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Background and purpose: The extracellular calcium-sensing receptor (CaR) in vascular endothelial cells activates endothelial
intermediate-conductance, calcium-sensitive K* channels (IKc,) indirectly leading to myocyte hyperpolarization. We
determined whether CaR expression and function was modified in a rat model of type Il diabetes.

Experimental approach: Pressure myography, western blotting, sharp microelectrode and K * -selective electrode recordings
were used to investigate the functional expression of the CaR and IKc, in rat mesenteric arteries.

Key results: Myocyte hyperpolarization to the CaR activator calindol was inhibited by Calhex 231. U46619-induced vessel
contraction elevated the extracellular [K*] around the myocytes, and inhibition of this ‘K* cloud’ by iberiotoxin was needed
to reveal calindol-induced vasodilatations. These were antagonized by Calhex 231 and significantly smaller in Zucker diabetic
fatty rat (ZDF) vessels than in Zucker lean (ZL) controls. Myocyte hyperpolarizations to calindol were also smaller in ZDF than in
ZL arteries. In ZDF vessels, endothelial cell CaR protein expression was reduced; IKc, expression was also diminished, but IKc,-
generated hyperpolarizations mediated by 1-EBIO were unaffected.

Conclusions and implications: The reduced CaR-mediated hyperpolarizing and vasodilator responses in ZDF arteries result
from a decrease in CaR expression, rather than from a modification of IKc, channels. Detection of CaR-mediated vasodilatation
required the presence of iberiotoxin, suggesting a CaR contribution to vascular diameter, that is, inversely related to the degree
of vasoconstriction. Compromise of the CaR pathway would favour the long-term development of a higher basal vascular tone
and could contribute to the vascular complications associated with type Il diabetes.
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Introduction

The role of the extracellular calcium-sensing receptor (CaR)
in general calcium homeostasis is now well established
(Hofer and Brown, 2003; Breitwieser, 2006). In a recent
study, the endothelial cells in both porcine coronary and rat
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mesenteric arteries were shown to possess a CaR (Weston
et al., 2005), activation of which by calindol (a positive
allosteric modulator of the CaR; Kessler et al., 2004) led to
hyperpolarization of the vascular myocytes (Weston et al.,
2005). As this effect was abolished by exposure to TRAM-34
(1-[(2-chlorophenyl)-diphenyl-methyl]-1H-pyrazole) (a selec-
tive inhibitor of intermediate-conductance, calcium-
sensitive K* channels, IKc,; Wulff et al, 2000) or by
endothelium removal, it was concluded that CaR activation
results in the selective opening of endothelial cell IKc,
channels (Weston et al., 2005). Furthermore, Calhex 231
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(a negative allosteric modulator of CaR; Petrel et al., 2003)
not only antagonized the effect of calindol but also produced
a small depolarization of rat mesenteric artery myocytes,
indicating that the CaR may be partially activated under
basal conditions.

In rat mesenteric arteries, ligands such as acetylcholine
stimulate the opening of both IKc, and SKc, (small-
conductance, calcium-sensitive K™ channels) in endothelial
cells with resultant membrane hyperpolarization (Edwards
et al., 1998). This is then transmitted to the surrounding
myocytes, which undergo endothelium-dependent hyperpo-
larization (EDH) and relaxation. However, in the resistance
arteries of diabetic rats, EDH is reduced (Fukao et al., 1997;
Makino et al., 2000; Wigg et al., 2001; Burnham et al., 2006).
Although the basis of this is uncertain, the resulting
diminished vasodilator response may contribute to the
hypertension that occurs in many diabetic patients (Vijan
and Hayward, 2003).

Recently, Ward et al. (2001) showed that expression of the
CaR was reduced in an animal model of type I diabetes. As
activation of the vascular CaR is linked to the opening of
endothelial IKc, channels (Weston et al., 2005), we therefore
wondered whether a similar reduction of CaR expression in
the vascular endothelium of diabetic resistance arteries
might contribute to the previously reported diminished
EDH response in such vessels (Fukao et al., 1997; Makino
et al., 2000; Wigg et al., 2001; Burnham et al., 2006).

In this study, we measured CaR expression in the
mesenteric arteries of Zucker diabetic fatty (ZDF) rats, an
animal model of type II (non-insulin-dependent) diabetes.
Using pressure myography, we demonstrated, for the first
time, that the activation of CaR can lead to vasorelaxation.
Furthermore, using a combination of electrophysiology,
molecular biology and myography, we revealed that the
vascular CaR is downregulated in the ZDF rat. This may
contribute to the reduced EDH response in the arterioles
from such animals and could be one of the factors that
underlie the vascular complications seen in type II diabetic
patients.

Methods

Animals

Experiments were performed on second- and third-order
mesenteric artery branches (approximately 150-250pm
diameter) dissected from male Zucker obese (ZDF; fa+/
fa+) diabetic rats (12-14 weeks old; mean body weight
318 +£7g, n=12), their age-matched lean controls (ZL; fa+/
fa—; mean body weight 326+9g, n=12) or (in some
preliminary experiments) Wistar rats (body weight 250-
300 g) previously killed by CO, asphyxiation in compliance
with Schedule 1 of the UK Animals (Scientific Procedures)
Act 1986. All animals had been housed in a 12-h light-dark
cycle with food and water available ad libitum. The glucose
concentration in the urine of the ZDF animals was > 100 mM,
whereas it was below the level of detection in that of the
control animals. Blood samples indicated that the mean
serum glucose concentration was significantly higher in the
ZDF than in the ZL rats (P<0.0001).
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Each ZL or ZDF animal was killed on a different day, and
segments of artery were either used freshly, for electrophy-
siology and myography, or prepared immediately for western
blot analysis.

Pressure myography

Segments of artery (second order) were mounted on glass
cannulae in the heated chamber of a pressure myograph in
(slightly modified) Krebs solution (composition in mm: NaCl
118, KCl 3.4, CaCl; 1.0, KH,PO4 1.2, MgSO4 1.2, NaHCO3 25,
glucose 11 and containing 10 pM indomethacin and 300 pM
NG-nitro-L-arginine) at 37 °C and gassed with 5% CO; in air,
with an intraluminal pressure of 70 mm Hg maintained by a
pressure-servo unit. The artery diameter was continuously
measured with a video dimension analyser (Living Systems,
Burlington, Vermont, USA) and recorded using a PowerLab/
45P recorder in conjunction with Chart v5.2 software
(ADInstruments, Chalgrove, UK) and a Mac mini computer
(Apple UK & Ireland, Cork, Ireland). During the washing
procedure, the chamber was constantly superfused with
Krebs solution at 25mLmin !, but flow was stopped and
responses to drugs were recorded under static bath condi-
tions. Arteries were exposed to iberiotoxin (100nM; to
inhibit the large-conductance, calcium-sensitive K* chan-
nel, BK¢,) for 30 min before and during exposure to drugs.
When used, Calhex 231 and TRAM-34 were present in both
the bath solution and in that bathing the artery lumen for
30min before and during recordings; control and test
responses were established in different artery segments. For
each artery segment, vessels were precontracted using
U46619 (11a,9a-epoxymethano-PGH,; 2-30nM; to decrease
vessel diameter by approximately 50%), and relaxations were
expressed relative to the diameter immediately before the
addition of the relaxant drug (defined as 0%) and in the fully
relaxed artery in the presence of 100 uM papaverine (defined
as 100%).

Electrophysiology and extracellular K™ determination

Small segments of artery (second or third order; length 2—
3 mm) were pinned to the Sylgard base of a thermostatically
controlled bath and superfused (3mLmin ') with a Krebs
solution containing indomethacin and N-nitro-L-arginine
(the above composition) and which was bubbled with 95%
0,/5% CO, (pH 7.5; 37°C). For membrane potential
recordings, myocytes were impaled via the adventitial sur-
face using microelectrodes filled with 3M KCI (resistance
40-80MQ) as described previously (Edwards et al., 1999). In
some experiments, the endothelium was removed from the
artery segments by briefly introducing de-ionized water into
the lumen. Calindol, 1-ethyl,2-benzimidazolinone (1-EBIO),
6,7-dichloro-1H-indole-2,3-dione 3-oxime (NS309) and lev-
cromakalim were each added as bolus injections directly into
the bath in quantities calculated to obtain (transiently) the
final concentrations indicated. Calhex 231 and TRAM-34
were each added to the reservoir of Krebs solution super-
fusing the bath. Calindol and Calhex 231 were prepared as
described previously (Petrel et al., 2003; Kessler et al., 2004).
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For determination of changes in the myocyte extracellular
K" concentration, K" -selective microelectrodes were pre-
pared using a K™ ionophore as described previously (Danker
et al., 1996; Edwards et al., 1998), but without the shielding
pipette. The electrode was first calibrated using Krebs
solution containing a range of concentrations of K* from
which a calibration curve was prepared, and electrodes
that failed to give a reproducible output over the tested
concentration range were discarded. Chosen electrodes had a
typical 90% response time of 5 s and were carefully advanced
through the adventitia until a stable output indicating a K*
concentration ([K™]) close to that of the Krebs solution was
obtained. The effect of U46619 in the absence and
subsequent presence of iberiotoxin was determined by the
addition of the drugs to the solution superfusing the bath.
All recordings were made using a high impedance amplifier
(WPI, Stevenage, UK). Signals were digitized and analysed
using a MacLab system (ADInstruments); 50 Hz interference
was selectively removed using an active processing circuit
(Humbug; Digitimer, Hertfordshire, UK).

Western blotting

Western blotting was performed as described previously
(Gardener et al., 2004). Briefly, endothelium-intact segments
of rat mesenteric artery were homogenized in freshly
prepared extraction buffer comprising 20 mM Trizma base,
2.5mM sucrose, SmM EDTA, 1 mMm EGTA, 1 mM dithiothreitol,
1 mM phenylmethylsulphonylfluoride and protease inhibitor
cocktail (one vial: 100mL of extraction buffer). Protein
concentrations were determined using a Bradford reagent
(Bio-Rad, Hertfordshire, UK), and for each lane, equal
protein loading and transfer were visually assessed after
staining for 5min with 0.1% Ponceau S solution (Sigma-
Aldrich, Dorset, UK). Consistency of protein loading was
further confirmed for some of the samples by western blot
using actin as a loading control. Samples were mixed with
Laemmli buffer (containing the detergent SDS; Laemmli,
1970), separated on polyacrylamide gels (6-10%, w/v, as
indicated; approximately 90 min at 120 V) and transferred to
nitrocellulose membranes (approximately 90 min at 80V).
The membranes were blocked with 2% BSA (overnight at
4°C) and sequentially incubated for 1 h at room temperature
with 1:5000 anti-CaR antibody (mouse monoclonal), 1:500
anti-IK1 (M20; a rabbit anti-hIK1 antibody, raised against the
human N-terminal IK1 peptide (GGDLVLGLGALRRRKC)
(Boettger et al., 2002) or 1:2000 anti-p-actin (mouse mono-
clonal; AC15) and with goat anti-rabbit (IK1) or goat
anti-mouse (CaR, B-actin) secondary antibody (1:20000
horseradish peroxidase-conjugated). Detection was achieved
using a chemiluminescence detection system (ECL+; GE
Healthcare, Buckinghamshire, UK).

Materials

The pressure myograph, pressure-servo unit and video
dimension analyser were obtained from Living Systems
(Burlington, Vermont, USA); high impedance amplifier from
WPI (Stevenage, UK); MacLab system from ADInstruments
(Chalgrove, Oxfordshire, UK); Humbug active processing
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circuit (Digitimer, Welwyn Garden City, Hertfordshire, UK).
Calhex 231 and TRAM-34 fromToronto Research Chemicals
(North York, Ontario, Canada); U46619 from Calbiochem
(Nottingham, UK). Calindol, 1-EBIO and NS309 (6,7-di-
chloro-1H-indole-2,3-dione 3-oxime) were kindly supplied
by Dr P Christophersen (Neurosearch A/S, Ballerup,
Denmark). The K* ionophore (no. 60398) was from Fluka
Feinchemikalien (Neu-Ulm, Germany); protease inhibitor
cocktail and Ponceau S solution from Sigma-Aldrich; Brad-
ford reagent from Bio-Rad; actin and anti-p-actin from
Abcam (Cambridge, UK); anti-CaR antibody (mouse mono-
clonal; Affinity Bioreagents, Cambridge Biosciences, Cam-
bridge, UK); goat anti-mouse (CaR, p-actin) secondary
antibody from Jackson ImmunoResearch (Cambridge, UK);
chemiluminescent detection system (ECL +; GE Healthcare).
The anti-IK1 (M20) was generously provided by Dr DJ Trezise
(GlaxoSmithKline, Stevenage, UK).

Data analysis

All values are given as meanz*s.e.mean. The number of
arteries from individual animals is given by n. Statistical
analysis was carried out either using ANOVA followed by a
Bonferroni’s multiple comparison test or Student’s unpaired
t-test, as appropriate, using GraphPad Prism version 4 for
Macintosh (GraphPad Software, San Diego, CA, USA); a value
of P<0.05 was considered significant.

Results

In this study, some initial investigations were performed
using Wistar rats before the experiments using ZDF animals
and the matched ZL controls.

Characteristics of CaR-induced hyperpolarization in Wistar
vessels: inhibition of calindol by Calhex 231 and by

Ba®* + ouabain

As shown in Figure 1, calindol produced a concentration-
dependent hyperpolarization of rat mesenteric artery myo-
cytes. Exposure to 1pM Calhex 231 produced a small but
statistically significant depolarization (from —-52.9+0.2 to
—49.9+0.8mV, n=4; P<0.01), which was not further
increased by 3pM Calhex 231 (membrane potential
—49.410.8mV, n=4; P>0.05). The hyperpolarizing effects
of 0.3 and 1 uM calindol were inhibited by 1 and 3 pM Calhex
231, respectively, in a concentration-dependent manner
(P<0.01, n=4), but were not observed in endothelium-
denuded vessels (data not shown).

Calindol-induced hyperpolarizations and those to NS309
(a direct opener of both IKc, and SKc, channels; Strgbaek
et al., 2004) were abolished by a combination of 30uMm
barium + 500 nM ouabain, which inhibits the EDH response
to acetylcholine (Edwards et al., 1998). In contrast, hyper-
polarizations to the ATP-sensitive K* channel (Kayp) opener
levcromakalim (used as a positive control) were unaffected
by barium + ouabain (Figure 2).

To eliminate the possibility that modifications in calindol-
induced hyperpolarizations represented time-dependent
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Figure 1 Effect of Calhex 231 on smooth muscle hyperpolariza-
tions to calindol in Wistar rat mesenteric arteries. (a) Typical trace
showing concentration-dependent inhibition of hyperpolarizations
to calindol by Calhex 231. At the end of the experiment, 10 uMm
levcromakalim (LK) was added to confirm the integrity of the
myocytes. (b) Graphical representation of mean results obtained
from four experiments of the type shown in panel a. Each
column represents the mean membrane potential (m.p.) before
(+ s.e.mean) and after (— s.e.mean) addition of calindol in the
absence or presence of Calhex 231 as indicated.

phenomena, control experiments were carried out in which
vessels were repeatedly (five times) exposed to 300nm
calindol at Smin intervals during continuous impalements.
There was no significant difference between the effects of
calindol over this time period (repeated measures ANOVA,
P=0.29, n=35; Figure 2c¢).

Collectively, these experiments suggest that myocyte
hyperpolarizations triggered by the opening of endothelial
Ca®*-sensitive K channels depend on increasing the [K*]
in the myoendothelial space, with subsequent activation of
inwardly rectifying K™ channels and Na*/K*-ATPases
sensitive to Ba>* and ouabain, respectively (Figure 3).

CaR-induced vasorelaxation and intravascular K* clouds
Calindol-induced relaxations of precontracted mesenteric
arteries were only rarely observed (in the absence or presence
of L-NA and indomethacin; data not shown) despite the
myocyte hyperpolarizations that were always seen in
quiescent vessels when these were exposed to calindol (see
Figures 1 and 2). Previously, we and others obtained
circumstantial evidence that agonist-generated K* clouds
emanating from BKc, channels on contracted vascular
myocytes could reduce or abolish certain endothelium-
dependent vasorelaxations (Richards et al.,, 2001; Dora
et al., 2002; Weston et al., 2002). Experiments were therefore
performed using K*-selective electrodes to determine
whether the hypothetical K* clouds existed when vessels
were exposed to a precontracting agent such as the
thromboxane (TP) receptor agonist U46619 (Alexander
et al., 2007).
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Figure 2 Effect of 30uM Ba®?™ +500nM ouabain on smooth
muscle hyperpolarizations to calindol (Cal) and NS309 in Zucker
lean (ZL) rat mesenteric arteries. (a) Typical trace showing abolition
of the hyperpolarization to 300 nM calindol or 100 um NS309 (6,7-
dichloro-1H-indole-2,3-dione 3-oxime) by 30um Ba?* +500nMm
ouabain in a segment of artery from a ZL rat. At the end of the
experiment, 10 uM levcromakalim (LK) was added to confirm the
integrity of the preparation. (b) Graphical representation of mean
results obtained from four experiments of the type shown in panel a.
Each column represents the mean membrane potential (m.p.) before
(+ s.e.mean) and after (— s.e.mean) addition of calindol, 6,7-
dichloro-1H-indole-2,3-dione 3-oxime (NS309) or levcromakalim in
the absence or presence of Ba®* + ouabain as indicated. (c) Typical
time-control experiment to test for the reproducibility of calindol-
induced hyperpolarizations. After myocyte impalement, vessels were
exposed to 300nM calindol every 5min during a 20min impale-
ment. Each number represents the maximum mean m.p. £ s.e.mean
(n=5 vessels) recorded in the presence of 300 nMm calindol. Over the
20 min duration of the experiments, there was no time-dependent
change in the magnitude of calindol-induced hyperpolarizations
(repeated measures ANOVA; P=0.29).

After calibration, a K*-sensitive electrode was inserted
into the smooth muscle layer just below the adventitia until
a stable reading was obtained that indicated that the
environment of the tip was likely to be extracellular and
not sampling a damaged myocyte. On exposure to U46619
(30nMm), the [K*] rapidly increased by 11.2+1.5mM (n=3;
Figure 4a), a change that was well maintained and often
associated with rhythmic K* fluctuations in the region of 1-
2mM (Figure 4a). On exposure to iberiotoxin (100 nM) in the
continuing presence of U46619, the [K "] declined to a stable
concentration (5.3 £0.2mM, n=23) that was slightly higher
than that of the Krebs solution (4.6 mMm). Phenylephrine
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Figure 3 Summary of the likely interrelationships between the
calcium-sensing receptor (CaR), K* channels and Na™ /K*-ATPases
in a mesenteric artery. The CaR and intermediate-conductance,
calcium-sensitive K* channels (IK¢,) proteins are colocalized within
the endothelial cell, within a lipid-poor microdomain (Absi et al.,
2007). In the presence of extracellular Ca?*, allosteric activation of
the CaR by calindol stimulates the opening of endothelial cell IKc,
channels by an unknown coupling mechanism. The resulting K*
efflux through IKc, increases myoendothelial [K*] and stimulates
inwardly rectifying K™ channels (Kig) and Na ™ /K™ -ATPases (blocked
by Ba® " + ouabain) to induce myocyte hyperpolarization. Exposure
of vessels to 11a,9a-epoxymethano-PGH, (U46619) (used to
increase artery tone so that relaxant effects can be recorded in
myograph experiments) elevates myocyte intracellular Ca?>* and
indirectly activates iberiotoxin-sensitive large conductance calcium-
sensitive K channel (BKc,) channels. The K™ that exits the myocyte
via this channel forms a ‘K™ cloud’ (Richards et al., 2001), which
increases the [K*] surrounding the cells by approximately 10 mm. In
the presence of U46619, K channels and Na*/K™-ATPases are
already activated; subsequent exposure to calindol is unable to relax
mesenteric arterioles. However, selective inhibition of BKc, channels
with iberiotoxin prevents the formation of the K* cloud by 110,9a-
epoxymethano-PGH, (U46619), allowing calindol to relax the vessel
despite the presence of the spasmogen. Increased membrane
potential (hyperpolarization) and increases in [Ca?*] and [K*] are
indicated by upward-pointing arrows.

(100nM) generated K clouds of a magnitude similar to
those obtained with U46619 (data not shown).

These experiments showed that U46619-induced contrac-
tions did indeed generate a substantial, iberiotoxin-sensitive
increase in [K*] (a K* cloud) around the myocytes (see
Figure 3). Hypothetically, under such conditions of increased
[K*], any further increase in [K'] after the opening of
endothelial cell IKs, channels via CaR activation would
generate minimal vasorelaxation. To test this possibility,
myograph experiments were therefore conducted using the
mesenteric vessels of normal Wistar rats with iberiotoxin
(100 nM) in the Krebs solution.

Under basal conditions, the mean diameter of Wistar
pressurized arteries, bathed in Krebs solution containing
iberiotoxin 100nM, was 290+29um (n=8). To generate
tone, vessels were precontracted with U46619 (range
2-30nM), the concentration of which was adjusted to obtain
a contracted diameter of approximately 100 pm. Under these
conditions, cumulative exposure to calindol (0.3-3 puMm)
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induced concentration-dependent dilator responses, the
onset of which was sometimes delayed at the lower calindol
concentrations. At the highest concentration used (3 pum),
the vasorelaxation was usually instantaneous (Figure 4b).
Responses to calindol were inhibited by 10 uM TRAM-34 and
essentially abolished in the presence of 3uM Calhex 231
(Figure 4c). Neither TRAM-34 (10 pM) nor Calhex 231 (3 pM)
had any significant effect on vessel basal diameter (one-way
ANOVA; P>0.095).

These experiments confirm the findings of an earlier study
(Weston et al., 2005) that endothelial cell CaR activation
results in the opening of IKc, channels. Importantly, the
results show for the first time that CaR-induced vasodilata-
tion can be routinely detected, provided that spasmogen-
induced K" clouds, emanating from myocyte BK¢c, channels,
are inhibited using iberiotoxin. Thus, to facilitate the
detection of CaR-mediated relaxations, experiments using
mesenteric vessels taken from ZDF and ZL animals were
carried out in the presence of 100 nM iberiotoxin.

CaR-mediated relaxations are reduced in the vessels from ZDF
rats

The basal diameter of pressurized mesenteric artery segments
from ZDF rats in the presence of 1mM Ca?* and 100nMm
iberiotoxin (359 £33 um, n=35) was not significantly differ-
ent from that of the ZL controls (331x13um, n=35;
Student’s unpaired t-test). In the presence of U46619 (2-
30nM), the relaxations to 1 and 3 uM calindol (24.9 £4.1 and
72.9 £ 11.3%, respectively, n=35) in arteries from the ZDF rats
were markedly smaller (two-way ANOVA, P=0.0007) than
those in the ZL rats (79.0 £ 7.5 and 97.0 £ 1.2%, respectively,
n=>5; Figure 4d).

CaR-induced hyperpolarizations but not those to IKc, opening are
reduced in ZDF arteries
The resting membrane potential of myocytes in endothe-
lium-intact  mesenteric  arteries from ZDF rats
(=54.6+0.4mV, n=12) was similar to that of control ZL
rats (-53.9+0.3mV, n=12). Calindol produced concentra-
tion-dependent hyperpolarizations of mesenteric artery
myocytes that were significantly smaller in artery segments
from ZDF rats than those from ZL controls (two-way ANOVA;
P=0.0002, Figure 5). In four out of four endothelium-
denuded segments from ZL rats, 1pM calindol failed to
induce any myocyte hyperpolarization (data not shown).
Calhex 231, the allosteric inhibitor of CaR (Petrel et al.,
2003), produced small but significant myocyte depolariza-
tions (of similar magnitude) in segments of mesenteric
arteries from both ZL (2.1+£0.3mV, n=4) and ZDF rats
(1.9+0.4mV, n=4), and in the continuing presence of
Calhex 231 hyperpolarizations to calindol were significantly
reduced (two-way ANOVA; P=0.0005; Figure 5). In contrast,
a submaximal concentration of the IKc, activator 1-EBIO
(300uM)  produced  hyperpolarizations  (ZDF  rats:
12.1+1.1mV; ZL rats: 14.5+1.4mV, each n=4) that were
unaffected by the presence of Calhex 231 (ZDF rats:
12.9+1.3mV; ZL rats: 15.5+1.1mV, each n=4; P>0.05;
Figure 5). At the end of the experiment, vessels were exposed
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Figure 4 Features of rat mesenteric arteries precontracted using 11a,9a-epoxymethano-PGH, (U46619) and associated calindol (Cal)-
induced relaxations. (a) In endothelium-intact segments of artery from Wistar rats, 30 nM U46619 caused an increase in extracellular K* that
was inhibited by 100 nm iberiotoxin. (b) Typical trace showing concentration-dependent relaxation by Cal of a segment of artery (from a
Wistar rat), mounted under isobaric conditions (70 mm Hg) and precontracted with 2.5 nM U46619 in the presence of 100 nM iberiotoxin. (c)
Graphical representation of mean results (+ s.e.mean) obtained from four experiments in which Cal-induced relaxations (in the presence of
100 nMm iberiotoxin) were determined in Wistar rats in the absence of inhibitor (control) or in the presence of 10 um (1-[(2-chlorophenyl)-
diphenyl-methyl]-1H-pyrazole (TRAM-34) or 3 uM Calhex 231. (d) Relaxations to Cal in the presence of 100 nM iberiotoxin were significantly
reduced in artery segments from Zucker diabetic fatty rat (ZDF) rats in comparison to that in control (ZL) arteries (P=0.0007, two-way

ANOVA, each n=15). ZL, Zucker lean.

to levcromakalim (an opener of myocyte ATP-sensitive K"
channels) to confirm the integrity of the myocyte record-
ings. In the presence of 1 uM Calhex 231, hyperpolarizations
to 10 uM levcromakalim were similar in both the ZL and ZDF
arteries (ZDF rats: 23.6 £ 0.8 mV; ZL rats: 22.4+ 0.3 mV, each
n=4; Figure 5). In artery segments from four out of four ZDF
rats, removal of the endothelium led to a complete loss of
hyperpolarizations to 3 uM calindol (data not shown).

The hyperpolarizations induced by calindol (which were
reduced in the ZDF rats) result solely from the opening of
endothelial IKc, channels (present study; Weston et al.,
2005). Thus, to determine whether the reduced effect of
calindol resulted from some compromise in the IKc,
channels (rather than in the CaR itself), responses to the
IKc, activator 1-EBIO were also examined. In the experi-
ments described in Figure 5, there was no significant
difference between the hyperpolarizations generated by
300 uM 1-EBIO in ZDF and ZL vessels, although there was a
trend towards a reduced 1-EBIO response in the ZDF vessels.
To exclude the possibility that the lack of significance was
due to the relatively small number of observations (four ZL
and four ZDF vessels), the effects of 300uMm 1-EBIO along
with those of 150uM 1-EBIO were compared in artery
segments from a further four ZL and four ZDF rats.
Hyperpolarizations induced by 150 and 300puM 1-EBIO in
artery segments from ZDF rats (5.5+1.1 and 15.2+£0.6mV,

respectively, n=4) were still not significantly different from
those in ZL vessels (4.9+0.3 and 12.6+£0.5mV, n=4; two-
way ANOVA, P>0.05). In a further series of experiments, we
also examined the effects of 600 uM 1-EBIO (a saturating or
maximally effective concentration). Hyperpolarizations in-
duced by 600 um 1-EBIO in artery segments from ZDF rats
(15.8+1.4mV, n=9) were again not significantly different
from those in ZL vessels (16.9+0.6mV, n=12; Student’s
t-test, P>0.05).

Collectively, the electrophysiological experiments show
that an endothelial CaR was present in the mesenteric
arteries from both ZL control and ZDF rats but that CaR-
mediated myocyte hyperpolarizations were significantly
reduced in the rat model of type II diabetes. In contrast,
responses to three concentrations of the IK-, opener 1-EBIO
were unaffected by the diabetic state.

CaR-induced hyperpolarizations in ZDF arteries: effects of
TRAM-34

In endothelium-intact mesenteric artery segments from both
the ZDF and ZL rats, hyperpolarizations to 1 uM calindol were
abolished by 10uM TRAM-34, a selective IKc, inhibitor,
which alone produced small but statistically significant
myocyte depolarizations (P<0.03, one-tailed paired t-test)
in both ZL (1.4£0.5mV, n=4) and ZDF arteries

British Journal of Pharmacology (2008) 154 652-662



Ca®*-sensing receptor in diabetic arteries

658 AH Weston et al
a -40 calindol (uM) o
o calindol (uM) I 1 @
@ T 1 0.1 0.3 1.0 - LK
4 0.1 03 1.0 v ] u O %
o} [ | r‘*
z
= 60 —
g
£
5 min 1 uM Calhex 231
.80 —J
b calindol (uM) o calindol (uM) o
[ 1 8 I 1 &
0.1 0.3 1.0 < 0.1 0.3 1.0 -
-50 —+ ———————————————————————————————————
F3
Z *
= 60 —f-----------1 -4 .- . - -
g
€
*
# I:I ZL
B =
70

control

1 uM Calhex 231

Figure 5 Comparison of effects of Calhex 231 on endothelium-dependent smooth muscle hyperpolarizations to calindol and 1-ethyl-2-
benzimidazolinone (1-EBIO) in endothelium-intact mesenteric artery segments from control (ZL) and diabetic (ZDF) rats. (a) Typical trace
obtained showing inhibition by 1 um Calhex 231 of the responses to transient exposure to calindol (0.1-1 pum), but not to 1-EBIO (300 uMm), in a
segment of artery from a ZL rat. Levcromakalim (LK; 10 uM) was added at the end of the experiment to ascertain the myocyte viability. The
tissue was exposed to Calhex 231 for the period indicated by the horizontal bar. (b) Graphical representation of data from four separate
experiments of the type shown in panel a. Each column represents the mean membrane potential (m.p.) before (+ s.e.mean) and after
(— s.e.mean) addition of calindol or 1-EBIO in the absence or presence of Calhex 231. *indicates ZDF response significantly different from
corresponding ZL response. ZDL, Zucker diabetic fatty rat; ZL, Zucker lean.

(1.4 £0.5mV, n=4; Figure 6). The hyperpolarization to 10 uM
levcromakalim, determined in the presence of TRAM-34, was
not affected by the diabetic state (ZL: 24.21+0.7mV, n=4;
ZDF: 23.0£1.0mV, n=4; Figure 6). Taken together, these
data show that the endothelium-dependent myocyte hyper-
polarizations to calindol result solely from the opening of
IKc, channels in both the ZDF and ZL control rats, a finding
similar to that previously described in non-diabetic Sprague—
Dawley rats (Weston et al., 2005).

CaR and IK1 proteins are modified in ZDF rats

Western blot analysis was performed to investigate whether
the reduced calindol-induced hyperpolarizations observed in
the ZDF animals were associated with a reduced expression
of IK1 (the IK¢, a-subunit) or CaR proteins. Mesenteric artery
lysates were prepared from ZL and ZDF rats, and 50mg
protein aliquots were probed using anti-CaR and anti-IK1
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antibodies (Figure 7). Each blot represents a sample derived
from one ZDF rat and one matched ZL control on a given
day. Samples were stored and western blots run when all
tissues had been collected. In the case of the CaR protein
experiments, one of the ZL controls (C1) showed relatively
low protein expression when the samples were processed,
and for this reason, three further ZDF and ZL samples were
prepared. Unfortunately, one of the control samples from
this batch was lost, resulting in a total of five protein
determinations from ZL controls (C1-C5) and six derived
from ZDF rats (D1-D6). These experiments showed that the
expression of CaR protein was reduced by about 70% in the
ZDF arteries compared to the ZL controls. In addition,
instead of the single band of IK1 immunoreactivity seen in
the ZL artery preparations, two distinct bands that reacted
with the IK1 antibody were detected in samples from ZDF
arteries. The ‘authentic’ IK1 band was reduced in magnitude
by approximately 50% in these vessels (Figure 7).
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Figure 6 Traces showing typical effects of 10 um (1-[(2-chlorophenyl)-diphenyl-methyl]-1H-pyrazole (TRAM-34) on endothelium-dependent
smooth muscle hyperpolarizations induced by transient exposure to 1 uM calindol (Cal) in endothelium-intact mesenteric artery segments from
(a) control (ZL) and (b) diabetic (ZDF) rats. Levcromakalim (LK; 10 um) was added at the end of the experiment to demonstrate the functional
integrity of the myocytes. (c) Graphical representation of four experiments of the type shown in panels a and b. Each column represents the
mean (£ s.e.mean) membrane potential (m.p.) before and after addition of calindol or levcromakalim in the absence or presence of TRAM-34
as indicated. *denotes response in diabetic artery is reduced in comparison to respective control (P<0.05). ZDL, Zucker diabetic fatty rat; ZL,

Zucker lean.

Discussion and conclusions

Uncovering the vasodilator effects of CaR activation; the
inhibitory role of intravascular K* clouds

In quiescent mesenteric arteries, calindol always produced
EDHs of vascular myocytes via the opening of TRAM-34-
sensitive, endothelial IKc, channels (present study; Weston
et al., 2005). These myocyte hyperpolarizations were totally
abolished in the presence of Ba®>* + ouabain, indicating the
importance of the coupling between K* efflux from
endothelial cell IKc, and Kz channels and Na* /K™ ATPases
in the vicinity (see Figure 3; Edwards et al., 1998; Busse et al.,
2002). Thus, by analogy with the endothelium-dependent
hyperpolarizing and vasodilator actions of acetylcholine
and substance P, which also involve the opening of IKc,

(and SKc,) channels (Busse et al., 2002), calindol-induced
vasodilatation should also have been a regular occurrence.

In contrast, over its hyperpolarizing concentration range
(0.3-3 uM) in quiescent vessels, calindol was rarely able to
relax precontracted mesenteric arterioles (see Weston et al.,
2005). We hypothesized that the loss of K* associated with
contracting blood vessels (Bolton and Clapp, 1984) might
create a K*-rich environment within the vessel wall that
would effectively prevent the critical coupling step, demon-
strated in the present study, between calindol-induced IKc,
activation and the (Ba?* + ouabain-sensitive) activation of
Kir channels and Na'/K*-ATPases leading to myocyte
hyperpolarization (see Figure 3).

In recent years, considerable circumstantial evidence has
been obtained for the existence of intravascular K™ clouds
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Figure 7 Western blot analysis of (a) IK1, (b) calcium-sensing
receptor (CaR) and (c) B-actin expression in 50 ng protein samples
(5 pg protein for B-actin) from ZL control (a, C1-3; b, C2-6; ¢, C4-6)
or ZDF diabetic (a, D1-3; b, D1-6; ¢, D4-6) rat mesenteric arteries
separated on 6% (CaR) or 10% (IK1 and B-actin) polyacrylamide gels
(see text for further details). The lower ZDF bands in panel a D1-3
show an unidentified 40 kDa protein (not seen in the ZL controls)
that reacted with the anti-IK1 antibody (see the Discussion section
for further details). Protein size markers (kDa) are indicated to the left
of the blots. Quantification of immunoblot optical density was used
to assess the protein content of each sample (solid columns) relative
to the control mean (open columns) and the associated histograms
show the result (+s.e.mean: a and ¢; n=3 for ZL and ZDF: b; n=5
for ZL and n=6 for ZDF). In panel a, the mean protein content of
only the upper (IK1) bands in D1-3 is represented. ZDL, Zucker
diabetic fatty rat; ZL, Zucker lean.
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generated by the contractile agonist concentrations that are
routinely used in organ bath experiments to generate tone
(Richards et al., 2001; Dora et al., 2002). Furthermore, in vivo,
local extracellular [K"] increases are capable of generating
physiologically relevant augmentation of blood flow (see
Edwards and Weston, 2004). Indeed, the most recent
investigations in skeletal muscle have further highlighted
the importance of myocyte-derived K" in generating rapid
increases in blood flow to active mammalian muscles
(Armstrong et al.,, 2007; Kirby and Carlson, 2008). As
observed in the present and earlier studies in blood vessels
(Weston et al., 2005), K* coupling in skeletal muscles
(Armstrong et al., 2007; Kirby and Carlson, 2008) is also
exerted through the activation of vascular Kz channels and
Na ™t /K*-ATPases.

The use of K™ -sensitive electrodes in this study has shown,
for the first time, that the hypothetical ‘K* cloud effect’
(Richards et al., 2001) is a reality. Thus, in the presence of
U46619, the [K*] at the surface of the myocyte layer
increased by approximately 10mM. Consistent with the
results of earlier studies (Richards et al., 2001; Dora et al.,
2002), this increase in [K*] detected by K™-selective
electrodes in the presence of U46619 was iberiotoxin-
sensitive. This indicates that the K" ions comprising the
cloud were derived from myocyte BKc, channels, activated
by the U46619-induced increase in myocyte intracellular
[Ca®*] (see Figure 3). Furthermore, once the cloud was
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abolished by the inclusion of iberiotoxin in the Krebs
solution, calindol-induced relaxations of precontracted
vessels were obtained on a routine basis.

Under the organ bath conditions in which the effects
of vasorelaxants on markedly pre-constricted vessels are
typically investigated, the presence of a K cloud almost
certainly favours endothelial-myocyte communication via
gap junctions (Dora et al., 2002) rather than through the
involvement of ATPases and inward rectifiers, which are
effectively saturated by the high K" concentrations present
in the spasmogen-generated K cloud (see Edwards and
Weston, 2004). Whether marked preconstriction should be
regarded as ‘non-physiological’ is a matter for debate, but,
in vivo, blood vessels are only substantially constricted in
pathological or diseased circumstances, such as vasospastic
angina or Raynaud’s disease.

Having established the conditions under which the
vasodilator effects of CaR stimulation could be detected, it
was found that calindol-induced relaxations (in the presence
of iberiotoxin) were markedly reduced in mesenteric arteries
taken from ZDF rats, compared with the effects of this
positive allosteric modulator in matched ZL controls.

Electrophysiological observations in ZDF vessels

To determine whether the diminished relaxant effects of
calindol in diabetic arteries had an electrophysiological
basis, the effects of calindol in ZDF arteries were compared
with those in matched ZL controls. In both the ZDF and ZL
rats, the myocyte hyperpolarizations induced by calindol
were inhibited by Calhex 231 and abolished by TRAM-34 or
by prior removal of the endothelium. These findings show
that calindol exerts its hyperpolarizing effects by the
activation of endothelial IKc, channels (as in non-diabetic
rat and porcine vessels; present study, see also Weston et al.,
2005).

Furthermore, the endothelium-dependent myocyte hyper-
polarizations induced by calindol were indeed significantly
smaller in mesenteric arteries from ZDF rats than those in
control lean (ZL) animals. We reasoned that this could
indicate a reduction in the expression of either (or both) CaR
or IKc, proteins in the diabetic vessels. To test this, we
examined the quantity of CaR and IKc, proteins in both ZDF
and ZL arteries.

Modified expression of CaR and IK1 proteins in ZDF vessels
Western blot analysis showed that there was a substantial
reduction in the expression of CaR protein in the arteries
from ZDF rats compared to the ZL controls. This finding is
thus consistent with the myograph and electrophysiological
data and suggests that the smaller electrical responses to
calindol in the ZDF arteries result, at least partially, from this
reduced expression of CaR protein. It is interesting that renal
CaR expression is also downregulated in an animal model of
low-insulin (type I) diabetes (Ward et al., 2001). This may
indicate that hyperglycaemia is a trigger for CaR down-
regulation throughout the body, a possibility with far-
reaching implications for the many metabolic disturbances
that accompany both type I and type II diabetes.



An additional striking feature of the western blot analysis
of the ZDF and ZL vessels was not only a reduction in the
amount of the IK1 (IKc, channel a-subunit) protein in ZDF
samples compared to ZL controls, but also the presence of an
additional band of immunoreactivity to the IK1 antibody.
This represented a protein of 40 kDa compared to the other
band that corresponded to the predicted size of the IK1
monomer (48kDa; Joiner et al., 1997). The lighter protein
could represent an IK1 breakdown product or a misfolded
protein, or it may be a truncated version similar to that of
the related SK3 channel o-subunit previously described by
Tomita et al. (2003).

Clearly, the reduced amount of ‘authentic’ IK1 protein
could be responsible for the reduced -calindol-induced
hyperpolarizations observed in the ZDF vessels. However,
responses to three concentrations of the IKg, activator
1-EBIO were not reduced in the diabetic vessels. This suggests
that the 40kDa species might represent a modified 1K1
protein that could be assembled, along with ‘normal’ IK1
subunits, into functional tetrameric IKc,-like channels.
Whatever the true explanation, collectively, these findings
indicate that it is the reduced expression of the CaR protein
that is the most likely cause of the observed reduction in the
hyperpolarizing and dilator actions of calindol in the model
of type II diabetes.

The CaR and type II diabetes

A key question from this study is whether the vascular CaR-
IKc, pathway makes a contribution to the contractile state of
blood vessels in vivo, and, if so, could the compromise of this
inter-relationship observed in ZDF vessels play a role in the
development of the increased diastolic blood pressure in
patients with type II diabetes? Our findings indicate that the
contribution of the CaR-IKc, pathway to vascular tone in
vivo will be inversely related to the degree of prevailing
vascular tone and consequent magnitude of the associated
K" cloud. However, the presence of such an inhibitory
pathway will tend to hold the membrane potential of
myocytes at a more negative level and contribute a ‘back-
ground vasodilator effect’. A possible indication of this
comes from the IKc, knockout mouse, the basal blood
pressure of which is higher than that of matched controls (Si
et al., 2006). Should the CaR-IK., pathway be compromised,
as indicated in the model of type II diabetes in this study,
this is likely to favour the long-term development of a higher
basal tone, and thus could contribute to the wvascular
complications associated with type II diabetes.

The physiological role of the vascular CaR

A fundamental question concerns the physiological role of
the vascular CaR and the endogenous ligand(s) that might
activate it. The plasma [Ca%™*] is normally well controlled
and it seems unlikely that the CaR acts as a plasma Ca**
sensor. However, by analogy with the K* clouds detected in
this study, we suggest that there could be significant
increases in [Ca%™"], in the myoendothelial spaces of blood
vessels after the activity of, for example, myocyte Na */Ca®*
exchangers in contracting vessels. Activation of the
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CaR-IK¢, pathway under these circumstances could consti-
tute a possible negative feedback system on the myocytes,
reinforcing the effects of other ‘switch-off’ mechanisms in
these cells. Ca®>™" is not the only endogenous ligand of the
CaR that can be activated by many other agents including
amino acids (see Conigrave et al.,, 2007). Post-prandial
hyperaemia is a well-recognized phenomenon (Jeays et al.,
2007) and the possibility that the vascular CaR (or the closely
related receptor, designated GPRC6A; Harno et al., 2008) can
be activated by amino acids is currently under investigation.
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