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Perturbation of chemical coupling by an endothelial Cx40 mutant
attenuates endothelium-dependent vasodilation by K¢, channels
and elevates blood pressure in mice
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Abstract Mutant forms of connexin40 (Cx40) exist in the
human population and predispose carriers to atrial fibrillation.
Since endothelial expression of Cx40 is important for electri-
cal and chemical communication within the arterial wall,
carriers of mutant Cx40 proteins may be predisposed to pe-
ripheral arterial dysfunction and dysregulation of blood pres-
sure. We have therefore studied mice expressing either a
chemically dysfunctional mutant, Cx40T202S, or wild-type
Cx40, with native Cx40, specifically in the endothelium.
Blood pressure was measured by telemetry under normal
conditions and during cardiovascular stress induced by loco-
motor activity, phenylephrine or nitric oxide blockade (N -
nitro-L-arginine methyl ester hydroxide, L-NAME). Blood
pressure of Cx40T202STg mice was significantly elevated at
night when compared with wild-type or Cx40Tg mice, with-
out change in mean heart rate, pulse pressure or locomotor
activity. Analysis over 24 h showed that blood pressure of
Cx40T202STg mice was significantly elevated at rest and
additionally during locomotor activity. In contrast, neither
plasma renin concentration nor pressor responses to phenyl-
ephrine or L-NAME were altered, the latter indicating that
nitric oxide bioavailability was normal. In isolated,
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pressurised mesenteric arteries, hyperpolarisation and vasodi-
lation evoked by SKA-31, the selective modulator of SK¢,
and IKc, channels, was significantly reduced in
Cx40T202STg mice, due to attenuation of the SK, compo-
nent. Acetylcholine-induced ascending vasodilation in vivo
was also significantly attenuated in cremaster muscle arteri-
oles of Cx40T202STg mice, compared to wild-type and
Cx40Tg mice. We conclude that endothelial expression of
the chemically dysfunctional Cx40T202S reduces peripheral
vasodilator capacity mediated by SKc,-dependent
hyperpolarisation and also increases blood pressure.

Keywords Blood pressure - Ascending vasodilation -
Connexin40 - Endothelium - Locomotor activity - Potassium
channels

Introduction

Genetic variations in the gap junction protein, connexin40
(Cx40), are prevalent in the human population, and a single
mutant allele can predispose carriers to atrial fibrillation and
ventricular arrhythmias [16, 28, 42]. This is because Cx40 is
necessary for movement of electrical signals along the con-
duction pathways of the heart [28, 38]. Cx40 is also important
for movement of chemical and electrical signals within arter-
ies and is highly expressed in the endothelium [23, 29, 43], the
main source of vasodilatory factors that regulate vascular tone
and peripheral resistance. However, human carriers of dys-
functional Cx40 proteins have not been examined for arterial
disease, which might result from interference with chemical or
electrical coupling within the vascular wall.

To assess the impact of a dysfunctional endothelial Cx40
on arterial function, we have created a transgenic mouse strain
that expresses a mutant Cx40, in addition to native Cx40,
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specifically in the endothelium [5]. This mutant, Cx40T2025,
contains a threonine to serine substitution at amino acid 202.
This site was chosen as it lies in the centre of a short six-amino
acid sequence shown to be critical for gap junction function
[6, 17, 40]. While this particular mutation has not been asso-
ciated with human pathology to date, there are increasing
reports of links between Cx40 gene mutations and cardiovas-
cular dysfunction in humans [1, 14, 16].

Our previous data showed that inclusion of the Cx40T202S
mutant caused gap junctions to become impermeable to
chemicals, without affecting electrical conductance [5]. At
the vascular level, mesenteric arteries from Cx40T202S trans-
genic (Cx40T202STg) mice exhibited increased arterial stiff-
ness and a greater contractile sensitivity to intraluminal pres-
sure, due to reduced vasodilator capacity following loss of
endothelium-derived hyperpolarisation (EDH; [5]). These da-
ta were consistent with previous studies showing indirect
activation of EDH by chemical feedback from the over-
lying smooth muscle cells via myoendothelial gap junc-
tions following smooth muscle constriction [17, 25, 27,
37] and localisation of Cx40 expression at myoendothelial
gap junctions [18, 22, 29, 34].

In spite of these physiological alterations to vascular
function of Cx40T202STg mice, we saw no change in
daytime blood pressure using tail cuff plethysmography
and concluded that the homeostatic mechanisms that
regulate blood pressure must be sufficient to buffer the
arterial dysfunction [5]. However, carriers of mutant
Cx40 may have reduced tolerance to stresses that nor-
mally increase blood pressure during the active cycle. A
striking example of reduced tolerance comes from mice
that lack endothelial nitric oxide synthase (eNOS; [26]).
When fed a high salt diet, the blood pressure in eNOS
knockout mice was found to rise by approximately
40 mmHg while little effect was seen in wild-type mice
fed the same diet [26]. We therefore hypothesised that
carriers of mutant Cx40T202S may be more sensitive to
cardiovascular stressors, such as locomotor activity and
substances that induce pressor responses.

Since mice are nocturnal, measurements of blood pressure
in the present study were made continuously using radiote-
lemetry. We now report that expression of mutant Cx40T202S
amongst wild-type Cx40 in the endothelium leads to mild
hypertension, as well as augmentation of the blood pressure
increase found during physical activity, without significant
alteration of heart rate, pulse pressure or nitric oxide. With
data from our vascular studies in vivo and in vitro, we propose
that impairment to chemical coupling through the mutant
endothelial Cx40T202S leads to a deficit in activation of the
small conductance, calcium-activated potassium channels
(SK ) which, with intermediate conductance IK, channels,
underpin EDH and this in turn impairs ascending vasodilation.
These data provide an important functional link between
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endothelial Cx40 and SK¢, channels that might contribute to
the observed increase in blood pressure.

Materials and methods
Animals

All experimental procedures were approved by the Animal
Experimentation Ethics Committee of the Australian National
University under the protocol A2011/72 and carried out in
accordance with the Guidelines of the Australian Code of
Practice for the Care and Use of Animals for Scientific
Purposes (National Health and Medical Research Council of
Australia).

Experiments were carried out on 2 to 4-month-old male
wild-type or transgenic C57BL/6 mice created to express
either a single amino acid mutant form of Cx40, Cx40T202S
(Cx40T202STg), or wild-type Cx40 (Cx40Tg), both con-
trolled by the endothelium-specific promoter 7/E2 (see [5],
for details). The Cx40Tg mice were used to control for effects
that were not specific to the Cx40T202S transgene. If an
observed phenotype was due to the T202S mutation, the same
phenotype would not be expected in Cx40Tg mice. Since both
transgenes would be indistinguishable from endogenously
expressed Cx40 protein using Cx40 antibodies, transgenic
constructs were designed to express mutant or wild-type
Cx40, in addition to an independently translated reporter,
EGFP, from the same 77/E2 promoter. Endothelial specificity
of EGFP expression was demonstrated previously in arteries
and arterioles from both Cx40T202STg and Cx40Tg, but not
wild-type mice [5, 30].

A second approach was used to control for artefacts arising
from the site of integration of the Cx40T202S transgene into the
genome. This approach enabled transgene expression to be
regulated through use of the modified Lac operon system [8,
33] and was achieved through addition of Lac operator (LacO)
binding sites to the 7/E2 promoter [30]. When Cx40T202STg
mice were bred to mice ubiquitously expressing the Lac inhibitor
protein, LacI® (Cx40T202STg-Lacl), transgene expression from
the TIE2 promoter was totally repressed [30]. Physiological
phenotypes observed in Cx40T202STg mice could therefore
be compared with those in Cx40T202STg-Lacl mice, where
transgene expression was repressed. If no phenotype was found
in Cx40T202STg-Lacl mice, then observations in
Cx40T202STg mice must have resulted from the transgene
and not the site of integration of the transgene into the genome.

Blood pressure measurement
Mice were anaesthetised by spontaneous inhalation of

isoflurane (2-2.5 % in air) and implanted with a radiotelem-
etry blood pressure device (TA11PA-C10; Data Sciences
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International, St Paul, MN, USA), as described earlier [4].
Mice were allowed to recover for 8 to 10 days prior to
commencing experiments. Blood pressure (mmHg), heart rate
(beats min~'; BPM) and locomotor activity data (number of
changes in mouse location within the cage per min;
counts min_'; CPM) were recorded using DataQuest ART
data acquisition system (Data Sciences International).
Telemetric activity measurements have been verified as reli-
able indicators of locomotor activity, by comparison of activ-
ity curves obtained simultaneously with those obtained from
external infrared cage motion sensors [15]. Data samples were
collected during 20-s periods every 2 min throughout the
study. Blood pressure was measured continuously for 5 days
before mice were treated with the nitric oxide synthase (NOS)
inhibitor N -nitro-L-arginine methyl ester hydrochloride (L-
NAME, 40 mg kg ' day '; Sigma-Aldrich, St Louis, MO,
USA) in their drinking water for a further 6 days.

Following cessation of L-NAME treatment, the blood
pressure in mice was allowed to normalise for 24 or 48 h.
After this period, pressor responses to phenylephrine (Sigma-
Aldrich, St Louis, MO, USA) were examined. First, a vehicle
solution containing 0.9 % NaCl and 0.2 % ascorbic acid was
injected into the peritoneum of mice and blood pressure was
monitored for 24 h. The following day, mice were injected
with phenylephrine (5 mg kg ') dissolved in the vehicle
solution and injected as described above. Blood pressure
was again monitored for 24 h after injection. Mice were
euthanised by CO, inhalation, probes were removed and
pressure recordings were again made to determine the accu-
racy of recordings and probe integrity.

Measurement of plasma renin concentration

Mice were lightly anaesthetised with isoflurane and a 200-uL
blood sample was immediately collected from the retro-orbital
sinus into heparinised glass tubes (Natelson, Oxford Labware, St
Louis USA) and transferred to tubes containing 4 uL of a
protease inhibitor cocktail (Na,EDTA 50 mmol L™, aprotinin
21 U L', N-ethylmaleimide 200 mmol L™, leupeptin
10.5 pumol L™" and pepstatin-A 1.5 umol L™"; Sigma-Aldrich,
St Louis, MO, USA). The plasma fraction was removed after
centrifugation and frozen. Plasma renin concentration was de-
termined using radio immunoassay (ProSearch International
Australia Pty Ltd, Malvern, VIC, Australia) from samples col-
lected at the same time each day. Exogenous substrate was
added to the reaction to avoid rate limitation and data expressed
as a measure of angiotensin I production [24].

Assessment of potassium channel function in mouse small
mesenteric arteries in vitro

We assessed potassium channel function in small, third-order
mesenteric resistance arteries, which were removed from mice

after deep anaesthesia with isoflurane and decapitation.
Arteries were placed into ice cold physiological salt solution
(PSS) containing, in millimole per litre: NaCl, 120; KCI, 5;
NaHCOs, 25; CaCl,, 2; MgSOy, 2; NaH,POy, 1; and glucose,
11, removed from their surrounding fatty tissue and cannu-
lated with glass micropipettes in a chamber containing
calcium-free PSS. They were then pressurised to 50 mmHg
(Living Systems Instruments, Burlington, VT, USA),
stretched by 33 % from their initial isolated length in order
to regain their in vivo length and superfused at 37 °C with
calcium-containing PSS, gassed with 5 % CO, in air, for 1 h,
during which time the arteries developed myogenic tone.
Intraluminal pressure was then increased to 70 mmHg and
arterial tone was allowed to stabilise for 20 min.

Vasodilator responses were measured with a line-detection
programme [31] to successive concentrations of SKA-31, a
selective allosteric modulator of SK¢, (small conductance)
and IKc, (intermediate conductance) potassium channels
[35]. Stock solutions of SKA-31 were made in DMSO and
diluted in PSS, with the maximum concentration of DMSO in
the final solution being 1:3333. Vehicle control experiments
demonstrated that this concentration of DMSO had no effect
on vessel diameter. Maximal vessel diameter (Dy.x) Was
determined at the end of the experiments by incubation in
calcium-free PSS containing 10 mmol L™ ethylene glycol
tetra-acetic acid. The amplitude of SKA-induced vasodilation
is expressed as a percentage of the dilator capacity:
100% (Dsga—Do)/(Dyax—Do), where Dgi 4 is the diameter
after application of SKA-31 and D, is the resting diameter.
The role of SK¢, and IK, channels in the actions of SKA-31
was determined by pre-incubation for 30 min in UCL1684
(1 um L"), followed by a combination of UCL1684
(1 um L") and TRAM-34 (1 pm L '; 30 min) to block
SK¢, and IK¢, channels, respectively.

Membrane potential measurements were made in similarly
isolated and pressurised third-order mesenteric resistance ar-
teries using sharp microelectrodes (100-160 M(?) filled with
0.2 % propidium iodide in 0.5 mmol L™ KCI for identifica-
tion of impaled cells. Records were amplified with an
Axoclamp 200A (Molecular Devices, USA) and recorded
using pClamp Software (v.10; Molecular Devices, USA).
Criteria for successful impalements were an abrupt signal
deflection upon cell impalement and withdrawal, with return
to baseline potentials with less than 10 mV offset upon re-
moval of the electrode. Membrane potentials were determined
upon withdrawal of the electrode in each concentration of
SKA-31.

Assessment of ascending vasodilation in cremaster muscle
arterioles in vivo

Ascending vasodilation was studied in second- or third-order
cremaster muscle arterioles of wild-type, Cx40Tg and
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Cx40T202STg mice anaesthetized intraperitoneally
(1 mg kg ' medetomidine and 10 mg kg ' midazolam,
Pfizer Australia Pty Ltd, NSW, Australia; and 0.1 mg kg
fentanyl, Mayne Pharma Ltd, Victoria, Australia) and contin-
uously infused via a jugular vein catheter (medetomidine
0.02 mg h™'; midazolam 0.2 mg h™'; fentanyl
0.002 mg h™"). Body temperature was maintained at ~37 °C
by a heating pad and mice were intubated with a polyethylene
cannula to facilitate breathing. The right cremaster muscle was
spread over a coverslip to enable visualisation of arterioles and
superfused (3 ml min~") with Krebs solution (in mmol L™":
NaCl, 118.4; KCl, 3.8; NaHCO3, 25; KH,POy,, 1.2;
CaCl,-2H,0, 2.5; and MgS0O47H,0, 1.2), gassed with 5 %
CO, in N,, pH 7.4, at 34 °C.

L-NAME and indomethacin (both 10 pumol L™, Sigma-
Aldrich, St Louis, MO, USA) were present in all experiments
to inhibit the production of nitric oxide and prostaglandins,
respectively, and isolate responses due to EDH [21]. Nitric
oxide and prostaglandins contribute to the local, but not the
ascending, mechanical response, because they do not affect
membrane potential [41].

Ascending vasodilations were studied after local stimula-
tion with acetylcholine (ACh, 1 mol L, Sigma-Aldrich, St
Louis, MO, USA) via ionophoresis from a micropipette (tip
diameter 1 wm; 500 nA; 0.5- and 1-s duration), positioned
adjacent to the vessel surface; a retaining current (—200 nA)
was applied to prevent continuous release of ACh from the
pipette. In order to standardise the delivery of ACh to the
vessel surface across genotypes, a small area of skeletal mus-
cle was removed to expose the vessel surface. Our previous
studies have shown that this procedure did not affect local or
ascending ACh-induced dilations [41].

Changes in diameter were measured at the site of ACh
application (0 mm) and then at 0.5, 1, 1.5 and 2 mm upstream
without movement of the ionophoretic pipette (see [41]). Only
vessels without intervening side-branches were studied. Dyax
was determined at the end of the experiment at each measure-
ment site by superfusion of Krebs solution containing sodium
nitroprusside (SNP, 30 pumol L' Univar, Ingleburn, NSW,
Australia), ACh (30 umol L™") and adenosine (30 pumol L™";
Merck, Kilsyth, Victoria, Australia). Mice were killed at the
end of the experiments by cervical dislocation under
anaesthesia.

The amplitude of ACh-induced dilation at the local site and
at sites up to 2 mm upstream was normalised to the dilator
capacity at each site as 100 x(Dacp—Do)/(Dyax— Do), Where
D¢y, is the diameter after application of ACh and D, repre-
sents the resting diameter at that site.

Statistical methods

Data are presented as mean=+standard error of the mean for the
number of animals given in figure legends. Exponential
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regression and sigmoidal concentration-response curves were
fitted to the mean values obtained for each genotype and curve
parameters were calculated by Graph Pad Prism 4. Statistical
comparisons were made using one-way or two-way ANOVA,
followed by Bonferroni tests for multiple comparisons, where
n represents the number of mice.

Results

Expression of Cx40T202S in the endothelium causes blood
pressure to be elevated at night

Mean arterial pressure (MAP) was continuously recorded in
wild-type, Cx40Tg, Cx40T202STg and Cx40T202STg-Lacl
mice using radiotelemetry. In all genotypes tested, MAP was
found to be higher at night than in the day (Fig. 1a), consistent
with murine nocturnal behaviour. The MAP of each mouse
was therefore determined for day and night time periods and
the average for each genotype was calculated over five suc-
cessive days (Fig. 1b, ¢). During the day, there was no signif-
icant difference amongst the MAPs of the four genotypes
(Fig. 1b). However, at night, the MAP of Cx40T202STg mice
was significantly higher than wild-type, Cx40Tg and
Cx40T202STg-Lacl mice (Fig. 1¢). The absence of any com-
parable increase in blood pressure of Cx40Tg and
Cx40T202STg-Lacl mice demonstrated that the effect seen
in Cx40T202STg mice was not simply due to over expression
of Cx40 protein or an effect caused by random transgene
integration, respectively. No difference in heart rate
(Fig. 1d, e) or average locomotor activity (Fig. 1f, g) was
observed amongst the genotypes either during the day or
night.

To determine whether the effect seen in Cx40T202STg
mice was specific to endothelial cells in arteries, and not the
interaction between endothelial and renin secreting cells in the
kidney, renin was also measured. Plasma renin concentration
was not significantly different amongst wild-type, Cx40Tg
and Cx40T202STg mice (wild-type: 262+20 ng angiotensin
I mL™" h™'; Cx40Tg: 300+36 ng angiotensin I mI™" h™';
Cx40T202STg: 282+36 ng angiotensin I ml™" h™).

Expression of Cx40T202S in the endothelium augments
the blood pressure response to locomotor activity

Since mice are more active at night than during the day, we
hypothesised that the higher blood pressure seen at night in
Cx40T202STg mice was due to an increased response to
activity. When the MAP and activity of a wild-type mouse
were plotted over a 24-h period, elevations in MAP
corresponded clearly to periods of elevated activity (Fig. 2a).
In the absence of any activity, the average MAP of
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Fig. 1 Expression of
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elevates night time blood

pressure. a The mean arterial
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than during the day (means for
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night. f, g Day time and night time

activity was similar for all

genotypes. D, day time. N, night
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*P<0.05 compared to wild-type.
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Cx40T202STg mice was significantly higher than that of
wild-type or Cx40Tg mice (Fig. 2b), while there was no
significant alteration in either heart rate or pulse pressure
(Fig. 2c¢, d). These data demonstrated an activity-
independent elevation of MAP in Cx40T202STg mice which
did not result from alteration of cardiac function.

In order to study the effect of physical activity on MAP, in
isolation from any activity-independent effect, we calculated
the change in MAP with each increased level of activity above
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zero activity for each mouse and the corresponding average
for each genotype (Fig. 2e). In all three genotypes, the average
change in MAP from their respective blood pressure baseline
in the absence of activity (Fig. 2b) was fitted by a one-phase
exponential regression curve (Fig. 2¢; Table 1). From these
curves, the maximum blood pressure in response to activity
was significantly higher in Cx40T202STg mice and signifi-
cantly lower in Cx40Tg mice, compared to wild-type mice
(Fig. 2e, Table 1). These maxima presumably result from the
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impact of adaptive mechanisms, such as the baroreflex, which ~ Expression of Cx40T202S in the endothelium
serve to regulate blood pressure within physiological ranges  does not enhance pressor responses to L-NAME
that would preclude peripheral organ damage [32]. or phenylephrine
Thus, expression of Cx40T202S in the endothelium ele-
vates blood pressure during inactivity and this is further aug-  Treatment of wild-type, Cx40Tg and Cx40T202STg mice with
mented during activity. the NOS inhibitor L-NAME caused a significant elevation in

Table 1 Characteristics of one phase exponential association curve fits of activity level versus change in blood pressure (Fig. 2¢)

Parameter Wild-type (7) Cx40Tg (7) Cx40T202STg (8)

Mean arterial pressure
Rate constant (mmHg CPMfl) 0.30+0.02 0.23+0.02 0.25+0.02
Maximum value (AmmHg) 20.0+0.2 18.0£0.3* 23.54+0.3*%F

The number of mice is described in parenthesis
CPM activity counts per minute
*P<0.05, compared to wild-type; $P<0.05 compared to Cx40Tg
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day time and night time MAP that was not different amongst
the genotypes (Table 2), indicating that nitric oxide bioavail-
ability was not altered in either Cx40Tg or Cx40T202STg
mice. Although there was a trend for the blood pressure of
Cx40T202STg mice to be higher than that of the other two
genotypes, this was no longer significant under these pressor
conditions (Fig. 3a). No difference in heart rate or activity was
observed amongst the genotypes during L-NAME treatment,
either during the day or night (Fig. 3b, c; Table 2). The
significant decrease found in heart rate at night in all three
genotypes during L-NAME treatment, relative to baseline
(Table 2), suggested that central homeostatic mechanisms that
regulate blood pressure were intact in all three genotypes.
Phenylephrine, given intraperitoneally, caused a rapid in-
crease in MAP of wild-type, Cx40Tg and Cx40T202STg mice
that declined over a period of 1 to 3 h, while injection of
vehicle had no substantial effect (Fig. 3d—f). To examine
whether sensitivity to phenylephrine was altered by
Cx40T202S expression, the change in blood pressure caused
by phenylephrine was analysed over 4 h following adminis-
tration. No significant differences were observed in peak
blood pressure response, increase in MAP or peak heart rate
amongst wild-type, Cx40Tg and Cx40T202STg mice
(Table 3). However, when the decline in blood pressure was
fitted to a one-phase exponential decay model, it was found to
be significantly faster in Cx40T202STg mice and returned to a
significantly lower baseline when compared to wild-type and
Cx40Tg mice (Fig. 3g; Table 3). Heart rate did not vary
amongst the genotypes after return to baseline (Table 3).

Expression of Cx40T202S in the endothelium reduces
activation of K¢, channels by SKA-31

The observation of an activity-dependent increase in the blood
pressure of Cx40T202STg mice might indicate impairment to

peripheral vasodilatory function. In order to test whether the
K¢, channels which underpin EDH [3] were altered, we
measured hyperpolarisation and vasodilation in response to
the positive allosteric modulator of SK¢, and IK¢, channels
[35] in pressurised small mesenteric arteries in vitro. Data
showed that there was a significant concentration-dependent
decrease in the amplitude of hyperpolarisation evoked by
SKA-31 in smooth muscle cells of arteries of
Cx40T202STg, compared to wild-type mice (Fig. 4a, b;
P<0.05; two-way ANOVA; wild-type: n=5 mice,
Cx40T202STg: n=5 mice). The sensitivity to SKA-31 of
vasodilation was also significantly reduced in arteries from
Cx40T202STg compared to wild-type mice (Fig. 4c; P<0.05;
two-way ANOVA; wild-type: n=12 mice; Cx40T202STg: n=
11 mice). The ability of the reduced hyperpolarisation in
Cx40T202STg mice to produce the same maximal
vasodilatory response as that in wild-type mice is consistent
with our previous studies which showed that linearity between
the electrical and mechanical responses is restricted to a nar-
row voltage window [41].

Block of SK, channels with UCL1684 (1 um L") signif-
icantly shifted the concentration-response curve to SKA-31 to
the right in arteries from wild-type (P<0.05; two-way
ANOVA), but not Cx40T202STg mice (Fig. Sa, b). Addition
of the IK¢, blocker, TRAM-34 (1 um L") to UCL1684
significantly reduced the amplitude of dilation in arteries from
both wild-type and Cx40T202STg mice (Fig. 5c; two-way
ANOVA). There was no difference between the genotypes in
resting diameter, Dy, or vascular tone (Table 4).

Expression of Cx40T202S in the endothelium reduces
ascending vasodilation to ACh

A decrease in the local generation of EDH, which could
result from a deficit in the activation of K¢, channels

Table 2 Changes in mean arterial pressure, heart rate and activity in response to L-NAME treatment (Fig. 3a—c)

Parameter Wild-type (7) Cx40Tg (8) Cx40T202STg (8)
Mean arterial pressure

A Daytime MAP (mmHg) +11.1+1.3 +12.5+2.1 +14.24+2.0

A Night time MAP (mmHg) +12.3+1.5 +12.6+3.0 +10.5+1.3

Heart rate

A Daytime HR (BPM) -8.5+8.1 —24.1+8.9 —18.7+12.2

A Night time HR (BPM) —40.7+8.2 —23.8+7.2 —53.244.6
Activity

A Daytime activity (CPM) +0.1+0.2 +0.1+0.2 +0.6+0.5

A Night time activity (CPM) -1.5+0.6 -1.5+0.6 -3.9+0.8

Changes in parameters were calculated by subtracting the mean parameter values obtained prior to L-NAME treatment from the mean parameter values
obtained during L-NAME treatment for each mouse. Values are expressed as mean+standard error. The number of mice is described in parenthesis

MAP mean arterial pressure, AR heart rate, BPM beats per minute, CPM activity counts per minute
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Fig. 3 Expression of
Cx40T202S in the endothelium
does not augment the pressor
effects of L-NAME or
phenylephrine. a During L-
NAME treatment, the MAP did
not vary amongst wild-type,
Cx40Tg or Cx40T202STg mice
during day or night. b No
difference in heart rate or activity
(c) was seen amongst the
genotypes during L-NAME
treatment during day or night
(n=7 wild-type, n=8 Cx40Tg,
n=8 Cx40T202STg). d—{f
Injection of phenylephrine caused
a rapid increase in MAP of
individual wild-type (d), Cx40Tg
(e), and Cx40T202STg (f) mice
which then decayed over 2 to 3 h.
Injection of vehicle had no effect.
g Responses observed in groups
of wild-type, Cx40Tg and
Cx40T202STg mice were
averaged and the change in MAP
over time was fitted by an
exponential decay model (n=4
wild-type mice, n=5 Cx40Tg
mice, n=4 Cx40T202STg mice).
MARP returned to a significantly
lower baseline in Cx40T202STg
mice when compared to wild-type
and Cx40Tg mice. *P<0.05
compared to wild-type. 1P<0.05
compared to Cx40Tg. Pale lines
in g represent the average=SEM
change in MAP that occurred in
each genotype at each time point
after injection. Summary statistics
for the curve fit are listed in
Table 2
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Table 3 Characteristics of the mean arterial pressure and heart rate changes following intraperitoneal phenylephrine (5 mg kg ') injection (Fig. 3d-g)

Parameter Wild-type (4) Cx40Tg (5) Cx40T202STg (4)
Mean arterial pressure

Peak BP (mmHg) 16243 163£5 157+6

Peak increase (AmmHg) 69+7 67+5 6242

Decay constant (mmHg min ") 1.24+0.07 1.43+0.08 1.60+0.06*
Baseline post PE (AmmHg) -1.9+£0.8 —2.2+0.7 —9.0+0.4%F

Heart rate

BP peak (BPM) 545+61 607+24 519+28

BP baseline post PE (BPM) 575454 621+30 573+41

The number of mice is described in parenthesis next to each genotype

BPM beats per minute, PE phenylephrine, BP blood pressure

*P<0.05, compared to wild-type; $P<0.05 relative to Cx40Tg
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[7, 10, 11], could affect ascending vasodilation, a re-  genotypes (Table 5) or with distance from the local

sponse that contributes to the increased blood flow to
muscles during activity and depends on electrical cou-
pling via endothelial Cx40 [3, 9, 23].

We therefore measured vasodilation over 2 mm
in vivo in cremaster muscle arterioles of wild-type,
Cx40Tg and Cx40T202STg mice, following focal stim-
ulation of EDH with ACh (1 s pulse). However, no
significant attenuation in ascending vasodilation was
found amongst the genotypes over the experimental
window of 2 mm (Fig. 6a). It was therefore necessary
to reduce the local stimulus (0.5 s pulse) in order to
visualise the decay phase of ascending vasodilations, as
we have done previously [41]. Although vasodilation at
the local site did not differ significantly between the
two stimuli (Fig. 6a cf. Fig. 6b), the decay of ascending
vasodilation with distance was significantly greater in
Cx40T202STg arterioles compared to that in arterioles
of wild-type and Cx40Tg mice (Fig. 6b; P<0.05; two-
way ANOVA). Vascular tone was significantly greater in
both Cx40T202STg and Cx40Tg mice than in wild-type
mice, while Dy, did not vary significantly amongst the

stimulation site.

Discussion

The findings of this study demonstrate that expression of a
chemical mutant form of Cx40, Cx40T202S, specifically in
the endothelium of mice significantly elevates nocturnal blood
pressure, in the absence of any perturbation to cardiac activity.
Importantly, this effect was specific to the mutant endothelial
Cx40T202S transgene and not to any “position” effect caused
by random insertion of the transgene into the genome, as
blood pressure was normal in Cx40T202STg-Lacl mice, in
which transgene expression was inhibited [30]. Dysregulation
of blood pressure was also not due to overexpression of
endothelial Cx40 protein, since mice overexpressing wild-
type Cx40 exhibited normal blood pressure. Detailed analyses
of blood pressure and activity levels over the full day/night
period showed that blood pressure was significantly elevated
at rest and augmented by locomotor activity more than in
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Fig. 5 Expression of Cx40T202S in the endothelium reduces the SK¢,
component of vasodilation to SKA-31. a, b Vasodilation in response to
SKA-31 was significantly reduced by block of SKc, channels
(UCL1684; 1 um L") in wild-type arteries, but not in Cx40T202STg
arteries. ¢ The additional block of IK¢, channels (TRAM-34; 1 um Lfl)
reduced dilation to SKA-31 to a similar extent in both wild-type and
Cx40T202STg arteries (n=5 wild-type mice, n=5 Cx40T202STg mice;
*P<0.05 from wild-type; two-way ANOVA)

Table 4 Characteristics of mesenteric arteries used for in vitro study of
SKA-31 (Fig. 4, 5)

Parameter Wild-type Cx40T202STg
mice (17) mice (16)
Resting diameter (pm) 127.54£5.2 119.2+£5.2
Maximum diameter (p1m) 177.0+5.5 172.8+5.8
Vascular tone %(1—D/Dyax) 28.1+1.5 31.2+1.6

The number of mice is described in parenthesis next to each genotype
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Fig. 6 Expression of Cx40T202S in the endothelium reduces ascending
vasodilation. a Focal application of ACh (1 s) to cremaster muscle
arterioles of wild-type, Cx40Tg, and Cx40T202STg mice caused ascend-
ing vasodilation that did not differ amongst the genotypes (n=7 wild-
type, n=5 Cx40Tg, n=8 Cx40T202STg). b Reduction in the local ACh
stimulus (0.5 s) revealed a significantly greater attenuation in ascending
vasodilation in Cx40T202STg mice, relative to Cx40Tg mice (n=6 wild-
type, n=5 Cx40Tg, n=5 Cx40T202STg). *P<0.05 compared to wild-
type; two-way ANOVA with Bonferroni post tests

wild-type mice. In contrast, pressor responses to L-NAME or
phenylephrine were unchanged, although the blood pressure
rebound following phenylephrine exposure was larger and
faster in Cx40T202STg mice. While these studies indicated
that bioavailability of nitric oxide was not altered, the mutant
endothelial Cx40T202S transgene reduced the sensitivity of
hyperpolarisation and vasodilation to the 1K, and SKc,
channel modulator, SKA-31, in mesenteric arteries through a
deficit in the SK¢, component and attenuated ascending va-
sodilation following local ACh stimulation in skeletal muscle
arterioles. Together, these data suggest that the increased
blood pressure in Cx40T202STg mice might be in part related
to a deficit in peripheral vasodilatory mechanisms mediated
by hyperpolarisation through SK, channels.
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Table 5 Characteristics of cremaster arterioles used for in vivo study of ascending vasodilation (Fig. 6)

Parameter Wild-type (8) Cx40Tg (5) Cx40T202STg (9)
Resting diameter (pum) 15.8+1.1 11.0+£0.8%* 11.5+£0.6*
Maximum diameter (ptm) 42.3+2.5 40.6+2.3 41.2+2.6
Vascular tone %(1—D/Dyyay) 62.0+3.0 72.4+2.3% 71.8+£1.2%

L-NAME (10 pmol L") and indomethacin (10 umol L") were present to block nitric oxide and prostaglandins, respectively. The number of mice is
described in parenthesis next to each genotype. *P<0.05, compared to wild-type

The in-depth analysis of blood pressure in this study dem-
onstrates that the presence of the chemical mutant Cx40
amongst wild-type Cx40 in the endothelium is sufficient to
disrupt arterial function and increase blood pressure. This
finding is in contrast to conclusions made regarding the
TIE2-Cre-Cx40"™ mice [23, 39], in which Cx40 is selectively
deleted from the endothelium but blood pressure remains
normal. However, it should be noted that in the latter study,
blood pressure measurements were only recorded during the
day time and the effect of activity was not analysed [39].
Under daytime conditions, we also did not see any significant
increase in blood pressure in our endothelial-specific Cx40
model in the present study using radiotelemetry or in our
previous study using tail cuff plethysmography [5].

In contrast to locomotor activity, pressor responses caused by
phenylephrine or NOS inhibition were similar in Cx40T202STg
mice to those in wild-type mice. Thus, the presence of the
mutant Cx40 in the endothelium of Cx40T202STg mice affects
tolerance to some cardiovascular stressors, such as activity, but
not others. One explanation could be that the adaptive mecha-
nisms possessed by the cardiovascular system are sufficient to
buffer the blood pressure increase induced by these latter pres-
sors. Indeed, the significant decrease in heart rate found at night
time during L-NAME treatment in both Cx40T202STg and
wild-type mice suggests that central homeostatic mechanisms
are intact, irrespective of the endothelial Cx40 mutation. In
addition, the absence of any significant difference in the pressor
response to L-NAME between Cx40T202STg mice and wild-
type mice provides evidence that the Cx40T202S mutant does
not interfere with the nitric oxide pathway.

Interestingly, in Cx40T202STg mice, the decline in blood
pressure following phenylephrine injection was faster and
settled at a lower baseline than in wild-type mice and in mice
overexpressing wild-type Cx40. The exponential decline in
blood pressure that occurs after phenylephrine injection may
in part reflect the activity of RGS2 (regulator of G-protein
signalling 2) which can attenuate G protein signalling through
most physiological vasoconstrictor receptors [19]. Thus, when
RGS2 knockout mice are injected with phenylephrine, the
decline in blood pressure is much slower than in wild-type
mice [19]. Our data may therefore suggest that the adaptive
response to some pressor-inducing substances, such as phen-
ylephrine, is enhanced in Cx40T202STg mice.

An activity-dependent increase in the blood pressure of
Cx40T202STg mice might result from impairment to peripheral
vasodilatory function attributable to EDH. However, we did not
expect that EDH would be impaired since Cx40 is not essential
for the local endothelial hyperpolarisation or vasodilation in
response to ACh [2, 20]. Moreover, the electrical passage of
EDH from the endothelial cells to the smooth muscle cells
would be expected to be intact through gap junctions containing
Cx40T202S [5]. Nevertheless, genetic deletion of the SK¢, and
IK(, channels underpinning EDH [7, 10, 11] produces an
activity-dependent hypertension of similar magnitude to that
described here [3]. We therefore tested whether activation of
these K¢, channels was impaired in pressurised mesenteric
arteries of Cx40T202STg mice, through use of the selective
modulator, SKA-31 [35]. Data showed that the sensitivity of
both the SKA-induced hyperpolarisation and vasodilation was
reduced in arteries from Cx40T202STg mice compared to wild-
type mice, and this resulted from reduction in activation of SK¢,
channels. Interestingly, in rat mesenteric arteries, SK ¢, channels
have been localised in close association with endothelial Cx40
[29, 34], suggestive of a direct functional interaction. However,
a comprehensive study is required in order to determine whether
the reduction in SK¢, function is due to a specific physical
interaction with the mutant Cx40 channel or to a physiological
interaction which may be modified through the blockade of
chemical coupling by Cx40T202S.

Impairment to the activation of SK¢, channels would be
expected to impact on ascending vasodilation in skeletal mus-
cle arterioles, since this response requires hyperpolarising
current through both SK, and IK, channels [36]. In contrast,
the subsequent spread of the hyperpolarisation upstream
through endothelial Cx40 gap junctions, which is also essen-
tial to ascending vasodilation [9, 12, 13, 23], would not be
expected to be impaired in Cx40T202STg mice, since electri-
cal conductance of the mutant Cx40T202S was intact [5]. Any
deficit in SK¢, channel activity would therefore reduce as-
cending vasodilation by attenuating the amplitude of the local
endothelial hyperpolarisation, rather than conduction of the
hyperpolarisation along the endothelium. We therefore
assessed the in vivo conduction of vasodilation in skeletal
muscle arterioles and found that this response was attenuated
in Cx40T202STg, compared to that in wild-type mice. This
attenuation was specific to the Cx40T202S mutation, since
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conduction of vasodilation was not altered in arterioles of
mice overexpressing native Cx40. Moreover, the attenuation
in ascending vasodilation did not result from the increased
tone of Cx40T202STg arterioles relative to wild-type mice,
since arterioles from Cx40Tg mice exhibited a comparable
increase in tone in the absence of other vasodilators.

Gap junctions are widely expressed in the heart and vascu-
lature. In the heart, gap junctions play an essential role in
synchronisation of the cardiac rhythm and, in line with this
role, human carriers of Cx40 mutants are predisposed to atrial
fibrillation. In the vasculature, endothelial cells are highly
coupled by gap junctions, not only to each other but also to
the overlying smooth muscle; connections which are essential
for the spread of electrical responses both radially and longi-
tudinally within the vascular wall. Our current studies provide
new data that chemical impairment of endothelial Cx40 func-
tion contributes directly to the regulation of blood pressure.
We also show that the Cx40T202S mutant reduces peripheral
vasodilator capacity due to impairment to the activation of
SK ¢, channels. To our knowledge, this is the first report of a
functional link between endothelial Cx40 and SK, channels.
Although a reduction in peripheral vasodilator capacity could
contribute to the increased blood pressure of the
Cx40T202STg mice, so also could the loss of myoendothelial
feedback which results in elevated myogenic tone, as we have
reported previously [5]. Interestingly, the effects on blood
pressure seen here resulted from the introduction of Cx40
molecules, with a single point mutation which suppressed
chemical but not electrical conductance, into the endogenous
Cx40 population in the endothelium. Since the process of
ascending vasodilation relies critically on electrical conduc-
tion along the endothelium via Cx40 gap junctions [9, 23], it
would be expected that Cx40 mutations which also attenuate
electrical conductance, could have an even greater effect on
ascending vasodilation and cardiovascular function than the
one described here. Thus, heterozygous, human carriers of
single point Cx40 mutations, which can act as dominant
negatives, could be predisposed to the pathophysiological
consequences of arterial dysfunction, in addition to their doc-
umented cardiac problems.
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