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ABBREVIATIONS
4-AP

4-aminopyridine

AC

adenylyl cyclase

ACh

acetylcholine

ADP

adenosine diphosphate

AKAP

A-kinase-anchoring protein

ANP

atrial natriuretic peptide

ATP

adenosine triphosphate

AT1R

angiotensin II receptor type 1

AUC

area under the curve

BKCa

large conductance calcium-activated potassium channels

BSA

bovine serum albumin

Ca2+

calcium ions

[Ca2+]i

intracellular calcium concentration

Ca2+/CaM

Ca2+-calmodulin complex

CaD

caldesmon

CaM

calmodulin

CGRP

calcitonin gene-related peptide

CO

cardiac output

CO2

carbon dioxide

cAMP

cyclic adenosine monophosphate

cGMP

cyclic guanosine monophosphate

CRR

concentration-response relationship

DAG

diacylglycerol

DMSO

dimethyl sulfoxide

DPO-1

diphenyl phosphine oxide-1

EC50

half maximal effective concentration

EDTA

ethylenediaminetetraacetic acid

EGTA

ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid

EPAC

exchange protein directly activated by cAMP
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eNOS

endothelial nitric oxide synthase

GC

guanylyl cyclase

GFR

glomerular filtration rate

GPCR

G protein coupled receptor

GTP

guanosine triphosphate

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IBTX

iberiotoxin

IC

internal circumference

IC1

IC at which a maximum response to a vasoconstrictor is observed

IC50

half maximal inhibitory concentration

IC100

IC at which a transmural wall pressure of 100mmHg is observed

iNOS

inducible nitric oxide synthase

IP3

inositol 1,4,5-trispohosphate

IP3R

inositol 1,4,5-trispohosphate receptor

K+

potassium ions

KATP

ATP-sensitive potassium channel

Kir

inward rectifyier potassium channel

Kv

voltage-gated potassium channel

KCl

potassium chloride

LCA

left coronary artery

L-NNA

NG-Nitro-L-arginine-methyl ester

LTCC

L-type calcium channel

MLCK

myosin light chain kinase

MLCP

myosin light chain phosphatase

Mx

methoxamine hydrochloride

MYPT1

myosin phosphatase target subunit 1

NCX

Na+/Ca2+ exchanger

Na+

sodium ions

pD2

negative logarithm of the half maximal effective concentration (EC50)

PAH

pulmonary arterial hypertension

PCR

polymerase chain reaction
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RLC

regulatory light chain
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vascular smooth muscle cell
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1
1.1

INTRODUCTION
Function of the cardiovascular system

The circulatory system serves to enable cell homeostasis in an organism that is too large to be supplied
by diffusion. Through the mechanism of convection, it contributes to cell respiration and metabolism
by providing oxygen, water and nutrients while removing carbon dioxide and wasteful metabolites.
Simultaneously, it acts as a transport and communication system for distributing intermediary
metabolites or even cells and for delivering hormones or autacoids. Complex mechanisms are
necessary for regulation of blood distribution between and within organs to match cellular demand.
Convection of blood happens along blood pressure gradients; blood pressure is the product of cardiac
output (CO) and systemic vascular resistance (SVR), and vascular resistance is largely determined by
the tone of small arteries and arterioles 1-3. Overall, the regulation of blood vessel tone is subject to
involuntary systemic mechanisms. The three main players orchestrating vascular tone are the
autonomic nervous system infiltrating the vessel wall, the autoregulatory mechanisms of the vessel
itself, and the hormones, autacoids or other agents influencing the vessel from the luminal as well as
from the abluminal side 4.
1.2

Cardiovascular function and autoregulation of the kidney

The kidney plays a central role in the circulatory system due to its excretory, hormonal and metabolic
functions contributing to intravascular fluid maintenance and blood pressure control. Most prominent
among these many mechanisms the kidney contributes to is the renin-angiotensin-aldosterone system
(RAAS), which relies upon secretion of the hormone renin from renal juxtaglomerular cells into
systemic circulation to first stimulate formation of angiotensin I and subsequent conversion into
angiotensin II through the angiotensin-converting enzyme (ACE) 5. The RAAS is of central function in
the regulation of blood pressure and is target of two main groups of antihypertensive drugs, ACEinhibitors and angiotensin receptor blockers. To fulfil its complex integrative task, the kidney itself
vitally depends upon fine-tuned regulation of blood supply. Renal autoregulation maintains renal
blood flow (RBF) and glomerular filtration rate (GFR) independent of renal perfusion pressure (RPP) in
a manner distinguished from most other organs insofar as it is intrinsic to the kidney and thus largely
independent of extrinsic nervous regulation or circulating hormones 6. Thus, the tone of renal
resistance arteries is intrinsically determined by an interplay of two major mechanisms, the relatively
quickly-acting renal myogenic response 7 and the more delayed macula densa tubuloglomerular
feedback response 8, 9.
1.3

Vascular microscopic anatomy

Blood vessels generally consist of three distinct layers 10. The innermost tunica intima is made up of a
single layer of endothelial cells mounted on a basal lamina, which besides regulating vascular tone are
involved in immunological and inflammatory processes 11. Underneath it the three-dimensional tunica
media is the thickest layer in arterial vessels and besides elastic fibers for structural support contains
mostly the vascular smooth muscle cells (VSMC) responsible for active contraction and relaxation 12.
The outermost tunica adventitia consists of fibroelastic connective tissue fixating the vessel in its
environment and contains nervous plexus participating in the control of vessel tone 10.
1.4

Mechanisms of vasocontraction

VSMCs can be stimulated by a variety of mechanisms that eventually converge to the common end
point of increasing actin-myosin interaction, resulting in ATP-powered myosin lever arm rotations that
cause VSMC shortening and exertion of force 13. This may happen either through activation of the
4
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motor protein myosin II via phosphorylation of its regulatory light chain (RLC) or through removal of
actin filament inhibition 14. First, actin-myosin interaction as a prerequisite requires the exposure of
the myosin-binding sites on the actin surface through phosphorylation of Caldesmon (CaD), which
otherwise inhibits myosin ATPase activity 15. Second, the contractile state of VSMCs largely depends
on the state of myosin RLC phosphorylation, which is increased by myosin light chain kinase (MLCK)
and decreased by myosin light chain phosphatase (MLCP) 16.
From a mechanistic-focused perspective, one can differentiate (i) VSMC activation through
electromechanical or pharmacomechanical coupling 17 and (ii) Calcium (Ca2+)-dependent mechanisms
from Ca2+ sensitization 16. From an organism-focused perspective, VSMC activation may be induced or
supported by the autonomic nervous system, by vasoactive substances like hormones, autacoids and
metabolites, or by transmural pressure 18. For the sake of structural comprehensiveness, these two
perspectives will in the following be elaborated consecutively, first elucidating the mechanistic
elements and then drawing the bigger picture of their implementation in the organism.
1.4.1

Vasocontraction from a mechanistic-focused perspective

VSMC activation can be systematized into electromechanical and pharmacomechanical coupling 17 or
Ca2+-dependent and Ca2+-sensitizing mechanisms 16.
Electromechanical coupling operates through membrane potential (Vm) changes that affect the
cytoplasmatic Ca2+ level 17. A depolarizing stimulus, by shifting the negative resting Vm of VSMC (-40 to
-70 mV) to more positive potentials, can open voltage-operated Ca2+ channels (VOCC) 19.
Depolarization can be induced through action potentials in phasic (e.g. intestinal) smooth muscle or
graded depolarization in tonic (e.g. vascular) smooth muscle 19. Among the multitude of membraneassociated proteins involved in Vm regulation, ion channels like potassium (K+) channels are primarily
important structures which when blocked contribute to VSMC depolarization 1.
Pharmacomechanical coupling includes various cellular signaling mechanisms that show the common
feature of changing VSMC force generation without requiring changes in Vm 17. Its major two
mechanisms governing contraction are increasing cytosolic Ca2+ [Ca2+]i in a manner not dependent on
VOCC but largely on inositol 1,4,5-trispohosphate (IP3) and increasing the Ca2+ sensitivity of the
contractile apparatus 19.
Ca2+-dependent mechanisms of contraction are of central importance, since an increase of [Ca2+]i is the
primary stimulus for VSMC activation 20. Ca2+ binds to calmodulin, forming the Ca2+-calmodulin complex
(Ca2+/CaM) that activates MLCK to phosphorylate the myosin RLC and thus enables contractile activity
21
. Elevation of [Ca2+]i may result from passive transmembrane movement along electrochemical
gradients, either in form of extracellular Ca2+ influx through plasma membrane ion channels or via
release from intracellular Ca2+ stores 20. In VSMCs, influx of extracellular Ca2+ is mediated primarily by
voltage-gated L-type Ca2+ channels (LTCC), with contributions from T-type Ca2+ channels and Ca2+permeable ligand-gated or transient receptor potential (TRP) cation channels, whereas Ca2+ release
from intracellular stores is mediated by sarcoplasmatic membrane ryanodine receptors (RyR) and IP3receptors (IP3R) 22. While the IP3R releases Ca2+ when activated by IP3 following activation of PLC, the
RyR is activated by an increase in [Ca2+]i itself, which is referred to as Ca2+-induced Ca2+ release 23.
Ca2+-sensitizing mechanisms of contraction have in common the ability to induce tonic contraction with
only transient increases or differing magnitudes of [Ca2+]i, which has been labeled Ca2+ sensitization 14.
Changes in Ca2+ sensitivity of the contractile apparatus may occur through increasing the ratio of
activity of MLCK over MLCP, resulting in a higher degree of myosin RLC phosphorylation and thus
myosin activity 16 or through increasing the activity of ERK, which by phosphorylating CaD results in a
higher degree of actin availability 14, 15. The former and more well-studied mechanism involves
inhibition if MLCP through two different G protein coupled receptor (GPCR)-mediated pathways. One
pathway involves activation of the monomeric G protein RhoA and its effector Rho-associated protein
5
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kinase (ROCK) that may directly inhibit MLCP, while another employs the MLCP inhibitor CPI-17, which
can be activated via phosphorylation through either ROCK or protein kinase C (PKC), the latter resulting
from Gq/11-mediated activation of phospholipase C (PLC) producing the PKC activator diacylglycerol
(DAG) 16.
1.4.2

Vasocontraction from an organism-focused perspective

Putting things into perspective, in the organism it is an interplay of the above described fundamental
mechanisms which in concert define the level of VSMC activation and vascular tone.
One key principle is endocrine and paracrine regulation through circulating vasoconstrictors including
hormones like noradrenaline, angiotensin II (AII) or vasopressin and autacoids like endothelin 1
(ET-1) 24. After binding to their corresponding membrane receptor, they may through Gq/11-mediated
activation of PLC induce both IP3 formation with consecutive IP3R-mediated Ca2+ release from
intracellular stores and DAG formation with consecutive PKC-dependent phosphorylation of CPI-17
inhibiting MLCP 25, thus combining Ca2+-dependent and Ca2+-sensitizing mechanisms of contraction.
Additionally, PKC may activate VOCC indirectly through membrane depolarization by means of
reducing K+ currents through inhibitory phosphorylation of voltage dependent K+ channels (Kv) 26, 27,
large conductance Ca2+-activated K+ channels (BKCa) 28-33, inward rectifier K+ channels (Kir) 34-36 and ATPsensitive K+ channels (KATP) 36-41, thus also including both electromechanical and pharmacomechanical
coupling in agonist-induced contraction. The autonomic nervous system releasing the
neurotransmitter noradrenaline from nerve endings in the blood vessel wall to increase vascular
tone 42 is another example involving a similar combination of mechanisms.
Another major principle relevant to the maintenance of arteriolar blood flow is the myogenic response,
which is the term describing the phenomenon that an increase in transmural pressure results in arterial
constriction, while a decrease in pressure is followed by dilation 18, 43. Stimulated by a change in wall
tension, a not yet clearly defined sensor, possibly stretch-activated cation channels from the TRP
channel family, initiates cell membrane depolarization and activation of VOCCs and Ca2+ entry, while
simultaneously mechano-transduction mechanisms independent of stretch-activated channels and/or
signaling pathways including ROCK- or PKC-mediated Ca2+ sensitization appear to contribute 14, 43. The
myogenic response accordingly is also orchestrated by both Ca2+-dependent and Ca2+-sensitizing
mechanisms, but unlike agonist-induced vasoconstriction does not require pharmacomechanical
coupling yet includes electromechanical coupling.
1.5

Mechanisms of vasorelaxation

Vascular relaxation may occur passively through a decrease of the contractile stimulus towards the
VSMC or actively through specific vasodilatory agonists acting through the intracellular messengers
cyclic guanosine monophosphate (cGMP) or cyclic adenosine monophosphate (cAMP) 44. Common end
point is the decrease of actin-myosin interaction, resulting from a lower level of myosin RLC
phosphorylation or from lower actin availability 14.
1.5.1

Vasorelaxation from a mechanistic-focused perspective

Analogously to vasoconstriction, vasodilation my involve antagonization of all mechanistic elements
described above (see: Chapter 1.4.1).
Counteracting electromechanical coupling may occur through VSMC hyperpolarization, which
decreases the open probability of VOCC, reduces Ca2+ influx and lowers [Ca2+]i 19. Membrane
hyperpolarization most importantly involves, but is not limited to, increased outward K+ currents 1.
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Counteracting pharmacomechanical coupling may besides receptor antagonization of the contractile
substance involve inhibition of IP3-dependent Ca2+ release or decreasing Ca2+ sensitivity of the
contractile apparatus 19.
Ca2+-dependent mechanisms of vasorelaxation reduce VSMC activity by lowering [Ca2+]i either through
inhibition of Ca2+ influx and/or release from intracellular stores or by actively removing Ca2+ from the
cytosol, both resulting in lowered CaM levels and decreased MLCK activity 20, 21. Outward transport of
Ca2+ across membranes is against its electrochemical gradient and therefore happens energydependently through active or secondary active transport via the plasma membrane Ca2+ ATPase
(PMCA) and Na+/Ca2+ exchanger (NCX) or through the sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA) 22. Both PMCA and SERCA function can be enhanced by PKC activation 45.
Ca2+-desensitizing mechanisms of vasorelaxation right-shift the relation between VSMC force
production and [Ca2+]i and are determined by a reduction in myosin RLC phosphorylation 16. Aside from
receptor antagonization of GPCR dependent vasoconstrictive agonists, these mechanisms may involve
a vast array of interactions between intracellular signaling cascades, many of which target the myosin
phosphatase target subunit 1 (MYPT1), a regulatory subunit of MLCP 16. The RhoA/ROCK pathway is
most prominent among these cascades for its phosphorylation of MYPT1 inhibiting MLCP function 46
and this specific inhibitory phosphorylation may be prevented by MYPT1 phosphorylation through
protein kinase G (PKG) 47, 48, which is thus considered a Ca2+ desensitizing mechanism 14. Ca2+
desensitization via increased MLCP activity may also occur in form of MYPT1 dephosphorylation
through protein kinase A (PKA) 49, 50. However, MYPT1 regulation is quite complex not only due to the
vast number of kinases that may be involved, but also to its tissue-specificity 14.
1.5.2

Vasorelaxation from an organism-focused perspective

Like in vasoconstriction, it is mostly combinations of the above mechanisms that are observed in
vasodilator actions in the organism. The two key players among the intracellular second messengers
involved in VSM relaxation are the cyclic nucleotides cGMP and cAMP, which (i) are generated by
nucleotide cyclases – guanylate cyclase (GC) resp. adenylate cylase (AC); (ii) exert their effect by
activating cyclic nucleotide-driven kinases – cGMP-dependent kinase (PKG) resp. cAMP-dependent
kinase (PKA), and (iii) are degraded by various phosphodiesterases (PDE) 51.
1.5.2.1

cGMP/PKG

cGMP in VSMCs can be generated by soluble cytosolic GCs activated by nitric oxide (NO) 52 or carbon
monoxide 53 and by membrane-bound GCs activated by transmembrane receptors for the natriuretic
peptide family 54. The main, though not exclusive, effector of cGMP is PKG 55. Either or both cGMP and
PKG have been implemented in various anticontractile mechanisms. These involve (i) inhibition of Gq/11
mediated signaling 56, 57, (ii) lowering of [Ca2+]i through activation of PMCA 58, 59, SERCA 60-62 or NCX 63, 64
as well as inhibition of Ca2+ release through inhibition of IP3R 65-68 or of Ca2+ influx through VOCC 69; (iii)
supporting Ca2+ desensitization through protective phosphorylation of MYPT1 to prevent inhibition by
various kinases 47, 48, 70 or phosphorylation of RhoA to prevent activation of ROCK 71-73 and (iv) VSMC
hyperpolarization through activation of outward K+ currents through Kv 74-77, KATP 78-81 or BKCa 76, 82-85.
1.5.2.2

cAMP/PKA

cAMP formation in VSM is most importantly controlled by GPCRs like the β2 adrenergic receptor which
is coupled to the G protein Gs 86, but may also result from activation of corticotropin releasing factor
(CRF)-receptors 87, both which are linked to ACs 86, 88. Cross-talk exists between cAMP and cGMP
signaling insofar as both cyclic nucleotides can activate both kinases at 10 times higher concentrations,
although this may occur only unidirectionally since plasma concentrations of cAMP are 10-fold higher
than cGMP 55. This way, cAMP may also activate PKG, which has been observed in cAMP-induced PKG7
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mediated inhibition of IP3R 65, 66 or VOCC 69 as well as activation of BKCa 89. Otherwise, the specific
implications for cAMP/PKA signaling are similar to those of cGMP/PKG and thus include (i) notably,
phosphorylation of MLCK leading to decreased MLCK activity 90, 91, (ii) Ca2+ desensitization through
protective phosphorylation of MYPT1 preventing MLCP inhibition by other kinases 47, 49 or through
inhibition of Rhoa/ROCK 92, 93 and (iii) activation of hyperpolarizing K+ currents through Kv 94-104, BKCa 105109
, KATP 1, 39, 99, 110-114 and also Kir 115, 116.
1.6

Potassium channels in vascular reactivity

As can be perceived from the above, K+ channels play a central role in regulating VSMC activity: with
their significant influence on Vm they contribute to electromechanical and Ca2+-dependent
mechanisms, and due to interaction with intracellular kinases, they also participate in
pharmacomechanical and Ca2+-sensitizing mechanisms. Accordingly, K+ channels are involved in all
vasoregulation through agonist-induced contraction, the myogenic response and cyclic nucleotidemediated dilation.
Although the K+ equilibrium potential at physiological intra- and extracellular K+ concentrations
according to the Nernst equation is -85 mV, Vm is in general more positive due to the presence of the
other permeant ions and their respective channels 117. Vm in VSMCs from renal interlobar artery and
afferent arterioles has been reported to be in the range of -40 mV 118 to -55 mV 119. The conductance
for K+ exceeds that of the other ions in VSMCs; due to their high membrane resistance 120 only small
numbers of K+ channels are necessary to influence Vm and therefore small changes in K+ conductance
will have a rather large effect on Vm, which in turn has a steep relationship to arterial tone 1, 121. Thus,
inhibition of relatively few K+ channels may considerably decrease K+ efflux, causing membrane
depolarization which through increasing the open probability of VOCC leads to vasocontraction,
whereas activation of K+ channels may enhance K+ conductance, resulting in membrane
hyperpolarization and vasodilation 1, 120.
Four classes of VSMC K+ channels that have been identified in the renal vasculature 121 and shown to
affect baseline renal vascular resistance 122 are the inward rectifier Kir, the ATP-sensitive KATP, the large
conductance Ca2+-activated BKCa and various voltage-gated Kv channels 1. A common structural theme
shared by all of these are two transmembrane domains forming the ion-permeable pore which are
linked by a pore-loop responsible for ion selectivity and pore regulation 123.
1.6.1

Kir

Inward rectifier K+ channels derive their name from their ability to conduct K+ ions into cells at Vm
negative to the K+ equilibrium potential, which is limited at more positive Vm levels 124, 125. Nonetheless,
at physiological Vm the electrochemical gradient will direct K+ currents through Kir outwards from the
cell 1, while at elevated extracellular K+ concentrations, for example resulting from increased
metabolism, Kir conduct increased hyperpolarizing currents resulting in vessel dilation 126. Currents
through Kir channels contribute to resting Vm in isolated VSMCs and to resting tone in isolated
resistance arteries from several vascular beds, while Kir expression and function appears to be inversely
related to vessel diameter 123.
Kir are predominantly expressed in small resistance arteries including renal afferent arterioles 127 and
have been found to conduct K+ currents in afferent arterioles 127 and in distal but not proximal
interlobar arteries 128. Barium (Ba2+) has been shown to depolarize and constrict rat renal afferent
arterioles 127, 129, 130 and interlobular arteries 128 and to increase renal vascular resistance in isolated
perfused kidneys 131 as well as in vivo 132. Regulation of Kir has in different vascular beds been shown
to involve inhibition through PKC during agonist-induced contraction 34-36 or activation through
cAMP/PKA-dependent pathways during vasodilation induced by adenosine 115 or hypoxia 116.
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1.6.2

KATP

ATP-sensitive KATP channels are named for their characteristic of being inhibited by elevated
intracellular ATP 133, although they display additional features like activation by adenosine diphosphate
(ADP) 134, independence of Vm 1 or regulation by a number of signaling pathways not including
ADP/ATP, with the latter possibly being the more physiologically relevant feature in VSMCs 123.
However, KATP have initially been hypothesized to participate in the vascular response to changes in
the metabolic state, amongst others serving to increase blood flow to hypoxic regions 1. Besides,
considerable evidence exists for involvement of KATP in both endogenous contractile and
anticontractile pathways 123. KATP channels in VSMCs can be inhibited by PKC 36-41 to support agonistinduced vasoconstriction or may participate in vasorelaxation when activated through cGMP/PKG- 7881
or cAMP/PKA- 1, 39, 99, 110-114 dependent pathways.
KATP have been confirmed to exist in small renal artery branches 135. Pharmacologically, KATP can be
blocked by sulfonylureas like glibenclamide 1 or higher concentrations of Ba2+ 136. Renal arterial
relaxation has been observed following pharmacological activation of KATP in isolated perfused
kidneys 137 as well as in vivo 138-140 in a manner reversible by glibenclamide, whereas glibenclamide
itself had no effect on RBF 141 but was able to reduce hypoxia-induced renal afferent arteriolar
vasodilation 142. Evidence for KATP implementation in cAMP/PKA signaling has also been presented in
perfused hydronephrotic kidneys in form of glibenclamide inhibiting vasodilation induced by calcitonin
gene-related peptide (CGRP) 143 or adenosine 144.
1.6.3

BKCa

Large conductance Ca2+-activated BKCa channels are voltage-gated K+ channels activated by both
increases in intracellular Ca2+ and by depolarization of Vm 145. They display a big single channel
conductance, which is why upon discovery they have been hypothesized to serve as a negative
feedback mechanism for controlling the degree of Vm depolarization and pressure-induced
vasoconstriction 146. When Ca2+ levels are low, BKCa behave as simple voltage-gated K+ channels 147,
while an increase in intracellular Ca2+ left-shifts voltage-dependence, allowing BKCa to conduct K+
currents at physiological Vm ranges 148. In some vessels, presumably larger feed arteries, BKCa can be
exposed to high Ca2+ ion concentration due to its close proximity to RyR 149, which may conduct Ca2+
sparks 146 promoted by T-type VOCC mediated Ca2+ influx to activate hyperpolarizing BKCa currents as
a negative feedback mechanism towards the myogenic response 150, 151. In other vessels, supposedly
smaller resistance arteries, it may be Ca2+ waves conducted by IP3R that promote BKCa activation 152,
153
. Overall, research has produced diverging results with regards to whether or not BKCa contribute to
VSMC resting Vm and resting myogenic tone. Of the pore-forming α-subunit of BKCa, which contains
both the voltage sensor and the Ca2+ sensor domains, more than 20 different spliced variants displaying
different functional properties have been identified in different tissues, possibly explaining some of
the controversy about their physiological role 123.
In the renal vasculature, BKCa presence has been confirmed structurally in small preglomerular
vessels 154 and juxtaglomerular cells 108 as well as functionally in preglomerular vessels 155 and
mesangial cells 156. However, functional experiments have produced diverging results. Studies have
found no effect of the highly specific BKCa blocker iberiotoxin (IBTX) 157 on arcuate artery VSMC Vm
despite producing contractions of intact arteries 158 or reported no effect of IBTX on either in vivo
resting RBF or agonist-induced decreases in RBF 154. Contrarily, others have demonstrated application
of BKCa activator NS-1619 to increase afferent arteriolar diameter 159 but not resting RBF 154 or to
attenuate agonist-induced contractions 159 and RBF decreases 154. It should be noted that these results
may not be explicitly attributable to BKCa because NS-1619 can also affect Kv channels 160. Such
discrepancies in the renal vasculature have been suggested to be due to differences in [Ca2+]i or Ca2+
sensitivity of the channel 122. Other than BKCa, a few studies have suggested the presence of the two
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additional KCa family members that conduct intermediate (IKCa) or small (SKCa) Ca2+-dependent K+
currents in renal VSMC, but functional evidence for a role in RBF regulation is so far lacking 122.
BKCa are complexly regulated, with both contractile agonists and vasodilatory pathways modulating
channel function 33, 123, 161. They may be inhibited or internalized PKC-dependently 28-31 or activated
during cGMP/PKG-dependent 76, 82-85 as well as cAMP/PKA-dependent 105-109 signaling cascades of
endogenous dilators. In the renal vasculature, BKCa have been implemented in cGMP-dependent
relaxations of glomerular mesangial cells 85 and cAMP-induced hyperpolarization of juxtaglomerular
cells in vitro 108, but not in cAMP-induced RBF increases in vivo 154.
1.6.4

Kv

Voltage-gated Kv channels are a large class of K+ channels composed of 12 families (Kv1-12) 162 that in
general activate in response to Vm depolarization and inactivate during maintained depolarization 1.
Structurally, Kv channels are composed of six transmembrane α-subunits (S1-S6), of which S6 along
with the p-loop between S5 and S6 forms the ion-conducting pore, while S4 serves as a voltage sensor
detecting changes in Vm 163. Channel inactivation can happen fast through the N-terminus (N-type) or
slow through the C-terminus (C-type) 164. Accessory subunits may associate with the pore-forming
α-subunits to either themselves or through interaction with other signaling proteins modify channel
properties, which along with α-subunit heteromerization, alternative splicing and post-translational
modification contributes to considerable heterogeneity in Kv function within and among tissues 163.
In VSMCs, Kv channels are ubiquitously present 165-167 and among them, the KV1, Kv2 and Kv7 families
are recognized for both being highly expressed and contributing to resting Vm as well as negative
feedback regulation of myogenic tone 167.
1.6.4.1

Kv1-4

Kv1-4 were among the first Kv channels to be associated with vascular reactivity based on early
observations that the unselective Kv1-4 blocker 4-aminopyridine (4-AP) 165 caused isolated vessels
contraction 168, 169, K+ current inhibition at potentials close to resting Vm 170, 171, VSMCs depolarization 171,
172
and enhancement of the myogenic response 172. More recently, more specific inhibitors have
revealed evidence for functional expression of KV1 and Kv2 173, 174 but not Kv3 or Kv4 family members 174.
Kv1 channels can be specifically blocked with diphenyl phosphine oxide-1 (DPO-1) 175, 176 and Kv2 with
stromatoxin (STX) 177. Regulation of 4-AP-sensitive channels appears to be predominated by Gs-coupled
vasodilators acting through the cAMP/PKA pathway 95, 98-104.
In the renal vasculature, Kv1 channels have been identified 141, 178 and 4-AP sensitive K+ currents 179-181
have been recorded in preglomerular resistance artery VSMCs, just like 4-AP-induced vasoconstriction
was observed in isolated perfused kidneys 131 or blood-perfused juxtamedullary nephrons 130.
1.6.4.2

Kv7

Kv7 channels, which are encoded by the KCNQ genes, have only more recently moved into focus of
research on smooth muscle contractility 166, 182. In contrast to 4-AP-sensitive Kv channels, which are
activated at Vm around -20mV 1, 165, the 4-AP-insensitive Kv7 channel family members are activated at
more negative Vm values 183 closer to the resting Vm of renal resistance artery VSMCs 118-120, 129. The
physiological role of Kv7 in the renal vasculature may therefore likely be different from that of Kv1 or
Kv2 channels: Under resting conditions, Kv7 conduct repolarizing outward K+ currents, which reduce
VSMC excitability. Closure of the Kv7 channels, supposedly induced by vasoconstrictive agonists, would
cause depolarization, VOCC opening and vasoconstriction, whereas 4-AP-sensitive Kv could open in
response to the Kv7-blockade-induced depolarization, providing a negative feedback mechanism to
limit the extent of Vm depolarization and thus minimizing contraction 182.
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1.6.4.2.1

KCNQ genes and Kv7 channel structure

The KCNQ gene family consists of five members (KCNQ1-5) located at chromosomal loci 11p15, 20q13,
8q24, 1p34 and 6q13 which express the α-subunit proteins Kv7.1-5 that assemble to form tetrameric
K+ channels 183. Structurally, Kv7 subunits differ from other Kv families in 3 aspects 184: (i) they contain
a well-conserved PIP2 binding domain in the proximal C-terminal region 185, 186 which is essential for the
channel to be active 186, 187; (ii) they lack the N-terminal T1 domain which controls tetramerization in
KV1-4 channels 188, 189 and (iii) instead possess a unique C-terminal tetramerization domain 190, 191.
Furthermore, the Kv7 C-terminal is considerably longer than that of other Kv channels, providing a
bigger number of interaction sites with regulatory kinases, scaffolding proteins or ubiquitin ligases 183
Heteromerization of Kv7 α‐subunits produces either channel homotetramers or hetero‐oligomers
containing different α‐subunits or auxiliary β‐subunits called KCNE 192. While all Kv7.1-5 may form
homomeric channels in vitro, the formation of heteromers is apparently tissue-specific and restricted
to certain combinations 192, 193: while the neuronal Kv7.3 assembles readily with Kv7.2/4/5 192, in VSMCs
have thus far been found mostly Kv7.1/Kv7.5 heterotetramers 194 or Kv7.4/Kv7.5 heterotetramers 195, 196.
Heteromerization with the β-subunits KCNE is especially observed in Kv7.1 channels, which can
assemble with all five KCNE1-5 members, resulting in significant alterations of channel properties and
suggesting different tissue-specific functions 182:
Assembly of Kv7.1 with KCNE1 (formerly known as minK) is most prominent for producing the K+
channel conducting the cardiac slow delayed rectifier K+ current (IKs) that contributes to repolarization
of action potentials in cardiac myocytes 197, 198. KCNE1 drastically enhances Kv7.1 current amplitudes,
slows both activation and deactivation and suppresses partial inactivation 199, allowing KCNQ1/KCNE1
heteromers to also contribute to endolymph production via transepithelial potassium secretion in the
cochlea 200, 201 or to Na+ absorption in the kidney 202 and gastrointestinal tract 203, 204. By contrast,
interaction with KCNE2 leads to a decreased current amplitude, instantaneous activation, rapid partial
deactivation, and a linear current-voltage relationship, basically transforming Kv7.1 into a voltageindependent channel 205. KCNQ1/KCNE2 heteromers are present in the parietal cells of the stomach,
contributing to gastric acid secretion 203, as well as in thyrocytes, regulating thyroid hormone
biosynthesis 206. KCNE3 similarly to KCNE2 abolishes Kv7.1 gating and causes instant activation, leading
to constitutively open KCNQ1/KCNE3 channels 207 that in intestinal crypt cells contribute to chloride
secretion 203, 207. Heteromerization with KCNE4 is relevant in blood vessels 193, 208-210. While in
heterologous expression systems KCNE4 effectively suppresses Kv7.1 currents at physiological Vm
values 209, in blood vessels KCNE4 may interact with other Kv7, for example with Kv7.4 subunits, to sexdependently participate in arterial tone regulation 211. Finally, KCNE5 affects Kv7.1 similarly as KCNE1,
causing a right-shift of the Kv7.1 activation threshold by 140 mV towards Vm values around +40 mV and
thus only allowing K+ currents during strong and continued depolarization 212.
In VSMCs, all five KCNE genes have been identified in various vessels including renal arteries, and apart
from the ubiquitous presence of KCNE4, expression of KCNE appears to be tissue-specific 193, 208, 210.
Interestingly, KCNE4 depletion has been found to reduce the membrane abundance of Kv7.4 channels,
resulting in decreased Kv7 currents and increased contractility in rat mesenteric arteries 210. Association
with KCNE furthermore alters Kv7 channel pharmacology in a manner relevant for substances used to
study or modify vascular reactivity 213-217.
1.6.4.2.2

Kv7 expression

Kv7 expression is highly tissue-specific. Important locations in which Kv7 have been found to be
functionally expressed are the heart, the central nervous system, the cochlea and smooth muscle (for
recent review see 183): Kv7.1 is highly expressed in the heart and functioning as a KCNQ1/KCNE1
heterotetramer conducting the IKs current 197, 198. In the central nervous system, it is predominantly
Kv7.2/Kv7.3 heteromers that conduct the M-current 218, 219 controlling neuronal action potential
generation with smaller contributions from Kv7.5 220. The cochlea depends upon Kv7.4 channels being
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expressed in the outer hair cells to enable normal hearing 221, 222. Smooth muscle of both vascular and
intestinal type mostly expresses Kv7.1, Kv7.4 and Kv7.5 channels 166.
In the vasculature, first evidence of KCNQ expression was presented in murine portal veins, where
KCNQ1 was the highest expressed subtype 223, 224. Ever since, KCNQ gene products have been found in
various rodent blood vessels, with either KCNQ1, KCNQ4 or less often KCNQ5 expression
predominating 166, 193, 194, 208, 223, 225-238. KCNQ gene products are also expressed in human arteries 194, 239241
. The Kv7 channel protein itself has been confirmed to be present in the cell membranes of various
VSMCs 96, 193, 208, 235, 238, 240.
Concerning the assembly of KCNQ subunits in order to form functional channels it has been reported
for mesenteric 195, 242 and cerebral 196 artery myocytes that α-subunit heteromerization results in
Kv7.4/Kv7.5 heterotetramers rather than Kv7.4 or Kv7.5 homomers. Alternatively, functional Kv7.1/Kv7.5
heterotetramers were discovered in rat aortic myocytes, conducting currents that furthermore were
enhanced by colocalization of KCNE1 194. Heteromerization of Kv7.1, Kv7.4 and Kv7.5 subunits has early
been suggested based on functional studies 238.
In the renal vasculature, studies on main renal arteries of rats have found expression of either KCNQ1
alone 96, 243 or KCNQ1 along with KCNQ4 244 to predominate, the latter also being the case in main renal
arteries of mice 245. In these vessels, KCNQ4 and KCNQ5 gene products were always, KCNQ3 only
variably and KCNQ2 never detected 96, 243, 244. Immunodetection has also confirmed protein translation
of Kv7.1, Kv7.4 and Kv7.5 in the rat main renal artery 96. Conversely, in rat renal preglomerular arterioles,
positive immunofluorescence staining was found for Kv7.4 antibodies only, while Kv7.1, Kv7.2, Kv7.3 and
Kv7.5 antibodies were tested negative although the same antibodies were used 246.
Interestingly, KCNQ mRNA levels may change during maturation, as Kv7.1 and Kv7.5 expression levels
are higher in muscular arteries of rats aged ~2 weeks, whereas in >2 month old rats Kv7.4 mRNA
predominates 234. Also, Kv7 channel formation may be affected by prolonged presence of
vasoconstrictive agonists, since it was recently discovered that longtime-incubation (1-7 hours) of
mesenteric arteries with angiotensin II decreased Kv7.4 protein expression without reducing KCNQ4
transcript levels 247.
1.6.4.2.3

Kv7 pharmacology

Several Kv7-specific and even some Kv7.x subunit-specific channel modulators are available.
Unselective Kv7 blockers or activators typically display differential half maximal inhibitory
concentrations (IC50) or half maximal effective concentrations (EC50), respectively, for individual Kv7.x
subunits (for review, see 248).
All Kv7 channels are blocked by the cognitive enhancer XE991 217, 219, 224, 249-253. Subunit-specific IC50
values are reported to vary between Kv7.1 (0.75 µM 219 or 0.78 µM 217), Kv7.4 (1.2 µM 249 or 5.5 µM 250)
and Kv7.5 (61 µM 253, 65 µM 251 or 75 µM 252). Another frequently used pan-Kv7 blocker is the structural
relative linopirdine, which also displays differential IC50 values for Kv7.1 (8.9 µM 219 or 35 µM 223), Kv7.4
(1.7 µM 249 or 14 µM 250) and Kv7.5 (16 µM 254 or 51 µM 251). Application of XE991 or linopirdine has
been demonstrated to inhibit Kv7 currents in rodent 96, 223, 227, 229, 238, 244, 255-258 and non-rodent
mammalian 259 VSMCs and to cause Vm depolarization, active contraction and enhancement of agonistinduced vasocontraction in various blood vessels 193, 196, 208, 225-229, 232, 234, 243, 252, 256-261 including renal
arteries of mice 245 and rats 77, 96, 107, 246, 255, 262.
Subunit-specific blockers are currently available for Kv7.1 channels only. HMR1556 inhibits Kv7.1 at an
IC50 of 0.54 µM 216 or 0.42 µM 215 and application of 10 µM reduces K+ currents through Kv7.1, but not
through Kv7.4 or Kv7.5 channels 96. However, functional studies have revealed no effect on vascular
reactivity in either absence 196, 228, 260 or presence of contractile stimuli like transmural pressure 245 or
vasoconstrictive agonists 210, 263. Likewise, systemic application in vivo did not affect vessel tone 264 nor
heart rate, blood pressure or GFR 265. Chromanol 293B is another substance that has been used to
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study Kv7.1 channels, although chromanol 293B may unintendedly cause inhibition of other K+
channels 266-268 at concentrations relatively close to its IC50 for Kv7.1 (27 µM 269, 41 µM 270 or 67 µM 271).
Nonetheless, while effectively inhibiting Kv7.1 currents in VSMCs, chromanol 293B does not affect
rodent 193, 224, 232, 245, 263, porcine 259 or human 239 arterial contractility.
Unselective Kv7 activators like the novel anticonvulsant retigabine do not affect Kv7.1 channels, since
KCNQ1 is lacking a single tryptophan and three leucin residues that are necessary for retigabine
sensitivity in KCNQ2-5 272, 273. Retigabine activates Kv7.4 channels at an EC50 of ~1.4 µM 249, ~5.2 µM 273
or ~5.9 µM 274 and Kv7.5 channels at an EC50 of ~3.45 µM 274 or ~6.4 µM 252. Besides left-shifting voltagedependence Kv7.2-5 to more negative Vm, retigabine also decreases their rate of deactivation and thus
stabilizes the open channel configuration 275-277, which is more apparent under depolarized conditions
like precontraction 166. Retigabine has been demonstrated to enhance Kv7 currents in native vascular
myocytes 224, 255, 257 and to cause concentration-dependent relaxations of precontracted rat renal
arteries with an EC50 of 9.21 ± 2.76 µM 243, while likewise relaxing other rodent 194, 196, 228, 229, 232, 243, 256,
261
and human 239, 241 arteries at similar concentrations. However, Retigabine induces normal
concentration-dependent relaxations in KCNQ1–/– arteries 263. Alternative substances with slightly
different Kv7 subtype specificities 243, 248 like flupirtine, S-1, ML213 or BMS204352 have also been
successfully used for Kv7.2-5 activation in blood vessels 77, 96, 243, 246, 262.
Kv7.1 can be specifically activated by the benzodiazepine R-L3 (alternative name: L-364,373), which
interacts with certain residues located in the S5 and S6 transmembrane domains of KCNQ1 subunits
278
. Pharmacological data is limited, but existing reports have suggested R-L3 to function as a partial
agonist, left-shifting Kv7.1 activation Vm values, slowing both activation and deactivation rate and
enhancing currents with an EC50 of <1 μM 213. Conversely, other reports found R-L3 to show little effect
at 1 µM, while 10 µM increased KCNQ1 currents by ~100% 260. Importantly, association with KCNE1
prevents R-L3 binding to KCNQ1 subunits 213, which is why R-L3 is effective on unsaturated
(KCNQ1)4(KCNE1)n tetramers, but not on saturated (KCNQ1)4(KCNE1)4 channels 214. The effect of R-L3
on blood vessels appears to vary between arteries from different vascular beds, with some studies
finding no effect 196, 228, 279 and others reporting concentration-dependent relaxations of agonistinduced precontraction 232, 260, 263, 280. In the renal vasculature, R-L3 has been shown to cause relaxations
in both rats 280 and mice 263. However, at least in mice the anticontractile effect of R-L3 appears to rely
upon mechanisms distinct from Kv7.1 activation 263.
1.6.4.2.4

Kv7 regulation

Regulatory factors that may dictate Kv7 function include membrane voltage, mechanical stimuli and
various biochemical signals.
Kv7 channel activity is most importantly regulated by Vm. Half maximum activation thresholds (V50) are
somewhat different between Kv7.x subfamilies, ranging from approximately -20 mV (Kv7.1 and Kv7.4)
over -30 mV (Kv7.2) to -40 mV (Kv7.3 and Kv7.5). Single channel conductance is similar for vascular
Kv7.1/4/5 channels, namely ~1-4 pS. The rate of activation of vascular Kv7 channels at 0 mV is slower
for Kv7.1 (~210 ms) than for Kv7.4/5 (~160-180 ms), which is reversed at more depolarized Vm (~90 ms
for Kv7.1 or ~150-160 ms for Kv7.4/5 at +40 mV). At hyperpolarized Vm around -60 mV, Kv7.1 also display
slower deactivation rates (~455 ms) than Kv7.4/5 (~100-125 ms) 183.
Kv7 channels in VSMCs have recently been implemented in transduction of mechanical stimuli like
transmural pressure inducing arterial myogenic response 245. It was found that activation of
angiotensin II receptor type 1 (AT1R) via osmotically induced membrane stretch suppresses currents
through XE991-sensitive Kv channels in mice. However, since the XE991 was used at a high
concentration of 30 µM, which is known to inhibit Kv other than Kv7 208, 224, 281 and since myogenic tone
was still evident in arteries from KCNQ4 knockout mice and KCNQ5 mutant mice while being entirely
abolished by AT1R knockout 245 no firm conclusion can be drawn regarding the role of Kv7 channels in
angiotensin II-suppressed Kv currents 282.
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Besides regulation through membrane voltage, the effect Kv7 channels have on vascular reactivity is
influenced by a remarkably large number of contractile or anticontractile biochemical signals. Kv7
channels have been shown to be implemented in vasoconstrictive pathways mediated by VOCC,
Ca2+/CaM, PIP2 and Gq/11-coupled receptor agonists as well as vasodilative pathways employing
cGMP/PKG or cAMP/PKA 123.
Considerably evidence exists for Ca2+-dependent contractile mechanisms involving Kv7 channels.
Dependency on L-type Ca2+ channels has been demonstrated both for vasodilations induced by Kv7.2-5
activator Retigabine as well as for vasoconstrictions induced by pan-Kv7 blockers XE991 or linopirdine
in rat and murine arteries 193, 225, 226, 258. Also in the renal vasculature, reversibility of XE991-induced
contractions via L-type Ca2+ channel blockade has been found in both isometric tension recordings of
rat interlobar arteries and in vivo via ultrasound flowmetry of rat renal blood flow 246. Interestingly,
another aspect in which Kv7.1 is different from Kv7.4 and Kv7.5 is Calmodulin (CaM)-dependent
regulation. CaM binds to the C-terminus of Kv7 channels, where it is essential for correct folding of the
intracellular domain 283, 284. Notably, CaM confers Ca2+ sensitivity only to KCNQ4 and KCNQ5, which
after Ca2+ binding to CaM show strongly reduced K+ currents, but not to KCNQ1 or KCNQ1/KCNE1
channels (Gamper et al., 2005). This might serve as a feed-forward mechanism in contraction, with
Kv7.4 and Kv7.5 conducting K+ currents to stabilize Vm during resting state and thus preventing VOCC
activation, whereas upon depolarization-induced Ca2+ influx and consecutive increase in Ca2+/CaM
resulting in inhibition of Kv7.4 and Kv7.5, a decrease in these K+ currents would allow for contraction.
Kv7 channels are unique in that they mandatorily require PIP2 in order to conduct currents 186, 187, 285,
286
. PIP2 increases Kv7 channel open probability by stabilizing their open configuration 287, 288. This effect
has been best studied in Kv7.1 channels. PIP2 is required for coupling of the voltage sensing and the
pore opening domain in Kv7.1 channels 289, slowing Kv7.1 deactivation kinetics 290 and shifting its voltage
dependency towards negative potentials 290 and thus overall making Kv7.1 channel activation in
response to Vm changes more efficient 289. PIP2-induced current enhancement has also been described
for Kv7.4 channels, in which furthermore PIP2 depletion reduced retigabine-induced Kv7.4 current
enhancement 291. This PIP2-mediated regulation of Kv7 channel properties may be initiated by Gqcoupled receptor agonists like various vasoconstrictors 292. Notably, Kv7.1 interaction with PIP2 may be
strengthened by stimulation of PKC or PKA 292.
Gq/11-coupled receptor activation, a mechanism shared by many vasoconstrictors like vasopressin,
serotonin and endothelin-1, can reduce Kv7 currents, leading to VSMC depolarization and
contraction 195, 225, 230, 257. PKC has been shown to be involved in this process, yet evidence is somewhat
contradictory. On the cellular level, Gq/11-coupled vasoconstrictors may mediate VSMC activation by
PKC-dependent inhibition of Kv7 channels: In rat VSMCs, arginine vasopressin (AVP) by reducing
retigabine- or flupirtine-sensitive currents causes depolarization in a manner reducible by PKC
inhibitors 225, 230 or KCNQ5 knockdown 293, DAG analogons PKC-dependently inhibit KCNQ5 currents 293,
direct PKCα activation supresses native Kv7 currents 195 and serotonin and endothelin-1 suppress
Retigabine-sensitive currents in a similar fashion as direct PKC-inhibitors 257. However, on the wholevessel level, direct evidence for PKC-dependent Kv7 regulation is thus far missing: While direct PKC
inhibition mimics the effect of XE991 in producing contractions in rat basilar artery 257, it is inefficient
in preventing linopirdine-induced contractions in either absence or presence of AVP in rat mesenteric
arteries 225. Indirectly suggestive for PKC involvement are existing reports of AVP-, endothelin-1- or
phenylephrine-induced contractions being enhanced by XE991 193, 257 or diminished by retigabine and
flupirtine 193, 258 in rat and mice arterial vessels. Interestingly, an alternative mechanism not dependent
on PKC which may serve to explain Gq/11 mediated regulation of Kv7 has lately been offered when longterm (> 1h) incubation of angiotensin II was discovered to decrease Kv7.4 protein expression without
reducing KCNQ4 transcript levels via interaction with HSP90 247.
More recently, cGMP-dependent regulation of Kv7 channels has been discovered as a mode of Kv7
participating in endogenous vasodilator action. Atrial natriuretic peptide (ANP) endothelium14
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independently and cGMP-dependently relaxed methoxamine-precontracted rat aorta and renal
arteries in a manner impaired by pan-Kv7 blocker linopirdine, but not by specific blockers of Kir, KATP,
BKCa or Kv1-4 77. Since these relaxations were unaffected by PKA-inhibition, it is likely modulations of
Kv7 currents are conducted by PKG. However, mechanisms may differ between species or vascular
beds, since in endothelium-denuded porcine coronary arteries, relaxations to NO donor sodium
nitroprusside (SNP) induced equal vasodilatation in the absence or presence of XE991 259.
More vast amounts of evidence suggest cAMP-dependent regulation of vascular Kv7 channels. The Kv7
C-terminus contains binding domains for A-kinase-anchoring proteins (AKAP) 284, indicating the
possibility of Kv7 channels forming signaling domains with PKA, which is commonly activated by
cAMP 51. Consistently, PKA has been shown to phosphorylate the Kv7.1 N-terminus after forming a
macromolecular complex with the KCNQ1 C-terminus, the AKAP Yoatio and protein phosphatase 1 294.
This mechanism may underlie the upregulation of the cardiac IKs current achieved by β-adrenoceptor
mediated cAMP elevation and PKA stimulation 295. In vascular smooth muscle cells, AKAP has been
found to be localized with Kv7.4 channels, which in renal arteries increased with β-adrenoceptor
stimulation 107 in a Gβγ-dependent manner 262. Overall, studies have identified a number of
endogenous dilators like CGRP 196, 262 or adenosine 259 as well as pharmacological substances like βadrenoceptor agonist isoproterenol 96, 97, 107, 228, 262, 280 or AC stimulator forskolin 97, 227, 232, which by
elevating intracellular cAMP produce vasorelaxation that amongst others depend upon
hyperpolarizing outward Kv7 currents in various mammalian arteries including rat renal arteries 96, 107,
262, 280
. The individual Kv7.x subtypes may be differentially affected by cAMP, since Kv7.5 homotetramers
in VSMC were shown to be more susceptible to PKA-dependent current enhancement than Kv7.4/Kv7.5
heteromers or Kv7.4 homomers 97 and consistently forskolin-induced relaxations to be more marked
in arteries with higher expression of KCNQ5 mRNA and Kv7.5 protein 232. Furthermore, the situation is
complicated by the fact that cAMP may not only act through PKA, which appears to be the
predominant mode of isoproterenol effects in renal, but not mesenteric, arteries, but may also cause
relaxation by stimulating exchange protein directly activated by cAMP (EPAC), which may the
prominent mechanism in mesenteric, but not renal, arteries 107. Thus, while cAMP-mediated
mechanisms in general are recognized as an important modification of Kv7 function, the specific
pathways involved may differ between vascular beds.
Other endogenous substances that have been associated with Kv7 function in blood vessels include
hydrogen sulfide (H2S), which produces vasorelaxations attenuated by blockade of Kv7 channels 229, 259,
261, 296
and enhances Kv7 currents 296; bradykinin, the anticontractile effect of which is reduced by
application Kv7 blockers 279, 297; and oxygen (O2), with hypoxic vasodilation likewise being reduced by
Kv7 blockade 233, 259.
1.6.4.2.5

Role of Kv7 in vascular physiology

Due to the vast number of mechanisms and players involved as well as their variation between
different vascular beds, understanding Kv7 channel function is very complex and thus far incomplete.
Electrophysiological features like their activation threshold being closer to the resting Vm of VSMCs
than that of most other Kv family members 183 suggest a role as important determinators of resting Vm
and as mediators of negative-feedback regulation of mechanical or chemical signal transduction in
vascular reactivity 123. With Kv7.1 activating faster at depolarized Vm levels and deactivating slower at
hyperpolarized Vm compared to Kv7.4 or Kv7.5 183, it is possible that Kv7.1 may be more important for
stabilizing resting Vm, while Kv7.4 and Kv7.5 more relevantly contribute to limiting depolarization.
Other electrophysiological features like their considerably low degree of inactivation at constant Vm
facilitate a role as signal transduction intermediates in the actions of vasoconstrictor and vasodilator
stimuli 282. With Kv7 currents having been shown to on the one hand be reduced by Gq/11-coupled
receptor activators like various vasoconstrictors, causing VSMC depolarization and contraction 195, 225,
230, 257
and on the other hand be activated by various endogenous vasodilators dependent on
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cGMP/PKG 77, cAMP-PKA 96, 97, 107, 196, 227, 228, 232, 259, 262, 280 or other mediators 229, 233, 259, 261, 279, 296, 297,
inducing VSMC hyperpolarization and vasorelaxation, Kv7 channels appear to represent an important
point of intersection in the fine-tuned balance of constrictive and dilative mechanisms of many arterial
beds.
In the renal vasculature, Joshi et al. 255 were the first to discover a constrictive effect of pan-Kv7 blockers
XE991 and linopirdine on rat main renal arteries. Besides confirmation of these findings 77, 96, also in
smaller resistance vessels 246, subsequent research found Kv7.2-5 activators like Retigabine 243, S-1 96,
243
, BMS204352 243 or flupirtine 246 to produce renal vasorelaxation. Consistently, KCNQ4 knockout with
siRNA increases renal arterial vasoconstrictor sensitivity 96 and Kv7 blockers increased renal perfusion
pressure in rat 96 and murine 245 isolated perfused kidneys and decreased rat renal blood flow in vivo 246.
Notably, Kv7.2-5 activator flupirtine increased in vivo rat renal blood flow, but just like XE991 showed
no effect on reductions of RBF induced by vasoconstrictors norepinephrine or angiotensin II 246. L-type
Ca2+ channel blockers like nicardipine or nifedipine completely reverse the contractions induced by
linopirdine 96 and XE991 246. The presence of linopirdine is associated with reduced renal artery
relaxations to the cGMP-dependent endogenous vasodilator ANP 77. Implications for an involvement
of Kv7 in cAMP-dependent dilation of renal arteries have been given in form of cAMP elevation
stimulating linopirdine-sensitive channels 96, linopirdine attenuating cAMP-dependent relaxations 96,
107
and Kv7.4 channels colocalizing with A-kinase anchoring protein 107. Overall, Kv7 channels in renal
arterial vessels may play a functional role by contributing to vasoconstrictor actions in a manner
dependent on L-type Ca2+ channels if Kv7 currents are reduced, as well as in vasodilator actions possibly
including cGMP- and/or cAMP-dependent mechanisms where Kv7 currents are enhanced.
1.6.4.2.6

Role of Kv7 in vascular pathology

In the recent years, research has linked cardiovascular disease to Kv7 dysfunction. While in other
organs like the heart, mutations of i.e. KCNQ1 are known to lead to autosomal-dominant long QT
syndrome 192, short QT syndrome 298 or familial atrial fibrillation 299, there are no known hereditary
disorders of the vasculature that can be pinpointed to specific KCNQ gene mutations 183. Nonetheless,
Kv7 dysfunction has been implemented in a multitude of vascular diseases including both hypertension
and hypotension, pulmonary arterial hypertension and coronary artery disease 300. Therefore, Kv7
channels may be promising new drug targets for the treatment of these conditions. Giving further
impetus to their relevance, the Kv7 channel characteristic of being controlled by perivascular adipose
tissue (PVAT) 176, 229, 259, 261, 296, 301 makes them an especially interesting drug target for comorbid
conditions like resistant hypertension along with obesity or metabolic syndrome 248.
In hypertension, downregulation of Kv7 channels in VSMCs may be a contributing factor to high blood
pressure 300. With Kv7 currents contributing to membrane hyperpolarization, decreased presence of
Kv7 channels would leave VSMCs more depolarized, causing vasoconstriction resulting in increased
vascular resistance and elevated blood pressure. Arteries from spontaneously hypertensive rats (SHR)
as well as from angiotensin-induced hypertensive mice show attenuated responses to Kv7 blockers and
activators and lower expression of Kv7.4 compared with normotensive vessels 77, 96, 228, 229, 237, 256, 302. In
the aorta, of all 5 KCNQ genes only KCNQ4 was shown to be reduced 256. With SHR arteries displaying
reduced responsiveness to pharmacological Kv7 activators, it may be questionable whether activating
the remaining Kv7 channels is sufficient to induce the desired therapeutic vasodilation 300. However, as
Kv7 activators have been shown to improve vasorelaxation by PVAT, which is impaired in hypertension
and obesity 303, Kv7 modulators may be a specific pharmacological approach for this commonly
observed comorbidity.
Renovascular pathology like arteriolosclerosis of small renal arterioles or glomerulosclerosis has long
been known to be associated with hypertension 304. Human autopsy studies have found renal afferent
arteriopathy in 98% of kidneys from hypertensive subjects, contributing to the existing theory that
renal resistance artery dysfunction in some cases is not only coincidental, but the primary mechanism
inducing hypertension 305. Goldblatt 306 demonstrated in 1934 that creating renal artery stenosis, which
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is detected in 5-10% of patients with hypertension 307, by reducing RPP leads to hypertension. Both
passive renovascular stenosis and active constriction increase renal arterial resistance, which causes
elevation of blood pressure via activation of the renin-angiotensin system 5. In mice, genetic deletion
of KCNQ3, KCNQ4, or KCNQ5 produces constriction of isolated perfused kidneys 245. In SHRs, KCNQ4
abundance in the renal artery is markedly reduced, and renal artery contractions or relaxations to Kv7
blockers or activators is strongly diminished 96. Interestingly, downregulation of Kv7.4 channels in SHRs
occurs without a decrease in KCNQ4 mRNA and is mediated by a specific regulatory microRNA
(miR153), suggesting Kv7.4 abundance to be determined by post-transcriptional regulation 302.
Moreover, impaired ANP-induced cGMP-mediated vasorelaxation in SHR renal arteries has been
implicated as a consequence of reduced VSMC Kv7.4 levels 77. The combination of increasing
renovascular Kv7 membrane abundance along with Kv7 activation, the latter of which has been shown
to hyperpolarize renal VSMC and relax renal arterial vessels 96, 243, 246, 262 as well as to increase rat renal
blood flow in vivo 246 may be a promising therapeutic strategy in hypertension, no matter whether
renovascular pathology is coincidental or causative to the elevated blood pressure.
Hypotension on the other hand can be a more acutely life-threatening condition i.e. during septic
shock, in which Kv7 channel blockade has been demonstrated to oppose the effect of the tryptophane
metabolite and sepsis-associated vasodilator kynurenine 308. Thus, targeting Kv7 may pose an approach
for this otherwise therapeutically challenging condition culminating in multiple organ failure 300.
Pulmonary arterial hypertension (PAH) is another disease in which current treatment options can be
limited, especially when PAH is secondary to cardiac dysfunction, since in this case negative side effects
of the common vasodilator therapy are especially undesirable 300. Tissue-specific vasodilators like
activators of Kv7.2-5 channels, which are found in VSMCs but not cardiac myocytes, appear as an
attractive solution to this dilemma. Kv7.2-5 specific activators have already been demonstrated to relax
pulmonary arteries in isolated vessels 255 and in perfused lungs from hypoxic rats 231 and to attenuate
PAH symptoms like cardiac hypertrophy and increased right ventricular pressure 309.
In coronary artery disease, impaired hypoxia-induced coronary vasodilation is a major
pathomechanism potentially to be addressed by modifying Kv7 channel function 300. Kv7 channel
activators are established to produce coronary artery relaxation 194, 227, 228, 232, 259 and oppositely Kv7
blockers can reduce hypoxia-induced dilation of isolated coronary arteries 259 and reduce coronary
flow rate in isolated perfused rat hearts 233. Conversely though, ischemia-reperfusion experiments in
these same isolated perfused rat hearts found Kv7 blockers to reduce myocardial infarct size and to
improve cardiac function, suggesting a direct drug effect on cardiomyocytes rather than through
VSMC-mediated flow modification 233.
1.7

Objective of this thesis

Although research has increasingly focused on Kv7 in the last years, piece by piece unraveling their
manifold contributions to vascular reactivity in various arterial beds, not too much is known about
their role in the renal vasculature, which is of central relevance for the large number of physiological
processes the kidney is involved in, most importantly blood pressure regulation. Only a handful of
studies have focused on Kv7 function in isolated rat main renal arteries 77, 96, 107, 243, 255, 262 or smaller rat
and murine renal resistance vessels 246, and even fewer data is available on their effect on the wholeorgan vasculature 96, 245 or on renal blood flow in vivo 246. These reports have unveiled that
pharmacological blockade or activation of renal Kv7 channels may influence vascular tension on the
cellular, vessel segment, whole-organ and in vivo level, and implications have been given for
interactions with both endogenous vasodilators and vasoconstrictive agents. However, the renal
vasculature is known to intrinsically determine arterial resistance in particular through the renal
myogenic response 7 and tubuloglomerular feedback 8, 9 and thus largely independently of circulating
hormones 6. Conclusively, some reports state that Kv7 channels do not seem to mediate or buffer
agonist-induced renal vasoconstriction or vasodilation 121.
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While some data is available on Kv7 channel function in context with cGMP 77- and cAMP 96, 107dependent relaxations in the main renal artery, a large conduit vessel conducting ~25% of cardiac
output 6, no study so far has thoroughly examined the situation in smaller renal resistance arteries,
which may be even more relevant to renal function as they are the key players among all vessels
contributing to regulating renal blood flow and perfusion pressure. It is not known whether Kv7mediated vasoregulation of small renal resistance arteries depends upon or interferes with
endogenous regulation of vascular tone by circulating hormones. We therefore tested the hypothesis
that two endogenous vasodilators, the cGMP-dependent ANP and the cAMP-dependent Urocortin,
either attenuate or enhance the therapeutically intended vasodilatory effect of the Kv7.1-specific
activator R-L3 and the unspecific Kv7.2-5 activator Retigabine in small renal resistance arteries.
Furthermore, Kv7 expression is highly tissue-specific and different Kv7.x subtypes tend to predominate
depending on the location of the blood vessel within the body 248. In this regard, the renal vasculature
appears to be different from other vascular regions: While quantitative expression analysis mostly find
KCNQ1 96, 243-245 to predominate in rat renal arteries, other vessels from the coronary, pulmonary,
cerebral or musculoskeletal circulation show higher expression of KCNQ4 or KCNQ5 248. Thus,
renovascular Kv7.1 channels are an especially interesting pharmacological target, since inducing
dilation by specifically activating Kv7.1 channels would be an elegant way of exclusively improving renal
blood flow – thus addressing one majorly important contributing factor in hypertension – without
lowering overall blood pressure and thus making sure that the drug effect actually comes to the benefit
of renal perfusion while leaving other vascular beds unaffected. However, it is not known whether the
Kv7.1 specific activator R-L3 is effective in producing vasodilation not only on a microscopic scale like
isolated vessel segments, but also on the whole-organ level. We therefore tested the hypothesis that
R-L3 causes specific Kv7.1-mediated and reversible vasodilation of the entire renal arterial vasculature
using a novel isolated perfused rat kidney method.
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2
2.1

METHODS
Animal Model

For all experiments male WISTAR albino rats of the strain RjHan:WI and the genotype Tyrc/Tyrc were
used, which are certified as specific pathogen free (SPF) and specific and opportunistic pathogen free
(SOPF). Animals were purchased from Janvier Labs, France and delivered at the age of 8 weeks via ISO9001 certified transport logistics to reduce stress. Upon arrival in the in-house animal facility, animals
were given at least one week to acclimatize to local conditions. They were held in IVC cages and had
free access to tab water and complete feed pellets V1534-0 from ssniff®, Germany. At the time when
used for experiments, animals were 10-12 weeks old. On the day of the experiment the rats were killed
by asphyxiation with CO2 followed by cervical dislocation with a guillotine, upon which death occurred
immediately. The treatment of the rats is in agreement with the Guide for the Care and Use of
Laboratory Animals (8th edition. National Academies Press (US); 2011.) and legal regulations by the EU
(directive 2010/63/EU) and Germany (TierSchG, 2013 (BGBl. I S. 2182) and TierSchVerV, 2013 (BGBl. I
S. 3125, 3126)) and was approved by local authorities.
2.2

Solutions

When studying arteries in vitro, it is important to generate conditions similar to the in vivo environment
by using solutions that can take over some of the functions blood and interstitial fluid have for the
viability of the vessels. We thus used physiological salt solutions (PSS) that imitated physiological
conditions with respect to electrolyte concentrations and pH, volatile gases like O2 and CO2, and
temperature. In total, four slightly different PSS were used (Table 1). All solutions were either freshly
prepared or stored at 4°C and renewed every week.
PSS used for preparation does not contain NaHCO3 as a pH-buffer because it is not possible to aerate
the solution during preparation. Gas bubbles would hinder the view and cause the small isolated
vessels to move undesirably. Since CO2 leaves the NaHCO3-buffered solutions to the surrounding air
and is thus continuously removed from its equilibrium with protons and bicarbonate, protons are
bound into H2O and the pH rises. To avoid this, the artificial buffer 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) which does not need to be aerated was used to maintain the
pH. The pH in refrigerated solution was adjusted to 7.3. Oxygenation of the solution occurred through
equilibration with the surrounding air. Cooling the solution down to 4°C and its lack of glucose were
intended to decrease tissue metabolism and avoid acidosis during the process of preparation.
PSS for myography experiments was used at 37°C and continuously aerated with carbogen (95% O2
and 5% CO2) to keep pH constant. Before starting and throughout the experiments, pH was repeatedly
controlled and adjusted to 7.4 if necessary using HCl or NaOH. EDTA served to chelate traces of heavy
ions that might be contained in the water. Once heated, experimental solution was not refrigerated
again but discharged.
Modified PSS without NaHCO3 for the isolated perfused kidney was kept at room temperature during
the experiments and only heated while flowing through the perfusion system. The pH was adjusted
to 7,55 at room temperature, so that the pH of the solution after passing the heat exchanger would
amount to 7,4. Like in myography experiments, the solution was aerated to provide O2 needed for
proper function of the kidney. Calcium-free PSS for viability testing was generated from Modified PSS
without NaHCO3 by adding ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA)
in a concentration of 2 mM which selectively chelates free Ca2+, but not Mg2+ ions.
Modified PSS containing 120 mM KCl was used for viability tests in both myography and isolated
perfused kidney experiments. Some myography experiments required a solution containing 50 mM
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KCl, which was generated by mixing regular experimental solution and 120 mM KCl solution in
relations 3:2.

Table 1: Solutions

Reagents
Preparation solution

PSS
(for myography)

Modified PSS without
NaHCO3
(for isolated kidney)

Modified PSS with 120mM
KCl
(for viability tests)

Further reagents used

NaCl
KCl
NaH2PO4xH2O
MgSO4x7H2O
CaCl2 x 2H2O
EDTA
HEPES
NaCl
NaHCO3
KCl
NaH2PO4 x H2O
MgSO4 x 7H2O
CaCl2 x 2H2O
EDTA
HEPES
Glucose
NaCl
KCl
NaH2PO4 x H2O
MgSO4 x 7H2O
CaCl2 x 2H2O
EDTA
HEPES
Glucose
NaCl
NaHCO3
KCl
NaH2PO4 x H2O
MgSO4 x 7H2O
CaCl2 x 2H2O
EDTA
HEPES
Glucose
HCl
NaOH
EGTA
Aqua dest.

MW

Conc. [mM]

Source

58,4
74,6
137,99
246,48
147
372,24
238,3
58,4
84,01
74,6
137,99
246,48
147
372,24
238,3
180,16
58,4
76,6
137,99
120,4
147
372,24
238,3
180,16
58,4
84,01
74,6
137,99
246,48
147
372,24
238,3
180,16

145
4,5
1,2
1
0,1
0,025
5
120
26
4,5
1,2
1
1,6
0,025
5
5,5
146
4,5
1,2
1
1,6
0,025
5
5,5
4,5
26
120
1,2
1
1,6
0,025
5
5,5

Carl Roth
Carl Roth
Merck
Merck
Merck
Carl Roth
AppliChem
Carl Roth
Carl Roth
Carl Roth
Merck
Merck
Merck
Carl Roth
AppliChem
Carl Roth
Carl Roth
Carl Roth
Merck
Merck
Merck
Carl Roth
AppliChem
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Merck
Merck
Merck
Carl Roth
AppliChem
Carl Roth
AppliChem
Carl Roth
Sigma Aldrich

Conc. = concentration; EDTA = ethylenediaminetetraacetic acid; EGTA = ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'tetraacetic acid; HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MW = molecular weight; PSS = physiological salt
solution
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2.3

Drugs

Stock solutions were prepared of all drugs according to manufacturer sheets (Table 2) and stored at 20°C. Appropriate dilutions depending on the concentration needed were prepared right before
performing the experiment.
When used for myography experiments, the drugs were directly pipetted into the myograph chambers.
The myograph chambers have a volume of 5ml. For example, to achieve a concentration of 10 -5 M in
the chamber, a volume of 5 µl from a 10-2 stock solution was applied. Some drugs were used in multiple
concentrations, such as methoxamine for concentration-response relationships and ANP, Urocortin,
Retigabine and R-L3 for precontraction experiments. In that case, dilution series were produced using
the appropriate solvent H2O or dimethyl sulfoxide (DMSO). Special care was taken in protocols using
multiple drugs solved in DMSO or precontraction protocols using R-L3 or Retigabine. As DMSO can be
cytotoxic at concentrations higher than 10-3 M we were careful not to use more than 5 µl of DMSO at
a time and always applied the same concentration of DMSO in the control channels. Exceptions of this
rule were made only in precontraction protocols examining the effect of multiple K+ channel blockers
on ANP- and Urocortin-induced vasorelaxation, where 10 µl of DMSO were permitted since the control
channel showed no signs of functional damage.
When used for isolated perfused kidney experiments, drugs were applied in two different ways. First,
Methoxamine was applied directly into the perfusate in a final concentration of 3*10-6 M. With
approximately 500 ml of perfusate being needed per kidney for one experiment, 150 µl of
Methoxamine 10-2 stock solution were required. Second, drugs were added onto the Methoxamineinduced precontraction by using syringe pumps. Two sizes of syringes were used, 1 ml syringes
(Omnifix-F Tuberkulin from B. Braun Melsungen, Germany) and a 100 µl Microsyringe (MS*N100 from
Ito Corporation Exmire, Japan). The syringes were filled with stock solutions in concentrations x times
higher than the desired concentration and the flow rate of the syringe pumps was set to values x times
lower than the flow rate for the kidney perfusion. For example, at a kidney perfusion rate of 3ml/min,
the syringe was filled with a 3*10-4 M stock solution of XE991 and the syringe flow rate was set to 30
µl/min, achieving the desired concentration of 3*10-6 M XE991. Two syringe pumps were used serially
connected, so that two drugs could be given at the same time, but independently.
Table 2: Drugs

Drugs

MW

Stock [M]

Acetylcholine chloride
ANP rat
Barium chloride dihydrate
DPO-1
Glibenclamide
HMR1556
Iberiotoxin
L-NNA
Methoxamine hydrochloride
Retigabine

181.66
3062.41
244.26
340.44
494
411.44
4230.9
233,2
247.72
303.33

10-2
10-4
10-2
10-1
10-2
10-2
10-4
10-2
10-2
3*10-2

R-L3 (L364,373)
Stromatoxin
Urocortin rat
XE991 dihydrochloride

397.44
3792
4707.26
449.37

10-2
10-4
10-4
10-2

Conc. [M]

Solvent

Source

10-5

H2O
H2O
H2O
DMSO
DMSO
DMSO
H2O
H2O
H2O
DMSO

Sigma Aldrich
Sigma Aldrich
Riedel de Haën
Tocris
Tocris
Tocris
Alomone Labs
Alexis
Sigma Aldrich
Valeant

DMSO
H2O
H2O
H2O

Tocris
Alomone Labs
Sigma Aldrich
Tocris

10-9-10-7
3*10-5
10-6
10-6
10-5
10-7
10-4
-8
10 -10-4
3*10-73*10-5
10-8-10-6
10-7
10-10-10-7
3*10-6

ANP = atrial natriuretic peptide; conc. = working concentration; DMSO = dimethyl sulfoxide; DPO-1 = (+)-Neomenthyl
diphenylphosphine oxide; HMR = N-[(3R,4S)-3,4-Dihydro-3-hydroxy-2,2-dimethyl-6-(4,4,4-trifluorobutoxy)-2H-1-benzopyran4-yl]-N-methylmetanesulfonamide; L-NNA = NG-Nitro-L-arginine-methyl ester; MW = molecular weight; stock = concentration
of the stock solution; XE = 10,10-bis(4-Pyridinylmethyl)-9(10H)-anthracenone dihydrochloride
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To avoid high concentrations of DMSO, two strategies were pursued. The first strategy was to use a
Microsyringe, allowing higher concentrations of stock solutions and thus smaller amounts of solvent
to be given. For example, at a kidney perfusion rate of 3 ml/min, the 100 µl microsyringe was filled
with a 10-2 M stock solution of HMR1556 and the syringe flow rate was set to 3 µl/min, achieving a
desired concentration of 10-5 M HMR1556. The second strategy was to create stock solutions for 1 ml
syringes that were diluted in parts with DMSO and in parts with H2O. For example, the original stock
solution of 10-2 M R-L3 solved in DMSO was diluted 1:100 with H2O, creating a new syringe stock
solution containing 10-4 M R-L3 that could be administered in the way as described above while
avoiding concentrations of DMSO higher than 10-3 M.
2.4

Myography

Myography is the study of muscle function. In this thesis, the muscles investigated were smooth
muscles in the walls of the renal vasculature and the methodical approach chosen was isometric
myography. In isometric myography, the contractile state of a blood vessel can be studied by
measuring isometric force exerted by vessels isolated from their original vascular beds and mounted
on two parallel wires having a fixed distance, one of which is connected to a force transducer. With
this setup, functional aspects like vasoconstriction and vasorelaxation in response to action potentials,
electrical stimulation, agonists or antagonists, and to changes in ion concentrations can be studied.
Our methodical approach is based on the method first described by Mulvany and Halpern 310, 311 which
has been further refined since 312, 313.
2.4.1

The myography setup

All myography experiments were performed on four-chamber wire myographs from Danish Myo
Technology A/S, Denmark. Two different generations of the same model myograph were used, the
DMT610M and its successor DMT620M. The force readout from the myograph interface was
transferred via BNC cables to a data acquisition hardware unit (PowerLab 4/26 and 4/30 from
ADInstruments, New Zealand) digitalizing and sampling at 1 kHz, being connected via USB to a PC hard
drive with a data acquisition and analysis software (LabChart 7.3.7 from ADInstruments, New Zealand)
installed. All four myograph chambers are separately connected to a vacuum gas pump (VP 86 from
VWR International, USA) with a suction bottle interposed. Each chamber has its own connection to gas
supply, for which carbogen (95% O2 and 5% CO2) was used. Constant temperature of the chambers
was guaranteed by an internal heater and thermometer integrated in the Myograph interface.
Constant temperature of the experimental solution applied into the chambers was guaranteed by an
external circulation thermostat (ED-5 from Julabo, Germany). The force transducers in the myograph
chambers were calibrated once a month.
2.4.2

Macroscopic preparation

In the following, the steps of preparation for which no microscope was needed are described. All
anatomical terms are derived from the Nomina Anatomica Veterinaria 314.
After euthanization the abdominal cavity of the rat was opened via midline laparotomy using surgical
forceps and pointed operating scissors. The entire gastrointestinal tract from distal esophagus to distal
colon was carefully removed, giving view to the spatium retroperitoneale with the kidneys surrounded
by the capsula adiposa. The fascia renalis was opened from the lateral side. The kidneys were elevated
from the situs, avoiding direct touching by leaving a small part of the capsula fibrosa adherent to the
organ, by which it could be grabbed. The renal artery was truncated close to its branching from the
aorta. The organ was immediately transferred to 4°C cold preparation solution in a large petri dish
coated with Sylgard polymer, to facilitate immobilization with fixation pins. Using a pointed scalpel,
the kidney was split almost in half in the coronal plane, cutting longitudinally into the margo lateralis
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of the kidney until it could be flipped open like a book while leaving the hilum intact, and then be
pinned into position with cannulas for microscopic preparation.
2.4.3

Microscopic preparation

In the following, the steps of preparation for which a microscope was needed are described.
Microscopic preparation was performed under a stereomicroscope (Stemi 2000-C from Zeiss,
Germany) with a cold light source (Schott KL750 from Leica, Germany) using fine forceps (No. 5 Inox
from Dumont, Switzerland) and fine spring-type scissors (Vannas Capsulotomy Scissors from Geuder,
Germany). First, the calices renales and adipose tissue surrounding the pelvis renalis had to be
removed to display the venae interlobares underneath which the arteriae interlobares are located.
Usually, 3-4 pairs of the arteriae et venae interlobares were observed in every half kidney. Next, the
front walls of all the venae interlobares were opened lengthwise so that the arteriae interlobares
became visible through the almost transparent rear wall of the vein. The rear wall and the surrounding
fat and connective tissue were then carefully loosened from the arteries until they were only attached
at their proximal end at the branching from the renal artery and at their distal end where entering the
columnae renales to become arteriae interlobares renis. Finally, short vessel segments at a length of
3-4 mm were cut off the arteriae interlobares and transferred to the myograph chambers filled with
4°C preparation solution. This was done with special attention paid not to longitudinally stretch the
arteries and not to directly touch the parts which would be mounted onto the myograph wires, in
order not to damage the vessel. Only vessels without visible damage were used for experiments and
lateral branches were allowed only if sized smaller than 10% of the circumference.
The mounting of the vessel segments onto the stainless steel wires was performed as recommended
in the user’s manual. The first 20-25 mm piece of wire was fixated at one end to one of the jaws, while
the vessel segment was threaded onto the other end, shortened at appropriate length and positioned
to fit into the space between the jaws. An optimal length of 2mm was attained in most cases, while at
times shorter segments down to 1,8 mm were tolerated. After fixation of the other end of the wire,
the second piece of wire was carefully pushed through the vessel lumen and likewise fixated at both
ends. Once mounted, remaining blood within the vessel lumen was flushed out using a custom-made
plastic Pasteur pipette with fine tip to ensure that all vessels were equally and fully surrounded by PSS.
The endothelium was not removed mechanically. The last step under the microscope was to
approximate both jaws as close as possible without allowing the two wires to touch and leaving some
space for the jaws to expand when heating up. When all four chambers were loaded with vessels they
were set on the Myograph interface and slowly warmed up to 37°C. Once target temperature had been
reached the preparation solution was replaced with pre-heated PSS. The vessels were given at least 10
minutes to equilibrate before starting Normalization.
The whole process of preparation from euthanization of the rat until setting all four chambers on the
Myograph lasted no longer than 60-90 minutes.
2.4.4

Principles of measurement

Each myograph chamber contains two jaws holding a wire on which the vessel is mounted. One of
them is connected to a micrometer screw, the other to a force transducer. The micrometer is used to
set the optimal pretension during the normalization procedure, the force transducer transmits its
signal (F = force) to the data acquisition software which calculates the effective pressure (Pi) exerted
by the vessel wall according to Laplace’s Law as described by Mulvany and Halpern 311.
The physiological transmural pressure of a vessel in vivo may be approximated by the effective
pressure Pi in vitro, which is described in the Laplace relation:
Pi = 2π (T / IC)
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Pi = effective pressure; T = wall tension; IC = internal circumference

The wall tension (T) is defined as the circumferential wall force per unit length. It is a sum of active
forces generated by smooth muscle, and passive force caused by structural components of the vessel
wall and adventitia. In the absence of agonists, only passive force is exerted and at constant passive
force the wall tension is inversely proportional to the length of the vessel segment (g):
T = F / 2g
T = wall tension; F = force; g = vessel length

The internal circumference (IC) of small vessels with sufficiently thin walls when mounted on two
myograph wires can be approximated with the following formula, as illustrated in Figure 1.

Figure 1: Cross-section of a vessel mounted on two myograph wires

IC = (2 x gap) + (4 x d/2) + (2 x π d/2)
IC = internal circumference; gap = distance between myograph wires; d = diameter of myograph wires

Merging the formulas for T and IC into the equation of Laplace’s Law one can calculate the effective
pressure Pi based on force (F, which is recorded by the force transducer), the length of the vessel (g,
which is determined under the stereomicroscope during mounting), the diameter of the wires (d,
which is known to be 40 µm) and the distance between myograph wires (gap, which is set by the
micrometer screw):
Pi = 2π x ((F / 2g) / ((2 x gap) + (4 x d/2) + (2 x π d/2)))
or simply:
Pi = 2πF x (gap + d + ½πd) / g)
This equation can be set equal to the desired Pi representing the transmural pressure during the
normalization procedure, allowing the normalization software to calculate the optimal distance of the
myograph wires at which the micrometer screw should be set.
2.4.5

Normalization

Normalization is the procedure of pre-stretching a vessel segment to an internal circumference (IC) at
which the actin-myosin interaction is at an optimal state in its length/tension relationship of both
maximal contact and room to contract, creating a physiological resting tension that enables optimal
contractile responses. The goal of normalization is to standardize the vessel circumference in a way
that on the one hand, responses to vasoactive agents are maximal, and on the other hand, baseline
conditions are set to make results reproducible.
For normalization procedures, the DMT Normalization Module addon for LabChart was used.
Normalization starts with both myograph wires almost touching each other, indicating that gap = 0.
The force readout is set to zero before starting measurements. Upon starting, the distance between
the jaws is increased stepwise by turning on the micrometer screw. The new gap value is entered into
the software and force is measured for intervals of 90 seconds in a resolution of 0,1 mN and the value
then plotted on a passive length/tension graph. The software also plots an isobar line for the target
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pressure of 100 mmHg (13,3 kPa). Once a point has reached a force readout above 13,3 kPa, the
software calculates the point at which the isobar line is intersected by the parabolic length/tension
curve and displays this value as IC100.
Finally, the IC100 value is multiplied with the normalization factor in order to calculate the optimal gap
value for active contraction, at which the micrometer screw is subsequently turned back. The
normalization factor is the ratio of the IC at which a maximum response to a vasoconstrictor is
observed (IC1) divided by the IC at which the transmural wall pressure is 100mmHg (IC100).
Normalization factor = IC1 / IC100
The normalization factor has to be determined for each type of vessel. A normalization factor of 0.9
has been established to be appropriate for rat mesenteric arteries by the manufacturer and has been
successfully used for rat renal arteries as well 96, 107, 315. Thus, a normalization factor of 0.9 was chosen
for our experiments.
In conclusion, all myography experiments are performed on vessels exposed to a pre-tension that was
estimated to correspond to a pre-stretching to 90% of the diameter that can be observed in vessels
exposed to wall tensions of 100 mmHg (13.3kPa). Since these calculations are based on passive
length/tension relations, it is necessary to stress the importance of a good preparation technique
where all connective tissue is accurately removed in order not to distort the normalization procedure.
2.4.6

Viability testing

Viability tests were performed as a standard starting procedure to rule out damage having occurred to
the vessels during preparation. This was done at the beginning of each experiment after giving the
vessels 10 minutes to equilibrate to the pre-tension established by the normalization procedure.
Before the first test, the endothelium was chemically inactivated using NG-Nitro-L-arginine-methyl
ester (L-NNA), an irreversible inhibitor of endothelial nitric oxide synthase (eNOS) and reversible
inhibitor of inducible nitric oxide synthase (iNOS). This measure was repeated several times throughout
the experiment prior to every concentration-response relationship or precontraction curve used for
data collection.
In total, five viability tests were run. Between two tests the substances or solutions applied were
washed out by replacing PSS at least 5 consecutive times at 5 minute intervals.
The first test examined the response to the standard vasoconstrictor Methoxamine, which acts as an
agonist to α1-adrenoreceptors. Methoxamine was applied for 5 minutes in the highest concentration
(10-5 M). The test was deemed successful and the vessels declared viable when the active force
measured in response to the vasoconstrictor was at least as high as the passive force measured in the
last step of normalization, corresponding to an effective pressure of at 100 mmHg (13,3 kPa) or higher.
If a vessel did not meet this requirement, the test was repeated two times. Only if the vessel failed to
produce an adequate contraction at the third time was the vessel replaced or the experiment
terminated.
The second test examined whether the endothelium had been successfully inactivated. Like in the first
test, Methoxamine was applied for 5 minutes at 10-5 M, followed by Acetylcholine 10-5 M, a vasodilator
activating endothelial nitric oxide synthase which was inhibited by L-NNA having been applied priorly.
The test was deemed successful if no sustained decrease in the level of contraction was observed
within the 3 minutes following application of Acetylcholine. This was the case in all experiments.
The third test evaluated the maximum force generated by the vessels by supplying the strongest
contraction stimulus available in form of Modified PSS containing 120 mM K+ applied simultaneously
with Methoxamine 10-5 M for 5 minutes. High levels of extracellular potassium substantially decrease
K+ efflux, representing a strong depolarizing stimulus which leads to contraction. The test was deemed
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successful when the level of the contraction plateau surpassed the level of the plateau at Methoxamine
10-5 M. This was always the case.
In the fourth test, again Methoxamine 10-5 M was applied for 5 minutes. The contraction produced
was compared to the contraction in the first viability test. If the curves looked similar with regards to
shape and height, the test was deemed successful and the force readout prior to and 5 minutes after
application of Methoxamine was set as reference for maximum force (Fmax) for all further experiments
performed on the vessels.
The fifth test consisted of a concentration-response relationship (CRR) with Methoxamine as
vasoconstrictor. Prior to this, L-NNA was applied again and allowed 10 minutes to exert its effect.
Initially, the force readout after 10 minutes was recorded as baseline (Fbase) wall tension. Methoxamine
was then applied in increasing concentrations (10-8 M → 3x10-8 M → 10-7 M → 3x10-7 M → 10-6 M →
3x10-6 M → 10-5 M) and each concentration incubated for 3 minutes. In some protocols using strong
vasodilators, two more concentration steps were added up to a maximum of 10-4 M. The force readout
at each concentration step was recorded to calculate pD2, the negative logarithm of the concentration
at which methoxamine causes 50% of its maximum effect (EC50) for later comparison after application
of the drugs to be tested.
For each concentration-response relationship or precontraction curve a new baseline was recorded
(Fbase before x). The normalized force (Fnorm) for any force readout later recorded at a given time point (Fx)
could then be calculated as
Fnorm = (Fx – Fbase before x) / (Fmax – Fbase).
Since in the above cited Laplace relation all other variables besides F are constant during one
experimental series, the effective pressure Pi is directly proportional to F and consequently relations
between the four force readout curves recorded by one myograph may be interpreted as relations
between effective pressures exerted by the vessels.
2.4.7

Experimental protocols

The ability of vessels to contract and dilate in response to drugs was investigated using two different
types of protocols. The first type consisted of multiple consecutive concentration-response
relationships with Methoxamine, prior to which both vasoconstricting or vasodilating drugs could be
applied both separately or combined. The second type consisted of sustained precontraction induced
by Methoxamine or other vasoconstrictive agents, on top of which vasodilating drugs could be applied
in increasing concentrations, thus creating inverse concentration-response relationships.
2.4.7.1

Concentration-response relationship protocols

Protocols using multiple consecutive CRRs allow the study of multiple drugs and how they interact.
This can be achieved by only changing one parameter at a time between two consecutive CRRs,
allowing to differentiate between the effect of a single drug and the effect of the same drug in
combination with another drug (Table 3).
In some experiments, the effect of a 3rd drug was studied within the same experiment. This was done
by incubating the 3rd drug in all four channels prior to incubation with drug 1 and drug 2. This required
a 4th CRR to be added prior to the 2nd CRR, serving as an additional control CRR, at the beginning of
which the solvent of the 3rd drug was incubated. Such protocols were used to study the effect of ANP
resp. Urocortin on HMR1556 and R-L3, with R-L3 being the “3rd drug” added in all channels.
In some experiments, a 4th CRR was added to examine the effect of different concentrations of one of
the two drugs. This was done by incubating the same drug/solvent combination as in the 3 rd CRR, but
with the low concentration of e.g. drug 2 in the 3rd and the high concentration in the 4th CRR. Such a
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protocol was used to examine the effect of ANP on R-L3 and HMR1556, with two concentrations of
ANP (10-8 M and 10-7 M) being used.
Table 3: Basic structure of a concentration-response relationship protocol

solvent solvent
of drug 1 of drug 2
drug 1

solvent
of drug 2

CRR
with

Channel 1
(control)
3rd

solvent
drug 2
of drug 1
drug 1

solvent
of drug 2

Mx

CRR
with

Channel 2
(drug 2)

washout

2nd

L-NNA 10-4M

solvent solvent
of drug 1 2nd drug

washout

L-NNA 10-4M

Viability tests
(including 1st CRR)

solvent solvent
of drug 1 of drug 2

Channel 3
(drug 1)

Mx

solvent
drug 1
of drug 2

drug 1

Channel 4
(drug 1 + 2)

drug 2

CRR = concentration-response relationship; L-NNA = NG-Nitro-L-arginine-methyl ester; Mx = Methoxamine

2.4.7.2

Precontraction protocols

Two different types of precontraction protocols were used. In the first type, a sustained level of
precontraction was induced using the standard vasoconstrictor Methoxamine (in the following called
“precontraction plateau”), on top of which a range of dilating or contractile agents were incubated
(Table 4). The second type generated a precontraction plateau using a range of different
vasoconstrictive agents like Methoxamine, KCl 50 mM or various K+ channel blockers, which could also
be combined in a cocktail, on top of which only one dilating agent was incubated (Table 5). In both
types, the first precontraction plateau served as a control with which to compare the vasorelaxation
induced by the dilator drug added during the second precontraction plateau.

drug 1
solvent
of drug 2

with
dilator
drug

drug 2

solvent

solvent
of drug 1
drug 1

CRR
with

solvent
of drug 2
drug 2

Channel 1
(control 1)

inverse

dilator

washout

CRR

2nd precontraction with Mx

inverse

L-NNA 10-4M

solvent
of drug 1

washout

1st precontraction with Mx

L-NNA 10-4M

Viability tests
(including 1st CRR)

Table 4: Basic structure of a precontraction protocol using Methoxamine for precontraction

drug

Channel 2
(drug 1)
Channel 3
(control 2)
Channel 4
(drug 2)

CRR = concentration-response relationship; L-NNA = NG-Nitro-L-arginine-methyl ester; Mx = Methoxamine

Methoxamine-induced precontractions usually reached their plateau within 20-30 minutes. The
precontraction plateau had to be at constant force for at least 10 minutes before inverse CRRs with
solvent or reagent were initiated. Protocols using Methoxamine for precontraction were used to study
the effect of dilating agents Retigabine, R-L3, ANP and Urocortin in the presence and absence of XE991
resp. HMR1556.
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In the case of Retigabine resp. R-L3, one channel served as Methoxamine-only control, one channel
was incubated with HMR1556, and two channels were incubated with XE991 but unequally
precontracted with different concentrations of Methoxamine to evaluate whether the level of
precontraction played a role for the interaction of XE991 and Retigabine resp. R-L3.
In the case of ANP resp. Urocortin, the Methoxamine-only control channel was left out entirely since
the effect of ANP resp. Urocortin on Methoxamine alone had already been examined in protocols
described below. Instead, two channels were incubated with XE991 and two with HMR1556, and one
of each pair was then dilated using ANP resp. Urocortin.
In the case of ANP, Retigabine and R-L3, the inverse CRRs contained 5 concentration steps, for
Urocortin 7 steps were used. Incubation times for each concentration step were 10 minutes for
Retigabine and R-L3 and 5 minutes for ANP and Urocortin.

Table 5: Basic structure of a precontraction protocol using different vasoconstrictive agents for precontraction

1st Precontraction
with K+ blockers 1

with
dilator

L-NNA 10-4M

CRR
1st Precontraction
with Mx

2nd Precontraction
with Mx

CRR
with

2nd Precontraction
with K+ blockers 1

Channel 1
(control KCl)

inverse

dilator

washout

2nd Precontraction
with KCl 50mM

inverse

washout

L-NNA 10-4M

Viability tests
(including 1st CRR)

1st Precontraction
with KCl 50mM

Channel 2
(control Mx)
Channel 3
(blockers 1)

drug
1st Precontraction
with K+ blockers 2

solvent

2nd Precontraction
with K+ blockers 2

drug

Channel 4
(blockers 2)

CRR = concentration-response relationship; L-NNA = NG-Nitro-L-arginine-methyl ester; Mx = Methoxamine

Protocols using different vasoconstrictive agents for precontraction were used to study the effect of
dilating agents ANP resp. Urocortin on contractions produced by various K+ channel blocker
combinations including iberiotoxin, stromatoxin, glibenclamide, DPO-1 and BaCl with XE991 (“K+
blockers 1”) resp. without (“K+ blockers 2”) XE991.
Blocker precontractions needed more time to reach their plateau. Usually it took 30-40 minutes, but
sometimes up to one hour was required. Many times, strong oscillations occurred ranging up to heights
of 50% of the maximum Methoxamine reference. When oscillations did not decrease or disappear,
minor concentrations of Methoxamine were used to stabilize the plateau without increasing its level.
Before starting inverse CRRs with vasodilators the plateau had to be stable for at least 10 minutes.
Vasodilators were always applied simultaneously in all four channels, also when the plateau in the
Methoxamine or KCl channel had been reached much earlier. The concentration of Methoxamine was
adjusted adequately to generate the same plateau level as induced by KCl 50 mM. In most cases
Methoxamine concentrations in the range of 5x10-7 M to 10-6 M were required.
2.4.8

Data analysis

All data points obtained by the data acquisition and analysis program (LabChart 7.3.7) were first
transferred to Microsoft Excel (2010 and 2016) for basic calculations and analysis.
Data points were obtained in the following way: At most times, vasoconstrictive and vasodilating
agents produced a stable plateau which distinctively represented the force readout to be recorded. If
after an initial peak the plateau sloped down during Methoxamine CRRs, a representative value of 8090% of the maximum force was obtained in accordance to the steepness of the slope. If minor
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oscillations occurred in precontraction experiments, oftentimes when precontraction was induced
with a cocktail of K+ blockers, a representative average was recorded over longer spans of time (up to
60 seconds) if the plateau of oscillation was horizontal.
The normalized force (Fnorm) values were calculated for all data points within Microsoft Excel data
sheets using the above described equation (see: Chapter 2.4.6) and plotted onto dose-response graphs
for each channel individually. Mean values and standard error of the mean (SEM) were calculated and
displayed in a common graph for all four channels. The following comparisons were made within each
series of experiments to guarantee validity of the results:
In all concentration-response relationship protocols, the mean values of Fnorm at each concentration
step of the 1st CRRs during viability testing had to be equal in all four channels resp. experimental
groups. This was to serve as an indicator that on average the vessels were equally strong and sensitive
to Methoxamine in all four channels, being a necessary requirement to allow comparison of the pD2 of
the 2nd CRRs resp. the plateau of the precontraction curves obtained from different channels resp.
experimental groups. Analogously, in multiple-CRR protocols testing two or more drugs, mean values
of Fnorm at each concentration step of the 2nd CRR had to be equal in the two channels resp.
experimental groups in which the same first drug resp. solvent was applied. This was to serve as an
indicator that on average the vessels were equally affected by the first drug, being a necessary
requirement to allow comparison of the pD2 of the 3rd (and 4th) CRRs with one another and thus be
able to draw adequate conclusions on the effect of the 2nd drug.
In all precontraction protocols, the mean values of Fnorm at the plateau of the 1st precontraction curve
(using the vasodilator solvent as control), had to be equal to the mean values of Fnorm at the plateau of
the 2nd precontraction curve (using the real vasodilator agent), within the same channel. This equal
level of precontraction within one channel was a necessary requirement to draw adequate conclusions
on the effect of the vasodilators.
In precontraction protocols using Methoxamine for precontractions, the mean values of Fnorm at the
plateau of both the 1st and 2nd precontraction curve after application of the vasoconstrictive drugs
(XE991 and HMR) had to be equal in all four channels resp. experimental groups. This equal level of
precontraction between channels was a necessary requirement to draw adequate conclusions on the
effect of the vasoconstrictors.
In precontraction protocols using KCl 50 mM, Methoxamine and various blockers, it was not possible
to generate equal precontraction levels in all four channels, because the blocker combinations in total
produced stronger contractions. Instead, the mean precontraction levels of the two channels with K+
blockers had to be equal, and likewise the mean precontraction levels of KCl 50 mM and Methoxamine.
This equal level of precontraction between the two pairs of channels was a necessary requirement to
draw adequate conclusions on (i) different effects of the vasodilators between vessels treated with the
two K+ blocker cocktails and (ii) different effects of the vasodilators between vessels treated with KCl
and Methoxamine.
Furthermore, in all precontraction protocols, after having demonstrated that average precontraction
levels were equal, the force readouts of each inverse CRR concentration step (Fx inverse) were normalized
(Fx inverse norm) to their corresponding precontraction level (Fprecontraction) and subsequently expressed as a
percentage of the precontraction using the formula:
Fx inverse norm = (Fx inverse) / (Fprecontraction) x 100
2.5

Isolated perfused kidney

This isolated perfused kidney method was developed in our laboratory to study the function of vascular
smooth muscle in the walls of the renal arterial system on a whole-organ level and thus in a
macroscopic and more physiological setting in comparison to myography. In the following, the practical
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course of action of the method will be highlighted, while the scientific validation of the method will be
elaborated as part of the discussion.
2.5.1

Isolated perfused kidney setup

The setup was designed as a flow-rate controlled, no-reperfusion system. A pressure transducer was
connected in parallel to the high-pressure part of the system between the perfusion pump and the
perfused kidney. Two tube systems of the same design (Figure 2) were connected to one perfusion
pump, each separately perfusing one kidney.

Figure 2: Isolated perfused rat kidney setup

The perfusate was kept in regular laboratory bottles (Wide-mouth rectangular bottles from Nalge Nunc
International, USA), but equipped with specially prepared lids containing two holes for the tubes, one
allowing carbogen to be administered to the perfusate and one allowing the perfusate to be extracted
by the pump. This way the pO2 of the perfusate was maximized and the loss of CO2 to the surrounding
air was kept at a minimum. This same issue was solved for the two modified solutions used in viability
testing, of which only small amounts were needed each day, by using volumetric flasks with long
narrow necks (Blaubrand volumetric flask from Brand, Germany). For Details concerning the perfusate
solutions, see (Table 1). A three-way stopcock at the entry of the tube system allowed for
instantaneous switching between two perfusate solutions.
Drugs were applied using syringe pumps as described above (see: Chapter 2.3). Two syringe pumps
(SP100 Microprocessor Controlled Syringe Pump from World Precision Instruments, USA) per kidney
were used serially connected.
As a perfusion pump, a roller pump with a 16 roller pump head (Perimax 16/3 Antipuls from Spetec,
Germany) was used that generated almost pulse-free perfusion pressures. Pulsatile pressure waves
have early proven not to confer any advantage in isolated perfused rat kidney experiments 316. The
flow rate is continuously adjustable in single digit steps from 1-999 speed digits [sd] representing pump
head revolutions from < 1 to 33 revolutions per minute (rpm). In our experimental setting, the pump
was set on speed digits ranging from 25-800 [sd]. The actual flow rates are further determined by the
lumen of the plastic tubes the pump is equipped with and by adjustment of the contact pressure at
the roller pump head. In our setup, tubes with an internal circumference of 1,524 mm (PVC Standard
double pump tubing 38-0352 from Spetec, Germany) were used. To confirm the flow rates provided
by the manufacturer, own measurements were performed by clocking the time needed to pump a
certain volume of solution at different speed digits. Considerable deviation of our own measured flow
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rates from the flow rates declared in the manufacturer’s sheet made a manual calibration necessary.
Calibration consisted of repeated measurements at four set speed digits, of which the mean value was
calculated. This procedure was performed twice, with and without the perfusion cannula attached
(Table 6).
Table 6: Flow rate calibration

Speed digit
(perfusion pump)
100
200
400
800

Flow rate (ml/min)
without cannula
Mean SEM
1,62 0,01
2,74 0,01
4,85 0,04
9,92 0,03

Flow rate (ml/min)
with cannula attached
Mean SEM
1,63 0,01
2,67 0,01
4,84 0,02
9,88 0,04

The mean values of the four flow rates measured with cannula attached were used to generate a
trendline, which could be justified by the strictly linear relation between speed digits and flow rates
according to the manufacturer’s sheet. Using this trendline, the corresponding flow rates of the
other speed digits that were used for pressure-flow relationships in the experiments were calculated
(Table 7).

Table 7: Flow rates calculated from calibration for each speed value

Speed digit
(perfusion pump)
25
50
100
200
300
400
600
800

Flow rate (ml/min)
without cannula
0,62
0,92
1,51
2,7
3,89
5,08
7,46
9,84

Flow rate (ml/min)
with cannula attached
0,48
0,78
1,38
2,57
3,76
4,96
7,34
9,72

In a second step we confirmed the flow rate with the cannula attached and an actual rat kidney being
mounted and perfused and thus the pump actually creating perfusion pressure remaining to be on
average 2,57 ml/min for a speed digit of 200, which is the perfusion rate at which all later experiments
following the viability tests on perfused kidneys were performed. Calibration was performed once in
the beginning, and a second time when the system was duplicated.
All glass parts (perfusate heating chamber, kidney heating chamber, and air bubble traps) were
handcrafted by a local glassblowing company. Both heating chambers were connected via large lumen
tubes (Suction tube CH 25 from Oriplast, Germany) to a circulation thermostat (UC-5B from Julabo,
Germany) which continually exchanged the heating fluid (Aqua dest). The circulation thermostat was
set to a temperature of 42°C, which corresponded to an actual temperature of 37°C measured both
on the surface of the heating chambers and in the perfusate itself.
The heating chamber for the perfusate was designed as a spiral-shaped glass tube within a glass
container, with the space in between being filled with water when connected the circulation
thermostat. The glass tube, containing a volume of approximately 2 ml, allowed for a time span of
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approximately 45 seconds for the perfusate to be heated whilst travelling through at the perfusion
rate of 2,57 ml/min used during the pharmacological part of the experiments.
The air bubble trap was designed as a small glass cylinder with a volume of 3 ml. Perfusion tubes may
be attached to one connecting socket at its top and one at its bottom. Perfusate would flow through
the air trap from top to bottom with a screwable lid allowing for release of air and filling of the cylinder
with fluid. Air traps had to be filled with perfusate once only at the beginning and last throughout the
experiment since refilling of the traps would require stopping the perfusion of the kidney. Air bubbles,
which were either sucked in with the perfusate or developed within the perfusion system during
passage of the heating chamber would get caught by rising to the top of the bubble trap, slowly filling
the glass cylinder with air or gas. Two bubble traps were needed per kidney, since the average gas
volume that developed throughout an average four-hour experiment exceeded the volume of one
bubble trap. The perfusion pressure within the system was not affected by the amount of air being
caught in a trap.
The heating chamber for the kidney was designed as a bell-shaped double-walled container with two
connecting sockets for the circulation bath and with an outlet at its bottom for the discharge of used
perfusate. The container was positioned with its opening facing obliquely upwards at a 45° angle and
a pedestal entered to allow the kidney to be rested upon pedestal and container wall, thus avoiding
stretching of the renal artery due to the weight of the kidney when being hung up. With a setup design
as a non-reperfusion system, the perfusate flowing from the truncated renal vein immediately left the
kidney heating chamber through a hole in its bottom and was discharged, thus avoiding a continuous
effect after stopping the administration of a drug.
The pressure transducer (PT-F from Living Systems Instrumentation, USA) was set in parallel to the
perfused kidney and connected to a perfusion pressure monitor (PM-4 from Living Systems
Instrumentation, USA), which communicated the pressure readout to a data acquisition device
(PowerLab 4/26 from ADInstruments, New Zealand) digitalizing and sampling at 1 kHz and transferring
the data to a laptop hard drive with a data acquisition and analysis software (LabChart 8.0 from
ADInstruments, New Zealand) installed. Two three-way stopcocks attached on both sides of the
pressure transducer allowed for switching between monitoring perfusion pressure and performing
system pressure calibration. Calibration of the pressure transducer was performed every day before
equipping the setup with a kidney. To do so, a fluid-filled container positioned at the height of the
pressure transducer would serve as a water level gauge for calibrating 0 mmHg, while an analogue
manometer (Big Ben Round from Riester, Germany) was used for calibrating 100 mmHg.
The kidney itself was mounted on a handcrafted perfusion cannula. The cannula was fabricated from
a glass capillary (1B200F-4 from World Precision Instruments, USA) using a micropipette puller (PC-10
from Narishige, Japan). The pulling process was interrupted shortly before the two ends of the glass
capillary were entirely separated, thus creating an hourglass-shaped capillary. The capillary was
manually cut with a glass cutter a short distance beside its narrowest point, creating a slightly
biconcave shaped tip (Figure 3). The sharp ends of the cut surface were smoothened with a microforge
(Carl Zeiss, Germany) to avoid damage to the wall of the artery.

Figure 3: Biconcave glass cannula used for perfusing the rat kidney

The special design of the perfusion cannula is significant for two main reasons: First, the tying of the
renal artery firmly to the narrowest point of the biconcave shaped tip prevented its sliding off the tip
up to perfusion pressures above 200mmHg. Second, the relative shortness of the narrowness of tip
keeps its intrinsic flow resistance considerably low, allowing for high perfusion rates to be applied
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without falsely high perfusion pressures narrowing the validity of measurements during viability
testing.
The flow resistance of the cannula was assessed in repeated measures of baseline perfusion pressures
at different speed digits with and without the perfusion cannula attached (Table 8). With perfusion
pressures of only 4,0 mmHg being produced at a speed digit of 200 (corresponding to the flow rate of
2,57 ml/min used for the pharmacological part of the experiments) even with the perfusion cannula
attached, intrinsic resistance was considered neglectable. Two perfusion cannulas with similar intrinsic
resistance were produced and used for all experiments.
Table 8: Perfusion pressure with vs. without perfusion cannula attached

Speed digit
(perfusion pump)
100
200
400
800

2.5.2

Perfusion pressure [mmHg]
without cannula
Mean SEM
0,49 0,11
0,35 0,14
1,09 0,12
2,56 0,12

Perfusion pressure [mmHg]
with cannula attached
Mean SEM
3,13 0,03
4,04 0,09
6,30 0,15
13,90 0,13

Macroscopic preparation

Similar to myography experiments, preparation started with midline laparotomy and removal of the
entire gastrointestinal tract, displaying the kidneys surrounded by the capsula adiposa in the spatium
retroperitoneale. Starting at this point, in total three preparation procedures are described, for the
removal of one or two kidneys, and with or without heparinization.
First, in most cases, only one kidney was needed for perfusion experiments. In that case, the right
kidney was used due to its favorable more caudal position in the abdomen and because right renal
arteries are longer than left ones 317, which may facilitate mounting onto the perfusion cannula. In a
first step the left kidney was removed for myography experiments as described above (see: Chapter
2.4.2). Next, the spatium retroperitoneale was cleared of fat until aorta abdominalis and vena cava
were displayed proximally and distally to their junction with the renal artery and vein. The fat
surrounding the renal artery was left in place in order not to damage the vessel. Then aorta
abdominalis and vena cava were grabbed at their proximal end with anatomical forceps and truncated,
first proximally from the point where grabbed, and next distally from the junction with the renal
vessels. This way, the kidney could be elevated and removed en bloc with renal vessels and short
segments of aorta and vena cava attached, supported only by a few scissor cuts at the margo lateralis
to strip the kidney from its capsula adiposa. The kidney was transferred to the same 4°C cold
preparation solution as vessels for myography, fixated with pins, and washed several times to clear
away blood.
Second, in some cases, both kidneys were needed for perfusion experiments. In that case, additionally
to clearing the fat from aorta abdominalis and vena cava, the kidneys itself had to be peeled out of
their capsula adiposa while leaving the same protective fat cushion around the renal vessels as
mentioned before. The kidneys each had to be flipped to the contralateral side in order to detach their
facies dorsalis from the capsula adiposa. This done, both kidneys could be grabbed and elevated by
the abdominal vessels and removed en bloc in the same way as described above.
Third, in few cases, heparin had to be infused into the kidneys before removal. This was done with the
kidneys still in situ. Again, the abdominal vessels initally had to be cleared from fat, in which case a
longer segment of the caudal aorta needed to be displayed. First, the aorta and vena cava were ligated
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proximal to their junction with the renal vessels. In case only one kidney was to be used, the vessels of
the other kidney were ligated before removal. Second, a ligature around the aorta and vena cava
approximately 1 cm distal to their junction with the renal vessels was put into place, but not fastened
yet. Third, the distal aorta was punctured with a 27 G cannula attached with 30 mm tubing to a 1 ml
syringe (Omnifix-F Tuberkulin from B. Braun Melsungen, Germany) in such a manner that the ligature
positioned earlier could easily be fastened over the cannula now positioned within the lumen of the
aorta. Fourth, the distal ligature was fastened and the vena cava segment in between the proximal and
distal ligatures was incised to permit blood flow exiting the kidney. Finally, the syringe content of 100
I.U. heparin sodium (Heparin-Natrium 25.000 I.E. in 5ml from Ratiopharm, Germany) dissolved in 1 ml
Modified PSS without NaHCO3 was carefully injected over a time period of at least 30 seconds. Blood
flowing from the vena cava incision was observed as confirmation for successful application into the
renal vasculature. The remaining preparation was performed as described above.
2.5.3

Microscopic preparation

All remaining steps up to connecting the isolated kidney to the perfusion system were performed
under the microscope, using the same tools as for myography preparation.
Preparation started with the removal of all perivascular adipose tissue surrounding the arteria renalis
and aorta. During this process, the entire vena cava and most of the vena renalis were removed as
well, leaving only a short stump of the vena renalis. The ureter was usually not discernable and was
thus removed with the fat. The arteria renalis was than truncated as close to the aorta as possible. As
an additional step, the capsula fibrosa of the kidney was removed bluntly using two forceps. This was
perceived necessary because perfusing the kidney with a colloid-free perfusate might cause organ
edema and thus swelling of the kidney, which in turn could cause pressure to rise within the rigid
capsula fibrosa to an extent which could possibly affect arterial perfusion pressures. Before mounting
the arteria renalis to the perfusion cannula, the cannula had to be thoroughly cleared from air and
filled with preparation solution. A fine surgical thread (Ethilon nylon suture 7-0 from Ethicon, USA) was
used to tie the artery around the cannula. First, an air knot was tied and pulled over the cannula
without fastening. Next, the opening of the arteria renalis was widened and held open with forceps
and the cannula was inserted. The air knot was then tightened over the artery on the perfusion
cannula, fixating the arteria renalis firmly at the narrowest point of the biconcave tip. Three more
surgical knots were added on top to secure the position.

Figure 4: Perfusion cannula connected to renal artery

Only if the artery was at least 2-3 mm long, the kidney could be used for perfusion. Although in about
20-40% of the rats an early division of the arteria renalis into a dorsal and a ventral branch was
observed, the common trunk proximal to the division in most cases was sufficiently long. The tip of the
cannula was not permitted to be inserted into one of the two branches, but always had to remain in
the common trunk, where it maintained a visually controllable distance from the division to ensure
that the entire arterial vasculature would be perfused and perfusion pressures thus be comparable.
Preparation took no longer than 30-40 minutes from euthanization of the rat to connecting the isolated
kidney to the perfusion system. An additional 5-10 minutes were required in case the kidney was
heparinized.
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2.5.4

Preparation of the isolated perfused kidney setup

In the following, all necessary preparations to the perfusion system are described. The pressure
transducer was calibrated daily as described (see: Chapter 2.5), setting the perfusion pressure readout
without the isolated kidney attached to zero. The circulation thermostat was switched on at least 30
minutes before starting experiments to give the heating chambers time to reach 37°C. Perfusate was
adjusted to room temperature and gassed with carbogen starting at least 30 minutes before the
experiment. After filling the perfusion system with Modified PSS without NaHCO3 as perfusate, the
tubes between the bubble trap and the connecting socket for the perfusion cannula were carefully
examined for air bubbles, which had to be removed. The perfusion pump was started at a flow rate
below 0,5 ml/min (speed value 25/). Recording of the perfusion pressure was started and as soon as a
waveline oscillating tightly around 0 mmHg was observed on the screen, the perfusion cannula was
connected to the system. To do this, the kidney had to be carefully lifted from the preparation solution,
grabbing the perfusion cannula with the kidney hanging vertically downwards and connecting the
cannula to its socket in vertical position, with the kidney resting upon the 45° angled wall of the heating
chamber and supported at its margo lateralis by a pedestal priorly inserted into the chamber. In
consequence, a steep increase in perfusion pressure was observed in kidneys with intact renal
vasculature, reaching a sharp peak followed by an equally steep drop in perfusion pressure, which
occurred simultaneously with blood flowing from the vena renalis. The renal artery was then inspected
for leaks or jets of perfusate. Only if blood flow was observed immediately and no leak was discovered,
the experiment would be concluded.
2.5.5

Viability testing

At the beginning of each experiment, viability tests were performed. Unless otherwise specified,
Modified PSS without NaHCO3 was used as perfusate. Viability testing included (i) examination for
complete perfusion by macroscopic appearance, (ii) confirmation of an intact vascular bed using a
pressure-flow relationship, (iii) testing for myogenic response by application of calcium-free perfusate
at high flow rates and (iv) testing for maximum active vasoconstriction of the renal vasculature by
application of Modified PSS containing 120 mM KCl.

Myogenic
response?

Macroscopic
appearance

Pressure-flow
relationship

Calcium-free
PSS

40 min

5 min

5 min

Maximum
contraction?
120 mM KCl
PSS
10 min

Start of
experiment

Vascular bed
intact?

washout

Complete
perfusion?

washout

Table 9: Viability tests for isolated perfused kidney

10 min

PSS = physiological salt solution

First, complete perfusion of the entire renal vasculature had to be ascertained in order to warrant
comparability of the perfusion pressure readouts to be recorded in our flow-rate controlled setup.
Incomplete perfusion of the kidney for example due to blood clots developed during no-flow time in
the preparation procedure that obstructed the vessels, thus resulting in a lower cross section of
vasculature, would in our flow-rate controlled setup lead to measurement of false-high perfusion
pressures. For complete perfusion to be assumed, the entire kidney had to undergo a color change
from dark maroon to a spotless pale brown, indicating washout of all blood and thus patency of all
major arterial vessels. In case this change in macroscopic appearance did not occur until the end of the
pressure-flow relationship, the kidney was declared unviable and the experiment would not be used
for data collection.
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Second, integrity of the vascular bed and absence of major leaks due to vessel damage during
preparation had to be demonstrated, indicated by an adequate rise of perfusion pressure with
increasing flow rates. This was ascertained by exposing the kidneys to stepwise increasing flow rates
up to a maximum of 9,72 ml/min and monitoring for unreasonably low perfusion pressures in a
pressure-flow relationship. Perfusion of the isolated kidney started at a flow rate < 0,5 ml/min and was
increased in seven additional steps by setting speed digits corresponding to approximately 0,8  1,4
 2,6  3,8  5,0  7,3  9,7 ml/min as calculated above (see: Chapter 2.5.1) with each step lasting
5 minutes. Increasing the flow rate would result in a steep increase in perfusion pressure leveling into
a higher horizontal plateau. Data points were collected for each plateau and plotted in a pressure-flow
relationship. Only if each increase in flow rate produced a marked increase in perfusion pressure and
if at the highest flow rate a perfusion pressure of at least 80 mmHg was obtained would the experiment
be continued.
Third, the myogenic response to flow-induced perfusion pressure as an indicator of autoregulation in
the renal arterial vasculature was examined. This test was performed subsequently to the pressureflow relationship, maintaining the maximum flow rate of 9,7 ml/min. After recording pressure for 5
minutes, the regular perfusate was switched for calcium-free perfusate (see: Table 1) by quickly
flipping the three-way stopcock, allowing perfusate to be changed without time loss or interrupting
perfusion. The calcium-free perfusate was administered for 5 minutes. A deprivation of extracellular
calcium would cause inhibition of active vasoconstriction and thus a decrease in perfusion pressure.
Next, the calcium-free perfusate was washed out again applying regular perfusate for 5 minutes.
Resupply of extracellular calcium thus achieved would reenable active vasoconstriction resulting in
another increase in perfusion pressure. Data points were collected at the horizontal plateaus before,
during and after application of calcium-free perfusate and plotted in a column diagram. Only if a
significant drop in perfusion pressure levelling into a lower horizontal plateau could be recorded as an
indicator of an intact myogenic response as a basic requirement for autoregulation being present
would the kidney be used for further experiments.
Fourth, the maximum degree of active vasoconstriction in response to 120 mM KCl was examined. To
do so, the flow rate first had to be reduced from 9,7 ml/min after 5 minutes washout of calcium-free
perfusate to 2,57 ml/min (correlating to a speed digit of 200) in order to reach a new baseline perfusion
pressure below 60 mmHg, low enough not to be likely to induce a myogenic response. After reaching
a new baseline plateau of perfusion pressure, the regular perfusate was switched for Modified PSS
containing 120 mM KCl (see: Table 1) und applied for 10 minutes. High extracellular concentrations of
K+ would represent a strong vasoconstrictive stimulus leading to a marked increase in perfusion
pressure. Next, the 120 mM KCl perfusate was washed out applying regular perfusate for at least 10
minutes. Deprivation of the depolarizing stimulus thus achieved would terminate vasoconstriction and
perfusion pressure readouts return to the baseline. Data points were collected at the peak of 120 mM
KCl-induced pressure increase and at the horizontal plateau before and after application and plotted
on a column diagram. Only if active vasoconstriction resulted in an increase of perfusion pressure to
absolute values above 160 mmHg and a subsequent drop of a least -120 mmHg back to baseline
perfusion pressure could be observed as a sign of functional integrity of the arterial vasculature of the
kidney would the kidney be used for further experiments.
2.5.6

Experimental protocols

The ability of the renal arterial vasculature to constrict and dilate in response to drugs was investigated
using two types of protocols. In both protocols, viability tests were followed by a brief period of
perfusing PSS only at a flow rate of 2,57 ml/min to establish baseline perfusion pressure over at least
5 minutes. Next, precontraction was induced by switching the regular perfusate PSS for PSS
preincubated with 3 µM Methoxamine, which was applicated for at least 60 minutes until achieving a
horizontal plateau before additional drugs were added.
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The first type of protocol, applied if only vasoconstrictive drugs like HMR1556 or XE991 were to be
tested, then proceeded to continuous application of the drug via syringe pump for at least 20 minutes
in the above described manner (see: Chapter 2.3). Upon having been administered for an appropriate
time, the application of the drug via syringe pump was stopped while perfusion with Methoxamine
was continued to monitor for the occurrence of decrease in perfusion pressure in absence of the
vasoconstrictive drug to be examined. Finally, after continuing perfusion with Methoxamine for at least
another 30 minutes, the perfusate was switched back to regular PSS to confirm an adequate return of
perfusion pressure to the baseline. Data points were collected every 5 minutes, starting 20 minutes
before until 20 minutes after initiating application of the vasoconstrictive drug.

Viability tests

Table 10: Experimental protocol for testing a vasoconstrictive substance alone

Perfusion

Precontr.

Contraction

Postcont.

Postperf.

+ Drug 1 (via syringe pump)
Methoxamine 3 µM (via direct application into perfusate)
Regular PSS

Postcont. = post-contraction; Postperf. = post-perfusion; Precontr. = precontraction; PSS = physiological salt solution;

The second type of protocol, applied if a vasodilative drug like R-L3 with an antagonist like HMR155 or
XE991 were to be tested, proceeded to continuous application of the vasodilative drug via syringe
pump for 20 minutes, followed by the likewise continuous coadministration of the antagonist via a
second syringe pump. Afterwards, the application of drugs or Methoxamine was reduced stepwise as
described for the first type of protocol, always monitoring for the effect of washout of the substance.
Data points were collected every 10 minutes starting at 20 minutes before initiating application of the
first drug until 10 minutes after initiating application of the second drug.
Table 11: Experimental protocol for testing a vasodilative substance combined with an antagonist

Viability tests

Perfusion

Precontr.

Dilation

Antagon.

Postdilat.

Postcont.

Postperf.

+ Drug 2
(syringe)
+ Drug 1 (via syringe pump)
Methoxamine 3 µM (via direct application into perfusate)
Regular PSS

Antagon. = Antagonization; Postcont. = post-contraction; Postdilat. = post-dilation; Postperf. = post-perfusion; Precontr. =
precontraction; PSS = physiological salt solution;

2.5.7

Data analysis

All data points obtained by the data acquisition and analysis program (LabChart 8.0) as described above
(see: Chapter 2.5.6) were first transferred to Microsoft Excel (2010 and 2016) for basic calculations and
analysis.
During viability testing, the raw perfusion pressure readouts in mmHg were used either for direct
statistical analysis and graphing or to calculate parameters of viability criteria like the area under the
curve for pressure-flow relationships or the delta for the drop or increase in perfusion pressure in
response to calcium-free or KCl 120 mM-containing perfusate.
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During the actual pharmacological experiments, only raw perfusion pressure readouts in mmHg,
subtracted by the baseline perfusion pressure prior to starting precontraction with Methoxamine,
were used for direct statistical analysis and graphing without any normalization being necessary. Only
for two graphs simple calculations were made, such as for comparison of (i) the degree of vasodilation
induced by two different concentrations of R-L3 and (ii) their antagonization by HMR1556. In detail, (i)
the delta of the decline in perfusion pressure induced by R-L3 was calculated by subtracting the
baseline pressure recorded before application from the pressure readout after 20 minutes of
application of R-L3 and then (ii) normalizing the delta of the increase in perfusion pressure induced by
coadminstration of HMR1556 as a percentage of that R-L3-induced drop in perfusion pressure (see:
Figure 64). This same calculation was performed for comparison of the degree of antagonization of RL3-induced vasodilation by HMR1556 and XE991 (see: Figure 66).
2.6

Statistics

GraphPad Prism version 7.03 for Windows (GraphPad Software, La Jolla California USA) was used both
for calculating statistics and drawing and formatting graphs. Tables were formatted using Microsoft
Word (2016) or Microsoft PowerPoint (2016).
All values are presented as arithmetic mean and standard error of the mean (SEM), with n representing
the number of experiments conducted, corresponding to the number of animals used for the series.
Significance was assumed at p≤0.05.
The area under the curve (AUC) was calculated for all CRRs and inverse CRRs in myography experiments
as well as for pressure-flow relationships during viability testing in isolated perfused kidney
experiments.
The negative logarithm of the half maximal effective concentration (pD2) as an expression of
Methoxamine sensitivity was estimated from concentration-response curves by fitting the Hill
equation using least squares regression as a fitting method
Paired t-tests were used for comparing perfusion pressure at different time points in isolated kidney
perfusion experiments.
Unpaired t-tests were used for comparing precontraction levels between two groups in myography
experiments as well as for comparison of AUCs in myograph experiments.
Ordinary one-way ANOVA was used for comparing precontraction levels between three or more
groups in myography experiments.
One-way repeated-measures ANOVA without assuming sphericity and therefore using GeisserGreenhouse correction was used to separately analyze perfusion pressure amplitudes before and after
application of drugs in isolated perfused kidney experiments.
Two-way repeated-measures ANOVA was used for comparing amplitudes of force between both CRRs
and inverse CRRs in myography experiments.
Dunnett's multiple comparisons test was performed as a post-hoc test when comparing means of
perfusion pressure amplitudes before and after application of drugs in isolated perfused kidney
experiments
Pearson’s r was calculated for demonstrating a correlation between the level of flow-induced pressure
and the magnitude of the myogenic response caused by it in isolated perfused kidney experiments.

38

Results

3
3.1

RESULTS
Validation of the isolated perfused kidney model

The results presented later (see: Chapter 3.6) are the first data collected using this isolated perfused
kidney method newly established in our laboratory. For the sake of validation, the following sections
will set out the results of the viability tests performed prior to the actual experiments. Data was
collected for viability tests including (i) confirmation of an intact arterial vasculature indicated by an
appropriate pressure-flow relationship, (ii) testing for an intact myogenic response via calcium-free
perfusate and (iii) testing for maximum active vasoconstriction of the renal vasculature via application
of Modified PSS containing 120 mM KCl. Furthermore, we present data addressing the question
whether kidney viability depends upon possible confounding factors like (a) prolonged cold storage of
the kidney in PSS during the process of preparation, (b) usage of heparin prior to the extracorporeal
preparation procedure or (c) accidental perfusion with air bubbles. These results will be addressed in
detail later as part of the discussion on the validity of the method (see: Chapter 4.1).
The following scatter plot serves as an overview of viability test results and subsequent agonistinduced vasoconstriction with Methoxamine (Figure 5). It represents data derived from all kidneys that
were used to collect experimental data in this thesis.

Figure 5: Viability tests and Methoxamine-induced contraction in isolated perfused rat kidneys
Time course of viability tests and subsequent precontraction induced by 3 µM Methoxamine performed prior to experiments
on Kv7 modulators (n=48). Values are presented as original perfusion pressure recordings. Mean values of perfusion pressure
readouts are given (in mmHg) below the data point clouds for each time point at which data was collected. The perfusion rate
of the isolated kidneys is indicated by the “flow rate” timeline. The type of perfusate used is indicated by the color of the data
point clouds as listed in the legend.

Pressure-flow relationships were obtained by stepwise increasing flow rates and typically displayed
themselves in form of a steep increase in perfusion pressure leveling into a horizontal plateau of
elevated pressure (Figure 6). Out of all 48 experiments used for analysis, the mean perfusion pressure
at the maximum flow rate (after 40 minutes), was 108.9 ± 2.0 mmHg (mean ± SEM; n=48).
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Figure 6: Pressure-flow relationship indicating an intact arterial vasculature during viability testing of isolated perfused rat
kidneys
Representative recording of flow-induced increases in perfusion pressure immediately after starting perfusion. Values are
presented as original perfusion pressure recordings. The perfusion rate of the isolated kidneys is indicated by the “flow rate”
timeline. The area under the curve was calculated for each pressure-flow relationship from the data points collected towards
the end of the pressure plateau as indicated by the grey dotted line.

area under the curve

Data points collected towards the end of each pressure plateau were used to calculate the area under
the curve of the pressure-flow relationships. Having completed all experimental series, a retrospective
statistical analysis of these AUC values was performed, finding no differences amongst the kidneys
used as part of different experimental series (Figure 6).
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only XE991
only HMR1556

400

R-L3 (1 µM) + HMR1556
R-L3 (~0.6 µM) + HMR1556
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R-L3 + XE991
n=7

n=14

n=7

n=6

n=6

0
pressure-flow relationship
Figure 7: Pressure-flow relationship in different experimental series during viability testing of isolated perfused rat kidneys
Area under the curve calculated for each pressure-flow relationship and grouped for experimental series (One-way ANOVA:
p=0,29). Values are presented as mean ± SEM.

Testing for an intact myogenic response at the maximum flow rate occurred by demonstrating the
presence of pressure-induced vasoconstriction in form of a steep decrease in perfusion pressure
following application of calcium-free perfusate and afterwards a steep increase in perfusion pressure
when switching back to regular perfusate (Figure 8).
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Figure 8: Effect of calcium-free perfusate indicating an intact myogenic response during viability testing of isolated
perfused rat kidneys
Representative recording of a reversible decrease in perfusion pressure caused by application and weening of calcium-free
perfusate. Values are presented as original perfusion pressure recordings. The short delay between change of perfusate and
onset of effect is due to the dead space of the tubing system proximal of the perfused kidney.

perfusion pressure (mmHg)

Data points were collected prior to and towards the end of perfusion with calcium-free solution. Out
of all 48 experiments, the average perfusion pressure dropped from 108.9 ± 2.0 mmHg to 96.6 ± 1.4
mmHg in response to calcium free perfusate and rose again to 102.3 ± 1.5 mmHg (mean ± SEM; n=48)
after washout with regular perfusate (see: Figure 5). Statistical analyses performed for each
experimental series found no differences between the deltas of perfusion pressure decreases between
experimental series (Figure 9).
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pressure drop to calcium-free perfusate
Figure 9: Effect of calcium-free perfusate in different experimental series during viability testing of isolated perfused rat
kidneys
Perfusion pressure before and towards the end of application of calcium-free perfusate grouped for experimental series
(paired Student‘s t test: *p<0,05). Not visually displayed: statistical comparisons of the Calcium-free induced delta in perfusion
pressure (One-way ANOVA: p=0,44). Values are presented as mean ± SEM.

Aiming to support the assumption that the pressure drop to calcium-free perfusate was actually due
to inhibition of pressure-induced vasoconstriction and thus an indicator of an intact myogenic
response, the Pearson correlation coefficient was calculated, revealing a strong correlation between
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Calcium free pressure drop

initial flow-induced perfusion pressure and the delta of perfusion pressure decrease induced by
calcium-free perfusate (Figure 10).
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Figure 10: Correlation between flow-induced perfusion pressure and decrease in perfusion pressure to Calcium-free
perfusate in isolated perfused rat kidneys
Scatter plot of the Calcium-free pressure drop plotted against initial flow-induced perfusion pressure (****p<0,0001; Pearson
r=0,71; 95% confidence interval 0,54 to 0,83). Values are presented as original perfusion pressure recordings prior to
application of Calcium-free perfusate or the same subtracted by the pressure readout towards the end of application of
Calcium-free perfusate.
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The maximum active vasoconstriction of the renal vasculature was tested via application of perfusate
containing 120 mM KCl. This typically resulted in a marked increase in perfusion pressure that was
entirely reversible after switching back to regular perfusate (Figure 11).
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Figure 11: Effect of KCl initiating maximum active vasoconstriction during viability testing of isolated perfused rat kidneys
Representative recording of a reversible increase in perfusion pressure caused by application and weening of perfusate
containing 120 mM KCl. Values are presented as original perfusion pressure recordings. The short delay between change of
perfusate and onset of effect is due to the dead space of the tubing system proximal of the perfused kidney.

On average, KCl induced increases in perfusion pressure from 44.2 ± 0.6 mmHg to 228.9 ± 4.4 mmHg
(mean ± SEM; n=48) (see: Figure 5). These data collected at the plateau before and at the peak of
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elevated perfusion pressure caused by KCl was also statistically analyzed for groups of experimental
series. There was an increase in perfusion pressure in all series and there were no differences among
the KCl-induced delta in perfusion pressure between series (Figure 12).
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Figure 12: Effect of KCl 120 mM in different experimental series during viability testing of isolated perfused rat kidneys
Perfusion pressure before and after 10 minutes application of perfusate containing 120 mM KCl grouped for experimental
series (paired Student‘s t test: *p<0.05). Not visually displayed: statistical comparisons of the KCl 120 mM induced delta in
perfusion pressure (One-way ANOVA: p=0,70). Values are presented as mean ± SEM.

perfusion pressure (mmHg)

After finalizing the above described viability tests, perfused kidneys were precontracted by switching
to regular perfusate containing Methoxamine at 3 µM, which resulted in a gradual but sustained
increase in perfusion pressure within usually 40-80 minutes (Figure 13). At this point, the actual
experiments on Kv7 modulators started, the results of which will be presented later (see: Chapter 3.6).
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Figure 13: Effect of Methoxamine initiating agonist-induced vasoconstriction in isolated perfused rat kidneys
Representative recording of a sustained increase in perfusion pressure caused by regular perfusate containing 3 µM
Methoxamine. Values are presented as original perfusion pressure recordings.

To expose a possible influence of renal organ edema caused by long-term perfusion with colloid-free
perfusate on baseline perfusion pressure or agonist-induced contraction, we obtained pressure
readouts (i) prior to application of Methoxamine; at the peak of Methoxamine-induced contraction
both (ii) before wash-in and (iii) after wash-out of Kv7 modulators; and again (iv) at the baseline after
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wash-out of Methoxamine. This was done in all experiments except for the series “XE991 only” (see:
Figure 59 + Figure 60) and “HMR1556 only” (see: Figure 61), in which experiments were terminated
after application of HMR1556 or XE991. Analyses revealed slightly lower baseline perfusion pressures
at the end of the experiments, while the maximum perfusion pressure during Methoxamine-induced
perfusion pressure increase did not change over the time of the experiment (Figure 14).
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Figure 14: Effect of long-term perfusion on baseline perfusion pressure and maximum agonist-induced contraction in
isolated perfused rat kidneys
Baseline perfusion pressure before and after the experiment (black) and peak perfusion pressure during application of 3 µM
Methoxamine before and after wash-in or wash-out of Kv7 modulators (paired Student‘s t test: n=27; *p<0.05; ns = not
significant). Baseline perfusion pressure decreased slightly from 44,5 ± 0,9 mmHg to 40,6 ± 1,7 mmHg. Values are presented
as mean ± SEM.

One possible confounding factor we suspected for influencing isolated perfused kidney viability and
thus the ability of the renal vasculature to properly respond to vasoconstrictive or -dilative stimuli or
agents was prolonged cold storage. Prolonged cold storage had to occur sometimes during preparation
since the capacity to perfuse multiple kidneys simultaneously was limited to the number of perfusion
systems and could last up to ~4 hours prior to starting perfusion, as compared to ~30 minutes when
starting preparation immediately after cervical dislocation. To evaluate whether cold storage was
relevant for viability of the renal arterial vasculature we performed statistical analyses of viability test
results between stored and immediately-prepared perfused kidneys. Although the initial perfusion
pressure after starting kidney perfusion at a low flow rate was found to be higher in kidneys that had
been stored, pressure-flow responses were similar and no differences in peak perfusion pressures
induced by either depolarization-induced contraction to 120 mM KCl or by agonist-induced contraction
to 3 µM Methoxamine were quantifiable (Figure 15).
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Figure 15: Effect of prolonged cold storage during preparation on viability tests in isolated perfused rat kidneys
Comparison of perfused kidneys prepared immediately after cervical dislocation (no storage) or stored at 4°C for ~4 hours
(cold storage). Values are presented as mean ± SEM (unpaired Student’s t test: n=5; **p<0,01; ns = not significant). (A) Area
under the curve calculated for pressure-flow relationship (95% confidence interval -23,53 to 76,05). (B) Initial perfusion
pressure recording of the pressure peak observed immediately after starting perfusion of the kidneys at a flow rate of ~0,5
ml/min (95% confidence interval 16,71 to 72,01). (C) Original perfusion pressure recording of the pressure peak induced by
perfusate containing 120 mM KCl (95% confidence interval -70,75 to 39,73). (D) Original perfusion pressure recording of the
pressure peak induced by application of 3 µM Methoxamine (95% confidence interval -52,88 to 66,00).

A second possible confounding factor we accounted for was the formation of blood clots in the renal
vasculature during no-flow time while preparing the perfused kidneys. Blood clots might influence
vascular resistance and thus contort perfusion pressure recordings. We investigated whether
intraaortal application of 100 I.U. heparin immediately after laparotomy as has been described (see:
Chapter 0) affected the results of viabilty tests. Evidently, pretreatment with heparin had no effect on
either pressure-flow relationships, decreases in perfusion pressure induced by calcium-free perfusate
or increases in perfusion pressure induced by perfusate containing 120 mM KCl or 3 µM Methoxamine
(Figure 16).
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Figure 16: Effect of heparinization during preparation on viability tests in isolated perfused rat kidneys
Comparison of perfused kidneys with no postmortal treatment (without heparin) or with intraaortal infusion of 100 I.U.
heparin immediately after laparotomy (with heparin). Values are presented as mean ± SEM (unpaired Student’s t test: n=7; ns
= not significant). (A) Area under the curve calculated for pressure-flow relationship (95% confidence interval -77,58 to 63,75).
(B) Original perfusion pressure recording of the pressure drop induced by calcium-free perfusate (95% confidence interval 24,73 to 9,12). (C) Original perfusion pressure recording of the pressure peak induced by perfusate containing 120 mM KCl
(95% confidence interval -48,45 to 43,70). (D) Original perfusion pressure recording of the pressure peak induced by
application of 3 µM Methoxamine (95% confidence interval -20,90 to 46,65).

Thirdly, accidental perfusion with air was a problem we were unable to entirely undermine. Minor air
bubbles developed in the final part of the perfusion system tubing between the last bubble trap and
the perfusion cannula. This most often occurred towards the end of recording pressure-flow
relationships, when flow rates were highest and thus the air-induced effect on perfusion pressure most
distinctive. Perfusion with air bubbles typically resulted in either a small hump or a sharp down-andup spike in perfusion pressure that usually levelled back to previous perfusion pressure levels within 1
minute (Figure 17).
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Figure 17: Examples of accidental perfusion with air bubbles during viability testing of isolated perfused rat kidneys
Representative recordings for reversible humps or down-and-up spikes increase in perfusion pressure caused by accidental
perfusion with air bubbles recorded at maximum flow rate towards the end of pressure-flow relationships. Values are
presented as original perfusion pressure recordings subtracted by pressure readouts at 0 seconds.

Evaluating whether accidental air perfusion affected vasoconstrictive or dilative responses of perfused
kidneys in subsequent experiments, no differences were found in pressure-flow relationships, pressure
decreases to Calcium-free perfusate or pressure increases to KCl or Methoxamine between the two
groups (Figure 18).
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Figure 18: Effect of accidental perfusion with air bubbles on viability tests in isolated perfused rat kidneys
Comparison of perfused kidneys in which accidentally air bubbles were dragged and perfused (with air) or in which no
accidental air perfusion was observed (without air). Values are presented as mean ± SEM (unpaired Student’s t test: n=8; ns =
not significant). (A) Area under the curve calculated for pressure-flow relationship (95% confidence interval -205,8 to 183,3).
(B) Original perfusion pressure recording of the pressure drop induced by calcium-free perfusate (95% confidence interval 12,36 to 8,73). (C) Original perfusion pressure recording of the pressure peak induced by perfusate containing 120 mM KCl
(95% confidence interval -66,33 to 8,23). (D) Original perfusion pressure recording of the pressure peak induced by application
of 3 µM Methoxamine (95% confidence interval -20,24 to 22,83).

In summary, our results demonstrate that isolated perfused kidney viability tests including (i) pressureflow relationships for confirmation of an intact arterial vasculature, (ii) pressure decreases to calciumfree perfusate for confirmation of an intact myogenic response, (iii) increases in perfusion pressure to
perfusate containing 120 mM KCl for testing of maximum depolarization-induced vasoconstriction and
also (iv) increases in perfusion pressure to perfusate containing 3 µM Methoxamine for testing agonistinduced vasoconstriction were all unaffected by possible confounding factors like (a) prolonged cold
storage during preparation, (b) heparinization as part of the preparation procedure or (c) accidental
air perfusion and were furthermore similar when grouped for the experimental series conducted
subsequently.

3.2

Contribution of Kv7.2-5 to agonist-induced renal vasoconstriction

To ascertain the effect of the Kv7.2-7.5 activator Retigabine 249, 273 in context with the pan-Kv7 blocker
XE991 217, 219, 249, 250 and the selective Kv7.1 activator HMR1556 215, 216 in agonist-induced
vasoconstriction of isolated renal small arteries, a series of precontraction experiments was conducted
using a protocol with the selective α1-adrenoceptor agonist Methoxamine as a precontracting agent
(see: Table 4).
Application of Retigabine (0.3-30 µM) caused concentration-dependent relaxations of Methoxamineinduced precontractions (Figure 19).
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Figure 19: Effect of Retigabine activating Kv7.2-5 channels on agonist-induced contraction in rat renal interlobar arteries
Original recording of relaxant responses to Retigabine (0.3 – 30 µM) in rat renal interlobar artery after precontraction with
0.7 µM Methoxamine.

To exclude the possibility of DMSO being responsible for the dilating effect of DMSO-solved Retigabine
we conducted a series of concentration-response relationships comparing the effects of DMSO and
Retigabine. We observed a stable plateau of precontraction during administration of DMSO (maximum
concentration 1 µl/ml), compared to which Retigabine induced considerable concentration-dependent
relaxations (Figure 20).
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Figure 20: Effect of Kv7.2-5 activation on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Retigabine (0.3 – 30 µM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were precontracted with Methoxamine to a similar percentage of maximum force
(Student‘s t test: n=9; 95% confidence interval -8,62 to 8,92).

To evaluate whether pan-Kv7 block with XE991 would prevent relaxations to the Kv7.2-5 activator
Retigabine, vessels were preincubated with XE991 prior to precontraction and subsequently
Retigabine applied as before. We found that Retigabine-induced concentration-dependent relaxations
were still observable in the presence of XE991 (Figure 21).
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Figure 21: Effect of Kv7.2-5 activation during Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Retigabine (0.3 – 30 µM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were precontracted with Methoxamine to a similar percentage of maximum force
(Student‘s t test: n=9; 95% confidence interval -8,93 to 9,75) and preincubated with 3 µM XE991.

Similarly, we tested the effect of preincubation with the selective Kv7.1 blocker HMR1556 prior to
Retigabine CRRs and likewise observed Retigabine-induced concentration-dependent relaxations in
the presence of HMR1556 (Figure 22).
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Figure 22: Effect of Kv7.2-5 activation during Kv7.1 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Retigabine (0.3 – 30 µM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were precontracted with Methoxamine to a similar percentage of maximum force
(Student‘s t test: n=9; 95% confidence interval -7,88 to 5,56) and preincubated with 10 µM HMR1556.

To discern a possible antagonizing effect of the pan-Kv7 blocker XE991 and the selective Kv7.1 blocker
HMR1556 on relaxations to the Kv7.2-7.5 activator Retigabine, an additional analysis comparing the
above described concentration-response relationships (Figure 20 – Figure 22) was performed. We
found that Retigabine-induced concentration-dependent relaxations were reduced by XE991, but not
by HMR1556 (Figure 23).
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Figure 23: Effect of Kv7.2-5 activation during Kv7 or Kv7.1 blockade on agonist-induced contraction in rat renal interlobar
arteries
Concentration-dependent relaxation to Retigabine (0.3 – 30 µM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: n=9/9/8; ****p<0,0001; ns = not significant). Arteries were preincubated with either 3 µM XE991 or 10 µM
HMR1556 and precontracted with Methoxamine to a similar percentage of maximum force (One-way ANOVA: n=9/9/8;
p=0,87).

To test for a dependency of Retigabine-induced relaxations on the level of precontraction, we
conducted the above described experiment (Figure 21) in two groups of vessels which were
precontracted to either higher or lower tone using different concentrations of Methoxamine. We
discovered that the different levels of Methoxamine+XE991-induced precontraction achieved in these
experiments did not change the degree by which arteries were relaxed by Retigabine (Figure 24).
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Figure 24: Effect of Kv7.2-5 activation during Kv7 blockade at different levels of agonist-induced contraction in rat renal
interlobar arteries
Concentration-dependent relaxation to Retigabine (0.3 – 30 µM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ns = not significant). Arteries were preincubated with 3 µM XE991 and precontracted with Methoxamine
to either high tone or low tone (Student‘s t test: n=9; **** 95% confidence interval -20,44 to -10,44)

To test whether the chronological order in which Kv7 modulators are applied, as well as whether the
concentration of XE991 used in our above described experiments (Figure 21 + Figure 24) had been too
low to block Kv7 sufficiently, both of which might represent possible reasons for the inability of XE991
to entirely abolish Retigabine-induced relaxations, we conducted additional experiments on
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Methoxamine precontractions in which we first applied the maximum concentration of Retigabine
used before (30 µM) and only afterwards administered XE991 at concentrations of 3 µM and
subsequently 10 µM. We found that Retigabine-induced relaxations were fully antagonized by XE991
at 3 µM, and increasing concentration to 10 µM did not cause any additional increases in vessel tone
(Figure 25).
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Figure 25: Effect of Kv7 blockade during Kv7.2-5 activation on agonist-induced contraction in rat renal interlobar arteries
Relaxation induced by 30 µM Retigabine antagonized over time with 3 µM and 10 µM XE991 compared to time control
(Student‘s t test: ****p<0,0001; ns = not significant) in arteries precontracted with Methoxamine to a similar percentage of
maximum force (Student‘s t test: n=9; ns = not significant; 95% confidence interval -2,19 to 18,11).

In summary, our results demonstrate that Retigabine causes marked vasorelaxations in Methoxamineprecontracted rat renal resistance arteries which are unaffected by the Kv7.1 blocker HMR1556 but
diminished by the pan-Kv7 blocker XE991 independently of the level of precontraction.

3.3

Contribution of Kv7.1 to agonist-induced renal vasoconstriction

To determine the role of Kv7.1 in renal resistance artery vasoconstriction, an experimental series
similar to the previous one done on Retigabine (see: Chapter 3.2) was conducted using the selective
Kv7.1 activator R-L3 213, 318 in context with the pan-Kv7 blocker XE991 and the selective Kv7.1 activator
HMR1556 on the basis of a Methoxamine precontraction protocol (see: Table 4).
Application of R-L3 produced concentration-dependent relaxations in Methoxamine-induced
precontractions. These relaxations differed from the stable plateau of precontraction observed during
application of equivalent concentrations of its solvent DMSO (maximum concentration 0.64 µl/ml)
(Figure 26).
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Figure 26: Effect of Kv7.1 activation on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to R-L3 (0.01 – 1 µM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were precontracted with Methoxamine to a similar percentage of maximum force (Student‘s
t test: n=10; 95% confidence interval -8,10 to 8,75)

To address whether pan-Kv7 blockade with XE991 would antagonize the concentration-dependent
relaxations induced by R-L3, vessels were preincubated with XE991 prior to Methoxamine
precontraction. We found that R-L3-induced relaxations were still observable in the presence of XE991
(Figure 27).
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Figure 27: Effect of Kv7.1 activation during Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to R-L3 (0.01 – 1 µM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were preincubated with 3 µM XE991 and precontracted with Methoxamine to a similar
percentage of maximum force (Student‘s t test: n=10; 95% confidence interval -8,72 to 8,69).

Analogously, to test whether relaxations to R-L3 would persist in the presence of the Kv7.1 specific
blocker HMR1556, vessels were preincubated with HMR1556 prior to Methoxamine precontractions.
We likewise observed R-L3-induced concentration-dependent relaxation in the presence of HMR1556
(Figure 28).
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Figure 28: Effect of Kv7.1 activation during Kv7.1 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to R-L3 (0.01 – 1 µM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were preincubated with 10 µM HMR1556 and precontracted with Methoxamine to a similar
percentage of maximum force (Student‘s t test: n=9; 95% confidence interval -9,58 to 10,25).

Aiming to ascertain whether the pan-Kv7 blocker XE991 and the selective Kv7.1 blocker HMR1556
antagonized relaxations to R-L3, an analysis comparing the above described CRRs was performed
(Figure 26 – Figure 28). We established that both XE991 and HMR1556 were effective in reducing RL3-induced concentration-dependent relaxations (Figure 29).
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Figure 29: Effect of Kv7.1 activation during Kv7 or Kv7.1 blockade on agonist-induced contraction in rat renal interlobar
arteries
Concentration-dependent relaxation to R-L3 (0.01 – 1 µM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: n=8/8/7; ****p<0,0001). Arteries were preincubated with either 3 µM XE991 or 10 µM HMR1556 and precontracted
with Methoxamine to a similar percentage of maximum force (One-way ANOVA: n=8/8/7; p=0,81).

Finally, to differentiate whether the level of agonist-induced precontraction influences the degree by
which XE991 diminishes relaxations to R-L3, we performed analogous experiments as earlier with
Retigabine (see: Figure 27), having two groups of arteries precontracted to either high or low tone with
different concentrations of Methoxamine. We confirmed that different levels of Methoxamineinduced precontraction did not affect the dimension of R-L3-induced relaxations after preincubation
with XE991 (Figure 30).
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Figure 30: Effect of Kv7.1 activation during Kv7 blockade at different levels of agonist-induced contraction in rat renal
interlobar arteries
Concentration-dependent relaxation to R-L3 (0.01 – 1 µM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ns = not significant). Arteries were preincubated with 3 µM XE991 and precontracted with Methoxamine to either
high tone or low tone (Student‘s t test: n=10; **** 95% confidence interval -18,06 to -8,25).

In summary, our results demonstrate that R-L3 causes marked vasorelaxations in Methoxamineprecontracted rat renal resistance arteries which are diminished by both the Kv7.1 blocker HMR1556
and the pan-Kv7 blocker XE991 independently of the level of precontraction.

3.4

Contribution of Kv7 to the anticontractile effect of ANP in agonist-induced renal vasoconstriction

Endogenous dilators sometimes employ K+ channels as effectors for their anticontractile effects. In
search for interference between the cGMP-dependent vasodilator ANP 319 and Kv7 channels in
regulating renal artery tone, we performed experiments with a protocol using concentration-response
relationships for estimation of pD2 as an indicator of Methoxamine sensitivity (see: Table 3). By
preincubation with ANP and subsequent application of Kv7 activators R-L3 or Retigabine or Kv7 blockers
HMR1556 (in the presence of R-L3) we were able to conduct a detailed functional analysis of Kv7
channel contribution to agonist-induced renal resistance artery contractility.
Previous unpublished experiments have shown that XE991 (3 µM) increases, while ANP (100 nM)
decreases concentration-dependent contractions to Methoxamine in renal interlobar arteries, with
their contractile or anticontractile effects, respectively being both unimpaired by the presence of the
other. This implicates that elevated Methoxamine sensitivity induced by Kv7 block is independent of
cGMP-mediated pathways, and that vice versa reduced Methoxamine sensitivity mediated by cGMPmediated pathways is unaffected by blockade of Kv7 channels. To further elucidate the question
whether oppositely, the anticontractile effect of Kv7.2-5 activation would similarly be independent of
ANP-induced vasorelaxation, we first performed concentration-response relationships with
Methoxamine after preincubation with either Retigabine, ANP, both substances combined or solvent
only for control. We observed that Retigabine (30 µM) and ANP (100 nM) both diminish concentrationdependent contractions to Methoxamine, with their decrease being both additive and unimpaired in
the presence of the other (Figure 31).
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Figure 31: Functional role of ANP in context with Kv7.2-5 channel activation in rat renal interlobar arteries
(A) Methoxamine-induced contraction in absence of Retigabine and ANP (control), in presence of 30 µM Retigabine only
(Retigabine), in presence of 100 nM ANP only (ANP) and in presence of both Retigabine and ANP (Retigabine + ANP) (Twoway repeated measures ANOVA: n=6; *p<0,05). (B) ANP-induced ∆pD2 in absence (control) and in presence of Retigabine
(Student‘s t test: n=6; 95% confidence interval -0,24 to 0,26). (C) Retigabine-induced ∆pD2 in absence (control) and in presence
of ANP (Student‘s t test: n=6; 95% confidence interval -0,02 to 0,04).

Next, we examined the anticontractile effect of the Kv7.1 activator R-L3 for interference with ANPinduced vasorelaxation and analogously found that R-L3 (1 µM) and ANP (100 nM) both diminish
concentration-dependent contractions to Methoxamine, with their decrease likewise being both
additive and unimpaired by the presence of the other (Figure 32).
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Figure 32: Functional role of ANP in context with Kv7.1 channel activation in rat renal interlobar arteries
(A) Methoxamine-induced contraction in absence of R-L3 and ANP (control), in presence of 1 µM R-L3 only (R-L3), in presence
of 100 nM ANP only (ANP) and in presence of both R-L3 and ANP (R-L3 + ANP) (Two-way repeated measures ANOVA: n=6;
*p<0,05). (B) ANP-induced ∆pD2 in absence (control) and in presence of R-L3 (Student‘s t test: n=6; 95% confidence
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interval -0,079 to 0,026). (C) R-L3-induced ∆pD2 in absence (control) and in presence of ANP (Student‘s t test: n=6; 95%
confidence interval -0,10 to 0,055.

Previous unpublished experiments have demonstrated that application of HMR1556 alone has no
effect, whereas HMR is effective in antagonizing R-L3, as indicated by its increase in the contractile
response to Methoxamine following preincubation with R-L3. Therefore, we conducted experiments
testing the contractile effect of HMR1556 for ANP-dependency after preincubation of all vessels with
R-L3. We again confirmed that in the presence of R-L3 (1 µM), HMR1556 (10 µM) enhanced, while ANP
(100 nM) reduced contractile responses to Methoxamine and further demonstrated that the increase
or decrease in Methoxamine sensitivity caused by HMR1556 resp. ANP were unimpaired by the
absence or presence of one another (Figure 33).
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Figure 33: Functional role of ANP in context with Kv7.1 channel blockade following Kv7.1 activation in rat renal interlobar
arteries
(A) Methoxamine-induced contraction in arteries preincubated with 1 µM R-L3 in absence of HMR1556 and ANP (control), in
presence of 10 µM HMR1556 only (HMR1556), in presence of 100 nM ANP only (ANP) and in presence of both HMR1556 and
ANP (HMR1556 + ANP) (Two-way repeated measures ANOVA: n=6; *p<0,05). (B) ANP-induced ∆pD2 in arteries preincubated
with 1 µM R-L3 in absence (control) and in presence of HMR1556 (Student‘s t test: n=6; 95% confidence interval -0,064 to
0,10). (C) HMR-induced ∆pD2 in arteries preincubated with 1 µM R-L3 in absence (control) and in presence of ANP (Student‘s t
test: n=6; 95% confidence interval -0,11 to 0,075).

The anticontractile effect of ANP at 100 nM when coadministered with R-L3 was so strong that even
in the presence of HMR1556 the maximum contractile response to Methoxamine at the highest
concentration (100 µM) did not reach the level of the control group (Figure 33). Since by our methods,
Methoxamine sensitivity was estimated by fitting concentration-response curves to the Hill equation
using least squares regression, the accuracy of the estimate may be reduced in such circumstances.
Therefore, to confirm the validity of our results, we conducted another series of the same protocol,
only this time with a lower concentration of ANP (30 nM). This as intended brought the maximum
contractile response back up to control level, but otherwise confirmed our results (Figure 34).
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Figure 34: Functional role of ANP in context with Kv7.1 channel blockade following Kv7.1 activation in rat renal interlobar
arteries
(A) Methoxamine-induced contraction in arteries preincubated with 1 µM R-L3 in absence of HMR1556 and ANP (control), in
presence of 10 µM HMR1556 only (HMR1556), in presence of 30 nM ANP only (ANP) and in presence of both HMR1556 and
ANP (HMR1556 + ANP) Two-way repeated measures ANOVA: n=6; *p<0,05). (B) ANP-induced ∆pD2 in arteries preincubated
with 1 µM R-L3 in absence (control) and in presence of HMR1556 (Student‘s t test: n=6; 95% confidence interval -0,095 to
0,084). (C) HMR-induced ∆pD2 in arteries preincubated with 1 µM R-L3 in absence (control) and in presence of ANP (Student‘s
t test: n=6; 95% confidence interval -0,12 bis 0,13).

In summary, our results this far demonstrate that Methoxamine sensitivity of renal resistance arteries
is decreased by the Kv7.1 activator R-L3 as well as by the Kv7.2-5 activator Retigabine and is increased
by the Kv7.1 blocker HMR1556 in the presence of R-L3, with all of these effects reciprocally being both
unaffected by, and itself not affecting, the anticontractile effect caused by preincubation with ANP.
We thus provide substantial evidence that on a functional level, both the contractile and the
anticontractile effect of Kv7 channels depicted by increased or decreased sensitivity to the
vasoconstrictive α1-adrenoceptor agonist methoxamine are unaffected by the cGMP-dependent
endogenous vasodilator ANP.
Having demonstrated this, we next conducted experiments following a protocol using either
Methoxamine or KCl or various K+ channel blockers (see: Table 5) to study the concentrationdependent effect of ANP not only on agonist-induced, but also on depolarization-induced
vasoconstriction. This way, we were able to investigate the role of Kv7 channels in context with ANP in
vessels differentially preconstricted through activation of different signaling pathways, allowing us to
later draw more detailed conclusions on intracellular signaling of Kv7- and ANP-mediated modification
of renal resistance artery reactivity (see: Chapter 4.4).
First, the effect of ANP on Methoxamine-induced precontraction was examined to ascertain its
effectiveness in counteracting agonist-induced vasoconstriction. Agonist-induced vasoconstriction
involves a multitude of mechanistic elements, including Ca2+-dependent and Ca2+-sensitizing
mechanisms (see: Chapter 1.4.2). We found ANP (1-100 nM) to cause marked concentrationdependent relaxations of Methoxamine-precontracted renal interlobar arteries (Figure 35).
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Figure 35: Effect of ANP on contraction induced by α1-adrenoceptor agonist Methoxamine in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were precontracted with Methoxamine to a similar percentage of maximum force (Student‘s
t test: n=13; 95% confidence interval -8,53 to 9,29).

Second, the effect of ANP on KCl-induced contraction was studied to evaluate its potential to
counteract depolarization-induced vasoconstriction caused by functional elimination of all K+ channels
present. We established that ANP likewise causes concentration-dependent relaxations of renal
interlobar arteries precontracted with 50 mM KCl (Figure 36).
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Figure 36: Effect of ANP on contraction induced by KCl in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were precontracted with 50 mM KCl to a similar percentage of maximum force (Student‘s t
test: n=13; 95% confidence interval -8,36 to 9,83).

Subsequently, in search for differential effectiveness of ANP in counteracting agonist-induced or
depolarization-induced vasoconstriction, a comparison of both responses (Figure 35 + Figure 36) was
performed and revealed concentration-dependent relaxation caused by ANP to be more marked in
arteries precontracted with Methoxamine than in arteries precontracted with 50 mM KCl (Figure 37).
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Figure 37: Effect of ANP on contraction induced by KCl or α1-adrenoceptor agonist Methoxamine in rat renal interlobar
arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: **p<0,01). Arteries were either precontracted with 50 mM KCl or with Methoxamine to a similar percentage of
maximum force (Student‘s t test: n=13; 95% confidence interval -8,12 to 10,65).

Having demonstrated that ANP is able to relax vasoconstriction induced by KCl and thus via functional
elemiination of K+ channels (Figure 36), we proceeded towards investigating the role of Kv7 channels
in this process. This was achieved by first testing the effect of ANP on precontraction induced by
blockade of all known K+ channels expressed in the artery’s VSMCs, using a cocktail of pharmacological
blockers for BKCa (iberiotoxin, 0.1 µM) 157, KATP (glibenclamide, 1 µM) 320, Kir2 (BaCl, 30 µM) 321, KV1 (DPO1, 1 µM) 175, 176, Kv2 and Kv4 (stromatoxin, 0.1 µM) 177 and Kv7 (XE991, 3 µM). We found that ANP was
similarly effective in producing relaxations in precontractions induced by individual pharmacological
blockade of all known K+ channels, specifically including Kv7 blockers (Figure 38).
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Figure 38: Effect of ANP on contraction induced by various K+ blockers in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were preincubated with 3 µM XE991 and precontracted with blockers for BK Ca
(iberiotoxin, 0.1 µM), KATP (glibenclamide, 1 µM), Kir2 (BaCl, 30 µM), KV1 (DPO-1, 1 µM) and Kv2 and Kv4 (stromatoxin, 0.1 µM)
to a similar percentage of maximum tension (Student‘s t test: n=14; 95% confidence interval -7,14 to 7,86).

In parallel, we applied ANP in arteries precontracted with the same K+ channel blocker cocktail as
before (Figure 38), only this time not including the Kv7 blocker XE991. This likewise resulted in
concentration-dependent relaxations to ANP (Figure 39).
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Figure 39: Effect of ANP on contraction induced by various K+ blockers excluding XE991 in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were precontracted with blockers for BK Ca (iberiotoxin, 0.1 µM), KATP (glibenclamide, 1 µM),
Kir2 (BaCl, 30 µM), KV1 (DPO-1, 1 µM) and Kv2 and Kv4 (stromatoxin, 0.1 µM), but not Kv7 to a similar percentage of maximum
tension (Student‘s t test: n=14; 95% confidence interval -5,72 to 6,22).

Eventually, to address whether in depolarization-induced vasocontraction, the anticontractile effect of
ANP would differ dependently on Kv7 remaining the only un-blocked K+ channel as compared to Kv7
being blocked along with all other K+ channels, we analyzed and compared both of the above
concentration-response curves (Figure 38 + Figure 39). Interestingly, no differences were detected,
giving no implication for a functionally relevant involvement of Kv7 channels in concentrationdependent relaxations to ANP in depolarization-induced renal resistance artery contraction (Figure
40).
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Figure 40: Effect of ANP on contraction induced by various K+ blockers including or excluding XE991 in rat renal interlobar
arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ns p=0,35). Arteries were either preincubated with 3 µM XE991 (with) or not (without) and precontracted with
blockers for BKCa (iberiotoxin, 0.1 µM), KATP (glibenclamide, 1 µM), Kir2 (BaCl, 30 µM), KV1 (DPO-1, 1 µM) and Kv2 and Kv4
(stromatoxin, 0.1 µM) to a similar percentage of maximum tension (Student‘s t test: n=14; 95% confidence interval -1,16 to
12,33).

Having demonstrated that ANP is able to counteract vasoconstriction induced by α1-adrenoceptor
antagonist Methoxamine (Figure 35), and thus via contractile mechanisms including both
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depolarization-mediated Ca2+ influx and increasing Ca2+ sensitivity (see: Chapter 1.4.2), we further
investigated the role of Kv7 channels in this process. This was done starting with testing ANP in
Methoxamine-induced precontraction of vessels preincubated with pan-Kv7 blocker XE991 (3 µM),
which produced concentration-dependent relaxations (Figure 41).
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Figure 41: Effect of ANP during Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were preincubated with 3 µM XE991 and precontracted with Methoxamine to a similar
percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -6,27 to 8,26).

In parallel, ANP was applied to Methoxamine-precontracted arteries that were preincubated with the
Kv7.1 blocker HMR1556 (10 µM), producing similar concentration-dependent relaxations (Figure 42).
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Figure 42: Effect of ANP during Kv7.1 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ****p<0,0001). Arteries were preincubated with 10 µM HMR1556 and precontracted with Methoxamine to a similar
percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -5,03 to 8,49).

To establish whether ANP-induced relaxations of Methoxamine-precontracted arteries depend upon
Kv7, we compared these dose-dependent relaxations in the presence or absence of XE991,
demonstrating no difference in the effect of ANP (Figure 43).
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Figure 43: Effect of ANP with or without Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ns p=0,44). Arteries were preincubated either with or without 3 µM XE991 and precontracted with Methoxamine to
a similar percentage of maximum force (Student‘s t test: n=7; 95% confidence interval -11,27 to 4,16).

Finally, to adress whether blockade of either all Kv7 or only Kv7.1 specifically would differentially affect
ANP-induced relaxations in agonist-induced vasoconstriction, we analyzed and compared the two
above results (Figure 41 + Figure 42). There was no difference in the degree by which ANP relaxed
Methoxamine precontractions in vessels preincubated with either the Kv7.1-specific blocker HMR1556
(10 µM) or the pan-Kv7 blocker XE991 (3 µM) (Figure 44).
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Figure 44: Effect of ANP during Kv7.1 or Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to ANP (1 – 100 nM) normalized to precontraction levels (Two-way repeated-measures
ANOVA: ns p=0,46). Arteries were preincubated with either 10 µM HMR1556 or 3 µM XE991 and precontracted with
Methoxamine to a similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -6,81 to 6,00).

In summary, our results demonstrate that ANP-induced vasorelaxation in renal interlobar arteries (i) is
more marked in Methoxamine- than in KCl-induced precontraction, (ii) does not depend upon Kv7 in
depolarization-induced precontraction achieved by pharmacological blockade of VSMC K+ channels,
and (iii) is similarly marked in Methoxamine-induced precontractions when either Kv7.1 or all Kv7 are
blocked.
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3.5

Contribution of Kv7 to the anticontractile effect of Urocortin in agonist-induced renal
vasoconstriction

As was done for the cGMP-dependent vasodilator ANP, we screened the cAMP-dependent vasodilator
Urocortin 88, 322, 323 for interference with Kv7 function in renovascular reactivity, following an analog
protocol of concentration-response relationships for calculation of pD2 as an indicator of Methoxamine
sensitivity (see: Table 3), this time incubating Urocortin prior to application of Kv7 activators R-L3 or
Retigabine and Kv7 blockers HMR1556 (in the presence of R-L3) or XE991.
Previous unpublished experiments, as mentioned earlier, have shown that XE991 (3 µM) increases
concentration-dependent contractions to Methoxamine, and furthermore that Urocortin, just like
ANP, has an anticontractile effect in renal interlobar arteries. In search for interdependency of these
effects we recorded Methoxamine concentration-response relationships after preincubation with
either XE991, Urocortin, both substances combined or solvent only for control and calculated changes
in pD2. We confirmed that XE991 increases, whereas Urocortin decreases Methoxamine sensitivity,
and furthermore demonstrated both of these effects were each unimpaired in the presence of the
other agent (Figure 45).
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Figure 45: Functional role of Urocortin in context with Kv7 blockade in rat renal interlobar arteries
(A) Methoxamine-induced contraction in absence of XE991 and Urocortin (control), in presence of 3 µM XE991 only (XE991),
in presence of 100 nM Urocortin only (Urocortin) and in presence of both XE991 and Urocortin (XE991 + Urocortin) (Two-way
repeated measures ANOVA: n=10; *p<0,05). (B) Urocortin-induced ∆pD2 in absence (control) and in presence of XE991
(Student‘s t test: n=10; 95% confidence interval -0,094 to 0,06). (C) XE991-induced ∆pD2 in absence (control) and in presence
of Urocortin (Student‘s t test: n=10; 95% confidence interval -0,04 to 0,08).

The same was done to examine the anticontractile effect of both the Kv7.2-5 activator Retigabine and
the Kv7.1 activator R-L3 for interference with the anticontractile effect of Urocortin, analog to
experiments done on ANP (Figure 31 + Figure 32). We demonstrated that Retigabine (30 µM) and R-L3
(1 µM) as well as Urocortin (100 nM) reduce the concentration-dependent contractile effect of
Methoxamine, with their decrease in Methoxamine sensitivity all being both additive and unimpaired
in the presence of the other (Figure 46 and Figure 47).
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Figure 46: Functional role of Urocortin in context with Kv7.2-5 channel activation in rat renal interlobar arteries
(A) Methoxamine-induced contraction in absence of Retigabine and Urocortin (control), in presence of 30 µM Retigabine only
(Retigabine), in presence of 100 nM Urocortin only (Urocortin) and in presence of both Urocortin and Retigabine (Retigabine
+ Uro) (Two-way repeated measures ANOVA: n=9; *p<0,05). (B) Urocortin-induced ∆pD2 in absence (control) and in presence
of Retigabine (Student‘s t test: n=9; 95% confidence interval -0,13 to 0,053). (C) Retigabine-induced ∆pD2 in absence (control)
and in presence of Urocortin (Student‘s t test: n=9; 95% confidence interval -0,11 to 0,03).
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Figure 47: Functional role of Urocortin in context with Kv7.1 channel activation in rat renal interlobar arteries
(A) Methoxamine-induced contraction in absence of R-L3 and Urocortin (control), in presence of 1 µM R-L3 only (R-L3), in
presence of 100 nM Urocortin only (Urocortin) and in presence of both R-L3 and Urocortin (R-L3 + Urocortin) (Two-way
repeated measures ANOVA: n=9; *p<0,05). (B) Urocortin-induced ∆pD2 in absence (control) and in presence of R-L3 (Student‘s
t test: n=9; 95% confidence interval -0,12 to 0,05). (C) R-L3-induced ∆pD2 in absence (control) and in presence of Urocortin
(Student‘s t test: n=9; 95% confidence interval -0,11 to 0,04).

Because The Kv7.1 blocker HMR1556 exerts its anticontractile effect only in the presence of R-L3, as
described earlier (see: Chapter 3.4), testing of HMR1556 for interference with the anticontractile effect
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of Urocortin was done after preincubation of all vessels with R-L3. We observed that HMR1556 (10
µM) enhanced, while Urocortin (100 nM) reduced the contractile response to Methoxamine (Figure
48). Furthermore, we observed that the increase or decrease in Methoxamine sensitivity caused by
Urocortin resp. HMR1556 was unaffected by the absence or presence of the other.
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Figure 48: Functional role of Urocortin in context with Kv7.1 channel blockade following Kv7.1 activation in rat renal
interlobar arteries
(A) Methoxamine-induced contraction in arteries preincubated with 1 µM R-L3 in absence of HMR1556 and Urocortin (control),
in presence of 10 µM HMR1556 only (HMR1556), in presence of 100 nM Urocortin only (Urocortin) and in presence of both
HMR1556 and Urocortin (HMR1556 + Urocortin) (Two-way repeated measures ANOVA: n=9; *p<0,05). (B) Urocortin-induced
∆pD2 in arteries preincubated with 1 µM R-L3 in absence (control) and in presence of Urocortin (Student‘s t test: n=9; 95%
confidence interval -0,17 to 0,01). (C) HMR-induced ∆pD2 in arteries preincubated with 1 µM R-L3 in absence (control) and in
presence of HMR1556 (Student‘s t test: n=9; 95% confidence interval -0,04 to 0,214).

In summary, our results demonstrate that Methoxamine sensitivity of renal interlobar arteries is
decreased by the Kv7.1 activator R-L3 or by the Kv7.2-5 activator Retigabine and is increased by the
Kv7.1 blocker HMR1556 in the presence of R-L3 as well as by the pan-Kv7 blocker XE991, with all of
these effects reciprocally being bothunaffected by, and itself not affecting, the anticontractile effect
caused by preincubation with Urocortin.
With all Kv7 activators and blockers displaying no interaction with Urocortin regarding their modulating
effect on Methoxamine sensitivity, we next performed a series of precontraction experiments
following a protocol with either Methoxamine (see: Table 4) or with KCl and various pharmacological
K+ channel blockers (see: Table 5) to differentiate the concentration-dependent effect of Urocortin in
not only agonist-induced but also in depolarization-induced vasoconstriction. As has been elaborated
earlier (see: Chapter 3.4), this served to examine the effect of endogenous vasodilators like Urocortin
in vessels preconstricted by activation of different signal transduction pathways, allowing us to draw
conclusions on possible intracellular effects of the cAMP-dependent vasodilator Urocortin in context
with Kv7 channel function.
In a first step, we examined the effect of Urocortin on agonist-induced precontraction with
Methoxamine as a vasoconstrictor, which acts through both increases in [Ca2+]i and increases in Ca2+
sensitivity. We found that Urocortin causes concentration-dependent relaxations of Methoxamine
precontractions in renal interlobar arteries (Figure 49).
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Figure 49: Effect of Urocortin on contraction induced by α1-adrenoceptor agonist Methoxamine in rat renal interlobar
arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were precontracted with Methoxamine to a similar percentage of maximum force
(Student‘s t test: n=10; 95% confidence interval -7,98 to 6,50).

In parallel, Urocortin was applied during KCl-induced precontraction to evaluate its effectiveness in
antagonizing depolarization-induced vasoconstriction due to functional elimination of all K+ channels.
We recorded concentration-dependent relaxations to Urocortin (0.1 – 100 nM) in renal interlobar
arteries precontracted with 40 mM KCl (Figure 50).
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Figure 50: Effect of Urocortin on contraction induced by KCl in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were precontracted with 40 mM KCl to a similar percentage of maximumforce
(Student‘s t test: n=10; 95% confidence interval -7,12 to 16,84).

Eventually, to discern differences in the anticontractile effect of Urocortin on agonist-induced versus
depolarization-induced vasoconstriction, we analyzed both graphs (Figure 49 + Figure 50), discovering
that concentration-dependent relaxation caused by Urocortin were profoundly more marked in
arteries precontracted with Methoxamine than with 40 mM KCl (Figure 51).
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Figure 51: Effect of Urocortin on contraction induced by KCl or α1-adrenoceptor agonist Methoxamine in rat renal interlobar
arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were either precontracted with either 40 mM KCl or with Methoxamine to a similar
percentage of maximum force (Student‘s t test: n=10; 95% confidence interval -16,93 to 5,16).

Having demonstrated that Urocortin is effective in antagonizing precontraction induced by KCl and
thus functional elimination of K+ channels (Figure 50), we further evaluated Kv7 channels for their
contribution to this phenomenon. As described before for ANP, we tested the effect of Urocortin on
precontraction induced by simultaneous preincubation with pharmacological blockers of the K+
channel subfamilies known to be expressed in VSMCs, including BKCa (iberiotoxin, 0.1 µM), KATP
(glibenclamide, 1 µM), Kir2 (BaCl, 30 µM), KV1 (DPO-1, 1 µM), Kv2 and Kv4 (stromatoxin, 0.1 µM) and
Kv7 (XE991, 3 µM) (for references, see: Chapter 3.4). We established that Urocortin caused
concentration-dependent relaxations of precontraction thus created by pharmacological blockade of
all known K+ channels including Kv7 (Figure 52).
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Figure 52: Effect of Urocortin on contraction induced by various K+ blockers in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were preincubated with 3 µM XE991 and precontracted with blockers for BKCa
(iberiotoxin, 0.1 µM), KATP (glibenclamide, 1 µM), Kir2 (BaCl, 30 µM), KV1 (DPO-1, 1 µM) and Kv2 and Kv4 (stromatoxin, 0.1 µM)
to a similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -7,27 to 9,47).
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Next, precontraction was induced with the same cocktail of K+ channel blockers, but this time without
the pan-Kv7 blocker XE991. We demonstrated that such precontraction was likewise relaxed by
Urocortin in a concentration-dependent manner (Figure 53).
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Figure 53: Effect of Urocortin on contraction induced by various K+ blockers excluding XE991 in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were precontracted with blockers for BKCa (iberiotoxin, 0.1 µM), KATP
(glibenclamide, 1 µM), Kir2 (BaCl, 30 µM), KV1 (DPO-1, 1 µM) and Kv2 and Kv4 (stromatoxin, 0.1 µM), but not Kv7 to a similar
percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -12,39 to 16,61).

An analytical comparison of the two graphs (Figure 52 + Figure 53) was undertaken to address whether
Kv7 blockade versus Kv7 remaining the only un-blocked K+ channel in the vessel wall would differentially
affect Urocortin-induced concentration-dependent relaxations. Notably, no differences were
observed, providing no evidence for a contribution of Kv7 channels in the anticontractile effect of
Urocortin during depolarization-induced precontraction (Figure 54).
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Figure 54: Effect of Urocortin on contraction induced by various K+ blockers including or excluding XE991 in rat renal
interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ns = p=0,26). Arteries were either preincubated with 3 µM XE991 (with) or not (without) and precontracted
with blockers for BKCa (iberiotoxin, 0.1 µM), KATP (glibenclamide, 1 µM), Kir2 (BaCl, 30 µM), Kv1 (DPO-1, 1 µM) and Kv2 and Kv4
(stromatoxin, 0.1 µM) to a similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -16,06 to
7,79).
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Having demonstrated that Urocortin is effective in antagonizing precontraction induced by α1adrenoceptor antagonist Methoxamine and thus via contractile mechanisms including both [Ca2+]i
increases as well as Ca2+ sensitization (Figure 49), we further investigated whether this process
functionally included Kv7 channels. We started by testing Urocortin in Methoxamine-induced
precontraction and subsequent preincubation with the pan-Kv7 blocker XE991 (3 µM), which resulted
in concentration-dependent relaxations to Urocortin (Figure 55).
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Figure 55: Effect of Urocortin during Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were preincubated with 3 µM XE991 and precontracted with Methoxamine to a
similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -11,03 to 8,88).

In parallel, Urocortin was applied in arteries precontracted with Methoxamine and subsequently
preincubated with the Kv7.1 blocker HMR1556 (10 µM), which likewise produced concentrationdependent relaxations (Figure 56).

Methoxamine precontraction
100

50

0

% of maximum force

% of precontraction

HMR1556 Control
HMR1556 + Urocortin

****

75
50
25

Precontraction

-10

-9

-8

-7

lg[Urocortin] (M)

Figure 56: Effect of Urocortin during Kv7.1 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ****p<0,0001). Arteries were preincubated with 10 µM HMR1556 and precontracted with Methoxamine
to a similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -10,44 to 6,35).

To establish whether Urocortin-induced relaxations of Methoxamine-precontracted arteries depend
upon Kv7, we compared these relaxations in the presence or absence of XE991, demonstrating no
difference in the dose-dependent anticontractile effect of Urocortin (Figure 57).
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Figure 57: Effect of Urocortin with or without Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ns p=0,13). Arteries were preincubated either with or without 3 µM XE991 and precontracted with
Methoxamine to a similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -7,858 to 9,455).

A comparison of the two graphs (Figure 55 + Figure 56), adressing whether in agonist-induced
vasocontraction, Urocortin-induced relaxations would be differently affected by blockade of either all
Kv7 or only Kv7.1 channels specifically, revealed no difference. We thus found no evidence for a
functionally relevant interaction of Kv7 channels with the cAMP-dependent vasodilator Urocortin in
agonist-induced precontractions of renal resistance arteries (Figure 58).
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Figure 58: Effect of Urocortin during Kv7.1 or Kv7 blockade on agonist-induced contraction in rat renal interlobar arteries
Concentration-dependent relaxation to Urocortin (0.1 – 100 nM) normalized to precontraction levels (Two-way repeatedmeasures ANOVA: ns p=0,16). Arteries were preincubated with either 10 µM HMR1556 or 3 µM XE991 and precontracted with
Methoxamine to a similar percentage of maximum force (Student‘s t test: n=8; 95% confidence interval -5,30 to 12,11).

In summary, our results demonstrate that Urocortin-induced vasorelaxation of renal interlobar arteries
(i) is more marked in Methoxamine- than in KCl-induced precontraction, (ii) does not depend upon Kv7
channels in depolarization-induced precontraction achieved through pharmacological blockade of
VSMC K+ channels, and (iii) is similar in Methoxamine-induced precontraction when only Kv7.1 is
blocked as compared to when all Kv7 are blocked.

71

Results

3.6

Contribution of Kv7 to agonist-induced vasoconstriction in isolated perfused kidneys

With isometric tension myography experiments indicating a role for Kv7, specifically including Kv7.1
channels, in regulating vascular tension in short segments of renal interlobar arteries (see: Chapters
3.2 and 3.3), our next step towards recreating the in vivo circumstances was to conduct renal perfusion
pressure measurements in isolated perfused rat kidneys as a more integrative approach. We were thus
able to examine Kv7 channel contribution to myogenic tone in the intact renal arterial bed. All following
experiments were conducted during perfusion with PSS containing α1-adrenoceptor agonist
Methoxamine (3 µM) to induce a certain degree of agonist-induced vasoconstriction, simulating
adrenergic hormones circulating in the blood or being released from efferent intrarenal sympathetic
nerves.

perfusion pressure (mmHg)

We first investigated the effect of the pan-Kv7 blocker XE991 on the renal arterial vasculature using
the protocol described earlier (see: Table 10). Beforehand, experiments were performed testing XE991
(3 µM) over a longer incubation time up to 40 minutes in order to establish how long it took for XE991
to develop its full vasoconstrictive potential. A representative recording is given to demonstrate that
this was the case within less than 20 minutes, indicating that further prolongation of the observation
period would reveal no additional changes in perfusion pressure (Figure 59).
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Figure 59: Representative recording over 40 minutes application of XE991 in Methoxamine-preconstricted isolated perfused
rat kidneys
Values are presented as original perfusion pressure recordings subtracted by baseline pressure prior to application of 3 µM
Methoxamine.

When applied for 20 minutes, XE991 (3 µM) during Methoxamine-induced preconstriction caused an
increase in renal perfusion pressure which was observed after approximately 5 minutes of application
(Figure 60).
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Figure 60: Effect of XE991 on perfusion pressure in Methoxamine-preconstricted isolated perfused rat kidneys
Time course of perfusion pressure before and during application of 3 µM XE991 (XE991) (One-way repeated-measures ANOVA
with Geisser-Greenhouse correction, followed by Dunnett's multiple comparisons test: n=7; *p<0,05; ***p<0,001; 95%
confidence interval 0,30 to 4,95 at 5 min; 6,60 to 16,61 at 10 min; 9,11 to 22,66 at 15 min; 9,19 to 22,97 at 20 min). Values
are presented as mean ± SEM of original perfusion pressure recordings subtracted by baseline pressure prior to application of
3 µM Methoxamine.

perfusion pressure (mmHg)

Previous unpublished myography experiments had found no effect of Kv7.1 channel specific blocker
HMR1556 on Methoxamine-induced vasoconstriction in isolated renal interlobar artery segments. For
independent support, we conducted perfusion experiments to verify these findings on a whole-organ
level. We found that in isolated perfused kidneys, application of HMR1556 (10 µM) for a minimum of
20 minutes during agonist-induced precontraction did not affect perfusion pressure (Figure 61),
confirming that HMR1556 alone has no effect on agonist-induced vasoconstriction.
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Figure 61: Effect of HMR1556 on perfusion pressure in Methoxamine-preconstricted isolated perfused rat kidneys
Time course of perfusion pressure before and during application of 10 µM HMR1556 (HMR1556) (One-way repeated-measures
ANOVA with Geisser-Greenhouse correction, followed by Dunnett's multiple comparisons test: n=12; ns = not significant, 95%
confidence interval -1,98 to 0,82 at 5 min; -1,53 to 2,31 at 10 min; -0,98 to 3,33 at 15 min; -2,51 to 2,00 at 20 min). Values are
presented as mean ± SEM of original perfusion pressure recordings subtracted by baseline pressure prior to application of 3
µM Methoxamine.

Earlier myography experiments had demonstrated a concentration-dependent (0.01-1 µM)
anticontractile effect of the Kv7.1 activator R-L3 on Methoxamine-induced precontraction (see: Figure
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perfusion pressure (mmHg)

26) and the ability of the Kv7.1 blocker HMR1556 to diminish these (Figure 29). Thus, we conducted
perfusion experiments to test R-L3 using an extended type of protocol as described before (see: Table
11) that allows superfusion of R-L3 with its antagonists HMR1556 or XE991. We started with the
highest concentration of R-L3 used in myography experiments (1 µM) to examine its maximum effect
on Methoxamine-induced renal arterial pressure and to study the effect of coapplication of HMR1556.
A profound decrease in perfusion pressure reaching a plateau within 20 minutes of continuous
application of R-L3 (1 µM) was observed which was partially reversed by HMR1556 (10 µM) during
coapplication for 10 minutes (Figure 62).
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Figure 62: Effect of R-L3 and HMR1556 on perfusion pressure in Methoxamine-preconstricted isolated perfused rat kidneys
Time course of perfusion pressure before and during application of 1 µM R-L3 and additional superfusion with 10 µM HMR1556
(HMR) (a-priori paired Student‘s t test: n=7; **p<0,01; ***p<0,001; 95% confidence interval -41,19 to -21,31 from 0-20 min;
1,61 to 6,88 from 20-30 min; -38,10 to -15,90 from 0-30 min). Values are presented as mean ± SEM of original perfusion
pressure recordings subtracted by baseline pressure prior to application of 3 µM Methoxamine.

As the maximum concentration of R-L3 we used (1 µM) caused a decrease in perfusion pressure only
partially antagonized by HMR1556, we aimed to investigate whether the effect of the minimum
effective concentration of R-L3 could be completely reversed by HMR1556. To do so, we followed the
same protocol, only this time starting with R-L3 at 0.1 µM and successively raising concentrations by
0.2 µM until a distinct decrease in perfusion pressure would be recorded over 10 minutes, to then
begin application of HMR1556. Eventually, concentrations of R-L3 used ranged from 0.3-0.9 µM (n=6;
mean ± SEM 0.6 ± 0.08 µM). Interestingly, we observed a more marked, but still only partial reversal
of the R-L3-induced pressure drop during coapplication of HMR1556 (Figure 63).
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Figure 63: Effect of minimum effective concentrations of R-L3 and HMR1556 on perfusion pressure in Methoxaminepreconstricted isolated perfused rat kidneys
Time course of perfusion pressure before and during application of minimum effective concentrations of R-L3 (R-L3 ~0.6 µM)
and additional superfusion with 10 µM HMR1556 (HMR) (a-priori paired Student‘s t test: n=7; *p<0,05; **p<0,01; 95%
confidence interval -30,11 to -12,55 from 0-20 min; 3,82 to 12,59 from 20-30 min; -21,56 to -4,68 from 0-30 min). Values are
presented as mean ± SEM of original perfusion pressure recordings subtracted by baseline pressure prior to application of 3
µM Methoxamine.

To objectify the observed differences in concentration-dependent decreases in perfusion pressure
induced by R-L3 and the potential of HMR1556 to antagonize these, the data presented in the two
graphs (Figure 62 + Figure 63) were analyzed with regards to precontraction level, R-L3-induced
pressure drop and its percentual reversal by HMR1556. We were able to display that at a similar degree
of Methoxamine precontraction, the perfusion pressure-decreasing effect of R-L3 at minimum
concentrations was approximately 60% of that at maximum concentration (means ± SEM -21.3 ± 3.4
mmHg (n=6) vs. -33.9 ± 3.7 mmHg (n=7)) and the percentage of that reversed by HMR1556 was almost
4 times higher at minimum concentrations of R-L3 (means ± SEM 42.6 ± 9.1 % (n=6) vs. 11.7 ± 3.6 %
(n=7)) (Figure 64).
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Figure 64: Effect of HMR1556 on fixed or minimum effective concentrations of R-L3 in Methoxamine-preconstricted isolated
perfused rat kidneys
(A) Perfusion pressure during Methoxamine-induced precontraction prior to application of R-L3 at fixed (1 µM) or minimum
effective concentrations (~0.6 µM) (unpaired Student‘s t test: n=6; ns = not significant; 95% confidence interval -17,60 to
18,93). Values are presented as mean ± SEM of original perfusion pressure recordings subtracted by baseline pressure prior to
application of 3 µM Methoxamine. (B) R-L3-induced decrease in perfusion pressure in Methoxamine-induced precontraction
at fixed (1 µM) or minimum effective concentrations (~0.6 µM) of R-L3 (unpaired Student‘s t test: n=6; *p<0,05; 95% confidence
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interval 1,36 to 23,72). Values are presented as mean ± SEM of original perfusion pressure recordings subtracted by perfusion
pressure recorded prior to application of R-L3 as shown in (A). (C) Percentage of HMR1556-induced reversal of the R-L3 induced
decrease in perfusion pressure at fixed (1 µM) or minimum effective concentrations (~0.6 µM) of R-L3 (unpaired Student‘s t
test: n=6; *p<0,05; 95% confidence interval 9,12 to 52,70). Values are presented as mean ± SEM of original perfusion pressure
recordings subtracted by perfusion pressure recorded prior to application of HMR1556 and normalized to R-L3-induced
increase in perfusion pressure as shown in (B).

perfusion pressure (mmHg)

Earlier myography experiments had also demonstrated effectiveness of the pan-Kv7 blocker XE991 in
diminishing R-L3-induced vasorelaxation of Methoxamine-precontracted renal interlobar arteries (see:
Figure 29). We therefore conducted perfusion experiments testing the effect of XE991 on R-L3-induced
changes in perfusion pressure, again applying the minimum effective concentration of R-L3 as
described earlier (Figure 63). In this series, concentrations of R-L3 used ranged from 0.3-1 µM (n = 6;
mean ± SEM ~0.6 ± 0.04 µM). We observed that the pressure drop following application of R-L3 was
again only partially reversed by coapplication of XE991 (Figure 65).
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Figure 65: Effect of minimum effective concentrations of R-L3 and XE991 on perfusion pressure in Methoxaminepreconstricted isolated perfused rat kidneys
Time course of perfusion pressure before and during application of minimum effective concentrations of R-L3 (R-L3 ~0.6 µM)
and additional superfusion with 3 µM XE991 (XE991) (a-priori paired Student‘s t test: n=6; **p<0,01; ***p<0,001; 95%
confidence interval -33,05 to -15,52 from 0-20 min; 4,54 to 12,71 from 20-30 min; -22,82 to -8,51 from 0-30 min). Values are
presented as mean ± SEM of original perfusion pressure recordings subtracted by baseline pressure prior to application of 3
µM Methoxamine.

To discern any possible differences in the degree by which either HMR1556 or XE991 are able to
antagonize perfusion pressure decreases induced by minimum effective concentrations of R-L3, the
corresponding data (Figure 63 + Figure 65) was analyzed with regards to precontraction level, R-L3induced pressure drop and its percentual reversal by HMR1556 or XE991. We found no difference in
the percentage by which HMR1556 or XE991 reversed the similarly large decrease in perfusion
pressure caused by R-L3 in equally strong Methoxamine precontractions (Figure 66).

76

Results

perfusion pressure
(mmHg)

ns

100

50

0
XE991 HMR

(C)
XE991 HMR
0
-10
-20
-30
ns

% of R-L3-induced  mmHg
reversed by XE991 or HMR1556

(B)
R-L3 induced  mmHg

(A)

ns

60
40
20
0
XE991 HMR

Figure 66: Effect of XE991 or HMR1556 on minimum effective concentrations of R-L3 in preconstricted isolated perfused rat
kidneys
(A) Perfusion pressure during Methoxamine-induced precontraction prior to application of minimum effective concentrations
of R-L3 (~6 µM) and later 3 µM XE991 (XE991) or 10 µM HMR1556 (HMR) (unpaired Student‘s t test: n=6; ns = not significant;
95% confidence interval -11,61 to 17,44). Values are presented as mean ± SEM of original perfusion pressure recordings
subtracted by baseline pressure prior to application of 3 µM Methoxamine. (B) R-L3-induced decrease in perfusion pressure in
Methoxamine-induced precontraction at minimum effective concentrations of R-L3 (~6 µM) prior to application of 3 µM XE991
(XE991) or 10 µM HMR1556 (HMR) (unpaired Student‘s t test: n=6; ns = not significant; 95% confidence interval -7,80 to 13,71).
Values are presented as mean ± SEM of original perfusion pressure recordings subtracted by perfusion pressure recorded prior
to application of R-L3 as shown in (A). (C) Percentage of reversal of the R-L3 (~6 µM) induced decrease in perfusion pressure
after application of 3 µM XE991 (XE991) or 10 µM HMR1556 (HMR) (unpaired Student‘s t test: n=6; ns = not significant; 95%
confidence interval -32,58 to 31,81). Values are presented as mean ± SEM of original perfusion pressure recordings subtracted
by perfusion pressure recorded prior to application of XE991 or HMR1556 and normalized to R-L3-induced increase in perfusion
pressure as shown in (B).

As our results show that the effect of XE991 in reversing R-L3 decreasing pressure was only partial
when given 10 minutes to incubate (Figure 65), while XE991 may require up to 20 minutes to develop
its full perfusion pressure-increasing effect in Methoxamine precontractions (Figure 60), we more
extensively examined whether longer incubation times would reveal full antagonization of the
anticontractile effect of R-L3. Subsequent experiments demonstrated that coadministration of XE991
(3 µM) for 20 minutes after an initial 20 minute period of R-L3 incubation resulted in a return of
perfusion pressure to a level not different than before application of R-L3 (Figure 67). Interestingly, we
discovered that the effect of XE991 even persisted for at least 20 minutes after stopping application,
although R-L3 was still being administered.
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Figure 67: Effect of minimum effective concentrations of R-L3 before, during and after XE991 superfusion on perfusion
pressure in Methoxamine-preconstricted isolated perfused rat kidneys
Time course of perfusion pressure before and during application of minimum effective concentrations of R-L3 (R-L3 ~0.6 µM)
and additional superfusion with 3 µM XE991 (XE991) (a-priori paired Student‘s t test: n=6; **p<0,01; ***p<0,001; ns = not
significant; 95% confidence interval -33,05 to -15,52 from 0-20 min; 7,10 to 30,41 from 20-40 min; -14,06 to 2,00 from 0-40
min). Values are presented as mean ± SEM of original perfusion pressure recordings subtracted by baseline pressure prior to
application of 3 µM Methoxamine.

In summary, our results demonstrate that renal perfusion pressure in isolated rat kidneys is increased
by the pan-Kv7 blocker XE991, but not by the Kv7.1 specific blocker HMR1556. Furthermore, perfusion
pressure is decreased by the Kv7.1 activator R-L3 in a concentration-dependent manner which is at
least partially reversible by HMR1556 and fully reversible by XE991.
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DISCUSSION

4.1

Validating the isolated perfused kidney model

The isolated perfused kidney model described earlier (see: Chapter 2.5) that was used to collect the
data presented in Chapters 3.1 and 3.6 represents a novel approach of studying vascular reactivity in
our laboratory. Therefore, in the following we will provide a brief discussion on the validity of the
method and a listing of its limitations. Special focus is brought to elaborating the background of the
viability tests performed (Figure 5 – Figure 13) and the potential confounding factors examined (Figure
14 – Figure 18).
4.1.1

Perfusion flow rate

Since vascular resistance as a depiction of vascular reactivity is the relation of perfusion pressure over
flow rate, it is necessary to reflect on those two fundamentally important parameters in our setup.
Flow rates that have previously been used for perfusion of rat kidneys tend to vary considerably.
Especially earlier studies used lower perfusion rates, starting at 10 ml/min 324, 325, while flow rates
increased with sophisticated perfusion techniques towards 15-20 ml/min 326-328 and eventually 25-40
ml/min 329-331. However, such high flow rates must be regarded as not physiological, considering that
with an average male WISTAR rat weighing 350-400 g, its blood volume accordingly amounting to no
more than 20-25 ml 332 and its resting cardiac output ranging from ~90-110 ml/min 333, these high flow
rates do not correspond with the ~25% of cardiac output that RBF is typically considered to account
for 6. This is most probably due to the lower viscosity of the perfusate compared to blood, owing mainly
to its lack of red blood cells, which may lead to a three- to fivefold increase in the flow rate of the
isolated kidney compared to the kidney in vivo 334. Actually, the flow rate we used for experiments (~3
ml/min) and the maximum perfusion rate used during viability testing (~10 ml/min) more closely
resembles values of RBF measured in vivo in ~3 month old Wistar Kyoto rats like ours, which is 2.33
ml/min/100g animal weight 335 or 4.4-5.5 ml/min 336 for one single left kidney, though there appear to
be considerable variations depending on the technique used. However, since we used cell-free
perfusate, one may object that the flow rates we used appear unphysiologically low. We justify the use
of such flow rates by the observation that these were evidently sufficient to generate perfusion
pressures averaging ~110 mmHg (see: Figure 5 + Figure 6), which is within the physiological range of
renal perfusion pressure in rats 316. Furthermore, taking into account that in some of the earlier kidney
perfusion studies, such flow rates have been successfully used to study renal hemodynamics 324, 325, we
conclude that this usage of supposedly low perfusion rates can be tolerated. With regards to the
accuracy of perfusion pressure measurements, we made sure to rule out erroneously measuring high
pressures at high flow rates potentially caused by the intrinsic resistance of the perfusion cannula,
which is a major confounder in flow-rate controlled perfusion setups 337, by hand-crafting a lowresistance glass cannula that we initially demonstrated to not produce exceedingly high perfusion
pressures without a kidney connected to the perfusion system (see: Chapter 2.5.1).
4.1.2

Viability tests

During viability testing, we demonstrated that the perfused kidneys were able to adequately respond
to three different contractile stimuli: (i) flow-induced perfusion pressure, which elicited a myogenic
response (see: Figure 8), (ii) KCl, which resulted in depolarization-induced vasoconstriction (see: Figure
12), and (iii) Methoxamine, which caused agonist-induced contraction (see: Figure 13).
(i) The myogenic response is the fastest and quantitatively most influential one of the three
mechanisms involved in renal autoregulation of blood flow 338. Thus, demonstrating an intact myogenic
response was essential for demonstrating the functional integrity of the renal arterial vasculature in
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our experiments. We did so by recording condiderable and reversible decreases in perfusion pressure
following application of Ca2+-free perfusate (see: Figure 8 + Figure 9), which is a common method to
abolish the active contractile component of vascular resistance that has previously been used in
perfused kidneys 245. Data derived from rat hydronephrotic kidney models 339 show that active
vasoconstriction as part of the myogenic response starts at perfusion pressures above 60 mmHg 340
and in vivo experiments have found an especially high degree of autoregulatory efficiency at mean
arterial pressure between 105-145 mmHg 341. This corresponds well to the range of perfusion pressure
at which we applied Ca2+-free perfusate (~105-110 mmHg, see: Figure 8 + Figure 9). We further
supported our evidence for an intact myogenic response by showing a strong correlation between the
level of flow-induced pressure and the delta by which this was reduced during perfusion with Ca2+-free
solution (Figure 10), which accords to the higher degree of autoregulatory efficiency at higher
pressures described by Arendshorst et al. 341. Thus, we state that our perfused kidney setup is proficient
in keeping the renal vasculature viable enough to show evidence of a properly functioning myogenic
response.
(ii) When extracellular NaCl is replaced with equimolar concentrations of KCl, the K+ equilibrium
potential is shifted so that K+ currents across the membrane are inhibited, representing a strong
depolarizing stimulus that causes activation of VOCC, Ca2+ influx and subsequent release from
intracellular stores and eventually contraction of blood vessels, which is referred to as
electromechanical coupling 19, 342. KCl has also been successfully used to induce contraction in isolated
perfused organ systems 245, 343. However, to differentiate between active depolarization-induced
contraction and contractions as part of myogenic autoregulation, flow rate had to be reduced so that
perfusion pressure decreased as can be seen in Figure 5 (n=48; mean ± SEM 44.2 ± 0.6 mmHg). This
was done because in order to obtain passive dynamics, it may be necessary to reduce renal perfusion
pressure up to ~40 mmHg 340. Subsequently, we showed that all perfused kidneys responded to KCl
with a marked increase in perfusion pressure (n=48; mean ± SEM 228.9 ± 4.4 mmHg) (see: Figure 5 +
Figure 11). This provides clear evidence for their ability to produce active arterial vasoconstriction. We
therefore conclude that our setup depicts kidneys that are capable to respond to electromechanical
coupling as a mechanism of contractile stimulation.
(iii) KCl-induced depolarization represents a strong, yet not a very physiological contractile stimulus.
By contrast, agonist-induced contraction more closely resembles the in vivo situation, where
vasoactive substances are freely circulating in the blood stream. We found in our experiments that
Methoxamine, an α1-adrenoceptor agonist not taken up by sympathetic nerves 344 that has long been
known to contract renal arteries 345, to produce sustained increases in perfusion pressure (see: Figure
13).
Confirmingly, by demonstrating that our isolated perfused kidney model was successful in depicting
three different modes of active vasoconstriction, we argue that it fulfills the necessary requirements
to serve as a valid instrument for the study of renal vascular reactivity.
4.1.3

Comparability of kidneys from different rats

In our experiments on Kv7 modulators, some statistical analyses required comparison of experimental
groups of kidneys that were not taken from the same rat. Therefore, to guarantee the validity of our
comparison, we screened for differences in viability tests including pressure-flow relationships (see:
Figure 7) and responses to Ca2+-free (see: Figure 9) or KCl-containing PSS (see: Figure 12) between
experimental groups. Additionally, the level of agonist-induced perfusion pressure increases recorded
prior to application of Kv7 modulators was documented whenever comparison between experimental
groups were conducted (Figure 64 + Figure 66). With none of these analyses revealing any differences
in either of the parameters tested, we may safely assume that comparability is warranted.
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4.1.4

Confounding factors

As a benefit of performing viability tests, we were able to rule out three potential confounding factors
we initially suspected to influence renal perfusion pressure recordings. As we found no differences in
either pressure-flow relationships or the three above mentioned mechanisms of active
vasoconstriction between control kidneys and those that had been (a) stored in cold PSS prior to
starting perfusion (Figure 15), (b) treated with heparin during the preparation procedure (Figure 16)
or (c) accidentally perfused with minor amounts of air (Figure 18), we conclude that these were not
relevant to our subsequently conducted perfusion pressure measurements. The only parameter in
which we noted a deviation was the initial perfusion pressure, which was higher when kidneys had
been exposed to prolonged storage in cold PSS up to ~4 hours. This can easily be explained, since cold
temperature represents a reversible contractile stimulus 346, which is relevant at the moment when
the kidney is transferred from the cold PSS, but is soon eliminated by both the heating chamber and
the perfusion with warm perfusate. However, perfusion pressures adapted within 5 minutes of
perfusion and no variation was seen in the overall comparison of pressure-flow relationships. As it is
known from vessel myography experiments that small resistance arteries stored in PSS at 4°C remain
viable for up to four days with no altered sensitivity to vasodilators within the first three days 347, we
can be sufficiently sure that the ~4 hours of cold storage our kidneys were exposed are unlikely to
affect our perfusion pressure recordings in an undesirable fashion.
4.1.5

Organ edema

One possibly problematic phenomenon of our technique we had to account for was the induction of
organ edema following long-term perfusion with colloid-free perfusates. Many isolated perfused
kidney models use perfusate to which colloid agents are added, like dextran 324, 325, 348, bovine serum
albumin (BSA) 326, 327, or even combinations of BSA with dextran 329, 331. We deferred from doing so,
owing to not only simplicity reasons but also to our intention to provide similar experimental
conditions in both vessel myography and isolated perfused kidney experiments by using similar PSS
and thus avoid unforeseeable interactions of colloids with the K+ channels we intended to study.
However, lack of colloid oncotic agents in the perfusate is known to cause organ edema 349. To avoid
renal edema as a confounder that by increasing intracapsular renal pressure might interfere with
arterial perfusion pressure measurements, the capsula fibrosa was removed during microscopic
preparation (see: Chapter 2.5.3) so that the kidneys were able to expand their interstitial volume.
Additionally, we show that the baseline perfusion pressure actually decreased slightly over the course
of the experiment, whereas the contractile response to Methoxamine before and after wash-in or resp.
wash-out of the Kv7 modulators was similar (see: Figure 14). We may thus conclude that our usage of
colloid-free perfusate did not produce organ edema to an extent large enough to interfere with our
experiments during the time course explored.
4.1.6

Limitations

Besides these majorly important factors that were all accounted for, we in the following provide a list
of limitations to our technique that might potentially influence our results:
Venous pressure was not monitored. Venous thrombosis may have occurred during no-flow time in
preparation, causing backpressure within the capillary system and producing false-high
perfusion pressure readouts.
Venous pO2 / O2 saturation was not monitored. The renal parenchyma may have been hypoxic and
therefore secreting paracrine vasoactive substances modifying vascular tone.
Cell-free perfusate was used. The low viscosity of cell-free PSS may have altered endothelial function
and influenced NO production.
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Perfusate temperature was not monitored. Lower perfusate temperatures due to a faster passage of
the heating chamber at higher flow rates during pressure-flow relationships may have caused
temperature-induced vasoconstriction instead of a myogenic response.
Perfusion rate was not adjusted to kidney weight. Since kidneys were not weighed before starting
perfusion, all kidneys were perfused with equal flow rates, which may produce varying
responses in differently sized kidneys.
In summary, our isolated perfused kidney technique provides a simple and inexpensive approach of
studying renovascular reactivity in response to pharmacological modulators in a setting adequately
resembling the in vivo situation with flow-induced perfusion pressure initiating a myogenic response
and circulating vasoactive substances stimulating agonist-induced vasoconstriction.

4.2

Contribution of Kv7.2-5 to agonist-induced renal vasoconstriction

Kv7 are a group of K+ channels more recently discovered to participate in vascular smooth muscle
contractility 166. The current state of knowledge is that activation of Kv7, i.e. via pharmacological
activators like Retigabine or R-L3, enhances K+ currents, produces membrane hyperpolarization and
reduces the probability of voltage-dependent Ca2+ channel opening, thus diminishing vasoconstrictor
responses. Blockade of Kv7 on the other hand, i.e. via pan-Kv7 blockers like XE991, suppresses K+
currents and produces membrane depolarization, thus either contracting arteries at rest or enhancing
agonist-induced vasoconstriction 123, 183, 300. Up to date, only a small number of studies have
investigated the role of Kv7 in renal arteries 77, 96, 107, 243, 245, 246, 255, 262, 280. In this thesis, we provide new
evidence for a strong anticontractile effect on agonist-induced renal resistance artery vasoconstriction
caused by Kv7.2-5 activation.
Retigabine is an antiepileptic drug that has been demonstrated to activate K+ currents conducted by
Kv7.2-5 249, 252, 253, 273, 274, 350, but not Kv7.1, which lacks an essential tryptophan residue required for
activation 272, 273, 277. It causes concentration-dependent relaxations in various rat arteries, including
aorta and mesenteric artery 243, 256, 261, coronary artery 194, 228, 232 cerebral artery 196 and skeletal muscle
artery 229. In humans, Retigabine has been shown to implement vasorelaxation of agonist-induced
vasoconstriction in mesenteric and visceral adipose tissue arteries 239 and placental chorionic plate
arteries 241. Specifically in the rat renal vasculature, so far only one study has examined Retigabine,
conducting isometric tension myography experiments on the main renal artery and reporting
concentration-dependent relaxations in precontraction induced by 3 µM Methoxamine 243. Several
other studies have produced similar results using alternative Kv7.2-5 activators like flupirtine, S-1,
ML213 or BMS204352 77, 96, 243, 246, 262. Thus, this thesis is the first report to confirm an anticontractile
effect of Retigabine in rat renal resistance arteries, as we demonstrate similar concentrationdependent vasorelaxation in Methoxamine precontractions (Figure 19 + Figure 20).
In renal VSMCs, relative expression analyses of the pore-forming KCNQ mRNA in qPCR experiments
have found predominance of KCNQ1, with KCNQ4 and KCNQ5 being readily, KCNQ3 more sporadically
and KCNQ2 not at all expressed 96, 243, 244. Immunodetection has confirmed protein expression for Kv7.1,
Kv7.4 and Kv7.5 channels 96 in the main renal artery. Pharmacologically, EC50 values of Retigabine for
Kv7 activation in heterologous expression systems have been reported to be around ~1.4 µM 249, ~5.2
µM 273 or ~5.9 µM 274 for Kv7.4 and around ~3.45 µM 274 or ~6.4 µM 252 for Kv7.5. Therefore, we conclude
that the concentration-dependent (0.3-30 µM) Retigabine-induced relaxations of renal interlobar
arteries we observed (Figure 19 – Figure 25) are mainly due to opening of Kv7.4 and Kv7.5, although an
involvement of Kv7.3 cannot be entirely ruled out. More exact functional differentiation of which
specific channel contributes most to Retigabine-induced relaxations is currently difficult, as single
subunits-specific activators or blockers for Kv7.2-5 are not available. Instead, it is possible to inhibit
expression of individual KCNQ subtypes, which has been achieved in main renal arteries, where a role
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for Kv7.4 in agonist-induced contractions has been supported by demonstrating enhancement of the
contractile effect of Methoxamine after Kv7.4 knockout with either morpholinos 262 or siRNA 96.
Alternatively, the combination of Retigabine with specific Kv7.1 or unspecific pan-Kv7 blockers is an
approach allowing further insight in Kv7 function.
By doing so, we were able to demonstrate that an involvement of Kv7.1 in the anticontractile effect of
Retigabine is unlikely, as we found the Kv7.1-specific blocker HMR1556 (10 µM) unable to diminish
Retigabine-induced concentration-dependent relaxations, while the pan-Kv7 blocker XE991 was
effective in doing so (Figure 23). This is in agreement with findings in mesenteric arteries of KCNQ1
knockout mice, where Retigabine produced regular concentration-dependent relaxations in
phenylephrine-preconstricted vessels 263. The only literature we found in opposition to our results,
which was a study finding the alternative Kv7.1-specific blocker chromanol 293B (10 µM) to be effective
in diminishing retigabine-induced relaxations in rat coronary arteries 194 does not profoundly
undermine our findings, because chromanol 293B has been reported to have an IC50 for inhibition of
Kv7.1 of 27 µM 269, 41 µM 270 or even 67 µM 271 and to also inhibit other K+ channels at similar
concentrations 266-268, which in conclusion does not allow the effect of chromanol 293 to be attributed
to Kv7.1 inhibition with enough certainty 300.
XE991 is a cognitive enhancer that has been shown to block K+ currents through all Kv7.1-5, though
with differential sensitivity 217, 219, 224, 249-253 and to cause vasoconstriction in various rat arteries,
including aorta and mesenteric artery 256, 261, coronary artery 228, 232, intrapulmonary artery 226, cerebral
artery 257, 258, and skeletal muscle artery 229, 234. In humans, XE991 has been demonstrated to increase
both basal arterial tone and agonist-induced contraction in placental chorionic plate arteries 241 and to
cause a tonic increase in isometric tension superimposed by phasic contractions in visceral adipose
tissue arteries 239. Specifically in the rat renal vasculature, so far only two studies have tested XE991,
reporting it to cause slight contractions (~17 ± 10% of KCl-induced contraction) of the main renal artery
at 1 µM 255 or to induce dose-dependent vasoconstriction of interlobar arteries at 1-50 µM and dosedependent reductions in RBF in vivo at 0.1-5 µM 246. Thus, we are the first to confirm a contractile
effect of XE991 in isolated perfused rat kidneys by demonstrating a sustained increase in perfusion
pressure during Methoxamine-induced vasoconstriction (Figure 59 + Figure 60).
Table 12: Effects of coadministration of the Kv7 blocker XE991 and the Kv7.2-5 activator Retigabine

Source
239

239
193
193
256
261

Vessel
human mesenteric
adipose tissue artery
human visceral
adipose tissue artery
murine aorta
murine aorta
rat mesenteric artery
rat mesenteric artery

255

rat pulmonary artery

229

rat gracilis muscle
artery

Precontraction

Conc.
XE991

Conc.
Reti

Stronger
effect

Effect when
combined

Phenylephrine

10 µM

10 µM

XE991

contraction

Phenylephrine

10 µM

10 µM

equal

no dilation

Phenylephrine
Phenylephrine
Methoxamine
U44619
none
(XE991 only)

10 µM
10 µM
10 µM
30 µM

20 µM
20 µM
10 µM
10 µM

XE991
equal
equal
Reti

contraction
no dilation
no dilation
dilation

1 µM

10 µM

Reti

dilation

5-HT

30 µM

10 µM

Reti

dilation

Conc. = concentration; Reti = Retigabine

Existing data on the effect of combining pan-Kv7 blocker XE991 and Kv7.2-5 activator Retigabine is
controversial. Intuitively, one would expect the effect of the Kv7.2-5 activator Retigabine to be
overridden by the pan-Kv7 blocker XE991, which also blocks Kv7.1 channels. However, experiments in
human mesenteric and visceral adipose tissue arteries 239, murine aorta 193, and rat mesenteric 256, 261,
intrapulmonary, and skeletal muscle artery 229 using different Gq/11 coupled agonists for precontraction
83

Discussion

(methoxamine, phenylephrine, serotonin, U44619 or none) have sometimes found the contractile
effect of XE991, sometimes the anticontractile effect Retigabine to predominate or surpass the other,
although mostly using similar concentrations of XE991 (1-30 µM) or Retigabine (10-20 µM) (see: Table
12).
In our experiments on Methoxamine-preconstricted renal interlobar arteries, (i) preincubation with
XE991 (3 µM) did diminish, but not completely prevent, Retigabine-induced (0.3-30 µM)
concentration-dependent relaxations (Figure 21 + Figure 23), while (ii) relaxations to Retigabine (30
µM) were completely antagonized, but not surpassed by XE991 (3 or 10 µM) (Figure 25). These are the
first findings on antagonization of XE991 and Retigabine in renal arterial vessels. Three previous reports
have studied antagonization of other Kv7 blockers and activators in renal arteries, which also produce
seemingly contradictory results: Two studies, both conducted on main renal arteries, report
concentration-dependent relaxations of methoxamine-preconstricted arteries in response to Kv7.2-5
activators Retigabine (no dosage given) or S-1 (up to 10 µM) to be completely prevented by prior panKv7 block via Linopirdine (10 µM) 96, 243. Opposingly, a study conducted on renal interlobar arteries
reported Kv7.2-5 activator Flupirtine (1-100 µM) to cause slight relaxations even in arteries
preconstricted with XE991 (5 µM) in the absence of other vasoconstrictors 246. Several explanations
appear plausible for such observations:
First, the degree of precontraction and/or the type of vasoconstrictor used may be of relevance, as
certain data suggest modulation of Kv7 channel influence on VSM contractility by Gq/11 mediated
activation of PKC 195, 225, 230, 257, 293, which is also a pathway involved in Ca2+ sensitization 16. According to
our results, this is not the case in renal interlobar arteries, since we found different levels of
Methoxamine-induced precontraction to have no differential effect on the degree of concentrationdependent relaxations to Retigabine after preincubation with XE991 (Figure 24). In support of our
findings is the fact that evidence for PKC involvement in Kv7 influence is either insufficient or
contradictory when focusing on the renal vasculature:
On the (i) cellular level, it has been suggested that Gq/11 coupled vasoconstrictors mediate VSMC
activation by PKC-dependent inhibition of Kv7 channels. This is based mainly on two studies reporting
Gq/11 coupled vasoconstrictor arginine vasopressin (AVP) to reduce retigabine- or flupirtine-sensitive
K+ currents and thus cause depolarization, which could be reduced by PKC-inhibitors in VSMCs of rat
aorta 230 and rat mesenteric artery 225. Additionally to AVP, other Gq/11 coupled vasoconstrictors
including serotonin (5-HT) and endothelin-1 (ET-1) have been shown to suppress Retigabine-sensitive
Kv7 currents in a manner similar to a direct PKC-inhibitor in rat cerebral artery, though without testing
for PKC-dependency 257. Furthermore, indirect arguments in favor of an involvement of PKC have been
made based on the inhibition of AVP-sensitive Kv currents by XE991 or linopirdine in rat aorta SMCs 230,
the lacking additivity of AVP- and linopirdine- induced depolarization in rat mesenteric artery SMCs 225,
the PKC-dependent inhibition of Kv7.5 currents induced by a DAG-analog in rat A7r5 aortic cells and
the reduced extent of AVP-induced depolarization in KCNQ5 knockdown A7r5 cells 293. More direct
proof has been provided by PKCα activation suppressing native Kv7 currents in mesenteric artery
SMCs 195.
On the (ii) whole-vessel level, to our knowledge no direct evidence has been presented for PKCdependency of Kv7-mediated regulation of vascular tone. One study examined the effect of PKC
inhibitor calphostin in rat mesenteric arteries, finding it to be inefficient in preventing linopirdineinduced contractions in both absence and presence of AVP (n=5), while L-type Ca2+ channel blocker
verapamil (n=3) was effective in doing so 225. Another study did find PKC activator PMA to mimic the
effect of XE991 in producing contractions in rat basilar arteries, but did not investigate whether XE991induced contractions were PKC-dependent 257. Nonetheless, indirect support for PKC involvement in
vascular reactivity exists in the form of hypotheses based on the above described findings in VSMCs
combined with reports of XE991 enhancing AVP-, ET-1- or phenylephrine-induced contractions in
murine aorta 193 or rat cerebral arteries 257 as well as reports of retigabine or flupirtine diminishing
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AVP-, ET-1, 5-HT- or phenylephrine-induced contractions in murine aorta 193 or rat cerebral arteries 258.
Interestingly, recent evidence suggests a new mechanism of Gq/11-mediated regulation of Kv7 by
demonstrating that long-term (> 1h) incubation of angiotensin II can decrease Kv7.4 protein expression
without reducing KCNQ4 transcript levels via interaction with HSP90 247.
In the (iii) renal vessels specifically, PKC-dependency of Kv7-mediated vascular reactivity has not been
demonstrated directly. Nonetheless, various reports of methoxamine- or norepinephrine-induced
vasoconstrictions in renal arteries being diminished by Retigabine, Flupirtine, S-1, ML213 or
BMS204352 96, 243, 246, 262 or being enhanced by XE991 or linopirdine 77, 96, 246 as well as KCNQ4
knockdown 96, 262 leave open the possibility of a functional relevance of this pathway. Contrarily though,
in vivo measurements in rats found angiotensin II- and norepinephrine-induced decreases in RBF to be
unaffected by pretreatment with flupirtine (10 µM) or XE991 (5 µM), giving no implication for a role of
Kv7 in Gq/11 mediated renal arterial vasoconstriction 246. Concludingly, our results add to the complexity
of the question of Gq/11 and PKC activation modulating Kv7 in renal vasoconstriction, in our case rather
making an argument against a functional relevance of such a mechanism. Further research is needed,
preferably directly testing the effect of PKC inhibitors in context with Kv7 modulators in renal vessels.
Second, the size of the vessels studied may be of relevance, as different vasoconstrictive and
vasodilative pathways tend to predominate in differently sized arteries 351, 352. In context with Ca2+
sensitization, PKC-mediated inhibition of myosin phosphatase (via phosphorylation of CPI-17) is the
predominant pathway in small resistance arteries, whereas in large arteries like the aorta, it is ROCKmediated inhibition of myosin phosphatase (via phosphorylation of MYPT1) 351. This could help to
explain why, in disagreement with our findings on small intrarenal resistance arteries, the
anticontractile effect of Kv7.2-5 activators Retigabine (no concentration given) 243 or S-1 (1-10 µM) 96
on Methoxamine precontractions was entirely abolished by preincubation with Kv7 blocker linopirdine
(10 µM) in the main renal artery, which is a first order branch of the aorta conducting ~25% of cardiac
output and thus one of the largest arteries in the body 6. It could be hypothesized that contractile
pathways involving ROCK, but not PKC, may enhance the contractile effect of Kv7 blockers like XE991.
Having elaborated above that a modulating effect of PKC on Kv7 remains yet to be established in renal
vessels, this hypothesis could give impetus for further research on interactions of ROCK with Kv7
channels in large vessels.
Third, the chronological order in which Kv7 blockers or activators are applied may be important, as
XE991 and linopirdine have been found to be state-dependent inhibitors favoring the activated subunit
of Kv7 353 and that therefore their effect on vascular contractility depends upon VSMC Vm at the time
of their application. A study on neuronal Kv7 demonstrated that XE991 (10 µM) had a half-inhibition
potential for Kv7.2 of -51.6 ± 0.0 mV, producing near-complete inhibition when applied at potentials
more positive than -30 mV, but having no effect in cells held at -70 mV (Greene et al., 2017). Similar
results were found for linopirdine. Thus, XE991 and linopirdine preferentially inhibit Kv7.2 at Vm more
depolarized than their activation threshold. This goes in line with the observation in blood vessels that
for Kv7 blockers to develop a vasoconstrictive potential, there seems to be a need for a depolarizing
stimulus like low concentrations of vasoconstrictors or perfusion pressure, as has been suggested 166
based on data showing variable effects of pan-Kv7 blockers in mesenteric arteries 193, 225, 226. Retigabine
(10 µM) on the other hand, in the same study on neurons, left-shifted the half-activation voltage of
Kv7.2 by -24 mV (from ~-23 mV to -47 mV). Furthermore, Retigabine likewise left-shifted the half
inhibition potential of XE991 for Kv7.2 by also -24 mV (from -51.6 ± 0.0 mV to -75 ± 0.6 mV) 353.
Measurements of Vm in renal interlobar and afferent arteriolar VSMC at normal blood pressure have
been made in hydronephrotic kidneys, reporting potentials ranging from -55 to -40 mV 118-120, 122, 129.
Half maximum activation thresholds (V50) are somewhat different between the Kv7.x subunits, ranging
from -20 mV (Kv7.1 and Kv7.4) over -30 mV (Kv7.2) down to -40 mV (Kv7.3 and Kv7.5) 183. Thus, based on
the assumption that results for Retigabine and XE991 on Kv7.2 activation dynamics 353 can be
extrapolated for other Kv7 channels, we might draw three conclusions: that (i) after preincubation with
Retigabine, XE991 already inhibits Kv7 at more hyperpolarized potentials (ergo, Retigabine enhances
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the inhibitory potential of XE991 at less depolarized Vm), explaining why in our findings, application of
Retigabine prior to XE991 allows XE991 to reverse Retigabine-induced interlobar artery relaxations,
returning the force level back to Methoxamine-only control (Figure 25), while vice versa preincubation
with XE991 is unable to fully prevent relaxations to Retigabine (Figure 21 + Figure 23); that (ii) in the
absence of agonist-induced contraction (ergo, at a not-depolarized Vm), XE991 is unable to unfold its
full inhibitory potential, explaining why subsequent application of Flupirtine is still able to cause
interlobar artery vasodilation 246; and that (iii) in the presence of agonist-induced contraction (ergo, at
more depolarized Vm), the inhibitory potential of linopirdine is greater, explaining why subsequent
application of Retigabine is not able to cause renal artery vasodilation 96, 243. The functional relevance
of this on a systemic level has yet to be established, as so far, the only existing in vivo data showed no
significant reduction in RBF when XE991 was administered after flupirtine-pretreatment 246.
Furthermore, in order to make a valid statement on this matter, further research is required on Kv7
activator and inhibitor dynamics with regards to specific Kv7.x subunits.
Finally, differential sensitivity to XE991 among different KCNQ subunits could play a role in its
incomplete antagonization of Retigabine. For example, the proposed existence of homomeric Kv7.5,
which would require much higher doses of XE991 to be blocked, could be of help explaining this
phenomenon: For homomeric Kv7.5 channels, the half maximal inhibitory concentration (IC50) of XE991
has been reported to range from 61 µM 253 or ~65 μM 251 up to ~ 75 µM 252. Meanwhile, the half
maximal effective concentration (EC50) for Kv7.5 activation by Retigabine is reported to be one order
of magnitude lower, ranging from 2.0 µM 253 or 3.45 µM 274 to 6.4 µM 252. Studies testing antagonization
of XE991 and Retigabine always used concentrations of Retigabine sufficiently high for Kv7.5 activation,
as did we (0.3-30 µM), but XE991 is mostly used at only 1-10 µM 193, 226, 239, 256 or seldomly 30 µM 229,
245
, which is not enough to extensively block homomeric Kv7.5 channels. Thus, coapplication of XE991
and Retigabine at such concentrations may result in Retigabine activating all Kv7.2-5, but XE991 only
blocking Kv7.1-4, which would sum up to a net Kv7.5 activation and thus explain a net anticontractile
effect, as we found it in renal resistance arteries (Figure 21 + Figure 23) and as previous studies have
done in various other vessels 229, 255, 261. What might make this argumentation prone to error though,
is the circumstance that drug potency may be underestimated, depending on the expression systems
they are studied in 248, 354. Still, as this applies to not only Kv7.5, but all Kv7 equally, the fact that for the
remaining Kv7.1-4, IC50 values are reported to be at least one order of magnitude lower while being
studied in the same expression systems 217, 219, 249, 250, does validate the above hypothesis. Provided that
homomeric Kv7.5 do exist in the vasculature, this hypothesis may further be supported by the
observation that XE991 at 50 µM produced 3.5 times larger increases in isometric tension of rat renal
interlobar arteries than at 5 µM 246. Opposingly though, studies on the functional assembly of KCNQ
subunits as ion channel complexes have tended to find Kv7.4/ Kv7.5 heteromers rather than Kv7.4 or
Kv7.5 homomers, at least in cerebral 196 and mesenteric 195, 242 artery myocytes. However, this does not
rule out the existence of homomeric Kv7.5 channels in renal arteries, though possibly making it less
likely. Besides homomeric Kv7.5 channels, another possibility would be a functional role for
heteromeric Kv7.1/Kv7.5 channels. Their existence in VSMCs has early been suggested based on
bimodal effects of Retigabine in murine portal vein myocytes 238. More recently, colocalization of Kv7.1
and Kv7.5 subunits has been confirmed morphologically via coimmunoprecipitation in rat aortic
myocytes and further indirect support has been provided for functional Kv7.1/Kv7.5 heteromeric
channels by demonstrating that when expressed in Xenopus oocytes, these were found to be similarly
activated by Retigabine as Kv7.5 homomers 194. The possibility of functionally relevant Kv7.1/Kv7.5
heteromers has also been suggested as an explanation for relaxations induced by both Retigabine and
R-L3 being more marked in myocytes isolated from the left coronary artery (LCA) than from the right
coronary artery (RCA) with expression of Kv7.1 and Kv7.5, but not Kv7.4, being higher in LCA than in RCA
myocytes 232. Unfortunately, no data is available on the sensitivity of Kv7.1/Kv7.5 heteromers to XE991.
In case Kv7.1/Kv7.5 heteromers were to require an IC50 of XE991 close to that for Kv7.5 homomers (6170 µM, see above), their existence in renal arteries would be similarly able to explain the
predominating effect of Retigabine over XE991. Concludingly, further research is needed on the
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pharmacology of Kv7.1/Kv7.5 heteromeric channels in vascular smooth muscle. Also, morphological
studies on Kv7 expression and distribution in renal arteries is required, specifically including testing for
the existence of both homomeric Kv7.5 and heteromeric Kv7.1/Kv7.5 channels.
For the sake of completeness, it must be noted that data exists suggesting unspecific effects of
Retigabine at higher concentrations, leading to relaxations mediated by mechanisms other than K+
channel activation. This has been documented in form of an anticontractile effect of Retigabine on KClinduced precontractions in rat pulmonary arteries 255 and rat skeletal muscle arteries 229. However, this
phenomenon was observed at concentration of 100 µM Retigabine 229, 255 and js therefore unlikely to
be of relevance in our experiments, in which the maximum concentration of Retigabine used was 10fold lower.
Concludingly, the evidence we found in renal resistance arteries for a strong anticontractile effect of
Kv7.2-5 activation in agonist-induced vasoconstriction may well be attributed to Kv7.5-containing
homo- or heteromeric channels, like the already known heteromeric Kv7.4/Kv7.5, while additionally,
we thus provide an argument for a so far unappreciated functional relevance of homomeric Kv7.5
channels or heteromeric Kv7.1/Kv7.5 channels. Furthermore, we argue that (i) our results provide no
confirmation for a functional role of Kv7 modulation via a Gq/11 mediated, PKC-dependent mechanism
and that differential responses to Kv7 modulators in our as well as in existing reports on renal vessels
(ii) may be attributed to vessel size or (iii) may hint towards a role for the chronological order or the
VSMC Vm at the point of time at which Kv7 modulators are applied.

4.3

Contribution of Kv7.1 to agonist-induced renal vasoconstriction

The role of Kv7.1 in vascular reactivity is so far incompletely understood and currently being discussed
controversially 263, 300. Although vast evidence exists for the expression of KCNQ1 in various rodent
blood vessels 96, 166, 193, 208, 223, 225-234, 236-238, 243-245, 255, 256, 258-260, 279 and also for Kv7.1 channel protein
presence in VSMC membranes 96, 193, 208, 235, 238, 240, only few reports make an argument in favor of a
functional relevance of these channels 232, 243, 260. In this thesis, our results in both interlobar artery
isometric tension recordings as well as isolated perfused kidney experiments may not suggest a role
for Kv7.1 channels in maintaining resting tone of renal resistance arteries, but provide evidence for
their functional presence and pharmacological responsiveness in agonist-induced vascular
contractility.
R-L3 is a benzodiazepine acting as a partial agonist of Kv7.1 that is reported to either enhance K+
currents with an EC50 of <1 μM 213 or to have an only small effect at 1 µM, but to cause a ~100% increase
in Kv7.1 currents at 10 µM 260 in Xenopus oocytes. A functional role in arterial contractility has been
demonstrated in form of concentration-dependent relaxations of agonist-induced precontraction in
murine renal and mesenteric artery 263 as well as in rat aorta, renal, mesenteric, coronary, and
intrapulmonary artery 232, 260, 263, 280, while other studies found R-L3 ineffective in producing relaxations
i.e. in rat coronary or cerebral arteries 196, 228, 279. In the rat renal vasculature specifically, to date only
one study has examined the effect of R-L3, finding concentration-dependent (0.1, 0.3 and 1.0 µM)
relaxations in Methoxamine preconstrictions of the main renal artery 280. Additionally, a suggestion for
a functional role of Kv7.1 has been made based on the reduced potency of Kv7.2-5 activator Retigabine
in the main renal artery compared to mesenteric artery, where Kv7.1 abundance is comparatively
low 243. Thus, our report is the first to confirm an anticontractile effect of R-L3 in rat renal resistance
arteries by demonstrating concentration-dependent relaxations in Methoxamine precontractions
(Figure 26).
These results require careful consideration, as R-L3 has been argued to be an inappropriate tool for
the study of Kv7.1 in mice. This was based on findings of R-L3 producing normal endothelium87
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independent relaxations in KCNQ1-knockout mice, producing relaxations in both XE991- and KClinduced precontractions, and the inability of either HMR1556 or XE991 to reverse R-L3 relaxations 193,
263
. On the other hand, no such results have been published in rat arteries. Nonetheless, doubts have
been raised in rat mesenteric arteries that R-L3 indeed primarily acts via Kv7.1 opening, based on the
observation that its anticontractile effect in phenylephrine precontractions was reduced by HMR1556
(10 µM) in only 3 out of 6, and with a sustained effect in only in 1 out of 6 artery rings, while chromanol
293B (10 µM) completely failed to prevent R-L3 relaxations 263. Our results may help settle such doubts
at least for the rat renal vasculature, as we provide profound evidence for a Kv7.1-specific effect of RL3: adding to previous unpublished results from our laboratory having found HMR1556 (10 µM) to
completely abolish and considerably reduce the anticontractile effect of R-L3 (at 1 or 3 µM,
respectively) on concentration-dependent contractions to Methoxamine which are incidentally
confirmed in our experiments on ANP and Urocortin (Figure 32 – Figure 34 and Figure 47 + Figure 48)
do we present not only data on renal resistance arteries but also on isolated perfused rat kidneys,
demonstrating that R-L3 in Methoxamine precontractions causes marked relaxations of renal
resistance arteries as well as decreases in renal perfusion pressure, all of which respond to
antagonization by both HMR1556 at 10 µM and XE991 at 3 µM (Figure 26 – Figure 29 and Figure 62 –
Figure 67). Our data support previous reports having found HMR1556 effective in reversing R-L3
induced relaxations in rat thoracic aorta, mesenteric and intrapulmonary arteries 260. Interestingly
though, that study also showed considerable variations in the percentage of reversal, depending on
the concentration of R-L3 used. HMR1556 was only able to reduce relaxations to R-L3 at 10 µM by 47.3
± 20.6 % or 66.7 ± 33.3 %, but by 104.2 ± 5.9 % when only 3 µM R-L3 were applied. This was interpreted
to indicate that in rat aorta and pulmonary arteries, some effects of R-L3 at concentrations above 3
µM are not due to stimulation of Kv7.1 260. Our results are somewhat similar, although R-L3 was only
used at concentrations no higher than 1 µM. We found the percentage by which HMR1556 reduced
the decrease in perfusion pressure caused by R-L3 at maximum (1 µM) or minimum effective
concentrations (~0.6 µM) to change from 42.6 ± 9.1 % to 11.7 ± 3.6 % (Figure 64). Furthermore, we
found that HMR1556 and XE991 were equally potent in reversing R-L3 induced decreases in perfusion
pressure after 10 minutes (Figure 66). Combining these findings with our observation that in renal
interlobar arteries, HMR1556 and XE991 were able to entirely prevent relaxations to R-L3 at
concentrations up to 0,1 µM, but only diminish relaxations at 0,3 µM and 1 µM (Figure 29), one may
be drawn towards suspecting a mechanism additional to Kv7.1 activation as part of the effect of R-L3.
However, we were able to demonstrate that prolonged application of XE991 for 20 minutes resulted
in a complete reversal of the pressure-decreasing effect of R-L3, though failing to witness an
overshooting contraction as should be expected due to the blockade of the remaining Kv7 subunits by
XE991 (Figure 67). Additionally, we showed that different levels of precontraction induced by
Methoxamine do not affect the dimension of R-L3-induced relaxations after preincubation with XE991
(Figure 30), providing an argument against an involvement of agonist-induced Gq/11-mediated PKC
activation modulating Kv7.1 channels (for a more elaborate discussion, see Chapter 4.2). Thus, to
conclude with, although we cannot with absolute certainty rule out an anticontractile mechanism
other than Kv7.1 activation contributing to the effect of R-L3, a definite conclusion to be drawn from
our results is that R-L3 does exert at least a considerable part of its anticontractile effect via Kv7.1
channels. We may therefore confidently state that Kv7.1 channels do play a functional role in the renal
vasculature insofar as when they are pharmacologically activated, they are effective in counteracting
agonist-induced renal resistance arterial vasoconstriction.
The next question to be addressed with regards to Kv7.1 function is whether they contribute to resting
tension or to agonist-induced vascular tone. To examine this, the effect of specific Kv7.1 blockers on
unstimulated or stimulated vessels is of particular interest, as in the case of Kv7.1 contributing to
resting or stimulated VSMC Vm, this blockade would result in an increase in vessel tone.
HMR1556 is a synthetic organic experimental drug initially used for the study of the cardiac IKs
(KCNQ1/KCNE1) current 264. HMR1556 has been reported to block native or human cloned Kv7.1
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expressed in Xenopus oocytes at an IC50 of 0.54 µM 216 or 0.42 µM 215 respectively and that at 10 µM it
reduces K+ currents in Kv7.1-, but not in Kv7.4- or Kv7.5-injected oocytes 96. Studies testing its effect on
resting vessel tone, thus without vasoconstrictive agents added, have uniformly found no effect of
HMR1556 in rat coronary 228, cerebral 196, mesenteric, intrapulmonary artery and thoracic aorta 260.
Studies testing its effect during active contraction have similarly denied an effect of HMR1556 on either
pressurized 245 or methoxamine- and phenylephrine-contracted mesenteric arteries 210, 263.
Furthermore, systemic application of HMR1556 in vivo did not induce vasoconstriction in dogs 264 or
affect heart rate, blood pressure or GFR in rats 265. An even larger number of studies have examined
the alternative Kv7.1 blocker chromanol 293B, which in various rodent blood vessels as well as human
mesenteric and visceral adipose tissue arteries 239 likewise failed to show any effect on either resting
tone or agonist-induced contraction, despite oftentimes within the same study effectively inhibiting
Kv7.1 currents 193, 224, 232, 245, 259, 263. However, no study has done so in renal vessels yet. Our report is
therefore the first to confirm the absence of an effect of HMR1556 (10 µM) on agonist-induced
vasoconstriction in the renal vasculature by recording unaltered perfusion pressures in isolated rat
kidneys during application of HMR1556 applied for over 40 minutes of observation (Figure 61)
whereas, for reference, XE991 distinctly elevated perfusion pressure under the same conditions
(Figure 59 + Figure 60). More data in support of this argument is given by previous unpublished
experiments from our laboratory, where no contractile effect of HMR1556 (10 µM) on concentrationdependent contraction to Methoxamine was found, as well as by the results presented in this report,
where the pan-Kv7 blocker XE991 was coapplied with Kv7.2-5 activator Retigabine, thus leaving only
Kv7.1 blocked and not activated. Since we observed persistence of only slightly diminished Retigabineinduced relaxations after preincubation with XE991 (Figure 21 + Figure 23), and found complete
antagonization, but no surpassing of the level of pre-Retigabine precontraction when XE991 was
applied subsequently to counteract Retigabine-induced relaxations (Figure 25), there is no sign of Kv7.1
blockade enhancing agonist-induced contraction in renal resistance arteries.
As to the question why Kv7.1 apparently do not contribute to setting Vm or maintain resting vessel tone
despite being present in the VSMC membrane, an involvement of the regulatory KCNE subunits has
been suggested. Chadha et al. 260 proposed the pore-forming Kv7.1 subunit to associate with the
regulatory subunit KCNE4, the gene product of which has been shown to be expressed in various blood
vessels including renal arteries 193, 208, 210 and the presence of which is known to effectively silence Kv7.1
activity at physiological Vm 209, 355, 356. However, this theory was opposed by Jepps et al. 210, who found
HMR1556 to have no effect on Methoxamine contractions in either KCNE4 knockdown or control
mesenteric arteries, although this is what would be expected if Kv7.1 were the predominant binding
partner of KCNE4. Instead, the assumption was made that KCNE4 instead interacts with Kv7.4, as these
two proteins co-localized in mesenteric artery myocytes, and KCNE4 knockout both abolished the
contractile effect of linopirdine on Methoxamine contractions and reduced Kv7.4 expression in the cell
membrane 210. However, interaction of Kv7.1 with other KCNE subunits seems plausible, since KCNQ1
may assemble with all five KCNE members 182, 184 and all five KCNE genes have been identified in either
aorta, renal, mesenteric, femoral, carotid, basilar or cerebral arteries, with no consistent pattern
emerging except for KCNE4 being detectable in all vessels 193, 208, 210. Such interaction of Kv7.1 with KCNE
can have numerous consequences on both K+ currents and pharmacological sensitivity to Kv7.1
modulators. For example, interaction with KCNE1, which corresponds to the slow delayed rectifier
current IKs in cardiac myocytes 197, 198, may cause a right-shift of the activation threshold, enhance
current amplitudes, slow activation and deactivation 355, decrease sensitivity to XE991 ~14-fold (Wang
et al., 2000), decrease sensitivity to R-L3 213, 214 or increase sensitivity to HMR1556 215, 216. Oppositely,
interaction with KCNE2 can decrease current amplitude and transform Kv7.1 into a voltageindependent channel 205, while KCNE3 is similarly able to nearly abolish Kv7.1 gating with nearly instant
activation, leading to constitutively open channels 207. KCNE5 again has a similar effect on Kv7.1 as
KCNE1, right-shifting the activation threshold by 140 mV towards +40 mV and allowing currents to be
conducted only upon strong and continued depolarization 212. Eventually, while our data may not
directly contribute in elucidating the question of KCNE involvement in Kv7 mediated regulation of
89

Discussion

vascular tone, we can still provide an argument opposing the previously made suggestion that Kv7.1
tetramers would be expressed, but rendered non-functional by the expression of inhibitory KCNE
auxiliary subunits, as has been stated by Haick and Byron 300 as we clearly demonstrate a functional
role for Kv7.1 channels in renal resistance arterial contractility. Furthermore, we may point out that
since no pharmacological modulators of KCNE are available to date, studying the effect of KCNE subunit
knockout in context with the above mentioned Kv7 modulators displaying differential effects in
dependence of the presence of KCNE subunits may be a promising direction for future renovascular
research.
In summary, we argue that although K+ currents through Kv7.1 do not appear to be contributing to
resting vessel tone and their complex interdependence with the KCNE auxiliary subunits leaves many
questions unanswered, Kv7.1 channels represent an interesting therapeutic target as their
pharmacological activation by substances like R-L3 is effective and mostly tissue-specific in its
relaxation of renal resistance arteries and in its lowering of renal perfusion pressure in a flowcontrolled perfusion setup, possibly corresponding to an in vivo effect of selectively increasing renal
blood flow that could be beneficial in certain forms of renovascular pathology.

4.4

Contribution of Kv7 to the anticontractile effect of ANP in agonist-induced renal vasoconstriction

With Kv7.1 being functionally present in renal resistance arteries, but not contributing to resting vessel
tone, one assumption to be drawn with regards to their physiological role is that they may be involved
in naturally existing vasodilation pathways. Although this has been suggested for Kv7.1 in context with
rat arterial vessels a few years back already 260, only few studies have examined the effect of cyclic
nucleotides on Kv7.1 in vascular smooth muscle 77, 107, 196. This seems surprising, considering that the
name for KCNQ channels is originally derived from their characteristic of being K+ channels gated by
cyclic nucleotides. A number of studies in VSMCs have by employing non-specific Kv7 modulators
discovered hints towards an involvement of Kv7.4 and/or Kv7.5 channels rather than Kv7.1 channels in
various endogenous vasodilator actions that exert their effect via the cyclic nucleotides cGMP, i.e.
natriuretic peptides 77, or cAMP, i.e. β adrenoceptor agonists, adenosine or calcitonin gene-related
peptide 96, 97, 107, 196, 228, 259, 262, 280. In this thesis, we undertook a thorough examination of both cGMPand cAMP-dependent vasodilator actions in renal resistance arteries in context with all Kv7 channels,
specifically including Kv7.1.
The atrial natriuretic peptide (ANP) is a hormone or paracrine factor that binds to the natriuretic
peptide receptor A (NPR-A, also known as NPR1 or GC-A) expressed in VSMCs 319. In its activated state,
it acts as a guanylyl cyclase (GC), generating cGMP from GTP, which in turn may either directly interact
with Kv7 channels or exert a variety of effects via stimulation of cGMP-dependent protein kinases
(PKG), counteracting Ca2+-dependent and/or Ca2+-sensitizing mechanisms of contraction, but not
directly phosphorylating MLCK itself 16, 55, 319. ANP has long been known to cause renal vasodilation,
increase RBF, glomerular filtration rate and diuresis and thus reduce arterial pressure 357, 358, but has
only more recently been linked to cardiovascular pathology, as ANP-induced relaxations were shown
to be impaired in animal models of diabetes 359 and arterial hypertension 77. Simultaneously, Kv7
channels have been suggested to be involved in natriuretic peptide vasodilations 77, which to date is
the only published data describing such a phenomenon. Therefore, this thesis is one of the first
profound examinations of a possible interdependence of ANP and Kv7 channels with regards to their
contribution to vascular reactivity.
Opposite to the above-mentioned study on the main renal artery 77, our extensive analysis found no
evidence of Kv7 channel involvement in ANP-induced vasorelaxation of renal resistance arteries. We
report that the anticontractile effect of ANP in renal resistance arteries, as indicated by decreases in
Methoxamine sensitivity, does not affect and vice versa is itself unimpaired by the anticontractile
effect of both Kv7.1 activation (Figure 32) or Kv7.2-5 activation (Figure 31) as well as by the contractile
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effect of both Kv7.1 blockade after previous Kv7.1 activation (Figure 33 + Figure 34) and of pan-Kv7
blockade (unpublished data). Furthermore, our results demonstrating that ANP-induced
vasorelaxation of precontracted renal interlobar arteries (i) is more marked in α1-adrenoceptor
agonist-induced than in depolarization-induced precontraction (Figure 35 – Figure 37), (ii) does not
depend upon Kv7 channels in depolarization-induced precontraction (Figure 38 – Figure 40), and (iii) is
similarly marked in α1-adrenoceptor agonist-induced precontraction during blockade of either all Kv7
or only Kv7.1 channels (Figure 41 – Figure 44) all point towards the anticontractile mechanisms of ANP
involving either Ca2+ sensitization in a manner independent of Kv7 channels or a Ca2+ dependent
mechanism involving K+ channels other than Kv7.
Stott et al. 77 have proposed that ANP-evoked relaxation is driven mainly through the activation of
vascular Kv7.4 or Kv7.5 channels based on their findings in the main renal artery that ANP-induced
relaxations of Methoxamine precontractions were impaired by the pan-Kv7 blocker linopirdine
(10 µM), but not by the Kv7.1-specific blocker HMR1556 (10 µM), and were likewise impaired in arteries
from SHRs, in which Kv7.4 protein is reduced 96. However, no results were presented for confirmation
on whether the impairment caused by linopirdine was similarly present or absent in SHR arteries.
Neither was there any evaluation done on the signal transduction mechanisms underlying the
phenomenologically observed interaction of ANP and the Kv7 blocker. The question remains
unanswered whether a direct interaction between the cyclic nucleotide cAMP and the cyclicnucleotide gated K+ channels was in fact causing the impairment of ANP-induced relaxations or
whether both substances might merely be independently acting upon a common intermediate
contractile mechanism, possibly Ca2+ sensitization. Furthermore, it was not shown whether conversely,
pharmacological Kv7 activation would enhance, or at all affect the anticontractile effect of ANP.
Shedding some more light on these questions, a thorough pharmacological dissection of ANP in
context with Kv7 modulators was undertaken as part of this thesis.
By demonstrating that the decrease in Methoxamine sensitivity caused by ANP was reciprocally
unaffected by all Kv7 modulators we used (Retigabine at 30 µM, R-L3 at 1 µM, XE991 at 3 µM and
HMR1556 at 10 µM) (Figure 31 – Figure 34 + unpublished data) we provide strong evidence that a
direct interaction is unlikely in renal resistance arteries. It is established that cGMP can activate PKG,
which in turn may induce vasorelaxations by decreasing cytosolic Ca2+, by decreasing Ca2+ sensitivity,
or by causing hyperpolarization via activation of Kv-, BKCa- or KATP-mediated outward K+ currents 55 (see:
Chapter 1.5.2.1). Several studies have in different arteries also implicated involvement of K+ channels
specifically in ANP-induced vasorelaxations, including Kv, KATP, or BKCa channels 74, 84, 359-361. Based on
our findings however, we conclude that Kv7 in renal resistance arteries are not among the K+ channels
modified by mechanisms downstream of cGMP, since neither the contractile nor the anticontractile
effect caused by either activation of Kv7.1 or Kv7.2-5 or blockade of Kv7.1 or all Kv7 was by any means
affected by the presence of ANP in agonist-induced contraction (Figure 31 – Figure 34).
Instead, our results suggest that ANP further downstream acts upon Ca2+ sensitization through
pathways independent of Kv7 channels. This hypothesis is based on three observations: First (i), ANPinduced vasorelaxation are more marked in Methoxamine- than in KCl-induced precontractions (Figure
35 – Figure 37). By replacing extracellular NaCl with equimolar KCl and thus changing the K+ equilibrium
potential, all K+ currents are effectively blocked and Vm is clamped at a depolarized level, allowing to
study contraction in an artificial setting characterized by the absence of vasoconstrictive agonist
influence 342. An important first conclusion to be drawn here is that since ANP is effective in producing
relaxations in the presence of KCl, at least part of its anticontractile effect must result from
mechanisms not involving K+ channels. KCl causes contraction via MLC phosphorylation in a strictly
Ca2+-dependent manner 362. This happens initially through a phasic contractile response due to
depolarization-induced gating of voltage-operated Ca2+ channels 363 and calmodulin-dependent MLCK
activation 364 and subsequently through a tonic contractile response due to phosphorylation of CPI-17
and MYPT1 via activation of the PI3K/Rho/Rho-associated kinase (ROCK) pathway (Ca2+-induced Ca2+
sensitization) 365. However, KCl-induced contraction does not involve activation of PKC 92 (for review,
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see 366). Specifically in the renal preglomerular vasculature, Rho kinase inhibition has been
demonstrated to reduce depolarization-induced vasoconstriction, though not as effectively as agonistinduced or pressure-induced vasoconstriction 367. By contrast, α1-adrenoceptor agonists like
Methoxamine, besides through Rho/ROCK inhibiting MLCP and through Gq/11 activating PLC to
generate IP3, to release Ca2+ and to activate MLCK, also exert a contractile effect via PLC/DAG-mediated
activation of PKC 19, 368. In small resistance arteries altogether, PKC is deemed to play a predominant
role in both the initial rising and the late tonic phase of contraction of agonist-induced contraction,
whereas the ROCK-MYPT1-mediated Ca2+-sensitizing pathway is of a lesser significance 351, 369.
However, specifically in the renal preglomerular vasculature, Rho kinase inhibition has been
demonstrated to completely abolish agonist-induced vasoconstriction 367. Thus, in renal resistance
arteries, both ROCK and PKC must be considered relevant for agonist-induced vasoconstriction and
recognized as central components of Ca2+ sensitization, whereas depolarization-induced
vasoconstriction only involves Rho-mediated Ca2+ sensitization (for review, see 6). Therefore, upon
observing more marked small renal resistance artery vasorelaxations in Methoxamine precontractions
than in KCl precontractions, we argue that ANP may exert some of its effect via PKC-dependent
mechanisms.
Second (ii), the more marked relaxations in Methoxamine precontractions could be explained by the
anticontractile effect of ANP relying upon hyperpolarization, possibly as ANP enhances K+ channel
conductance, which is suppressed in KCl-induced contractions. This hypothesis goes in line with the
above hypothesis of ANP-induced relaxations being PKC-dependent, since PKC-mediated blockade of
K+ channels (specifically: 4-AP sensitive delayed rectifier K+ channels channels) has been proposed as
a mechanism contributing to rat preglomerular artery vasoconstriction 370. If this were the case, and if
Kv7 were among these channels enhanced by ANP, one would expect a differential effect of ANP on
contractions induced by blockade of all K+ channels compared to blockade of all except Kv7. However,
as we examined this in our experiments we found no such difference (Figure 38 – Figure 40),
implicating that ANP does not cause relaxations via enhancement of K+ currents through Kv7.
Nonetheless, other K+ channels may well be involved in ANP-induced relaxations, which may be an
interesting question for further research.
Finally (iii), in case the PKC-dependent Ca2+ sensitizing mechanisms activated by Methoxamine were to
enable specifically Kv7.4 or Kv7.5, but not Kv7.1 to counteract ANP-induced relaxations (as indicated by
the results of Stott et al. 77 for the main renal artery), one would expect to find a differential effect of
ANP in Methoxamine-precontractions after preincubation with Kv7.1 specific blocker HMR1556 as
compared to preincubation with pan-Kv7 blocker XE991. Opposingly, our results fail to provide
evidence for such circumstances (Figure 41 – Figure 44). We therefore argue that Kv7 do not participate
in cGMP-mediated anticontractile mechanisms initiated by ANP, independently of whether agonist induced mechanisms of Ca2+ sensitization involving PKC or depolarization-induced mechanisms of Ca2+induced Ca2+ sensitization involving Rho/ROCK are active and contributing to tonic contraction. The
discrepancy between our findings and Stott et al. 77 may be explained by differences in Ca2+ sensitizing
mechanisms in differently sized vessels 351. However, as too little is known about the mechanisms by
which ANP exerts its anticontractile effect downstream of cGMP, more research is required to
elucidate this matter.
In conclusion, we show that the contribution of Kv7 to renal resistance artery reactivity in response to
vasoconstrictive α1-adrenoceptor agonists is independent of the anticontractile effect of the cGMPcoupled vasodilator ANP. ANP may exert its effect in these vessels through modification of Ca2+
sensitization, which likewise does not appear to depend upon Kv7 channels. Notably, with the
anticontractile effect of the Kv7.1 activator R-L3 and of the Kv7.2-5 activator Retigabine being
unaffected by the presence of ANP, these two substances may be interesting candidates for future
pharmacological studies, as they could represent a way to increase renal perfusion independently and
additively to the endogenous vasodilator ANP.
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4.5

Contribution of Kv7 to the anticontractile effect of Urocortin in agonist-induced renal
vasoconstriction

Urocortin 1 is an endogenous peptide belonging to the corticotropin-releasing factor (CRF) family that
may act in a paracrine or autocrine fashion by binding to the CRF-R2 receptor 87, 371 expressed in
VSMCs 372, which via coupling to different G-proteins may activate various intracellular signaling
pathways 373 including activation of adenylyl cyclase (AC) and accumulation of cAMP 88, 322, 374 (for
reviews, see 44, 323). In vivo application of Urocortin in rats dose-dependently reduces mean arterial
blood pressure 322, 375-377. In humans, Urocortin has been found to produce vasodilation in both
arteries 372, 378, 379 and veins 380. Besides vasodilation, recent studies have revealed various biological
effects in the cardiovascular system like positive inotropy and lusitropy, cardioprotection against
ischemia-reperfusion injury, suppression of the renin-angiotensin system or secretion of ANP, which is
why Urocortins and CRF-R2 may be potential therapeutic effectors and targets in coronary heart
disease, heart failure or hypertension 323, 381. No link has been made between the effect of Urocortin
and vascular Kv7, but cAMP signaling has been recently appreciated as regulatory to Kv7 in various
vessels 97, 196, 228, 259, 262, 280 including renal arteries 96, 107. Therefore, we as part of this thesis thoroughly
examined Urocortin for a functional interaction with Kv7 in renal resistance arteries.
Overall, the mechanisms of Urocortin-induced relaxations are very complex to understand, which is
why a brief outline of its actions and interdependences in context with Kv7 shall be presented prior to
the discussion of our results. The Urocortin-induced anticontractile effect may vary between different
species, genders, age groups and vascular regions and may differentially involve AC or PKA activation
as well as various signaling proteins like PKC, exchange factor directly activated by cAMP (EPAC), Akinase anchoring proteins (AKAPs) and several more 323. Further complicating the matter, Urocortin
exerts its vasodilative effect not only directly through VSMCs, but also indirectly through endothelial
cells. The endothelium-dependent dilations appear to be mediated by NO activating Ca2+-dependent
or Ba2+-sensitive K+ channels in a cGMP-dependent manner, as was shown in rat coronary arteries 382
and human internal mammary arteries 379. For this reason, endothelium removal (in our case achieved
chemically with nitric oxide synthase inhibitor L-NNA) is essential to ensure validity of results in
myography experiments. It may furthermore be noted that Urocortin-induced endotheliumdependent NO-mediated relaxations are a phenomenon observed in female, but not in male rats 383.
Mediators of the endothelium-independent anticontractile effect of Urocortin that have been
identified in rat renal arteries include cAMP, cyclic adenosine diphosphate ribose (cADPR), BKCa and
RyR in female rats, though not in male rats 383, 384. In other vessels, the structures and mechanisms
employed in Urocortin-induced relaxations include K+ channels like BKCa 88, 379, 385 or Kir 386 and most
notably, the decreasing of Ca2+ sensitivity in a cAMP/PKA-dependent manner 44, 49, 50, 387. More
specifically, it has been shown that in tail arteries, Urocortin causes relaxations (i) with higher potency
in KCl- than in agonist-induced precontraction purely through Ca2+ desensitization and not by
decreasing Ca2+ itself 387, (ii) by cAMP-dependently increasing MLCP activity 50 and (iii) without affecting
agonist-induced Ca2+ sensitization, possibly due to α-adrenoceptor mediated inhibition of cAMP
generation 44. Clearly, the situation appears to be different in the renal vasculature, since in our
findings, the potency of Urocortin was higher in relaxing agonist-induced than KCl-induced
precontractions (Figure 49 – Figure 51). This is in line with the majority of reports made for other
vascular beds 88, 385, 386, 388, 389, in all of which a connection between Urocortin-induced relaxations and
cAMP and/or PKA has been demonstrated. However, we were unaware of specific data confirming
Urocortin-induced cAMP elevation and PKA activation in renal resistance arteries, which represents a
limitation to the interpretation of our findings.
Substantial evidence exists for cAMP involvement in the regulation of vascular Kv7. Chadha et al. 96 first
observed that cAMP elevation induced by β-adrenoceptor agonist isoproterenol (i) enhanced a robust
Kv current sensitive to pan-Kv7 blocker linopirdine in renal artery VSMCs, (ii) induced relaxation of
methoxamine-preconstricted renal arteries that were attenuated by linopirdine (but not by KATP
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blocker glibenclamide or Kv1-4 blocker 4-AP), (iii) caused a smaller degree of renal artery
vasorelaxation in KCNQ4 knockdown vessels compared to control vessels and (iv) did not produce
relaxations at all in renal arteries from SHR, in which Kv7.4 abundance was reduced, altogether
providing consistent evidence for Kv7.4 involvement in β-adrenoceptor responses and an impairment
of this mechanism in hypertension. Later, the mechanisms of isoproterenol vasodilations in renal
arteries were further defined as being (i) sensitive to PKA inhibition 107 and (ii) capable of increasing
Kv7.4 colocalization with A-kinase anchoring protein (AKAP) 107 in a manner dependent on G-protein
βγ subunits (Gβγ) 262.
Interestingly, cAMP-activated pathways appear to differ between vascular beds, since in mesenteric
arteries, cAMP-induced vasodilations (i) were sensitive not to inhibition of PKA, but of exchange
protein directly activated by cAMP (EPAC) 107 and (ii) were unaffected by inhibition of Gβγ when
isoproterenol was used, but were markedly attenuated when CGRP was used to cause cAMP
elevation 262. In other vascular beds, various studies have identified vasodilators acting through Gs protein coupled elevation of intracellular cAMP or direct AC activators to cause vasorelaxations that
are dependent on Kv7 97, 196, 227, 228, 232, 259, 262. Some of them have further specified the pore-forming
subunits to be involved, either favoring Kv7.4 196, 262 or Kv7.5 97, 232, but thus far failed to produce
evidence for an involvement of Kv7.1 107, 196.
Putting this complex lot of data in context with our findings, it appears that the situation in renal
resistance arteries may be different from what has been described for the main renal artery insofar as
Urocortin relaxations do not appear to involve Kv7 . In our experiments, the anticontractile effect of
Urocortin, represented by a decrease in Methoxamine sensitivity, does not affect and vice versa is
itself unimpaired by the anticontractile effect of Kv7.2-5 activation (Figure 46) as well as by the
contractile effect of pan-Kv7 blockade (Figure 45). Provided that Urocortin acts via cAMP, this is in
opposition to the findings in the main renal artery, where cAMP-induced relaxations were attenuated
by pan-Kv7 blocker linopirdine 96, 107. This points towards the existence of alternative signaling pathways
downstream of cAMP, for which a myriad of possibilities exist, considering that cAMP may activate
both PKA and PKG, and furthermore that PKA alone, which is supposed to be involved in the renal
artery 107, offers a wide range of possible targets or mechanisms involved in agonist-induced
contraction including the lowering of intracellular Ca2+and Ca2+desensitization as well as activation of
either type of K+ channel expressed in VSM (Kv, BKCa, KATP or Kir) 55 (see: Chapter 1.5.2.2).
Instead of Kv7 channel involvement in Urocortin-induced decreases of Methoxamine sensitivity, we
provide evidence for Urocortin inducing Ca2+ desensitization. We demonstrated that the
anticontractile effect of Urocortin is more marked in α1-adrenoceptor agonist- than in depolarizationinduced precontraction (Figure 49 – Figure 51). Parallel to our argumentation for ANP (see: Chapter
4.4) the conclusions to be drawn from this are that Urocortin (i) induces relaxations at least in part via
mechanisms independent of K+ channels, since it is effective in relaxing KCl-induced contractions; (ii)
may exert some of its effect by counteracting PKC-dependent mechanisms of Ca2+ sensitization, since
these are involved in Methoxamine- but not in KCl-induced contractions; and (iii) may require
hyperpolarization by enhancing K+ current as another mechanism of relaxation, since it is less effective
against KCl-induced contractions, in which all K+ channels are blocked. Furthermore, we show that in
case K+ channels are responsible for the impairment of Urocortin relaxations in KCl contractions, it is
unlikely that these channels are Kv7, as we found no difference in Urocortin relaxing renal vessels
contracted with individual blockade of all vascular K+ channels compared to when blocking all except
Kv7 (Figure 52 – Figure 54). Again, it must be noted that this does specifically not rule out, but rather
suggests an involvement of K+ channels other than Kv7 to contribute in the anticontractile effect of
Urocortin. For example, blockade of BKCa has been shown to impair Urocortin-induced 88, 379, 385 or
cAMP-induced 106, 107 relaxations in non-renal vessels. Eventually, we demonstrate that a role for Kv7.4
or Kv7.5, but specifically not Kv7.1 channels in cAMP-induced relaxations, as has been proposed for the
main renal artery 107, 196, is unlikely to be functionally relevant in renal resistance arteries, since
Urocortin-induced relaxations are similarly marked in α1-adrenoceptor agonist-induced precontraction
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during blockade of either all Kv7 or only Kv7.1(Figure 55 – Figure 58). At this point, it must be noted as
a minor limitation that the comparison of the effect of Urocortin in the presence or absence of Kv7
blockade with XE991 (Figure 57) was done on vessels taken from different rats and that therefore
ruling out the possible existence of a small effect would require confirmation of this data using a
different protocol. Since no effect of Kv7 blockade was found in Urocortin relaxations of either agonistinduced (PKC- and ROCK-involving) or depolarization-induced (only ROCK-involving) contractions, we
further conclude that the activity or inactivity of PKC-dependent mechanisms of Ca2+ sensitization does
not appear relevant to the lacking effect of Kv7. Nonetheless, it must be noted that with the
innumerable effects Urocortin may have on VSMC signaling pathways, it is possible that some minor
interaction with Kv7 takes place further downstream which is just too small and not functionally
relevant enough to be detected in myography experiments.
To conclude with, in our experiments examining Urocortin as a known cAMP elevating vasodilator, we
demonstrate that this agent exerts its anticontractile effect in renal interlobar arteries without
functionally employing Kv7 channels. Ca2+ desensitization may play a predominant role in Urocortin
relaxations, specifically in counteracting PKC-dependent Ca2+ sensitization. Our results underline the
complexity of intracellular and ion channel-dependent signaling mechanisms contributing to vascular
reactivity even within closely related arterial beds. Remarkably, our observation that Kv7.1 activator RL3 and Kv7.2-5 activator Retigabine may exert their anticontractile effect on renal resistance arteries
in a manner unaffected by the presence of Urocortin gives further impetus to the potential of these
two drugs representing potential therapeutics able to increase renal perfusion independently and
additively to the endogenous vasodilator Urocortin.
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SUMMARY

Vascular smooth muscle cell membranes contain potassium channels that by influencing membrane
potential importantly contribute to the regulation of arterial tone. The KCNQ gene encodes for 5
different K+ channel subunits forming homo- or heteromeric Kv7, which are a family of voltagedependent K+ channels functionally expressed in various vascular beds that can be activated by
depolarizing stimuli and inactivated upon prolonged depolarization.
In this thesis, the contribution of Kv7 to the regulation of renal arterial tone was studied, testing the
hypotheses that (i) the Kv7.1-specific activator R-L3 is effective in causing reversible vasodilation of the
entire renal arterial vasculature and that (ii) the endogenous vasodilators atrial natriuretic peptide
(ANP) and Urocortin either attenuate or enhance the therapeutically intended vasodilatory effect of
subunit-specific activation of Kv7.1 or Kv7.2-5 in small renal resistance arteries. Isometric wire
myography was used to examine the contractile responses of short preglomerular resistance artery
segments. A novel isolated perfused rat kidneys setup was introduced to investigate renal perfusion
pressure as an indicator of arterial contractility on a whole-organ level.
It was shown that pharmacological activation of Kv7.2-5 channels produces a strong anticontractile
effect in agonist-induced vasoconstriction of renal resistance arteries. Specific activation of Kv7.1 was
found to decrease sensitivity to vasoconstrictive agonists in small interlobar artery segments as well
as to decrease perfusion pressure of intact perfused rat kidneys in a manner reversible by specific
pharmacological Kv7.1 channel blockade. Unspecific blockade of all Kv7 was demonstrated to enhance
arterial contractility in both isolated vessels and isolated perfused kidneys, whereas specific blockade
of Kv7.1 was without either of these effects, indicating a contribution of homo- or heteromeric Kv7.4
and Kv7.5, but not homomeric Kv7.1, to resting tone of the renal arterial vasculature.
Experiments on isolated interlobar vessels displayed dose-dependent vasorelaxations in response to
the cGMP-coupled hormone ANP and the cAMP-dependent autocrine and paracrine vasodilator
Urocortin in both agonist-induced and depolarization-induced vasoconstriction. Further experiments
revealed that Kv7 contribute to vascular reactivity independently of the anticontractile effect induced
by both ANP and Urocortin.
The results presented here confirm our first hypothesis that R-L3 is effective in causing reversible
vasorelaxation of the entire renal arterial bed, undermining a previously unappreciated role for Kv7.1
in regulating renal arterial contractility and renal perfusion pressure. By demonstrating the possibility
to influence vascular tone through specific Kv7 modulators independently of both cGMP- and cAMPdependent endogenous vasodilators and thus negating our second hypothesis, this thesis stresses the
importance of Kv7 as potential therapeutic targets in the treatment of renovascular pathology.
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APPENDIX

Table 13: Statistics for myography experiments following concentration-response relationship protocols (see: Table 3)
Figure:

Experiment description:

n

31

CON vs. RETI/ANP vs. MIX

6

Drug added:

1. CRR

none

2. CRR solvent
3./4. CRR RETI/ANP/MIX
32

CON vs. R-L3/ANP vs. MIX

6
1. CRR

none

2. CRR solvent
3./4. CRR R-L3/ANP/MIX
33

34

44

45

CON vs. HMR/ANP(-7) vs. MIX
(in the presence of R-L3)

CON vs. HMR/ANP(3-8) vs. MIX
(in the presence of R-L3)

CON vs. XE/URO vs. MIX

CON vs. RETI/URO vs. MIX

6
1.CRR

none

2.CRR
3.CRR

HMR
R-L3 (all), ANP (-7)

1.CRR

none

2.CRR
3.CRR

HMR
R-L3 (all), ANP (3-8)

1. CRR

none

2. CRR
3. CRR

XE
URO

1. CRR

none

6

10

9
2. CRR solvent
3./4. CRR RETI/URO/MIX

46

CON vs. R-L3/Uro vs. MIX

9
1. CRR

none

2. CRR solvent
3./4. CRR R-L3/URO/MIX
47

CON vs. HMR/URO(-7) vs. MIX
(in the presence of R-L3)

9

CON/RETI CON/ANP RETI/MIX ANP/MIX
>0,9999
0,4491
0,4491 >0,9999
0,6492
0,0008

0,8726
0,0134

0,5567
0,0088

>0,9999
0,0329

CON/R-L3 CON/ANP R-L3/MIX ANP/MIX
>0,9999
0,8305
0,8305 >0,9999
>0,9999
0,0001

0,4212
<0,0001

0,3453
0,0016

0,7582
<0,0001

CON/HMR CON/ANP HMR/MIX ANP/MIX
0,4937
0,8551
0,6333
0,6063
0,468
0,0008

0,7239
<0,0001

0,5044
<0,0001

0,2544
0,0027

CON/HMR CON/ANP HMR/MIX ANP/MIX
0,4937
0,8551
0,6333
0,6063
0,468
0,0004

0,8512
0,0147

CON/XE CON/URO
0,7756
0,633
0,0081
0,0022

0,7726
<0,0001

0,7622
0,0003

0,2109
0,0155

XE/MIX URO/MIX
0,8721
0,7674
0,7981
<0,0001

0,0465
0,0207

CON/RETI CON/URO RETI/MIX URO/MIX
>0,9999
0,7109
0,7109 >0,9999
0,8267
<0,0001

0,8188
0,0001

0,5943
0,0003

0,9005
0,0022

CON/R-L3 CON/URO R-L3/MIX URO/MIX
>0,9999
0,6884
0,6884 >0,9999
>0,9999
<0,0001

0,6674
0,0041

0,6674
0,0258

>0,9999
0,0014

CON/HMR CON/URO HMR/MIX URO/MIX
0,7474
0,6884
0,99
0,5155

1. CRR

none

2. CRR

HMR

0,3285

0,2816

0,8359

0,8287

3. CRR
4. CRR

URO (-7)
R-L3 (all)

0,6468
0,0055

0,0001
0,002

0,0005
0,0014

0,7392
0,0263

Two-way repeated-measures ANOVA was used for statistical analysis. ANP = atrial natriuretic peptide; CON = control; CRR =
concentration-response relationship; HMR = HMR1556; MIX = application of both drugs; RETI = Retigabine; URO = Urocortin;
XE = XE991;
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Table 14: Statistics for myography experiments following precontraction protocols (see: Table 4 and Table 5)
Figure:

Experiment description:

Drug added:

20 – 25 Retigabine precontraction

CON/XE CON/HMR
(n = 9)
(n = 9)

LO/HI
(n = 9)

1. CRR

none

0,7764

0,6431

0,3889

1. PRC
2. PRC

solvent
Retigabine

0,8335
0,0018

0,0337
0,8484

0,4458
0,4895

CON/XE CON/HMR
(n = 10)
(n = 10)

LO/HI
(n = 10)

26 – 30 R-L3 precontraction
1. CRR

none

1. PRC
2. PRC

solvent
R-L3

35 – 43 ANP precontraction

0,6597

0,6182

0,7188

0,4920
<0,0001

0,0812
0,0001

0,6268
0,6536

KCl/Mx ALL/no XE
(n = 13)
(n = 14)

HMR/XE
(n = 8)

1. CRR

none

0,7303

0,1559

0,8377

1. PRC
2. PRC

solvent
ANP

0,7471

0,0826

0,6240

0,0075

0,3518

0,4612

KCl/Mx ALL/no XE
(n = 12)
(n = 10)

HMR/XE
(n = 8)

48 – 56 Urocortin precontraction
1. CRR

none

0,1103

0,7383

0,9027

1. PRC
2. PRC

solvent
Urocortin

0,2962

0,3119

0,2363

0,0010

0,2586

0,1637

ALL = precontraction induced by all K+ channel blockers;

Two-way repeated-measures ANOVA was used for statistical analysis.
ANP = atrial natriuretic peptide; CON = control; CRR = concentration-response relationship; HI = high level of Methoxamineinduced precontraction; HMR = HMR1556; no XE = precontraction induced by all K+ channel blockers without XE991; KCl = KClinduced precontraction; LO = low level of Methoxamine-induced precontraction; MIX = application of both drugs; Mx =
Methoxamine-induced precontraction; PRC = precontraction curve; URO = Urocortin; XE = XE991;
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