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New insights into the control of small artery function

ABSTRACT

Background: Available data clearly indicates functional and morphological differences
between small and large arteries, and observations from studies on large arteries may not be
applicable to understand the physiology of small arteries (~200-300pum) that actively participate
in the regulation of peripheral vascular resistance, blood pressure and flow to target organs.
These events confer cardiovascular adaptation to normal pregnancy (NP), however they are
disturbed in preeclampsia (PE) and in estrogen receptor 3 knockout (ERBKO) mice at a certain
age.

Aims: (1) To assess endothelial function and morphology with focus on the role and
mechanisms of endothelium-derived hyperpolarizing factor (EDHF)-mediated relaxation in
small subcutaneous arteries isolated from pregnant women with and without PE; (2) To
estimate the predisposition for sex difference in blood pressure of ERBKO mice at the level of
small arteries’ function with a focus on endothelium-dependent dilatation (EDHF) and
adrenergic vasoconstriction.

Methodology: Small subcutaneous arteries obtained from pregnant women and femoral
arteries obtained from age-matched (14-22 weeks old) female and male wild type (WT, ER(
+/+) and ERBKO mice were used in a wire-myography set-up for functional studies.
Immunohistochemistry for connexins (Cx) and/or ER subtypes (as appropriate), as well as
scanning and transmission electron microscopy techniques were also utilized for evaluation
of small arteries” morphology with particular focus on prerequisite for gap junction
communications.

Results and conclusions: (1) The overall endothelium-dependent response in arteries from
pregnant women with and without PE was similar. However, EDHF-mediated relaxation was
reduced in PE. The results demonstrated heterogeneity in the relative contribution of
endothelium-derived factors and in the mechanisms responsible for the EDHF-mediated
relaxation in PE. Gap junctions and/or H,O, and/or cytochrome P450 epoxygenase metabolites
of arachidonic acid appeared to be involved in the EDHF-mediated response in PE. In NP
women, communication via gap junctions via Cx 43 represented a common pathway
responsible for EDHF action. The link between morphological alterations within the vascular
wall, and changes in the contribution of gap junctions to EDHF-mediated relaxation of small
arteries isolated from women with PE was suggested.

(2) Endothelium-dependent relaxation in arteries (<200um of internal diameter) was greater in
WT females vs. males, and this was attributed to a greater EDHF component in the relaxation.
This difference was absent in ERBKO mice. The data suggests that in WT male mice ERB
reduces EDHF-mediated relaxation. The pharmacological evidence and morphological
prerequisite for involvement of gap junctions in EDHF-mediated responses was indicated in
male arteries. However, the absence of ERf had no influence on expression of the main Cx
subtypes within the vascular wall or on the ultrastructure and morphology of the endothelium.
The increased EDHF contribution to endothelium-dependent dilatation in ERBKO male mice
vs. WT could not explain the hypertension observed in ERBKO animals.

(3) Femoral arteries from ERBKO male mice demonstrated an enhancement of the contractile
response to o-adrenoceptor agonist (phenylephrine) that was accompanied by elevated basal
tension attributable to endothelial factors. Contractile responses to the mixed adrenoceptor
agonist, norepinephrine, were similar in ERBKO and WT mice; however the addition of j-
adrenoceptor inhibitor unmasked the enhancement of the underlying o;-adrenoceptor
responsiveness pertinent to males. B-Adrenoceptor-mediated dilatation was also enhanced in
ERBKO vs. WT males. We suggest that ER} modifies the adrenergic control of small artery
tone in males, but not in females. The alterations in the adrenergic modulation of small artery
tone might commence the hypertension in ERBKO males.

Significance: Heterogeneity in manifestation of functional and morphological signs of
endothelial dysfunction at the level of small arteries in PE indicates a complexity and
multifactor genesis of this pregnancy-related disorder. The relative importance of ER for the
control of small artery function found in males in the rodent model substantiates a gender-
related approach for prevention and treatment of cardiovascular disease.
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“To know that we know what we know, and
to know that we do not know what we do not
know, that is true knowledge.”

Nicolaus Copernicus (1473-1543)

1 INTRODUCTION

Blood vessels proximal to the arterioles with a lumen diameter of 100-300 pm are
defined as small arteries. These arteries contribute substantially and participate actively
in the regulation of peripheral vascular resistance, blood pressure and flow to the target
organs [69]. For many years, the knowledge about their structure and function was
mainly based on the investigation of large vessels. Until the 1970s, the information
about their properties was gathered from the visual examination of vessels in readily
accessible vascular beds or from in vivo perfusion studies in combination with
histological examinations [265]. In 1976 Professors M.J. Mulvany and W.Halpern
described a new technique for ex-vivo investigation of blood vessels with internal
diameter (ID) as small as 100um. Since then the improvement of initial and
development of novel techniques substantiated the information specific to small arteries
function. Current knowledge implicates the morphological and functional differences
between small and large arteries and their physiological role for cardiovascular
maintenance in health and disease.

The overall aim of this thesis is to gain further understanding about the functional and
morphological features of small arteries by focusing particularly on endothelium-
dependent control of vascular reactivity in human pregnancy and in estrogen receptor 3
knockout mice.

1.1 EDHF AS THE MAIN MECHANISM FOR ENDOTHELIUM-DEPENDENT
RELAXATION IN SMALL ARTERIES

More than a quarter of a century has passed since discovery of the vital importance of
endothelium for vascular control [134]. Prostacyclin (PGI,) — a cyclooxygenase-
dependent metabolite of arachidonic acid (AA) [108] and nitric oxide (NO) formed
through L-arginine and NO synthase (NOS) pathway [280] were identified as major
endothelium-derived vasodilators. However, the fact that NO and PGI, could not fully
account for the agonist-induced relaxation in certain circulations, suggested the
existence of an additional vasodilative mechanism defined as endothelium-dependent
but NO and PGI, independent [179, 203, 204]. Since the residual endothelium-
dependent relaxation was concurrent with vascular smooth muscle cell (VSMC)
hyperpolarization [60] and abolished by potassium channel (K *-channel) blockers or by
depolarizing concentration of potassium (an increase in extracellular K from basal 4.7
to 25-30 mM) [1], the mediator responsible for this occurrence was termed as
endothelium-derived hyperpolarizing factor (EDHF) [359]. Thus, by definition, EDHF
seems to be a substance and/or electrical signal that is generated or synthesized in and
released from the endothelium that hyperpolarizes VSMC followed relaxation [127].

Although the nature and mechanism of EDHF action is wrapped in a shroud of
mystery, the importance of EDHF is confirmed by its predominant contribution to
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endothelium-dependent modulation of VSMC tone in resistance-sized arteries [117,
252]. Indeed, EDHF-mediated contribution to endothelium-dependent dilatation
increases as the vessel size decreases [367, 373]. If NO and PGI; inhibitors almost fully
prevent endothelium-dependent relaxation in conduit arteries (i.g. aorta) [186, 398], the
dilative capacity is equally divided between EDHF and NO in vessels with diameter
above 300pum [130]. In smaller vessels the contribution of EDHF increases
significantly and the role of NO is minimal [118, 282] (Figure 1; please, note that it is
generalized scheme showing the overall tendency; however, the variability between
species and vascular beds persists. For example, different contribution of EDHF vs NO
has been shown between small arteries of hamster isolated from coronary, mesenteric
and skeletal muscle vascular beds [71]). The functional evidence is supported by
electrophysiological experiments, in which endothelium-dependent changes in
membrane potential are more pronounced in smaller vs large arteries [367]. An inverse
relationship between endothelial NOS (eNOS) expression and vessel size in the aorta
and proximal vs distal mesenteric arteries has also been reported [332].

Large conduit Arteries with Arteries with
arteries ID>3001m ID<300pum

Endothelial cells

ED:HF NO
— O

NO eoHr

] |

NO EDHF

Vascular Smooth Muscle Cells

Figure 1. Generalized schematic representation of the balance between agonist-induced NO
and EDHF release in arteries depending on the internal diameter (ID).

Given the fact that EDHF-mediated responses are most prominent after NOS inhibition,
it seems logical to suggest that the continuous production of NO by endothelial cells
(EC) could damp out the generation of EDHF and/or the activity of the proposed EDHF
synthase. Therefore, hypothetically EDHF may act as a back-up endothelium-derived
vasodilator when NO production is compromised. Indeed, in small mesenteric arteries
from mice deficient in eNOS, an up-regulation of EDHF contribution occurs [387].
Exogenously applied NO at concentrations compatible to those achieved after
stimulation with endothelium-dependent agonist attenuated EDHF-mediated dilatations
in rabbit carotid and porcine coronary arteries, and effect was likely due to interference
with synthesis and/or release of EDHF rather than its action per se [21]. A negative
feedback inhibition of EDHF production by NO involving changes in Ca®" signaling in
EC has also been reported. The inhibition of NOS has been shown to enhance
intracellular Ca** concentration ([Ca'];) in response to the agonists [333] and a higher
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endothelial [Ca2+]i threshold requirement exists for EDHF- vs NO-mediated relaxation
[239].

Since EDHF appears to be most important in small arteries, it is obvious that changes in
the synthesis and/or release of EDHF are of critical importance for the regulation of
organ blood flow, peripheral vascular resistance and blood pressure, and, above all,
when compromised production of NO is evident. Depending on the scope of
cardiovascular disorders, the altered EDHF responses may therefore contribute to [246,
382], or compensate for [51, 189] endothelial abnormalities associated with
pathogenesis of several disorders. Consequently, identification of vessel-specific nature
of EDHF, and selective activators or inhibitors of its biological activity, might have a
significant impact on our understanding of vascular pathophysiology and provide the
basis for novel therapeutic strategies [55].

Considering the importance of small arteries in the maintenance of blood supply
requirements to the target organs, the prevalence of EDHF-mediated responses in these
arteries plays a vital biological role. The accessibility of EDHF-mediated mechanism in
addition to NO- and PGl,-mediated dilatation may provide a “factor of safety” to
preserve vasodilative capacity of the endothelium in circulation where endothelium-
dependent relaxation appears to be of vital importance. The diverse nature of EDHF, as
demonstrated in the same arteries by different research groups, may also reflect a
flexibility of the mechanisms responsible for EDHF-mediated relaxation, which
depends on the physiological or diseased state of the organism.

1.2 MECHANISMS OF EDHF RELEASE AND ACTION

The fact that acetylcholine (ACh) causes hyperpolarization of VSMCs was reported
prior to the detection of the importance of the endothelium in dilatation [209]. The final
recognition that agonist-induced hyperpolarization occurs through a release of an
endothelial factor named EDHF was reached a few years later [33] after the classical
study describing endothelium-dependent dilatation was published [134].

The overall picture of EDHF release and/or generation of a hyperpolarizing signal
within EC and the response of VSMC are shown in Figure 2. The basic mechanism of
EDHF-mediated response can be separated into two stages based on the place where
the events occur. An increase in [Ca®'];, activation of Ca2+-dependent K*-channels
(Kca) and K efflux followed by hyperpolarization, synthesis of substance or generation
of signals capable of diffusing through membranes or myoendothelial gap junctions
(MEGJ) to VSMC confer endothelial stage of EDHF-mediated response. The following
stage reflects the mechanism by which endothelial hyperpolarization is transferred to
VSMC. At the level of VSMC, EDHF activates K'-channels and causes endothelium-
dependent hyperpolarization (EDH) accompanied by closure of voltage-sensitive Ca”'-
channels (vCa®") that results in relaxation [43, 252].

The elevation of [Ca*']; in EC is a critical event for the synthesis or release of EDHF
[61], however the relative role of either transmembrane Ca®" influx or Ca®' release
from intracellular sources remains in dispute. It has been suggested that emptying of the
intracellular stores of Ca®" serves as a triggering pathway to initiate EDHF production,
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while transmembrane Ca”" influx through nonselective cation channels is an important
step for sustained EDHF-mediated response [132, 368].
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Figure 2. Summary of current view involving potential pathways in endothelium-dependent
hyperpolarization.

Endothelium-dependent agonists (A) activate endothelial cell (EC) receptors (R) leading to the
entry of extracellular and the release of intracellular Ca®* and synthesis of EDHF. Along with
the synthesis of EDHF, the hyperpolarization of ECs occurs, since Ca®’ activates Ca®'-
dependent K'-channels (K¢,>") and induces K efflux. EDHF diffuses to the vascular smooth
muscle cells (VSMCs), activates K¢, 2'-channels and  causes endothelium-dependent
hyperpolarization. VSMCs contain voltage-sensitive Ca”'’-channels (vCa®") and a drop in
membrane potential closes vCa® -channels and induces relaxation. Three main candidates for
EDHF have been proposed: (1) Cytochrome P450 (CYP450) products, (2) potassium ions (K*)
and (3) H,O,. (1) CYP450 products: An increase in Ca®" in EC activates phospholipase A,
(PLA,) known as the rate-limiting enzyme for the release of arachidonic acid (AA) from
phospholipids (PL). AA is a substrate for superfamily of CYP450 enzymes (P450).
Epoxygenase products of AA, epoxyeicosatrienoic acids (EETs), directly activate K, '-
channels in VSMCs and induce relaxation. (2) K~ per se: the opening of EC K¢,>'-channels
could result in an increase of extracellular K that could hyperpolarizate VSMCs via the
activation of the ouabain-sensitive electrogenic Na'—K'-ATPase and inward rectify K'-
channels (Kr). (3) H,0,: an increase in Ca>" in EC activates enzymes that produce superoxide
anions (O,) as a by-product. Superoxide dismutase (SOD) accelerates the dismutation of O,
into H,O, and molecular oxygen. H,O, activates Kca2 -channels and causes hyperpolarization
followed by relaxation. (4) Myoendothelial gap junctions (MEGJ) provide the means by which
hyperpolarization of ECs is transferred to VSMCs. MEG] facilitate the EDHF diffusion from
the ECs to VSMCs or may serve as a channel for electrical signal transduction.

10
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At the level of SMC, changes in [Ca®"]; determine the constriction-relaxation process. It
is important to note that in small arteries sarcoplasmic reticulum, an intracellular store
of Ca®", is poorly developed [335]. This contrasts to large conductance vasculature, and
therefore small arteries are exceptionally dependent on extracellular Ca®" and its influx
through vCa®".

The nature and distribution of K'-channels involved in EDHF-mediated response
within EC and VSMC has yet to be finalized. Initially, three channels have been
considered, as only the combination of two toxins, i.e. charybdotoxin that blocks both
large (BKc,) and intermediate conductance calcium-activated K'-channels (IK¢,), and
apamin that inhibits small conductance K'-channels (SKc,), as a rule, abolished EDHF-
mediated responses [81]. Later, however, a combination of either charybdotoxin or
apamin with selective inhibitors of BK¢, or SKc¢, channels, has indicated an essential
role for IK¢, and SKc,, but not BK,, channels [413, 414]. IK¢, and SK¢, are localized
in EC and are not expressed in the VSMCs [112, 390], suggesting an importance of EC
hyperpolarization in the EDHF-mediated response. Also, it has been shown that ECs do
not express the BKc¢, channels whereas, SMCs densely express BK¢, channels [137].
Finally, it can not be excluded that the synthesis and action of EDHF involves novel
K '-channels either on EC and/or on VSMC [413].

The mechanisms responsible for changes in K™ dynamics at the level of VSMC during
EDHF-induced hyperpolarization appear also to be heterogeneous and involve BKc,,
inwardly rectifying K'-channels (Kir) or K'arp and Na'—K'-ATPase [211, 386].
Therefore, the selective inhibitor of BKc, iberiotoxin does not serve as a universal
blocker of EDH at the level of SMC. The variety of mechanisms involved in EDH at
the level of VSMC seems to depend on different pathways and currently it is
anticipated that EDHF may not act as a single factor. It is more likely that differences
on the nature and cellular targets of EDHF exist depending on species, tissue type, and
whether or not it is in a healthy or diseased state.

To date the cytochrome P450 (CYP450) products of AA [307], potassium ions [110],
hydrogen peroxide [244] and C-type natriuretic peptide (CNP) [54] have been
introduced as the potential candidates for EDHF. EC hyperpolarization could be also
transmitted to SMC through myoendothelial gap junctions [58] that are clusters of
intercellular channels formed by connexin (Cx) proteins. The potential candidates for
EDHF are introduced below and above in Figure 2. For more comprehensive details
please see recent reviews [43, 128, 151, 252, 329].

1.2.1 EDHF or NO is EDHF?

Classically, EDHF mediated response is a hyperpolarization with subsequent relaxation
maintained after inhibition of NO and prostaglandins, namely PGI,, synthesis. Since
both NO and PGI,; in certain circumstances and in some types of arteries and/or species
may also hyperpolarize the SMC, theoretically, they could be considered as EDHF.
Because all available cyclooxygenase (COX) inhibitors completely abolish the
prostaglandins production in vasculature, any endothelium-dependent hyperpolarization
observed in the presence of one inhibitor is unlikely to be mediated by PGI, [119]. In
contrast, inhibitors of NOS do not entirely block the production of NO [76].
Furthermore, some vessels (e.g. human coronary artery) are able to generate NO from a

11
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non-L-arginine source, and NOS inhibitor-insensitive production may take a place
[193]. NO can also be stored and under circumstances of restricted NO production,
could be released independently from NOS [119]. Recently Stankevicius et al (2006)
reported that activation of apamin and charybdotoxin-sensitive K -channels, which are
unique characteristics of EDHF-mediated relaxation, induce hyperpolarization of ECs
and NO release in the rat mesenteric artery [343], although the NO release after
incubation with apamin and charybdotoxin could be up-regulated by abolishment of
EDHF-mediated mechanism.

Considering the fact that NO-dependent responses, involving the hyperpolarization, as
a mechanism of relaxation, may occur due to incomplete inhibition of NOS pathway,
NO scavengers or inhibitors of guanylate cyclase are encouraged for use to rule out a
residual contribution of NO in EDHF-mediated response. Although, it is important to
note that the hyperpolarization mediated by NO requires a 40-fold higher concentration
than that necessary to mediate relaxation through guanylate cyclase pathway [157].
Nevertheless, when all approaches have been covered, a third pathway of endothelium-
dependent relaxation (i.e. EDHF) has been demonstrated in a variety of blood vessels
[376].

“The best way to get a good idea is to get a lot of ideas”

Linus Pauling (1901-1994)
The Nobel Prize in Chemistry 1954,
The Nobel Peace Prize 1962

1.3 THE PATHWAYS TO EXPLAIN EDHF-MEDIATED RELAXATION

Several criteria must be considered while identifying the mediator for EDHF [297].
First, EDHF-mediated relaxation should be basically abolished by interventions that
affect synthesis, release or effect of the candidate per se. Second, the proposed
substance should mimic EDHF-mediated relaxation. Third, the candidate has to be
derived from the endothelium in an amount sufficient to initiate EDHF-mediated
response. Finally, the agents that are known to increase the synthesis, release or effect
of the candidate, have to be able to potentate EDHF-mediated relaxation.

Several candidates exist that fulfill the criteria listed above, and two general pathways
that explain EDH (i.e. diffusible factors and contact-mediated mechanisms) are
suggested [314]. Diffusible factors are endothelium-derived substances that are able to
pass through internal elastic lamina (IEL), reach underlying SMC at a concentration
sufficient to activate ion channels, and initiate smooth muscle hyperpolarization and
relaxation. Contact-mediated mechanisms confer to endothelial hyperpolarization that
passively spreads to the smooth muscle through intercellular coupling and therefore
EDH considered as a solely electrical event.

1.3.1 Diffusible factors

1.3.1.1 Epoxyeicosatrienoic acids

Historically, the metabolites of AA were the first candidates suggested for the role of
EDHF [308], although currently there is strong supporting evidence for it mostly in

12
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coronary circulation as demonstrated in several species including humans [40]. A
number of enzymes metabolize AA into numerous compounds that influence the tone
of blood vessels. In a variety of arteries EDHF-mediated responses are inhibited by
inhibitors of phospholipase A, (PLA,), the enzyme responsible for the liberation of AA
from membrane phospholipids [2, 407].

Despite a variety of prostaglandins derived from AA through the COX pathway, the
products of AA generated by another metabolizing enzyme were proposed to be
responsible for the synthesis of EDHF. Epoxygenase CYP-450 products of AA, notably
5,6-; 8,9-; 11,12-; or 14,15- epoxyeicosatrienoic acid (EETs) have been suggested to
serve as EDHF, at least, in some vascular beds.

The idea that EETs are EDHF is based on the following observations. 1) Endothelium-
dependent agonists [47, 109], pulsative stretch [126] and shear stress [177], all
stimulate the EETs release. 2) The CYP450 epoxygenases are expressed in ECs of
coronary arteries [34, 125]. 3) Pharmacological inhibition of CYP-450 epoxygenases
by sulfaphenazole and so-called “EET antagonists” nearly abolishes the EDHF-
mediated responses, at least in some arteries [136]. 4) Incubation of porcine coronary
arteries with antisense oligonucleotides against the coding region of DNA for CYP-
450 epoxygenase markedly reduced its mRNA and protein, and attenuated EDHF-
mediated hyperpolarization and relaxation without compromising responsiveness to
endogenous or exogenous NO [34, 125]. 5) EETs induce relaxation in endothelium-
denuded arteries and activate BK,-channels as well as Na'—K'-ATPase in native and
cultured SMCs [296]. 6) The vasodilator potency of EETs increases with the reduction
in vessel size [297], and conduit vessels such as the aorta do not normally synthesize
EETs [287]. 7) NO antagonizes heme-containing proteins such as CYP450 [259] and
may theoretically explain the inhibitor influence of NO on EDHF-mediated responses.
8) Finally, an inducer of CYP450 B-naphthoflavone enhances the formation of EETs,
as well as EDHF-mediated hyperpolarization and relaxation in native ECs, at least, in
porcine coronary arteries [125].

In humans, the CYP450-dependent, EDHF-mediated responses have been observed in
coronary [261] and mammary [12] arteries, in forearm [159] and in skeletal circulation
[169], although EDHF-mediated relaxation in mesenteric [242], myometrial [195], and
renal arteries [44], appeared to be CYP450 independent. A clear diversity exists in
respect to subcutaneous circulation [74], and currently the role of EETs acting as EDHF
is questioned for several reasons. First, some of CYP450 inhibitors act non-specifically
on K-channels which are directly involved in EDHF-mediated relaxation [252].
Secondly, in only few cases (i.e. coronary artery) iberiotoxin alone inhibits EDHF-
mediated relaxation [293], while only a combination of apamin and charybdotoxin
effectively inhibits the EDHF-mediated response. Finally, since EETs are lipophilic,
their diffusion from the endothelium to the VSMC down a concentration gradient will
be too slow to confer a rapid EDHF-mediated response, and molecules of EETs are not
able to pass through MEGJ.

Recently, Fleming et al (2004) suggested that EETs may serve as key messengers or
modulators of EDHF-mediated response rather than EDHF per se (i.e. a factor that
diffuses from the endothelium to the VSMC) [128]. Indeed, metabolites of CYP450
epoxygenase may regulate Ca>" entry into EC [311], activate endothelial K¢,>" channels
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[19, 220] and facilitate gap junctional communication via protein kinase C-dependent
processes [292].

1.3.1.2 Hydrogen peroxide

The hypothesis that H,O, could serve as a possible candidate for EDHF was proposed
in 1991 [25] due to the evidence that H,O, is produced by EC, and could relax and
hyperpolarize SMC. However, at that time, there was no supporting evidence, a few
years later, H,O, was reconsidered as a candidate but only in conditions associated with
limited availability of L-arginine [83]. At that time, links between H,O, and EDHF
were considered either weak or nonexistent [117, 377].

However, Matoba et al (2000) has argued based on experimental evidence in
mesenteric arteries from mice [244], human [242], porcine [243] and canine [401]
coronary arteries that H,O, fulfils the criteria for EDHF, since catalase, a specific
inhibitor of H,0,, abolished EDHF-mediated hyperpolarization and relaxation [330].
Afterward, it has also been reported that endothelium-derived H,O, is an EDHF in
human coronary [260] and piglet pial microvessels [212].

The capacity of ECs to produce superoxide anions (O, ) from several intracellular
sources, including eNOS, lipoxygenases, COX, CYP450 epoxygenases and NAD(P)H
oxidases, is well known [331]. They are converted by superoxide dismutase (SOD) to
H,0,, which may stimulate ion channels on the VSMCs by increasing K" conductance
and causing hyperpolarization followed by relaxation. However, the mechanism of
H,0,-induced hyperpolarization appears to be complex and different types of K"
channel might be involved. It is also possible that HO, non-selectively targets various
K" channels in VSMC and response of these channels (activation or inhibition) may
vary between vascular preparations studied [115].

Since two products of NOS, NO and O, react spontaneously, they would be expected
to suppress each other’s effects. In order to form H,O,, O, has to escape interacting
with NO and, under normal conditions, only a small amount of O, will survive long
enough to act with SOD and generate H,O,. Normally NO overcomes H,O, production
and serves as a main endothelium-derived vasodilator. In contrast, in diseased
conditions, the production of O, (largely from sources other than eNOS) will
overwhelm the production of NO [379]. Thus, the relative contribution of NO vs H>O,
to control the vascular tone will be inversely proportional to each other and the
appearance of one is likely to compensate for the absence of the other. In the presence
of oxidative stress when deactivation of NO occurs, it is possible that H,O, production
will compensate the impairment of endothelium-dependent relaxation. If this
hypothesis is correct, there should be then an increased contribution of H,O; in the
diseased state [370]. Some studies report that in tetrahydrobiopterin-deficient mice
uncoupled eNOS can serve as a source for H,O, and an increased contribution of H,O,
to endothelium-dependent relaxations has been demonstrated as a compensatory
response [82, 83, 214]. Recently, a compensatory cardioprotective role of endogenous
H,0, has been implicated in coronary ischemia-reperfusion injury against loss of NO
contribution [400].
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However, several studies failed to show that catalase inhibits L-NAME and
indomethacin-resistant relaxations [133, 160, 233, 291]. In contrast to Matoba et al
(2000) [244], extended work by Ellis et al (2003) [114] have failed to confirm the
existence of a catalase-sensitive pathway, and therefore H,O,-mediated, endothelium-
dependent relaxations in small mesenteric arteries from the same strain of mice
(C57BL/6).

Moreover, H,O, candidacy is questioned by the facts that it has an inhibitory action on
K" channels, at least in some vascular beds [115]. H,O, has been shown to alter the
activity of pathways controlling intracellular calcium homeostasis, including Ca®'-
ATPase pump, Na'—K-ATPase and some Ca’'-channels that may lead to an increase
in intracellular Ca”" levels followed by SMCs contraction [115, 405,349].

It is more likely that H,O, may indirectly affect the other pathways responsible for
relaxation. For example, the production of AA can be induced by H,O, [115] and is
followed by the production of different metabolites that, in turn, could influence
EDHF-mediated responses or serve as EDHF per se. Recent studies reported that H,O,
up-regulates eNOS expression in vitro and in vivo [105] and H,O, acutely stimulates
NO production by eNOS [361].

It can not be excluded that H,O, is endothelium-derived vasodilator, but it is not an
EDHF. It was demonstrated that in isolated rat femoral arteries H,O, derived from
eNOS, since catalase reduced ACh-induced relaxations in physiological salt solution
(PSS), but had no effect on residual relaxation after L-NAME [216]. The finding is in
accordance with a previous study in which the production of H,O, was impaired in
eNOS-knockout mice [244]. Also, in rabbit iliac arteries NO/prostanoid-independent
relaxations evoked by A23187 were mediated by H,O,, but could not be regarded as
EDHEF, as the catalase-sensitive component was not associated with smooth muscle
hyperpolarization [57]. Recently, Drouin et al (2007) reported that eNOS-derived H,O,
is an endothelium-derived vasodilator in pressurized cerebral arteries from mice and
H,0; shares a similar dilatory pathway with NO since H,O,-induced dilation was
prevented by ODQ, the soluble guanylate cyclase inhibitor [104].

1.3.1.3 Potassium ions

The activation of endothelial K¢," channels causes an efflux of K from ECs towards
the extracellular space. Theoretically, this could increase the concentration of
extracellular K in the space between the endothelium and media. An increase of
extracellular K within the range of 1 to 10 mmol/l has been shown to activate the
ouabain-sensitive electrogenic Na —K-ATPase and Ki-channels and followed by
hyperpolarization and SMC relaxation. Using a K'-selective microelectrode in rat
hepatic arteries, Edwards et al. (1998) [110] reported that the ACh-mediated increase
in K" from 4.6 to 11.6 mmol/l occurs in the exstracellular space between ECs and
SMCs. This has been further supported by studies in other vascular beds, including
humans [110, 254, 271, 369]. However it was later opposed by the facts that
combination of Ba>" and ouabain failed to influence EDHF-mediated relaxation and an
increase in extracellular K* does not mimic EDHF dilatation in arteries from both
humans and animals [9, 74, 77, 415]. The involvement of K" ions into EDHF-mediated
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relaxation through gap junctions is discussed below (please see Figure 5) and this
event does not necessarily involve the activation Na'—K'-ATPase and inward
rectifying K'-channels. It’s more likely that K" ions and gap junctions can be involved
in EDHF-mediated relaxation simultaneously or sequentially and may also act
synergistically [40, 119].

1.3.1.4 C-Type Natriuretic Peptide

C-type natriuretic peptide (CNP), a member of the natriuretic peptide family, has
been shown to exert a variety of cardiovascular effects including vasodilatation and
hyperpolarization of arteries through the opening of Kc, -channels [54, 350]. CNP is
widely distributed in the cardiovascular system and it has been found at high
concentrations particularly in ECs [62]. Therefore, endothelium-derived CNP has
been proposed as a putative hyperpolarizing factor [55, 393], and its action has been
suggested to be associated with specific C subtype of natriuretic peptide receptor
(NPR-C) followed by Gi-dependent activation of G protein-gated Kir-channels in the
vascular smooth muscle that brings hyperpolarization and, thereby, relaxation [55].
However, the expression and activity of G protein-gated Kir-channels at the VSMCs
level is far from clear. Moreover, there is no direct evidence to suggest that CNP can
activate G protein-gated Kjr-channels [119]. In addition, CNP induces weak
relaxation and hyperpolarization of coronary arteries, and it is unlikely that CNP acts
as a mediator for endothelium-dependent hyperpolarization, at least, in those arteries
[20]. On the other hand, endothelium-derived CNP could reduce ischemia—
reperfusion injury [171] and participate in anti-inflammatory and anti-atherogenic
processes within the vascular wall [5].

1.3.2 Contact-mediated mechanism

A second suggestion to explain the mechanism for EDHF-mediated response is that
hyperpolarization generated in EC could spread electronically to the underlying SMC
through direct cell-cell coupling. Indeed, analysis of transmission electron
microscopy (TEM) pictures indicates that cells within the vascular wall are coupled
through both homocellular and myoendothelial gap junctions (MEGIJs) and
pharmacological influence on these channels has crucial impact on vasodilatory and
vasoconstrictory responses [99, 309].

Gap junctions are clusters of transmembrane channels that cross the intercellular gap
and allow the transfer of ions and second messengers (water-soluble molecules less that
1 kDa) between adjacent cells. For example, to form MEGJ, the EC and VSMC must
shape extensions that could pass through penetrations in the internal elastic lamina
(IEL) and create contacts with each other throughout the structure of aqueous pore.
This can only occur when the distance between cells (i.e. thickness of IEL) is not too
big. Therefore, the incidence of MEGI is inversely correlated with arterial diameter,
suggesting that MEGJ plays a predominant role in smaller vessels [168].
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1.3.2.1 Gap junction structure

Each gap junction is composed of two hemi-channels, termed connexons, each
provided by one of the two cells. Although a gap is left between the adjacent cell
membranes, two connexons interact to form a tightly sealed, double-membrane
intercellular channel [323]. Each connexon is composed by six protein subunits
connexins (Cx, Figure 3). More than 20 Cxs have been identified, but only Cx37, Cx40,
Cx43 and occasionally Cx45 are detected in endothelium and/or smooth muscle, and
the expression of them differs depending on the species and vascular bed studied [168,
411]. Connexons can be assembled from one Cx (homomeric connexon) or more than
one Cx (heteromeric connexon). Thus, a gap junction may be composed by two
identical homomeric connexons (homotypic junction) or by two connexons of different
heteromeric or homomeric composition (heterotypic junction) [341].

All members of the Cx family share a common architecture: four hydrophobic
transmembranous domains (1-4), two extracellular loops (EL1 and EL2), and three
cytoplasmic domains, including an intracellular loop (IL) and carboxy- and amino-
terminal domains (Figure 3). Two extracellular loops, containing between 31 and 34
amino acids are highly conserved and connected by three invariant disulphide bonds,
and are crucially dictate the formation of connexons and gap junctions as well.
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Figure 3. Common architecture of gap junction and connexin.

1.3.2.2 Connexins within the vascular wall

The expression of Cx is not EC and SMC specific, although differences in expression
pattern have been found. The presence of Cx40 and Cx37 is mainly attributed to the
endothelium [168, 230]. In contrast, expression of Cx43 in the endothelium is
controversial and appears to vary with vessel type, size, species and disease conditions
[135, 174, 240, 340].

Cx distribution in smooth muscle is less clear and all vascular Cx [374] as well as

absence of them [156] has been reported. Cx43 has been generally considered to be
predominant in the media [325]. However, the majority of studies have reported the
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expression of Cx43 in VSMC of large elastic arteries, such as the aorta [174, 325, 374],
whereas, expression of Cx43 in media of muscular arteries is not so obvious [174, 240].
Thus, Cx expression is not identical in all blood vessels although Cx profiles in
different parts of the vasculature have not been completely described yet. The
differences in Cx expression has also been related to the disease, such as hypertension
[187, 309] and atherosclerosis [158, 210], supporting their role in the genesis of
vascular disorders.

1.3.2.3 A knockout approach

The development of Cx knockout animals has helped to define the role of Cx subtypes
in cardiovascular function. Cx40 knockout animals (Cx40(-/-)) exhibit diminished
conduction of dilatation in response to ACh or BK and they are hypertensive [96, 123].
Cx40(-/-) arterioles exhibit spontaneous, irregular vasomotion leading temporarily to
complete vessel closure [97]. The results suggested an important role of Cx40 in
microcirculation and in the control of blood pressure in mice [158]. Hypertension in
Cx40(-/-) is not related to the renin-angiotensin system or changes in action or release
of NO or other endothelial factors [97].

Mice lacking Cx37 are viable and have a normal cardiovascular phenotype, although
females are infertile [336]. Since Cx37 and Cx40 are co-expressed in ECs and could
overlap functionally, the role of junctional communication may only be revealed after
elimination of both. Indeed, Cx37-/-Cx40-/- animals display severe vascular
abnormalities with pronounced vessel dilatation and congestion and they die perinatally
[337].

Cx43 knockout mice also die perinatally probably due to pulmonary and cardiac rather
than vascular abnormalities [337]. However, a recent study indicates that dysregulated
coronary vasculogenesis plays a key role in cardiac abnormalities in Cx43 knockout
mice suggesting an essential role for Cx43 in vasculogenesis and remodeling [389]. To
investigate the function of Cx43 in EC, independent from the role that Cx may play in
SMC, an endothelial-specific Cx43 deletion was studied in mice. It has been reported
that the loss of Cx43 in the endothelium was associated with hypotension and
bradycardia [222] and was accompanied by enhanced levels of NO, plasma angiotensin
I and angiotensin II [222]. However in another study, lack of Cx43 in ECs had no effect
on resting blood pressure [360].

Thus, investigations of vascular function in Cx knockout animals show that Cx are
crucial for the function of vasculature, especially at level of microcirculation and
contribute to the physiological control of peripheral vascular resistance and as a
consequence to the control of blood pressure. However, the knockout approach to study
the contribution of specific Cx to the construction of MEGJ needs to be further
explored more productively.

1.3.2.4 A pharmacological approach
The verification of MEGJ’s contribution to EDHF-mediated responses relies on the use

of a diverse range of compounds, which inhibit intercellular communication across gap
junctions. Licorice derivates (glycyrrhetinic acid and carbenoxolone), long-chain
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alcohols, such as heptanol and, more recently, Cx-mimetic peptides have been utilized,
although the majority of them has been questioned due to a variety of non-specific
effects, or there have been only few electrophysiological studies about their effects on
electrical coupling [78].

The glycyrrhhetinic acid (GA) metabolites (18-o-glycyrrhetinic acid (18a-GA), 18--
glycyrrhetinic acid and carbenoxolone) have been used to uncouple gap junction
channels. The molecular mechanisms of their inhibitory actions are still unknown,
although phosphorylation or changes in the aggregation of Cx subunits have been
suggested [99]. The 18-a-GA is most popular [92, 167, 233, 241, 245] due to
experimental evidence that the a-form is more specific and less toxic than other GA
compounds [91]. However, debate continues with regards to if GA compounds could
also alter the activity of ion transport processes, including ion channels [357] or if their
action is indeed specific on gap junctions [147, 241].

1.3.2.5 Connexin mimetic peptides

Recently a new approach has been introduced and connexin mimetic peptides (CMPs)
have been proposed to be highly selective and specific. The most frequently used
CMPs, Gap26 and Gap27, correspond to an amino acid sequence on the first and
second extracellular loops of certain Cx (Figure 4). Gap 26 and Gap 27 peptides appear
to act in a Cx-specific manner and have now been widely applied to block gap
junctions composed of Cx37, Cx40 and Cx43. Indeed, CMPs do not suppress
endothelial hyperpolarization directly and they do not influence relaxation to
exogenous nitrovasodilators or Katp channel openers [151].

COOH

Figure 4. Gap 26 corresponds to amino acid sequences in the first and Gap 27 in the
second extracellular loops of certain Cxs and it makes docking of them impossible.

CMPs inhibit intercellular channel formation rather than disrupt existing gap junctions,
since they inhibit connexon formation. Therefore, a relatively long incubation time is
required to affect the gap junctions [116]. Blockade by CMPs is effected from the
outside of the cell membrane and is reversible, with selectivity in targeting specific Cx
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subtypes according to the sequence homology [152]. Thus, different combinations of
CMPs might deduce a functional importance of certain Cx subtypes. Recently, Chaytor
et al, 2005 [56] demonstrated that specific CMPs could be employed to inhibit
electronic signaling via myoendothelial and homocellular smooth muscle gap junctions
in a selective fashion.

Gap27 and Gap 26 have been shown to attenuate the endothelium-dependent
hyperpolarization and relaxation without influence on NO- and prostanoids-mediated
responses both in isolated arteries and in vivo [58, 94, 153]. Paired or triple CMPs
combinations were used to target more than one Cx subtype to attenuate EDHF-
mediated relaxation [26, 57, 59, 372], suggesting that in general more than one Cx
subtype is involved in construction of MEGJs. A triple combination of CMPs has been
recommended as the most effective and reliable way to block vascular gap junctions
[151].

However, CMPs may not clarify the relative role of MEGIJs vs gap-junctional coupling
within the endothelial or smooth muscle layers (and not between the different layers).
Moreover, Edwards et al, 2000 argued that CMPs preferentially block homocellular
smooth muscle gap junctions, rather than MEGIs, at least in porcine coronary arteries
[111], and CMPs failed to modify muscle hyperpolarization immediately below the
IEL, but spread through the media was markedly reduced after 60 min artery pre-
exposure to 500uM of Gap 27 [111]. Also, despite a high incidence of MEGIJs in
murine mesenteric arteries, neither **°Gap26 nor *"*Gap27, nor the two in
combination, significantly reduced the EDHF response in these arteries [103].

1.3.2.6 What flows through MEGJ to initiate EDHF-mediated response?

There are at least two possible scenarios. One suggests that MEGJ offer a way for the
passage of diffusible factors indicated for EDHF. This will speed up the diffusion of
endothelial factors towards SMCs without the dilutional effect of transfer through the
extracellular space. However, not every factor could pass through MEGJ due to the size
or solubility, as for example, lipophilic compounds such as EETs will fail to pass in
contrast to charged water-soluble species [39]. H,O; is one of the most stable reactive
oxygen products and it can easily cross cell membranes without passing MEGJ.

The second possibility involves a direct transfer of charge or small signaling molecules
between EC and SMC. The transfer of charge represents the current of ions passing
from EC to SMC or visa versa, and candidate molecules have to initiate the changes in
SMC membrane potential. There is some support for direct exchange through MEGJs
of different molecules and ions (e.g.,cAMP, 1P, Ca2+, K+). cAMP formed in EC may
diffuse via MEGJ to reduce smooth muscle tone via activation of Kc,2' channels,
through phosphorylation of cAMP-dependent protein kinase A (PKA) and myosin light
chain kinase, or enhanced sequestration of Ca®" within the sarcoplasmic reticulum
[154]. It may also enhance the EC hyperpolarization and augment electronic spread of
endothelial hyperpolarization through the vascular wall [153, 154] (Figure 5), however
then EDHF-mediated response would be similar to that induced by PGI, and could be
reduced by COX inhibitors, but this is not the case [43].
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K" may carry the current through MEGJ followed by subsequent hyperpolarization
(Figure 5) and the movement of K* out of vascular SMC through MEGIJ to the
endothelium and eventually to the extracellular space and would produce a net
hyperpolarization of the media [40]. However, whether a single layer of ECs can drive
the hyperpolarization of multiple layers of SMCs is unclear, although the structure of
vascular wall contributes to the maximal connection between EC and SMC. Indeed,
SMCs are fusiform cells running circularly around blood vessel, whereas, ECs are
aligned parallel to the longitudinal axis of the vessel, therefore, one EC crosses about
twenty SMCs [24] and the majority of SMCs within the vascular wall of small arteries
could be connected with at least one EC.
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Figure 5. Schematic presentation showing possible mechanisms responsible for the
transformation of endothelial hyperpolarization to smooth muscle layer through MEG]J.

Efflux of K' from the endothelium results in hyperpolarization of SMCs through the activation
of ouabain-sensitive electrogenic Na'-K', ATPase and inward rectify K'-channels (Kz). Efflux
of K" in opposite direction is also possible through MEGJ to compensate the deficiency of
positive charge in hyperpolarized ECs and, in turn, it results in hyperpolorazation of SMC.
Elevation in endothelial cAMP levels could be involved in hyperpolorazation of both ECs and
SMCs mainly through protein kinase A (PKA) dependent activation of K™ channels. cAMP
could enhance MEGJ permeability, and, when passing through MEGJ, cAMP may influence
contractile apparatus of SMC via phosphorylation of the myosin light chain (MLC) kinase and
enhance sequestration of Ca®" within the sarcoplasmic reticulum (SR).
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“Truth in science can be defined as the
working hypothesis best suited to open
the way to the next better one.”

Konrad Lorenz (1903-1989)
The Nobel Prize in Physiology and Medicine 1973

1.3.3 Summary

Currently, the term endothelium-derived hyperpolarising factor is misleading since
EDHF may represent a mechanism rather than a specific factor per se. The mechanisms
of endothelium-dependent hyperpolarization (i.e. EDHF-mediated relaxation) seem to
be heterogeneous depending on several issues (e.g. size and vascular bed), surrounding
environment (oxidative stress, hypercholesterolemia) and demand (compensatory).
There is also the possibility that different endothelial mediators or pathways involved in
EDHF-mediated relaxation could work simultaneously and support or interchange the
contribution of each other depending on the situation. Certainly, all known so far
diffusible factors suggested for the role of EDHF are involved into the control of
vascular tone to a greater or lesser degree although not all of them are fit entirely to the
classical definition of EDHF. For example, generation of H,O, and the production of
EETs or CNP do not necessarily require the hyperpolarization of ECs. It has been
suggested that CYP450 epoxygenase metabolites may serve as messengers or
modulators of EDHF and H,0, could be a separate endothelium-derived vasodilator
rather than a factor working through the EDHF-mediated pathway. Therefore, it is
quite reasonable requirement has been raised by Feletou&Vanhoutte (2006) in recent
review paper [119]. Once the involvement of a certain endothelium-derived vasodilator
is confirmed in a given vascular bed, it must be referred to by their proper name, i.e.,
endothelium-derived H>O,, EETs, and CNP, and should no longer be termed "EDHF"
[119].

1.4 EDHF-MEDIATED RESPONSES IN NORMAL PREGNANCY AND
PREECLAMPSIA

1.4.1 Normal pregnancy

Maternal cardiovascular adaptation to pregnancy is associated with decreased
peripheral vascular resistance that plays an important role for blood pressure reduction
despite an increase in plasma volume and cardiac output. The vascular adaptation to
pregnancy mainly depends on enhanced endothelium-dependent dilatation [29, 149].

It is now generally accepted that NO plays an important role as a systemic vasodilator
in pregnancy [338]. More recently, a role for EDHF has been introduced [143] and
several studies have suggested that EDHF may play an important role in the
enhancement of endothelium-dependent relaxation, as demonstrated in vasculature of
pregnant rats [89, 138]. However, an equal (i.e. mesenteric artery) or even reduced (i.e.
uterine artery) contribution of EDHF has been reported in pregnant mice [80].

The anticipation that human pregnancy is associated with an enhanced contribution of
EDHEF is less conclusive [199, 233, 286] and an interindividual heterogeneity, vascular
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bed specificity, choice of agonist used to characterize the relative contribution of NO
and EDHF to endothelium-dependent relaxation may play an important role. Arteries
obtained from subcutaneous fat circulation in normal pregnant (NP) women
demonstrate a residual bradikynin (BK)-induced relaxation after incubation with
inhibitors of NO and PGI, production. This endothelium-dependent relaxation was
significantly higher, as confirmed by differences in ECsy values, compared to that in
non-pregnant women [199]. In contrast, Ang et al (2002) failed to show any difference
in the contribution of EDHF to carbachol-induced relaxation in the same arteries
between pregnant and non-pregnant women [10]. An endothelium-dependent relaxation
in response to both ACh and BK was completely accounted for EDHF in small omental
arteries, however no difference existed in EDHF-typed contribution between pregnant
and non-pregnant women [286]. In myometrial arteries from NP women, the absence of
NO has been shown to be compensated by EDHF, the effect was not apparent in
arteries from non-pregnant women [194].

The mechanisms responsible for the up-regulation of EDHF-mediated responses in
pregnancy remain unclear and could be partly attributed to increased levels of
circulating estrogen in the pregnant vs non-pregnant state. Moreover, the mechanism of
EDHF-mediated response may differ in certain vascular beds in the pregnant vs non-
pregnant state. Pascoal and Umans (1996) showed that EDHF-mediated response to BK
is abolished after incubation with inhibitor of non-selective K-channels in omental
arteries from non-pregnant but not in NP women, suggesting different mechanism
behind EDHF [286]. Recently, the pathway for EDHF type responses in human
pregnancy has been explored in small myometrial arteries [194], in which gap junctions
were implicated [195]. In support, the contribution of EDHF to ACh-induced relaxation
is amplified in the aorta from pregnant rats due to an increased contribution of gap
junction communications [89] and increased expression of mRNA for Cx43 found not
only in the thoracic aorta but also in mesenteric and uterine arteries [89].

1.4.2 Preeclampsia

Preeclampsia (PE) is a disorder specific to human pregnancy. It is characterized by
hypertension (i.e. blood pressure >140/90 mmHg after the 20th week of gestation in
previously normotensive women), proteinuria and other systemic disturbances
occurring after 20 weeks of gestation and resolving after delivery. Early onset of PE
(i.e. <32 weeks) accompanied by multi-organ involvement, haemolysis, elevated liver
enzymes and low platelets (HELLP syndrome), renal impairment, pulmonary oedema
and/or severe central nervous system symptoms is referred to as “severe” PE that
results in a higher rate of growth restricted neonates [334]. Growth restriction will
increase the risk of cardiovascular diseases and diabetes in adulthood. Current
epidemiological evidence implies that women with a history of PE have an increased
risk to develop hypertension, coronary and cerebro-vascular disease [236].

PE occurs in 2-5% of pregnancies and continues to be a major cause of maternal
morbidity and mortality with 15-20% of the total maternal mortality in developed
countries [334], whereas in developing countries maternal mortality is more common
(up to 3 times higher), accounting for 50000 deaths yearly [107]. Despite intensive
research the aetiology of PE is elusive, this multisystemic syndrome cannot yet be
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prevented and current treatment, as it has been for the last 100 years, is the delivery of
the fetus and placenta. There are many risk factors for PE including genetic factors,
pregnancy-related factors (e.g. primiparity, multiple pregnancies etc.), and maternal
constitution (obesity, diabetes etc.) [106]. However, this does not always, even with a
combination of several risk factors, result in the development of PE.

It is generally agreed that PE originates in the placenta where an inadequate
trophoblastic invasion in uterine spiral arteries results in poor remodeling of arteries
with followed reduction in uteroplacental perfusion. This is called poor placentation
and is considered the first stage of PE. The hypoxic and dysfunctional placenta is
presumed to release factors into the maternal circulation that cause the second stage of
this condition, multisystemic maternal syndrome, that can be ascribed to generalized
endothelial dysfunction [302]. Furthermore, poor placentation increases the level of
trophoblast debris to the maternal circulation, which elicits an inflammatory response
and further endothelial dysfunction [300].

Several factors have been implicated for initiation of maternal endothelial
abnormalities, but none of them has yet proved to be causative in vivo [299]. The
strongest candidate is the soluble receptor for vascular endothelial growth factor
(VEGF), also known as sFltl (soluble fms-like tyrosine kinase 1) [344]. sFlt1 binds
VEGF and placental growth factor (PIGF) and in this way it deprives the systemic
endothelium from essential survival factors [299,188]. However, an increase in sFltl
does not seem to be solely specific to PE, as its increase has been observed in
intrauterine growth restriction as well [344]. Moreover, sFltl is not increased in all
women with PE, including some with even severe syndrome [218]. An additional
molecule, i.e. soluble endoglin seems to cooperate with sFlt to induce endothelial
malfunction and induce clinical signs of severe PE, including development of the
HELLP syndrome and restriction of fetal growth [383].

PE seems to be extremely heterogeneous in pathogenesis since reduced placental
perfusion must interact with maternal factors to result in clinical manifestation of PE.
Poor placentation does not always lead to PE [302]. Poor placentation is also present in
intrauterine growth restriction and in about one third of the cases of spontaneous
preterm birth [302]. There is a point of view that pregnancy per se is a metabolic and
vascular stress test [319], which reveals a woman's health in later life and which is
consistent with the higher incidence of ischemic heart disease, stroke, and hypertension
that becomes evident many years after an episode of PE [196, 299].

1.4.3 Endothelial dysfunction in preeclampsia: role of EDHF

Generalized maternal endothelial dysfunction is conferring clinical signs such as
hypertension, proteinuria and edema. Endothelial dysfunction in PE is confirmed by
alterations in endothelium-dependent relaxation [150, 381]. This in line with
hemodynamic changes, increased vascular responsiveness to vasoconstrictors, reduced
placental perfusion, platelet activation and activation of hemostatic system, which are
all characteristic of maternal syndrome PE [381]. Vascular cellular adhesion molecule-
1, intercellular adhesion molecule-1, E-selectin, endothelin-1 and cellular fibronectin,
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all soluble markers of endothelial dysfunction are raised in PE. Some are evident before
the clinical features of the disease [381].

Several reports have described a relative contribution of EDHF vs NO in arteries from
women with PE. Pascoal et al (1998) have demonstrated differences in endothelium-
dependent relaxation in omental arteries from women with PE. The response to ACh,
but not to BK, was entirely abolished in PE, suggesting a defect of muscarinic signal
transduction rather than changes in endothelium-derived relaxing factor per se [285]. It
should be stressed that in this study endothelium-dependent relaxation to BK and ACh
was NO/prostanoid-independent, i.e. entirely EDHF-mediated. In contrast, Suzuki et al
(2000) using strips of omental arteries demonstrated almost equal contribution of NO
and EDHF to BK and substance P-induced relaxation, and implied that in PE the role of
NO, but not EDHF, is reduced [352]. A significant reduction in BK-induced PGI,-
mediated hyperpolarization (but not EDHF-mediated one) in omental arteries from
women with PE has been demonstrated by the same group later, suggesting that the
function of NO and PGI, is down-regulated, whereas EDHF function remains normal
[351]. Thus, the discrepancy in results obtained in omental arteries in PE between
different research groups deserves consideration and requires further investigation.

Using a wire myography technique Ashworth et al (1994) showed a significant
reduction of endothelium-dependent relaxation to BK in myometrial arteries from
women with PE [14]. However, after utilization of the pressure myography technique,
Kenny et al (2002) failed to reproduce the results [194], although small contribution of
EDHF to endothelium-dependent relaxation in PE was compatible to that in arteries
from non-pregnant women. It has been suggested that EDHF-dependent compensatory
mechanism represents a vascular adaptation of myometrial arteries to NP, which is
absent in PE and could has some contribution to the clinical features of the disorder
[194].

Endothelium-dependent relaxation in small subcutaneous arteries has also been studied
and, in general, the different mechanisms responsible for the reduction in endothelium-
dependent dilatation might be related to the agonist used. The degree of reduction in
ACh-induced response is modest and accounts for the deficiency in PGI,-mediated
component [250]. In contrast, response to BK is significantly reduced before and after
incubation with inhibitor of NO production, suggesting involvement of NO- and
presumably EDHF-mediated components [199].

Thus, so far, there has not been enough evidence to suggest that compromised NO-
mediated response alone could explain endothelial dysfunction in small arteries in PE
and it is possible that changes in EDHF or PGI, mediated effects might also be
involved depending on the agonist used.

The functional endothelial abnormalities in PE are accompanied by morphological EC
layer alterations found in renal [342], myometrial [326, 355] and subcutaneous
vasculature [354]. Arteries from NP women have a continuous layer of elongated and
tightly connected ECs that provide an optimal environment for gap junction
communications. In PE, ECs appear to be considerably increased in size, edematous,
separate and detached from neighboring cells and the basal membrane that makes
intercellular communications obscure or even unfeasible (Figure 6). It is possible
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therefore that in PE, EDHF-mediated responses are hindered or another pathway/s
rather than gap junctions might take a part.

Figure 6. Scanning electron microscopy pictures of endothelial cell layer revealed the striking
differences in morphology of endothelium between subcutaneous arteries from pregnant
women without (A) and with preeclampsia (B).

1.5 GENDER DIFFERENCES IN EDHF-MEDIATED RESPONSES

The difference with respect to development of cardiovascular diseases (CVD) between
females and males is well recognized [277, 312]. Women at reproductive age appear to
be more protected from CVD when compared to males [164]. Sex hormones are
considered to be of importance but not the sole factor promoting gender-related
differences in the development of CVD [16, 176].

It has been assumed that one of the mechanisms underlying cardiovascular protection
in females is an enhanced vasodilative capacity of the endothelium [191]. Several
studies have demonstrated that basal and agonist-induced NO release from the
endothelium is higher in arteries from females compared to males [190]. Estrogen
appeared to be responsible for the gender differences in endothelial NO production
[277, 406]. In line, production of COX-dependent products [18] and EDHF-mediated
responses have been shown to be more pertinent to female vasculature. EDHF appeared
to be more important in female arteries to confer endothelium-dependent dilatation,
while NO played a predominant role in arteries from males, as reflected in several
vascular beds, including mesenteric and tail arteries in rats [251, 279, 395]. These
findings suggest that, in the absence of NO, EDHF can mediate vasodilator responses
to agonist or mechanical stress in females rather than in males. Accordingly, if under
normal physiological conditions the functional role of EDHF is more significant in
females, thus during pathological conditions EDHF could compensate for the loss of
NO in female rather than in male arteries [251].
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Using specific gene-knockout technology to generate animals which lack both eNOS
and COX-1, i.e., the EDHF mouse”, Scotland et al (2005) has directly assessed the
involvement of EDHF in endothelium-dependent relaxation of small arteries [322]. In
eNOS/COX-1 double knockout mice, EDHF-mediated response compensates to the
absence of endothelial NO in females but not in males. In female mice, the deletion of
eNOS and COX-1 did not affect mean arterial blood pressure, while males become
hypertensive [322].

Interestingly, the contribution of EDHF seems to depend on agonist, species and/or
anatomic origin of the artery. Gender-specific contribution of EDHF to endothelium-
dependent relaxation seems to be different in cerebral vasculature when compared to
that in the periphery. In rat middle cerebral arteries the greater part of endothelium-
dependent relaxation in response to ATP accounts for EDHF in males, whereas EDHF
response is minor in females [144]. Gender per se may not necessarily influence
EDHF-mediated relaxation, as in certain circulations (i.e. rat kidney) contribution of
EDHF to ACh-induced relaxation is similar in both genders [392].

In humans, gender-related differences in the contribution of EDHF vs NO are less
conclusive and needs further exploration. The enhanced sensitivity to BK was observed
in female omental arteries; however NOS inhibition eliminated the gender difference,
suggesting the importance for NO rather than EDHF, which indeed conferred up to
90% of dilatation but in gender independent manner. In male subcutaneous arteries,
incubation with inhibitors of NO and PGI, production increased endothelium-
dependent dilatation and, as a result, abolished gender-related differences [318]. In
males this could be explained by the antagonistic influence of NO on EDHF-mediated
responses [21]. However, it is not clear why antagonistic interplay between NO and
EDHF does not emerge in females.

1.6 EFFECT OF ESTROGEN IN VASCULATURE

Pre-menopausal women are protected from CVD, however this protection is lost after
menopause. Therefore, CVD develop in women 10-15 years later than in men. The
onset of menopause is often followed by adverse cholesterol changes, increased blood
pressure, increased glucose, and increased triglycerides. Although a multitude of
changes occur at menopause, it has been proposed that the increase in cardiovascular
risk factors is mainly due to the loss of estrogen [148, 255, 304]. Estrogen has been
introduced not only as a key factor in gender-related differences in incidences of CVD
but also in endothelium-dependent maintenance of vascular tone [255], since it has
been widely reported that this hormone may enhance NO-mediated relaxation [48, 223,
262, 306].

Nowadays estrogen is not considered as only a female sex hormone but rather as a
steroid hormone functioning in both females and males [28]. Two known estrogen
receptors (ERs) exist - ERa and more recently discovered ER} [208]. ERa and ERfB
are expressed in ECs and VSMCs of both genders; however ER3 is more prevalent
than ERa in female VSMCs, while the expression of the both ER subtypes is equal in
male [172]. Whether these gender differences in receptor subtypes expression are
functionally important is far from clear.
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ERa can be considered as a principal receptor found in association with estrogen-
induced modulation of endothelial NO synthesis [90, 264, 347]. The basal release of
endothelium-derived NO is decreased in male ERa-knockout (ERaKO) mice compared
with wild-type (WT) mice [306]. An important role of ERs (presumably ERa) in
human vasculature in males is supported by results from clinical examination in a
young man with disruptive mutation in the ER gene (presumably ERc). This patient
was found to have a severe endothelial dysfunction and premature coronary
atherosclerosis at age of 31 years [345].

ERP has also been shown to play an important part in cardiovascular effects of
estrogen. Endothelial denudation leads to increased levels of ERP in male rat aorta,
while ERa levels remain unchanged [226]. Recent studies indicate that the ER
subtypes may also control or counteract activity of each other in the vasculature [50,
86, 3006, 412], as ER has been shown to offset the rapid ERa-mediated NO release in
small arteries from mice or healthy males [85]. It has also been suggested that estrogen-
stimulated induction of iNOS appears to be mediated by ER but antagonized by ERa.
[412].

Absence of numerous ERB-regulated gene products has been suggested to contribute to
the abnormal vascular contraction, ion channel function and hypertension in ERfB
knockout (ERBKO) mice. These observations have been delivered by Zhu et al (2002)
[412], who has reported that prior to the aging period (i.e. 6 month) ERBKO mice
develop hypertension in both genders (Figure 7) with blood pressure in males being
significantly higher than in ERBKO females, while no difference was observed in WT
males and females [412] (Figure 7).
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Figure 7. Mean arterial pressure (MAP) in conscious female and male WT and ERBKO mice at
6 months of age. MAP in male ERBKOs (137 + 4.6 mm Hg, n=9) was significantly higher (P <
0.01) than that in WT males (109 + 2.7 mm Hg, n=10), or female ERBKOs (123 + 4.9 mm Hg,
n = 10). MAP in female ERBKOs was significantly increased (P <0.01) compared to that of
WT females (106 + 2.9 mm Hg, n=10) [412]. (Modified and reprinted with permission from
Prof. Michael E. Mendelsohn [348]).
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Nilsson et al (2001), however, found similar contractile responses to noradrenaline, but
enhanced sensitivity to 17p-estradiol (17B-E;) in aortas from ERBKO vs WT male
mice [274]. No change in the wall morphology of aorta was observed between WT and
ERBKO animals suggesting that ERB might not be involved in the regulation of
vascular structure, at least, in the conduit artery [274]. An increased basal NO release,
but decreased sensitivity to ACh has been observed in aortic rings from ovarectomised
(OVX) ERBKO and WT mice after 17B-E, supplementation. This effect was not
observed in ERaKO mice, suggesting that ERa, but not ERp, is involved in the
modulation of basal NO production by estrogen [90].

1.6.1 Role of estrogen in modulating of EDHF-mediated

responses

Estrogen may also modulate not only NO but also EDHF-mediated relaxation [178,
227, 356], and this has been attributed as an additional mechanism of cardiovascular
protection by hormone replacement therapy [229, 313]. Isolated small arteries from
OVX animals are characterized by severely impaired EDHF-mediated
hyperpolarization, which is improved by 17B-E, replacement therapy [229]. ACh
induced EDHF-mediated relaxation is greater in mesenteric arteries from male
compared to OVX rats. A possible explanation for this gender difference in EDHF-
mediated response has been attributed to the difference in circulating estrogen levels,
since concentration 17B-E, is higher in male rats than in OVX females due to a
metabolism of testosterone by aromatase in the adipose tissue [313]. Furthermore,
EDHF-mediated response to ACh is suppressed in arteries from diestrus females,
although its extent is less severe than in OVX rats, suggesting that even short-term
estrogen deficiency could explicitly diminish EDHF-mediated reactivity [227].

Prolonged administration of 17B3-E, or isoflavone daidzein to male rats resulted in an
enhanced contribution of EDHF to endothelium-dependent relaxation in isolated aorta,
in which ACh-mediated dilatation is usually entirely mediated by NO. The level of
EDHF-mediated relaxation was up to 30%, and CYP450 metabolite of AA and K ions
per se have been introduced to serve as mechanisms for the EDHF response.[398].

Estrogen may also modulate EDHF contribution to shear stress responses when NO
activity is compromised, as reflected in studies on skeletal muscle arterioles. Flow
response in L-NAME-treated male and OVX female rats is solely mediated by
prostaglandins, whereas 173-E, replacement switches that to an EDHF-mediated
response, recovering the similar profile observed in NO-deficient arterioles obtained
from intact female rats[178]. EDHF is also involved in the acute 17B-E, -mediated-
relaxation in coronary arteries from both female and male rats, and presents a
constitutive component of 178-E, mediated response as reflected by inhibition of
CYP450 pathway [317].

The mechanisms behind the beneficial effects of estrogen on EDHF-mediated
responses have been related to functional and reversible alterations in membrane
consistence, ion channels, signal transduction or receptors [227]. Indeed,17B-E, has
been shown to acutely enhance the activity of the Ca”’-dependent K '-channels in ECs
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of the rabbit aorta [310] and in human coronary arteries [394]. Chronic treatment with
17B-E; prevents impairment of EDHF-mediated relaxation in hypercholesterolemic
rabbit carotid arteries through activation of both Ca**-dependent and ATP-sensitive K-
channels [140]. The K channels are also of interest, as K'-induced cerebral
vasodilatation in vivo is greater in female than in male rats, and this vasodilatation is
reduced after ovariectomy and restored by 173-E, [68].

The MEGIJ pathway is also relevant for 17B-E, mediated up-regulation of EDHF-
responses. The number of gap junctions, at least in myometrial cells, depends on
hormonal milieu and their number increases with increasing estrogen and decreasing
levels of progesterone [234]. A significant reduction in the expression of Cx 43 protein
occurs in mesenteric arteries from OVX rats, while supplementation with 173-E;
completely prevents the reduction to a level similar in control animals [229].
Additional details regarding the mechanisms by which estrogen influence EDHF-typed
responses in arteries remain to be determined.
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“The important thing in science is not so much to
obtain new facts as to discover new ways of
thinking about them.”

William Bragg (1862-1942)
The Nobel Prize in Physics 1915

2 AIMS

The overall purpose of this thesis was to further explore functional and morphological

features of small arteries by focusing particularly on endothelium-dependent control of

vascular tone in human pregnancy and in estrogen receptor 3 knockout mice.

The specific aims were:

In human studies:

To estimate the contribution of EDHF vs NO to endothelium-dependent
relaxation, and to clarify the mechanisms of EDHF-mediated relaxation in
isolated small arteries from women with normal pregnancy and preeclampsia.
To investigate the contribution of different Cx subtypes (Cx37, Cx40 and Cx43)
known to compose gap junctions within the vascular wall of small arteries from
women with normal pregnancy.

To compare the ultrastructure of the vascular wall with particular focus on gap
junctional communications in arteries from women with normal pregnancy and

preeclampsia.

In knockout mice studies:

To estimate the influence of ER subtypes and gender on small artery function by

evaluating:

Relative contribution of NO vs. EDHF in endothelium-dependent dilatation, and
vascular wall ultrastructure and endothelial morphology.

Mechanisms of EDHF-mediated response with particular focus on gap
junctions, and expression of Cx subtypes.

Contractile responses and basal NO production.
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"I hear and | forget. | see and | remember.
I do and I understand.”

Chinese Proverb

3 MATERIALS AND METHODS

3.1 HUMAN SUBJECTS (I-Ill)

Two groups of pregnant women were recruited from the prenatal care unit at the
Karolinska University Hospital, Huddinge: 44 healthy pregnant women and 15 women
with PE. The number of women examined in each study is given in Table 1. The
investigation was undertaken in accordance with the principles outlined in the
Declaration of Helsinki. Local Ethical Committee approval was obtained for the
collection of subcutaneous fat biopsies. In all cases informed consent was obtained
prior to fat tissue biopsy collection.

Table 1. The number of women and arteries included in the papers I-III.

Paper I Paper 11 Paper I1I
Pregnancy Women |Arteries | Women |Arteries | Women | Arteries
NP 30 99 14 31 17* 52
PE - - - - 15 44

* - arteries from the same group of normal pregnant women were studied in Paper I
and Paper I1I.

All NP women were delivered at term by elective cesarean section due to previous
cesarean delivery (n=16), psychosocial indications (n=10) or breech presentation
(n=18). None had any history of diabetes mellitus, abnormal renal or hepatic function,
hypertension or any other significant past medical history.

PE was defined as blood pressure > 140/90 mm Hg and proteinuria exceeding > 300
mg/24 hours in the absence of urinary tract infection after 20 weeks of gestation in
previously normotensive, non-proteinuric women. Women with PE who had received
anti-hypertensive agents were also excluded. Two women with PE also fulfilled the
criteria for the HELLP syndrome at the time of sampling.

3.1.1 Subcutaneous artery preparation
At time of cesarean section, subcutaneous fat biopsies were taken from the incision

margin and immediately placed in cold physiological salt solution (PSS, Figure 8A).
Two or more arteries preferably from the same artery segment and approximately 200
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pm (150-400pm) in diameter with a length of about 2 mm were dissected in ice-cold
PSS using a stereomicroscope. Surrounding tissue was carefully removed using
microsurgery instruments. Care was taken to make sure that the endothelial layer was
not damaged during processing of the dissection as well as vessel mounting.

3.2 MICE (IV-V)

Age-matched (14-22 weeks old) male and female WT mice (ERB +/+, C57BL/6J) and
homozygous mutant mice lacking the gene for ERB (ERp -/-, ERBKO) were used. All
animal care and procedures used conformed to guidelines on the conduct of animal
experiments issued by Stockholm's Sodra Djurforsoksetiska Ndmnd and the Institute
for Laboratory Animal Research Guide for Care and Use of Laboratory Animals.

Mice were acclimatized in a temperature- and moisture-controlled room at the animal
facilities of Karolinska University Hospital, Huddinge for 1 week before the study. All
animals were group housed in cage type 2 (450 cm?), females and males in separate
cages with maximum five mice per cage. Animals were maintained on a 12:12
light/dark schedule at 20-24°C and 50-60% humidity and fed ad libitum on a standard
rodent diet and tap water. Sawdust was used as a bedding material and different
material (i.e. wood blocks, cardboard, paper, etc.) has been used to fulfill the criteria of
environmental enrichment.

The same animals were used for Paper IV and V. The mean body weight of males was
31.0+£0.9 g (WT, n=15) and 32.5+0.7 g (ERBKO, n=16) compared to 23.0+0.5 g (WT,
n=8) and 25.6%1.5 g (ERBKO, n=8) for females.

3.2.1 Small femoral artery preparation

Mice were killed by asphyxiation using a rising concentration of CO,. The femoral
artery (Figure 8B) was carefully removed and dissected free of adherent connective
tissues under stereomicroscope, cut to a length ~ 2 mm and immediately placed in iced
PSS. Since EDHF tends to play a greater role in relaxation of small rather than large
vessels, all arteries included in the Paper IV were divided into two groups according to
size. The proximal part of femoral artery (PFA) was included into one group whereas
the middle and distal parts (DFA) formed another group. There were significant
differences in internal diameter (ID) between the groups. Only DFA has been used in
Paper V and mean vessel diameters were as follows: males, 17415 um (n=44, WT) and
183+8 pum (n=49, ERBKO); females, 172+5 pm (n=28,WT) and 16115 pm
(n=23,ERBKO).

3.3 WIRE MYOGRAPHY

Small-sized human subcutaneous and murine femoral arteries dissected as described
previously were mounted on two stainless steel wires (25 or 40 pum in diameter,
depending from the size of artery). One wire was attached to a force transducer and the
other to a micrometer in order to measure the vessel tension in the chamber of a
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Mulvany’s type 4-channel Multi Myograph (Model 610, Danish Myo Technology,
Denmark, Figure 9).

A)

Figure 8. (A) An overview of subcutaneous fat biopsy under stereomicroscope (x10) with
representative artery suitable to be isolated and mounted on wires. (B) A leg of mouse without
skin with proximal (PFA) and distal (DFA) femoral arteries used in the experiments.

Figure 9. A schematic overview of 4-channel Multi Myograph wire system with mounted
artery

After all arteries were mounted, they were allowed to equilibrate for 30 min at 37°C,
while continuously being oxygenated with 5% carbon dioxide in oxygen. All solutions,
including the incubation solutions, were refreshed every 30 min. Following an
equilibration period, a passive circumference—tension curve was created for each
segment in order to set optimum resting tension and to allow calculation of the artery
diameter. For this purpose arteries were stretched gradually until the calculated internal
diameter reached a value equal to the ID that the vessel would have in vivo, when fully
relaxed and under a transmural pressure 100 mm Hg. Arteries were then set at 90% of
this tension to enable optimal contractile conditions with a low resting tension. Myodac
Software was used for calibrations and for data registration (version 2.1, Danish Myo
Technology, Denmark).

After the normalization procedure the arteries were left to equilibrate for 30 minutes
again and up to five reference constrictions were elicited to elucidate if the arteries are
suitable for experiments. The first, second and fifth contractions were produced using a
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high (124 mmol/L) potassium solution (KPSS, made by equimolar substitution of KC1
for NaCl in PSS) containing 1 pmol/L norepinephrine (NE). The third and fourth were
obtained with NE (1 pmol/L) or KPSS alone. Arteries that failed to produce active
tension equivalent to 100 mm Hg when constricted with KPSS containing 1 umol/L NE
were rejected. Arteries that did not fulfil the viability criteria (i.e. >50% relaxation to
ACh (1 pmol/L, murine femoral arteries) or i.e. >60% relaxation to bradykinin (BK, 1-
3 umol/L, human subcutaneous arteries) after pre-constriction with norepinephrine
(NE, 1 umol/L)) were excluded.

3.4 EXPERIMENTAL PROTOCOLS
3.4.1 In human studies (I-ll)

All arteries were preconstricted with NE (3 umol/L) resulting in a contraction level of
90-100% of the initial response to KPSS. In experiments in which K'-modified PSS
(35mmol/l equimolar exchange of NaCl with KCI) was used, the concentration of NE
was reduced to 1 pmol/L to achieve a pre-constriction level similar to that used in
previous experiments (I).

The concentration-response curves to BK (1 nmol/L to 3 pmol/L) were obtained before
and after incubation with N®-nitro-L-arginine-methyl ester (L-NAME, 300 pmol/L, 30
min) alone (I) or in combination with indomethacin (Indo, 10 pmol/L, 30 min, I-III).
The concentration of L-NAME was sufficient to inhibit the production of NO, since
additional application of N®-nitro-L-arginine (L-NNA, 300 umol/L, 30 min), another
inhibitor of NO-synthase, or by addition of the selective guanylate cyclase inhibitor
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10umol/L) had no further
inhibitory effect on the BK-induced relaxation. In separate experiments, the
concentration-response curves to BK were performed in the K'-modified PSS
(35mmol/l KCl) before and after incubation with L-NAME (I).

3.4.1.1 The contribution of AA metabolites, H>O,, MEGJ and connexin sybtypes to
BK-mediated relaxation

To study whether AA metabolites play a role as EDHF, the BK-induced relaxation was
investigated in the presence of the specific inhibitor of CYP450 epoxygenase
sulfaphenazole (10 pmol/L, 30 min) alone or in combination with L-NAME + Indo (1,
111).

To evaluate if H,O, is involved in the EDHF-typed responses, an initial concentration-
response curve to BK was constructed followed by a second concentration-response
curve but in the presence of catalase (1250-6250 U/ml, an enzyme, which dismutates
H,0; to form water and oxygen) alone or in combination with L-NAME + Indo (I, IIT).

To elucidate the contribution of gap junctions to the EDHF-typed responses, the
concentration response curves to BK were obtained after incubation either with a
reversible inhibitor of gap junctions - 18-a-glycyrrhetinic acid (18-aGA, 100 umol/L,
15 min, I, IIT) or with triple combination of newly developed inhibitors - connexin
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mimetic peptides (CMPs) - **Gap27 (300 pmol/L), **Gap27 (300 pmol/L) and
Gap26 (300 pmol/L, 90 min) with or without L-NAME-+Indo (I1).

In order to infer the relative functional importance of Cxs 37, 40 and 43 (II), the effects
of each of the three CMPs or double combination of them have been evaluated in
arteries pre-incubated with L-NAME-+Indo: i) ***Gap27 plus **Gap27 (450 pmol/L
each); ii) 7**Gap27 (900 pmol/L); iii) “*Gap27 (900 pumol/L); or iv) “*Gap26 (900
umol/L). Total peptide concentration in each experiment was kept constant at 900
pmol/L. The marked inhibition of EDHF-mediated dilatation achieved by incubation
with *Gap26 led us to check the effects of *Gap26 (900 wmol/L) alone on
endothelium-dependent relaxation (Paper II). In addition, a full concentration response
curve for either sodium nitroprusside (SNP, 0.001-1 pmol/L) or the ATP-sensitive
potassium channel opener, pinacidil (0.001-1 pmol/L) before and after incubation with
43Gap26 without L-NAME and Indo was constructed (II).

3.4.2 In knockout mice studies (IV-V)

3.4.2.1 Vasodilator responses

After the standard start procedure, as described previously, the cumulative
concentration response curve in response to non-selective agonist of B-adrenergic
receptors isoproterenol (ISO, 10 - 3x10” mol/L, V) and to endothelium-dependent
agonist ACh (107 - 10™ mol/L, IV) were obtained after achieving a stable tension
plateau induced by phenylephrine (PhE, 10 umol/L). In our study, along with previous
ones [53], a sustained level of tension after constriction was difficult to obtain in
murine arteries because of the spontaneous decrease in tone which achieved up to 30%
from the level of initial pre-constriction with maximal concentration of PhE. So when a
stable tension plateau after pre-constriction with 10uM PhE was reached, the level of
tension still was ~50-70% of the maximum response to KPSS.

After the first concentration-response curve to ACh, the artery was washed with PSS
and the procedure repeated following incubation with cocktail of inhibitors: L-NAME
(100 umol/L) + L-NNA (300 umol/L) + Indo, 10 pmol/L). The term “EDHF” used in
this study refers to the L-NAME and Indo-insensitive component of endothelium-
dependent vasodilatation to ACh (IV).

Differences in the EDHF-mediated components of relaxation to ACh between arteries
from WT and ERBKO males prompted us to clarify pathways contributing to EDHF-
induced relaxation in arteries from male mice. A single supramaximal concentration of
ACh (1umol/L) was chosen, since it produced rapid relaxation. The contribution of
epoxygenase products of AA, H,O, or gap junctions to EDHF-mediated relaxation was
investigated in the presence of the specific inhibitor of CYP450 epoxygenase -
sulfaphenazole (10 pmol/L, 30 min), catalase (1250 U/ml, 15 min) or 18-aGA (100
umol/L, 15 min), respectively (IV).
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3.4.2.2 Contractile responses (V)

The cumulative concentration-response curves were made for either phenilephrine
(selective agonist of o-adrenoceptors, PhE, 10 - 5x10”° mol/L), norepinephrine (non-
selective agonist of adrenoceptors, NE, 10™ - 5x10” mol/L) or thromboxan A, mimetic
(U46619, 10°-107 pmol/L) before and after incubation with NOS inhibitors L-NAME
(100umol/L) plus L-NNA (300 pumol/L) and PGI, production inhibitor Indo
(10pmol/L). Constriction of the arteries during incubation with L-NAME (100pumol/L)
+ L-NNA (300umol/L) + Indo (10pmol/L) was considered as an index of vasoactive
properties of the endothelium. In a separate set of experiments, cumulative
concentration response curves to NE (10® - 10 umol/L) were generated before and
after pre-incubation (for 20 min) with yohimbine (1umol/L) or pronethalol (1umol/L)
to block - or B- adrenergic receptors, respectively.

3.5 IMMUNOHISTOCHEMICAL ANALYSIS
3.5.1 For Cx37, Cx40, Cx43 (ll, IV)

Freshly isolated arteries were cryopreserved in optimal cutting temperature (OCT)
compound cooled by liquid N,. Transverse 10-um-thick cryosections were prepared
and mounted onto slides, air-dried, and stored at -20° C. Immediately before
immunostaining, the sections were fixed in 4° C acetone for 10 min and then rehydrated
in Tris buffer solution, pH 7.6. Endogenous peroxidase was blocked by 1% H,0, in
Tris buffer for 10 min. Permeabilization and blocking was performed in Tris buffer
containing 0.2% triton-X100 and 2% bovine serum albumin (BSA) for 60 min at room
temperature. Sections were immunostained with polyclonal rabbit antibodies against
mouse connexins (Cx37, Cx40 and Cx43 1:50 dilution (IV) but for subcutaneous
arteries Cx37 and Cx40 (1:50 dilution) or Cx43 (1:100 dilution, IT) at 4°C overnight;
(Zymed Laboratories, Inc., San Francisco, CA, USA). The specificity of these
antibodies has been reported previously [221, 268]. Negative control sections were
incubated with non-immune goat IgG (SDS, Falkenberg, Sweden). Sections were
washed in Tris buffer solution and incubated with biotinylated goat anti-rabbit IgG
(Vector Laboratories, Burlingame, CA, USA) for 1h at room temperature and diluted
1:300. After rinsing with Tris buffer solution, the bound antibodies were visualized by
means of avidin-biotin complex with peroxidase (Vectastain ABC Elite, Vector
Laboratories), for 30 min, following application of 3, 3-diaminobenzidine in H,O,
(DAB-kit, Vector Laboratories). All slides were counterstained with hematoxylin,
dehydrated and mounted with Pertex (Histolab, Gothenburg, Sweden).

3.5.2 For ERa and B (V)

WT and BERKO femoral arteries were fixed in 4% formaldehyde for a maximum of
24h and then stored in 70% ethanol until embedding. Paraffin-embedded sections
were cut in slices 4 um thick, deparaffinized, washed and subsequently incubated for
10 min at 750 Watts in 10 mM citrate buffer (pH 6.0) to induce antigen retrieval.
After cooling (20 min), sections were washed in phosphate buffered saline (PBS).
Endogenous peroxidase was blocked by 3% H,O, in methanol for 10 min. Sections
for ERa and B staining were incubated with 10% blocking normal goat serum
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(Vector Laboratories, Burlingame, CA, USA) in PBS for 1h. Polyclonal rabbit
antibodies against mouse ERa and ERp (Santa Cruz Biotechnology, Inc., CA, USA)
were used at the dilution 1:100 at 4°C overnight in normal goat serum with detergent.
The specificity of these antibodies has been described elsewhere [65, 324]. Negative
control sections for both ERa and ER were incubated with non-immune goat IgG
(SDS, Falkenberg, Sweden). Normal human endometrial tissue sections served as a
positive control for ERa [235, 358] and ovarian tissue was used as a positive control
for ERP [358]. Sections were washed in PBS and incubated with biotinylated goat
anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA) for lh at room
temperature and diluted 1:200. After rinsing with PBS and detergent, the bound
antibodies were visualized by means of avidin-biotin complex with peroxidase
(Vectastain ABC Elite, Vector Laboratories), for 30 min, following application of
3,3-diaminobenzidine in H,O, (DAB-kit, Vector Laboratories). All slides were
counterstained with hematoxylin, dehydrated and mounted with Pertex (Histolab,
Gothenburg, Sweden).

3.6 SCANNING ELECTRON MICROSCOPY (IV)

Femoral arteries were cut longitudinally, rinsed in PSS, fixed and kept for at least 48 h
in a 2.5% (wt/vol.) glutaraldehyde solution in PSS, and postfixed in a solution of 1%
(wt/vol.) osmium tetroxide in a sodium cacodylate buffer (0.15 M, pH 7.3) containing
75 mM sucrose. Samples were dehydrated in acetone series, dried in a critical-point
drier using carbon dioxide, mounted on the specimen holder, and coated with gold
palladium and examined for the morphological changes in EC layer under scanning
electron microscope Jeol JISM-820 (Jeol Ltd., Tokyo, Japan).

3.7 TRANSMISSION ELECTRON MICROSCOPY (llI, IV)

Artery segments were fixed in 2% glutaraldehyde + 0.5% paraformaldehyde in 0.1M
sodium cacodylate buffer containing 0.1M sucrose and 3mM CaCl,, pH 7.4 at room
temperature for 30 min followed by 24 h at 4°C. Specimens were rinsed in 0.15 M
sodium cacodylate buffer containing 3mM CaCl,, pH 7.4, and postfixed in 2% osmium
tetroxide in 0.07 M sodium cacodylate buffer containing 1.5 mM CaCl,, pH 7.4, at 4°C
for 2 h and dehydrated in ethanol followed by acetone and embedded in LX-112 (Ladd,
Burlington, Vermont, USA). Semithin sections were cut and stained with toludinblue
and used for light microscopic analysis. Ultra thin section (approximately 40-50 nm)
were contrasted with uranyl acetate followed by lead citrate [129]. Sections were
examined in a Tecnai 10 transmission electron microscope at 80 kV and digital images
were captured by a Mega View III digital camera (Soft Imaging System, GmbH,
Miinster, Germany).

3.8 SOLUTIONS AND CHEMICALS

During all biopsies handling, and in all experimental procedures isolated arteries were
constantly kept in PSS of the following composition (mmol/l): NaCl 119, KCl1 4.7,
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CaCl, 2.5, MgSO4 1.17, NaHCOs3 25, KH,PO4 1.18, EDTA 0.026 and glucose 5.5. All
drugs and chemicals except the CMPs and antibodies were obtained from Sigma-
Aldrich, Sweden. The CMPs, ****Gap27 (SRPTEKTIFII), “*Gap27 (SRPTEKNVFIV)
and *Gap26 (VCYDKSFPISHVR) were purchased from American Peptide Company,
Inc. (Sunnyvale, CA, USA). To prepare stock solution, the substances were dissolved
in distilled water. Indo, ODQ and U46619 were dissolved in ethanol. 18-aGA and
sulfaphenazole were diluted in dimethyl sulphoxide (DMSO) at a concentration of 10
“mol/l. The highest concentration of ethanol and DMSO in the chamber was 1%
(vol/vol), and the final bath concentration of combined solvents used simultaneously
was not higher than 3% (vol/vol). CMPs were dissolved directly in PSS before every
experiment. All concentrations represent the final steady-state concentrations in the
chamber. The solvent used did not affect the mechanical responses at their final bath
concentrations.

3.9 DATA ANALYSIS

The force developed by the artery per millimeter of artery segment during application
of a certain concentration of a vasoactive substance was calculated using Myodata
(version 2.1, Danish Myo Technology). Data were then transferred to STATISTICA
(version 7.0, StatSoft, Uppsala, Sweden), in which all statistical analyses were
performed. All absolute measurements were corrected for the baseline force developed
by the arteries. Contractile responses were expressed as a percentage of the maximal
constriction with KPSS (Paper V). The relaxation to agonists was calculated as a
percentage of the contraction induced by vasoconstrictors used. Negative log
concentration (in mol/l) required to achieve 50% of the maximum response (pECsg)
was calculated by nonlinear regression analysis (BioDataFit 1.02, Paper I, III-V).

Multivariate ANOVA for repeated measures was used to compare BK concentration-
response curves before and after incubation with particular inhibitors and for
differences in BK-mediated relaxation between experimental groups. Paired and
unpaired Student’s t-test as appropriate was used to compare pECsy value, internal
diameter (ID) and preconstriction before and after incubation with different
substances in arteries used for different experimental protocols. All data is presented
as mean * standard error of the mean (SEM), unless indicated in the text. The
evaluation of connexin’s expression was performed using semi quantitative analysis
(Paper IV). The staining was scored blindly by 4 investigators: 1 if < 5-25 % staining,
2 if 25-50 %, 3 if > 50-70 %. Statistical significance was taken at the 5% level.
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“The great tragedy of science: the slaying
of a beautiful hypothesis by an ugly fact.”

Thomas Henry Huxley (1825-1895)
English biologist

4 RESULTS AND DISCUSSION

4.1 HUMAN STUDY

4.1.1 Rationalization of Hypothesis, aims and methodology

EDHEF’s contribution to endothelium-dependent relaxation is greatest in the resistance-
sized arteries and, as such, it is ideally suited to the control of systemic blood pressure
and local organ perfusion that are altered in normal pregnancy (NP) and disturbed in
PE [381]. Based on previous data (please see “Introduction” for details) we
hypothesized that contribution of EDHF to the endothelium-dependent dilatation in
small arteries is altered due to required situation in order to preserve the vasodilative
capacity of the endothelium. Therefore, the role and mechanisms of EDHF-mediated
responses may differ in normal versus diseased state (NP vs PE).

Kenny et al, (2002) confirmed the presence of a novel EDHF-dependent mechanism in
relaxation of small myometrial arteries in NP, an effect that disappeared in PE [194].
Whether disappearance of EDHF-dependent compensatory mechanism is specific for
the uterine circulation or is a systemic phenomenon in PE conferred the main aim of
current investigations. Our studies were designed to compare the role of EDHF and
mechanism of its action in small arteries from non-reproductive vascular bed in
pregnant women with vs without PE. In order to reveal the mechanisms of maternal
cardiovascular adaptation in non-reproductive vascular bed, subcutaneous small
arteries were considered as an optimal target. Twofold increase in skin blood flow in
NP is comparable to that obtained in kidney circulation, and this increase is only less
pronounced when compared to changes in blood flow in uteroplacental vascular bed
[303]. The circulation of the skin, therefore, plays an important role in the reduction of
maternal peripheral resistance. Moreover, subcutaneous small arteries are widely used
for investigation of vascular function in a variety of conditions, including NP and PE
[75, 199, 380], hypertension [224, 276, 294], diabetes [10, 301, 388], glaucoma [41,
73], congestive heart failure [11], hypercholesterolemia [145, 219], Raynaud's disease
[339], coronary heart disease [87], and menopause [206].

The question arises if results obtained in our studies (I and II) are unique to the
pregnant state per se, implying that the comparison with arteries from non-pregnant
women would be desired. However, we were reluctant for such an inclusion, as we did
consider an obligatory acquisition of healthy female volunteers’ precisely matched for
age and phase of menstrual cycle due to the evidence that both age and hormonal
environment seem to play an essential role in the EDHF contribution [44, 231, 313].
Indeed, ERBKO studies presented within this thesis suggest that hormonal milieu and
ERs are involved in the control of EDHF contribution to endothelium-dependent
dilatation. Although several studies collected subcutaneous [10] or myometrial arteries
[194] from non-pregnant women, it is difficult to define if these participants were really
healthy. These biopsies were obtained during the gynecological or abdominal surgery
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due to several diseases (e.g. cancers and ovarian cysts), which may be associated with
alterations in the hormonal environment that could influence the contribution of EDHF.
It was doubtful whether comparisons with data on such kind of biological material will
increase insight into the mechanism of underlying pregnancy-induced changes in the
peripheral resistance, however, future studies involving healthy female volunteers are
encouraged.

In this thesis EDHF-mediated relaxation is defined as a relaxation resistant to
combined blockade of COX and eNOS, however as it has been described in the
“Introduction”, EDHF action 1is associated with endothelium-dependent
hyperpolarization of the vascular SMCs and it is sensitive to inhibition of K"
conductance either by high extracellular K* or K'-channels blockers. Since changes in
membrane potential (E,) are peculiar to EDHF-mediated relaxation, the
electrophysiological measurement could be sensible for providing an additional
support for EDHF responses in studied arteries. However, an electrophysiological
measurement of alterations in E,, is associated with meticulous technical difficulties
when applied to these vessels. It is difficult to measure E,, in EC, and even more
complicated in ECs and SMCs simultaneously, as smooth muscle E,, recording alone
does not provide a comprehensive idea of EDHF-mediated response. Therefore, we
used a pharmacological approach, i.e. raising extracellular K or inhibiting the
production of NOS and COX products. This is a widely accepted approach [1, 74, 194,
286]. The experiments were based on the evidence that endothelium-dependent
hyperpolarization of SMC, as a mechanism of EDHF-mediated vasodilator response,
depends on the opening of K' channels. An increase in extracellular K* should then
reduce the electrochemical gradient for K™ and inhibit the EDHF responses [252].
Previous studies confirmed that high K" specifically antagonizes the action of EDHF
by counterbalancing SMC E;, and, it has also minimal effect on NO and PGI;-
mediated vasorelaxation [1, 74]. Even higher K* (up to 50 mM) levels have no effect
on ACh-induced increase in NO concentration, at least, in rat mesenteric arteries
[343].

The other way to confirm the involvement of EDHEF is to use blockers (i.e. apamin and
charybdotoxin) of small and intermediate-conductance Ca®'-activated K channels,
which have been considered as a unique characteristic of EDHF-mediated response
[119, 414]. However, the agonist-induced increase in EC [Ca®']; could also activate
apamin- and charybdotoxin-sensitive K channels with hyperpolarization and release
of NO [343], and it might be that apamin and charybdotoxin action will be associated
with blockade of both EDHF and NO-mediated response. In rat mesenteric arteries,
ACh-induced NO release was reduced by 85% in the presence of apamin plus
charybdotoxin. [343].

As indicated in the “Introduction”, it might be a question if the residual endothelium-
dependent relaxation in PSS after NOS and COX inhibition still reflects the existence
of EDHF-mediated response [119]. Evidence exists that endothelium-derived NO and
PGI; can hyperpolarize the underlying SMC [283, 403]. However, predominantly in
human subcutaneous arteries NO-induced relaxation does not involve
hyperpolarization, since maximal SMCs hyperpolarization induced by ACh is far
above that achieved by high concentration of NO per se after stimulation with NO
donor (11 mV vs 2 mV) [45]. Thus, in this thesis we used the pharmacological
approach to confirm the involvement of EDHF to endothelium-dependent relaxation in
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subcutaneous arteries in human pregnancy. Based on the above considerations, we
believe this rigorous approach to be optimal. Furthermore, comparable relaxations to
BK after different incubational conditions (L-NAME+Indo, ODQ+L-NAME+Indo;
K'"-modified PSS (35 mmol/l equimolar exchange of NaCl with KCIl, Figure 10))
further strengthened the significance of EDHF to endothelium-dependent relaxation in
small arteries from NP women, and the EDHF and NO contribution seems to be
equally important.

O PSS (n=22)
® L-NAME (n=3) Q/Q

8% 1 mkecipn=n) §

A KCHL-NAME (n=7) § /

# L-NAME+0DQ (n=4)

60

40 -

Relaxation (%)

20

Bradykinin (-log M)

Figure 10. Concentration-response curves to bradykinin in physiological salt solution (PSS)
and with different combinations of inhibitors to block endothelium-derived vasodilators. L-
NAME - after pre-incubation with N"-nitro-L-arginine methyl ester (L-NAME, 300 pmol/L);
KClI - in the presence of KCI (35 mmol/L) made by equimolar substitution of KCI for NaCl in
PSS; KCI+L-NAME - in combination of KCI (35 mmol/L) and L-NAME (300 pumol/L); L-
NAME+ODQ - after pre-incubation with combination of L-NAME with selective guanylate
cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10pumol/L). P < 0.001
vs PSS.

Previous studies indicated the predominance of EDHF-mediated responses (up to 90%
from the level of relaxation in PSS) in subcutaneous arteries from humans [45, 73, 74]
including pregnant women [10]. The discrepancy between studies in the relative
contribution of endothelium-derived factors could be attributed to the agonist used or
state of pregnancy per se. In the above studies, ACh has been applied as the agonist to
endothelium-dependent relaxation, while in our studies BK was used. Differences in
responses to BK and ACh in subcutaneous arteries have previously been reported [4,
199, 249], and BK-induced relaxation has been shown to be enhanced in arteries from
pregnant vs non-pregnant women [199], whereas ACh-induced relaxation remained
similar [249]. Subcutaneous arteries from pregnant women also exert a higher
contribution of EDHF in carbachol (synthetic analog of ACh) induced relaxation ~70%
[10], whereas in BK-induced response - only ~50% [199]. NP is associated with
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enhanced production of NO [338], therefore it is possible that NO may down-regulate
the EDHF production or mechanism of its action.

For clarification of the mechanisms responsible for EDHF-induced relaxation in
subcutaneous arteries we have chosen three the most frequently implicated pathways.
The mechanism of EDHF-induced relaxation may differ in subcutaneous arteries
depending on the disease conditions, as CYP450 enzyme-dependent products of AA
metabolism have been suggested to predominate in arteries from healthy non-pregnant
female and male volunteers [74]. This contrasted to arteries in patients with cancer or
CVD [45]. In addition to epoxygenase products of AA, we anticipated endogenous
H,0; or gap junctional communications to account for EDHF activity in NP and PE.
We deliberately excluded K* per se, since three recent independent studies failed to
prove it [45, 74, 77]. We have also neglected CNP, as a recent review paper seriously
questioned if CNP could act as a diffusible candidate for EDHF [315].

“When you have eliminated the impossible,
what ever remains, however
improbable must be the truth”

Sir Arthur Conan Doyle (1859-1930)

4.1.2 Normal pregnancy (I, Il)

In this thesis we report a significant impact of EDHF to endothelium-dependent
dilatation in small subcutaneous arteries from NP women. Our findings are in line
with earlier observations [199], however we are likely to provide a more
comprehensive support. The contribution of NO and EDHF in BK-induced dilatation
seems to be almost equal, since L-NAME and KCI reduced the dilatation to a similar
level, whereas a combination of both abolished the response (Figure 10). Moreover,
we show that endothelium-derived vasodilator PGI, appears to play no role in BK-
induced responses in arteries from NP women, as similar responses to BK have been
observed after incubation with L-NAME alone or L-NAME-+Indo (Figure 2, Paper I).
This is an additional confirmation to previous reports in pregnant [199] and non-
pregnant women [45, 74, 253].

To our knowledge we performed the first attempt of clarifying the mechanisms behind
the EDHF-mediated response in human pregnancy (Paper I), although several other
studies have estimated the mechanism of EDHF-typed responses in human
subcutaneous arteries but from non-pregnant subjects [45, 74, 253]. Since a product of
CYP450-dependent metabolism of AA has been identified as EDHF in one report [74],
our initial step was based on this pathway. Ketoconazole, a selective inhibitor of
CYP3A isoform [66] has been implemented previously [74], however since CYP450-
2C as an EDHF synthase was found at least in the porcine coronary artery [125] and
this CYP450 isoform has been shown to exist in human ECs [12, 124], we applied
sulfaphenazole as a specific inhibitor of CYP450-2C [66]. In our study, this inhibitor
alone had no detectable effect on BK-induced relaxation in PSS, or in the presence of
L-NAME, suggesting that CYP450-2C metabolites of AA do not account for the
EDHF-mediated responses in arteries from NP women (Figure 4, Paper I). Our results
are in line with those in subcutaneous arteries from non-pregnant humans [45, 373], in
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which different inhibitors of CYP450 superfamily (17-octadecynoic acid, econazole or
N,N-Diethylaminoethyl-2,2-diphenylvalerate hydrochloride (SKF 525a, non-selective
inhibitor of CYP450)) were used. The inconsistency in results between studies could be
partly related to CYP450 inhibitors used that have their own limitations. Nonspecific
inhibitors of CYP450 such as micanazole and other imidazoles have been shown to
blo2ck K" channels [113] or in ECs impair agonist-mediated increase in intracellular
Ca”" [165].

Pregnancy per se is a state of oxidative stress [397], defined as an imbalance between
free radical damage and antioxidant protection, which occurs from the increased
metabolic activity and reduced scavenging power of antioxidants [267]. In early
pregnancy intrauterine oxygen tension is extremely low, however it increases up to 2.5
times at the end of the first trimester when blood flow into the intervillous space is
established [185]. The hypoxia/reoxygenation of the placenta is associated with a burst
of oxidative stress [185], and hypothetically endogenous level of H>O, could increase
in NP, and possibility exists that free radicals may control the vessels’ tone. The choice
of catalase, a scavenger of extracellular H,O, in EDHF-mediated responses was
apparent; however it (1,250 U/ml or 6,250 U/ml) had no significant effect on BK-
induced relaxation in the absence or presence of L-NAME (Figure 5, Paper I). This
suggests that endogenous H»O, is not involved in the EDHF-mediated responses in
arteries from NP women. Our result contrasts with those indicating contribution of
endothelium-derived H,O, to BK- [242, 263] and flow-induced [260] dilatation of
human arteries but in non-pregnant subjects and in different vascular bed. It has been
suggested that H,O, may serve as EDHF in conditions with insufficient NO production
[115], and it is more likely that such pathway could occur in PE, the condition with
profound failure in pro- and anti- oxidative balance [180].

Currently, the role of myoendothelial gap junctions (MEG]J), as a central component of
the EDHF mechanism, has been increasingly appreciated [95, 314, 340]. We have
employed two known inhibitors: glycyrrhhetinic acid metabolites (18-a-glycyrrhetinic
acid, 18-aGA, a lipophilic steroidal aglycone derived from glycyrrhizic acid found in
the liquorice root glycyrrhizia glabra [151]) and newly developed, highly selective and
specific [151, 240] inhibitors - connexin mimetic peptides (CMPs).

We found that gap junction communication apparently relies upon the EDHF-mediated
relaxation in subcutaneous arteries from NP women. This was confirmed by evidence
that incubation with either 18-aGA or triple combination of *"*Gap27, *Gap27 and
#Gap26 basically abolished EDHF component in BK induced relaxation (Figure 11).
Moreover, a morphological prerequisite for gap junctions found in these arteries further
strengthens a pivotal role for gap junctions in EDHF-mediated relaxation in these
vessels.

In arteries with an ID, corresponding to that used in functional studies, ECs send long
projections through internal elastic lamina (IEL) towards SMCs to set up a tight
connection with each other and provide an ideal background for MEGJ (Figure 12).
Classically, in transmission electron micrographs, gap junctions are identified as
pentalaminar structures at points of close membrane apposition [122]. Compatible
structures were observed in our study as well, although relatively rare, as we did
performed limited sections. The difficulty to visualize MEGJ could be also related to a
lack of adherent junctions, which organize gap-junctional plaques to form pentalaminar

44



Luksha L, 2007

structure and, as result, at MEGIJ level the junctional membranes will be relatively
roughly separated. It is also possible that the individual junctional channel at the level
of MEGI provides the pathway for EC-SMC communication [122]. Based on this we
consider the close association between EC and SMC (Figure 12 and Figure 6 in Paper
III) as typical MEGls.
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Figure 11. Concentration-response curves to bradykinin in physiological salt solution (PSS)
and with different combinations of inhibitors to reveal the contribution of myoendothelial gap
junctions in EDHF mediated response. L-NAME - after pre-incubation with N“-nitro-L-
arginine methyl ester (L-NAME, 300 pmol/L); CMPs+L-NAME - in triple combination of
connexin mimetic peptides (CMPs, ****Gap27, “*Gap27 and *Gap26, 300 pmol/L of each) and
L-NAME; 18a-GA+L-NAME- after pre-incubation with combination of 18a-glycyrrhetinic
acid (18a-GA, 100 pmol/L) and L-NAME. "P < 0.001 vs PSS; * P < 0.001 vs L-NAME.

We also assessed the relative functional importance of Cx subtypes, i.e. Cxs 37, 40 and
43 [56] by using three CMPs separately, which had no influence upon the endothelium-
independent responses evoked by SNP or pinacidil (opener of ATP-sensitive K'-
channels). Our results indicated the predominant role of Cx 43 rather than Cxs 40 and
37, since only incubation with “*Gap26 (900 pmol/L) exerted marked inhibition of
EDHF-mediated relaxation to BK, which was similar to that after incubation with the
triple combination of CMPs (see Fig 3, paper II).

Thus, the additional and novel finding that we have provided in this thesis (Paper II) is
that the MEGJ involved in EDHF-mediated responses rely largely upon Cx43 in
subcutaneous arteries from NP women.

Immunohistochemistry experiments have confirmed the presence of Cx37, Cx43 and
Cx40 expression in both the endothelium and smooth muscle of studied arteries, and
typical staining of them within the artery wall and is presented in Figure 5 (paper II).
Cx40 had a higher expression in the endothelium when compared with Cx43 (2.3+0.6
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vs 1.4£0.7, p=0.05, n=6) and Cx37 (2.3£0.6 vs 0.9£0.5 p=0.02, n=6). In the media,
Cx43 was predominant when compared to Cx40 (2.5£0.2 vs 1.91£0.4 p=0.02, n=6)
and Cx37 (2.5+0.2 vs 2.0£0.3, p=0.02, n=6).

Figure 12. Transmission electron microscopy pictures of arterial wall of subcutaneous arteries
from normal pregnant women. (A,B) The low magnification pictures show an overview of the
vascular wall with endothelial cells (EC) and vascular smooth muscle cells (SMC) separated by
the internal elastic lamina (IEL) that has penetrations allowing protrusions from both EC and
SMC to meet with each other. The areas denoted by the boxes are magnified and showing the
close contact between the cells. (C-E, G-H) Protrusions from both EC and SMC in tight
association with each other are considered as prerequisites for myoendothelial gap junction.
The width of the gap is ~12 nm (D, arrows), ~10 nm (E, arrow) and ~ 10-13 nm (H, arrows).

It should be noticed however, that Cxs expression at the level of myoendothelial gap
junctions is histologically most challenging and probably untraceable due to their small
size and anatomical proximity to much larger interendothelial gap junctions [240],
some complications may also arise from differential binding efficiencies of different
antibodies used [411].

If the pattern of Cxs expression/function observed in subcutaneous arteries from NP
women could be extrapolated to arteries in non-pregnant subjects, particularly with
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respect to Cx43, needs further consideration. Indeed, the expression of Cx43 has been
shown to be actively regulated by physical forces, such as shear stress or mechanical
load [309] and this could contribute to an increased function of Cx43 in subcutaneous
arteries in NP women [303]. Although we failed to differentiate if Cx43 is located
principally at the level of MEGIs, the present study has provided a critical support for
this particular Cx subtype in the EDHF-typed of endothelium-dependent relaxation.

"Errors using inadequate data are much
less than those using no data at all.”

Charles Babbage (1792-1871)
English mathematician

4.1.3 Preeclampsia (lll)

Life threatening consequences make PE as a major cause of maternal and perinatal
morbidity and mortality worldwide. Vascular malfunction confers maternal syndrome
of PE, and both hypertension and proteinurea, as main maternal symptoms, could be
partly explained by generalized endothelial dysfunction. Experimental evidence, which
supports the role of EDHF in blood pressure and blood flow control, led us to anticipate
that in this disorder EDHF-mediated responses in small arteries could be compromised.
Our group has reported that PE is associated with pronounced alterations in small artery
function by means of reduced dilatory response to shear stress and in the endothelial
morphology [354,355] which could potentially cause an impairment of intercellular
communication. Consequently, we hypothesized that, in arteries from women with PE,
EDHEF activity would be mediated by one or several pathways, which do not require an
intercellular communications via MEGJs.

Despite an evidence for maternal endothelial dysfunction in PE provided in several
previous studies (see “Introduction” for details), in this thesis we show that the overall
responses to endothelium-dependent relaxation to agonist BK are similar in
subcutaneous arteries from women with and without PE. However, the NOS and COX
inhibition revealed small but significant difference in BK-induced relaxation between
arteries from NP women and women with PE (Figure 1, Paper III) indicating that the
component of endothelium-dependent relaxation insensitive to NOS and COX
inhibition (i.e. EDHF) is reduced in PE.

Again using a pharmacological approach, we further estimated the contribution of
MEGIJ vs H,O, or metabolites of AA to EDHF-mediated relaxation in subcutaneous
arteries from women with PE. This cohort appeared to be heterogeneous; as we
anticipated after dividing these women based on the level of MEG]J inhibition that we
obtained in EDHF-mediated relaxation of these arteries. Thus, the MEGJs were
preserved in ~60% of women with PE, and this was considered as a central mechanism
for the EDHF-mediated response, and a reduced contribution of EDHF to endothelium-
dependent relaxation was also obvious for this subgroup (PE-1). In the rest of PE
women (PE-2), MEGIJs appeared to play a minor role and H,O, and CYP450
metabolites of AA emerged as alternative and/or additional candidates for EDHF-typed
responses. In contrast to the PE-1 subgroup, the arteries from the PE subgroup (PE-2)
demonstrated similar EDHF contribution to BK induced relaxation as in NP women.
The reasons behind the discrepancy in contribution of EDHF and MEGIJs per se to
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endothelium-dependent relaxation remain unknown and warrant further investigation. It
is possible that the similar contribution of EDHF to BK-induced relaxation between NP
and some women with PE, namely PE-2, is maintained due to manifestation of
additional pathways (e.g. H,O, or CYP450 metabolites of AA), which are invoked to
compensate for the compromised MEGJ-mediated, EDHF component in PE.

Some support exist that H,O, and CYP450 metabolites of AA might be involved in the
control of vascular tone particularly in PE. An oxidative stress in PE [180, 316] may
contribute to the increased production of H,O,, which may act as an inhibitor of gap
junctions per se [366]. At the same time endothelial H,O, could serve as EDHF to
compensate the compromised MEGJs-mediated response [242]. It has been shown that
the urinary excretion of EETs increases significantly in pregnant women with
hypertension [49], therefore there could be a hypothetical prerequisite for EETs to
serve as EDHF per se or as modulators or amplifiers of EDHF [128].

Our findings suggest that in PE disturbances at MEGJ occur that lead to a reduction of
EDHF-mediated relaxation but only in those women, in which additional pathways for
EDHF have not emerged to compensate a diminished contribution of EDHF. However,
analysis of demographic data of PE patients has not provided a clue for the observed
heterogeneity in pathways involved in EDHF-mediated relaxation (Table 2).

Table 2. Patients’ characteristics

PE-1 PE-2
N 7 5
Age (years) 28 (31-34) 33 (25-39)
Nulliparity (%) 40 20
Gestational length (wk) 33 (31-37) 34 (33-37)
Systolic blood pressure, mmHg 16148 165£12
Diastolic blood pressure, mmHg | 10242 9613
HELLP syndrome 0 2
Previous PE 1 0
Birth weight, g 2055+200 2808+465

The ultrastructural analysis of the vascular wall among patients with PE has revealed
complex alterations that could aggravate the establishment of tight contact between
ECs and SMCs. The thickness of IEL varied and IEL per se was not homogenous. ECs
became thin due to the large intracellular vacuoles and detachments, and even if ECs
were able to form the projections, they did so very seldom. SMCs occasionally sent
relatively long projections toward EC and, in cases of the denuded areas, the sprouts of
SMCs reached the lumen. We have not observed this pattern in arteries from normal
pregnant women. The attachment of blood cells was predominantly observed in arteries
from PE but never in NP (please see Figures 7 and 8 in the Paper III).
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Thus, PE is associated with changes in small artery ultrastructure that could substantiate
the aggravation of intercellular communication particularly between EC and SMC; and
morphological signs of increased ECs death in PE further support the abnormalities
present. These findings are in agreement with our previous report in both subcutaneous
[354] and myometrial [355] arteries in PE by using scanning electron microscopy
technique instead. Compatible changes in vascular wall morphology have been seen in
other vascular beds including umbilical, fetal villous and omental arteries from women
with PE [93, 353, 409].

Importantly, observed morphological changes of peripheral vasculature in PE might
have implications in understanding the pathogenesis of earlier CVD in women with
history of PE in comparison to those with normal pregnancy [3, 30, 139]. Indeed, the
regeneration of endothelial injury with the help of endothelial progenitor cells or
replication of neighbouring cells is associated with normalization of some, but not all,
aspects of endothelial function [119]. Progressive impairment of the endothelium-
dependent responses after endothelial regeneration has been reported [328]. Whether
functional and morphological alterations within the vascular wall in PE would
predispose these women to develop CVD later in life is still unknown. Hopefully,
ongoing investigations on small artery morphology and function in women with an
adverse pregnancy history will bring some clarity on these issues.

In summary, we have demonstrated that PE is associated with functional and
morphological alterations at the level of small peripheral arteries. Although the overall
endothelium-dependent response to BK was preserved in PE, EDHF’s contribution is
reduced. Heterogeneity within PE group with respect to EDHF contribution and
involvement of MEGJ, H,O, and CYP450 epoxygenase metabolites of AA has been
observed. It differs from NP where MEGIJs are the principal pathway involved in
EDHF-mediated responses in small subcutaneous [215, 233] or myometrial [195]
arteries. Our results indicate that H,O, or CYP450 epoxygenase metabolites of AA may
act as back-up mediators of EDHF, emerging when communications via gap junctions
are compromised.

“Science... never solves a problem
without creating ten more.”

George Bernard Shaw (1856-1950)
The Nobel Prize in Literature 1925

4.1.4 Limitations and potential for future research

There are several limitations of the current projects, and those need to be revealed in
order to consider promotion of future experiments. First of all, as it was already
mentioned above, the measurements of E,, were not performed, and it would be more
correct to use the term NO/PGIr-independent component of endothelium-dependent
relaxation rather than EDHF. However, we used the “EDHF” term due to its
“historical” title for the third endothelium-derived vasodilator to which the study was
devoted.

By implying the pharmacological approach, we have emphasized the importance of
MEGIJs in EDHF-mediated relaxation of subcutaneous arteries from NP women at
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term. Use of currently available inhibitors of gap junctions, including CMPs, made the
clarification of the relative role of MEGJ vs gap-junctional coupling within the
endothelial or smooth muscle layers (and not between the different layers) impossible.
Therefore, by blocking gap junctions we virtually abolished spread of electronic signal
through both MEGIJs and intercellular communication within ECs or SMCs. It is
important to consider this issue when significance of longitudinal transfer of the signal
through endothelial and smooth muscle layers for the control of vascular tone at level
of small arteries is considered.

Incubation of arteries with different combinations of CMPs led us to suggest the
importance of Cx43 in the endothelium-dependent relaxation resistant to inhibitors of
NOS and COX products. Immunohistochemical analysis of staining for Cx subtypes
indirectly revealed the predominance of Cx43 in media, although the limitations of
immunohistochemical analysis, particularly at the level of MEGIJs, have to be
considered. However, we believe that we have good implications to rely on our results
from pharmacological experiments, which indicate the importance of Cx43. Up to
now, the mechanisms behind the inhibitor action of CMPs are far from clear, and
speculations about the role of particular Cx subtypes for vascular maintenance should
still be taken with caution.

Despite the fact that we have provided pharmacological evidence for the involvement
of H,O, and CYP450 metabolites of AA into endothelium-dependent relaxation
resistant to NOS and COX inhibitors (i.e. EDHF-mediated relaxation) in arteries from
only some PE women, it is unclear if this part of relaxation is associated with
endothelium-dependent hyperpolarization. For example, the production of both H,O,
and EETs seems not necessarily require hyperpolarization of ECs or even SMCs. The
question arises if these candidates serve as EDHF per se or act as modulators and
messengers of EDHF (please see “Introduction” for the details). Therefore, H,O, or
CYP450 epoxygenase metabolites of AA may alternatively act as back-up mediators of
EDHF rather than EDHF per se, becoming evident when communication via gap
junctions is disrupted.

It is of growing interest to define the mechanism behind EDHF-mediated relaxation in
other vascular beds in PE, e.g. myometrial arteries. The relative contribution of EDHF
vs NO in the uterine circulation in PE has been reported [194], although studies to
clarify the mechanism behind the EDHF-typed responses are warranted.

The reasons that bestow the heterogeneity of EDHF responses between women with PE
are not clear, and the extended cohort with detailed demographic characteristics might
help us to elucidate any apparent correlation. A follow-up study comparing endothelial
function in women with a history of PE and normal pregnancy and the relative
contribution and the mechanisms of EDHF in these responses will hopefully help us to
clarify all these issues.
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“What is now proved was once only imagined.”
William Blake (1757-1827)
English poet
4.2 KNOCKOUT MICE STUDIES

4.2.1 Hypothesis, aims and methodological considerations

Recently EDHF has been implicated in gender-related differences in blood pressure
control [322]. As it has been described in the “Introduction” (Figure 7), aging
hypertensive ERBKO mice develop gender-related differences in blood pressure [412].
Therefore, EDHF-mediated responses in small femoral arteries isolated from young
WT and ERBKO mice prior to the development of hypertension were studied (Paper
IV). A modified vascular adrenergic reactivity has been suggested to be an important
factor in the pathogenesis of hypertension [155], consequently gender-related
differences in blood pressure in aging ERBKO mice could also be attributable to
modified adrenergic response in peripheral circulation (Paper V).

A large body of experimental studies and epidemiological evidence based on
observational studies in postmenopausal women with and without estrogen replacement
therapy have demonstrated the beneficial cardiovascular action of estrogen. However,
data from controlled, prospective clinical trials for primary [305] and secondary
prevention [181] indicate a trend towards increased cardiovascular risk. Although these
trials can be criticized on the basis of their recruitment of older patients with pre-
existing atherosclerotic disease [278], there are some adverse effects of hormonal
treatment. Those include oncogenic risk [295, 402] and potential negative
consequences on the circulation, such as procoagulant and plaque-destabilizing effects
[162]. This led many people to believe that the development of pure agonists or
antagonists for ER subtypes might provide benefits of estrogen replacement therapy
with reduced side effects. Indeed, selective activation of ERa and ERp, both of which
differ in tissue-specific expression and biological function, appears as a novel
pharmacological principle to improve the safety and efficiency of estrogenic
compounds in the prevention of CVD [396]. Hence, the role of ER subtypes in multiple
mechanisms involved in the regulation of cardiovascular system should be examined
more comprehensively.

Due to the lack of highly selective receptor antagonists or agonists, the investigations of
ERa and ER function on vascular maintenance are mainly confined to animal models
in which the receptors are selectively “knocked out”. Hypertension reported in ERBKO
[412], but not in ERaKO, mice is an indirect indication that a certain ER subtype is
involved in the control of blood pressure. Several studies showed that an elevated blood
pressure develops in OVX rats [256, 364]. In addition, an increased rate of
hypertension has been reported after menopause [298], although it did not occur during
the time when the ovary became senescent, but rather over a number of years [15].
Mice double deficient in eNOS and apoprotein-E are hypertensive and atherosclerotic,
however gonadectomy reduces blood pressure and atherosclerosis in animals of both
genders [173]. Levin (2002) suggested that ERo might mediate the hypertension-
promoting actions of estrogen when ER or eNOS is perturbed [217]. Taken together,
the following questions need to be answered: 1) what is the mechanism behind the
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hypertension in ageing ERBKO animals, 2) why the blood pressure in ERBKO males is
higher than in females? It must be emphasized, however, that gender-related difference
in blood pressure is not unique to hypertensive ERBKO mice, such difference has been
reported previously in spontaneously hypertensive rats (SHR) [63].

In this thesis the homozygotous mutant mice lacking the gene for ERP (ERP -/-,
ERBKO) and their WT littermates were used. Changes in blood pressure were
confirmed prior to the initiation of the functional studies [412]. Normal blood pressure
was found in intact ERBKO animals until 5 to 6 months (22-26 weeks) of age and
increased thereafter. As we intended to study prerequisites for the development of
hypertension in ERBKO animals, we deliberately recruited mice from 14 to 22 weeks
of age only [412].

Contrary to previous reports that involved investigations on isolated aorta [90, 274,
412], we concentrated on peripheral circulation (i.e. small femoral arteries). We
anticipate, these are more likely to be affected by hypertension, or relevant to study
pathogenesis of hypertension [412]. Studies using large conduit arteries may not be
directly applicable to understand the physiology and pharmacology of small arteries
[265], which are indeed involved in the regulation of peripheral resistance, and as such
are ideally suited to control blood pressure. Although in our study the definition of
femoral artery as resistant is far from accurate, while the size of it (~200um) is
equivalent to small arteries defined as resistant in other species [88]. Moreover, more
similarities exist in the physiology and pharmacology between small and resistance
arteries rather than in comparison to the aorta (internal diameter for mouse ~1100um).
Furthermore, the aorta is defined as an elastic artery, whereas the femoral artery is
defined to be a muscular type [84]. It has been shown that elastic arteries contain
mostly vimentin positive-desmin negative SMCs, while muscular arteries also contain
vimentin positive—desmin-positive SMCs [23], and this phenotypic diversity could
have consequences on the contractile capacity of the vessel.

Prior to the functional study ER subtype expression in femoral arteries was determined
by immunohistochemistry. ERa. and  were localized within the vascular wall
including both endothelium and VSMC. No staining for ER was observed in arteries
from ERBKO female or male mice (Paper V, Fig.1).

In this thesis BK has been used in human studies, as it is a more physiologically
relevant stimulus for the evaluation of endothelial function [237]. In contrast to the
human studies, we applied ACh to the mouse arteries. ACh is the most commonly used
endothelium-dependent vasodilator, although the physiological relevance of it has been
questioned by some researchers [199]. Pilot studies revealed that BK failed to induce
any relaxation in femoral as well as in mesenteric arteries or aorta of the studied mice.
These findings concur with others, in which lack of dilator response to BK in murine
arteries was reported [35, 232]. However, some reports exist showing a pronounce
relaxation to this agonist in mice [205, 281, 322]. It is likely that a strain-dependent
variation in vascular responsiveness to BK in mice takes place, while dilator responses
to ACh are most frequently reported in the murine arteries. The physiological role of
ACh in vascular reactivity experiments is now increasingly appreciated, since the
localisation of choline acetyltransferase (the enzyme involved in the ACh synthesis)
was confirmed in the vascular ECs [192, 284]. Therefore, ACh could be released from
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the ECs to cause NO production from adjacent ECs [42]. ACh could also be released
from ECs in response to shear stress [258].

A modified vascular adrenergic reactivity has been suggested to be important in the
pathogenesis of hypertension [155]. In addition, investigations in several experimental
animal models, in which abnormalities in sympathetic nervous system were related to
hypertension, have indicated clear gender-related aspects [170]. In addition, and in
accordance to several studies, two subtypes of adrenoceptors, a and B, are involved in
the pathogenesis, or maintenance of different types of hypertension. In the resistance
vasculature of young pre-hypertensive and adult hypertensive rats, a high density of o;-
adrenoceptors was found [155, 399], and the maximum contractile response to selective
o-adrenoagonist [182, 384] was increased in endothelium-denuded arteries from SHR.
On the other hand, salt loading could cause hypertension via a mechanism involving
op-adrenoceptors  [155].  Furthermore, [-adrenoceptor-mediated relaxation is
diminished in peripheral arteries from SHR [131]. Overall, all adrenoceptors
responsible either for constriction (o; and o, on SMC) or, straight conversely for
relaxation through f, both on ECs and SMCs, and endothelial a,-adrenoceptors (Figure
13), might act in concert to confer modified adrenergic reactivity in hypertension.

l

relaxation

Endothelium

constrlctlon

== \  constriction
relaxation

VSMCs

Figure 13. A schematic presentation of all possible pathways involved in
response of vascular wall to adrenergic agonists.

We therefore compared constrictor response to non-specific agonist of a and 3
adrenoceptors — NE, before and after incubation with specific antagonists of o, or B-
adrenoceptors in small femoral arteries isolated from pre-hypertensive ERBKO and
age-matched WT mice. We also studied constriction to phenylephrine (PhE, selective
agonist of a,-adrenoceptors) and thromboxan mimetic (U46619) in these animals. To
check the influence of endothelium-derived vasodilators on contractile responses,
incubation with inhibitors of NO and PGI, production were used. In addition, response
to the agonist of B-adrenoceptors — ISO was obtained in arteries from male mice.
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"In theory, there is no difference between theory
and practice. But, in practice, there is."

Albert Einstein (1879-1955)
The Nobel Prize in Physics 1921

4.2.2 EDHF in ERBKO mice ( IV)

In this thesis and in line with previous reports [84, 387], we demonstrated a significant
contribution (up to 60% from the level of full response to 30 umol/L ACh) of a non-
NO, non-prostanoid relaxing factor, previously defined as EDHF-mediated response
(Figure 14), further strengthening the importance of EDHF in endothelium-dependent
dilatation in murine femoral arteries.
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Figure 14. The relative contribution of endothelium-derived vasodilators (NO vs EDHF) in
ACh-induced relaxation of small femoral arteries isolated from WT female mice.

Our results concur with previous reports of an enhanced endothelium-dependent
relaxation in females when compared with males (see review [277] for details, Fig la,
Paper IV), but in contrast to our own study, in which we failed to obtain the gender-
related differences in ACh-induced relaxation in small (ID~200um) arteries from the
mesentery in the same animal model [85]. The reasons for these inconsistencies
between murine femoral and mesenteric arteries with respect to endothelium-dependent
relaxation are unclear, however it may be attributed to vascular bed specificity or the
different experimental system used (wire vs pressure myograph). Also in general,
endothelium-dependent response to ACh was higher in femoral (75-82%) vs mesenteric
(39-53%) arteries from WT mice [85].

It is important to stress that in WT mice the gender-related difference in endothelium-
dependent relaxation is a distinguishing feature of arteries with ID<200um, as in larger
arteries such differences do not occur (Fig.1b, Paper IV). Since gender related
differences in ACh-induced relaxation persists after inhibition of NOS and COX
products, we suggest that EDHF, rather than NO or PGI,, is involved. Moreover, the
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sensitivity to ACh after vs before the incubation is significantly reduced in arteries from
males, but not from females, further indicating that EDHF could serve as a back-up
endothelium-derived vasodilator more prominently in females, when other
endothelium-derived pathways are blocked or lost [8, 322].

In this thesis (Paper IV) we also suggest that ERP has influence on the gender-related
difference in ACh-induced relaxation through EDHF rather than NO. This is based on
observations that endothelium-dependent dilatation is similar in female and male
ERBKO mice, and the sensitivity to ACh after vs before incubation with L-NAME is
similarly reduced in arteries from both genders. In contrast, in WT mice the reduced
sensitivity is observed only in males.

Based on differences in sensitivity to ACh before vs after incubation with “L-NAME”
between WT and ERBKO females, but not males, one could anticipate that more
pronounced EDHF-mediated responses in females is regulated through ER3. However,
the comparison of ACh-induced relaxation between arteries from WT and ERBKO
females shows a full identity in concentration-response curves to agonist before and
after inhibition of NOS and COX products (Fig.3a, Paper 1V), thus opposing such a
suggestion.

In contrast, arteries from ERBKO males are more sensitive to ACh vs WT males
(Fig.3b, Paper 1V), and this difference in sensitivity to ACh is evident before and after
COX and NOS inhibition. These results imply the male gender-specific involvement of
ERp into the down-regulation of EDHF-mediated responses in small arteries. The
absence of ERf in the murine circulation therefore appears to enhance sensitivity to
ACh through EDHF-mediated mechanism in males but not in females.

The mechanisms behind the EDHF mediated pathways are of interest, and to our
knowledge we are the first to explore them in femoral arteries from male mice. Based
on a study by Chataigneau et al. [53] we used a single, supramaximal concentration of
ACh (1 umol/L) to evaluate the mechanism of EDHF-mediated response, since the
response to this single concentration of ACh is rapid and sharp and could not be
mistaken for a spontaneous reduction in tone.

Gap junctions but not metabolites of AA or endogenous H,O, are involved in the
EDHF responses in WT and ERPKO male mice (Fig.4, Paper 1V). This is further
supported by a morphological approach, which has been applied to look at structural
prerequisites for MEGJ in arteries from ERBKO male mice. Again, as for gender
differences with respect to endothelium-dependent dilatation and artery size, a
discrepancy was found in ultrastructure depending on artery size. A relatively big IEL
separating ECs from underlying SMCs obstructed the occurrence of tight connection in
PFA (Figure 6A, Paper 1V), and it is unlikely that MEGJ could serve for EDHF-
mediated response in those vessels.

In contrast, in DFA, frequent penetrations in IEL have provided a setting for numerous
EC and SMC projections to form tight connections that could be considered as
prerequisites for MEGJ (Figure 6B-F, Paper IV). Morphological data concurs with the
common hypothesis that incidence of MEGIJ is inversely correlated with internal
diameter and the number of SMC layers in the media [240, 309].
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We hypothesised that estrogen through the nuclear receptor o or B constantly activate
expression of Cx proteins that have a profound influence on EDHF-mediated
hyperpolarization and relaxation and could be responsible for the gender-related
differences observed. Indeed, it has been shown that an ovarectomy significantly
reduces expression of Cx43 [228] and Cx40 [270] in mesenteric arteries, but not in the
aorta [175] in rats. Replacement therapy with 17B-E, completely prevented this
reduction and it remained similar to that in control animals [227, 228, 270]. Also, the
expression of Cx37 was up-regulated by 17B-E, in M-phase of the ECs of human
endometrium [46]. Moreover, in rats, the half-palindromic estrogen responsive
elements in the promoter region of the Cx43 gene have been shown to be sufficient to
activate transcription of this gene by estrogen [227, 408]. In our study however,
immunostaining for Cx 37, 40 and 43 subtypes has not revealed any difference in
expression level between arteries from WT and ERBKO male mice (Fig.7,8, Paper IV).
Cx 37 seemed to be the predominant subtype expressed in arteries from both WT and
ERBKO mice (Fig.7,8, Paper IV). On the other hand, as it was mentioned above, the
comparison of staining between different antibodies is more difficult due to
complications which may arise from differential binding efficiencies [411]. Poor
expression of Cx 40 and 43 was consistent with previous reports showing abundant
Cx37 expression in murine vasculature [184, 411].

Cx37 could play an important role in EDHF-mediated responses in rodents, as a
decrease in the contribution of EDHF was accompanied by reduced expression of
Cx37 but not Cx 40,43 or 45 in small mesenteric arteries from apoE-deficient
streptozotocin-diabetic mice [100]. A similar pattern was observed in the mesenteric
artery from SHRs [309].

Overall, ERB confers gender differences in endothelium-dependent relaxation in small
femoral arteries from mice by reducing the contribution of EDHF-induced relaxation
through gap junction communications in male arteries. Absence of ERP has no
influence on the expression of main Cx subtypes within the vascular wall as well as on
ultrastructure and morphology of the EC layer. The up-regulation of the EDHF
pathway in ERBKO males with no change in female arteries, does not support the
suggestion that an alteration in endothelial function may predispose these animals to the
development of hypertension as they age.

"The opposite of a correct statement is a false
statement. But the opposite of a profound truth
may well be another profound truth "

Niels Bohr (1885-1962)
The Nobel Prize in Physics 1922

4.2.3 Contractile responses in ERBKO mice (V)

It is widely recognized that the sympathetic system plays an important role in blood
pressure control through modulation of contractility in response to activation of
adrenergic receptors, the significance of which is emphasized by the efficiency of a-
and B-adrenoceptors antagonists or o-adrenoceptors agonists in the treatment of human
hypertension [155, 288].
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Increased PhE-induced constriction in small femoral arteries from ERBKO males vs
ERBKO females and WT animals of both genders is a key finding in this study (Figure
15). The mechanism involved is currently unknown, although our results indicate
gender-related changes in constriction to be specific for o,-adrenergic receptors
activation, as NE- and U46619-induced constrictions were unaltered (Figure 16). We
therefore suggest that enhanced o-adrenergic reactivity of small arteries in
normotensive male ERBKO mice might initiate the development of hypertension.
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Figure 15. Contractile responses to selective a;-adrenergic receptor agonist phenylephrine (PE)
before and after incubation with inhibitors of NO and PGI, production (L-NAME, 100uM +L-
NNA, 300uM +Indo, 10 uM) in small femoral arteries from WT and ERBKO male mice.

Data are reported as means £ SEM for the number of animals indicated in parentheses. *, p <
0.05 between the responses in arteries from ERBKO vs WT mice; #, p < 0.05 between the
responses before vs after incubation with inhibitors of endothelial function.
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Figure 16. Contractile responses to a non-selective agonist of a and  adrenergic receptors,
norepinephrine (NE, A), and thromboxane mimetic (U46619, B) before and after incubation
with inhibitors of NO and PGI, production (L-NAME, 100uM +L-NNA, 300uM +Indo, 10
puM) in small femoral arteries from WT and ERBKO male mice.
Data are reported as means = SEM for the number of animals indicated in parentheses.
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In OVX rats, for example, hypertension is accompanied by increased reactivity to PhE
in small cerebral arteries, and therapy with tamoxifen (the partial ER agonist) abrogates
PhE-induced constriction and moderately reduces systolic blood pressure [364]. On the
other hand, contraction to PhE has been shown to be similar in isolated aorta [412] and
mesenteric arteries [85] between ERBKO and WT mice, or in aortas from WT, ERBKO
and ERaKO female mice after OVX and 17B-E, supplementation [90]. Thus, the
vascular bed specific (femoral vs mesenteric, aorta) enhancement of PhE responses
occurs in ERBKO male mice. It is important to stress that the femoral artery is mainly
under adrenergic control, while mesenteric arterial tone is predominantly maintained by
the rennin-angiotensin system, and different reactivity of the femoral arterial bed to
exogenous agonists in comparison to mesenteric bed has been reported [166].

Male gender specific enhancement of PhE-induced constriction in ERBKO mice is in
line with observations in small arteries from SHR, in which amplified adrenergic nerve
stimulation was accompanied by higher blood pressure in males [63, 266] vs females
[36]. Since after OVX the a;-adrenoceptor-mediated response to adrenergic nerve
stimulation was significantly increased in arteries from SHRs females and estrogen
supplementation reversed it back to the initial level, estrogen has been implicated for
gender discrepancy in adrenergic response [36].

Endothelium-derived factors could be involved in the enhanced o;-adrenergic
responses in ERBKO males. Indeed, inhibitors of endothelium-derived vasodilators
increased sensitivity to PhE in arteries from WT, but not ERBKO mice, suggesting that
NO and possibly PGI, are released to suppress the contraction in WT animals, whereas
in ERBKO males vasodilative capacity of the endothelium seems to be compromised
(Figure 15).

A few studies suggested that the release of endothelium-derived NO could be linked to
endothelial o;-adrenoceptors [31, 371]. However, direct evidence for this is still
ambiguous and the current accepted view suggests that endothelial a,- rather than o-
adrenoceptors are linked to NOS [378]. The alternative hypothesis implies the
mechanism involving MEGJs, which may provide a mode for Ca*" efflux from
constricted SMCs to the endothelium [101]. In more details, the activation of o-
adrenoceptors leads to an increase in SMC [Ca®']; followed by passive diffusion of
Ca*" or triphosphoinositol (IPs) down their concentration gradients from SMCs to ECs
through MEGJs [102]. Since elevation of endothelial [Ca®'}; is known to increase the
production of NO, PGI, and EDHF, it could suppress o,-adrenoceptor-mediated
constriction. This hypothesis has also a critique point, because theoretically, any
increase in SMC [Ca”']; could lead to an increased production of endothelium-derived
vasodilators if MEGJs are present. In our study, however, endothelium-dependent
reduction in constriction either to U46619 or NE was not observed (Figure 16). Our
findings about enhanced EDHF-mediated relaxation through MEGJ in ERBKO males
also add some evidence refusing such a possibility.

An alternative mechanism relevant to endothelium-dependent modulation of -
adrenergic responses may involve the release of endothelium-derived endothelin-1 (ET-
1), the constrictor effect of which is normally compensated by basal NO production
[362]. ET-1 has been suggested to be responsible for increased sensitivity of arteries to
PhE after NOS inhibition [273, 362]. Epinephrine-induced release of ET-1 in cultured
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porcine ECs is blocked by .- but not a,- or B-adrenergic antagonists, indicating that
o-adrenoceptors are involved in ET-1 release [200]. Furthermore, coronary arteriolar

constriction in response to activation of oy-adrenoceptors mostly results from the
release of ET-1 [98].

Gender related difference in vascular effects to ET-1 was also observed. The ET-1
concentration is usually higher in men vs women [289], and it is reduced in male to
female transsexuals, but increased in female to male transsexuals indicating that sex
hormones are of importance [257]. Estrogen also inhibits constrictions to ET-1 in
coronary microvessels isolated from male and female dogs [213]. Long-term blockade
of ETx receptors reduces blood pressure in post-menopausal SHR to a level found in
young females [404], and the expression of preproendothelin-1 is significantly up-
regulated in OVX pigs [391]. Estrogen appears to decrease plasma ET-1 level in OVX
rabbits [410] and in post-menopausal women [27]. Akishita et al [6] demonstrated that
the inhibitory effect of estrogen on ET-1 production and its mRNA expression could be
blocked by an estrogen receptor antagonist, ICI 182,780, suggesting an ER-dependent
pathway. The importance of ERpP has been suggested since 17B-E,, the ER} agonist
DPN (diarylpropionitrile), but not the ERa agonist PPT, attenuated the ET-1-induced
constriction of the aorta from male rats [17]. However, it is important to note that over
expression of ERa in ECs dramatically decreases the ET-1 secretion [7].

Thus, all above-mentioned findings led us to anticipate a possible role of ET-1 in the
increased o-adrenergic constriction after inhibition of NOS and COX products in
arteries from WT mice. The lack of effect of NO inhibition on PhE-induced
constriction in femoral arteries from ERBKO males may be due to, either increased
production of ET-1, inadequate release of NO, or both. Our hypothesis that ET-1 might
be involved in observed alterations in PhE-induced constriction is strengthened by
evidence that chronic treatment of male SHR with an inhibitor of ET, receptors also
decreases PhE-induced constriction in isolated aorta [183], and ET A receptor inhibition
prevents the rise in blood pressure after OVX [256].

An increased response to inhibitors of NO and PGI, production (L-NAME+L-
NNA-+Indo) has also been observed in arteries from ERBKO males but not in females.
The inhibition of endogenous production of NO may increase basal tone through at
least two possible ways: directly as a consequence of abolishment the basal NO-
mediated relaxation and indirectly through uncovered constriction in response to
endothelium-derived contractile factors, namely ET-1 [273]. ET-1 and NO are known
to counteract each other by a physiological antagonism, one factor being a constrictor
and the other a dilator [142]. It has been shown that endogenous production of ET-1
contributes to the maintenance of vascular tone [163] and altered expression and
activity of ET-1 could contribute to the development of hypertension [321].

Thus, the enhanced response to inhibitors of endothelial function in femoral arteries
from ERBKO males is in line, at least partly, with our above-mentioned speculation for
the role of ET-1 in the enhanced PhE-induced constriction. The higher constriction in
response to complex of endothelial inhibitors in arteries from ERBKO males could
therefore be caused by an increased basal release of ET-1 rather than by abolishment of
enhanced production of NO per se. Indeed, the increase in basal NO production in
femoral arteries from ERBKO males is in poor agreement with the simultaneous
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absence of NO-mediated influence on PhE-induced constriction. Also, increased
reactivity of cerebral arteries from OVX rats in response to NOS blocker (L-NNA) is
associated with enhanced reactivity to PhE and hypertension [364] which could be
prevented by ET, inhibition [183, 256, 320].

Based on our results and the data presented in the literature we speculate that alterations
in the relative release between ET-1 and NO could partly explain an increased
contractile response to Phe in small arteries from ERBKO males. Moreover, our ET-1-
related hypothesis could also be relevant for enhanced EDHF-mediated responses
found in ERBKO males (Paper IV), since a higher ET-1 level has been shown to
increase gap junctional communication [290] that is in charge for EDHF-mediated
responses in the small femoral arteries. Obviously, further investigations are required to
finalize the role of endothelium-derived factors, principally ET-1, in enhanced
contractility at the level of small arteries in ERBKO males and in the development of
increased blood pressure with age.

Similar responses to NE in ERBKO and WT males observed in this thesis suggest that
ERp-dependent modulation of adrenergic receptors may occur to prevent enhanced o;-
adrenoceptors-mediated constriction in ERBKO males. NE is a non-specific agonist of
adrenergic receptors and activates o- and B-adrenoceptors located on endothelium and
smooth muscle, whereas PhE constricts arteries solely through o-adrenoceptors
located on SMCs (Figure 13). It is known that NE-induced constriction could be
modulated by the activation of endothelial o;-adrenoceptors linked to the release of NO
[378], EDHF [363], vasoconstrictor cyclooxygenase-derived prostanoids [121] and ET-
1 [365]. Kim et al. (1999) also suggested that ar-adrenoceptors mediate both an
endothelium-dependent and endothelium—independent relaxation of rat aorta through
the release of NO and the opening of glibenclamide (ATP) sensitive K™ channels in
SMCs, respectively [197]. In the mouse denuded aorta, contractions to NE could be
increased by deletion of a-adrenoceptors or by a,-adrenoceptor antagonists but not by
glibenclamide, suggesting endothelium- and ATP-sensitive K" channels- independent
inhibitory effect on a,-adrenoceptor in NE-induced contraction [375]. Furthermore, in
contrast to large conductance arteries in which response to o-adrenoceptors triggers
the release of endothelium-derived NO, inhibitors of NOS do not prevent relaxation
mediated by a-adrenoceptors agonists in small arteries [275, 365] and EDHF seems to
be of particular importance [363]. On the other hand, in small arteries in contrast to
large, a,-adrenoceptors are located on SMCs and mediate constriction [67].

Considering the evidence that an increased number of a,-adrenergic receptors at the
level of smooth muscle is associated with the development of hypertension [385], and
lower sensitivity to op-agonist stimulation has been reported in OVX rats [121] we
further explored the contribution of op-adrenoceptor to NE-induced constriction in
femoral arteries from WT and ERBKO males. We found that a,-adrenoceptors linked
to endothelium-derived factors did not modulate the NE-induced responses in WT and
ERBKO male mice, since concentration-response curves to NE were similar before and
after incubation with eNOS and COX inhibitors (Figure 16). However, yohimbine
significantly inhibited constriction, suggesting the contribution of a,-adrenoceptors
located on SMC (Figure 17), although the response to NE after incubation with
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yohimbine was still significantly lower than that to PhE in arteries from ERBKO males
(Figure 4, Paper V).
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Figure 17. Contractile responses to a non-selective agonist of o and P receptors,
norepinephrine, before and after incubation of a,-adrenoceptors inhibitor- yohimbine (1
uMol/l) in small femoral arteries from WT and ERBKO male mice.

Data are reported as means + SEM for the number of animals indicated in parentheses. *, p <
0.05 between the response before vs after incubation with yohimbine in arteries from WT mice;
#, p < 0.05 between the responses after incubation with yohimbine in arteries from WT vs
ERBKO male mice; &, p < 0.05 between the response before vs after incubation with
yohimbine in arteries from ERBKO mice.

Therefore, it seems reasonable that the events occurring at the level of B-adrenoceptors
may explain the discrepancy in contractile effects between NE and PhE in arteries from
ERBKO males. Indeed, NE, as an agonist of B-adrenoceptors, has been implicated in
hyperpolarization and relaxation through Gs protein/adenylate cyclase/cAMP signaling
cascade and it has been suggested to play an important role in the sympathetic control
of smooth muscle tone by opposing a-adrenoceptor-mediated constriction [146, 269].

Additional experiments using a nonselective inhibitor and agonist of -adrenoceptors —
pronethalol and ISO, respectively, substantiated the implication for compensatory up-
regulation of B-adrenoceptor-mediated relaxation to diminish enhanced constriction to
o-adrenoceptor stimulation in arteries from ERBKO male (Figure 18, 19). Indeed,
concentration-response curves to NE after pre-treatment with pronethalol were similar
to that in response to PhE, suggesting that (-adrenergic relaxation opposes the
enhanced o-adrenergic constriction in ERBKO males. This -Adrenoceptor-mediated
modification of NE-induced response seems to be peculiar to ERBKO mice, since in
WT animals incubation of arteries from pronethalol did not influence the NE response.
On the other hand, the difference in responses to ISO between ERBKO and WT males
were only different at a higher concentration of -adrenergic agonist (Figure 19).

There are, at least, three subtypes of (-adrenoceptors - Bi, B2 and PB; and those are

located on smooth muscle and/or endothelium. Based on the experiments with [3-
adrenoceptor knockout mice, Chruscinski et al, (2001) suggested that vascular
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relaxation of the murine femoral artery is solely dependent on B;-adrenoceptor subtype
and independent from the endothelium [70]. ISO-induced relaxation in the femoral
arteries from both WT and ERBKO animals was, however, modest with a threshold
concentration around 0.1uMol/l and the minor relaxation to ISO might be explained by
the pre-constrictor per se, since PhE by activating protein kinase C may reduce [3-
adrenoceptor coupling to adenylate cyclase [141].
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Figure 18. Contractile responses to non-selective agonist of o and B receptors, norepinephrine,
before and incubation with -adrenoceptors inhibitor pronethalol (1 uMol/l) in small femoral
arteries from WT and ERBKO male mice.
Data are reported as means + SEM for the number of animals indicated in parentheses. *, p
<0.05 between the responses after incubation with pronethalol in arteries from WT vs ERBKO
male mice.
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Figure 19. Concentration-response curves to non-selective agonist of [-adrenoceptors
isoprenaline (ISO) in small femoral arteries isolated from WT and ERBKO male mice. Data are
reported as means = SEM for the number of animals indicated in parentheses. *, p <0.05
difference in response to 30 umol/l of ISO between ERBKO and WT males.

62



Luksha L, 2007

Several reports have indicated the relationship between estrogen and 3-adrenoceptors in
the control of vascular tone. NE-induced relaxation in coronary arteries has been found
to be enhanced by acute exposure to physiological levels of 178-E, [22]. Also ISO-
induced relaxation has been reported to be impaired in OVX rats, and -adrenoceptor-
mediated relaxation was restored by estrogen substitution [79, 120]. Increased release
of NO and improved Gs-protein function within the vascular wall have been suggested
as a mechanism behind the beneficial estrogen effect on B-adrenoceptor-mediated
responses on isolated aorta [79]. Chan et al (2002) provided support for the synergistic
interplay between p-adrenoceptor activation and 17p-E,, since the enhancement of 173-
E-induced relaxation was induced by ISO in rat mesenteric arteries [52]. However, an
impaired -adrenoceptor-mediated relaxation in both conduit and small arteries from
SHR has been reported [13, 64, 131, 327], and such abnormalities have been suggested
to precede the development of hypertension [64, 131, 146, 327].

The mechanisms responsible for enhanced contribution of -adrenoceptors to inhibit
oy-adrenergic constriction in ERBKO males is currently unknown, although again the
possible role of ET-1 to alter vascular reactivity is of relevance, as in cultured vascular
SMCs chronic ET-1 receptor activation increased -adrenoceptor density and adenylate
cyclase activity [37, 38]. It has been shown that ISO induces a greater response in
rabbit aorta if pre-constricted with ET-1 but not PhE [141]. ET-1 has also been
implicated in the amplification of B-AR/G protein coupling to adenylate cyclase [141].

Overall, the alteration of vascular reactivity in small femoral arteries from male mice
deficient in ER are in close agreement with the proposed pathogenetic role of ET-1
(Figure 20). The enhanced basal tone in response to inhibitors of endothelial function
indirectly suggest the rise in ET-1, which might be responsible for increased
constriction to o-adrenoceptor agonist PhE and the up-regulation of B-adrenoceptors-
mediated effects to inhibit the constriction in response to endogenous adrenergic
agonist NE. This speculation is strengthened by fact that hypertension in OVX rats is
prevented by ETa-receptor inhibition [256]. Further investigation is required to clarify
the role of endothelium-derived ET-1 in enhanced contractility at the level of small
arteries from ERBKO mice and increased blood pressure with age. We speculate that
the critical event triggering hypertension in ERBKO males could be a loss of
compensatory potency of B-adrenergic response to prevent enhanced a,-adrenoceptor-
mediated vasoconstriction at the level of small arteries. Indeed, the relaxation caused by
B-adrenoceptor agonist ISO has been shown to be reduced during aging in different
arteries and veins that could be attributable to f-adrenoceptor desensitization due to the
increased levels in endogenous catecholamines during aging [238].

In conclusion, this study (Paper V) demonstrates that ERP} seems to be more important
for the regulation of small artery function in males compared to females. Increased a;-
adrenergic reactivity followed by -adrenoceptor modification (Table 3) and changes in
basal release of endothelium-derived vasoactive factors (NO versus ET-1) might
commence the development of hypertension in ERBKO males.
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Figure 20. A schematic presentation of the differences observed in young WT and ERBKO
males, the balance of adrenergic constriction/relaxation, and the contribution of endothelium-

derived factors.

Table 3. Summary of the NE-induced response in arteries from WT and ERBKO male

mice

Constriction/ Relaxation WT ERBKO
Constriction

au-adrenoceptor ++ it
on-adrenoceptor + +
Relaxation

o-adrenoceptor - —
[-adrenoceptor — +

Total constriction +H+ +++
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"The important thing is not to stop questioning.”
Albert Einstein (1879-1955)
The Nobel Prize in Physics 1921
4.2.4 Final remarks (IV,V)

We report that the absence of ERP in the peripheral vasculature of mice has a more
significant influence on small artery function in males rather than females.
Improvement of EDHF-mediated responses in ERBKO male mice compensates for the
lack of gender differences in endothelium-dependent relaxation in WT animals. This
observation is specific to femoral arteries with a diameter less than 200 um (Table 4).
Moreover, the absence of ERp in the male vasculature is characterized by altered basal
production of other endothelium-derived factors, presumably ET-1. In general, it is
possible to treat ERJ as a steroid receptor, which primarily targets the vasculature of
males by modifying vasoactive properties of the endothelium. Furthermore, the
deletion of ERP in males is also accompanied by up-regulation of o;- and B-
adrenoceptor-mediated responses.

At the level of small arteries, the absence of ERf3 causes the up-regulation of o;-AR-
mediated constriction followed by B-adrenoceptor modification and changes in basal
and receptor-mediated release of endothelium-derived factors (EDHF, ET-1 and NO) to
maintain the peripheral vascular tone and to insure normal blood pressure. Therefore,
despite increased constriction to selective agonists of oj-adrenoceptors PhE, in young
ERBKO males the compensatory “power” is sufficient to preserve the total response to
endogenous adrenergic agonist NE to a level observed in WT mice. Since with age
ERBKO animals become hypertensive, it is possible to suggest that the deficiency of
compensatory mechanisms to prevent enhanced o,-adrenergic constriction through
desensitization of B-adrenoceptor and/or further misbalance between endothelium-
derived constrictor (ET-1) and dilators (NO and EDHF, Figure 21) may serve as a
trigger for this event.

Table 4. Summary of the gender differences in vascular reactivity between arteries
from WT and ERBKO mice

Response WT ERBKO
Increase in tone after NOS and COX inhibition >4 <y
Relaxation

Endothelium-dependent in PSS 2>J =3
EDHF-mediated relaxation >3 =4
Constriction

adrenoceptor-mediated, NE =4 =4
o-adrenoceptor-mediated, PhE =4 ?<d
U46619-induced constriction =4 =4
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Figure 21. A schematic presentation of proposed differences in adrenergic and endothelial
control of small artery tone in WT, prehypertensive and hypertensive ERBKO male mice.

In WT and young ERBKO mice there is a predominance of endothelium-derived vasodilators
(NO and EDHF), although an increased level of basal ET-1 release in ERBKO mice is
suggested. In hypertensive ERBKO mice the balance between endothelium-derived factors
could be shifted towards ET-1, and if inactivation of NO occurs due to suggested oxidative
stress [248], the basal tone of vessels will be further enhanced. The contribution of B-
adrenoceptors to NE-induced constriction seems to be negligible in WT animals, whereas in
pre-hypertensive ERBKO mice B-adrenoceptor-mediated relaxation is acting as ameliorator
against the enhanced activation of a;-adrenoceptor, and as result the total response to NE is
similar between WT and pre-hypertensive ERBKO mice. However, age-related desensitization
of B-adrenoceptor will exaggerate the rise of adrenergic constriction and possible trigger the
development of hypertension peculiar for aged ERBKO mice.

Enhanced ACh-induced relaxation in arteries from ERBKO males, but not females,
could hypothetically be explained by the lack of unknown ERB-controlled pathways
that limit EDHF contribution in males. The amplified contribution of EDHF to
endothelium-dependent relaxation in ERBKO males could also be considered as a
compensatory mechanism to offset male-specific alterations in adrenergic constriction
observed in this thesis. An increased cAMP accumulation in SMC as a result of
amplified B-AR stimulation may facilitate electrical coupling via gap junctions [153],
which in our study have been confirmed to be involved in EDHF-mediated responses.
Finally, as some indications exist to suggest synergistic or antagonistic effects between
ERs [225, 247], it is possible that ERB acts as a repressor or modulator of ERa
biological activity with respect to EDHF contribution in males. Our group has recently
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provided support for a compatible event to occur in femoral arteries from the same
animal model. Indeed, ERf} down-regulated ERa mediated NO contribution to the acute
dilatory action of 17B-E, but in both male and female mice [86]. It is possible to
suggest, that deletion of ERB in males results in enhanced signaling through ERa., the
pharmacological stimulation of which has been shown to be sufficient to prevent
endothelial dysfunction elicited by estrogen deficiency [396].

The predominant physiological role of ERP in the male vasculature may appear
surprising, although the compelling evidence from literature about the role of estrogen
and ERs in males strengthens our suggestion. Estrogen deficiency in males has been
associated with increased cardiovascular risk [202, 346]. The male mice lacking a
functional aromatase enzyme demonstrate blunted responses to ACh in aortic rings
[198]. It has been shown that aromatase is also expressed in SMCs [161] and local
changes in estrogen concentrations within the vasculature may also play a role in the
modification of vascular tone in response to vasoactive substances.

Estrogen can affect the male cardiovascular system in a manner that may have a
potential clinical benefit. Acute administration of estradiol to young men, at
concentrations comparable to that obtained in pre-menopausal women, induces
enhancement of endothelium-dependent dilatation to ACh in the skin circulation [201].
Longer-term estrogen supplementation in male-to-female transsexuals enhances flow-
mediated responses [272]. Our group has also recently reported that phytoestrogens ex
vivo at concentrations achievable in vivo with moderate red wine or soy-derived
products consumption in daily diet evoke an acute relaxation in small subcutaneous
arteries from men with coronary heart disease or healthy controls [87].

In contrast to males, female small artery function (constriction and EDHF-mediated
responses) was unaffected by ER[ deficiency, and the reasons behind this are open to
speculation. It might be that in females both ER subtypes are important to a similar
extent, and some support exists for such a suggestion. For example, our group has
recently shown the predominant role of ERp in estrogen-induced up-regulation of flow
responses in mesenteric arteries from male mice, whereas in females, ERa is
responsible [86]. ER played an important role in 17p-E,-mediated relaxation of the rat
aorta from males [17], whereas aortic rings isolated from 17p-E,-treated OVX rats are
more sensitive to ERa than to ER-B agonists [32]. It has also been shown by our group
that acute responses to genistein [87] (considered as natural ligand for ERp [72, 207])
are more pronounced in arteries from healthy men vs women, and this is also
accompanied by a predominant expression of ERJ in arteries from men [85].

The cross talk between ERa and ERP in the female arterial wall could not be
underestimated, and one receptor is probably capable of compensating for the absence
of the other. Such an event is relatively feasible, as female gender is naturally provided
with a more stable sensatory system to adapt to the constant fluctuations in endogenous
estrogen concentrations.

67



New insights into the control of small artery function

"A conclusion is simply the place where
someone got tired of thinking."

Albert Einstein (1879-1955)

The Nobel Prize in Physics 1921

5 GENERAL CONCLUSIONS

68

1.

Endothelium-derived  nitric oxide (NO) and endothelium-derived
hyperpolarizing factor (EDHF) almost equally account for endothelium-
dependent relaxation to bradykinin in small subcutaneous arteries from normal
pregnant women. The arachidonic acid metabolites through the cytochrome
P450 pathway and endogenous H,O, do not explain EDHF-mediated response.
Gap junction communication and the connexin 43 subtype play a principal role
in EDHF-mediated relaxation of small subcutaneous arteries from normal
pregnant women.

In preeclampsia, the overall endothelium-dependent relaxation to bradykinin in
small subcutaneous arteries is similar to that obtained in normal pregnant
women, however the EDHF-mediated contribution is reduced. Preeclampsia is
characterized by heterogeneity in the relative contribution of NO versus EDHF
to bradykinin-mediated relaxation and in the mechanisms that confer EDHF-
mediated component. Gap junctions alone or in combination with either H,O,
or CYP450 epoxygenase metabolites of AA comprise the EDHF-mediated
response in this disorder. The morphological abnormalities are present within
the small artery wall in PE, and those might severely aggravate the
establishment of tight interactions between the endothelial and smooth muscle
cells.

Estrogen receptor [ confers gender differences in endothelium-dependent
relaxation in small femoral arteries by tonically reducing EDHF mediated
relaxation through gap junction communications in male arteries, but only in
vessels less than 200um in internal diameter. Estrogen receptor 3 apparently
has no influence on expression of main connexin subtypes within the vascular
wall, or on vascular ultrastructure and morphology of the endothelium. The up-
regulation of the EDHF pathway in ERBKO males with no change in female
arteries does not support the suggestion that alteration in endothelial function
may predispose the development of hypertension in these animals as they age.

The absence of ER[ causes the up-regulation of oy-adrenoceptor-mediated
constriction followed by B-adrenoceptor modification and changes in basal and
receptor-mediated release of endothelium-derived factors to maintain the
vascular tone in peripheral vasculature in males (14-22 weeks old) and insure
maintenance of normal blood pressure.

The absence of ER in peripheral vasculature has an important influence on
small artery function in males rather than in females. In general, it is possible to
consider ERP as a steroid receptor, which modifies vasoactive properties of the
endothelium and adrenergic control of small femoral arteries primarily in males
in the mouse model.
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