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Aims Endothelial SKCa and IKCa channels play an important role in the regulation of vascular function and systemic blood
pressure. Based on our previous findings that small molecule activators of SKCa and IKCa channels (i.e. NS309 and
SKA-31) can inhibit myogenic tone in isolated resistance arteries, we hypothesized that this class of compounds
may induce effective vasodilation in an intact vascular bed, such as the coronary circulation.

Methods
and results

In a Langendorff-perfused, beating rat heart preparation, acute bolus administrations of SKA-31 (0.01–5 mg) dose-
dependently increased total coronary flow (25–30%) in both male and female hearts; these responses were asso-
ciated with modest, secondary increases in left ventricular (LV) systolic pressure and heart rate. SKA-31 evoked
responses in coronary flow, LV pressure, and heart rate were qualitatively comparable to acute responses evoked
by bradykinin (1 mg) and adenosine (10 mg). In the presence of apamin and TRAM-34, selective blockers of SKCa

and IKCa channels, respectively, SKA-31 and bradykinin-induced responses were largely inhibited, whereas the adeno-
sine-induced changes were blocked by �40%; TRAM-34 alone produced less inhibition. Sodium nitroprusside (SNP,
0.2 mg bolus dose) evoked changes in coronary flow, LV pressure, and heart rate were similar to those induced by
SKA-31, but were unaffected by apamin + TRAM-34. The NOS inhibitor L-NNA reduced bradykinin- and adenosine-
evoked changes, but did not affect responses to either SKA-31 or SNP.

Conclusion Our study demonstrates that SKA-31 can rapidly and reversibly induce dilation of the coronary circulation in intact
functioning hearts under basal flow and contractility conditions.
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1. Introduction
The contributions of endothelium-derived nitric oxide (NO) and
prostacyclin (PGI2) to agonist-mediated vasodilation in the vasculature
are well established; however, it is now apparent that additional cellu-
lar processes may be activated to evoke vasorelaxation via mechan-
isms not strictly dependent on NO and/or PGI2 synthesis.1– 3 Early
studies by several investigators (for review1) demonstrated that vaso-
dilatory hormones evoked negative membrane hyperpolarization in
isolated vascular endothelial cells, and subsequent studies indicated
that this response was largely dependent upon the activation of
small- and intermediate-conductance, Ca2+-activated K+ channels
(SKCa and IKCa channels, respectively) that are prominently expressed

in vascular endothelium.4 Functionally, we and others have demon-
strated that pharmacologic blockade of SKCa and IKCa channels inter-
fere with both agonist-evoked NO synthesis, hyperpolarization of
vascular endothelium and smooth muscle, and subsequent vasorelaxa-
tion.5 –10 Moreover, genetic disruption of IKCa channels in mice
impairs agonist-evoked vasodilation, which is amplified when genes
for both SKCa and IKCa channels are inactivated in the same
animal.11– 13 In addition to their potential contribution to stimulated
NO production,14,15 it is therefore generally accepted that SKCa and
IKCa channel activation generates an ‘endothelium-dependent hyper-
polarization’ (EDH) signal that is readily conducted both along the
endothelium and into the smooth muscle cell layer via gap junction-
mediated, cell–cell communication, leading to smooth muscle cell
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hyperpolarization, the closure of voltage-gated calcium channels, and
inhibition of vascular tone.16 Such observations imply that alterations
of endothelial SKCa and IKCa activities can have profound effects on
the control of vascular tone both locally and at a distance via multiple
cellular pathways. Collectively, these data highlight the physiologic im-
portance of EDH and SKCa and IKCa channels to the regulation of vas-
cular tone16 and make it evident how impairment of these channels
may contribute to endothelial dysfunction (for recent reviews17,18).

Positive gating modulators of SKCa and IKCa channels, such as
NS309 and SKA-31, have been shown to augment agonist-induced in-
hibition of myogenic tone in isolated resistance arteries14,15,19 and to
lower blood pressure following acute administrations in conscious
mice and dogs.19,20 However, there has been limited information
regarding the effects of such agents in distinct vascular beds, and it
is not at all clear whether all vascular beds are affected in a similar
manner by these activators. Moreover, it is unclear whether gender
and/or hormonal influences, which are known to affect vascular
reactivity and health,21,22 may also impact the effects of KCa channel
activators. To address such issues, we have exploited the Langendorff-
perfused, beating rat heart preparation to examine the direct effects
of endothelial SKCa and IKCa channel activation on total flow in the
coronary circulation using the direct channel activator SKA-31.19

The novel results of our study demonstrate that a SKCa and IKCa

channel activator can evoke direct and robust vasodilation in the cor-
onary circulation in both male and female rat hearts in the apparent
absence of additional hormonal and neural inputs.

2. Methods

2.1 Experimental protocol
The experimental protocols used in this study were approved by the Uni-
versity of Calgary Animal Care Committee, and conform with the Guide
for the Care and Use of Laboratory Animals, published by the US National
Institutes of Health (8th edition, 2011). Sprague–Dawley rats (11–12
weeks of age) were injected intraperioneally with sodium pentobarbitol
(50 mg/kg) to induce surgical anaesthesia (i.e. stage 3, loss of blink
reflex), and then sacrificed by cervical dislocation. The heart was carefully
excised and placed in ice-cold Krebs buffer (see Supplementary material
online), followed by removal of superficial fat and connective tissues.
The heart was then mounted on a blunted 16-gauge needle and perfused
retrograde through the ascending aorta with Krebs buffer at constant
pressure (i.e. 90 cm H2O). This forces the aortic valve to close and
diverts perfusate into the coronary arteries via the coronary ostia. The
flow rate was monitored via an inline Doppler flow probe and a Transonic
T206 flow meter. The perfusate was maintained at 378C by a circulating
water bath and gassed continuously with 5% CO2 and 95% air. Iso-
volumetric left ventricular (LV) developed pressure was measured with
a fluid-filled latex balloon inserted into the left ventricle via the left
atrium and connected to a pressure transducer (model 60–3002,
Harvard Apparatus). The balloon volume was adjusted to obtain a diastol-
ic pressure of �20 mmHg. LV pressure, heart rate, and coronary flow
signals were digitally recorded using WinDaq data acquisition software.
Langendorff-perfused hearts were allowed to equilibrate until heart rate
and contractility reached steady state (i.e. 20 min or more), and drugs
were acutely administered as 0.1 mL bolus injections into the perfusate
via an injection port positioned upstream of the heart. In some experi-
ments, hearts were treated with N-nitro-L-arginine (L-NNA, 0.1 mM),
apamin (0.1 mM), and/or TRAM-34 (1 mM) for 25–30 min, and then
drug exposures were repeated in the continued presence of the
treatment.

2.2 Data analysis
Drug-induced changes in coronary flow were quantified by first integrat-
ing the area beneath the flow tracing immediately prior to the time point
of drug administration (basal value) and then the area beneath the curve
following development of the full drug-induced response (drug); standard
epochs of 100 s were used for each determination. Thus, an individual
drug-induced response was always compared with a matched control
measurement obtained immediately prior to drug perfusion, thereby min-
imizing any influence of tissue ‘run-down’ over the duration of a typical
2–3 h experiment. This same protocol was also used for the analysis of
changes in LV systolic pressure and heart rate (see below). Drug-induced
changes in flow were determined using the equation below and are
expressed as a percentage increase above the basal flow:

% Change in Coronary Flow = [Flow(drug) − Flow(basal)]
Flow(basal)

× 100

The drug-associated change in average LV peak systolic pressure was
calculated from 20 consecutive contractions observed in the presence
of an administered drug and compared with the basal systolic pressure
recorded immediately prior to the point of administration. The drug-
associated change in heart rate was calculated from the LV pressure
tracing by measuring the peak-to-peak intervals, and was compared
with the average basal value measured immediately prior.

2.3 Statistical analysis
Data are presented as mean+ SEM. Statistically significant differences
between different experimental results were evaluated using a two-tailed
Student’s t-test; significance was taken at P , 0.05. In some cases (e.g.
Figures 3 and 4), data sets were analysed by one-way ANOVA and a
Tukey’s post hoc test.

3. Results

3.1 SKA-31 increases coronary flow
in isolated perfused rat hearts
As published information on the actions of small molecule SKCa and
IKCa channel activators within individual vascular beds is limited, we
chose to examine the actions of SKA-31 on the coronary circulation
of isolated, beating hearts from male and female rats. Moreover,
gender and sex-related hormones are known to impact both vascular
tone and coronary function,21,22 and the potential influence of these
factors on the actions of SKCa/IKCa channel activators has not been
examined. Experimentally, acute bolus administrations of SKA-31
(0.01–5 mg doses) delivered to either male or female hearts
increased coronary flow above baseline levels in a dose-dependent
manner (Figure 1A and B), and maximal increases in coronary flow
were found to be similar in male (27.9+1.6%) and female (31.8+
2.9%) preparations. Doses of SKA-31 . 5 mg did not produce
further enhancement of coronary flow (data not shown). Interestingly,
mid-range doses of SKA-31 (i.e. 0.5–1 mg) evoked increases in coron-
ary flow that were significantly higher in female hearts compared with
male hearts (Figure 2A). SKA-31 evoked responses were also compar-
able with the increases in coronary flow produced by bolus adminis-
trations of bradykinin (1 mg), and adenosine (10 mg) (Figure 1A and B).
Bradykinin, an endothelium-dependent vasodilator,23 increased cor-
onary flow (51.6+ 7.1%) in male and (57.1+12.5%) in female
hearts (Figure 2A); similarly adenosine, another coronary artery
dilator, produced comparable increases in coronary flow in male
(39.9+4.5%) and female (43.8+12.1%) hearts (Figure 2A).
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3.2 SKA-31 evoked increases in coronary
flow are associated with modest increases
in LV systolic pressure and heart rate
In addition to the primary effects of SKA-31 on total coronary flow,
we also observed transient increases in LV developed pressure fol-
lowing acute administrations of SKA-31, bradykinin, or adenosine
(Figures 1A and B and 2B). A maximal dose of SKA-31 (5 mg) elevated
LV systolic pressure 15.9+4.8 and 19.8+ 3.9% above baseline levels
in male and female hearts, respectively. Both bradykinin and adenosine
produced qualitatively similar increases in LV systolic pressure in male
and female hearts and these responses were somewhat greater than
those observed in the presence of SKA-31 (Figure 2B). The larger
changes produced by bradykinin and adenosine in LV systolic pressure
correlated closely with the larger increases in coronary flow pro-
duced by these agents compared with SKA-31. As shown in Supple-
mentary material online, Figure S1, these drug-associated changes in
developed LV pressure were also accompanied by increases in the
rates of change of LV contraction and relaxation (i.e. +dP/dT and
2dP/dT). Kinetic analysis of the flow and pressure recordings
revealed that the drug-associated changes in coronary flow typically

preceded changes in LV systolic pressure and heart rate (see
below) by 2–3 s. These observations indicate that coronary vasodila-
tion occurred as the primary response to drug administration, fol-
lowed by secondary responses in LV developed pressure and heart
rate.

Similar to LV systolic pressure, we also observed very modest
increases (,13%) in the intrinsic beating rates of both male and
female hearts following acute administration of SKA-31 (5 mg), brady-
kinin (1 mg), and adenosine (10 mg) (Figure 2C); no statistical differ-
ence was noted among the drug-induced heart rate responses.

3.3 Coronary flow is more sensitive
to SKA-31 compared with LV pressure
and heart rate
To evaluate the sensitivities of the SKA-31 evoked increases in coron-
ary flow, LV systolic pressure, and heart rate, EC50 values for SKA-31
were determined by calculating dose–response curves (Supplemen-
tary material online, Figure S2). For male and female hearts, respective-
ly, these values were 0.76+0.09 vs. 0.54+0.12 mg for coronary
flow, 1.04+0.12 vs. 0.69+0.17 mg for LV systolic pressure and

Figure 1 SKA-31 transiently increases coronary flow in male and female hearts. (A and B) Simultaneous recordings of stimulus-evoked changes in
coronary flow and LV developed pressure in isolated hearts from male and female rats, respectively. Changes in coronary flow were observed follow-
ing acute single dose administrations of SKA-31, bradykinin (BK), and adenosine (ADO) in the amounts denoted beneath the flow tracing. Flow and
pressure recordings in (A) and (B) are representative of six male and seven female heart preparations subjected to the same experimental protocol.
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0.79+ 0.08 vs. 0.63+0.05 mg for heart rate. No statistically signifi-
cant differences were noted between the SKA-31-induced changes
in these parameters for male and female hearts.

3.4 Apamin and/or TRAM-34 block the
SKA-31 evoked increase in coronary flow
To verify the channel-selective actions of SKA-31, we assessed the
SKA-31-induced increases in coronary flow (0.5 and 5 mg doses) in
the absence and presence of apamin and TRAM-34, established block-
ers of SKCa and IKCa channels,24 respectively (Figures 3A and 4A). The
effects of these blockers were also evaluated on the responses

induced by bradykinin (1 mg), adenosine (10 mg), and the direct
smooth muscle relaxant sodium nitroprusside (SNP) (0.2 mg). Follow-
ing control responses to each compound, treatment of hearts with
apamin (0.1 mM) + TRAM-34 (1 mM) for �25 min blocked the in-
crease in coronary flow evoked by a 0.5 mg dose of SKA-31 and
reduced the response to a 5 mg dose by �80% (Figures 3A and
B and 4A and B). Interestingly, this treatment virtually abolished the
bradykinin-induced increase in coronary flow, and revealed a
modest vasoconstrictor action of bradykinin in the male coronary cir-
culation. The adenosine-evoked response was decreased by �40%
in both preparations. As anticipated, the SNP-induced increase in cor-
onary flow was unaffected by apamin + TRAM-34, as these agents
do not interfere directly with vascular smooth muscle function.8,24

As shown in Table 1, apamin + TRAM-34 treatment also produced
a significant decrease (�10%) in the level of basal coronary flow in
these preparations, with a much weaker effect on heart rate. Treat-
ment with the IKCa channel blocker TRAM-34 alone also inhibited
drug-evoked increases in coronary flow, LV developed pressure,
and heart rate (Figures 3B–D and 4B–D); however, the extent of in-
hibition was typically less compared with the combination of
apamin + TRAM-34. Exposure to TRAM-34 also produced a very
modest (�5%) decrease in basal coronary flow, and had no effect
on heart rate (Table 1). Importantly, control experiments revealed
that the magnitudes of drug-induced increases in coronary flow
evoked by repeated challenges with SKA-31, bradykinin, adenosine,
and SNP were not significantly different when compared with initial
responses (Supplementary material online, Figure S3). This finding
demonstrates that the observed loss of drug responsiveness in the pres-
ence of apamin + TRAM-34 is not due to either tissue run-down or de-
sensitization to the administered compounds.

Drug-associated changes in LV systolic pressure and heart rate
were also inhibited by treatment with apamin and/or TRAM-34 in a
manner similar to that observed for the drug-evoked increase in cor-
onary flow. Qualitatively, apamin + TRAM-34 treatment blocked sti-
mulated changes in LV systolic pressure, heart rate, and +dP/dT
and 2dP/dT associated with SKA-31, bradykinin, and adenosine ad-
ministration, but did not affect the increase in these parameters asso-
ciated with the SNP administration (Figures 3C and D, 4C and D,
Supplementary material online, Figure S1).

To examine the contribution of de novo NO production to the
observed changes in cardiac performance, hearts were exposed to
the NO synthase inhibitor L-NNA (0.1 mM, 25–30 min). As shown
in Figure 5, L-NNA pre-treatment reduced the bradykinin- and
adenosine-evoked increases in coronary flow by 25–30% in both
male and female hearts, but did not affect increases induced by
either SKA-31 or SNP. L-NNA treatment also caused a significant re-
duction in the basal coronary flow (�20% below control), with a
much weaker effect on heart rate (Table 1).

To examine whether inhibition of eNOS in the presence of KCa

channel blockade would have a synergistic effect on the adenosine-
evoked increase in coronary flow, male and female hearts were
treated with a combination of L-NNA + apamin + TRAM-34. In the
presence of all three blockers, the adenosine-induced vasodilation was
decreased slightly more compared with L-NNA alone (P , 0.05), but
we did not observe a greater degree of inhibition compared
with apamin + TRAM-34 (Supplementary material online, Figure S4).
Vasodilatory responses to both SKA-31 and bradykinin were not
affected to a greater extent by this triple combination of blockers com-
pared with apamin + TRAM-34 treatment. Exposure to L-NNA +

Figure 2 Quantification of the drug-induced changes in coronary
flow, LV systolic pressure, and heart rate following acute bolus ad-
ministration of SKA-31 (0.01–5 mg), bradykinin (BK, 1 mg), adeno-
sine (ADO, 10 mg), and solvent vehicle (Veh) in male and female
hearts. Values are expressed as a percentage increase in a given par-
ameter relative to the baseline value recorded immediately prior to
the administration of a given compound. The histogram in (A) quan-
tifies drug-induced changes in total coronary flow. (B and C) Evoked
changes in LV systolic pressure and heart rate, respectively, in re-
sponse to individual drug administrations. Data are presented as
mean+ SEM, *P , 0.05 vs. female hearts.
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apamin + TRAM-34 also produced a similar decrease in basal coron-
ary flow and heart rate compared with L-NNA alone (Table 1).

4. Discussion
In the present study, we have demonstrated that direct administration
of SKA-31, a novel and selective activator of SKCa and IKCa channels,
dose-dependently increases total flow in the coronary circulation of
isolated, beating rat hearts perfused under constant pressure. The
magnitude of SKA-31-induced coronary vasodilation was similar in

male and female hearts at the ages examined (i.e. 12 weeks), with a
modest trend towards greater sensitivity to SKA-31 in female
hearts (Figure 2A). This latter observation is in line with reported dif-
ferences in the regulation of vascular tone and coronary function in
relation to gender and sex-related hormones.21,22 Our data further
suggest that the coronary vasodilatation evoked by SKA-31 is directly
responsible for the observed flow enhancement, and unlikely to be
dependent upon the actions and/or presence of an endogenous vaso-
dilatory agonist in this preparation. The observed SKA-31-evoked in-
crease in coronary flow was comparable with vasodilatory responses

Figure 3 Treatment with apamin and/or TRAM-34 inhibits the evoked responses to SKA-31, bradykinin, and adenosine, but not SNP, in male hearts.
(A) Representative tracings of coronary flow (upper) and LV developed pressure (lower) in response to acute administrations of SKA-31 (0.5 and
5 mg), SNP (0.2 mg), bradykinin (BK, 1 mg), and adenosine (ADO, 10 mg) prior to and in the continued presence of apamin (0.1 mM)
and TRAM-34 (1 mM). (B–D) Histograms quantifying SKA-31, BK, ADO, and SNP evoked increases in coronary flow (B), LV systolic pressure (C),
and heart rate (D) under control conditions, and then in either the presence of apamin + TRAM-34 or TRAM-34 alone. Data are presented as
mean+ SEM, *P , 0.05 vs. evoked response in the absence of apamin + TRAM-34.

A KCa channel activator enhances coronary flow in rat heart 343



evoked by bradykinin, adenosine, and SNP in male and female hearts,
even though the mechanisms of action for these four agents differ at
the cellular level. SKA-31 acts primarily as a positive gating modulator
of SKCa and IKCa channels,19 which are expressed in vascular endothe-
lium25,26 and largely absent in contractile vascular smooth muscle.27,28

Bradykinin is an endogenous and potent, endothelium-dependent
vasorelaxant that acts via a GPCR to stimulate release of NO and
PGI2, along with endothelial membrane hyperpolarization.23,29 Like-
wise, adenosine increases coronary flow by activating primarily the
A2A GPCR subtype that is present on both endothelial and smooth
muscle cells,30 leading to adenylyl cyclase stimulation and cAMP

elevation. SNP, a therapeutic nitrovasodilator that releases NO fol-
lowing metabolic conversion31 and directly relaxes smooth muscle,
was used to evaluate coronary smooth muscle function independent
of the endothelium.

Selective blockade of endothelial SKCa and IKCa channels by apamin
and TRAM-34, respectively, largely inhibited (�80%) the increase
in coronary flow evoked by a 5 mg dose of SKA-31 in male and
female hearts, and these same blockers abolished the bradykinin-
induced vasodilation (Figures 3A and B and 4A and B). While we antici-
pated that SKA-31-induced response would be impaired by apamin +
TRAM-34, the observed abolition of the bradykinin-evoked

Figure 4 Exposure to apamin and/or TRAM-34 inhibits evoked responses to SKA-31, bradykinin, and adenosine, but not SNP, in female hearts. (A)
Representative tracings of coronary flow (upper) and LV developed pressure (lower) in response to acute administration of SKA-31 (0.5 and 5 mg),
SNP (0.2 mg), bradykinin (BK, 1 mg), and adenosine (ADO, 10 mg) in the absence and in the continued presence of apamin (0.1 mM) and TRAM-34
(1 mM). (B–D) Histograms quantifying SKA-31, BK, ADO, and SNP evoked increases in coronary flow (B), LV systolic pressure (C), and heart rate (D)
under control conditions, and then in either the presence of apamin + TRAM-34, or TRAM-34 alone. Data are presented as mean+ SEM, *P , 0.05
vs. evoked response in the absence of apamin + TRAM-34.
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vasodilation demonstrates the critical functional role of endothelial
SKCa and/or IKCa channels play in this receptor-mediated effect.
Our data are thus consistent with recent studies demonstrating the
presence of both SKCa and IKCa channels in coronary arterial
vessels25,26 and their involvement in agonist-evoked increases in cor-
onary flow.32,33

Treatment of hearts with TRAM-34 alone allowed us to assess the
selective contribution of IKCa channels to the observed drug-induced
effects. As shown in Figures 3B–D and 4B–D, responses evoked by
either adenosine or 0.5 mg SKA-31 were inhibited to the same
extent by TRAM-34 alone compared with apamin + TRAM-34, sug-
gesting that SKCa channel activity contributes very little to responses
evoked by this low dose of SKA-31 or adenosine. Compared with
TRAM-34 + apamin, treatment with TRAM-34 alone was less effect-
ive at blocking responses to bradykinin and 5 mg SKA-31, suggesting
that these responses involve both SKCa and IKCa channel activation
under our experimental conditions. The prominent calcium-
mobilizing action of bradykinin in endothelium34,35 would thus be con-
sistent with activation of both KCa channel types. SKA-31 is known to
activate both SKCa and IKCa channels; however, this agent activates
IKCa channels at �10-fold lower concentrations than SKCa channels,19

which is in line with our observations reported here.
In addition to stimulating cAMP production, adenosine also been

shown to hyperpolarize the endothelium,36 and Ribeiro et al.37 have
recently reported that adenosine-induced relaxation of pre-
constricted porcine resistance arteries could be partially inhibited
by either apamin or TRAM-34. In our study, the adenosine evoked
increase in coronary flow was significantly reduced (�40%) by
apamin + TRAM-34 treatment in both male and female hearts
(Figures 3A and B and 4A and B), which is consistent with the putative
activation of endothelial SKCa and IKCa channels, as described above.
The remaining adenosine-evoked vasodilation observed following
apamin + TRAM-34 treatment likely occurs via direct effects of
adenosine on coronary smooth muscle,30 and would not expected
to be sensitive to SKCa and IKCa channel blockade. Exactly how endo-
thelial adenosine receptors lead to enhancement of SKCa and/IKCa

channel activity is unclear at present.

We have previously reported that the eNOS inhibitor L-NAME
does not impair the inhibition of myogenic tone by an endothelial
KCa channel activator in cremaster resistance arteries.15 Consistent
with this earlier result, we observed that treatment with L-NNA
(0.1 mM) did not impair the SKA-31 induced increase in coronary
flow, but did significantly reduce flow responses to both adenosine
and bradykinin (Figure 5A and B). As endothelial KCa channel activators
primarily induce membrane hyperpolarization in small arteries
without evoking calcium mobilization,14 these agents would not be
expected to directly increase eNOS activity on their own and their
vasorelaxant action should be largely insensitive to L-NNA treatment.
In contrast, both bradykinin and adenosine would be expected to
increase eNOS activity via calcium and/or protein phosphorylation-
dependent pathways35,38 and thus, L-NNA treatment would be
predicted to reduce the vasodilatory capacity of these hormones, as
reported in Figure 5. The slightly greater inhibition of the adenosine-
evoked vasodilation observed in the presence of L-NNA + apamin +
TRAM-34 (Supplementary material online, Figure S4) further suggests
that the adenosine-stimulated eNOS and endothelial KCa channel activ-
ities act synergistically to induce coronary vasodilation. The proportion
of evoked vasodilation remaining in the presence of L-NNA +
apamin + TRAM-34 likely reflects the relaxant effects of adenosine
acting directly on vascular smooth muscle.

In addition to drug-induced increases in coronary flow, we also
observed changes in LV developed pressure and heart rate associated
with the stimulated vasodilatory responses. While IKCa channels do
not appear to be expressed in the heart,39 SKCa channel expression
and/or function has been described in different regions of the
mouse heart40– 42 and in the human atrium.40 Although apamin is
reported to have little or no effect on action potential properties in
ventricular myocytes40,43 and we did not observe significant
apamin-induced changes in either myocardial contractility and/or
automaticity, SKCa channel blockers may have important functional
effects on cardiac performance under certain circumstances and
SKCa blockade with NS8593 and UCL1684 has recently been
reported to suppress acetylcholine- or pacing-induced atrial fibrilla-
tion in vitro and in vivo.44,45 However, since our preparations were
not stressed by extreme pacing, we believe that a more plausible ex-
planation for the changes in LV systolic pressure we observed in the
presence of SKA-31, and other vasodilators (i.e. bradykinin, adeno-
sine, and SNP), may be related to a phenomenon termed the
‘Gregg Effect’, in which stimulated increases in coronary microvascular
filling or perfusion pressure are associated with an enhancement of
ventricular contractility.46,47 This mechanical ‘cross-talk’ between
the coronary vasculature and the myocardium is thought to involve
the stimulation of stretch-activated cation channels in ventricular
muscle, leading to enhanced calcium entry and calcium sensitivity of
the contractile filaments.47,48 In addition, enhanced coronary perfu-
sion is also reported to increase systolic ventricular stiffness and myo-
cardial contractile force in ejecting hearts.49 It thus appears that
drug-induced increases in coronary flow are primarily responsible
for the observed enhancement of myocardial contractility, and
that these changes are not due to direct effects of SKA-31 on the ven-
tricular muscle itself. This interpretation is consistent with our observa-
tion that an increase in coronary flow temporally preceded contractility
changes (e.g. see tracings in Figures 3–5), and that inhibition of
the drug-induced increase in coronary flow by treatment with
apamin + TRAM-34 also prevented changes in contractility. The latter
result would not be expected if vasodilatory compounds were acting

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Effect of treatment with L-NNA, TRAM-34,
apamin 1 TRAM-34, and L-NNA 1 apamin 1 TRAM-34
on basal coronary flow and heart rate

Treatment protocol Basal flow
(F2/F1)

Basal HR
(R2/R1)

Control 0.91+0.015 0.98+0.016

TRAM-34 0.85+0.017 0.95+0.023

Apamin + TRAM-34 0.82+0.011* 0.93+0.014

L-NNA 0.68+0.013* 0.91+0.017*

L-NNA + Apamin+ TRAM-34 0.64+0.019* 0.88+0.012*

Data represent the ratios of coronary flow and heart rate measurements obtained
near the start of the experiment (i.e. after acute administration of vehicle only) and
following a 25–30 min treatment with L-NNA (0.1 mM), apamin (0.1 mM), and/or
TRAM-34 (1 mM). Control data were obtained from time control experiments (see
Supplementary material online, Figure S3), in which no drug was added during the
intervening treatment period. Data represent the means+ SEM calculated from four
to nine male and female hearts in total.
*P , 0.05 vs. control as determined by one-way ANOVA and a Tukey’s post hoc test.
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Figure 5 The NO synthase inhibitor L-NNA does not impact the SKA-31-evoked increase in coronary flow. (A) Representative tracings of coronary
flow (upper) and LV developed pressure (lower) in a male rat heart in response to acute administration of SKA-31 (0.5 and 5 mg), SNP (0.2 mg),
bradykinin (BK, 1 mg), and adenosine (ADO, 10 mg) in the absence and continued presence of 0.1 mM L-NNA. Histograms quantifying the
SKA-31, BK, ADO, and SNP evoked changes in coronary flow, LV systolic pressure, and heart rate for male and female tissues are displayed
in (B)– (D), respectively. Data are given as mean+ SEM, *P , 0.05 vs. evoked response in the absence of L-NNA.
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independently on both the vascular wall and myocardium. Only modest
increases in heart rate were observed in the presence of SKA-31
(Figure 2C), indicating little effect of this agent on sino-atrial node automa-
ticity. Such data are further consistent with the observed lack of effect of
SKA-31 administration on heart rate in instrumented mice.19

In summary, the results of our study demonstrate that the novel
SKCa and IKCa channel activator SKA-31 is an effective vasodilator in
the coronary circulation of contractile myocardium of male and
female rats, and can increase coronary flow to levels comparable to
those produced by established coronary vasodilators, such as brady-
kinin and adenosine. As SKCa/IKCa channel activators not only
promote vasodilation, but may also enhance agonist-evoked NO syn-
thesis,14,15 this latter effect may prove therapeutically beneficial, as
improved NO production should enhance vessel health by opposing
pro-atherosclerotic processes and aberrant vascular wall remodelling.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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