravel this. In the present study thectional
importance of the sG&-subunit in the vascular system was analysed uamrjc and
femoral artery segments isolated from soluble glyamyclase alpha 1 knockout (sGE)
mice. Experiments were performed on preparatioos fboth genders as it was found that

male but not female animals develop hyperten&ion
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1V.3. Materials and methods

IV.3.1. Animals and tissue collection

All experiments were performed on male and/or fentmimozygous soluble guanylyl cyclase
alpha 1 knockout (sG&™) mice, bred in the Department of Molecular BiontadliResearch,
Flanders Interuniversity Institute for BiotechnojpgGhent, Belgium (age: 10-15 weeks;
genetic background: mixed Swiss-129), using eGEmice as controt®. The animals were
treated in accordance with the Guide for the Cark ldse of Laboratory Animals published
by the US National Institutes of Health (NIH Publion No. 85-23, revised 1996). The
sGGy,”" mice lack exon 6 of the sGCgene, which codes for an essential part in thelytét
domain. After cervical dislocation, the thoracicrtaoand femoral artery were carefully
removed from the animals and transferred to codedbs-Ringer bicarbonate (KRB)

solution.

IV.3.2. Tension measurements

Artery preparations and general experimental protocol Ring segments of the collected
arteries (internal diameter: aorta: 978.0£39.5 pym9j; femoral artery: 424.7+11.8 pm
(n=15)) were mounted in a small-vessel myograph witissue chamber filled with 10 ml of
KRB solution and were cleansed from adhering tisSiveo stainless steel wires (40 pum
diameter) were guided through the lumen of the segsn One wire was fixed to a force-
displacement transducer and the other was connéatadmicrometer. After mounting, the
preparations were allowed to equilibrate for 30 mnirthe KRB solution bubbled with 95%
02-5% CQ (pH 7.4) at 37 °C. The aortic rings were graduathgtched until a stable preload
of 0.5 g was obtained, whereas the femoral arteriee set to their normalized internal
diameter™. In short, the arteries were stretched in progvessteps. From the passive wall-
tension-internal circumfences relationship obtaitgdthese measurements, the artery was
stretched to a diameter corresponding to 90% oflthmeter the vessel would have under a
transmural pressure of 200 mm Hg.

After applying the optimal resting tension, the gaeations were contracted 3 times with a
KRB solution containing 120 mmol/L 'Kand 5 pmol/L norepinephrine (NOR), washed, and
allowed to relax to basal tension before starthrgggrotocol. Precontraction was elicited with
30 pumol/L prostaglandin (PG§ or 5 pumol/L NOR. When a stable contraction plateaas

obtained, relaxation responses were examined imnaukative manner by increasing the
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concentration in log increments, once the respadwsehe previous concentration had
stabilized. Segments of sGC and sG@;""* mice were always tested in parallel.

Soecific experimental protocols First, the relaxation responses to acetylcholid€h) (1
nmol/L—10 pmol/L), sodium nitroprusside (SNP) (1 oi—10 pmol/L), S-nitroso-N-
acetylpenicillamine(SNAP) (1 nmol/L-10 pmol/L) and NO-gas (1 pmol/Le1amol/L)
were measured in varying order. These relaxingtanbss were also tested in the presence of
the soluble guanylyl cyclase inhibitor 1H-[1,2,4%akazolo[4,3-a]quinoxalin-1-one (ODQ) (1
pmol/L for ACh, SNP and SNAP or 10 pmol/L for NOsg20 minutes preincubation) or the
NO-synthase (NOS) inhibitoN”-nitro-L-arginine (L-NA) (0.1 mmol/L; 10 minutes
preincubation). Besides vasodilators with NO as/aanhetabolite, also NO-independent sGC
stimulators such as BAY 41-2272 (1 nmol/L—10 pmpkhd YC-1 (10 nmol/L—10 pmol/L)
were tested. Also the influence of 1 pmol/L ODQtloa BAY 41-2272-induced response was
measured. The influence of accumulation of cGMRn&d under basal conditions was
investigated by addition of the PDE-5 inhibitor,1032 (1 nmol/L-10 pmol/L). sGC-
independent relaxation was assessed using thedkannel openelevcromakalim (Lev) (1
nmol/L-10 pmol/L) and the cGMP-analogue 8-(4-chfdrenylthio)-guanosine 3’,5’-cyclic
monophosphate (8-pCPT-cGMP) (100 nmol/L-100 pumol/L)

IV.3.3. Measurement of cGMP levels in thoracic manhgs

After 30 minutes of equilibration in a KRB solutiat 37°C, bubbled with 95% £5% CGQ
(pH 7.4), the thoracic aorta segments were preaot@d with 30 pmol/L PGHE: In the first
series of experiments, a single concentrationtbieeiSNP (10 umol/L) or vehicle was added
to the preparations 10 minutes after the additibP®@F,, 1 minute later, the reaction was
stopped by snap freezing in liquid nitrogen. In #ezond series of experiments, 1 pmol/L
ODQ or vehicle was added together with BGRfter 20 minutes, the ring segments were
exposed to a single concentration of SNP (10 umdbk 1 minute, before being rapidly
frozen in liquid nitrogen.

The collected segments were kept at -80°C untth&rrprocessing. The frozen aortic rings
were pulverized, homogenized in 6 % Vit trichloroacetic acid, followed by centrifugation a
1,500 x g for 10 minutes at 4°C. The resulting gisllwere used for total protein
determination according to the method of Bradf&fdThe supernatants were extracted 4

times with 5 volumes of water-saturated diethyleethefore being dried in a Speed-Vac
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centrifuge. The redissolved samples were acetylatadl cyclic GMP concentration was
determined using a non-radioactive enzyme immurgass (Cayman Chemical, Ann Arbor,
MI). Assays were performed in duplicate and the am@f cGMP in each blood vessel ring

was expressed as fmol figrotein.

IV.3.4. Measurement of sGC activity in femoral aytpreparations

sGC enzyme activity was measured as described bghBét al.'®. After collecting, the
femoral artery tissues were homogenized in buffeontaining 50 mmol/L
tris(hydroxymethyl)aminomethane (Tris).HCI (pH 7.6) mmol/L EDTA, 1 mmol/L
dithiothreitol, and 2 mmol/L phenylmethylsulfonylibride. After centrifugation at 20,0009x
for 1h at 4°C, the supernatants were incubatedl@min at 37°C in a reaction mixture
containing 50 mmol/L Tris.HCI (pH 7.5), 4 mmol/L M, 0.5 mmol/L 1-methyl-3-
isobutylxanthine, 7.5 mmol/L creatine phosphate thg/ml creatine phosphokinase, 1
mmol/L L-NAME and 1 mmol/L GTP with or without 10Q@mol/L BAY 41-2272. The
reaction was terminated by the addition of 0.9 .65 mol/L HCI and the cGMP content in
the reaction mixture was measured using a comniera@dioimmunoassay (Biomedical
Technologies, Stoughton, MA). sGC enzyme actistgxpressed as pmol of cGMP produced

per minute per milligram of protein in femoral agtextract supernatant.

IV.3.5. Drugs

The experiments were performed in a KRB solutiothef following compaosition (mmol/L):
NaCl, 135; KCI, 5; NaHCg 20; glucose, 10; Cagl2.5; MgSQ, 1.3; KHPOy, 1.2 and
EDTA, 0.026 in HO. 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ORPQacetylcholine
chloride, T-1032, YC-1, 8-(4-chlorophenylthio)-gusme 3’,5’-cyclic monophosphate (8-
pCPT-cGMP), trichloroacetic  acid, norepinephrine tatbrate, dithiothreitol,
phenylmethylsulfonyl fluoride, tris(hydroxymethytiénomethane (Tris).HCI, 1-methyl-3-
isobutylxanthine, creatine phosphate, creatine pihalsnaseN“-nitro-L-arginine (L-NA),N®
nitro-L-arginine methyl ester (L-NAME) and GTP wemgbtained from Sigma-Aldrich
(St.Louis, MO); sodium nitroprusside from Merck (Detadt, Germany); BAY 41-2272 and
S-nitroso-N-acetylpenicillamindgrom Alexis (San Diego, USA) and prostaglandin, F
(Dinolytic) from Upjohn (Puurs, Belgium). ODQ, T-3B, SNAP, YC-1 and BAY 41-2272
were dissolved in dimethylsulfoxide and acetylchelin 50 mmol/L potassium hydrogen
phtalate buffer, pH 4.0. The other drugs were divgsbin distilled water. Saturated NO
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solution was prepared from gas (Air liquide, Beiguas described by Kelm & Schradér
All concentrations are expressed as final molarcentrations in the organ bath. The final

concentration of dimethylsulfoxide in the organtbaéver surpassed 0.1%.

IV.3.6. Calculations and statistics

Data are presented as mean values + SiEMpresents the number of arteries (each obtained
from a different mouse). Statistical significancasnevaluated by using Studenttest for
paired and unpaired observations (SPSS, versionoi2yith two-way ANOVA with
Bonferroni post hoc test (GraphPad Prism, versipn when appropriateP<0.05 was

considered as significant.

1V.4. Results

IV.4.1. NO-dependent sGC-induced relaxations

IV.4.1.1. Effect of ACh

Responses to stimulated release of endotheliumeateiNO were determined by recording
concentration-relaxation curves to ACh in the adfitaure 1V.1A) and femoral artery (figure
IV.1B) from male and female sG&~ and sG@G;"* mice. The results were essentially similar
in both genders. ACh-induced concentration-depenaéaxation was nearly abolished in the
aortic rings of the sG&” mice (10 pmol/L ACh: female: 67.8%+3.5 vs. 16.4%2+f=6),
P<0.05)). Also in the femoral artery segments ef¢G, " mice, the ACh-induced response
was significantly reduced compared to the sGt mice (10 umol/L ACh: female: 89.0%z
2.9 vs. 43.1%+10.7 (n=6, P<0.05)).

A second relaxation curve to ACh was establishetiénpresence of the sGC inhibitor ODQ.
ODQ inhibited the ACh-induced response in the adfigure IV.1A) (10 pmol/L ACh:
female: 67.8%+3.5 vs. 28.8%+3.0 (n=6, P<0.05)) &mioral artery (figure IV.1B) (10
pmol/L ACh: female: 89.0%+2.9 vs. 50.3%+10.9 (n$6,0.05)) from control mice. As the
response to ACh in the s@C™ aortic rings was very small, the reducing effefcO®Q was
also confined (10 pmol/L ACh: female: 16.4%+5.2 ¥s6%+1.3 (n=6, P>0.05)). After
treatment with ODQ, the maximal relaxation in tleenbral arteries of sGG’ mice, was
approximately reduced by 74% and 52% (43.1%+10.7 29%+9.9 (n=6, P<0.05))

respectively in male and female s&C mice.

|130



Role of sG& in vascular smooth muscle relaxation

In order to evaluate the involvement of non-nimkdde vasodilating substances such as the
endothelium-derived hyperpolarising factor (EDHFR)the ACh-induced response, the effect
of the NOS inhibitor L-NA was investigated in ferabarteries isolated from male s&¢"
mice (figure IV.1G). In those arteries, the vasaxelg influence of ACh was almost
completely abolished by L-NA (10 pmol/L ACh: femalé7.9%+8.0 vs. 7.0%+1.9 (n=4,
P<0.05)).

IV.4.1.2. Effect of SNP

In this series of experiments, the relaxant effeftsncreasing concentrations of the NO-
donor SNP were compared on precontracted aortag€fiV.1C) and femoral arteries (figure
IV.1D; figure IV.2A,B) from male and female s@C™ and sGG;"* mice. The results were
essentially the same in both genders. The cumelasigdition of SNP resulted in a
concentration-dependent response in the ring setgnoérboth sG@,” and sGG;™* mice.
However, the relaxing effect of SNP was signifitgmeduced in the preparations of the
sGGu,” mice (10 pmol/L SNP: female: aorta: 77.9%z+4.0 48.6%+3.6 (n=15, P<0.05);
femoral artery: 89.9%+1.8 vs. 70.3%5.1 (n=14, PSY.

Following preincubation with ODQ, the relaxing effeof SNP was significantly reduced in
the aorta and femoral artery of both sGC and sG@G,"*
aorta: 77.9%=4.0 vs. 36.8%+2.6 (n=15, P<0.05); fehartery: 89.9%+1.8 vs. 49.5%+3.9
(n=14, P<0.05)). The relaxing effect of 10 umol/NFSwas reduced by approximately 85%
in male aortic rings (figure IV.1C) of sG&" mice and 80% (48.6%+3.6 vs. 9.8%+1.9 (n=15,
P<0.05)) in the corresponding female segments. Atsthe femoral artery preparations
(figure IV.1D) of the sG@,” mice, approximately 70% (female: 70.3%z5.1 vs526+1.9
(n= 14, P<0.05)) of the response to SNP was elitachby ODQ.

mice (10 pmol/L SNP: female:
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Figure 1V.1: Relaxation effect of ACh (A, B), SNP (C, D) and N@s (E, F) on precontracted (30
pmol/L PGk, (ACh, NO-gas,) and 5 umol/L NOR (SNP)) aortas (AE¢and femoral arteries (B, D,
F) from male sG@,"* and sG@G,” mice in control conditions& andA) and in the presence of ODQ
(e ando) (1 umol/L (ACh, SNP) and 10 umol/L (NO-gas)). &fect of L-NA (m) (0.1 mmol/L) on
the ACh-induced response in the femoral artery aefensG@,"* mice. *(sGG,™" vs. sG@,™),
+(sGGu ™ ODQ vs. sG@;" ODQ). P<0.05, (n=7-15); #(control conditions vs. preseoté&-NA):
P<0.05, (n=4).
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IV.4.1.3. Effect of SNAP

In these experiments, we investigated the relagéfett of the NO-donor SNAP on aortic

+/+

rings of female female sG&~ and sG@;"* mice. The concentration-dependent relaxant
effect of SNAP was nearly abolished in the ringrsegts of the sG&™ mice compared to
the sG@;"* mice (10 pmol/L SNAP: 64.4%+4.5 vs. 7.0%z+3.6 (NR&0.05)).

Treatment of the aortic rings with ODQ, resultedairiarge, significant reduction of the
SNAP-induced response in the s&C" aortic rings. In those preparations, the 10 pmol/L
SNAP-induced relaxation was reduced by approxin&é%o (64.4%=+4.5 vs. 3.8%+2.1 (n=6,
P<0.05)). Since SNAP had a very small effect in dbetic rings of the sGG’ mice, the

influence of ODQ was rather negligible (7.0%+3.6 ¥5%+0.7 (n=6, P>0.05)).

1V.4.1.4. Effect of NO-gas

The relaxing effect of exogenous NO delivered aswas also examined on the aorta (figure
IV.1E) and femoral artery (figure IV.1F) from maed female sG&” and sGG,"* mice.
The results were essentially similar in both geader the ring segments of both s&t" and
sGGu™ mice, NO-gas showed a concentration-dependerimglaeffect. The response to
NO-gas was significantly reduced in the aorta (u@@ol/L NO-gas: female: 58.0%=3.5 vs.
33.0%+3.0 (n=7, P<0.05)) and femoral artery (1000{INNO-gas: female: 86.4%+2.7 vs.
56.35%:26.3 (n=7, P<0.05)) of the s&C mice.

Preincubation with ODQ before adding NO-gas cawasadhtward shift of the concentration-
response curve in the aorta (figure IV.1E) and fehartery (figure IV.1F) of both sGG"
and sG@;"* mice (100 pmol/L: female: aorta: 58.0%+3.5 vs.986+3.1; femoral artery:
86.4%x2.7 vs. 75.8%+4.7 (n=7, P<0.05)). The relaxainduced by 100 pmol/L NO-gas on
male and female sGG’ aortaswas reduced by respectively 68% and 56% (33.0%8.0
14.6%+3.4 (n=7, P<0.05)), while 24% and 32% (56.8%«s. 38.1%+7.5 (n=7, P<0.05)) for

respectively male and female s&C femoral artery segments.

IV.4.1.5. Effect of basal NO

We also analysed the effect of ODQ on the conwaatiicited by 5 pmol/L NOR in the aorta
(figure IV.3F) and femoral artery (data not showh)nale and female sG&" and sG@,"*
mice. The results were similar for both gendersdifion of ODQ elicited a small rise or even

no rise in the precontraction level of the femoaaleries, while in the aortic rings the
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contraction to norepinephrine was substantiallyraased by ODQ. This ODQ-induced

increase in vascular tone was significantly smatighe aortas of the sG&™ mice.

A B
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Figure 1V.2: Original tracings showing a concentration-respang®e to SNP in the femoral artery
of a male sG@&"" (A) and sG@,” mouse (B) and to BAY 41-2272 in the aorta of aem®&B@,""
(C) and sG@," mouse (D).

IV.4.2. NO-independent sGC-induced relaxations

IV.4.2.1. Effect of YC-1

YC-1 stimulates sGC in an NO-independent way amgisees it to NCP. To find out which
sGC isoform is involved in the vasodilating effemt YC-1, cumulative concentration-
response curves to YC-1 were obtained in the gbgare IV.3A) and femoral artery (figure
IV.3B) from male sGG,” and sG@;"" mice. YC-1 induces a concentration-dependent

+/+

relaxing effect in the ring segments of both s@Cand sG@,"* mice. However, the YC-1-

induced response was significantly reduced in teearations of the sGG'~ mice.
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Figure 1V.3: Relaxation effect of YC-1 (A,B) and BAY 41-2272 [@),on precontracted (30 pmol/L
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aorta of male and female s@C" and sG@," mice (n=13-15)* P<0.05
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IV.4.2.2. Effect of BAY 41-2272

BAY 41-2272, another NO-independent type of sG@skator® was added to aortic (figure
IV.2C,D; figure IV.3C) and femoral artery (figur®.BD) ring segments of male and female
sGGu;” and sG@;"* mice. This resulted in a relaxing response thas wencentration-

+/+

dependent in the femoral arteries of sGCand sGG;"* mice. In the aorta, however, the
BAY 41-2272-induced response was only clearly catregion-dependent in the sGC'™
preparations. In the aortic rings from s&C mice, a substantial relaxation was only obtained
with a concentration of 10 pmol/L (female: 96.3%#¥s. 66.5%+5.6 (n=8, P<0.05)). Also in
the femoral arteries of sG&™ mice, the relaxing effect of BAY 41-2272 was sfagaintly
impaired (female: 90.2%+3.6 vs. 61.5%+4.4 (n=8, B5)). The results were similar for both
genders.

The treatment of sG&** aortic rings with ODQ (figure 1V.3E) shows that Qhad a strong
inhibitory influence on the BAY 41-2272-induced pesse, except on the highest BAY 41-

2272 concentration (10 pmol/L).

IV.4.3. Relaxation induced by PDE-5 inhibition

The influence of the PDE-5 inhibitor T-1032 was lexed in the aorta (figure 1V.4A) and

+/+

femoral artery (figure IV.4B) of female s@C™ and sG@, """ mice. Increasing concentrations
of T-1032 induced a concentration-dependent relaxawvhich was almost completely
abolished in the aortas isolated from sG®&nockout mice. Also in the femoral artery
segments of the sG&™ mice, the T-1032-induced response was signifigantiduced

compared to the control mice.

IV.4.4. sGC-independent relaxations

IV.4.4.1. Effect of 8-pCPT-cGMP

Concentration-response curves to 8-pCPT-cGMP, & meimbrane permeable cGMP-
analogue, were recorded in the aorta (figure 1V.46Q femoral artery (figure 1V.4D) from
male sG@;" and sG@;"* mice. The concentration-dependent responses OFSFEGMP
were not significantly altered in the aorta and deah artery of sG@” mice compared to

sGGu, """ preparations.
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1V.4.4.2. Effect of levcromakalim

In these experiments, relaxation curves were obthirby addition of cumulative
concentrations of the &p channel opener Lev to the aorta (figure IV.4E) &erdoral artery
(figure IV.4F) of female sG&™ and sG@G;"* mice. There was no significant difference in
the concentration-dependent response to Lev betweenpreparations of sG&  and

sGGy ™" mice.

IV.4.5. cGMP-measurements in thoracic aorta rings

Figure IV.5A shows that the basal cGMP contentdrtia rings isolated from sG&’ mice
was significantly smaller than in rings from s&&" mice. In the sG& " ring segments
stimulated with SNP (10 pmol/L), the cGMP levelsreased 100-fold above basal values.
Those isolated from sG&'~ mice showed only a non-significant two-fold incseaupon
stimulation with SNP.

In another series of experiments, the effect of QiQhe SNP-induced cGMP increase was

+/+

assessed in aortic segments of femalecsG@nd sGG,"" mice. The results (figure 1V.5B)
demonstrate that ODQ significantly reduced the cGiditent of the SNP-treated aortic rings

in both sG@,;” and sGG;"* mice.

IV.4.6.sGC enzyme activity levels in femoral artery rings

In the femoral arteries isolated from male and flens&Gy ™ mice, the basal sGC activity
was significantly smaller compared to s&C" mice. Upon stimulation with 100 umol/L
BAY 41-2272, the sGC activity level increased apprately 50-fold above basal values in
the ring segments of the s@C* mice. The corresponding SGC™ preparations showed only
a 3-fold increase (figure IV.5C).
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|VV.5. Discussion

The physiological relevance of the sGC isoformfiggreat importance to validate sGC
subunits as potential pharmacological targetsHertteatment of various diseases. In vascular
tissue the sG@& subunit ispredominantly found. However, our results demonstrate that
sGGu, P is not the only target of both NO-dependent andihif@pendent sGC stimulators.
The importance of the sG& subunitin vasorelaxations induced by endogenous and
exogenous NO is illustrated by the significantlgdueed responses to ACh, SNP, SNAP and
NO-gas in the arteries from s@C mice. The relaxant response to ACh (release of
endogenous NO from the endothelium) and SNAP (seleaf exogenous NO upon
nonreductive decomposition) was nearly abolishedthien aortic rings of sG&” mice,
whereas SNP (release of exogenous NO upon biotranafion) and NO-gas (represents
exogenous NO as such) still elicited relaxatiorm®eal arteries of sG&’ mice showed a
substantial response to all three NO-deliveringstauires (SNAP was not tested).

Besides NO, the endothelium may release other irgasubstances including prostacyclin
(PGL) and EDHF depending on the vascular bed studrechduse aorta, Chataigneau et al.
demonstrated that the ACh-induced response is @igiplblocked by Rknitro-L-arginine
(L-NA), indicating that NO is the sole endotheliterived vasodilator®. The same
conclusion can be made from analogous experimeatpasformed in the femoral arteries of
sGQu; """ mice.

The continuous release of basal NO keeps the caslalar system in a state of constant
active vasodilation and plays a substantial rolegulating blood flow and blood presstfe
The increase in vascular tone elicited by the s@tbitor ODQ on precontracted
preparations was significantly smaller in the adram sGGu” mice. This suggests that
basally released NO acts predominantly througlvaibtin of SG@.[3;.

T-1032 causes an accumulation of the basally pedlucGMP by inhibiting
phosphodiesterase type 5. In comparison to the rfdnaoteries of the sG&™* mice, the
corresponding arteries of the s&C mice showed significantly less relaxation in resgoto
T-1032. This is in line with the significantly lowbasal sGC activity we found in the s&C
femoral artery preparations, using a biochemiaghréue. In the aorta of sGC ™ mice, the
relaxant effect of T-1032 is almost abolished armsibaificantly lower basal cGMP content is
found. All these data suggest a diminished bagkiénce of sGC in blood vessels of sGC

mice.
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Because of their sGC-stimulating effect, there great interest in molecules such as YC-1
and BAY 41-2272 as potential new drugs for the treatment of cafioular pathologie$
Our results confirm that BAY 41-2272 is approxinhat80-fold more potent as a vasodilator
than YC-1°. The finding that the relaxations in response ©-% and BAY 41-2272 were
significantly diminished in the arteries from mal@Gy,”™ mice, suggests that YC-1 and BAY
41-2272 mainly act through activation of s&;. However YC-1 and BAY 41-2272 still
induce a response in the s&C mice.

The finding that the arteries from both s&€ and sGG;"* mice responded in a similar way
to the cGMP-analogue, 8 pCPT-cGMP, and thgpKchannel opener Lev, excludes that
mechanisms downstream of the cGMP formation aextdtl by knocking out sGé

All observations demonstrate the functional impaec&of the sG&; subunit as was expected
from its predominant presence in vascular tissimwvever, the surprising observation that
NO, BAY 41-2272 and YC-1 still elicit a relaxingfeét in sG@;” mice, indicates that
activation of sG@;p; is not the sole mechanism responsible for thelsxagons. It should
however be mentioned that besides their stimulagfigct on sGC, at higher concentrations
BAY 41-2272 and YC-1 also increase intravasculaclicyGMP by inhibition of cGMP
breakdown through phosphodiesterase type 5, therre@MP-degrading enzyme in vascular
smooth muscle cells. Despite the fact that the NO-donor drugs, SNPSINAP release the
same NO species (NONO' and NO) *8 the SNP-induced response in the aortic ringhef t
sGGy,”" mice is far more pronounced. This could be dubédfact that SNP also decomposes
to other bioactive compounds, such as cyanide eom ibns®®, leading to an enhanced
oxidative stress and vasorelaxatfdn

Recently Mergia et af* also showed the substantial role of an aG@pendent mechanism
in NO-related vasorelaxations. However, possibledge and regional differences were not
explored in that study. The potential gender défexe could be relevant considering that male
but not female sG&™ mice develop hypertension from the age of 14 wediks to an
increase in peripheral resistant® Because of this remarkable gender dependency, we
performed experiments on both female and maless@nd sG@;"* mice. No gender
differences of sG&; deletion were observed in the response to ACh,, $MRgas and BAY
41-2272 indicating that this is not the underlysapuse for the development of hypertension
in male sGG;” mice. Potential regional variations were also aedsed by studying two
different types of arteries: the aorta as an @amtiery and the femoral artery as a muscular

artery. Overall, similar results were obtained athovessel types.

141|



Chapter IV

The fact that there is still a substantial relao@in response to several sGC-stimulators in the
sGGu; " mice, indicates that besides s@f; another mechanism is involveither activation

of the sG@;pB; isoform or activation of (an) sGC-independent nagidm(s) or a combination
of these. Arguments in favour of both hypothesesohitained in the present study.

Our finding that there is still an increase in s@@ivity of sGGy™” femoral arteries after
addition of BAY 41-2272 is in line with the contution of the sG@,f; isoform in the BAY
41-2272-induced response. The possible contribubibthe sGG,f; isoform in the NO-
induced relaxations seen in s&C miceis also suggested by the observations that ODQ,
which inhibits both sGCisoforms, had a strong inhibitory influence on N@iced
relaxations in both the aorta and femoral artegpprations of the sG& mice and that the
cGMP production by SNP was significantly reducedttie sG@;” aortic rings in the
presence of ODQ. From their observations Mergialetsuggest that sGg-independent
relaxation is mediated by s@gand thathe limited activity of sG@, is enough to elicit a
response in sG&’ mice 2% It should however be mentioned that there is mportant
difference between the transgenic mouse model dpedlby Mergia et al. and the one used
in the present study. We isolated arteries from &GQmice expressing a mutant s&C
protein that is catalytically inactiv€®. This avoids alterations in phenotype due to pakn
enzyme structural functions as has recently beemodstrated for P13 knockout mice®.
Conversely, Mergia et al. generated sz@eficientmice with complete abrogation of sGC
expression’’. Therefore, the possible influence on the pherstgp non-catalytic sG&G
effectssuch as complex formation with e.g. AGAP1can not be ruled out in that model.
Several observations suggest that also (an)oth@-is@pendent mechanism(s) might be
involved in the remaining relaxation response irCa@. If sGGuyf; is the sole isoform
responsible for the vasorelaxation seen in &&Cmice, one would expect a significant
increase in cGMP in the s@GC™ miceupon stimulation with NO. However, the s&C
aortic ring segments showed only a two-fold, ngn#icant increase in cGMP in response to
SNP. It is questionable that this small increase@MP is sufficiento elicit a substantial
relaxation (SNP 10 pmol/L: 63.23%+3.38 and 48.59%%3n respectively male and female
sGGy,” aortas). Under the assumption that the cGMP-réitaxaelation in rat aortd* is
similar to that of mouse aorta, the level of cGM® abserved in the aorta from s&C mice
upon stimulation by SNP, would be able to elicielaxation of only 10%. This would imply
that the rise of cGMP induced by SNP in the sgCaortas is too small to explain a 50%
relaxation. This questions a substantial role oé #G@,B; isoform in NO-induced

relaxations. It should however be mentioned thit thasoning is purely hypothetical. More
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convincing are the QPCR-measurements showing rieehigxpression of the s@gsubunit
in the ring segments of s@C™ mice™.

In addition to the sG&pB; isoform, perhaps (an) sGC-independent mechanism(s)
contribute(s) to the substantial relaxation seerhim sG@;” mice. Various sGC/cGMP-
independent actions of NO have been describedydimd the activation of (i) calcium- and
voltage-dependent potassium channels in vasculaoottm muscle cells® 28 (ii)
sarcoplasmic/endoplasmic reticulum*GATPase?’, and (iii) vascular NaK*-ATPase?.
They have not only been reported for NO-donorsaltad for authentic N& and endogenous
NO synthesized from inducible NO syntha¥e Also the observation that ODQ failed to
inhibit the relaxant effect of 10 pmol/L BAY 41-22T the sGG,"* aortic ring, suggests the
involvement of (a) cGMP-independent mechanism(#)erathan sG@; activation. There are
reports on cGMP-independent mechanisms underlyiAy B1-2272 and YC-1 induced
vasorelaxation, including inhibition of €aentry®' and activation of K channels? and N&-
K*-ATPase®.

1V.6. Conclusions

From the present study we can conclude that the@opmeant sGC isoform in the aorta and
femoral artery, sG&f1,is indeed involved in the vasorelaxations inducgd\N®-dependent

and NO-independent sGC activators in both gendiaever the remaining relaxation seen
in the sG@," mice, may indicate that besides 3G also the less abundantly expressed

isoform sG@,p1 and/or(an) sGC-independent mechanism(s) play(s) a veppitant role.
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IRof sGGi; in corpus cavernosum smooth muscle relaxation

V.1l. Abstract and keywor ds

Soluble guanylyl cyclase (sGC) is the major effeatwolecule for NO, and as such an
interesting therapeutic target for the treatmerdgrettile dysfunction. To assess the functional
importance of the sG&pB; isoform in corpus cavernosum (CC) relaxation, C&@nf male
sGG;” and wild type mice were mounted in organ bathssfometric tension recording. The
relaxation to endogenous NO (from acetylcholinadigkinin and electrical field stimulation)
was nearly abolished in the s&C CC. In the sG@ " mice, the relaxing influence of
exogenous NO (from sodium nitroprusside and NO;gBg)Y 41-2272 (NO-independent
sGC-stimulator) and T-1032 (phosphodiesterase fypahibitor) were also significantly
decreased. The remaining exogenous NO-inducedatéaxseen in the sG&~ mice was
significantly decreased by the sGC-inhibitor OD@eTspecificity of the impairment of the
sGC-related responses was demonstrated by theergthltelaxations seen with forskolin
(adenylyl cyclase activator) and 8-pCPT-cGMP (cGMfRlogue). In conclusion, the
sGQGu Py isoform is involved in corporal smooth muscle xal@gon in response to NO and
NO-independent sGC-stimulators. The fact that tiestill some effect of exogenous NO in

the sG@;" mice, suggests the contribution of (an) additiqrathway(s).

key words: penile erection, nitric oxide, soluble guanylyctase, vasodilatation, impotence

V.2. Introduction

Penile erection is a complex, neurally regulategisgogic event that involves increased
blood filling of the corporal tissue and restrictezhous outflow, both resulting from corporal
smooth muscle relaxatidn Nitric oxide (NO) is widely accepted as the pijrat mediator of
the erectile response. It is produced by neuroi@bshinthase (nNOS) in non-adrenergic, non-
cholinergic (NANC) nerves, innervating the pefisAlthough also sinusoidal and vascular
endothelial cells release NO in response to mechkhand chemical stimufi* neurogenic
NO is generally considered as the primary sourgeired for penile erection. However, the
importance of NO produced by eNOS for penile eoecis becoming increasingly recognized
®, Regardless of the source, NO binds to the hem®ponent of soluble guanylyl cyclase
(sGC), leading to a 300-fold increase in the céialgonversion of guanosine-5'-triphosphate
(GTP) to cyclic guanosine-3’, 5-monophosphate (d®Mand pyrophosphate This high
amount of cGMP conveys signals through activatibme@®@MP-dependent protein kinase |,
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eventually leading to smooth muscle relaxatich sGC is a heterodimer composed of two
subunits,a and p °, both essential for catalytic activity. Two isoforms for each subunit
(az/o, andpi1/B,) have been describéd™ but only theosp; andayp; heterodimers are found
active'®. sGGup; is the predominantly expressed isoform in mosuts except in the brain,
in which the levels of both isoforms are comparable Various diseases, including
hypertensiort® *’, hypercholesterolemi, diabetes mellitu&® and renal failuré®, that cause
erectile dysfunction (ED) are highly associatechvimhpairments of the NO/cGMP signaling
pathway. The central role of this pathway is denvatsd by the phosphodiesterase type-5
inhibitor sildenafil as today’'s most successfulréipg for the treatment of ED. However,
since some side effects and limitations for useet@en reportetf %%, there is an increasing
interest for alternative therapeutic measures. 858s the predominant intracellular receptor
of NO, a promising therapeutic target. The aimha& present study was therefore to analyse
the functional importance of the s@B; isoform in penile smooth muscle relaxation using

soluble guanylyl cyclase alpha 1 knockout (86Q mice.

V.3. Materials and methods

V.3.1. Animals

All experiments were performed on male homozygooiside guanylyl cyclase alpha 1

knockout (sG@,”; n= 6-9) mice and sG&™* (n= 6-11) mice (genetic background: mixed
Swiss-129) ?°, bred in the Department of Molecular Biomedical s€ach, Flanders

Interuniversity Institute for Biotechnology, GherBelgium. The animals were treated in
accordance with the Guide for the Care and Useabbtatory Animals published by the US
National Institutes of Health (NIH Publication N85-23, revised 1996). On the day of
experiment, the mice were sexually mature (agel3@veeks) and euthanized by cervical
dislocation.

V.3.2. Tissue collection

The penile tissue was dissected free by removebohective and adventitial tissues along the
shaft of the penis, the dorsal arteries, dorsal,\&rpus spongiosum, urethra and glans penis.
Then, the corpora cavernosa (CC) were separatedthgg the fibrous septum between them
and were excised at the base. They were kept ite@d¢rebs-Ringer bicarbonate (KRB)

solution until mounting.
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V.3.3. Tension measurements

Of each mouse, one corpus cavernosum was mountetbially in a myograph with one
end fixed to a force-displacement transducer arad dtiher to a micrometer. The tissue
chambers contained 10 ml KRB solution at 37 °C (p#) equilibrated with 95% £6%
CQO.. The preparations were preloaded with 0.45 grditen and allowed to equilibrate for 60
minutes in bath fluid that was frequently replaggth fresh KRB solution. The preparations
were 3 times contracted with 5 pmol/L norepinepdifNOR), washed, and allowed to relax
to resting tension before starting the protocol.eWlhe pre-contraction response reached a
stable level, electrical field stimulation (EFSaitr duration 20s or 40s; frequency: 1,2,4 and 8
Hz; pulse duration: 5 ms; 80 V), delivered by a<$Sratimulator via two parallel platinum
electrodes, was applied to the tissue or variogsdigating substances were added to the bath
medium. In some experiments, increasing conceatraitof NOR were added at a stable
resting tension to analyse the contractile respoBE& was repeated after incubation with
atropine (1 pumol/L) and guanethidine (4 pmol/L) 80 minutes to eliminate responses
mediated by cholinergic and noradrenergic nervespeactively. The influence of the soluble
guanylyl cyclase inhibitor 1H-[1,2,4]oxadiazolo[4aRuinoxalin-1-one (ODQ) (1 pmol/L, 20
min preincubation) was investigated on EFS and -titdgced effects. Between response-
curves, the CC were washed and allowed to recower20-30 min. At the end of the
experiments, tissues were lightly patted dry anijine.

V.3.4. Drugs

The experiments were performed in a KRB solutiothef following compaosition (mmol/L):
NaCl, 135; KCI, 5; NaHCg 20; glucose, 10; Cag&l2.5; MgSQ, 1.3; KH,POy, 1.2 and
EDTA, 0.026 in HO. 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ORPQacetylcholine
chloride (ACh), bradykinin acetate (BK), “Mhitro-L-arginine, forskolin, 8-(4-
chlorophenylthio)-guanosine  3',5’-cyclic monophosph (8-pCPT-cGMP), atroprine,
guanethidine and norepinephrine bitartrate wereainbt from Sigma-Aldrich (St.Louis,
MO), BAY 41-2272 from Alexis (San Diego, USA) anddsum nitroprusside (SNP) from
Merck (Darmstadt, Germany). ODQ and BAY 41-2272evdissolved in dimethylsulfoxide
and acetylcholine in 50 mmol/L potassium hydroghtalate buffer, pH 4.0. The other drugs
were dissolved in distilled water. Saturated NQusoh was prepared from gas (Air liquide,

Belgium) as described by Kelm & Schrad&rAll concentrations are expressed as final molar
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concentrations in the organ bath. The final conegion of dimethylsulfoxide in the organ

bath never surpassed 0.1%.

V.3.5. Calculations and statistics

Data are presented as mean values + SENMepresents the number of corpora cavernosa
(each obtained from a different mouse). Relaxatamesexpressed as a percentage of the tone
developed by the addition of NOR. Contractionsexgressed in mN.

Statistical significance was evaluated using Sttidetitest for paired and unpaired

observations (SPSS, version 1R)x 0.05 was considered as significant.

V.4. Results

The weight of the CC preparations did not signifitadiffer between sG&” and sG@;""
mice (13.54 mg 0.80 (n=9) vs. 12.77 mg0.77 (n=11, P>0.05)).

In response to increasing concentrations of NORn@@l/L-10 pumol/L), the penile tissue

isolated from sG&” mice, developed an equal force per mg tissue credpwith the

sGGu, """ preparations (figure V.1).

0.25-
0.20+
0.15-
0.10-
0.05-
0.00-

force (mN.mg'1)

NOR (- log mol/L)

FigureV.1: Cumulative concentration-contraction curve to N@QFCIC from sG@;"* (A n=11) and

sGQ,” (A; n=9) mice.
The ability to relax NOR-contracted CC preparatitmough release of endothelial NO was

tested by addition of ACh (10 pumol/L) and BK (50 gith). ACh relaxed the sG&G™*
preparations, whereas it contracted the tissus&6;,”™ mice (figure V.2). Inhibition of sSGC
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by ODQ, resulted in a contractile effect of AChkinth sG@,” and sG@G,"* CC tissues
(figure V.2). BK had a relaxant effect in the CChufth sG@;” and sG@;** mice, though
the response in the sGC™ preparations was significantly reduced (4.55%.80 in sGG,"
Vs. 26.82%:t 2.86 in sGG,"* (n=6 each, P<0.05)).

ACh: 10 pymol/L

-0DQ +0DQ
1 1 I I
* #

2 1% [ sGCa,™
g 90 BN sGCo,
g eof L
2 ]
% 30
o ]
Q. 0-

FigureV.2: Relaxation effect of ACh on precontracted (5 pm®lQR) CC from sG@,;"* (n=7) and
sGQy,”" (n=7) mice in control conditions (-ODQ) and in gresence of ODQ (+ODQ). *(sG&’* vs.
sGQy,"), #(-ODQ vs. +ODQ): P<0.05.

The effect of neuronal NO was examined by stimotathe intrinsic nerves with EFS. EFS
relaxed the tissues of s@C™* mice in a frequency-dependent manner (figure V,3)ereas
the response in the s@C preparations was nearly abolished (figures V.38 ®MA).
Following preincubation with ODQ, the relaxationsdiced by EFS in the sGC™
preparations were completely blocked and resultezh en a small contractile response of
EFS at 8 Hz (figure V.4A). As the response to Eff$he CC of the sG&G” mice was very
small, the influence of ODQ was negligible. The serece of guanethidine and atropine,
significantly reduced relaxation by EFS on the sgt CC (figure V.4B). The very limited
EFS-induced response in the sGC preparations was unaltered by guanethidine and

atropine even after increasing the stimulationqeefrom 20s to 40s (data not shown).
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FigureV.3: Original tracing showing eesponse curve to EFS (Hz) (A, B) and to SNP (rhad/L)
(C, D) in CC from a sG&"* (A, C) and a sG& (B, D) mouse.
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FigureV.4: Effect of EFS on precontracted (5 pmol/L NOR) Gahf sGG,"* (n=6) and sG&,"
(n=6) mice in control conditions and in the presgeatODQ (A) or guanethidine (GUA) and atropine
(ATR) (B). *(sGCu,""* vs. sG@,™), +(sGQu; ™" vs. sG@,™ both in the presence of GUA+ATR-
ODQ or -GUA+ATR vs. +ODQ or +GUA+ATR for sGG"* mice),§(-GUA+ATR vs. +GUA+ATR
for sGQy,” mice): P<0.05.
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Administration of increasing concentrations of tkadothelium-independent NO-donor
compound SNP (1 nmol/L-10 pmol/L) resulted in acariration-dependent relaxation of the
sGG, "™ (figure V.3C) and sG&™ (figure V.3D) CC preparations that was signifidgnt
reduced in the sG&” mice as compared to sGC* mice (figure V.5A). The maximal
relaxation to SNP in the CC from s@C mice was decreased by approximately 38%.
Preincubation of the CC tissues with ODQ stronglyibited the SNP-induced responses in
both sG@;"* and sG@,” mice (figure V.5A).

Exogenous NO delivered as gas (1 pmol/L-100 pumafgd added non-cumulatively, was
able to relax the CC preparations of both sgCand sG@;"”* mice in a concentration-
dependent way. However, the response to NO-gasswadicantly reduced in the penile
tissues of the sG&’ mice as compared to those of sGt mice (figure V.5B). The
maximum response to NO-gas was significantly distiad in sG@,” CC by approximately
36% compared to control. Treatment with ODQ sigaifitly reduced the relaxant effect of
NO-gas in both sG&*"* and sG@,” CC preparations (figure V.5B).
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Figure V.5: Relaxation effect of SNP (A) and NO-gas (B) on preacacted (5 pmol/L NOR) CC from
sGQy, "™ and sG@,”" mice in control conditionsk andA) and in the presence of OD®@ &ndo).
*(sGCu, " vs. sG@,™), +(sGGw,"" ODQ vs. sG@,” ODQ). P<0.05, (n=6-7).

The inhibition of phosphodiesterase type 5 by T21831 nmol/L-10 umol/L), resulted in a
concentration-dependent relaxant response in thelepg¢issue from both sGG” and
sGGu, ™" mice. This response was however significantly fnah the sGG,” mice than in
sGGu, ™" mice (figure V.6A).
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Addition of BAY-41-2272, an NO-independent sGC-stlator ?° (1 nmol/L-10 umol/L),
produced a concentration-dependent relaxation énGf preparations of both s@C and
sGGu, "™ mice. However BAY 41-2272 had a significantly stemleffect in the sG&”
preparations compared to s&C" penile tissue (figure V.6B).

There was no difference in the concentration-depenhdesponse to the cell membrane
permeable cGMP-analogue, 8-pCPT-cGMP (100 nmol/Lmbdol/L) between the sGG'
and sG@;""* preparations (figure V.6C).

Also forskolin (1 nmol/L—10 pmol/L), an adenylyl dgse-stimulator, induced an identical

+/+

concentration-dependent response in thecsG@nd sGG; """ preparations (figure V.6D).
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Figure V.6: Relaxation effect of T-1032 (A), BAY 41-2272 (B}p&PT-cGMP (C) and Forskolin
(D) on precontracted (5 pmol/L NOR) CC from s@C (A; n=6) and sG&," (A; n=7) mice.
*(sGCa, ™" vs. sG@,™): P<0.05.
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V.5. Discussion

It is generally accepted that sGC, as major effactolecule for NO, plays a very important
role in penile smooth muscle cell relaxation. Arderstanding of the functional importance
of the sGC isoforms in penile erection is necestamalidate the sGC subunits as therapeutic
targets for the treatment of ED. It has been shthahthe main isoform of sGC expressed in
the corpora cavernosa is s@@: °’. By the present study, this notion is translatedts
functional importance, as the response to endogehdd from endothelial origin is nearly
abolished in the CC preparations of sGC mice compared to the sGC'* CC tissues.
Cavernosum from sGG” mice developed even contractions in response to &@ showed
significantly less relaxation in response to BKisl'imdicates that endothelium-derived NO
exerts its effect through activation of the sfzGubunit. These observations are in line with
our observations on aorta and femoral arteffesThis is an interesting finding for the
development of new therapies for ED, as the rolemdothelial NO in penile erection is
becoming more significant than originally thought Moreover, our data suggest the
involvement of endothelium-derived NO induced by A@leased from parasympathetic
nerve fibers”®, as atropine inhibited the EFS-induced relaxaiiothe CC of sG@,"* mice.
Those EFS-induced relaxations are completely medidty NO/sGC, as they were
completely abolished by the sGC-inhibitor ODQ.te CC preparations of the s&C mice,
the response to EFS was completely abolished, &ftenprolonged stimulation (40 seconds),
indicating that sG@B; also functions as the predominant target for neuronal NO.
Furthermore, this finding does not support the fearole of the vasoactive intestinal
peptide (VIP) as inhibitory neurotransmitter in pererection®. VIP, which is present in the
nerves of murine corpora cavernosa, as well asr (dpecies, stimulates adenylyl cyclase
(AC) and subsequently elevates the cAMP-dependeeip kinase€”. As it has been shown
that there are cross-modulatory functions betweenstGC/cGMP- and AC/cAMP-signaling
pathways®, one could suggest that the latter has a complemenole in the control of
cavernous smooth muscle tone. However, we showtligaAC-activator, forskolin relaxes
the CC preparations of both s@&C andsGGu, """ mice to a similar extent. Therefore, there is
no evidence for an upregulation and possible cosgtery effect of the AC/CAMP-
transduction pathway in the s@C mice. Furthermore, this unaltered forskolin-indiice
response in the sGE" mice demonstrates that the reduced sGC-relatgmbmees in this

study are not due to an aspecific impairment aixalion related to structural damage.
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Our data not only illustrate the functional impota of the sG&f; isoform in
vasorelaxations induced by endogenous NO but alssxbgenous NO, since the response to
SNP and NO-gas were significantly reduced in thedE@e sG@,” mice. However, in the
sGGy,” preparations, SNP (release of exogenous NO upatrabsformation) and NO-gas
(represents exogenous NO as such) still elicilaxirgg effect, indicating that sGGB; is not
the sole mechanism responsible for those relaxati@DQ, which inhibits both sGC
isoforms, had a strong inhibitory effect on the gawous NO-induced relaxations observed in
the sG@;” mice. Therefore, we suggest that also the min@osf isoform participates in
the responses to SNP and NO-gas. Additionally, wggest that also (an) sGC-independent
mechanism(s) may be involved, as the relaxing efieexogenous NO in the s@C CC is
not completely abolished by ODQ. It has been shtha by stimulation of N#aK*-ATPase
activity, NO (derived from SNP) relaxes human cermavernosum smooth muscle cells
independently of its ability to increase the inatadar cGMP concentratiott. The ability of
NO to directly activate calcium-dependent potassalrannels or sarcoplasmic/endoplasmic
reticulum C&"-ATPase, as described for vascular smooth muste®¢emight be involved.

The administration of T-1032, which blocks the hojgsis of cGMP by phosphodiesterase
type 5, resulted in a relaxation that is signifitameduced in the sG&” penile tissue as
compare to sG&G**
the sG@;"" mice. Molecules such as BAY 41-2272, that stimneisGC without the need of

NO %, are of particular interest for ED-patients whepend less well to phosphodiesterase

penile tissue. This observation suggests a smadisal sGC-activity in

type 5 inhibitors because of severe endothelialanuerve dysfunctioi®. The finding that
the response to BAY-41-2272 was significantly disined but not completely abolished in
the sG@,” preparations, implies that besides s@%, also sG@,p; and/or (an) sGC-
independent mechanism(s) participate(s) in thdseaton. BAY 41-2272 has been shown to
activate both sGC-isoforni& and also to exert some cGMP-independent acfions

In the sG@;" mice, the signaling cascade downstream of sGQiiurenormal because the
cGMP-analogue 8-pCPT-cGMP relaxed CC of the &GQnmice to the same extent as the

sGGu, """ preparations.

V.6. Conclusions

The present study demonstrates the involvemenh@fpredominantly expressed isoform,
sGQuy Py, in murine CC smooth muscle relaxation in respos®® and NO-independent

sGC-stimulator. However, as some responsivenesgdgenous NO (SNP and NO-gas) and

|158



IRof sGGi; in corpus cavernosum smooth muscle relaxation

an sGC-stimulator (BAY 41-2272) remains in the s&Cmice, also the less abundantly
expressed isoform, sGgp; and/or (an) sGC-independent mechanism(s) are stegheo

participate.
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VI.1. Abstract and keywords

The binding of nitric oxide (NO) to the heme graaffsoluble guanylyl cyclase (sGC), results
in a burst of cGMP, which in turn mediates vascalad corporal smooth muscle relaxation.
The sG@,p; and sG@yB; heterodimer are reported to be physiologicallywactin which the

B1 subunit acts as dimerizing partner for batlsubunits. As the histidine (His) residue at
position 105 of theB; subunit functions as axial ligand for the hemestietic group,
substitution of His by phenylalanine (Phe) will &blo the heme-dependent activation of sGC.
This is the case in the s mice from which artery segments (aorta and femantzry)
and corpora cavernosa (CC) were isolated and mowrtea myograph for isometric tension
recording. In comparison with the preparationsatad from the wild type mice, the response
to endogenous NO (released from the endotheliunesponse to acetylcholine (ACh)) and
exogenous NO (from the NO-donor sodium nitroprusgB8NP)) were completely abolished
in the aortic rings from the s@& mice. In the sGE/ femoral arteries, on the other
hand, both NO-releasing substances still had ainglaeffect. In the CC from the s@¢
mice, the response to endogenous NO, which is edlury ACh and electrical field
stimulation (EFS) (neuronal derived NO), was congheabolished, whereas SNP could still
induce a response. The relaxing influence of theifi@pendent sGC stimulator BAY 41-

2272 was significantly reduced in the arteries @@ifrom the sG@;“/

mice, though it was
not completely abolished. The arteries from the B£€ mice showed a higher response to
NOR. Moreover, the responses to methoxamine (3pecif-adrenoreceptor agonist),
prostaglandin (prostanoid receptor agonist) anéigsiam (K) were significantly higher in
the aortic rings from the s@&" mice, but not in the corresponding femoral arterla the
presence of the Rho kinase inhibitor HA-1077, tegponse to NOR was still significantly
higher in the aortic rings from the s@&™ mice, whereas in the femoral arteries, the
difference in the NOR-induced contraction betwelea $G@,“ and sG@,"”* mice was
abolished. The influx of GAinduced by tetraethylammonium chloride (a nonetdle K-
channel blocker) and BAY k 8644 (L-type Ca&hannel agonist) resulted in a significantly
higher force development in the aortic rings, battin the femoral arteries from the s
mice. All those data indicate that in the 3@ aortic rings, the contractile response is
rather unselective, whereas in the correspondingpffal arteries it is less marked and rather
specific for NOR. The administration of the sGCimtor ODQ resulted in a significant,
comparable increase of the NOR-induced tone irathiea and femoral artery from C57BL/6J

ki/ki

mice. This suggests that the enhanced contradiieityg of the sG@;" preparations is at
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least in part due to the abolished vasorelaxinigiemice of basal endothelial NO. In previous
studies™ ?, where we characterised mice which are deficientlie sG@; gene, we found
that the responses to SNP and BAY 41-2272 werdfsigntly reduced but not completely
abolished in the preparations of the sGCmice. Apart from the CC, also ACh still had a
relaxing effect in the sG& " mice. From those data, together with the preseta, adee can
conclude that in the aortic rings, sGC is the satget for NO, whereas in the femoral arteries
and CC, also (an) sGC-independent mechanism(sjsplaysubstantial role. In the CC, the
predominant sG&;3; isoform is the main target for NO, as well asBaY 41-2272. This is
also the case for the response to endogenous N@BAMdM1-2272 in the arteries, whereas

exogenously applied NO mainly activates the lessmdantly expressed s@gB; isoform.

Key words. arteries, corpora cavernosa, soluble guanylyl lasg; nitric oxide,

vasoconstriction/dilatation

VI1.2. Introduction

Soluble guanylyl cyclase (sGC) plays a pivotal rimiethe transduction of cellular signals
conveyed by the messenger molecule nitric oxide)(N&Y the formation of cGMP, this
enzyme mediates NO-elicited actions, particularimosth muscle relaxation, thereby
controlling blood flow, blood pressure and erectile functiof. The cloning of sGC from
various species has revealed that the proteinhisterodimer composed of a largeand a
smallerp subunit®, required for catalysi& Although twoo (a; ando,) and twoB (B1 andp,)
subunits have been identified so far only theosp; anda,f: heterodimers have been shown
to occur in vivo'®. Theop; isoform predominates in most tissues except thapmn which
relatively high levels of the,p; isoform are expressed

The low basal activity of sGC increases severaldhestfold upon the binding of NO to the
heme prosthetic group, which is associated with Nkeerminal region of the; subunit
through a weak histidine (His) 105-iron bond. Weetehl. showed that histidine 105 of fhe
subunit is essential for the stimulation by NO sistibstitution by phenylalanine yielded an
enzyme that was catalytically active but insensitis NO% Upon activation of sGC, the
accumulating intracellular cGMP targets principafMP-dependent protein kinase | (PKG
) to bring about smooth muscle relaxatidnDue to its ubiquitous nature, the pathogenesis
of various disease states has been linked to inppipte activation of sG&'. The different
isoforms of sGC are therefore very attractive atemtal new therapeutic targets for the
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treatment of among others cardiovascular diseardsegectile dysfunction. In previous
studies we used sG&" mice to analyse the functional importance of th€sGsubunit in
vascular! and penile’ smooth muscle relaxation. We found that besidespttedominant
sGGu, P, isoform, also the less abundantly expressedosf@Gnd/or (an) sGC-independent
mechanism(s) are involved in the NO- and NO-inddpeh sGC mediated smooth muscle
relaxation. To assess the relative contribution s@Cuyf; and (an) sGC-independent
mechanism(s), we examined the responsiveness stlvesgments and corpora cavernosa
isolated from mice, that express NO-insensitive 6G®B,“ mice), to NO and an NO-

independent sGC activators.

VI1.3. Materials and methods

VI.3.1. Animals

Almost all experiments were performed on male anfdimale homozygous soluble guanylyl
cyclase beta 1 knockin (s®B¢™) mice and sG@"" mice (genetic background: mixed
129/SvJ-C57BL/6J), developed and bred in the Depant of Molecular Biomedical

Research, Flanders Interuniversity Institute footBchnology, Ghent, Belgium. The Sixth
series of experiments were performed on female CBMBmice (Janvier). The animals were
treated in accordance with the Guide for the Cark@se of Laboratory Animals published
by the US National Institutes of Health (NIH Publion No. 85-23, revised 1996). The mice

were euthanized by cervical dislocation.

VI1.3.2. Blood vessel study

VI1.3.2.1. Tissue collection

The thoracic aorta and femoral artery were cangfudmoved from the animals and

transferred to cooled Krebs-Ringer bicarbonate (K&Bution.

VI1.3.2.2. Tension measurements

Ring segments of the collected arteries were mauimea small-vessel myograph with a
tissue chamber filled with 10 ml of KRB solutiondawere cleansed from adhering tissue.
Two stainless steel wires (40 um diameter) weréeglithrough the lumen of the segments.
One wire was fixed to a force-displacement transdwmd the other was connected to a
micrometer. After mounting, the preparations wdtewaed to equilibrate for 30 min in the
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KRB solution bubbled with 95% £5% CQ (pH 7.4) at 37 °C. The aortic rings were
gradually stretched until a stable preload of OWwag obtained, whereas the femoral arteries
were set to their normalized internal diamktein short, the arteries were stretched in
progressive steps. From the passive wall tensitarsial circumference relationship obtained
by these measurements, the artery was stretchaddtameter corresponding to 90% of the
diameter the vessel would have under a transmueakpre of 100 mm Hg.

After applying the optimal resting tension, the gaeations were contracted (1 till 3 times)
with a KRB solution containing 120 mmol/L *Kand 5 pmol/L norepinephrine (NOR),
washed, and allowed to relax to basal tension beftarting the protocol. Precontraction was
elicited with prostaglandin (30 umol/L PgFunless mentioned otherwise). When a stable
contraction plateau was obtained, cumulative comagan-response curves were obtained by
increasing the concentration in log increments, eorthe response to the previous
concentration had stabilized. Relaxation responsesAcetylcholine (ACh), Sodium
nitroprusside (SNP), BAY 41-2272, 8-pCPT-cGMP aacskolin were examined in varying
order. The concentration-response curves to AChSitid were repeated on vessel segments
in which a comparable level of precontraction wataimed in preparations from the st

and sGB,“M mice. Therefore, a concentration-response cunRGB, was obtained on the
sGB, and sG@B,"* vessel segments from which the adequate conciemtrats deduced.
To analyse the differences in contractile respotstween preparations from s@&" and
sGPB™ mice, a single dose (tetraethylammonium chloridEEA)) or increasing
concentrations (NOR, PG methoxamine and Bay k 8644) the vasoconstrictor were
added to the preparations at a stable restingaien$he cumulative concentration-response
curves to NOR, PGE methoxamine and Bay k 8644 were determined bg@nsse increase

in the concentration of the contractile substarecean as a steady response to the preceding
concentration had been obtained. The concentratigmense curve to NOR was repeated in
the presence of HA-1077 (10 pumol/L, 15 minutes moebation) or ODQ (1 pmol/L, 20
minutes preincubation). The cumulative concentrat@sponse curve to ‘Kwas made by
replacing the KRB solution by a modified KRB sotuticontaining 30, 60 or 120 mmol/I'K
(changes in the KCI concentration of the KRB solutwere compensated by equimolar
adjustment of the NaCl concentration). Segments®€3,’* and sG@,"* mice were
always tested in parallel.
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VI.3.3. Corpora cavernosa study

VI1.3.3.1. Tissue collection

The penile tissue was dissected free by removebohective and adventitial tissues along the
shaft of the penis, the dorsal arteries, dorsal,v@rpus spongiosum, urethra and glans penis.
Then, the corpora cavernosa (CC) were separatedthgg the fibrous septum between them
and were excised at the base. They were kept ite@dd¢rebs-Ringer bicarbonate (KRB)

solution until mounting.

VI1.3.3.2. Tension measurements

Of each mouse, one corpus cavernosum was mountetbially in a myograph with one
end fixed to a force-displacement transducer ara dtiher to a micrometer. The tissue
chambers contained 10 ml KRB solution at 37 °C (p#) equilibrated with 95% £6%
CO,. The preparations were preloaded with 0.45 grditen and allowed to equilibrate for 60
minutes in bath fluid that was frequently replaegth fresh KRB solution. The preparations
were 3 times contracted with 5 pmol/L norepinephiiNOR), washed, and allowed to relax
to resting tension before starting the protocol.eWithe pre-contraction response (5 pumol/L
NOR) reached a stable level, electrical field statian (EFS: train duration 20s or 40s;
frequency: 1,2,4 and 8 Hz; pulse duration: 5 msV®0delivered by a Grass stimulator via
two parallel platinum electrodes, was applied ®tibsue. Additionally, the relaxant response
to a single concentration of ACh and cumulativecsmration-response curves to SNP, NO
gas, HA-1077 and 8-pCPT-cGMP were investigated dteR-induced precontraction. The
contractile effect of NOR was assessed by addiegeasing concentrations of NOR at a
stable resting tension. In between the concentragsponse curves, the CC were washed and
allowed to recover for 20-30 min. Corporal tisswdssGB,“M and sGB,"* mice were
always tested in parallel. At the end of the expents, tissues were lightly patted dry and
weighed.

VI1.3.4. Drugs

The experiments were performed in a KRB solutiothef following compaosition (mmol/L):
NaCl, 135; KCI, 5; NaHCg 20; glucose, 10; Cag&l2.5; MgSQ, 1.3; KH,POy, 1.2 and
EDTA, 0.026 in HO. Acetylcholine chloride (ACh), forskolin, 8-(44cmophenylthio)-
guanosine 3',5’-cyclic monophosphate (8-pCPT-cGMRgthoxamine hydrochloride, HA-
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1077 dihydrochloride, tetraethylammonium chlorideTEQA), Bay k 8644, 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) andrepinephrine bitartrate (NOR) were
obtained from Sigma-Aldrich (St.Louis, MO), BAY £R72 from Alexis (San Diego, USA)
and sodium nitroprusside (SNP) from Merck (Darmist@drmany). BAY 41-2272 and ODQ
were dissolved in dimethylsulfoxide, Bay k 8644thanol and ACh in 50 mmol/L potassium
hydrogen phtalate buffer, pH 4.0. The other drugsewdissolved in distilled water. Saturated
NO solution was prepared from gas (Air liquide, @) as described by Kelm & Schrader
16 All concentrations are expressed as final motencentrations in the organ bath. The final

concentration of dimethylsulfoxide or ethanol ie ttrgan bath never surpassed 0.1%.

VI1.3.5. Calculations and statistics

Data are presented as mean values = SkNMepresents the number of preparations (each
obtained from a different mouse). In the figuredaxations are expressed as a percentage of
the pre-contraction tone developed by the addibibtne precontractile agent, whereas in the
results section, relaxations are expressed in tesmgercentage decrease of the pre-
contraction tone. Contractions are expressed in ig. reduction or the remaining part of a
response in the preparations of the transgenic nsicexpressed in term of percentage
relatively compared to the response in the prejmsbf the corresponding control mice.
Statistical significance was evaluated using Sttidetrtest for paired and unpaired
observations (SPSS, version 1P).< 0.05 was considered as significant. The estichate
maximum relaxation (& and the negative logarithm of the concentratimdpcing 50% of
the maximal effect (pE£g) were calculated using nonlinear regression ctitvéGraphPad

Prism, version 4).

VI1.4. Results

V1.4.1. Blood vessel study

V1.4.1.1. First set of experiments

In a first series of experiments, the relaxing &ffef ACh, SNP en BAY 41-2272 were
investigated on precontracted (30 umol/L BgRortic (ACh: Fig. VI.1A; SNP: Fig. VI.1C;
BAY 41-2272: Fig. VI.1E) and femoral artery ring8Gh: Fig. VI.1B; SNP: Fig. VI.1D;
BAY 41-2272: Fig. VI.1F) isolated from male s@¢* and sG@,“* mice.
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The endothelium-dependent vasodilator ACh (1 nmol/L-10 pmol/L) elicited a
concentration-dependent response in thefsCressel segments, whereas in the aortic rings
of the sGB,* mice, this response was completely abolished. Klgbe sGB,' femoral
artery segments, the ACh-evoked response was nigrkegaired (the response induced by
10 pmol/L ACh was reduced by 61.05 %) comparedht femoral artery rings from the
sGCB, " mice.

When added cumulatively to the bathing medithre, NO-donor SNP(1 nmol/L—10 pmol/L)
elicited a concentration-dependent relaxation & dortic and femoral artery rings of the
sG@B."* mice. In the aorta from s@¢¥ mice, the relaxant effect of SNP was completely
eliminated, while in the corresponding femoral Brténgs a significantly reduced response to
SNP was observed (the response induced by 10 pui8bdIR-was reduced by 56.37%).

The cumulative addition @AY 41-2272(1 nmol/L-10 pumol/L)an NO-independent sGC-
stimulator, resulted in a concentration-dependent responskeiraortic and femoral artery
rings of the sGE:"* mice. In the sGE™ aortic rings, only a concentration of 10 pmol/L

BAY 41-2272 had a minor relaxing influence. The &eai artery from the sG&Y mice,
showed a reduced sensitivity as compared topstCpreparations (pEés 7.570.48 for
sG@B,* vs. 6.06+0.24 for sGGM (n=4, P<0.05)). The estimated maximal response to
BAY 41-2272 in both sGB"* and sG@,¥ femoral arteries was comparable.{E 94.8%:+
3.17 for sGB,"* vs. 97.18%=+2.82 for sG&" (n=4, P>0.05).

Additionally, we examined th&lOR-induced constriction in the aortic and femorakegrt
rings of male sG@"* and sG@,*® mice (data not shown). The concentration-response
curve to NOR (10 nmol/L-10 umol/L) showed a rembat&kaupward shift (indicated by an
increase in estimated maximal contractile respodss? mN=+0.7 for sGE"" vs. 23.52
mN+1.47 for sG@B,*™ (n=5, P<0.05)) in the aortic rings from the §B mice in
comparison to the corresponding s{ﬁﬁf rings. Also the femoral artery rings of the
sGPB,™M mice showed an increased contractile responseQR O umol/L NOR: 2.94
mN=0.19 vs. 8.27 mN+1.17 (n=3, p<0.05)). This imsed contractile responsiveness of the
sGB™M mice was also observed in the contractions theebeited by the combination of a
KRB solution containing 120 mmol/L K" and 5 pmol/L NOR applied repeatedly on the
vessel segments before starting the protocol. Feeas well as the third time, the contractile
response was significantly higher in the aorta ferdoral artery from the s@z mice
compared to the matching sﬁlc” rings. The difference in contraction level between

sG@B,"* and sGBM mice was significantly more pronounced in the a®rthan in the
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femoral arteries (first response to K120 and 5 MmBIOR: 2.03 mN=x1.13 for the femoral
artery vs.12.89 mN+1.25 for the aorta; third regmomo K120 and 5 pumol/L NOR: 2.3
mN=0.96 for the femoral artery vs.17.67 mN+2.31tfue aorta (n=4-6, P<0.05)).
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< 120 . % % < 120
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2 90 2 90
] X
2 60 2 60
7] 7]
% 30 ¥ 30
$ é
S 9 e 0
9 8 7 6 5 9 8 7 6 5
ACh (- log mollL) ACh (- log mollL)

C 6‘ aorta D 6‘ femoral artery
< 120 . * % & @ < 120
& Aneeeees Breennnan Byeenean Anenmeaen A o
2 9 2 90
2 2
2 0 2 60
7] 7]
X 30 X 30
o o
g 9 S o
9 8 7 6 5 9 8 7 6 5
SNP (- log mollL) SNP (- log mollL)

E 6‘ aorta F 6‘ femoral artery
S1207 . . ., < 120
- Areeeeee foeenees P — Y
2 90 ek 2 90
] ]
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k7] k]
s 30 s 30
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9 8 7 6 5 9 8 7 6 5
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—k— sGCp,**

/- sGCp, kil

Figure VI.1: Relaxation effect of ACh (A, B), SNP (C, D) and BAM.-2272 (E, F) on precontracted
(30 umol/L PGE,) aortas (A, C, E) (n=6) and femoral arteries (BFD(n=4) from male sG"* and
sG@BM mice. *(sGE,"* vs. sGE,): P<0.05.
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V1.4.1.2. Second set of experiments

In a separate series of experiments, the relaxifigence ofACh (1 nmol/L-10 pmol/L),
SNP (1 nmol/L-10 pmol/L) and theell permeable cGMP analogue 8-pCPT-cGMRK100
nmol/L—0.1 mmol/L) (were examined on aortic (AChg.FV1.2A; SNP: Fig. VI1.2C; 8-pCPT-
cGMP: Fig. VI.7A) and femoral artery (ACh: Fig. ¥B; SNP: Fig. VI.2D; 8-pCPT-cGMP:
Fig. VI.7B) segments in which the concentrationP@F,, was adjusted to obtain a similar
precontraction level in female s@&™ and sG@,"* vessel segments (precontraction level
of the concentration-response curve to ACh : aeitigs: 19.64 mN+0.57 for s@g"" vs.
19.43 mN+1.68 for sGE™ (n=4, P>0.05), femoral artery: 14.74 mN+0.93 f&iC8,"* vs.
13.48 mN=0.87 for sGE ™ (n=4, P>0.05); precontraction level of the conatidn-
response curve to SNP : aortic rings: 18.59 mN+@d56sG(B,"* vs. 20.34 mN+1.66 for
sGB™ (n=4), P>0.05), femoral artery: 13.65 mN+1.1 f&C8,"* vs. 13.30 mN+1.01 for
sGB™ (n=4), P>0.05).The ACh and SNRinduced concentration-dependent relaxation

kWM mice and nearly completely

was completely abolished in the aortic rings of &
abolished in the femoral artery rings of the $&& mice.
8-pCPT-cGMP induced a concentration-dependent relaxation ef fdmoral arteries and
aorta from female sG&"* and sGB,““ mice. The sG@,"* and sG@, femoral arteries
responded to 8-pCPT-cGMP in a similar way (pE®.81+0.47 for sGE"* vs. 5.03+0.12
for sGB,M (n=4, P>0.05); Fax 89.82%z6.10 for SGE " vs. 94.63%+4.22 for sz
(n=4, P>0.05)), whereas in the aortic rings, theCRT-cGMP-induced response was
somewhat reduced in the s mice (PEGq: 5.27+0.59 for sG@,*"* vs. 4.30+0.17 for
SG@B™ (n=4, P>0.05); Fax 84.28%+10.39 for sG&G"* vs. 64.54%+13.89 for s@z

(n=4, P>0.05)).
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Figure VI.2: Relaxation effect of ACh (A, B), SNP (C, D) on poetracted (adjusted concentration of
PGR,) aortas (A, C) (n=4) and femoral arteries (B, B34) from female sGf ™" and sG@, mice
(similar precontraction level between st and sGB,“ arteries). *(sGB,"™ vs. sG@):
P<0.05.

V1.4.1.3. Third set of experiments

In another subset of experiments the contractfiecebfNOR, PGF,,, K™ and methoxamine
were investigated on aortic (NOR: Fig. VI.3A; methmine: Fig. VI.3B; PGk Fig. VI.3C;

K*: Fig. VI.3D) and femoral artery rings (NOR: Fig..%A; methoxamine: Fig. VI.4B;
PGRy, Fig. VI.AC; K": Fig. VI.4D) from male (data not shown) and fema@d,"* and
sGB™ mice. Additionally, the response to 10 pmol/lL A®ms assessed in these
preparations.

Rings from both sGE** and sGB.“* mice responded tNOR (aorta: 1 nmol/L—1 pmol/L;
femoral artery: 1 nmol/L—10 umol/L) in a concentratdependent way. The NOR-induced
concentration-response curve in the $&&' aortic rings was shifted to the left as compared
with the aortic segments of the sﬁa_Cf* mice. Consequently, pEg&was significantly higher

in the aortic segments of the sE mice (Table VI.1). In the aortic rings of the fdma
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sGB™ mice also the estimated maximum response to NCaRsigaificantly higher (Table
VI.1). Also in the femoral artery rings of s@¢’“ mice, the contractile effect of NOR was
significantly enhanced (response induced by 10 (LmMeOR was augmented with 34.72%
and 44.67% in males and females respectively). r€belts were essentially similar in both
genders.

The az-receptor agonistmethoxamine (10 nmol/L-0.1 mmol/L) increased the tone of the
sG@B,"" and sGB,M preparations in a concentration-dependent way. fibthoxamine-
induced concentration-response curve of the &€ aortic rings was shifted to the left with
a significant higher pE£g(Table VI.1). Also the estimated maximal respommsméethoxamine
was significantly higher in the s@¢ aortic rings (Table VI.1). Contractions in respemns
methoxamine were comparable in the femoral artdrms female sGB,"* and sG@,
mice. The results were essentially similar in bygghders.

PGF,, (aorta: 100 nmol/L-10 pmol/L; femoral artery: 10@ol/L-30 pmol/L) had a
concentration-dependent contractile effect in thesel segments of sBC* and sGE,
mice. But, the aortic rings of s@¢’ mice exhibited a greater sensitivity to PGF

+/+

compared with sG&™" mice, with a significant higher pkg(Table VI.1). The estimated
maximum response to PGRvas however comparable between the aortas of3sGGind
sG@B,™ mice (Table VI.1). In the femoral arteries of G mice, the concentration-
response curve to PGFwas not significantly altered as compared to theCR&'
preparations. No differences in the response to,PM&fe obtained between male and female
preparations.

Administration of increasing concentrations Kt (30, 60 and 120 mmol/L) resulted an
concentration-dependent contraction of the BG€ and sGB,“ preparations. Yet, in the
sGB.™ aortic rings, the contractile effect of 30 mmoKL was significantly enhanced with
46.11% and 56.61% in male and female mice respygtiWoreover, in the aortic segments
of the female sGE&“ mice, the responses to 60 and 120 mmol/L were sitguificantly

KK mice responded to*kin a

increased. The femoral artery rings of both 8¢ and sG@,
similar way. The contractile activity of Kvas essentially similar in both genders.

The addition of a single concentration of ACh (1iql/L) resulted in a minor relaxation of
the sGB,“ femoral arteries as compared to the 8GC preparations (response to 10
pumol/L ACh: male: 60.54% +3.13 for s@C’" vs. 18.67% +14.44 for s@&™ (n=5,
p<0.05); female: 88.60%z3.59 for s@C" vs. 15.09% +6.63 for s@a" (n=6, p<0.05)),
whereas in the aortic rings of the & mice, no response was obtained. No differences in

the ACh-induced response were observed betweendleand female preparations.
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PECso Emax (MN)

sG Cl31+/+ SGCBlki/ki sG Cl31+/+ sG Cﬁlki/ki

NOR 7.3(?]:16()).05 8.27(;2.)09* 13.&(33:2)2.48 21,1(2n:51),02‘

0 PGR, 5.6(?]:168).09 6.3(1;5?).1* 23.?5:1(;)1.01 23.?321;)1.26
Methoxamine 5.0(% :¢6c)).23 6.322;2.)0? 15.(7::1(;)1.28 21.1(4:] :6(;.87*
NOR 73(3n 215()).17 8.11?::2.)07* 13.?n1:§)2.98 19.235:1(;)0.75

a PGFR, 5.{; g).o7 6_22(::2_)03’k 21.(7ns:§)1.37 21.(?] :5.02
Methoxamine 53(31 :16()).18 e_lcznizg_)oe* 15.?::4_(;)1.98 19.(5::31.01

Table VI.1: pEGy and B for NOR, PGE, and methoxamine in the aorta of &€ andsGQ3,“™

mice.
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Figure VI.3: Cumulative concentration-response cuw®&OR (A), methoxamine (B), PGF
(C) and K (D) in aortas from female s@¢’ and sGB,“* mice *(sG@,"* vs. sGG,™):
P<0.05, (n=5-6).
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Figure VI.4: Cumulative concentration-response cutwéOR (A), methoxamine (B), PGHC) and
K* (D) in femoral arteries from female s@C"* and sGB,* mice *(sGP,"* vs. sGB,™): P<0.05,
(n=6).

V1. 4.1.4. Fourth set of experiments

In this series of experiments, we explored theugtiice of theRho kinase inhibitor HA-
1077 on the contractile effect of NOR in the aorticgFVI.5A) and/or femoral artery rings
(Fig. VI.5B) from male and/or female s@C™* and sGB, mice (male and female mice
were pooled). In addition, increasing concentratiohtheL-type Ca*-channel agonist Bay
k 8644 (Fig. VI.5C) and a single dose tife K*-channel blocker TEA were added to the
aortic (TEA: Fig. VI.6C) and/or femoral artery rmgTEA: Fig. VI.6D) from male and/or
female sG@;,"* and sGB."* mice (male and female mice were pooled).

Preincubation wittHA-1077, resulted in a significant reduction of the NORtced response
in the aortic and femoral artery preparations fromth sG@;"" and sG@* mice.
Moreover, in the sGE“* femoral arteries, the significantly higher contilaceffect of NOR
observed in control conditions, is abolished inghesence of HA-1077.
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Bay k 8644 an agonist of L-type Gachannels, almost failed to induce a contractiothi

+/+

aortic rings from the sG&** mice, whereas in the s@¢ aortic rings, Bay k 8644 elicited

a strong and concentration-dependent contractéetef

The addition of 1 mmol/LTEA to the aortic rings from s@z"" and sGB.* mice (male
and female mice were pooled) at a stable restimgjda, resulted in a sustained contraction of
both sG®,”" and sG@, aortic rings. However, the TEA-induced responses wa

significantly higher in the aortic segments of 8@,

mice compared to the s@C™
aortas (response to 1 mmol/L TEA: 1.4 mN+0.49 f&CB8,"”" vs. 14.61 mN+0.55 for
sG@B™ (n=6, P<0.05)). In the femoral arteries, TEA ineldia transient augmentation of

the basal tone, with a similar peak contractiohdth sG@;"* and sGB,“"* mice.
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Figure VI.5: Cumulative concentration-response cutweNOR in the aorta (A) (n=5) and femoral
artery (B) (sG@,"": n=3 and sG@,’¥: n=5) from male and female s@C" and sG@,** mice in
control conditions AandA) and in the presence of HA-107¢ &nd o). Cumulative concentration-
response curv Bay k 8644 in aortas (C) (n=6) from male anddsG@,"”" and sG@,“ mice.
*(sGCB, " vs. sGEBLM), +(sGB, ™" vs. sGB,™ both in the presence of HA-107#(:HA 1077

vs. +HA-1077 for sG@,"* mice),§(-HA-1077 vs. +HA-1077 for sG&“™ mice): P<0.05.

Data from male and female animals were pooled.
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Figure VI.6: Contractile effect of TEA (1 mmol/L) on aortic rimgA, C) and femoral arteries (B, D)
from male and female s®¢’* and sGB,* mice. *(sG®,"* vs. sGG,): P<0.05, (n=5-6). Data

from male and female animals were pooled.

V1.4.1.5. Fifth set of experiments

sGC-independent vasorelaxation was explored wittom@centration-response curve 8o
pCPT-cGMP (see second set of experiments and Fig. VI.7A Aglditionally, the relaxing
influence offorskolin, which stimulatesdenylyl cyclaseand increases the concentration of
cAMP, was examined on aortic rings (Fig. VI.7C) dedhoral arteries (Fig. VI.7D) from
male and/or female s@¢™ and sGB.**' mice (male and female mice were pooled).
Forskolin produced concentration-dependent relaxations é abrtic and femoral artery
preparations from sG&"" and sG@," mice. In the aortic rings from the s@£™ mice,

10 pmol/L forskolin had a biphasic vasorelaxingeff an initial fast phase of relaxation with
an average duration of 8.4 +0.52 minutes (n=4)p¥a¢d by a slow phase. For the s[ﬁ‘f*fki
aortic rings, the concentration-response curve doskblin is in case of the highest
concentration, drawn up with the data from thet fitast phase. The concentration-response
curve to forskolin is significantly shifted to thight in the aortic rings from the s@¢™
mice compared to the SCBC” aortas, as indicated by the significantly redupéss, and
estimated maximum response in the former (REG.7+0.07 vs. 6.22+0.11 (n=5, P<0.05);
Emax 96.91%+1.0 vs. 58.53%+10.16 (n=5, P<0.05)). le famoral artery segments, the

ki/ki

forskolin-induced response is not significantlyueeld in the sGE™" mice. On the contrary,

de concentration-response curve to forskolin ghslly shifted to the left in the femoral artery

ki/ki

rings from the sGE mice, with a significant higher response in theCB¢’ femoral

arteries at a concentration of 100 nmol/l forskolin
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Figure VI.7: Relaxation effect of 8-pCPT-cGMP (A, B) (n=4) andrskolin (C, D) (n=5) on
precontracted 30 pumol/L PGfraortas (A, C) and femoral arteries (B, D) from féanéB-pCPT-
cGMP) (data from male and female animals were pbiiease of forskolin) sG&* and SG(IBlki/ki

mice.*(sGMPB."* vs. sGB,): P<0.05, (n=7-15).

V1.4.1.6. Last set of experiments

We explored the influence of the sGC inhibitor OD®the concentration-response curve to
NOR (1 nmol/L—=10 pmol/L) in the aorta (Fig. VI.8Ahd femoral artery (Fig. VI.8B) isolated
from female mice with a C57BL/6J background. Thamrubation with ODQ resulted in a
significant increase in tone in the aorta (10 pMBIOR: 3.06mN+1.16 for -ODQ vs.
12.83mN=1.28 for +ODQ (n=6, P<0.05) and femorad@r{10 pmol/L NOR: 6.24mN=+0.95
for -ODQ vs. 13.85mN=0.86 for +ODQ (n=6, P<0.09))is increase in contraction level was
comparable in both vessels (-ODQ vs. +ODQ) 10 pmol/L NOR: 9.78mN=0.74 for tzor

vs. 7.61mN=0.86 for femoral artery (n=6, P>0.05)).
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Figure VI.8: Effect of ODQ (1 pumol/L) on the concentration-respe curve to NOR in the aorta (A)
and femoral artery (B) of female C57BL/6J micécantrol conditions vs. the presence of ODQ):
P<0.05, (n=6).

VI1.4.2. Corpora cavernosa study

The vasorelaxing influence ehdothelium-derived NOwas examined by the addition of 10
umol/L ACh (Fig. VI.9A) to the NOR-contracted CC preparatiafisG@®,"* and sGE,

+/+

mice. ACh substantially relaxed CC tissues from g€, mice, but contracted the CC
tissues from the sG& mice.

Neuronal NO was released by stimulation of the intrinsic neregEFS (Fig. VI.9B) (1, 2, 4
and 8 Hz). In the sGG"" CC preparations, EFS generated frequency-depemdinant
responses. No relaxation in response to EFS waenaib in the NOR-contracted CC
preparations from s@3“ mice. In contrast, contractions were observedtistafrom a
frequency of 4 Hz.

Exogenously derived NO from thdO-donor SNP (1 nmol/L-10 pmol/L) (Fig. VI1.9C),
relaxed the CC tissues from both & and sGB,“ mice in a concentration-dependent
way. The SNP-induced response was significantlyeed in the CC preparations of the
sGB™ mice.

Addition of NO-gas (1 pmol/L-0.1 mmol/L) (Fig. VI.9D) induced conceation-dependent
and rapid relaxations in NOR-contracted preparatfoom both sGB,"* and sG@.*' mice.
But, in the sGB,“ CC preparations, the relaxation evoked by NO-gas significantly

impaired.
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BAY 41-2272(1 nmol/L-10 pumol/L) (Fig. VI.10A), stimulating $Gin a NO-independent
way, produced concentration-dependent relaxationisd sGB,"”* and sG@.* CC tissues.

In the sGB’“ CC, the relaxant effect of BAY 41-2272 is slightbut significantly
attenuated.

The concentration-dependent relaxation inducedhieycGMP analogue, 8 pCPT-cGMP
(Fig. 10C) was not different in CC from s@C* and sGB,““ mice.

HA-1077, a Rho-kinase inhibitor (Fig. VI.10D), produced concentration-dependent
relaxations with similar potency in NOR-contract€€ preparations from s@¢’* and
sGB™ mice.

The concentration-response curveNlOR (Fig. VI.10B) was not significantly altered in the
CC from the sGB/M mice (PEGy: 6.83+0.13 for sGE;"* vs. 5.82+0.21 for sGE (n=5
P>0.05); B 1.89MN+0.43 for sGE™* vs. 1.79mN+0.46 for sGGX (n=5, P>0.05)).
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Figure VI.9: Relaxation effect of ACh (A), EFS (B), SNP (C) aN®-gas (D) on precontracted (50
pumol/L NOR)CC from sG@,"* and sGB.* mice. *(sG@,"* vs. sGB,): P<0.05, (n=8).
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Figure VI.10: Relaxation effect of BAY 41-2272 (A), 8-pCPT-cGME)(and HA-1077 (D) on
precontracted (50 pmol/L NOR)C from sG®;"* and sG@,* mice. Cumulative concentration-
response curve to NOR (B) in CC from s&C and sG@,® mice. *(sG@,"" vs. sGG):
P<0.05, (n=5-8).

VI.5. Discussion

As NO receptor, sGC plays an important role in ntomg physiological processes, thus
representing a very attractive pharmacological elargMoreover, the presence of two
physiologically active isoforms of sGC, offers atguially more selective therapeutical
approach. Therefore, a quantification of the pHggjizal importance of the different sGC
isoforms is of substantial interest. In previousds, using sG&™ mice® 2, we established
that in vascular and penile smooth muscle relarati@ predominant sGGB; isoform is a
very important, though not the only target of N(gpeedent and NO-independent sGC
activators. The involvement of the less abundagetiyressed sGd;p; isoform as well as (an)
sGC-independent mechanisms could be argued. Iprdsent study, in which we used NO-

insensitive sGC mutant mice, the issue whether ssffCand/or(an) sGC-independent
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mechanisms participate in vascular and penile smootscle relaxation, was further
unravelled.

In the aortic rings from the s@¢“ mice, the response to endogenous (induced by Afh)
exogenous NO (induced by SNP) was completely dtedisindicating that in the aorta sGC
is the sole receptor for NO. This observation,veflais to conclude that the remaining effect
of ACh (remaining effect of 10 pmol/L ACh: 23.24%and of SNP (remaining effect of 10
umol/L SNP: 73.45%) in the sG@," aortic rings, is due to the activation of s@&fs. In
contrast with the aortic ringshe femoral arteries from the s@£™® mice showed a
significantly reduced but not completely blockedp@nse to endogenous and exogenous NO,
suggesting that NO in this preparation also sign@sn alternative, sGC-independent target.
The response to ACh is slightly more impaired ia fibmoral arteries from the s@¢’< mice
compared to the sG&' mice (impairment of the response to 10 pmol/L A@R:75% for
sGGu,” ! vs. 61.05% for sGE), whereas the relaxant effect of SNP is considgnaiore
reduced in the femoral arteries from the $&¢' mice compared to the s@C mice
(impairment of the response to 10 pmol/L SNP: 1&8®r sGGu” ! vs. 56.37% for
sGB,™). This suggests that activation of s, is more significant in the response to
exogenous NO than in the response to endogenous NO.

The involvement of (an) sGC-independent mechanisngsnot only suggested by the
observations on femoral arteries but also by tilsparse to exogenous NO in the CC. This
suggestion is based on the fact that a substaftedt of SNP and NO-gas remains in the CC
from the sGB,““ mice compared to the CC in s@C* mice. The responses to SNP and
NO-gas are more impaired in the s&&' CC than in the CC from the sGC mice
(impairment of the response to 10 pmol/L SNP: 38.8% sGGu™ 2 vs. 58.67% for
sGB™: 100 umol/L NO-gas: 36.29% for sGC 2 vs. 64.01% for sGE /), suggesting
that the response to exogenous NO is partly metliayethe sG@,p; isoform. In contrast to
the response induced by exogenous NO, CC smoothclenuglaxation induced by
endogenous NO is completely mediated through dativaf sGC, as shown by the total loss
of response to ACh and EFS in the 2 CC. This finding is in line with the suggestion
of our study on sG&” mice where we found that in the CC, s is the sole receptor for
endogenously produced NO

ki/ki

During our experiments it became apparent thas@®&3,™ " arteries exhibited a significant

stronger response to NOR compared to the fs&Cpreparations. In order to exclude a

ki/ki

possible influence of the higher precontractionetai the sGB,"" arteries on the NO-

mediated vasorelaxation, concentration-responseesuio ACh and SNP were obtained in
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KK mice was set to a

which the precontraction of preparations from $&€ and sG@;
similar supramaximal level. Under these conditidhg, vasorelaxing influence of ACh and
SNP was completely abolished in both the aortic fentbral artery rings from the s@¢™
mice. These data on the femoral arteries did noespond with the observations in our first
series of experiments and reject the conclusios@E-independent effect of NO in those
vessels. It should however be mentioned that bedlde precontraction level, there were also
other differences between these series of expetan&he first NO-induced responses were

YK mice of 7 to 10 weeks old,

examined on vessel segments from male jGCand sGE,
whereas for the following concentration-respons@esionly older mice (12 to 13 weeks) of
the female sex were used. Moreover, the youngenasihad a weaker state of health and
related to this a higher mortality at early agecd&ese of the age and gender variations
between the mice used to explore the vasorelaXiegteof NO, the response to 10 umol/L
ACh was reassessed on aortic and femoral artegg fiom sG@,"* and sGB,“* mice of
both genders and with a broader range of age {2 tweeks). ACh was not able to relax the
aortic rings from those s@&“ mice, whereas the s@¢’¢ femoral arteries still showed a
minor response to ACh. Those data confirm our Brgjgestion that is that in the aorta, sGC
is the only target of NO regulating vasorelaxatiaiereas in the femoral artery also (an)
sGC-independent mechanism(s) participate in theiddleed smooth muscle relaxation.
Activation of C&*- and voltage-dependent potassium chantefé sarcoplasmic reticulum
Cd*-ATPase™ and N&/K*-ATPase’® have been described as sGC-independent vasomglaxin
actions of NO. Still, the remaining response to ARkhe femoral arteries could also point to
the participation of the endothelium-derived hymdapising factor (EDHF), particularly since
this non-prostanoid, non-nitric oxide factor hagmeeported to be play an important role in
the endothelium-dependent relaxation of femoraraes isolated from mice with a C57BL/6J
background™. No gender differences in the ACh-induced respevese obtained, indicating
that this is not the underlying cause for the \tawes in the responsiveness of the $&¢
femoral arteries towards NO.

NO-independent sGC stimulators like BAY 41-2272 amerging as valuable tools for the
treatment of numerous pathologies caused by theuceedd bioavailability and/or
responsiveness to endogenously produced’Nespite the fact that the sGC-activating
effect of BAY 41-2272 is dependent on the preseariche reduced prosthetic heme moiety of
sGC? BAY 41-2272 could still elicit a substantial rese in the femoral arteries and CC
isolated from the sGG“M mice. This suggests that in those tissues, BAY2Z72 partly

exerts its relaxant effect through (an) sGC-indelpah mechanism(s). BAY 41-2272 has

185|



Chapter VI

been reported to induce vasorelaxation independeindm cGMP-production through
activation of the N&K*-ATPase® and inhibition of the Cd-entry ?°>. As abolition of the
sGQu; subunit or of the NO-stimulated sGC activity desed the response to BAY 41-2272
in a similar way (response to 10 pmol/l BAY 41-2278.28%" vs. 15.45%), only the
sGQu, P, isoform is suggested to be responsible for the-dg@zndent vasorelaxing effect of
BAY 41-2272. This is also suggested by the obsamatwith BAY 41-2272 on the CC,
where similar results were obtained in the prepamatfrom sG@.,“ and sGG;" mice
(impairment of the response to 10 pmol/L BAY 41-2275.05% vs. 29.78%). A significant
part of the relaxing influence of BAY 41-2272 inetlCC can be attributed to (an) sGC-
independent mechanism(s), since BAY 41-2272 elicige substantial response in the
sGPB™M cC. The sGB™ aortic rings, on the other hand, only slightlypmsded to 10
umol/L BAY 41-2272. This was also the case in tbetia rings from the sG&”, however
the 10 pmol/L BAY 41-2272-induced relaxation wasslémpaired in the sGG' aortas
(impairment of the response to 10 umol/L BAY 41-22B6.83%* vs. 82.81%). This
indicates that at a concentration of 10 umol/L, BAY¥-2272 mainly activates the s&f;
isoform whereas at lower concentrations, sgicis the main target for BAY 41-2272. As in
the sGB,“ mice, the basal sGC-activity is not abrogated BAY 41-2272 is known to
inhibit the PDE-5 mediated hydrolysis of cGMP ahcentrations of 10 pmol/L or high&t,
the remaining effect of BAY 41-2272 in the s preparations may be in part due to the
accumulation of basally produced cGMP.

The specificity of the impaired responses we foimthe sG@,*

preparations was assessed
by a concentration-response curve to the cell paipleecGMP-analogue 8-pCPT-cGMP, to
forskolin, which acts via activation of AC and/ar HA-1077, an Rho kinase inhibitor. The
femoral artery and CC preparations from both BE€ and sG@B, mice responded to 8-
pCPT-cGMP in a similar way, indicating that thengiting cascade downstream of sGC
functions normally. This can not be concluded foe ®ortic rings as the 8-pCPT-cGMP-
induced response is somewhat reduced in the Bs3C aortic rings. Moreover, the
vasorelaxing effect of forskolin is also signifitgnimpaired in the aortic rings from the
sGPB™ mice, whereas in the femoral arteries the resptmderskolin is not altered. In
addition, HA-1077 relaxed the CC preparations fiooth sG@,"* and sGB,“ mice to a
similar extent.

The marked contractile activity of the s@' aortic rings, which will be discussed next,
may be responsible for the somewhat impaired s@€&gandent relaxation seen in the

sGB,™ aortas.
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A number of reports to date have described theeffethe genetic background on the results
of transgenesis and targeted gene disrupfibf’. Therefore, possible strain-specific
differences between the s@C (mixed background: Swiss-129/SvJ) and $&&' (mixed
background: 129/SvJ-C57BL/6J) mice must be conedldor a correct interpretation and
comparison of the data obtained from the two micelefs.

The absence of sGC that can be activated by N@ijfisi@ntly influences the contractile
activity of vascular smooth muscle. In the diffdresubset of experiments, contraction
induced by NOR, was significantly greater in bdth aiorta and femoral artery from male and

YK mice, but not in CC. Particularly in the s@&* aortic rings, the increased

female sG@;
sensitivity towards NOR was very pronounced. NOR kisown to induce arterial
vasoconstriction through interaction with a mixeapplation of postjunctional vasculag-

and op-adrenergic receptors. Stimulation ef-adrenergic receptors can induce either an
increase or decrease of vascular tone dependitigeckind of vessel” * and on the location

of the receptors? Since activation of endotheliab-adrenergic receptors can induce the
release of NO** 3 it could be that the augmented NOR-induced ton¢he sG@.
preparations is due to the fact that NO producegtsponse to NOR, can no longer exert its
sGC-dependent vasorelaxing influence in the RS mice. Moreover, contractions to NOR

in the aortic rings fromoyap-adrenoreceptor knockout mice have been shown to be
significantly increased®. However, this can not be the sole cause as héscesponse to the
selective as-adrenoreceptor agonist methoxamine was signifigantreased in the aortic
rings of the sGE;M mice. This observation is in line with the facatlheas-adrenergic
receptors play a predominant role in the NOR-inducentraction of large noninnervated
conductance arteri€§ " as well as small innervated vess&lsWhatsoever, the significant
higher NOR-evoked contraction in the s aortic rings can not be selectively linked to
the az-adrenergic receptors, as the $e¢ aortic rings are also more sensitive to RGF
Additionally, depolarization of the vascular smooth muscle dBliincreasing the external'K

concentration, also resulted in a significantly Heig tone of the sG&G“

aortic rings
compared to the s@&’" preparations. In contrast to the aortic rings, fémoral arteries
from both sGB,"* and sGB;* miceresponded to methoxamine, PG&nd K in a similar
way. Hence, thei,-adrenoreceptor-mediated NO release and relaxaiomore likely to be
involved in the NOR specific higher force developmef the sG@.*' femoral arteries.
However, the fact that following treatment with tRo-kinase inhibitor HA-1077, the
contractile response to NOR in s femoral arteries closely resembled that of the

sG@B,* femoral arteries, suggests a higher activity &f @&" sensitization pathway as
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underlying case for the increased NOR-induced ectitm in the sGE;“/ femoral arteries.
However, as prostanoid receptor agonists like RGkve been reported to be preferentially
involved in C&" sensitization through activation of Rhd& *° one would expect then that
also the PGJ-induced response is significantly higher in thendeal arteries from the
sGB“ mice. Since this is not the case, the hypothebia bigher C& sensitization
pathway in sGB,“ femoral arteries remains debatable. The dataefititta rings, on the
other hand, are more consistent. Preincubation M&FLO77 resulted in a stronger reduction
of the NOR-induced contraction in the s aortic rings compared to the s@&* aortic
rings, which does not support the involvement & @&" sensitization pathway. This is in
line with the smaller efficiency af-adrenoreceptor agonists compared to prostanoeptec
agonists to activate RhoA and thereby to induc& €ensitization of MLG, phosphorylation
%940 Moreover, this corresponds with the finding thfa¢ increased tone of the s
aortic rings compared to the sﬁ;lC” aortic rings, is more pronounced in response tdRNO
than in response to PGF

When a receptor coupled to a heterotrimeric GTPdibin protein is activated, &a
sensitization as well as Eamobilization occurs. The & reactivity of the sGE
preparations was explored with the L-type Qzhannel agonist Bay k 8644 and by the TEA-
induced depolarization. Both substances provokeiriflex of extracellular C& through
voltage dependent €achannels. Bay k 4486 as well as TEA elicited sigantly greater
contractions in the s@G&* aortic rings than in the s®&’* aortic rings, suggesting that the
sGB,M aortic rings are more sensitive to cytosoliéTén contrast with the aortic rings,
the femoral arteries do not show an indication tolwaan increased &asensitivity as the
femoral arteries from both s@C’* and sGB.* mice responded to TEA in a similar way.
Those data are not completely in line with the affef HA-1077 on the NOR-induced
contraction, from which we suggested that the B£S¢€ femoral arteries exhibited a higher
RhoA kinase activity and the s@¢¥ aortic rings a lower. Besides Rho kinase alsogimot
kinase C (PKC) is a major determinant for thé Gensitization in vascular smooth muscles
“1 Therefore it can be hypothesized that the PK®ypay is responsible for an enhanced

contractile activity of the sGg“™

aortic rings. However, our data indicate that e t
sGB™ aortic rings, the contractile response is ratheselective, whereas in the
corresponding femoral arteries it is less marketirather specific for NOR. This discrepancy
is perhaps related to the variable importance chlbareleased NO among vessel types.
There are literature data on C57BL/6J mice showlirag basal NO is massively produced in

the aorta** and carotid artery, whereas in the femoral arterig far less pronouncetf-.
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Knowing that there is cross talk between cAMP a@M® “** this higher amount of
spontaneously released NO in the aortic rings caldtd explain the impaired forskolin-
induced response we have observed in theps®Caortic rings. In vitro, basal NO was
shown to decrease the sensitivity towards NO-doandsits impact appeared to decline over
time 2% Therefore, its possible influence on the vasomotsponses we have investigated
should be considered. Still, preincubation of @aiitigs and femoral artery segments (isolated
from C57BL/6J mice) with ODQ, resulted in a compieaincrease of the NOR-induced
response in both vessel types, which is not comlgiah line with the findings on the
heterogeneity in basal N& *2 Furthermore, the findings on C57BL/6J mice canhefully
converted to our sG&M mice, which have a mixed background (129/SvJ-C38BL

ki/ki

Hence, we suggest that the enhanced contractiletadf the sG@,"" preparations can not

completely attributed to the abolished vasorelaxifigience of basal NO.

VI.6. Conclusions

This study provides evidence that in the aortigsithe response to NO is completely sGC-
dependent, whereas in the femoral arteries, alap §&C-independent mechanism(s) are
involved. In contrast to endogenous NO and the Nd&@pendent sGC stimulator BAY 41-
2272, that mainly activate the predominant s¢pg isoform, exogenous NO mainly activates
the minor sG@B; isoform. In the CC, on the other hand, s(g%; is the main target for
endogenous NO, BAY 41-2272 as well as exogenous R@hermore, we found that the

ki/ki

arteries from the sG&™" mice exhibited a higher contractile activity, whito some extent

could be explained by the incapability to respamtidsal endothelial NO.
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VIIl.1. General discussion and future per spectives

Although both sGC and its product cGMP, were idediin the 1960’s, it has been only
within the last 15 years that the outline of the /Bl@MP signaling pathway has been
understood. Ever since, many good examples of kigaasduction by this system have
emerged. They appeared to be most notably in thdios@ascular system (smooth muscle
relaxation and blood pressure regulatipplatelet aggregation and disaggregatipand the
nervous system (neurotransmission both peripherally non-adrenergic-non-cholinergic
nerves® and centrally in the process of long-term poteintinand depressiof). However,
also light transduction in the retifakidney function®, suppression of leukocyte adhesion
and vascular remodellin may be put on the list of NO/cGMP mediated physjaal
processes. This extensive record implies of cotlmgeimpairment of the NO/cGMP system is
the underlying cause for many diseases. Despitadéscof research, many aspects of sGC,
including the physiological relevance of its twoferms remain to be revealed. The capital
aim of this thesis was to gain more insight inte importance of the sG&B3; and sGG,31
isoforms in vascular and corpora cavernosa smoaoigcla relaxation in order to validate the
isoforms as potential pharmacological targets. Beeaf the lack of sGC subunit or isoform
specific inhibitors, we made use of geneticallyiragred mice with a targeted deletion of
one of the sG& genes or a mutation of the s@gene to obtain our goal.

Two isoforms for each sGC subunit have been destyribut only the predominantly
expressed heterodimen; and the less profusely expressed heterodimpr have been
reported to be physiologically actiVeBecause the;f; isoform represents the largest part of
the total SGC content in most tissd&swe first focussed our research on the aGTnice in
which theas3; isoform is no longer functionally active. In theCGs well as in the aorta
isolated from the sG&” mice, we found that the response to endogenous wWé®
completely or almost completely abolished, whicfleats the principal role of thef3:
isoform. In order to evaluate the correlation be&méhis functional alteration in the CC and
erectile dysfunction, one of the future perspectiveould be to determine the erectile
hemodynamics of the sG&™ mice in response to drugs or nerve stimulation ®p
measurements. In contrast with the CC and aorta,féimoral arteries isolated from the
sGGu,” mice, still showed a substantial response to ASlggesting that besides the
sGQuy3; isoform, also the sG&3; isoform and/or (an) sGC-independent mechanismis) a
involved. In addition to NO, ACh is known to induite release of prostacyclin (R§5and of
the endothelium-derived hyperpolarising factor (ED)E. However, the contribution of these
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endothelium-derived substances could be excludethdyact that the relaxing influence of
ACh was completely blocked by the NO-synthase iidibN“-nitro-L-arginine (L-NA).
Furthermore, this finding suggests that the remairiffect of ACh seen in the sGC mice
is completely mediated by NO. To investigate whethé effect of NO is sGC-dependent,
we explored the response to ACh in @@‘i mice, in which the NO-mediated activation of
sGC is abolished. The data obtained from these gawe us also conclusive information on
the involvement of the sGGPB; isoform. As compared with the S@C mice, ACh had less
effect in the sGB,M femoral arteries. This suggests that the minor $&Erm, azBs, is
also activated by endogenous NO in this preparatifmwever, endogenous NO is also able
to exert a sGC-independent relaxant effect, sinegorelaxation induced by ACh is not
completely abolished in the s@¢™ femoral arteries. On the other hand, also EDHRdccou
be responsible for the remaining endothelium-dependelaxation of those arteries. In
contrast to our findings in mice with a 129/SvJ-8wbackground, there is evidence in
literature that EDHF is an important endotheliunpeledent vasodilator in femoral arteries of
C57BL/6J mice?.

It should however be noted that the responsivetee8€h as well as to the NO-donor
SNP were characterised by some variability, asni@ third of the preparations, the relaxant
effect of the NO-related substances was compleabglished in the s@&G“’ femoral
ki

arteries. We suggest that this variation is dueatiation in the available s@z"* mice. At

ki/ki

the beginning only young mice were available beeausst of the sG&™" mice died at an

early age. Later on, the survival rate of the 86 mice increased due to an adapted diet. A
study performed by the research unit of Prof. Dr.BPouckaert of the Department of
Molecular Biomedical Research and Flanders Intemrmsity Institute of Biotechnology, who
ifki

bred the genetically engineered mice, demonstritatithe lifespan of the s@&’* mice

markedly increased when they receive expanded foil,a higher dose of vitamins.

kK mice can have influenced

Besides the diet, also the mixed background os®&3;
the results. The s@z knockin was created in a 129/SvJ-derived embrystem (ES) cell
line and crossed to C57BL/6J mice to test the darentransmission. C57BL/6J x 129/SvJ F2
mice were then intercrossed to produce the homamygoutant mice. Subsequently the
sG(3; mutant strain was being backcrossed to a moreoumifinbred strain (C57BL/6J
strain), in order to eliminate phenotypic variasoraused by the mixed background and thus
to more accurately evaluate the specific gene plgpaoHowever, the time involved to create

fully backcrossed congenic strains, defined as dflerptions of backcrossirtg combined
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with scientific curiosity, led to characterizatiohsG@B,"™

mice with a background that was
still segregating for genes from the progenitoraiss. Numerous reports illustrate the
importance of an appropriate genetic backgrotinéieterozygous insulin receptor knockout
mice for example, showed a variable hyperinsulidermn a mixed background, a mild
hyperinsulinemia on a C57BL/6 congenic background a severe hyperinsulinemia on a
129S6 backgrountf.

Like the sGB/M mice, also the sG&G" mice were generated on a mixed
background; targeted ES cells derived from a 12B/Swain were injected into Swiss
blastocysts to form the chimeric mice. The vascatwell as the cavernosal responsiveness
of the sG@;” mice was obtained on this mixed background. Assitated above, this creates
a potential source of variability in the resuftsespecially since the Swiss strain is known as
an outbred strain (in contrast to the 129/SvJ ab@BL/6J strains). Still, these F2 mice
obtained by crossing the chimera to Swiss and ititencrossing their heterozygous offspring,
offered a reasonable compromise between the denwdrigse for scientific progress on the
one hand and the rigorous control of backgroundhenother hand. In the long term, it is
however recommended that mutants are analysechmredefined backgrourld. Therefore,
we also characterised s@C mice which were successfully backcrossed to a P&EBL/6J
background (see caption VIII.2: Influence of thenggc background on the phenotype of the
sGGu,” mice). The aortic ring segments of these micewsioa significantly reduced
response to ACh, though the remaining effect of ACthese arteries was more than twice as
big compared with the remaining effect of ACh ie thortic rings of the sG’" mice on the
mixed background. This phenotypic difference haseseimplications for the interpretation
of our results, as the s@{B; and the sG&f3; isoform are physiologically more important in
respectively the sGG” mice on the mixed background and the sG&CTmice on the pure
background. The exclusive sGC-dependency of enaageNO was suggested by the

ki/ki mice.

complete absence of ACh-induced relaxation in tbeiarings from the sGR;
Furthermore, this clearly shows that for a cor@anhparison of the data obtained from the
sGGu,” and sG@/M mice, both mutant mice should be characterised nwhdly
backcrossed to the same inbred strain. Moreovadetatify genetic modifiers of the gene of
interest, minimum two congenic strains of every ation should be examined. In this
perspective, it could be interesting to examineuv&scular and cavernosal responsiveness in
sGGu " mice on a pure 129/SvJ background and in thefst8€ mice on a C57BL/6J and

129/SvJ background. Additionally, the phenotypi@leation of a tissue-specific targeted
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disruption (e.g. in the smooth muscle cells) of $&&Cx; gene, may provide more detailed
information on the role of the s@gB; isoform in smooth muscle relaxation. Furthermare,
temporal regulation of the s@¢ mutation can perhaps circumvent the developmental
retardation of the s@&““ mice and in that way lead to an increased lifespa

Under physiological conditions, the endotheliumsaas an inhibitory regulator of
vascular contraction through the continuous reledseasal NO™. We suggest that in the
aorta, sG@,p3; is the predominant target for basally produced KWer all, the aortic rings
isolated from the sG&G” mice were characterised by a significant lowermba&MP level,
an almost completely abolished response to thepbtoakesterase type 5 inhibitor T-1032 and
a significant smaller increase of the precontractmnus upon addition of the sGC-inhibitor
ODQ. In the sG@," femoral arteries and CC, on the other hand, masalty produced
cGMP was accumulated as T-1032 still had a subatastaxant effect in these preparations.
This suggests that besides s{#§;, also sGGB3; is a target for basally released NO.

A lot of diseases, in which an impaired bioavaliipiand/or responsiveness to
endogenous NO has been implicated, are curreetyed with organic nitrates and other NO-
donor drugs that release NO by spontaneous decdtioposr bioconversion®. Given its
clinical relevance, we examined the responsivetmsards exogenously applied NO in both
sGGu,” and sGE/® mice. First of all, SNP, which releases exogend upon
biotransformation and NO-gas, which representgthiest form of exogenous NO, still had a
substantial relaxing effect in the aortic and feahartery segments isolated from the sGC
mice. Furthermore, the sGC inhibitor ODQ had a rggranhibitory influence on the
exogenous NO-induced vasorelaxation and on the itllized cGMP production. ODQ is
described as a potent and highly selective inhilmteGC and has therefore been used widely
to probe for the involvement of cGMP in a given hacological response and to
discriminate between cGMP-dependent and -indepereféatts of NO. However, there are
also reports on the influence of ODQ on the redatesof other heme containing proteins
such as the cytochrome P-450 system, thereby timgbthe reductive bioactivation of
organic nitrates and SNP and thus vasorelaxatiducied by these compountfs Moreover,
as targets for ODQ, myoglobin and hemoglobin casitpely (e.g. in the aortd") or
negatively (e.g. in cardiomyocytéd influence the effectiveness of ODQ dependinghwmirt
concentrations in the tissues. Therefore, a tramsggpproach, such as the NO-insensitive
sGC mutation is of great value. Whatsoever, owlte®btained with ODQ are in line with

the results obtained from the s@¢*' mice. In the femoral arteries of the s&E* mice, the
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response to SNP was far more reduced comparee ®NP-induced response in the $GC

femoral arteries. Moreover, the aortic rings of §@&,*

mice did not respond to SNP at
all. Even though all those findings favour the s@&; isoform as an important target for
exogenous NO, the cGMP-measurements in thexsG@ortic rings are not convincing, since
there is only a small, not significant increasethe production of cGMP upon addition of
SNP. Moreover, the absence of the s&8ubunit is not compensated by an upregulation of
the sG@, subunit as suggested by the QPCR measuremenke irinlg segments of both
sGGy " and sG@;""* mice. However, the study of Mergia et al. in whtbke role of the sGC
isoforms was explored using s&C and sG@," mice, suggests that the small amount of
cGMP produced by the s@gB; isoform, would be sufficient to exert a profourfteet on
vascular toné>. They claim that the sGGB isoform has a predominant role in NO-induced
vasorelaxation, but that the less abundantly espesG@,3; isoform is able to induce an
equivalent response, although higher NO conceontratare needed. As the transgenic mouse
models used in the study of Mergia et al. were bpesl on a mixed 129/SvJ-C57BL6/J
background it is not surprising that their obseore are more in line with our data from the
sGGu;” mice on the C57BL/6J background (see caption ¥llInfluence of the genetic
background on the phenotype of the s&Cmice) than those of the s@C mice on the
129/SvJ-Swiss background. This also suggests tigatNO origin-dependent difference we
observed in sG&™ vasorelaxation is related to the Swiss backgrofnithe sG@,™ mice.
Overall, we can state that despite its lower exgoes the sG@,(3; isoform, plays a very
important role in NO-mediated vasorelaxation. T@wrnwhether the vasorelaxing effect of
sGQu,f3; is a compensation for the absence of thewB{dsoform or the sG&B; is actually
the main physiologically target for NO, NO-inducedsorelaxation should be explored in
sGGx,” mice. Such experiments were scheduled in our woogram, but sG&” mice are
not yet available due to problems with the germlirensmission of the mutation and
infertility of the chimeric mice. As in the TransgeCord-acility of the research unit of Prof.
Dr. P. Brouckaert from the Department of Molecuiomedical Research and Flanders
Interuniversity Institute of Biotechnology, the s@knockout generation has been restarted
from newly electroporated ES, it could perhaps bssible to characterise those mice in the
future. Notwithstanding, Mergia and collaboratdready explored the responsiveness to NO
in sGGx,” mice, it would still be interesting, as there soene important differences between
the transgenic mouse models, and this can leadrable results as was observed with the

sGGy” mice.
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In contrast with the aortic rings in which the sfzhdependent relaxation is
proposed to be completely mediated by sz, our observations on the femoral arteries and
CC demonstrate the participation of sGC-independaethanisms in the response to
exogenous NO. Although many actions of NO have lmgibuted to its ability to activate
sGC and to increase cGMP, also cGMP-independeattefbf NO have been described. One
of the proposed mechanisms underlying cGMP-indepandeduction of the intracellular
C&* concentration by NO is the opening of potassiurmokis?*2®in the cell membrane,
resulting in membrane hyperpolarisation and subsegalosure of the voltage-gated*Ga
channels. Additionally, NO has also been shownxtmude C&'from the cell by directly
stimulating the N&K* ATPase activity’” ?® Moreover, it accelerates the sequestration of
Ccd" into the internal stores by activating the sarcdegasmic reticulum C&pumping
ATPase (SERCAJ®. Especially in the CC, only exogenously applied B&ms to have an
sGC-independent effect. It is possible that thaer@mi administration of NO may influence
the actions of NO and thus also the involvemeraro6GC-independent effect. After all, NO
has direct effects on the endothelidhand differential responses to luminal versus adiam
application of NO have been reportéd Thus, endogenous NO released at the smooth
muscle/ endothelium interface and exogenous NO @idtrated to the whole vessel may have
different effects. Moreover, also the type of NOidoand related with that the form of NO
generated may play a role. NO can exist in a wanéforms, viz. as free radical (NDor as
the ions nitroxyl (NO or nitrosium (NO), and the form(s) predominating may vary
depending on the source of N®

Besides its direct cGMP-independent actions, NO alay regulate ion channels and
transporters by S-nitrosylatio®® or S-glutathiolation®® of reactive thiols, through the
secondary generation of reactive oxygen speciesachidat al. showed that NO and
superoxide anion, through the formation of perotiei, activate SERCA by reversible S-
glutathiolation®®. Additionally, various other proteins involved rimetabolism, signaling, cell
shape and DNA transcription may be regulated by tN@ugh S-glutathiolatiori®. These
non-specific interactions are, together with theel@pment of toleranc&’ and insufficient
biometabolism®, severe limitations associated with the use of mf@asing drugs for the
treatment of NO/cGMP implicated pathologies. Adihally, cGMP-specific
phosphodiesterase inhibitors used for the treatrokstectile dysfunction have been shown
to be significantly less potent in patients withremluced bioavailability of endogenously

produced NG®. Because of these limitations, it was of intetesietermine the physiological
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relevance of the different sGC isoforms in smoothisate relaxation, in order to provide
information needed for the development of morecieie drugs.

Also substances like BAY 41-2272 that can activa® in a NO-independent way,
might offer considerable therapeutic advantages ineNO-based therapiés Knocking out
the sG@,[; isoform caused a significant reduction of the oese to BAY 41-2272 in the
femoral arteries and CC; elimination of the hempethelent activation of both sGC isoforms
did however, not further reduce this BAY 41-227duned response. This suggests that in the
femoral artery and CC, sGgPB; is the only sGC-dependent target of BAY 41-2272tHe
aortic rings, on the other hand, only the highestcentration of BAY 41-2272 we applied

could induce a substantial relaxation in the aGCmice. In the sGE,

aortic rings, the
remaining effect of 10 umol/L BAY 41-2272 was sigrantly smaller, suggesting that at
higher concentrations also s@&; is being activated. Furthermore, from its relaxeffeéct in
the sGB.™ mice, we can conclude that in neither of the #issaxplored, BAY 41-2272
exerts its effect only through the activation ofGGt least, if the sGC-activating quality of
BAY 41-2272 is completely heme-dependent. It iswndhat BAY 41-2272 can inhibit &
entry by mechanisms that do not involve cGMP Furthermore, Mullerhausen et al.
demonstrated a PDE-5 inhibitory action of BAY 41722, However, this has been refuted
by a study of Bischoff and Stasch, who observed BRY 41-2272 was devoid of any
inhibitory effect on PDE-52

From the comparable reaction in s&C and sGG@;

+/+

mice towards the cGMP-
analogue 8-pCPT-cGMP and the cAMP-producing substéorskolin, we concluded that the
impaired responses we observed in the &GQreparations are related to sGC. This could
not be concluded for the s’ mice, at least not in aortic ring segments. Int@Et with

KK mice showed a

the femoral arteries and CC, the aortic ring sedsémom the sG@3;
significantly reduced response to 8-pCPT-cGMP, fiognto an additional mechanism
beyond the level of sGC as underlying cause fordldeiced relaxations. Moreover, also the
AC-activator forskolin did not show an equal relaix&ffect in the aortic rings from both
SGB.K and sGE,™.

Another difference with the sG&" mice, is that the arteries of the st

mice
showed a significant higher response to NOR thanctresponding s@&:"* preparations.
The elevated sensitivity towards NOR was most puoged in the aortic rings and its
relevance was confirmed by a high reproducibilithese surprising observations were

however not reported in the sBC mice, generated by the research group of Koeslind
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coworkers*® who also generated s@GC and sG@," mice?. It should however be noted
that in their sG@; transgenic mice model, the expression of NO-sersi#GC is completely
abrogated, whereas in the s&@Gnutant mice we characterised, the sGC enzymeessept,
yet without a prosthetic heme-group. This is ale® ¢ase for the sGE™ mice, as the model
we used expressed a catalytically inactive g(38otein, whereas in the one of Mergia et al.,
sGGy, expression was completely eliminatét This implies that in the knockout mice
generated by Koesling and coworkers, the influesicenzyme structural functions on the
phenotype, as demonstrated for the RiBKockout micé, can not be ruled out.

Wik arteries,

Further explorations of the higher NOR-induced oese in the sG&;
revealed that this effect is rather specific for RI@ the femoral arteries. The addition of
other contractile substances such as the selectiadrenoreceptor agonist methoxamine, the
prostanoid receptor agonist prostaglandi PGFR,) and K did not result in a higher
response of the s@z"™ femoral arteries. In the aortic rings, on the othand, all tested

contractile agents induced a significant higherpoese in the sG&“

preparations,
although with a different extent. The s@* aortic rings had a greater sensitivity towards
PGFR,,, althoughthe maximum response was not significantly incréa$ée contractile effect
of a G-protein coupled receptor agonist has beemsho result from Cd sensitization as
well as C4&" mobilization*®. The importance of both processes was explorékitontractile
responsiveness of the s’ preparations.

As preincubation with the Rho kinase inhibitor HB7¥, abolished the difference in
the NOR-induced response between the B and sG@,"* femoral arteries, we suggest
that the C& sensitization pathway, in which Rho kinase play&eg role, has a more
ki

profound action in the s@z“ mice . However, in the aortic rings from the 3% mice,

the Rho kinase activity is not suggested to be mcéwd as even in the presence of HA-1077,

the NOR-induced response was still significantighieir in the sGE,"/

preparations. Still,
this does not exclude a possible higher sensitioityards C&', as besides Rho kinase, also
protein kinase C (PKC) is a major determinant far €&* sensitization in vascular smooth
muscles®. The influx of extracellular Gainduced by Bay k 8644 (an L-type €ahannel
agonist) and/or TEA (a non-selectivé ¢éhannel inhibitor), caused a significant higheicéor
ki

development in the aortic rings, but not in the deah arteries from the s@z¥ mice. As in

contrast with the sG&“™ arteries, the vessel segments from the &GGnice showed an
equal contractile activity compared with the 3G mice, we hypothesize that in these mice,

the presence of the s@Gfp; isoform suppresses the NOR-induced contraction.ttAs
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compensation by the s@gB; isoform is not possible in the s@¢ arteries, one would
speculate that the insensitivity towards basal #reliam-derived NO of the s@z vessel
segments is responsible for their higher contmetdtivity. The stimulating effect of ODQ on
the NOR-induced response in C57BL/6J mice alsotpoio that direction. The importance
of basally released NO has been shown to deperiteomessel type studied *’. However,
this heterogeneity does not explain the discrepancyontractile activity between the
sGPBM aorta and sGR femoral artery as we could not observe a significhfference

in the ODQ-induced increase in tone between theBCH&J aorta and femoral artery.
Therefore, we suggest that besides basal endathelarived NO, also other mechanisms are
responsible for the higher tone of the 3¢ arteries. Additional experiments should

further address this issue, for example simultaseoeasurements of [€& and force.

VII.2. Conclusions

Our results show that the s@; isoform, which represents the largest fractiorhef total
sGC protein concentration, is the main target f@ &hd NO-independent sGC stimulators,
like BAY 41-2272. However, the sGg3; isoform can despite its limited expression, preduc
sufficient cGMP to largely compensate for the latkhe sG@;[3; isoform. Contrary to the
aorta, in which sGC is the sole NO-receptor, thedeal artery and corpora cavernosa, also
support the participation of cGMP-independent maidmas. The latter can also be concluded
from our experiments with BAY 41-2272. The seleethargeting of the sGfzf3; isoform
might offer a therapeutic approach to compensatetfe depressed NO/cGMP pathway,
which is the underlying cause of many vascularatisestates.
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Appendix

VIII.1. NO-dependent corpus caver nosum smooth muscle

relaxation in Wnt-1 conditional sGCa;” mice.

VII.1.1. Introduction

Peripheral nitrergic nerves have a widespreadiligion, and are particularly important in
that they produce relaxation of smooth muscle engastrointestinal, respiratory, vascular and
urogenital systems Despite the importance of NO as neurotransmilitée is known about
the regulation of the release of NO from the pesiphnitrergic nerves. In rabbit colérand
corpus cavernosurh sGC/cGMP has been shown to exert a positive fzdbn the release
of NO from the autonomic neurons in the gastrotimastract and penis. How this proposed
feedback is mediated is however unclear. The immistachemical detection of sGC in the
nerve fibers of the corpus cavernosum (¢@hd neuromodulatory role of presynaptical sGC
in the central nervous systemn suggest a possible involvement of sGC in the oreur
Therefore, in the present study, using CC isoldtedh Wnt-1 conditional sG&™ and
sGGu; "™ mice, we investigated if neuronal sGC modulates rierve-induced NO release

from autonomic neurons in the penis.

VII.1.2. Animals

Through homologous recombination in mice embryatén (ES) cells, the sixth exon of the
sGQu; gene was flanked with loxP sites. These ES cellegise to chimeric mice, which
were then used to produce mice homozygous forltxed allel (see caption materials and
methods: mice models: s@Cknockout mice). In the next step those s&€" mice were
mated with transgenic mice expressing Cre recorskinander the control of the Wnt-1
promoter and enhancer. The Wnt-1 protooncogeneusad to be expressed in the dorsal
neural tube of the vertebrate embryo, from whighphuripotent neural crest cells originite
Therefore, by utilizing the Wnt-1 promoter, Cre-eegsion and thus deletion of the G
allele, was restricted to the derivatives of tharaecrest cell€, which include all peripheral

autonomic neuron%
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VIII.1.3. Tissue collection

From male Wnt-1 conditional sG&~ and sG@,"* mice (genetic background: C57BL/6J),
CC was isolated and transferred to cooled KRB gwiutsee caption Ill.4.1. Dissection).

VIll.1.4. Tension measurements

Of each mouse, one corpus cavernosum was mountzomally in a myograph (see caption
[11.4.3. Mounting of the penile tissue) and preleddvith 0.45 g of tension (see caption 111.4.4.
Preparation of the tissue before the experimemt)onder to increase and stabilize the
subsequent submaximal pre-contractile response fombl/L norepinephrine (NOR), the

preparations were 3 times contracted with 5 umbI@R, washed, and allowed to relax to
resting tension before starting the protocol. Wiles pre-contraction response (5 pmol/L
NOR) reached a stable level, electrical field statian (EFS), delivered by a Grass
stimulator via two parallel platinum electrodes, swapplied to the tissue or various
vasodilating substances were added to the bathumedihe CC were washed and allowed to

recover for 20 min between every response curve.

VIII.1.5. Calculations and statistics

Data are presented as mean values + SiEMpresents the number of arteries (each obtained
from a different mouse). Statistical significancasnevaluated by using Studentgest for

unpaired observations (SPSS, version P2J.05 was considered as significant.

VIII.1.6. Results

The endothelium-dependent vasodilator acetylcho(l®€h) relaxed the CC preparations
from both sG@,;"* and Wnt-1 conditional sGG” mice to a similar extend (response to 10
pmol/L: 71.70%+6.07 vs. 72.77%+5.00 (n=6, P>0.05)).

The CC from both sG&** and Wnt-1 conditional sGG’ mice responded to EFS-induced
and thus neuronal derived NO in a similar way (oese to 8Hz: 79.94%+13.50 vs.
72.82%+4.69 (n=5, P>0.05)).

Exogenous NO delivered by the NO-donor sodium prreside (SNP) and NO-gas, had a
concentration-dependent and similar relaxant effe¢che CC preparations of s@C'™* and
Whnt-1 conditional sG&™ mice (response to 10 pmol/L SNP: 99.72%z5.18 64 B6+5.84
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(n=5, P>0.05); response to 0.1 mmol/L NO-gas: 8&%21.89 (n=4) vs88.05%+7.69 (n=5,
P>0.05)).

VIIl.1.7. Discussion

It is widely accepted that the release of NO framtoaomic neurons in the CC results in an
increase of the cGMP-level in the penile tissue aitidsubsequently lead to corporal smooth
muscle relaxation. Hallen et al. showed that theerenduced release of NO from the rabbit
CC is subject to modulation by the sGC/cGMP pathivdtyis however not clear whether this
modulation occurs in the nitrergic neuron or in soother cell type. As there are no reports
on the colocalisation of NOS and sGC in the neuddrike CC, Hallen et al. suggested that it
is more likely that sGC upregulates the formatidrN® within a cell located close to the
nitrergic neuron®. Our data however, give no indication towards & rfor sGC as
neuromodulator in the autonomic neurons of the peks the pelvic neurons arise from the
sacral neural crest the nerve fibers of the penis of the Wnt-1 s&/Cmice lack the
functional sG@; enzyme. The neural crest origin of the pelvic paaris strengthened by the

fact that they have been reported to express meptut factors®® **

that promote the
migration of the neural crest cells to their cotrgite. The CC preparations from both Wnt-1
sGGy” and sG@;"* mice, responded to EFS in a similar way, suggestiat sGG4p,
present in the cavernosal neurons, had no influencthe nerve-induced release of NO. As
expected, the responses to ACh, SNP and NO-gas marenfluenced by the targeted

deletion of the sG&; subunit in the nervous system.
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VI11.2. Influence of the genetic background on the

phenotype of the sGCa;,” mice.

VIIl.2.1. Introduction

As the predominant intracellular target for NO, s@ gulates vascular smooth muscle
relaxation, which is a very important process ia dardiovascular systefn In order to get
insight into the relevance of the two physiologieative sGC isoforms in vasorelaxation,
NO-induced relaxation was measured in vessel segneniated from sG&” and sG@,
mice. The sG@&," mice have a mixed Swiss-129/SvJ background, wheteasG@,
mice have a mixed C57BL/6J-129/SvJ background. Renhigenetic background is known to
produce a potential source of variability in thgpesiments and the phenotypes of mutant
mice have been reported to be influenced by theetic backgrounél Moreover, a genetic
background effect has been put forward as hypattesithe gender-specific development of
hypertension that was found in the sGC mice on the mixed background but not in the
sGGu,” mice backcrossed to a C57BL/6J background. Inramleecognize the importance
of the genetic background, we examined the relaxifigence of NO on the aortic rings from
sGGy,” and sGG;”* mice with a pure C57BL/6J background and compdésiwith the

results obtained from sG&™ and sGG;"* mice with a mixed Swiss-129/SvJ background.

VIIl.2.2. Animals

We used sG&™ mice which were generated on a mixed Swiss-12%8elground and then
backcrossed to a C57BL/6J background for more ffagenerations while selecting for the

mutation of the sG&; gene.

VIIl.2.3. Tissue collection

+/+

Aortic rings from female sG&™ and sG@G;"* mice with a pure C57BL/6J background, were

isolated and transferred to cooled KRB solutiore (s&ption 111.3.1. Dissection).

VIIl.2.4. Tension Measurements

Aortic ring segments were mounted in a small vessgbgraph (see caption 111.3.2.2.
Mounting of the ring segment) and gradually stretthuntil a stable preload of 0.5 g is

obtained (see caption 111.3.2.3. Preparation of déloetic segments before the experiment).
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Subsequently, the preparations were contracteth@&stwith a KRB solution containing 120
mmol/L K" and 5 pumol/L norepinephrine (NOR), washed, andwat to relax to basal
tension before starting the protocol. When a stg@iéeontraction (30 umol/L PGff was

obtained, cumulative concentration-response cuxv@<h and SNP were obtained.

VII1.2.5. Calculations and statistics

Data are presented as mean values + SiEMpresents the number of arteries (each obtained
from a different mouse). Statistical significancasnevaluated by using Studenttest for

unpaired observations (SPSS, version BP2J.05 was considered as significant.

VIIl.2.6. Results

The endothelium-dependent vasoactive substance(Righl1A, B), induced a concentration-
dependent relaxation of the aortic rings from be@Cx,"”* and sG@,” mice. However, the
ACh-induced response was significantly reducedéndortic rings from sG&” mice with a
pure background and almost completely blocked énartic rings from sG&™ mice with a
mixed background (response to 10 pmol/L ACh: mikadkground: 67.8%+3.5 for sGC'*
vs. 16.4%+5.2 for sG&” (n=6, P<0.05); pure background: 71.5%+4.9 for aGC vs.
41.4%210.2 for sG& " (n=4, P<0.05))

The aortic rings from both sG&"* and sG@;” mice responded to the NO-donor SNP (Fig.
1C, D) in a concentration-dependent way. Howevhg telaxing effect of SNP was
significantly reduced in the aortic rings of the @G’ mice with a pure and a mixed
background (response to 10 pmol/L SNP: mixed backut: 77.9%+4.0 for sGG"* vs.
48.6%+3.6 for sG&” (n=15, P<0.05); pure background: 58.0%+2.4 for &GC vs.
35.2%25.5 for sG&," (n=4, P<0.05)).

VIIl.2.7. Discussion

Induced mutations are often generated and maimtasnea mixed segregating background.
Further backcrossing to another inbred strain nesylt in a phenotype different from the
phenotype initially reported on the mixed genetackground®. To look for possible
phenotypic differences with the s@C mice on a mixed background, the NO-induced
response was obtained on aortic rings from &G@nd sGG;"" mice with a pure C57BL/6J
background. We found that the genetic backgroundutates the response to endogenous

NO in the sG@l"' mice, as the ACh-induced relaxation was more redun the sG@l"'
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mice on the mixed background compared to the .sGGnice on the pure background
(reduction of the response to 10 pmol/L ACh: 75.888b6 42.17%). This also implies a
background-related difference in the importanctéhefsG@,[3; isoform and the participation
of the sG@yB; isoform and/or (an) sGC-independent mechanisn{s}ase of the response
to exogenous NO, we found far less supporting emiddor a genetic background effect, as
only the responses to the lowest concentratiorSN® were somewhat more reduced in the
sGGu,” mice on a mixed background. The relaxing influemdéel0 pmol/L SNP was
however, similarly reduced in the s@&C mice on both a mixed background and a pure
background (reduction of the response to 10 pnmeMP: 37.59% vs. 39.41%).

In conclusion, we found that the physiological imtpace of the sG&[3; isoform in the
response to endogenous NO is clearly dependeheajenetic background. This implies the
presence of genetic modifiefs which have to be taken into consideration for ¢oerect

interpretation and comparison of the phenotypab®fjenetically engineered mice.
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Figure VII1.1: Relaxation effect of ACh (A, B) and SNP (C, D) amegontracted (30 umol/L PGH
aortas from female sG&™* and sGGil'/' mice on a mixed background (Swiss-129/SvJ) (A, 1@) a

pure background (C57BL/6J) (B, D). *(sGC™ vs. sGle'/' mice) P<0.05.
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Summary

Soluble guanylyl cyclase (sGC) plays a key rol¢him transduction of inter- and intracellular
signals conveyed by NO; as such its physiologitgddrtance is invaluable. To fulfil this role,
sGC has a unique heme coordination which makesiitable as receptor for NO. Its product,
cGMP, regulates a wide range of biological procgsseluding vascular and non-vascular
smooth muscle relaxation, peripheral and centraroteansmission, platelet reactivity and
phototransduction. Due to its widespread naturgnading via the NO/cGMP pathway is
depressed in many disease states (e.g. erectifandyion (ED)) providing a rationale for
enhancing sGC activity by drugs.

In 1998, the first oral treatment for ER,phosphodiesterase (PDE) type 5 inhibitor
(blocks the breakdown of cGMP) called sildenafiligytd’), becameavailable. The
assumption that ViagPawas a "cure" for erectildysfunction raised high expectations for the
treatment, sustainedy the high interest of the media. However, treattmwith PDE-5
inhibitors turns out to be significantly less eiifiot in patients with a reduced bioavailability
of endogenously generated NO such as in diabeticpatients with severe neurologic
damage. Because sildenafil has a low selectivityDE-6, which is found in the retina,
transient visual disturbances including blurring \a$ion, increased light sensitivity and
impaired blue/green color discrimination, are commside effects. Furthermore, the
concomitant use of Viagra and nitrovasodilatorabisolutely contraindicated, since PDE-5
inhibitors potentiate the systemic hypotensiveaftd NO.

Nitrovasodilators have been used for more thannéucg to induce vasodilatation via
the NO/cGMP pathway, however the development oéréwice and potentially adverse
cGMP-independent actions of nitrovasodilators sagpromoting oxidative stress and protein
modification are functionally important limitatiofigr their use.

This illustrates the interest for the design andettgpment of more selective and NO-
independent therapeutic strategies, in which tiieergtanding of the functional importance of
the physiologically active sGC isoforms (the ma@®Cs;f3; and minor sG@,3;) can be of
great value. Therefore, the aim of this thesis teagain more insight into the physiological
relevance of the sGfzB; and sGGyB; isoform in vascular and corpus cavernosum (CC)
smooth muscle relaxation. As there are no sGC iisoB&pecific inhibitors available, we made
use of a mouse transgenic approach to study thaidmnof each isoform. From genetically

engineered mice with a targeted deletion of thes@Ene or a mutation of the sGyene,
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vascular and corporal tissues were isolated anchtedun a myograph to measure changes in
isometric forces. These experiments were supplesdentith measurements of cGMP

concentrations in the aortic ring€hapter 111 encloses a detailed description of those
techniques.

As sGGufB; is considered to be the "universal heterodimerthwihe highest
expression level, we first draw our attention te #GG," mice in which the sG& 1
isoform is not longer functionally active. tinapter 1V, we demonstrated that the s@f
isoform is of functional importance in vasorelagatinduced by endogenous NO (released
from the endothelium in response to acetylchol®€n()), exogenous NO (delivered by NO-
donors (sodium nitroprusside (SNP) and SNAP) anddgd€ which represents NO as such)
as well as basal NO (examined by the accumulatidrasally produced cGMP caused by the
PDE-5 inhibitor T-1032). Also the vasorelaxing eff@f NO-independent sGC stimulators
(BAY 41-2272 and YC-1), which have been forwarded ptential new drugs for the
treatment NO/cGMP related pathologies, was foundinwolve the sG@ip; activity.
However, the observation that the responsiveneghefarteries from the sG&™ mice is
diminished but not completely abolished, suggebit tbesides sGizp; also the less
abundantly expressed isoform s&f; and/or (an) sGC-independent mechanism(s) play a
substantial role.

Subsequently, we performed a study on the CC mmltom sGG,” mice (chapter
V). CC are defined as two spongelike regions in thaspehich run the length of the organ
and which will become engorged with blood upon #oec The importance of CC smooth
muscle relaxation in penile perfusion (and thuseraction) is illustrated by the fact that
impaired responsiveness of CC smooth muscle celscommon cause of ED or impotence.
Our findings in the CC were overall comparablehe btbservations in the aorta and femoral
artery. We demonstrated the involvement of the &BLisoform in CC smooth muscle
relaxation in response to NO (in addition to endbtim-derived NO, the release of
endogenous NO from the nitrergic neurons was indluneelectrical field stimulation) and
NO-independent sGC-stimulators. Furthermore, disgpiarticipation of the sGfgB; isoform
as well as (an) sGC-independent mechanism(s) dcmuadgued.

To get further insight into the mechanism respdasibr the remaining relaxation in
the sG@," mice, the relaxant properties of vessel and CC #mmaiscle, was investigated in
sGB™ mice (chapter VI). Those mice express a catalytically active but iN&nsitive
sGC enzyme, as the axial ligand of the prosthetimédn group (histidine 105 of the s@C
subunit) is substituted. By comparing the impairtmefthe responses in the s@&* mice
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Summary

with those in the sG&” mice, we concluded that the cGMP producing capadithe minor
sGQu,P, isoform is sufficient to largely compensate thesaire of the sGigp; isoform.
Furthermore, we confirmed the unique role of sGQaaget for NO in the aorta, whereas in
the femoral artery and CC also sGC/cGMP-unrelatedmanisms are involved.

Moreover, we also observed a higher contractiléviggtin the arteries from the s@g™,
which in the femoral artery appears to be speédicnorepinephrine. The aortic rings from
the sG@,™, on the other hand, contracted significantly sgemto a wide range of &a
increasing substances. We suggest that this iremteasntractility to some extent may be
explained by the unresponsiveness to basal endsithgD.

Characterization of genetically engineered miaguimes also a consideration of the
genetic background on which the mutation is mam@dj as numerous reports illustrate the
influence of the genetic background on the phermtyplso we found evidence for the
presence of genetic modifiers (alleles presenhénltackground strain genome that alter the
expression of the gene of interest) since the darton of the sG@,p; isoform in the
response to endogenous NO was dependent on thacgeaekgroundaddendum VI11.2).

This was taken into account by the interpretatiot @mparison of the phenotypes.

In conclusion, the results obtained from the stsidieom this thesis demonstrate the
physiological importance of sGgB; in vascular and CC smooth muscle relaxation and in
that way promote this isoform as a potential metective therapeutic target for the treatment

of cardiovascular diseases and ED.
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Samenvatting

Het feit dat oplosbaar guanylaatcyclase (sGC) emofdnol speelt in de signaaltransductie
tussen de boodschappermoleculen stikstofmonoxide) (Bh cyclisch guanosine 3, 5'-
monofosfaat (cGMP), illustreert het fysiologischldmgy van dit enzym. sGC wordt
gekenmerkt door een unieke heem-bindingsplaataldieeceptor voor NO fungeert. Daarbij
wordt cGMP gevormd, welke een brede waaier varogisthe processen regelt, waaronder
relaxatie van vasculaire en niet-vasculaire gladpliercellen, neurotransmissie in perifere
neuronen, aggregatie van bloedplaatjes en fotattamie. De NO/cGMP signaaltransductie is
in heel wat ziektebeelden onderdrukt (bv. bij eedet dysfunctie (ED)). Vandaar het
veelvuldig gebruik van farmaca die de activiteih w&C trachten te verhogen.

In 1998 werd de eerste orale medicatie voor EDd®pnarkt gebracht, namelijk de
fosfodiesterase (PDE) type 5 antagonist sildeffediht de afbraak van cGMP), beter gekend
onder de naam ViagfaDe verwachtingen van deze behandeling warenesmy aangezien
sildenafil, mede door de enorme media-aandacht, vaar werd gebracht als het middel
tegen erectiestoornissen. PDE-5 remmers blijketeesignificant minder doeltreffend te zijn
voor de behandeling van ED bij patiénten met eelaagde biologische beschikbaarheid van
endogeen gegenereerd NO, zoals dit het geval ididtjetici en bij patiénten met ernstige
neurologische schade. Bovendien inibeert sildenald de PDE-6 welke betrokken is bij de
fototransductie in de retina. Hierdoor zijn tijgleéi effecten op het gezichtsvermogarals
een wazig zicht, een verhoogde gevoeligheid vait len een verstoorde kleurdiscriminatie
(blauw/groen) veel voorkomende bijwerkingen. Verdeag sildenafil ook niet gelijktijdig
ingenomen worden met nitrovasodilatoren (nitratesgngezien PDE-5 remmers het
systemisch hypotensieve effect van NO versterken.

Van oudsher worden nitrovasodilatoren gebruiktvalatverwijders via de NO/cGMP
signaaltransductiecascade. Nochtans hebben dezeeegeiidelen ook belangrijke
beperkingen: de ontwikkeling van tolerantie en deeptieel cGMP-onafhankelijke effecten
van nitrovasodilatoren zoals het verhogen van diada stress en het modificeren van
eiwitten.

Dit verklaart de interesse voor het ontwerpen efwikkelen van meer selectieve en
NO-onafhankelijke therapieén. Hierbij kan inforneatbver het functioneel belang van de
fysiologisch voorkomende sGC isovormen (sfg8z: de hoofd isovorm en sGgB;: de
secundaire isovorm) heel nuttig zijn. Het hoofddeah deze thesis was dan ook meer te

weten te komen over het fysiologisch belang van &BLen sG@,p; bij de relaxatie van
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Samenvatting

vasculaire en corpus cavernosum (CC) gladde sfiemceDoordat er geen sGC isovorm-
specifieke inhibitoren beschikbaar zijn, hebbengebruik gemaakt van transgene muizen om
de functie van elke isovorm te achterhalen. Arte(de aorta en de femorale arterie) en CC
werden geisoleerd uit muizen, waarbij door genleteanipulatie het gen coderend voor de
sGQu; subeenheid uitgeschakeld is of waarin het genreodevoor de sGf; subeenheid
gemuteerd is. Deze weefsels werden vervolgens ppgesn op een myograaf om
isometrische krachtveranderingen te meten. Daarnveasl ook de cGMP concentratie in
aortapreparaten bepaald. Deze technieken werdevetity beschreven inoofstuk I1.

Omdat sG@1p; beschouwd wordt alde universele heterodimeer met het hoogste
expressie niveau, hebben we in ons onderzoek derstandacht gevestigd op de $GC
knockout (sG@,”) muizen, waarbij de sGGB: isovorm niet langer functioneel actief is. In
hoofdstuk IV werd aangetoond dat de s@@; isovorm van functioneel belang is bij
vasodilatatie geinduceerd door zowel endogeen Nfgd€steld uit het endotheel als
antwoord op acetylcholine (ACh)), als exogeen N@ldgerd door NO-donoren (natrium
nitroprusside (SNP) en SNAP) en NO-gas als dusflaalg basaal NO (onderzocht aan de
hand van de opstapeling van basaal geproduceerdP¢@dfioorzaakt door de PDE-5 blokker
T-1032). Verder werd ook vastgesteld dat de &BCisovorm een rol speelt bij het
relaxerend effect van NO-onafhankelijke sGC stinarken (BAY 41-2272 en YC-1). Door
hun vermogen om sGC te activeren zonder NO, woddzle substanties naar voor gebracht
als potentiéle nieuwe medicamenteuze behandelingenr NO/cGMP-gerelateerde
pathologische aandoeningen. Het antwoord van eei@mtafkomstig van de sG¢ ™ muizen
iIs nochtans slechts deels verminderd, wat er optwligt naast sGGB1 ook sGGyp; (de
isovorm met een lagere expressie) en/of (een) s@fhankelike mechanisme(n) een
substantiéle rol spelen.

In hoofdstuk V hebben we de CC afkomstig van de s&Cmuizen onderzocht. CC
zijn opgebouwd uit twee cilindrische sponsachtigeetsels die zich uitstrekken in de lengte
van de penis en die bij een erectie volstromenbioetd. Het belang van de relaxatie van de
CC gladde spiercellen bij de bloeddoorstroming & mknis (en dus bij erectie) wordt
geillustreerd door het feit dat ED of impotentiechad te wijten is aan een verminderd
antwoord van de corporale gladde spiercellen. AEmgezien waren onze bevindingen in
de CC vergelijkbaar met deze in de aorta en feraocmaerie. We hebben aangetoond dat
sGGu P31 betrokken is bij de relaxatie van CC gladde sgiken wanneer deze geinduceerd
wordt door NO (naast NO afkomstig van het endotiveeld ook NO vanuit de nitrerge

zenuwen vrijgesteld door middel van electrischelstinulatie) en NO-onafhankelijke sGC
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stimulators. Verder werden argumenten gevonden wetrbelang van zowel de s@&f:
isovorm als (een) sGC-onafhankelijke mechanisme(n).

Om informatie te verkrijgen over het mechanisme \daantwoordelijk is voor de
resterende gladde spiercel relaxatie in de &GCmuizen, werd het relaxatievermogen

onderzocht van de vasculaire en CC preparaten afigwan sG@,*“

muizen(hoofdstuk
VI). Het sGC enzym in deze muizen is katalytisch hoti@ar ongevoelig voor NO door het
vervangen van het axiale bindingsresidu voor dsthatische heme groep (histidine 105 van
de sG@@; subunit). De vermindering van de gladde spiereédxatie geobserveerd in de
preparaten van de s@¢™® muizen werd vergeleken met deze in de preparatende
sGGu,” muizen. Hieruit konden we besluiten dat de afweeig van een functioneel
sGQu Py isovorm grotendeels gecompenseerd wordt door cGjdproduceerd door de
minder tot expressie gebrachte sf§; isovorm. Verder werd in de aorta de rol van sGC al
enige receptor voor NO bevestigd. Dit in tegensigltot de femorale arterie en de CC,
waarin ook niet sGC-gerelateerde mechanismen ajinef

KK muizen een

Bovendien stelden we vast dat de arterién geigsblagrde sG@;
grotere contractie vertonen, welke in de femorateri@ specifiek bleek te zijn voor
noradrenaline. De aortapreparaten uit de (€ muizen daarentegen, vertoonden een groter
antwoord op een brede waaier van {iaverhogende substanties. Deze verhoogde
contractiliteit zou ten dele kunnen te wijten z§an de absentie van het vasodilaterend effect
van basaal NO in de preparaten afkomstig van degt&Omuizen.

Bij de karakterisering van genetisch gemanipukeerduizen dient men steeds
rekening te houden met de genetische achtergramde’gemuteerde muizen. In de literatuur
is namelijk veelvuldig beschreven welke invioedgg@etische achtergrond kan hebben op het
fenotype. Inaddendum VI111.2 rapporteren we dat de bijdrage van de g{BCisovorm in het
antwoord op endogeen NO varieert naargelang detigelne achtergrond. Dit wijst op de
aanwezigheid van ‘genetic modifiers’ (allelen digea zijn aan het genoom van de muisstam
en die de expressie van het gen van interessegeryi die in rekening dienen te worden
gebracht bij de interpretatie en het vergelijken fenotypes.

Samenvattend tonen de resultaten van dit werk aadedsG@;f; isovorm van fysiologisch
belang is bij de relaxatie van vasculaire en CGdgaspiercellen en dat deze isovorm kan
aangegeven worden als een potentieel meer selettteghpeutisch doelwit voor de

behandeling van cardiovasculaire aandoeningen en ED
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