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Key points

� In humans, the vasodilatory response to skeletal muscle contraction is mediated in part by
activation of inwardly rectifying potassium (KIR) channels. Evidence from animal models
suggest that KIR channels serve as electrical amplifiers of endothelium-dependent hyper-
polarization (EDH).

� We found that skeletal muscle contraction amplifies vasodilatation to the endothelium-
dependent agonist ACh, whereas there was no change in the vasodilatory response to sodium
nitroprusside, an endothelium-independent nitric oxide donor.

� Blockade of KIR channels reduced the exercise-induced amplification of ACh-mediated vaso-
dilatation. Conversely, pharmacological activation of KIR channels in quiescent muscle via
intra-arterial infusion of KCl independently amplified the vasodilatory response to ACh.

� This study is the first in humans to demonstrate that specific endothelium-dependent vaso-
dilatory signalling is amplified in the vasculature of contracting skeletal muscle and that KIR

channels may serve as amplifiers of EDH-like vasodilatory signalling in humans.

Abstract The local vasodilatory response to muscle contraction is due in part to the activation
of inwardly rectifying potassium (KIR) channels. Evidence from animal models suggest that KIR

channels function as ‘amplifiers’ of endothelium-dependent vasodilators. We tested the hypothesis
that contracting muscle selectively amplifies endothelium-dependent vasodilatation via activation
of KIR channels. We measured forearm blood flow (Doppler ultrasound) and calculated changes
in vascular conductance (FVC) to local intra-arterial infusion of ACh (endothelium-dependent
dilator) during resting conditions, handgrip exercise (5% maximum voluntary contraction)
or sodium nitroprusside (SNP; endothelium-independent dilator) which served as a high-flow
control condition (n = 7, young healthy men and women). Trials were performed before and after
blockade of KIR channels via infusion of barium chloride. Exercise augmented peak ACh-mediated
vasodilatation (�FVC saline: 117 ± 14; exercise: 236 ± 21 ml min−1 (100 mmHg)−1; P < 0.05),
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whereas SNP did not impact ACh-mediated vasodilatation. Blockade of KIR channels attenuated
the exercise-induced augmentation of ACh. In eight additional subjects, SNP was administered as
the experimental dilator. In contrast to ACh, exercise did not alter SNP-mediated vasodilatation
(�FVC saline: 158 ± 35; exercise: 121 ± 22 ml min−1 (100 mmHg)−1; n.s.). Finally, in a sub-
set of six subjects, direct pharmacological activation of KIR channels in quiescent muscle via
infusion of KCl amplified peak ACh-mediated vasodilatation (�FVC saline: 97 ± 15, KCl: 142 ±
16 ml min−1 (100 mmHg)−1; respectively; P < 0.05). These findings indicate that skeletal muscle
contractions selectively amplify endothelium-dependent vasodilatory signalling via activation of
KIR channels, and this may be an important mechanism contributing to the normal vasodilatory
response to exercise in humans.

(Received 15 August 2018; accepted after revision 29 November 2018; first published online 1 December 2018)
Corresponding author Frank A. Dinenno PhD: Colorado State University, 220 Moby-B Complex, Fort Collins,
CO 80523-1582, USA. Email: Frank.Dinenno@Colostate.Edu

Introduction

During skeletal muscle contraction a number of local
metabolic, endothelial, mechanical and humoral signals
interact to elicit vasodilatation and increase blood flow
and oxygen delivery to support tissue metabolic demand
(Saltin, 2007). Exercise-induced vasodilatation is achieved
through activation of signalling pathways associated
with the endothelium and vascular smooth muscle and
ascends from the site of metabolic demand to upstream
feed arteries, redirecting blood to metabolically active
skeletal muscle (Segal, 2005). Evidence from animal
models point to endothelium-dependent signalling as the
critical pathway for coordinating ascending vasodilatation
(Emerson & Segal, 2000; Duza & Sarelius, 2004; Murrant
et al. 2004; Wolfle et al. 2007). In particular, studies have
identified endothelial-derived hyperpolarization (EDH)
as the key mediator of ascending vasodilatation in response
to skeletal muscle contraction (Segal & Jacobs, 2001), and
disruption of the endothelium and/or EDH signalling pre-
vents the spread of vasodilatation along the vessel and
significantly reduces the hyperaemic response to muscle
contraction (Milkau et al. 2010; Sinkler & Segal, 2017).

EDH occurs in response to a rise in intracellular Ca2+
concentration ([Ca2+]) due to release of internal stores
from the endoplasmic reticulum, as well as activation
of discrete Ca2+-permeable ion channels (e.g. transient
receptor potential channels) located within myoendothe-
lial gap junctions (MEGJs) (Kerr et al. 2015; Senadheera
et al. 2012). Rising intracellular [Ca2+] in turn activates
small- and intermediate-conductance Ca2+-activated K+
(KCa) channels resulting in efflux of K+ from the end-
othelial cell and subsequent membrane hyperpolariza-
tion (Behringer & Segal, 2012). Hyperpolarization of
membrane potential can spread between endothelial cells
along the length of the blood vessel through homocellular
gap junctions, as well as directly to vascular smooth muscle
through MEGJs (Kerr et al. 2012). The resulting vascular
smooth muscle cell hyperpolarization closes voltage-gated
Ca2+ channels, lowers intracellular Ca2+ and induces

vasodilatation. Importantly, recent studies have identified
a role for inwardly rectifying potassium channels (KIR)
acting as electrical ‘amplifiers’, or ‘boosters’, of EDH (Smith
et al. 2008; Sonkusare et al. 2016). In this context, KIR

channels demonstrate negative slope conductance over
physiological membrane potentials, where membrane
hyperpolarization facilitates greater KIR channel activity
which further increases K+ efflux thus amplifying the
initial hyperpolarizing signal (Jackson, 2017).

With respect to exercise hyperaemia, our laboratory and
others have identified a significant contribution of KIR

channel activity to the vasodilatory response to skeletal
muscle contraction. In humans, KIR channels are activated
immediately in response to a single muscle contraction
(Crecelius et al. 2013a), and contribute to the vaso-
dilatation observed throughout exercise onset as well
as during steady-state exercise (Crecelius et al. 2014,
2015b; Racine et al. 2018). Evidence from animal models
support K+ efflux from contracting skeletal muscle as
a primary stimulus for vascular KIR channel activation
(Mohrman & Sparks, 1974; Armstrong et al. 2007). In this
context, skeletal muscle K+ efflux serves as a feedforward
mechanism coupling skeletal muscle contraction and the
initiation of vasodilatation. Additionally, other stimuli
that increase during exercise, such as intravascular ATP,
may activate KIR channels and participate in vasodilatation
(Crecelius et al. 2012). Thus, it is possible that once
activated, KIR channels serve to amplify endothelium-
dependent vasodilatation, further contributing to blood
flow control in contracting skeletal muscle.

Accordingly, in the present study we tested the primary
hypothesis that contracting skeletal muscle selectively
amplifies endothelium-dependent vasodilatation. To do
so, we determined the forearm vascular responses to
Ach (endothelium-dependent) and sodium nitroprusside
(SNP, endothelium-independent) at rest, during a high
flow control condition, and during mild intensity hand-
grip exercise in humans. Second, we hypothesized that
amplification of endothelium-dependent vasodilatory
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signalling is due in part to KIR channel activation in
humans. To investigate the role of KIR channels, we
determined the responses to ACh in contracting muscle
during KIR channel blockade via barium chloride (BaCl2),
and in quiescent muscle during pharmacological KIR

channel activation via exogenous KCl infusions.

Methods

Ethical approval and human subjects

With Colorado State University Institutional Review
Board approval (14-5392H), and after informed written
consent, 15 young healthy subjects (9 men, 6 women;
age, 23 ± 1 years; weight, 74 ± 4 kg; height, 170 ±
1 cm; body mass index, 23 ± 1 kg/m2; means ±SEM)
participated in this study. All subjects were free from
overt cardiovascular disease as assessed from a medical
history, were sedentary to moderately active, non-smokers,
non-obese, normotensive and not taking any medications.
Female subjects were studied during the early follicular
phase of their menstrual cycle or placebo phase of
oral contraceptive use to minimize any potential cardio-
vascular effects of sex-specific hormones. All studies
were performed in the Human Cardiovascular Physiology
Laboratory located at Colorado State University following
a 12-h fast with the subjects in the supine position and
in accordance with the Declaration of Helsinki, except for
registration in a database.

Body composition and forearm volume

Dual-energy X-ray absorptiometry (DEXA; Hologic,
Bedford, MA, USA) was used to determine body
composition. A regional analysis of the experimental
forearm area (proximal to distal radio-ulnar joint) from
the whole body DEXA scan was performed to determine
forearm volume (FAV). Drug doses were normalized
according to FAV where appropriate.

Arterial catheterization, arterial blood pressure
and heart rate

A 20-gauge, 7.6-cm catheter was placed in the
brachial artery of the non-dominant arm under aseptic
conditions after local anaesthesia (2% lidocaine) for local
administration of study drugs and mean arterial pressure
(MAP) measurement as described previously (Dinenno
& Joyner, 2003; Richards et al. 2014; Hearon et al. 2016).
Heart rate (HR) was determined using a three-lead ECG
(Cardiocap/5; Datex-Ohmeda, Louisville, CO, USA).

Forearm blood flow and vascular conductance

A 12-MHz linear-array ultrasound probe (Vivid 7; General
Electric, Milwaukee, WI, USA) was used to determine

brachial artery mean blood velocity (MBV) and brachial
artery diameter. For blood velocity measurements, the
probe insonation angle was maintained at 60° and the
frequency used was 5 MHz. The Doppler shift frequency
spectrum was analysed via a Multigon 500M TCD spectral
analyser (Multigon Industries, Mt. Vernon, NY, USA),
from which mean velocity was determined as a weighted
mean of the spectrum of Doppler shift frequencies.
Brachial artery diameter was measured in triplicate at end
diastole and between contractions where applicable, at
the end of each time-point as described below. Forearm
blood flow (FBF) was then calculated as described
previously (Crecelius et al. 2015b). Forearm vascular
conductance (FVC) was calculated as (FBF/MAP) × 100
and expressed as ml min−1 100 mmHg−1. All studies were
performed in a cool (20–22°C) temperature-controlled
environment with a fan directed toward the forearm to
minimize the contribution of skin blood flow to forearm
haemodynamics.

Rhythmic handgrip exercise

Maximal voluntary contraction (MVC; all subjects mean
38 ± 3 kg) was determined for the experimental arm
as the average of three maximal squeezes of a handgrip
dynamometer (Stoelting, Chicago, IL, USA) that were
within 3% of each other. Forearm exercise was performed
with weight corresponding to 5% MVC (mean 2.1 ±
0.2 kg) attached to a pulley system and lifted 4–5 cm
over the pulley at a duty cycle of 1 s contraction: 2 s
relaxation (20 contractions·min−1) using both visual and
auditory feedback to ensure the correct timing. We chose
this mild intensity rhythmic handgrip exercise to limit
the contribution of systemic haemodynamics and reflex
activation of the sympathetic nervous system on exercise
hyperaemia, and thus our experimental model isolates the
effects of muscle contractions on local vascular control
mechanisms.

Vasoactive drug administration

All vasoactive drug infusions occurred via the brachial
artery catheter to create a local effect in the forearm, and
saline was utilized as a control infusate. Specific timing and
duration of infusions are provided under the Experimental
protocols and presented in Fig. 1. Ach (endothelium-
dependent vasodilator; Michol-E, Novartis, Basel,
Switzerland) and SNP [endothelium-independent nitric
oxide (NO) donor; Hospira, Lake Forest, IL, USA] were
initially infused at 2.25 and 3.33 μg (dl FAV)−1 min−1,
respectively, and adjusted thereafter to ensure a moderate
rise in FBF similar to that observed during mild intensity
(5% MVC) exercise. Importantly, with this level of vaso-
dilatation there is a large vasodilatory reserve, providing
sufficient resolution to observe amplification of the
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vasodilatory response to a subsequent dose of ACh and
SNP (final average doses: ACh: 2.05 μg (dl FAV)−1 min−1;
SNP: 2.88 μg min−1). To activate KIR channels, potassium
chloride (KCl; Hospira) was administered at 0.20 mmol
min−1, equal to the largest dose of KCl given by our lab
previously without subject discomfort (Crecelius et al.
2012). To block KIR channels, barium chloride (BaCl2;
10%, w/v, BDH3238, EMD Chemicals, Gibbstown, NJ,
USA) was infused at 0.9 μmol (dl FAV)−1 min−1, with a
minimum dose of 8 μmol min−1 to a maximum dose of
10 μmol min−1 for 3 min as a loading dose and continued
throughout the experimental trial (an additional 6 min) at
the same dose (Crecelius et al. 2015b; Hearon et al. 2017).
Our laboratory and others have demonstrated previously
that infusion of BaCl2 inhibits the majority of the dilatory
response to exogenous KCl (�60–70%) (Dawes et al.
2002; Dwivedi et al. 2005), and reduces the vasodilatory
response to handgrip exercise (�30%) (Crecelius et al.
2014, 2015b), consistent with effective inhibition of KIR

channels.

Experimental protocols

After catheterization and experimental set up, sub-
jects were briefly familiarized with the handgrip
exercise modality and FBF was measured to estimate
steady-state FBF responses. Sufficient rest was given to
allow stabilization of forearm haemodynamics. Resting
haemodynamic data were acquired for 2 min before the
start of each experimental condition. Subsequently, the
vasodilatory response to a single dose of ACh or SNP
was assessed during three experimental conditions: (1)
during resting control (saline) conditions, (2) during
mild intensity (5% MVC) handgrip exercise, or (3)
during a control vasodilatory stimulus to elevate resting

flows to match those observed during handgrip exercise
(Fig. 1). The initial vasodilator infusion served as a
high flow control condition where the rate of the
infusion was adjusted until steady-state forearm blood
flow matched what was observed during handgrip
exercise, and remained constant for the remainder of
the protocol. Steady-state haemodynamics were achieved
within �3 min during handgrip exercise and the
flow-matched vasodilator infusion (see below for specific
protocol). Thereafter, infusion of a single dose of ACh
or SNP was initiated and the vasodilatory response was
measured continuously throughout the final 3 min of the
experimental condition (representative tracings depicted
in Fig. 2). Subjects rested for 15 min after each trial to
ensure return to resting baseline conditions and washout
of any pharmacological agents.

Protocol 1: ACh-mediated vasodilatation
during exercise

In seven subjects (3 male, 4 female), a saline control
trial was performed first to ensure a moderate vaso-
dilatory response to ACh was observed. Subsequently, the
same dose of ACh was infused during steady-state 5%
MVC handgrip exercise or during steady-state infusion
of SNP matched to the hyperaemia observed during 5%
exercise to serve as the ‘high flow’ control vasodilator
condition. Following the first three trials (saline, 5%
MVC, SNP), BaCl2 was administered and the same three
experimental trials were repeated to investigate the role
of KIR channels in amplifying the vasodilatory response
to ACh during handgrip exercise. Based on our previous
work demonstrating that blockade of KIR channels reduces
steady-state exercise hyperaemia �30% (Crecelius et al.

Figure 1. Experimental protocols
After catheterization of the brachial artery and subject instrumentation, the change in forearm vascular
conductance (�FVC) in response to ACh or sodium nitroprusside (SNP) was assessed during rest, handgrip exercise
at 5% maximal voluntary contraction (MVC) or a high flow control vasodilator condition. Protocol 1: the vaso-
dilatory response to ACh was assessed at rest, during 5% MVC exercise and during a high flow control SNP
infusion, before and after infusion of barium chloride (BaCl2) to block inwardly rectifying potassium (KIR) channels.
Protocol 2: the vasodilatory response to SNP was assessed at rest, during 5% MVC exercise and during a high
flow control ACh infusion. In a subset of subjects, the vasodilatory response to ACh was assessed before and after
pharmacological activation of KIR channels via infusion of potassium chloride (KCl).

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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2014, 2015b), the dose of SNP was reduced to account for
the effect of KIR channel blockade on exercise hyperaemia.
The order of the 5% MVC exercise and SNP high flow
control trials was counterbalanced across subjects, and
conducted in the same order before and after blockade of
KIR channels (Fig. 1, Protocol 1).

Protocol 2A: SNP-mediated vasodilatation
during exercise

In eight subjects (6 male, 2 female), a saline control trial
was performed first to establish the normal vasodilatory
response to SNP and to ensure a moderate response
was observed. Subsequently, the same dose of SNP was
infused during steady-state 5% MVC exercise or during
steady-state infusion of ACh matched to the hyperaemia
observed during 5% exercise to serve as the ‘high flow’
control vasodilator condition. The order of the 5% MVC
exercise and ACh high flow control trials was counter-
balanced across subjects (Fig. 1, Protocol 2).

Protocol 2B: ACh-mediated vasodilatation
during pharmacological activation of KIR channels

To further investigate a potential role for KIR channel
activity in amplifying vasodilatory responses to ACh, the

same dose of ACh was infused in a subgroup of six sub-
jects (4 male, 2 female) at rest and during infusion of KCl
to pharmacologically activate KIR channels in quiescent
muscle. Two subjects were unable to participate in this
protocol due to time constraints. These final two trials
were randomized and conducted after the initial three
SNP trials in protocol 2A (Fig. 1, Protocol 2).

Data acquisition and analysis

Data were collected and stored on computer at 250 Hz
and analysed off-line with signal-processing software
(WinDaq; DATAQ Instruments, Akron, OH, USA). The
FBF, MAP and FVC responses were analysed in 3-s bins
for 15 s before, and for 180 s after initiation of the ACh or
SNP infusion. If the MBV signal quality obtained during a
3-s cycle was altered due to operator error, a mathematical
average of the MBV in the preceding and subsequent
bins was used. This occurred in <2% of all bins analysed.
Absolute change in FVC was calculated for each bin as
the change in FVC from baseline (i.e. the average FVC
for the 15 s prior to the start of the vasodilator infusion).
Peak change in FVC was identified as the greatest
change in FVC from baseline for any 3-s bin during
the 180 s of vasodilator infusion. The peak vasodilatory
response was chosen as the primary outcome in order to

Figure 2. Representative tracings of exercise-induced amplification of ACh-mediated vasodilatation
before and after inhibition of inwardly rectifying potassium channels
Each panel depicts the mean blood velocity response to an intra-arterial infusion of Ach (initiated at each vertical
line) maintained for 3 min during various conditions (indicated below each panel). Left panels: under control
conditions, 5% MVC exercise significantly amplified the peak vasodilatory response to ACh compared to resting
skeletal muscle (saline; Fig. 3). This effect was not observed with infusion of the endothelium-independent
nitric oxide donor, sodium nitroprusside (SNP; Fig. 5). Middle panels: surprisingly, inhibition of inwardly rectifying
potassium (KIR) channels (BaCl2 infusion) increased the control response to ACh in quiescent skeletal muscle.
However, there was no further exercise-induced amplification of ACh after inhibition of KIR channels (Fig. 3). Right
panels: pharmacological activation of KIR channels via infusion of KCl significantly amplified the peak vasodilatory
response to ACh, similar to handgrip exercise (Fig. 6).

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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Table 1. Protocol 1: forearm and systemic haemodynamics at rest, pre-ACh, and peak ACh-mediated vasodilatation

Condition Trial Timepoint

Forearm
blood flow
(ml min−1)

Mean arterial
pressure
(mmHg)#

Forearm vascular
conductance

(ml min−1 100 mmHg−1)
Heart rate

(beats min−1)§

Control Saline Rest 26 ± 3 91 ± 2 29 ± 3 57 ± 4
Pre-ACh 29 ± 3 91 ± 2 31 ± 3 56 ± 3
Peak ACh 133 ± 12 92 ± 2 146 ± 13 –

SNP Rest 31 ± 3 94 ± 3 33 ± 3 54 ± 4
Pre-ACh 79 ± 9∗ 92 ± 3 85 ± 9∗ 58 ± 4
Peak ACh 197 ± 12∗ 93 ± 3 214 ± 18∗ –

5% MVC Rest 29 ± 3 92 ± 3 32 ± 3 57 ± 4
Pre-ACh 84 ± 11∗ 93 ± 3 90 ± 11∗ 62 ± 4
Peak ACh 295 ± 17∗† 92 ± 3 323 ± 19∗† –

BaCl2 Saline Rest 24 ± 4 94 ± 3 25 ± 3 59 ± 4
Pre-ACh 22 ± 3 97 ± 4 22 ± 2 57 ± 4
Peak ACh 214 ± 28‡ 97 ± 3 219 ± 24 –

SNP Rest 28 ± 6 99 ± 3 28 ± 5 59 ± 4
Pre-ACh 66 ± 11∗‡ 98 ± 2 67 ± 9∗‡ 59 ± 4
Peak ACh 266 ± 25∗ 95 ± 3 280 ± 27∗ –

5% MVC Rest 27 ± 3 95 ± 3 29 ± 3 57 ± 4
Pre-ACh 55 ± 5∗‡ 96 ± 2 58 ± 5∗‡ 62 ± 3
Peak ACh 257 ± 24∗ 96 ± 2 268 ± 24∗ –

Values are shown as means ± SEM; ACh: acetylcholine; BaCl2: barium chloride; SNP: sodium nitroprusside; MVC: maximum voluntary
contraction.
∗P < 0.05 vs. saline within condition.
†P < 0.05 vs. SNP within condition.
‡P < 0.05 vs. time point between condition.
#P < 0.05 effect of condition.
§P < 0.05 effect of trial.

avoid the potential confounding influence of metabolic
autoregulation during exercise (discussed below). The
magnitude of amplification of the vasodilatory response
to ACh or SNP during experimental conditions (exercise
or high flow control) was calculated as the difference
between the peak change in FVC observed during
the experimental condition and the resting (saline)
control condition (�FVC5% exercise/High flow − �FVCsaline).
HR was determined at rest and over the last minute of each
hyperaemic condition.

Statistical analysis

All values are reported as means ± SEM. Comparisons of
HR, MAP and forearm haemodynamics were assessed by
two-way (time point × trial) repeated measures ANOVA.
For Protocol 1, the peak change in FVC was assessed using
a two-way (condition × blockade) repeated measures
ANOVA. For Protocol 2, the peak change in FVC was
assessed using a one-way repeated measures ANOVA. In
both protocols Student–Newman–Keuls post hoc pairwise
comparisons were made with significance set a priori at
P < 0.05. Data sets are not powered to detect differences

between men and women, although no trends for bimodal
distribution were readily apparent in this investigation.

Results

Protocol 1: ACh-mediated vasodilatation
during exercise (n = 7)

Haemodynamics at rest, immediately prior to ACh
infusion (pre-ACh), and at the absolute peak response
to ACh are presented in Table 1. Resting FBF and FVC
were similar across all conditions. Prior to ACh infusion
(pre-ACh), there was no difference in steady-state FVC
between 5% MVC exercise and SNP conditions, and both
were higher than saline control (FVC Pre-ACh: saline: 31 ±
3, SNP: 85 ± 9, 5% MVC: 90 ± 11 ml min−1 100 mmHg−1;
both P < 0.05 vs. saline). During control saline conditions,
ACh-mediated vasodilatation elicited a peak �FVC of
117 ± 14 ml min−1 100 mmHg−1 (Fig. 3C). The peak
vasodilatory response to ACh was not altered during SNP
infusion (peak ACh �FVC: saline: 117 ± 14, SNP: 130 ±
22 ml min−1 100 mmHg−1; P > 0.05; Fig. 3C). In contrast,
exercise more than doubled the peak vasodilatory response

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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Figure 3. Exercise amplifies peak ACh-mediated vasodilatation
The change in forearm vascular conductance (FVC) in response to
ACh during saline control, sodium nitroprusside (SNP) (high flow
control) and mild intensity exercise (5% MVC) before and after
inhibition of inwardly rectifying potassium (KIR) channels with
barium chloride (BaCl2). A, exercise significantly augments peak

to ACh compared to saline control (peak ACh �FVC: 5%
MVC: 236 ± 21 ml min−1 100 mmHg−1; P < 0.05 vs.
saline and SNP) (Fig. 3C).

Infusion of BaCl2 to block KIR channels did not impact
resting haemodynamics compared to control conditions
(Table 1). Similar to previous reports (Crecelius et al. 2014,
2015b), BaCl2 reduced the vasodilatory response to 5%
MVC exercise by �30% (Pre-ACh FVC: 5% MVC: 90 ±
11, 5% MVC + BaCl2: 58 ± 5 ml min−1 100 mmHg−1;
P < 0.05; Table 1), consistent with effective blockade of
KIR channels. Prior to ACh infusion (Pre-ACh), there
was no difference in steady-state FVC between 5% MVC
exercise and SNP conditions, and both remained higher
than saline control (Pre-ACh FVC: saline + BaCl2: 22 ±
2, SNP + BaCl2: 67 ± 9, 5% MVC + BaCl2: 58 ±
5 ml min−1 100 mmHg−1; both P < 0.05 vs. saline).
Peak change in FVC to ACh during saline + BaCl2
infusion was greater than that observed during control
saline conditions (peak �FVC: ACh + saline: 117 ± 14,
Ach + BaCl2: 196 ± 25 ml min−1 100 mmHg−1; P < 0.05;
Fig. 3C). Similar to control conditions, the peak vaso-
dilatory response to ACh was not altered during SNP +
BaCl2 compared with saline + BaCl2 (peak ACh �FVC:
saline + BaCl2: 196 ± 25 ml min−1 100 mmHg−1, SNP +
BaCl2: 213 ± 30 ml min−1 100 mmHg−1; P > 0.05;
Fig. 3C). Importantly, after blockade of KIR channels,
there was no further exercise-induced amplification of
ACh vasodilatation (peak ACh �FVC: 5% MVC + BaCl2:
212 ± 25 ml min−1 100 mmHg−1; P > 0.05 vs. saline +
BaCl and SNP + BaCl) (Fig. 3C & Fig. 4).

Protocol 2A: SNP-mediated vasodilatation
during exercise (n = 8)

Haemodynamics at rest, immediately prior to SNP
(Pre-SNP) and at the absolute peak response to SNP are
presented in Table 2. Resting FBF and FVC were similar
across all conditions. Prior to SNP infusion (Pre-SNP),
there was no difference in steady-state FVC between 5%
MVC exercise and ACh conditions, and both were higher
than saline control (FVC Pre-SNP: saline: 37 ± 5, ACh:
98 ± 10, 5% MVC: 101 ± 11 ml min−1 100 mmHg−1;
both P < 0.05 vs. saline). During control saline conditions,
SNP elicited a peak �FVC of 158 ± 35 ml min−1

100 mmHg−1 (Fig. 5B). Infusion of ACh had no impact on
subsequent peak �SNP-mediated dilatation (peak SNP

ACh-mediated �FVC relative to saline and high flow control (SNP)
conditions. B and C, inhibition of KIR channels significantly increased
the peak vasodilatory response to ACh during saline and high flow
(SNP) conditions relative to control conditions, although inhibition of
KIR channels prevented the exercise-induced amplification of
ACh-mediated vasodilatation (P = 0.07). ∗P < 0.05 vs. saline within
condition; †P < 0.05 vs. SNP within condition; ‡P < 0.05 vs.
respective control condition; #P = 0.07 vs. 5% MVC in control
conditions.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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Table 2. Protocols 2A and 2B: forearm and Systemic Haemodynamics at rest, Pre-SNP or ACh, and peak SNP- or ACh-mediated
vasodilatation

Trial Timepoint

Forearm
blood flow
(ml min−1)

Mean arterial
pressure
(mmHg)

Forearm vascular
conductance

(ml min−1 100 mmHg−1)
Heart rate

(beats min−1)

Saline Rest 33 ± 5 93 ± 3 36 ± 6 56 ± 4
Pre-SNP 33 ± 4 91 ± 4 37 ± 5 56 ± 4
Peak SNP 159 ± 28 90 ± 4 182 ± 36 –

ACh Rest 32 ± 3 96 ± 4 34 ± 4 55 ± 4
Pre-SNP 91 ± 8∗† 94 ± 3 98 ± 10∗† 56 ± 3
Peak SNP 197 ± 34 91 ± 5 221 ± 39 –

5% MVC Rest 31 ± 4 94 ± 3 34 ± 4 57 ± 5
Pre-SNP 94 ± 10∗† 94 ± 3 101 ± 11∗† 59 ± 4
Peak SNP 195 ± 26 90 ± 3 222 ± 30 –

Saline Rest 24 ± 4 98 ± 5 25 ± 4 54 ± 3
Pre-ACh 27 ± 3 99 ± 5 28 ± 4 55 ± 4
Peak ACh 119 ± 11 97 ± 4 124 ± 14 –

KCl Rest 29 ± 2 94 ± 5 31 ± 3 57 ± 4
Pre-ACh 56 ± 5∗† 98 ± 3 58 ± 6∗† 57 ± 5
Peak ACh 192 ± 17‡ 99 ± 8 195 ± 18‡ –

Values are shown as means ± SEM; ACh: acetylcholine; SNP: sodium nitroprusside; KCl: potassium chloride; MVC: maximum voluntary
contraction.
∗P < 0.05 vs. rest within trial.
†P < 0.05 vs. saline baseline.
‡P < 0.05 vs. saline peak ACh.

�FVC: saline: 158 ± 35, ACh: 126 ± 37 ml min−1

100 mmHg−1, P > 0.05 vs. saline) (Fig. 5B). Similarly,
there was no exercise-induced augmentation of SNP vaso-
dilatation (peak SNP �FVC: 5% MVC: 121 ± 22 ml min−1

100 mmHg−1; P > 0.05) (Fig. 5B)

Protocol 2B: ACh-mediated vasodilatation during
pharmacological activation of KIR channels (n = 6)

Haemodynamics at rest, immediately prior to ACh
(Pre-ACh) and the absolute peak response to ACh are
presented in Table 2. Resting FBF and FVC were similar
across all conditions. As expected, steady-state FVC was
higher during infusion of KCl compared to saline control
(Pre-ACh FVC: saline: 28 ± 4, KCl: 58 ± 6 ml min−1

100 mmHg−1; P < 0.05). During control saline conditions,
ACh elicited a peak �FVC of 96 ± 12 ml min−1

100 mmHg−1 (Fig. 6B). Pharmacological activation of
KIR channels in quiescent muscle, via infusion of KCl,
amplified the peak vasodilatation in response to ACh by
�50% (peak �FVC: 139 ± 14 ml min−1 100 mmHg−1;
P < 0.05 vs. saline) (Fig. 6B).

Discussion

The results from this investigation are the first in
humans to demonstrate that contracting skeletal muscle
differentially amplifies certain types of vasodilatory

signalling. First, we show that the peak response to the
endothelium-dependent vasodilator ACh is significantly
amplified during mild intensity handgrip exercise. In
contrast, there is no amplification of the endothelium-
independent NO donor SNP, which suggests that the
amplification of ACh is independent of NO signalling
and probably represents amplification of EDH during
exercise. Second, while the control response to ACh was
greater in the presence of BaCl2, inhibition of KIR channels
prevented any further exercise-induced amplification
of ACh-mediated vasodilatation. Third, pharmacologi-
cal activation of KIR channels in quiescent muscle
amplifies peak ACh-mediated vasodilatation similar to
exercise. Taken together, these findings demonstrate
that endothelium-dependent vasodilatory signalling is
amplified in contracting skeletal muscle and provides
initial evidence that KIR channels may act as amplifiers
of EDH-like vasodilatation during exercise in humans.

Endothelium-dependent vasodilatory signalling
during exercise

In animal models, skeletal muscle contraction causes a
conducted vasodilatory response that relies on spread
of EDH along the endothelium to upstream arterioles
(Segal & Jacobs, 2001; Duza & Sarelius, 2004; Murrant
et al. 2017). Furthermore, disruption of the endothelium
(Segal & Jacobs, 2001; Sinkler & Segal, 2017), or
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genetic knock out of endothelial SKca channels and
gap junction protein connexin 40 (Milkau et al. 2010),
significantly attenuates contraction-induced hyperaemia,
highlighting the critical importance of the endothelium
for mediating the vasodilatory response to exercise. The
present study demonstrates for the first time in humans
that the vasculature of contracting skeletal muscle is
extraordinarily sensitive to endothelium-dependent vaso-
dilatory signalling elicited by ACh. Importantly, there
was no change in the sensitivity of the vasculature to
SNP-mediated vasodilatation during exercise, confirming
that the amplification of ACh in contracting skeletal
muscle is not due to a generalized sensitization of the
vasculature to all dilatory signals. Additionally, high
flow control conditions reveal that the amplification
is not explained by changes in baseline vessel tone,
blood flow or drug delivery. Rather, the augmentation
of ACh represents a distinct phenomenon that is specific
to ACh-mediated, endothelium-dependent vasodilatory
signalling. The fundamental signal underlying ACh vaso-
dilatation is a rise in endothelial cell calcium that
will broadly result in the generation of EDH and
the production of autacoids, such as NO, that will
cause vascular smooth muscle relaxation. It has been
demonstrated in animal models that administration of a
direct NO donor (SNP) causes vasodilatation independent
of a rise in endothelial cell calcium (Tallini et al. 2007).
NO can act directly on smooth muscle cell K+ channels,
and cGMP-dependent protein kinases/phosphatases to

Figure 4. Amplification of ACh-mediated vasodilatation
during exercise is attenuated by blockade of inwardly
rectifying potassium channels
The effect of 5% MVC exercise and sodium nitroprusside (SNP) on
ACh-mediated vasodilatation (amplification of ACh), calculated by
subtracting the change in FVC observed during control infusion from
the change in FVC in response to ACh during exercise or SNP
(�FVC − �FVC control). A, exercise amplifies ACh-mediated
vasodilatation beyond what is observed during a passive high flow
control condition (SNP). B and C, blockade of inwardly rectifying
potassium (KIR) channels with barium chloride (BaCl2) attenuated
the effect of exercise on ACh-mediated vasodilatation with no
change on the effect of SNP. ∗P < 0.05, effect of 5% MVC vs. effect
of SNP; †P < 0.05, effect of 5% MVC vs. effect of SNP + BaCl2;
#P < 0.05, effect of 5% MVC vs. effect of 5% MVC + BaCl2.

dephosphorylate myosin light chains and cause smooth
muscle relaxation (Koeppen et al. 2004). Considering there
was no amplification of NO-mediated vasodilatation in
our experimental approach, it is likely that endothelial cell
calcium and initiation of EDH-like signalling is necessary
to observe amplification of ACh (Smith et al. 2008;
Sonkusare et al. 2016).

Interestingly, the dramatic and rapid increase in vaso-
dilatation followed by a gradual decline back towards base-
line levels observed in response to ACh during exercise and
KCl infusion (Figs 4 and 6) mirrors the temporal pattern
of changes in intracellular calcium, membrane potential
and specifically Kca channel activation in response to

Figure 5. Exercise does not amplify SNP-mediated
vasodilatation
The change in forearm vascular conductance (FVC) in response to
sodium nitroprusside (SNP) during saline control, Ach (high flow
control) and mild intensity exercise (5% MVC). A, there were no
differences in SNP-mediated vasodilatation quantified as �FVC from
baseline. B, peak �FVC in response to SNP was not different during
exercise or ACh (high flow control) compared to control saline
conditions. ∗P < 0.05, 5% MVC vs. saline; †P < 0.05, 5% MVC vs.
ACh.
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ACh in animal models (Murrant et al. 2004; Wölfle
et al. 2009; Behringer & Segal, 2015). The similarity
of these temporal patterns supports the idea that the
amplification of ACh during exercise reflects EDH-like
signalling mediated through changes in intracellular
calcium or membrane potential. The gradual decline
in forearm vascular conductance after the initial peak
may also represent metabolic autoregulation whereby
over-perfusion of a metabolically active tissue can washout
vasoactive metabolites, reduce vasodilatory signalling and
thus decrease blood flow in an attempt to ‘correct’
the mismatch between oxygen delivery and oxygen
demand. In either case, it is possible that augmentation
of endothelium-dependent signalling may serve as a

Figure 6. Infusion of KCl in quiescent skeletal muscle amplifies
peak ACh-mediated vasodilatation
The change in forearm vascular conductance (FVC) in response to
ACh is presented during control saline, and infusion of potassium
chloride (KCl) to activate inwardly rectifying potassium (KIR) channels
in quiescent muscle. Peak ACh-mediated vasodilatation was
amplified during KCl infusion compared to saline control.
∗P < 0.05 vs. saline.

feedforward mechanism that acts to initiate immediate
alterations in vascular tone that are sustained or fine-tuned
by alternative feedback dilatory pathways that were not
activated during these pharmacological manipulations.

Role of KIR channels as electrical amplifiers

KIR channels are thought to be a primary mechanism
by which the vasodilatory response to EDH is amplified
and conducted within the resistance vasculature (Jackson,
2017). KIR channel activity is in part regulated by
voltage-dependent Mg2+ inhibition such that hyper-
polarization of the vasculature results in removal of the
Mg2+ inhibition and thus greater extrusion of K+ outside
of the cell membrane. This unique voltage-dependent
property of KIR channels allows them to operate as
‘electrical amplifiers’ whereby hyperpolarization of the
endothelium results in greater hyperpolarization via
activation of KIR channels, in essence amplifying the
original stimulus (Jantzi et al. 2006; Sonkusare et al. 2016).
Animal models have convincingly demonstrated that KIR

channels serve to both amplify and conduct EDH initiated
by ACh and other endothelium-dependent vasodilatory
substances (Rivers et al. 2001; Smith et al. 2008). Our
laboratory has previously identified a primary role for KIR

channels in mediating the net vasodilatory response to
skeletal muscle contraction (Crecelius et al. 2013a, 2014),
although it was not clear whether KIR channels serve
as amplifiers of endothelium-dependent vasodilatory
signalling at rest or during exercise in humans.

To test this hypothesis, we assessed the amplification
of ACh-mediated vasodilatation during exercise before
and after administration of BaCl2 to inhibit KIR channels.
Unexpectedly, infusion of BaCl2 increased the peak
vasodilatory response to ACh under resting conditions
(Fig. 3C). The unexpected augmentation of ACh during
BaCl2 infusion could lead to the interpretation that KIR

channels act to restrain endothelium-dependent vaso-
dilation under resting conditions. However, this scenario
is unlikely as KIR channel activation in the endothelium or
smooth muscle causes vasodilatation, and the activation
of Gq/11 coupled receptors and subsequent initiation of
EDH and production of NO (as would be expected during
infusion of ACh) have all been linked to activation, not
inhibition, of KIR channels (Schubert et al. 2004; Jackson,
2017). The more likely interpretation is that a non-specific
interaction with BaCl2 augmented the vasodilatory
response to ACh in this experimental preparation, thus
changing the ‘normal control’ response to ACh (discussed
in ‘Experimental considerations’). Regardless, when
compared to the ACh dilatory response in the presence of
BaCl2, the exercise-induced amplification of ACh was no
longer present after inhibition of KIR channels (Fig. 4).
It is important to note that the lack of augmentation
cannot be explained simply by diminished vasodilatory
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reserve remaining to observe amplification of the dilatory
response, as our laboratory and others have shown greater
vasodilatory capacity during both pharmacological
and physiological (e.g. exercise) stimuli (Kirby et al.
2012; Crecelius et al. 2013b). Even when the peak ACh
response during 5% MVC exercise + BaCl2 is compared
to the control 5% MVC exercise condition, the peak
ACh-mediated change in FVC tended to be lower after
inhibition of KIR channels, but not statistically different
(P = 0.07).

Therefore, to further test the hypothesis that KIR

channels can amplify endothelium-dependent vaso-
dilatation in humans, infusion of KCl was used to
pharmacologically activate KIR channels in the absence of
changes in metabolic demand. During pharmacological
activation of KIR channels, the peak response to ACh was
amplified in a manner that was characteristically similar
to handgrip exercise (Figs 2 and 6). In both cases, the
most dramatic effect on ACh-mediated vasodilatation
occurred within the first 20 s after initiation of the vaso-
dilatory response, followed by a gradual decline in vascular
conductance back to control ACh levels (Figs 3A, 4 and
6A). These are the first data in humans to demonstrate that
KCl can amplify endothelium-dependent vasodilatation,
and are largely supportive of our findings that activation
of KIR channels amplifies Ach-mediated vasodilatation in
contracting muscle. In addition to greater KIR channel
conductance directly amplifying the vasodilatory response
to EDH, an indirect effect of changes in membrane
potential associated with exercise or KCl infusion
may independently influence the response to ACh via
alterations in calcium signalling. In this context, Behringer
& Segal ( 2015) demonstrated that the rise in intracellular
calcium in response to ACh becomes progressively greater
as membrane potential becomes more hyperpolarized,
consistent with the greater electrochemical driving force
of calcium. In the present set of studies, both handgrip
exercise and KCl infusion would be expected to hyper-
polarize the vasculature (Segal & Jacobs, 2001; Burns et al.
2004) resulting in a greater calcium influx in response to
the same dose of ACh. Given the experimental limitations
of in vivo investigations in humans, it is currently
not possible to determine if exercise or KCl augment
ACh-mediated dilatation due to direct KIR-mediated
amplification of EDH, or secondary to greater activation of
SK/IKca channels due to elevated calcium influx. In either
case, it appears that KIR channels serve as a mechanism
through which endothelium-dependent dilatory signals
are amplified in humans.

Integration of KIR channel activity in human skeletal
muscle vasculature

Collective data from our laboratory and others (Dawes
et al. 2002; Dwivedi et al. 2005) indicate that at rest,

the vasculature of human skeletal muscle may operate
somewhere near the ‘activation potential’ for KIR

channels. Our laboratory has typically shown a modest
reduction in vascular conductance after administration
of BaCl2 to resting forearm skeletal muscle, suggesting
some contribution of KIR channels to resting vascular
tone (Crecelius et al. 2012, 2013b, 2014; Hearon et al.
2017). Although slightly variable across conditions
(�0–20%), the data from the present study are generally
consistent with a modest activation of KIR channels under
resting conditions in humans (Table 1). From this resting
membrane potential, small changes in vascular signalling,
in this case via muscle contraction or low doses of KCl,
will hyperpolarize membrane potential leading to greater
KIR channel conductance. Any additional or subsequent
hyperpolarizing signal (e.g. SK/IKca activation) will result
in greater KIR channel conductance and augmentation of
electrical communication along arterioles. In the context
of exercise hyperaemia, K+ released from skeletal muscle
fibres may elevate interstitial K+ and directly activate
KIR channels immediately upon the initiation of skeletal
muscle contraction eliciting a feedforward vasodilatory
response (Mohrman & Sparks, 1974; Armstrong et al.
2007). Indeed, KIR channels have been shown to contribute
to the rapid-onset vasodilatory response observed after a
single brief muscle contraction, suggesting that activation
of KIR channels is among the first signalling events during
exercise (Armstrong et al. 2007; Crecelius et al. 2013a). We
propose a working hypothesis (Fig. 7) that the presence of
increased interstitial K+ and increased KIR channel activity
immediately at the onset of muscle contractions will elicit
feedforward vasodilatation and increase the activity of KIR

channels such that any subsequent local and/or metabolic
EDH-like signalling initiated by other substances within
the vasculature of contracting muscle (Clifford & Hellsten,
2004; Casey & Joyner, 2011) will be amplified via greater
conductance through KIR channels. The initial actions
of extracellular K+ resulting in rapid vasodilatation
and amplification of EDH-like signals will facilitate
robust and rapid conduction of vasodilatory signalling
to upstream arterioles and feed arteries and ensure
adequate blood flow and oxygen delivery to active skeletal
muscle.

Experimental considerations

For this initial investigation, we chose to use ACh as
the endothelium-dependent vasodilatory stimulus for
a few key reasons. First, the endothelium dependence
and downstream signalling mechanisms of ACh are well
characterized (Behringer & Segal, 2012). Second, our
laboratory recently established that the vasodilatation
initiated by ACh within contracting skeletal muscle
appears to be independent of the production of the
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endothelial autacoids NO and prostaglandins (Hearon
et al. 2016). The resulting vasodilatation is thought to
rely heavily on EDH (Hoepfl et al. 2002; Dabisch et al.
2004; Hilgers et al. 2006; De Wit, 2010) and demonstrates
vasomotor properties that are unique to EDH-like
signalling, including the ability to attenuate sympathetic
vasoconstriction (Kurjiaka & Segal, 1995; Hearon et al.
2016). Third, the vasodilatory response to ACh in humans
has previously been shown to have little contribution
from KIR channels under resting conditions (Dwivedi
et al. 2005; Crecelius et al. 2012), which was confirmed in
this set of experiments.

The exaggerated peak vasodilatation to ACh in the
presence of BaCl2 observed in this investigation is similar
to previous observations of exaggerated vasoconstrictor
responses to the α1-adrenergic agonist phenylephrine
in the presence of BaCl2 (Crecelius et al. 2015b; Hearon
et al. 2017). Both phenylephrine and ACh are Gq/11

protein coupled receptors that rely on calcium entry
into the endothelium or vascular smooth muscle,
respectively. It is possible that small changes in membrane
potential or calcium entry in the presence of elevated
extracellular BaCl2 alter the downstream response to Gq/11

protein coupled receptor activation. The shared signalling
mechanisms could explain why BaCl2 has been observed to

augment both vasodilatory and vasoconstrictor responses
under resting conditions.

Finally, future studies will be required to determine if
responses of other candidate vasodilators believed to be
involved in the regulation of blood flow are amplified
in contracting skeletal muscle. Along these lines, intra-
vascular (circulating) ATP increases during exercise and
elicits vasodilatation and is thought to be an important
contributor to exercise hyperaemia in humans (Gonzalez-
Alonso et al. 2002; Kirby et al. 2012, 2013; Crecelius et al.
2015a). Interestingly, both ATP and ACh cause vaso-
dilatation by binding to Gq/11 protein coupled receptors
(P2y2 and M3, respectively) and initiating EDH (Garland
et al. 2011). Activated KIR channels are the primary
downstream effectors of ATP mediated vasodilatation in
humans (Crecelius et al. 2012; Hearon et al. 2017), and
therefore may be a physiological contributor to exercise-
induced vasodilatory signalling (Hearon & Dinenno,
2017), and perhaps contribute to the amplification of
other vasodilatory substances (Kwan et al. 2003; Liu et al.
2004; Fujii et al. 2015). Future studies should address
whether ATP-mediated signalling is amplified during
exercise, and whether ATP itself is capable of amplifying
or altering the vasoactive properties of other vasodilators
in a similar manner to exercise.

Figure 7. Working hypothesis on KIR channel-mediated regulation of skeletal muscle blood flow
In resting skeletal muscle (left panel), the prevailing extracellular potassium levels (�4–5 mM) and membrane
potential (Em) are near the activation potential of KIR channels, resulting in mild activation of KIR channels
and a modest contribution to resting vascular tone. Application of certain endothelium-dependent agonists
may hyperpolarize membrane potential (leftward arrow) and recruit current through KIR channels to elicit vaso-
dilatation. Immediately upon initiation of exercise (right panel), efflux of K+ from skeletal muscle fibres will
increase extracellular [K+] (�8–10 mM) shifting the I–V relationship (solid line) rightward, resulting in activation
of KIR channels and feedforward vasodilatation. Subsequently, any increase in endothelium-dependent signalling
associated with muscle contractions will be amplified via greater conductance through KIR channels. Thus, for the
same EDH stimulus (e.g. ACh or ATP) during muscle contractions, there will be greater recruitment of KIR channel
conductance and amplification of the original stimulus, facilitating greater upstream conduction of vasodilator
signalling (figure adapted from Jackson, 2017). [Colour figure can be viewed at wileyonlinelibrary.com]
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Conclusions

The results of the present investigation demonstrate for
the first time that endothelium-dependent ACh-mediated
vasodilatation is amplified in contracting skeletal muscle
of humans. In contrast, the endothelium-independent
vasodilator SNP is not augmented, demonstrating that
specific dilatory pathways may be amplified during skeletal
muscle contraction. Furthermore, the amplification of
ACh may be due in part to activation of KIR channels,
which is consistent with animal studies demonstrating
that KIR channels may act as electrical amplifiers
of endothelium-dependent vasodilatory signalling. We
hypothesize that K+ efflux from skeletal muscle may
be a key feedforward vasodilatory signal that activates
vascular KIR channels to cause vasodilatation and amplify
EDH-mediated vasodilatory signalling in humans.
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Wölfle SE, Schmidt VJ, Hoyer J, Köhler R & De Wit C (2009).
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