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ABSTRACT

THE EFFECTS OF ISCHEMIC PRECONDITIONING ON HEMODYNAMIC AND
NEURAL RESPONSES TO STATIC HANDGRIP AND MUSCLE METABOREFLEX
ACTIVATION

Anthony Vincent Incognito
University of Guelph, 2016

Advisor:
Dr. Philip J. Millar

This thesis investigated the effects of ischemic preconditioning (IPC), a blood flow
restriction procedure demonstrated to exert cytoprotection and reduce metabolic demand
during ischemia-reperfusion injury, on hemodynamic and neural (muscle sympathetic
nerve activity; MSNA) responses to static handgrip and muscle metaboreflex activation
(post-exercise circulatory occlusion; PECO). Thirty-seven men were randomized to a sham
(n=16) or IPC (n=21) group. Participants completed a 2 min static handgrip followed by 3
min of PECO, and a static handgrip time-to-failure to elicit peak responses. IPC had no
effect on hemodynamics during static handgrip or PECO, but significantly increased peak
systolic blood pressure. IPC had no effect on MSNA during PECO, but significantly
increased total MSNA during the first minute of static handgrip and peak MSNA burst
frequency and incidence. These findings suggest that IPC does not attenuate the muscle
metaboreflex, however, may facilitate sympathetic activation at exercise onset and
volitional fatigue.
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Chapter 1. Literature Review

1.1 General introduction
Exercise is associated with an intensity-dependent rise in blood pressure to increase
muscle perfusion and support metabolic demands (222). The mechanisms responsible for these
pressor responses include non-neural contributions of the skeletal and respiratory muscle pumps
(181) and neurally-mediated changes in efferent parasympathetic and sympathetic outflow (192)
leading to increases in heart rate, stroke volume, and peripheral vasoconstriction. Regulation of
the autonomic response involves integration of feedforward signals from higher order brain
regions associated with motor control, termed central command (87), and feedback from
peripheral afferents (e.g. baroreceptors, chemoreceptors, mechanoreceptors) located throughout
the body (182, 192).
In particular, activation of the sympathetic nervous system is critical for controlling the
cardiovascular response to exercise. The importance of the sympathetic nervous system was
documented in patients in the 1960’s that underwent sympathectomy treatment for hypertension
(167, 275). These patients were unable to increase blood pressure during exercise, and instead,
experienced pressure drops due to unrestrained vasodilation in the exercising muscle. Similarly,
performing exercise during sympathetic nervous system blockade (β-adrenergic blockade with
propranolol) impairs the circulatory response to exercise, reducing heart rate, cardiac output, and
mean arterial pressure, significantly lowering exercise endurance (68). Impaired cardiovascular
responses are also seen when afferent feedback from skeletal muscle are partially blocked (5, 6),
as these signals reflexively increase sympathetic nerve activity (39).
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1.2. Measuring sympathetic outflow in humans
1.2.1 Direct measures of sympathetic outflow
In humans, activation of the sympathetic nervous system is quantified most commonly
using direct measures of plasma norepinephrine (NE), radiolabelled NE spillover, or muscle (or
skin) sympathetic nerve activity obtained through microneurography. NE represents the primary
neurotransmitter of postganglionic sympathetic fibres and can be measured using conventional
assay techniques from blood samples (71, 107). Unfortunately, in healthy adults, only 20% of
NE released at the sympathetic nerve terminal spills over to plasma, with the remainder being
taken back up by NE reuptake transporter (71, 107). This limits the ability to determine if
increased plasma NE results from increased central sympathetic outflow or alterations in NE
reuptake. The relationship between NE release from sympathetic nerve terminals and NE
spillover into the plasma is also not linear (31). Another limitation is that systemic plasma NE
does not provide any information on regional or organ-specific sympathetic activity. To
circumvent some of these limitations, measures of whole-body (69) and regional (70, 71)
radiolabelled NE spillover were developed. The NE spillover technique allows for quantification
of the rate by which NE is released into the plasma. This is performed by infusing titrated
radiolabelled NE and measuring the arteriovenous NE difference across the organ. This provides
an index of NE spillover from sympathetic terminals directly innervating the tissue of interest.
However, this method also has limitations, most notably the requirement that participants
undergo invasive catheterization. Additionally, there is a temporal limitation to the regional NE
spillover technique as diffusion of radiolabelled NE into the plasma is slow and therefore may
only be accurate in longer observation of participants in steady state conditions. For this reason,
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continuous measures of NE spillover cannot be measured, limiting the ability to obtain
information on acute changes.
MSNA is measured using microneurographic techniques, which involve the placement of
a recording microelectrode into motor nerves directed towards skeletal muscle (Figure 1). This
method is limited by the availability of superficial nerves in humans and is most commonly
undertaken in the arm (median, radial, or ulnar nerves) or leg (peroneal or tibial nerves) (223).
The raw signal obtained from the microelectrode are amplified and bandpass filtered to limit
background noise. The raw signal can be used to analyse the firing patterns of single sympathetic
nerve fibres (or units) that occur in clusters which are termed bursts (154). It is more common to
analyze multi-unit sympathetic bursts, which is the summation of many single fibres firing
together (158). To obtain this signal, the raw neurogram is rectified and integrated usually in a
100 ms time window. Sympathetic outflow is quantified by counting bursts and expressing them
as burst frequency (bursts/minute) or burst incidence (bursts/100 heartbeats) (274). Additionally,
the area of each burst can be calculated using burst height and width and used to calculate total
MSNA, the product of average burst area (integral) and burst frequency (247, 274). Total MSNA
is considered a more comprehensive assessment of both the occurrence and strength of a
sympathetic burst (247).
One advantage of microneurographic recordings is that they permit continuous collection
of data. Although recording from the microelectrode is continuous, MSNA characteristically
displays intermittent bursts of activity, All sympathetic bursts are coupled with the cardiac cycle,
discharging during diastole when the arterial baroreceptors are unloaded (223).
Microneurography is considered the gold standard for quantifying sympathetic outflow to
skeletal muscle in humans and exhibits high intra- (27, 89) and inter-day (74, 245)
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reproducibility at rest and intra-day reproducibility during static handgrip exercise (212). The
main limitation of the technique is the degree of difficulty in obtaining and maintaining high
quality recordings. The recording limb must be kept motionless and without muscle tension in
order to keep the microelectrode in place. This limits the capacity to be used during exercise and
to date, the majority of research has been performed using handgrip exercise while recording in
the non-active leg (223). It remains extremely difficult to obtain MSNA recording from active
limbs. Although earlier research demonstrated that MSNA is for the most part uniform to upper
and lower limbs (213, 245) at rest, whether uniform discharge occurs to the active and non-active
limbs is controversial (29, 30, 211). This is an important potential confounder when interpreting
the vast majority of MSNA studies that use non-active limb recordings.

Figure 1. Microneurography schematic showing a peripheral nerve cross-section and the
insertion of a recording microelectrode. Reused with permission from Macefield (153).
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1.2.2 Indirect measures of sympathetic outflow
Sympathetic outflow is also estimated indirectly from changes in whole-body or regional
vascular resistance or conductance. These measures require measurement of both blood flow
(e.g. cardiac output) and mean arterial pressure, which are then used to calculate resistance
(pressure/flow) or conductance (flow/pressure). It is assumed that increases in vascular resistance
or decreases vascular conductance are indicative of sympathetic vasoconstriction (231). It has
been suggested that changes in vascular conductance represent a better marker of vasomotor tone
than resistance (198). This is because at a steady-state cardiac output, a change in conductance
causes a similar change in blood pressure, despite differences in baseline levels of conductance
(196). However, this method does not consistently represent the sympathetic vasoconstrictor
stimulus since the vasculature is also influenced by humoral and local metabolic factors (122).

1.3 Neural mechanisms controlling blood pressure response to exercise
The magnitude of cardiovascular responses to an exercise stimulus is influenced by
exercise intensity, muscle mass, and mode of contraction. It is well known that blood pressure
rises with increasing exercise intensity (222) and the amount of muscle mass (144). Contraction
mode is capable of eliciting similar magnitude increases in blood pressure if both performed to
failure, however, the mechanisms responsible for the pressor responses can differ (144).
Contraction mode can be either dynamic/rhythmic (cyclic movements) or static (motionless
contraction). Dynamic/rhythmic exercise induces a volume load on the heart and is characterized
by large increases in heart rate and stroke volume and reductions in total peripheral resistance. In
contrast, static exercise evokes a pressure load characterized by increases (or no change) in total
peripheral resistance and more modest increases heart rate and stroke volume (144, 223, 242). In
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addition, static exercise induces a more rapid rise in blood pressure (17). As the mechanisms
responsible for these cardiovascular responses differ, the following sections will focus on static
exercise as this was the exercise modality employed in the present study.
A unique feature of static exercise is that the continuous skeletal muscle contraction can
compress the vasculature limiting skeletal muscle blood flow, particularly in small muscle
groups such as the forearm (97). The decrease in blood flow creates a reliance on anaerobic
metabolism and prevents the clearance of metabolites. These metabolites can stimulate group
III/IV afferents in skeletal muscle, making static handgrip a very potent activator of sympathetic
nerve activity. Additionally, this exercise modality is ideal when using microneurography for
direct neural recordings of muscle sympathetic nerve activity as it is easier to limit whole body
movement, which improves the recording quality and stability.

1.3.1 Central command
1.3.1.1 Definition and discovery
Central command (first referred to as cortical irradiation (137)) is defined as descending
neural signals arising from higher brain centres involved in skeletal muscle motor control and
effort perception that elicit a feedforward influence on cardiorespiratory responses to exercise
(276). The first evidence of central command was reported in 1913, when heart rate was
observed to increase prior to (exercise anticipation) and immediately at the onset of cycling
exercise, and therefore, well before changes in skeletal muscle metabolism (9).
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1.3.1.2 Methods used to isolate the effects of central command
There are many methods commonly used that attempt to understand the isolated influence
of central command. In animals, direct brain stimulation combined with parallel measures of
cardiorespiratory variables have identified important brain regions potentially involved with
central command, including areas of the frontal cortex and subthalamic locomotor regions (i.e.
hypothalamus, mesencephalon, amygdala) (66, 266). In humans, anticipation to exercise has
been used to isolate for central command. In these experiments, a cue in the pre-exercise period
is communicated to the participant and parallel recordings of cardiorespiratory variables are
made in the time between the cue and the onset of exercise (32, 91, 114). Also, hypnosis and
imagery have been strategies used in humans that can uniquely manipulate effort perception.
Hypnosis or imagery can be done without exercise or in the presence of constant load exercise,
and the common manipulation is having the participant to perceive an exercise stimulus as easy
or difficult (251, 271, 277, 278). These studies have demonstrated cardiorespiratory responses to
be proportional to perceived effort. Finally, exercise during partial or complete neuromuscular
blockade in comparison to regular exercise is used to isolate for the effects of central command
by minimizing skeletal muscle afferent feedback during exercise while maximizing the
signalling of motor outputs (263).

1.3.1.3 Neural and hemodynamic effects of central command
Isolated activation of central command using the methods described above has been
shown to consistently increase heart rate and blood pressure (32, 91, 114, 251, 263, 271, 277,
278). One of the first investigations on the neural effects of central command was done by Victor
et al. (263) using a partial neuromuscular blockade with curare. Participants performed a near-
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maximal static handgrip, but under neuromuscular blockade force output was only 15% of
maximal volitional contraction (MVC) or less, though significant increases in heart rate, blood
pressure, and MSNA were observed. Compared to 30% MVC static handgrip without
curarization, the heart rate response was similar but blood pressure and MSNA were significantly
lower, suggesting a greater influence of central command on heart rate than blood pressure and
MSNA. The heart rate response during static handgrip with curare was attenuated with the
administration of atropine, a vagal blockade, but not propranolol, a beta-adrenergic blockade.
These findings demonstrate that central command predominantly influences heart rate through
parasympathetic withdrawal. It must be noted, that although MSNA exhibited small, albeit
significant, increases during static handgrip under curarization, in a follow-up study using the
same experimental conditions, MSNA was shown to increase substantially with near-maximal
rhythmic handgrip contractions under curarization (265). This demonstrates that the mode of
contraction can directly affect the influence of central command on MSNA.
It should be mentioned that evidence also supports central command exerting
sympathoinhibitory effects. MSNA has been shown to decrease during exercise anticipation (32),
which may explain a muscle vasodilatory response at exercise onset (114). MSNA has also been
found to decrease during a two minute voluntary static bicep contraction at 20% MVC, but
increase during a similar intensity electrically-evoked involuntary contraction (which would
isolate for the muscle mechanoreflex) (161). These results suggest that central command may
exert sympathoinhibitory effects in anticipation of, or during, low intensity exercise but
sympathoexcitatory responses at near-maximal intensities. The sympathoinhibitory effects of
central command do not appear to be due to attenuation of the muscle metaboreflex, as
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superimposing rhythmic handgrip with lidocane during isolated metaboreflex activation of the
contralateral arm had no effect on the MSNA response (212).
More recently, studies demonstrate that central command does not operate in isolation
during exercise but can be influenced by peripheral afferent feedback, such as from skeletal
muscle. The influence of skeletal muscle afferent feedback on central command has been directly
tested with the use of fentanyl administration during exercise (5, 6). Fentanyl is a µ-opioid
receptor agonist that attenuates feedback from group III/IV skeletal muscle afferents by
inhibiting neuromodulators within the spinal cord (104, 174, 257). It is known that group III/IV
afferents are activated chemically, by metabolite accumulation, and mechanically, by muscle
strain (expanded on in 1.2.3) (102, 115, 125, 127, 143, 216, 235). Attenuating feedback from
these afferents decreases ratings of perceived exertion during constant load high-intensity
cycling, and therefore, presumably central command. Similarly, when administering fentanyl
during a self-paced 5km time trial (where participants are able to alter exercise intensity as
desired), participants had a greater accumulation of metabolites (23), known to increase
sensations of fatigue (205). Despite elevated levels of metabolite accumulation in the fentanyl
group, ratings of perceived exertion, and hence central command, were similar to placebo further
suggesting that intact skeletal muscle afferent feedback increases central command.
Noteworthy, the aforementioned studies measured MSNA in the non-active limb. Recent
evidence has suggested that MSNA to active limbs increase in parallel to contraction intensity
through a 10% to 50% MVC range (29), independent from input of skeletal muscle afferents as
MSNA was unchanged with ischemic contraction (29) or with electrically evoked contraction
(30). In light of these new findings, it appears that central command may have a more profound
effect on MSNA in active muscle, whereas skeletal muscle afferent feedback has a more
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profound effect in non-active muscle beds. The implications of these findings are essential in
understanding mechanistically the exercise hyperemic and pressor response.
In conclusion, central command appears to govern increases in heart rate and blood
pressure mainly through parasympathetic withdrawal. The effects of central command on MSNA
are unclear but appear to minimally increase or decrease MSNA to non-active muscle and
increase MSNA to active muscle. In addition, central command may function differently in the
presence of skeletal muscle afferent feedback.

1.3.2 Exercise pressor reflex
The exercise pressor reflex describes feedback that originates from group III/IV afferents
in skeletal muscle and project centrally to the brainstem nuclei such as the nucleus tractus
solitarii and rostral ventrolateral medulla, which are primary regions governing parasympathetic
and sympathetic outflow, respectively (57). Activation of this reflex has been shown to elevate
blood pressure through increases in heart rate, stroke volume and/or total peripheral resistance
(182). The exercise pressor reflex consists of both stretch-sensitive mechanoreceptors, termed
the muscle mechanoreflex, and chemically-sensitive chemoreceptors, termed the muscle
metaboreflex.

1.3.2.1 Group III/IV skeletal muscle afferents
1.3.2.1.1 Anatomy and physical characteristics
Group III/IV skeletal muscle afferents are both small in diameter (<1.5 µm) (240).
Physically, group III fibres are myelinated and group IV are unmyelinated and possess
conduction velocities of 2.6 to 30 and <2.5 m/s, respectively (126). Anatomically, free endings
of group III fibres have been identified in tendon and myotendinous junctions, connective
10

tissues, extra- and intrafusal muscle fibres, and in the adventitia of blood vessels (240). Free
endings of group IV fibres have been identified in connective tissue and adventitia of blood
vessels and are spread out over a greater tissue area (240).

1.3.2.1.2 Functional characteristics and phenotypic differences
Based on electrophysiological differences, group III fibres are described as being Aδ
fibres and group IV fibres are described as being C fibres (171). Classified predominantly based
on their conduction velocities, group III and IV afferents were both demonstrated to be highly
responsive to static contraction (125–127, 175). The majority of group III afferents fire quickly
after the initiation of contraction (~1 sec) but are rapidly adapting (firing rates reduced shortly
after contraction onset) (125–127, 175). In addition, peak firing rates are proportional to muscle
tension (125–127, 175). Group IV afferents demonstrate a delayed onset latency (~4 to 30 sec),
thought to be due to the delayed onset of metabolite accumulation. Additionally, these fibres
continue to or increase firing rates throughout the duration of the contraction, unrelated to
muscle tension (125–127, 175). These observations led to the general classification of group III
afferents as predominantly mechanoreceptors (more responsive to mechanical stimuli) and group
IV afferents as predominantly metaboreceptors (more responsive to chemical stimuli). This
classification is further supported by the greater responsiveness to light probing and tendon
stretch (isolated mechanical stimulation) in group III afferents (125–127, 175). However, it must
be also noted that both group III and IV afferents possess a similar variety of receptors including
acid sensing ion channels (ASICs), transient receptor potential vanilloid 1 (TRPV1), and
purinergic ligand-gated ion channel (P2X) receptors (Figure 2) (34, 90, 125, 177, 236, 238, 246,
259) and when tested experimentally with concurrent neural recordings from the dorsal root

11

ganglion, both can be sensitive to potassium, lactic acid, bradykinin, cyclooxygenase products
(i.e. prostaglandins, thromboxanes), ATP, and diphosphate (96, 125, 216, 218). As a result, a
large number of group III/IV fibres are considered to be polymodal, receptive to both mechanical
and metabolic stimuli.
Group III/IV afferents also display phenotypic differences uncovered when assessing
responsiveness to different thresholds of stimulation. This was first demonstrated in cats, where
it was shown that a proportion of group III and IV afferents were sensitive to low, innocuous
levels of mechanical (i.e. light probing) and metabolic (i.e. static contraction) stimuli, whereas
another group were sensitive to high, noxious levels of mechanical (i.e. vigorous squeezing) and
metabolic (i.e. ischemic static contraction) stimuli (125–127, 175). These investigations also
demonstrate a greater amount of group IV afferents being responsive to higher levels of noxious
stimulation, ischemic contraction (126, 175), capsaicin (125), vigorous muscle squeezing (125–
127), and classified as metabo-nociceptors (9). The afferent projections of these two phenotypic
classifications are unknown, as are the individual contributions to efferent autonomic outflow.
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Figure 2. Stimulants of group III/IV skeletal muscle afferents. Reused with permission from
Greaney et al. (90).

1.3.2.2 Muscle mechanoreflex
1.3.2.2.1 Definition and discovery
The muscle mechanoreflex is defined as the ascending neural signals arising from
skeletal muscle afferents responding to mechanical stretch and strain that contribute to the
exercise pressor response (126, 131, 139, 171). Historically, the muscle mechanoreflex has been
difficult to isolate in humans because of the confounding influence of central command and
metabolite accumulation that accompanies muscle contraction. For this reason, the isolated
action of this reflex is less studied. The first knowledge of this reflex was made from group
III/IV skeletal muscle afferents showing reactivity to muscle stretch, squeeze, and light probing
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(126). Although the efferent aspect of the mechanoreflex is less studied, sympathetic outflow is
known to be increased by group III/IV afferents (171) and reflex increases in heart rate and blood
pressure have been shown to increase with muscle stretch in a tension-dependent manner (143).

1.3.2.2.2 Methods used to isolate for the effects of the muscle mechanoreflex
Attempts to isolate for the muscle mechanoreflex in humans have employed limb
compression (20, 170, 279), passive stretching or movement (51, 53, 79, 85, 86, 168, 261, 280),
low intensity exercise (17, 183), and low intensity electrically stimulated exercise (33, 59, 108,
161, 179).

1.3.2.2.3 Neural and hemodynamic effects of the muscle mechanoreflex activation
Evidence that stimulation of muscle mechanoreceptors activates the exercise pressor
response arises from investigations using selective inhibition of mechanoreceptors (gadolinium,
GsMTX4) during static contraction and passive stretch in animals, which demonstrates
attenuated increases in heart rate, blood pressure, and renal sympathetic nerve activity (40, 131,
188). In humans, initial studies used mainly limb compression. When using limb compression,
experimenters control for the potential displacement of limb blood volume into central
circulation (increasing central venous pressure) by using proximal limb circulatory occlusion.
The main confounder still remaining in this model is venous distension and pain (116), shown to
similarly increase blood pressure and sympathetic activity (50, 52, 54, 169, 283), possibly
through group III and IV nociceptive afferents in skeletal muscle (283). Nonetheless, limb
compression causes an increase in blood pressure proportional to the magnitude of compression
and muscle mass in the absence of changes in heart rate, cardiac output, and central venous
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pressure (170, 279) and can be abolished with epidural anaesthesia (279). This response is
induced by sympathetic vasoconstriction, as limb compression (170) and experimentally
induced muscle pain (76) have been shown to increase MSNA.
Experimental models using passive stretch/movement, low intensity exercise, or low
intensity electrically evoked exercise have not demonstrated the same potency in eliciting pressor
responses (19, 51, 79, 179). It has been shown that the magnitude of the pressor response in
humans appears to be independent of contraction time, but rather, dependent on tension (59) and
intramuscular pressure (81, 169), and supported by an investigation in cats using muscle
contraction and passive stretch (143). The first human investigation using passive stretch
observed no change in heart rate (similar to Williamson et al. (279)) or blood pressure compared
to baseline values (19). However, this result was likely a timing issue in the data analysis. More
recent investigations report passive stretch to induce a very transient elevation in heart rate (51,
85, 86), blood pressure (51, 79), and MSNA (51, 53). The transient elevation in heart rate has
been shown to be the result of a parasympathetic withdrawal. This is evident from a reduction in
time domain heart rate variability (85) and more convincingly, from the inability of passive
stretch or electrically evoked muscle activation to increase heart rate when preceded by an
amelioration of cardiac vagal tone using either a vagal blockade or rhythmic handgrip (86, 108).
Investigations using methods other than limb compression seem to be incapable of
inducing a prolonged response, which is likely because limb compression does not completely
isolate for mechanoreceptors, but also stimulates nociceptors known to generate a more
prolonged response (116, 283). Rhythmic contractions have shown the ability to prolong the
activation of group III mechanoreceptor afferents, likely due to the constantly changing stimulus
(127). Metabolite accumulation has also been shown to augment and prolong the pressor
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response to mechanoreflex activation. Specifically, graded levels of metabolite accumulation
proportionally increase the pressor response to limb compression (20) and passive stretch (53,
79, 102).
Caution is required in extrapolating findings from studies investigating single reflexes in
isolation. For example, activation of the metaboreflex using post-exercise circulatory occlusion
(PECO) during parallel contralateral arm low intensity rhythmic handgrip (muscle
mechanoreflex activation) inhibited the MSNA increase, which was not observed when skeletal
muscle afferent feedback was partially blocked during contraction with lidocaine (212). This
study highlights the relatively unknown nature of signal integration from multiple limbs or whole
body exercise.

1.3.2.3 Muscle metaboreflex
1.3.2.3.1 Definition and discovery
The muscle metaboreflex is defined as the ascending neural signals arising from skeletal
muscle afferents responding to metabolite accumulation that contributes to the exercise pressor
response (126, 234, 262). The role of the muscle metaboreflex in mediating the exercise pressor
response has been extensively researched since the early 1900’s. Alam and Smirk (3, 4) were the
first to isolate for the effects of this reflex by inflating pneumatic thigh cuffs to suprasystolic
pressures immediately after the cessation of calf exercise, termed PECO. The objective of this
experimental procedure, which is still commonly used today, is to trap local metabolites
produced during exercise within the muscle vascular bed to eliminate the confounding effects of
central command and the muscle mechanoreflex that accompany voluntary contraction. They
observed a sustained elevation in blood pressure and heart rate during the entire PECO period.
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The strongest evidence for a metabolism-mediated reflex increase in blood pressure and
sympathetic outflow is through investigations in McArdle’s disease patients. McArdle’s disease
is characterized by the inability to breakdown muscle glycogen and subsequently create lactic
acid, due to a myophosphorylase deficiency. These patients show an abolished blood pressure
and sympathetic response to exercise (73, 208) and to the isolated effect of muscle metabolite
accumulation achieved using PECO (73).

1.3.2.3.2 Methods used to isolate for the effects of the muscle metaboreflex
Apart from PECO as described above (3, 4, 161), the muscle metaboreflex can also be
augmented during exercise through applications of blood flow restriction (25, 264) and positive
limb pressure (56). In both methodologies, blood flow to the active muscle is reduced, which
supports anaerobic metabolism and metabolite accumulation.

1.3.2.3.3 Neural mechanisms governing the hemodynamic effects of muscle
metaboreflex
The exaggerated increases in blood pressure observed with blood flow restriction and the
sustained increases in blood pressure observed with PECO are accompanied by increases in
cardiac output (239) and variable increases in total vascular resistance (56, 133, 204, 239). A
primary metabolic determinant of this response appears to be muscle pH, as blood pressure,
MSNA, and muscle vascular resistance appear to increase at a pH around 6.9-6.7 (191, 234,
262). Therefore, the modality by which metaboreflex activation is achieved is not critical when it
comes to assessing blood pressure response, as long as pH is lowered to a required threshold.
Important to note, however, static exercise modalities are generally more potent in reducing
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muscle pH and increasing blood pressure and MSNA compared to dynamic or rhythmic exercise
because continuous skeletal muscle mechanical compression on the vasculature attenuates blood
flow during exercise, supporting anaerobic conditions (15, 97, 268). Therefore, it is more
common to see studies using static exercise prior to PECO. If static exercise is not used, the
exercise bout is usually at a higher intensity, under partial ischemic conditions, or for a longer
duration in order to elicit a muscle metaboreflex response (17, 144, 262).
Although the blood pressure response is well defined, the influence of the muscle
metaboreflex on heart rate has been equivocal. In studies using PECO, ischemic muscle mass is
thought to be a primary determinant of heart rate responses since forearm occlusion does not
sustain an elevation in heart rate (4, 173, 191, 262, 264) but leg occlusion does (4, 25, 43, 78,
203). Nonetheless, some findings are controversial, as heart rate has also been shown to recover
during lower limb occlusion (26, 112) and remain elevated after upper arm occlusion (78). The
interpretation of efferent reflex responses to muscle metaboreflex activation is more consistent
during exercise with blood flow restriction. In all cases, the heart rate response is augmented
during ischemic exercise conditions (25, 64, 78, 173, 206, 217, 243, 244, 264), suggesting a
metaboreflex-mediated increase in heart rate.
Although heart rate decreases during PECO, suggesting a parasympathetic reactivation,
cardiac sympathetic outflow has been shown to remain elevated. In an investigation
demonstrating increases in heart rate during PECO in both the arms and legs (78), it was
observed that the heart rate response during PECO in the arm was unaltered with cardiac vagal
blockade (glycopyrrolate), but attenuated with β-adrenergic blockade (metoprolol). Nonetheless,
the heart rate response during PECO is largely attenuated compared to the heart rate response
during blood flow restricted exercise. This has been shown to be the result of a parasympathetic
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reactivation mediated by a loss of central command (44, 190), largely masking the effects of the
metaboreflex-mediated increases in cardiac sympathetic outflow (190, 197). It must be
cautioned, however, that metaboreflex activation using blood flow restrictive exercise is still
confounded by central command and the muscle mechanoreflex, both known to be augmented
during increased levels of metabolite accumulation (5, 6, 53, 205). Therefore, it is unclear
whether or not the muscle metaboreflex influences heart rate in a direct or indirect manner when
using blood flow restriction exercise models. This issue was partially addressed by Ichinose et al.
(110) by comparing the heart rate, blood pressure, and total vascular conductance response gain
during graded reductions in forearm blood flow during rhythmic handgrip. After a threshold
reduction in forearm blood flow, the heart rate gain began to increase, while increases in blood
pressure and total vascular conductance responses were unchanged. It was concluded that at
higher voluntary workloads, the muscle metaboreflex begins to rely more on heart rate to
increase blood pressure.
Muscle metaboreflex activation using PECO has yielded some conflicting results on
cardiac output responses as some studies report increases (25, 35, 42, 43, 45, 46, 203) while
others report no change (16, 26), although no declines have been reported despite the large
increases in afterload. The sustained or enhanced cardiac output response during isolated muscle
metaboreflex activation has been primarily attributed to increases in stroke volume through
increased cardiac contractility (25, 42, 45, 46, 191). The change in cardiac contractility has been
linked to the intensity of exercise preceding PECO. Specifically, PECO in the forearm after
handgrip at 70% MVC but not 40% MVC elicited increases in cardiac output, independent of
heart rate (46), suggesting that a threshold metaboreflex activation is required to alter cardiac
contractility. Sympathetic outflow to the vasculature and subsequent venoconstriction (133), may
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support increased venous return, enhancing cardiac contractility through the Frank-Starling law
(16, 43, 166). This was best demonstrated by a blunting of cardiac output along with overall
pressor responses during metaboreflex activation in patients with spinal cord injury, likely due to
reductions in vasoconstriction, hampering venous return (43).
In summary, the effects of the muscle metaboreflex include increasing blood pressure
through both cardiac output and peripheral vascular resistance. These efferent cardiovascular
outcomes are achieved through an increased sympathetic outflow to the heart, which contributes
to an increase in heart rate and maintenance of stroke volume, as well as an increase to the
vasculature, which induces arterial and venous constriction that directly increase total vascular
resistance and indirectly supports stroke volume by augmenting venous return.

1.3.3 Arterial baroreflex
The arterial baroreflex control of blood pressure at rest operates primarily through stretchsensitive mechanoreceptors located in the aortic arch and carotid sinuses. An increase in blood
pressure loads the baroreceptors resulting in an increased afferent discharge to the brainstem and
reflexive decrease in sympathetic outflow to the heart and vasculature and an increased cardiac
parasympathetic outflow. The objective of these actions is to decrease cardiac output and
peripheral vascular resistance to return blood pressure to a homeostatic set point (138). These
two efferent arms of the arterial baroreflex are thought to operate independently (62). As blood
pressure rises and is maintained during steady state exercise it was thought initially that the
arterial baroreflex was ‘turned off’. Subsequent experiments demonstrated that rather than
deactivation or loss of baroreflex sensitivity (gain), the baroreflex is still active (229) and that the
sigmoidal curve of arterial baroreflex function is shifted or ‘reset’ upwards to allow for the
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higher blood pressure required during exercise (63, 193, 201, 207). The degree of baroreflex
resetting has been shown to be influenced by exercise intensity through central command and the
exercise pressor reflex (210).
To understand the influence of central command, knee extension using agonist tendon
vibration to reduce central command input and antagonist tendon vibration to increase central
command input was performed (195). It was shown that reducing central command with agonist
tendon vibration or increasing central command input with antagonist tendon vibration during
knee extension reset the baroreflex to lower or higher levels, respectively, compared to exercise
of the same intensity without tendon vibration. Additionally, attenuation of skeletal muscle
afferent feedback during exercise using epidural anaesthesia (237) resulted in a resetting of the
baroreflex to a lower level compared to exercise with intact skeletal muscle afferents, suggesting
that skeletal muscle afferent input contributes importantly to baroreflex resetting to maintain the
higher perfusion pressure during exercise.

1.4 Ischemic preconditioning
Ischemic preconditioning (IPC) is the exposure to brief intermittent periods of circulatory
occlusion that activate potent innate protective mechanisms against subsequent ischemiareperfusion injury in local and systemic (remote IPC) organs (151, 186, 230). The first study to
investigate IPC was performed in the myocardium using a timing protocol still chosen in the
majority of investigations; four cycles of five minutes of coronary artery occlusion each
separated by five minutes of reperfusion (186). This intervention, performed in dogs, reduced
myocardial infarct size by up to 75% following a sustained 40 minute coronary artery occlusion
and four day reperfusion. These findings sparked a plethora of investigations on the
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cytoprotective effects of IPC, which has shown to be multi-faceted, requiring triggering stimuli
(i.e. nitric oxide, adenosine, bradykinin, opioids), intracellular mediators (i.e. protein kinase C,
hypoxia-inducible factor-1a, reperfusion injury salvage kinase, microRNA-144), and
intracellular effectors (i.e. mitochondria ATP-dependent potassium channels – for review see
Heusch et al. (103)).
IPC has also been shown to alter skeletal muscle metabolism during prolonged ischemia
and skeletal muscle blood flow during ischemia reperfusion in animal models, reducing muscle
energy demand and improving metabolic efficiency. Specifically, IPC attenuates ATP depletion
(1, 184, 200, 221), which has been shown to be mediated by mitochondrial ATP-sensitive
potassium (mKATP) channel opening (152, 184), skeletal muscle opioid receptor activation (1),
and preservation of ischemia-induced reductions in muscle energy charge potential (200). In
addition, mitochondrial dysfunction is also attenuated by IPC (159, 250), which may also explain
the attenuated ATP depletion. IPC has also been observed to reduce ischemia-induced glycogen
depletion (149) and lactate production (1, 200) in skeletal muscle. In the reperfusion period
following prolonged ischemic bouts, IPC has been shown to increase skeletal muscle blood flow
(10, 200).

1.4.1 Role of the sympathetic nervous system in ischemic preconditioning-mediated
cytoprotection
Research has shown convincingly that IPC-mediated cytoprotection to distant organs
(remote IPC) requires an intact autonomic nervous system (83, 88, 146, 148, 220, 281), but
whether efferent sympathetic outflow is required is unclear. NE has been shown to be released
during IPC treatment (38). It is likely that the source of increased NE is vesicular in nature as NE
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depletion of presynaptic nerve terminals diminishes the cytoprotective effects of IPC (249, 253).
Further support for NE having a role in the preconditioning response comes from research
demonstrating that pharmacologically induced increases in endogenous and exogenous levels of
plasma NE (13, 37) or alpha-adrenergic receptor agonists (94, 132, 256, 258) elicit similar
cytoprotective effects as IPC. It is possible that the IPC stimulus itself is sympathoexcitatory,
arising from sensory afferent stimulation shown to be required for the triggering of remote IPCmediated cytoprotection (61, 93, 118, 121, 148, 176, 214, 241). More specifically, there is
evidence to suggest that IPC operates through stimulation of group III/IV afferents since similar
degrees of cytoprotection are achieved with intense physical exercise (178), muscle contraction
with partial blood flow restriction (22), surgical incision (93, 121), and topical capsaicin (121,
214), all of which are considered sympathoexcitatory stimuli. However, it still remains unclear as
to the exact nature of the stimulus as the repetitive ischemic bouts have been shown to lower
oxygen saturation and but have no effect on oxygen consumption or ATP and phosphocreatine
concentrations (21). The IPC stimulus has been reported to elicit moderate pain sensations (140,
227), suggesting that nociceptor stimulation may be involved.

1.4.2 Ischemic preconditioning protocols in humans
In humans, IPC is most commonly completed using a manual or automated
sphygmomanometer controlled pressure cuff(s) placed around the proximal portion of a limb,
usually the arm or leg. The pressure cuff(s) are inflated to suprasystolic pressures, such as 200
mmHg in the upper limb and 220 mmHg in the lower limb, usually done for 5 minutes followed
by a 5 minute reperfusion period (one study in humans performed one 20 minute bout of
ischemia (41)). This 5 minute cycle is repeated three to four times before exposing the

23

participant to a stressor (113). The amount of time elapsing from completion of the IPC protocol
to the initiation of the stressor ranges from 0 to 105 minutes (65, 80).
Although these procedures are commonly performed, the optimal protocol required to
optimize the effects of IPC is unknown. Factors to consider are muscle mass made ischemic,
number and duration of occlusion periods, and the time before initiating a stressor after IPC;
however, no factor seems to currently stand out as a primary mediator of IPC effectiveness
(113). Additionally, previous studies have failed to systematically control for factors that may
confound IPC effectiveness (113). For example, both caffeine (215) and alcohol (189) can
abolish the effects of IPC and vigorous physical activity can mimic the cytoprotective effects
(41, 47, 141).

1.4.3 Ischemic preconditioning and exercise
1.4.3.1 Effects of ischemic preconditioning on human exercise performance
The considerable animal research demonstrating metabolic benefits of IPC stimulated
investigations into whether it could be used as an ergogenic aid to improve human exercise
performance. The first study was conducted in 2010 by de Groot et al. (92) and demonstrated
increases in peak oxygen consumption and peak power output. Since then IPC most consistently
demonstrates the ability to improve time trial performance (12, 134), time to failure (14, 47, 48,
129, 248), and peak power output (47, 92) in exercise bouts lasting longer than three minutes
with some exceptions (49, 117). The effects of IPC on exercise performance has now been the
subject of multiple reviews (113, 164, 219, 228), however, the mechanisms responsible for IPCmediated improvements in performance remain unclear.
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1.4.3.2 Improving metabolic efficiency with ischemic preconditioning
The first study to report a potential alteration in skeletal muscle metabolism during
exercise following IPC was by Bailey et al. (12). It was observed that lactate accumulation was
attenuated during moderate intensity running. More recently, the improvements in 5 km running
performance were found to be directly associated with lower post-exercise lactate following IPC
(225). IPC has also been shown to increase peak forearm deoxygenation during handgrip
exercise to failure (14) and mean forearm deoxygenation during a static breath hold (134).
Although these findings suggest an increased oxygen extraction by the muscle, both occurred in
parallel with an increase in time to failure following IPC, which could have been due to the
greater time available for oxygen extraction. In a graded cycling trial, IPC demonstrated the
ability to increase the rate of deoxygenation, not the absolute magnitude (129). This is beneficial
to performance by reducing the oxygen deficit at exercise onset or following a change in exercise
intensity. In addition, the amplitude of the slow component of whole body oxygen consumption
has been shown to increase with IPC, possibly by the recruitment of additional motor units
towards the end of exercise (48). Overall, whether IPC improves metabolic efficiency during
exercise is still debated.

1.4.3.3 Altering skeletal muscle blood flow with ischemic preconditioning
Only one study to date has directly measured the effects of IPC on skeletal muscle blood
flow during exercise in humans and revealed no change throughout rhythmic handgrip to fatigue
(14). However, there are numerous studies reporting direct or indirect measures that support
increases in skeletal muscle blood flow following IPC. IPC protects against exercise-induced and
ischemia-induced endothelium-dependent vasodilator dysfunction (11, 128, 152), a marker of
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nitric oxide bioavailability (260). Additionally, IPC has been shown to induce conduit artery
vasodilation of the contralateral limb (67). IPC can also enhance functional sympatholysis (109),
likely mediated by increases in nitric oxide (41, 209), or decreases in sympathetic activity (41,
226).

1.4.3.4 Altering group III/IV skeletal muscle afferents with ischemic preconditioning
IPC prior to high-intensity cycling exercise has shown to increase EMG (48, 49), reduce
ratings of perceived exertion (12, 48, 140), and increase power output (47–49, 92, 202), similar
to findings observed during short duration exercise with fentanyl administration (5–7). As
described previously, fentanyl attenuates spinal signalling from group III/IV skeletal muscle
afferents (104, 174, 257). Therefore, it has been postulated that IPC reduces group III/IV afferent
stimulation during exercise, thereby attenuating inhibitory restraint of α-motor neuron activation
(82) and central command (105, 233). This hypothesis is supported by findings of decreased
lactate accumulation during submaximal running (12), a potent metabolic stimuli of group III/IV
afferents (73, 126, 156, 235).
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Chapter 2. Purpose and Hypotheses

The influence of IPC on sympathetic outflow during exercise, specifically muscle
metaboreflex activation, is unclear but may involve alterations in group III/IV skeletal muscle
afferent stimulation. The IPC stimulus has been shown to attenuate lactate accumulation during
prolonged ischemia in animals (1, 200) and during submaximal running in humans (12).
Precursors to lactate, lactic acid and protons, are potent stimulators of group III/IV muscle
metaboreceptor afferents (216, 235). Stimulation of these afferents causes reflex increases in
muscle sympathetic nerve activity (MSNA) to resting and exercising skeletal muscle (98) and
principally contributes to the exercise pressor reflex (182). In addition, stimulation of group
III/IV afferents inhibit central motor outflow (105, 233) by transmitting sensations of fatigue and
pain (205). Recently, IPC was shown to attenuate the MSNA response to prolonged ischemia in
humans (142). Moreover, IPC has shown potential to enhance motor unit recruitment (evident by
increases in EMG) during high intensity cycling exercise (48, 49). Together, these lines of
evidence suggest that IPC may attenuate group III/IV afferent stimulation and sympathetic
outflow during exercise, which would subsequently alter the exercise pressor reflex. Therefore,
the purpose of the study was to evaluate the effects of IPC on the sympathetic neural response to
exercise. A focus was given to the muscle metaboreflex given evidence of IPC-mediated effects
on skeletal muscle metabolism.
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2.1 Research objectives
Primary research objective: To investigate the effects of IPC on the hemodynamic and neural
responses to submaximal and maximal (time-to-failure) static handgrip and isolated muscle
metaboreflex activation.
Secondary research objectives:
1) To investigate the effects of IPC on static handgrip exercise performance; and
2) To investigate the neural responses to the repeated bouts of forearm ischemia evoked
during IPC.

2.2 Hypotheses
Primary hypothesis: IPC will attenuate blood pressure and muscle sympathetic nerve activity
(MSNA) responses to submaximal and maximal static handgrip exercise and isolated muscle
metaboreflex activation using post-exercise circulatory occlusion (PECO).
Secondary hypotheses:
1) IPC will prolong static handgrip time-to-failure; and
2) MSNA will increase during the brief ischemic bouts of the IPC protocol.

2.3 Individual contributions
I was responsible for attaining ethics approval, recruiting participants, screening and
consenting potential participants, acquiring, analyzing and interpreting data, and writing
abstracts and manuscripts associated with the thesis project. Of note, microneurography was
performed primarily (~80%) by Dr. Philip Millar.
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The present thesis is presented in manuscript format in preparation
for submission to the Journal of Applied Physiology

29

Chapter 3. Manuscript

3.1 Abstract
Ischemic preconditioning (IPC) attenuates pressor responses during isolated muscle
metaboreflex activation and muscle sympathetic nerve activity (MSNA) during prolonged
ischemia, both of which could be caused by a reduction in group III/IV skeletal muscle afferent
stimulation. To investigate the hemodynamic and neural effects of IPC during static exercise and
post-exercise circulatory occlusion (PECO), thirty-seven young (24±5 years [mean±SD]) men
were randomized to either sham (n=16) or IPC (n=21) treatment groups. Continuous measures of
blood pressure, heart rate, stroke volume, and MSNA (microneurography) were collected at rest
and during 2-min of static handgrip (30% maximal voluntary contraction) and 3-min of PECO
before and after sham (3 x 5-min 20mmHg unilateral upper arm inflation) or IPC (3 x 5-min
200mmHg unilateral upper arm occlusion) treatment. A static handgrip time-to-failure test was
performed also to assess peak exercise responses. IPC had no effect on hemodynamic measures
or MSNA burst frequency and incidence during static handgrip and PECO (All p>0.05) but
increased total MSNA during the first minute of static handgrip (∆13±42 vs. 31±45%, p<0.05).
Compared to sham, IPC did not alter static handgrip time-to-failure (195±58 vs. 188±57 seconds,
p=0.71), however peak MSNA burst frequency (∆26±11 vs. 37±14 bursts/min, p<0.05) and
mean arterial pressure (∆25 ± 8 vs. 31 ± 11 mmHg, p=0.06) were elevated. In conclusion, IPC is
not capable of attenuating hemodynamic or MSNA responses during static exercise or
subsequent muscle metaboreflex activation, and may accelerate peripheral sympathetic activation
at exercise onset and volitional fatigue.
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3.2 Introduction
Ischemic preconditioning (IPC), the exposure to brief periods of circulatory occlusion, has been
shown to exert cytoprotective effects against subsequent myocardial and skeletal muscle
ischemia-reperfusion injury (1, 151, 186, 187, 200, 221). Although the mechanisms responsible
for these clinically-relevant benefits are still under investigation (103), data from animal models
suggest that IPC is capable of reducing skeletal muscle energy demand during prolonged
ischemia, sparing adenosine triphosphate and decreasing the reliance on anaerobic glycolysis and
consequently lactate accumulation (1, 200, 221). These findings have stimulated interest in
applying IPC as an ergogenic aid to improve human exercise performance (113).
A growing number of studies have now shown that IPC can improve time trial
performance (12, 117, 134) and delay time-to-failure (14, 47, 48, 134, 248), though not all
findings are consistent (36, 163, 185, 225, 252). The majority of studies reporting improvements
following IPC are found with exercise modes relying on lactic anaerobic or aerobic metabolism
(113), and in agreement with animal work (1, 187, 200), IPC has been shown to attenuate lactate
accumulation during submaximal running (12). More recently, lower post-exercise lactate levels
following IPC were shown to correlate with improvements in 5 km running performance (225).
Lactic acid, the precursor to lactate, is a potent stimulator of metabolically-sensitive group III/IV
skeletal muscle afferents (73, 182) known to induce central fatigue (233) and inhibit α-motor
neuron activation (82). An IPC-mediated reduction in muscle afferent stimulation has been
proposed (47, 49) as one mechanism to explain reports of reduced ratings of perceived exertion
(12, 48) and increased electromyographic activity (48, 49) during exercise.
In addition to influencing motor activation, group III/IV muscle afferents relay critical
feedback regarding muscle stretch (mechanoreflex) and metabolite accumulation (metaboreflex)
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to the brainstem to modulate the neuro-cardiovascular response to exercise, termed the exercise
pressor reflex (182). When stimulated, this peripheral reflex increases cardiac output and blood
pressure through parasympathetic withdrawal and sympathetic activation (182). If IPC exerts its
exercise performance benefits through a reduction in muscle afferent activation, parallel changes
in neural efferent responses should be evident. In support, IPC attenuates the rise in muscle
sympathetic nerve activity (MSNA) during prolonged ischemia (142) and blunts the increase in
interstitial NE during rhythmic handgrip exercise (41). Further, IPC attenuates the pressor
response to post-exercise circulatory occlusion (PECO) following rhythmic handgrip (i.e. muscle
metaboreflex activation), however, this was caused by a reduction in stroke volume not a change
in non-invasively derived systemic vascular resistance (185). While this would argue against an
alteration in muscle metaboreflex-mediated systemic sympathetic activity, regional differences
may exist. Reduced skeletal muscle neurogenic vasoconstriction may provide another
mechanism for the ergogenic effects of IPC as MSNA is inversely related to exercise time-toexhaustion (100).
Therefore, the purpose of this study was to investigate the effects of IPC on sympathetic
outflow to skeletal muscle (MSNA) during static handgrip exercise, a more potent stimulator of
the muscle metaboreflex than rhythmic exercise (17), and during isolated muscle metaboreflex
activation using PECO. We hypothesized that IPC would attenuate MSNA during static handgrip
exercise and muscle metaboreflex activation, coincident with a reduction in the pressor response.
In addition, as increases in exogenous or endogenous NE mimic the cytoprotective effects of IPC
(13), we also investigated the MSNA response to the repeated ischemic bouts of the IPC
protocol. We hypothesized that MSNA would increase during each of the ischemic bouts of the
IPC treatment.
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3.3 Methods
3.3.1 Participants
Thirty-seven healthy young (24 ± 5 years [mean ± SD]), non-obese (24.3 ± 2.6 kg/m2) men were
recruited to participate in the study. Recruitment was confined to men to reduce the known
confounding effects of sex on IPC (273) and exercise pressor (72) responses. All participants
were in sinus rhythm, non-smoking, no history of cardiovascular disease, and not taking any
prescribed or over-the-counter medications. As recommended (113), participants were asked to
abstain from vigorous physical activity for 48 hours and from caffeine and alcohol for 24 hours
prior to the study visit to prevent blunting of the IPC response. The University of Guelph
Research Ethics Board approved all procedures and informed written consent was obtained from
all participants prior to participation.

3.3.2 Measurements
Heart rate was measured continuously using single-lead electrocardiography (Lead II). A
piezoelectric respiration belt (Model 1132 Pneumotrace II, UFI, Morro Bay, CA) was placed
around the mid-to-upper abdomen to ensure participants maintained spontaneous breathing and
avoided the Valsalva manoeuver during exercise. Blood pressure was measured discretely at a
minute-to-minute frequency from the left upper arm using an automated oscillometric
sphygmomanometer (Model BPM-200, BpTRU, Coquitlam, BC) and continuously from the
right third digit using an automated photoelectric plethysmography device (Finometer MIDI,
Finapres Medical Systems, The Netherlands). The continuous blood pressure recording permitted
calculation of stroke volume using the Model Flow method (24, 272), allowing determination of
cardiac output and total vascular conductance.
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Postganglionic efferent MSNA was measured continuously from the right fibular nerve
using microneurography, as described previously (180). MSNA exhibits high same-day
reproducibility during static handgrip exercise and PECO (212) making it ideal for quantifying
central sympathetic outflow. In brief, a 2 mΩ tungsten microelectrode (Frederick Haer,
Brunswick, ME) was inserted percutaneously into a motor fascicle and adjusted until
spontaneous multi-unit bursts of sympathetic activity were observed from the background noise.
The raw nerve signal was amplified (75,000 to 99,000 times) and band-pass filtered (700 to 2000
Hz) followed by signal rectification and integration with a 1 ms time constant (Nerve Traffic
Analyzer, Model 662C-4; Absolute Design and Manufacturing Services, Salon, IA). The MSNA
signal was confirmed when burst activity increased in response to an end-expiratory apnea and
was unchanged in response to unexpected clapping or light stroking of the skin.
Continuous heart rate, breathing excursions, blood pressure, and multi-unit MSNA data
were acquired at a frequency of 1 kHz and the raw MSNA neurogram at 10 kHz using LabChart
(version 8; PowerLab, ADInstruments, New South Wales, Australia). Stroke volume, cardiac
output, and systemic vascular resistance were acquired at a frequency of 0.2 kHz (BeatScope
Easy, Finapres Medical Systems, The Netherlands).

3.3.3 Experimental protocol
All participants completed an introductory visit to familiarize the study procedures, after which
they were randomized to either the sham (n=16) or IPC (n=21) treatment group. Participants
were briefed that the study was investigating the effects of two occlusion protocols on exercise
performance to limit a potential placebo effect due to prior knowledge of IPC. Participants were
studied on a single visit in a light and temperature controlled laboratory following voiding. Upon
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entering the laboratory, anthropometric measurements were collected and participants were
positioned supine on a comfortable bed and asked to complete two handgrip maximal voluntary
contractions (MVC) in their left hand (Model 78010, Hand Dynamometer, Lafayette Instrument,
Lafayette, LA) separated each by 30-60 seconds of rest. The highest recorded force was
designated as MVC.
Following instrumentation and a 10 minute rest period, continuous and discrete data were
collected over a 7 minute baseline period. Next, participants completed the first muscle
metaboreflex test (MRT1). This test consisted of collecting heart rate, blood pressure, and
MSNA during 3 minutes of baseline, 2 minutes of 30% MVC static handgrip in the left hand,
and 3 minutes of PECO. Sequestering local metabolites produced from exercise using PECO
allows for isolation of the muscle metaboreflex without the confounding influences of the muscle
mechanoreflex and feedforward central command (182). PECO was induced by inflating a
manual sphygmomanometer to 220 mmHg in the left upper arm. After an 8 minute rest period,
participants were administered either IPC or sham treatment in the left upper arm using a manual
sphygmomanometer connected to a 11 cm wide pneumatic compression cuff (DS400 Aneroid
Sphygmomanometer, D. E. Hokanson Inc, Bellevue, WA). Both protocols consisted of 5 minutes
of cuff inflation at either 200 mmHg (IPC) or 20 mmHg (sham) followed by 5 minutes of cuff
deflation. This cycle was repeated three times totalling 30 minutes. Heart rate and MSNA were
measured continuously throughout the intervention. A second muscle metaboreflex test (MRT2)
commenced 3 minutes after the IPC or sham treatment and was completed using the same
protocol described above. Following the completion of the second MRT and a 3 minute rest,
participants completed a static handgrip time-to-failure test consisting of 3 minutes of baseline
rest and static handgrip at 30% MVC in the left hand until failure. Failure was defined as a
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decline to 80% of the desired force for >2 seconds. The duration of contraction was blinded to
participants.

3.3.4 Data analysis
Offline analysis of the integrated MSNA neurogram was performed using a custom LabVIEW
program (180). Acceptance of a sympathetic burst was made based on three established criteria:
1) sharp positive triangular-shaped deflection with a width shorter than one cardiac cycle in time;
2) height that is a minimum of 3 times the established noise width; and 3) alignment with the
time-shifted cardiac cycle (274). From the integrated multi-unit MSNA signal, burst frequency
(bursts/minute), burst incidence (bursts/100 heartbeats), and total MSNA (burst frequency x
mean burst area) were calculated. For all exercise tests and the IPC treatment, total MSNA
during baseline periods was set at 100% and change during exercise, PECO, or IPC occlusion
periods was expressed as a percent.
Resting hemodynamic and MSNA data were averaged over the 3 minute baseline periods
preceding MRT1, MRT2, and static handgrip time-to-failure. Baseline values were used to
calculate the change in continuous variables during the first and second minute of static handgrip
and the third (i.e. last) minute of PECO in MRT1 and MRT2 and during the peak (last 30
seconds) of static handgrip time-to-failure. Absolute values of MSNA (total MSNA expressed as
percent with the baseline set as 100) were averaged over the last minute of each phase of IPC
treatment (baseline, occlusion, and recovery).

3.3.5 Statistical analysis
Between-group participant characteristics were compared using unpaired t-tests. Two-way
repeated measures ANOVAs were used to examine the change in hemodynamic and MSNA
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variables from baseline during the first and second minute of static handgrip and PECO (group
[sham vs. IPC] x time [MRT1 vs. MRT2]). Static handgrip time-to-failure duration and the
change in static handgrip time-to-failure hemodynamic and MSNA variables were compared
using unpaired t-tests. For both the sham and IPC treatment intervention, a one-way repeated
measures ANOVA was used to examine the changes in MSNA throughout the protocols.
Significant effects were probed using Bonferroni post hoc testing. All data were analyzed using
GraphPad Prism for Windows (version 6; GraphPad Software Inc, La Jolla, CA) and a P-value
<0.05 was considered significant. Data presented as mean ± SD unless otherwise specified.

3.4 Results
All participants completed MRT1 and MRT2. One participant in the sham group did not
complete the static handgrip time-to-failure test, reducing the sample size to 15 for this portion of
the study protocol. Baseline participant characteristics were similar between the sham and IPC
group (Table 1). High-quality MSNA recordings were obtained in 29 of 37 participants for
metaboreflex tests and for the static handgrip time-to-failure test (sham n=11; IPC n=18). In
three participants, the MSNA signal was lost after MRT1 and re-established prior to MRT2
(sham n=2; IPC n=1). As a result, MSNA data from the IPC circulatory occlusions (Figure 4) is
based on 26 of 37 participants (sham n=9, IPC n=17). A representative MSNA tracing from one
sham and one IPC participant during rest, static handgrip, and PECO is shown in Figure 1.
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3.4.1 Effects of IPC on hemodynamic and neural responses to static handgrip and PECO
Baseline hemodynamics and MSNA were similar between MRT1 and MRT2 (All p>0.05). Sham
and IPC treatment both had no effect on the changes in mean arterial pressure, heart rate, stroke
volume, cardiac output, or total vascular conductance during the first and second minute of static
handgrip or PECO (All p>0.05; Figure 2). Similarly, sham and IPC treatment had no effect on
the change in MSNA burst frequency during the first and second minute of static handgrip or
PECO (All p>0.05; Figure 3). A trend for increased MSNA burst incidence was observed
following IPC during the first minute of static handgrip (∆ -3 ± 9 vs. 0 ± 9, p=0.07), in parallel
with an increase in total MSNA (∆ 13 ± 42 vs. 31 ± 45%, p<0.05; Figure 3). IPC had no effect
on MSNA burst incidence or total MSNA during the second minute of static handgrip and PECO
(All p>0.05).
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Figure 3. Representative multi-unit muscle sympathetic nerve activity (MSNA) tracing during the last minute of baseline, static
handgrip, and post-exercise circulatory occlusion (PECO) in one participant.
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Table 1. Participant characteristics.
Variable

Sham

IPC

Number, n

16

21

23 ± 3

24 ± 6

177 ± 6

180 ± 6

Age, yr
Height, cm
Weight, kg

79 ± 11

77 ± 10

Body mass index, kg/m2

25 ± 3

24 ± 2

Handgrip MVC, kg

43 ± 10

49 ± 10

Systolic blood pressure, mmHg

108 ± 8

111 ± 6

Diastolic blood pressure, mmHg

64 ± 7

66 ± 6

Mean arterial pressure, mmHg

79 ± 6

81 ± 6

Heart rate, bpm

63 ± 9

58 ± 8

Cardiac output, L/min

6.2 ± 1.3

5.9 ± 1.0

Stroke volume, mL

97 ± 12

102 ± 14

Total vascular conductance,
mL/min/mmHg

7.0 ± 1.4

6.5 ± 1.2

MSNA burst frequency,
bursts/min

18 ± 6

17 ± 7

MSNA burst incidence,
bursts/100 heartbeats

30 ± 10

30 ± 13

Mean ± SD. MVC, maximal voluntary contraction.
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Figure 4. Change in mean arterial pressure, heart rate, and stroke volume during the first and second minute of static handgrip and
post-exercise circulatory occlusion (PECO) before and after sham or IPC treatment. Mean ± SEM.
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Figure 5. Change in muscle sympathetic nerve activity (MSNA) burst frequency, burst incidence, and total MSNA during the first and
second minute of static handgrip and post-exercise circulatory occlusion (PECO) before and after sham or IPC treatment. * p<0.05 vs.
MRT1. Mean ± SEM.
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3.4.2 Effects of IPC on static handgrip time-to-failure performance and peak hemodynamic
and neural responses
Compared to sham, IPC treatment had no effect on static handgrip time-to-failure duration (195
± 58 vs. 188 ± 57 seconds, p=0.71). IPC treatment demonstrated trends for greater increases in
mean arterial pressure and decreases in total vascular conductance (Both p=0.06; Table 2). Heart
rate, cardiac output, and stroke volume were similar between sham and IPC groups (All p>0.05).
IPC treatment induced greater peak MSNA burst frequency (∆ 26 ± 11 vs. 37 ± 14 bursts/min,
p<0.05) and burst incidence responses (∆ 14 ± 12 vs. 25 ± 16 bursts/100 heartbeats, p<0.05),
though total MSNA responses were not different (p>0.05; Table 2).

3.4.3 Effects of IPC circulatory occlusion on MSNA
Compared to baseline, IPC increased MSNA burst frequency during the last minute of the first
(p<0.05), second (p<0.05) and third (p<0.01) bout of circulatory occlusion and MSNA burst
incidence during the second and third (Both p<0.05) bout of circulatory occlusion (Figure 4).
Total MSNA did not change throughout the IPC treatment. No significant differences in MSNA
were detected between baseline and the third recovery period (All p>0.05). MSNA was also
unchanged during the sham protocol (All p>0.05).

43

Table 2. Peak change in hemodynamic and neural responses during static handgrip time-tofailure.
Variable

Sham

IPC

p-value

Δ Mean arterial pressure, mmHg

25 ± 8

31 ± 11

0.06

Δ Heart rate, bpm

34 ± 17

35 ± 15

0.92

Δ Cardiac output, L/min

2.2 ± 0.9

2.5 ± 1.5

0.49

Δ Stroke volume, mL

-11 ± 14

-11 ± 17

>0.99

Δ Total vascular conductance,
mL/min/mmHg

-1.4 ± 0.4

-1.7 ± 0.5

0.06

Δ MSNA burst frequency,
bursts/min

26 ± 11

37 ± 14

0.04

Δ MSNA burst incidence,
bursts/100 heartbeats

14 ± 12

25 ± 16*

0.05

241 ± 120

331 ± 323

0.39

Δ Total MSNA,
% change
Mean ± SD.
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Figure 6. Effects of IPC treatment on muscle sympathetic nerve activity (MSNA) burst frequency, burst incidence, and total MSNA.
* P < 0.05, ** P < 0.01 vs. baseline. Mean ± SEM.
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3.5 Discussion
The present study is the first to investigate the effects of IPC on peripheral sympathetic outflow
during exercise and isolated muscle metaboreflex activation. In contrast to our hypotheses, IPC
did not attenuate hemodynamic or MSNA responses during submaximal static handgrip or
PECO, but instead increased total MSNA during the first minute of exercise. Given that IPC has
been shown to blunt the pressor response during PECO following rhythmic handgrip (185), these
results suggest that contraction mode is an important determinant in IPC-mediated exercise
improvements. Further, while IPC had no effect on static handgrip time-to-failure performance,
peak MSNA burst frequency and incidence were increased, along with a trend for greater mean
arterial pressure responses. These results provide direct evidence against the hypothesis that IPC
attenuates the activation of group III/IV skeletal muscle afferents and demonstrate that IPC does
not exert sympathoinhibitory effects during exercise.
Recently, the first microneurographic study to examine the effects of IPC on efferent
neural activity demonstrated attenuated increases in MSNA during prolonged forearm ischemia
in young healthy adults (142). Ischemic stressors can increase peripheral vasoconstrictor
responses through metabolite accumulation (99) and pain reflexes (157). However, with respect
to the former, prolonged ischemia at rest is unable to achieve the same level of metabolite
accumulation as exercising muscle (95). We purposefully utilized static handgrip as it represents
a well-characterized and potent stimulator of the muscle metaboreflex (17). Our results do not
support the hypothesis that IPC reduces group III/IV muscle afferent stimulation. Additionally, a
post hoc ample size calculation estimated that 330 participants would be required to detect and
IPC-mediated effect on MSNA burst frequency during PECO, suggesting a marginal
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physiological effect. Instead, IPC increased total MSNA burst area, a more comprehensive
assessment of both the occurrence and strength (amplitude) of peripheral sympathetic activity
(274), during the first minute of static handgrip. Activation of the sympathetic nervous system
activation during the first minute of static handgrip is mediated primarily by feed-forward
control by higher brain regions (central command) and feedback control from stretch-sensitive
skeletal muscle afferents (muscle mechanoreflex), whereas during the second minute (or longer)
of 30% MVC static handgrip, the muscle metaboreflex is mainly responsible for
sympathoexcitation (262). The observed early increase in MSNA could be mediated by
sensitization of mechano-sensitive group III/IV afferents (53, 269), secondary to IPC-mediated
increases in reactive oxygen species (58, 198) and/or metabolites (160).
Alternatively, although IPC increased MSNA during the first minute of static handgrip,
the hemodynamic responses were similar to those in MRT1 (pre-IPC) and sham treatment. Given
that IPC has been demonstrated to induce remote conduit artery vasodilation (67), prevent
declines in nitric oxide bioavailability during ischemic reperfusion (209), and increase functional
sympatholysis during rhythmic handgrip exercise (109), increases in MSNA could represent
compensatory arterial baroreflex-mediated sympathetic drive to maintain perfusion pressure. It
was recently demonstrated that the reactive hyperemic response to repeated IPC circulatory
occlusions resulted in increased levels of plasma nitrite (209), a stable product of nitric oxide
oxidation that can be reduced back to nitric oxide in response to hypoxia by deoxygenated
myoglobin (254). Attenuation of the reactive hyperemic response or administration of a nitrite
scavenger abolished the cytoprotective effects of IPC (209). Increases in nitric oxide-mediated
venodilation following IPC were hypothesized to be responsible for the reductions in left
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ventricular end-diastolic volume, stroke volume, and mean arterial pressure observed previously
during PECO following rhythmic handgrip (185). Although not statistically significant, we
observed a similar trend towards a reduction in stroke volume during both static handgrip and
PECO following IPC (Figure 2). The smaller magnitude changes may be the result of the supine,
not seated (185), posture in the present study.
Few studies have investigated the effects of IPC on isolated muscle performance. IPC
prolonged time-to-failure during low intensity static knee extension (248), but improvements
(14) and no effects (185) have been reported during moderate intensity rhythmic handgrip. In the
present study, static handgrip time-to-failure was similar between sham and IPC groups. If IPC
operates primarily through a vasodilatory mechanism improving skeletal muscle blood flow or
distribution, the benefits may be limited during static handgrip due to the continuous
compressive forces of skeletal muscle contraction, particularly in small muscle groups such as
the forearm (97). Interestingly, IPC increased the peak pressor and MSNA response prior to
volitional failure. Barbosa et al. (14) observed similarly a greater elevation (though exercise
duration was prolonged) in mean arterial pressure at peak rhythmic handgrip exercise after IPC,
concomitant with an attenuated increase in brachial artery diameter and greater forearm
deoxygenation. These data suggest that IPC increased peripheral sympathetic vasoconstrictor
activity at peak exercise, secondary to an increase in peak exercise metabolite accumulation.
Recently, IPC was shown to increase the amplitude of whole body blood lactate kinetics after
supramaximal cycling without altering oxygen consumption (49). This may suggest an increased
reliance on anaerobic metabolism at peak exercise following IPC.

48

The acute effects of the repeated ischemia and reperfusion cycles involved in delivering
the IPC protocol on efferent sympathetic activity remain to be fully clarified. Norepinephrine has
been shown to be released during IPC (38) and presynaptic vesicular depletion diminishes the
cytoprotective effects (253). Our data demonstrate that IPC can produce small increases in
MSNA burst occurrence during the circulatory occlusion periods. This may be the result of
greater metabolite production secondary to increases in anaerobic metabolism as there does
appear to be a lowering of muscle oxygen saturation with short ischemic bouts (185). It is
important to acknowledge that MSNA does not quantify neurotransmitter release and its
relationship with plasma norepinephrine remains variable (89, 267). Nevertheless, these findings
confirm (142) that IPC does not alter acutely central sympathetic outflow to skeletal muscle at
rest (i.e. from baseline to IPC recovery 3).
We acknowledge several limitations. First, our study population was restricted to young
healthy men limiting the generalizability of our results to women, healthy aging, or clinical
populations. Second, although PECO is used routinely to isolate the muscle metaboreflex (182),
evidence suggests that this stimulus, along with static handgrip, may stimulate preferentially a
subtype of chemosensitive group III/IV muscle afferents, termed metabo-nociceptors, which are
responsive to high levels of noxious chemical stimuli (9). Whether IPC exerts its effects through
a second subtype, termed metabo- or ergoreceptors, that respond to low levels of innocuous
chemical stimuli found in freely perfused exercise states warrants further study. This difference
may explain the discrepancy between the effects of IPC on MSNA during resting ischemic stress
(142) and static handgrip or PECO. Finally, determination of a suitable placebo-control
intervention remains unclear in humans. In a recent investigation (77), placebo conditions were
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administered by using the same level of cuff pressure as IPC but for a shorter duration, one
minute instead of five minutes. This placebo stimulus yielded a similar level of discomfort as
IPC and exercise performance response as the traditional sham control (cuff inflation to 20
mmHg), making it an attractive sham control for future investigations.
In conclusion, IPC did not reduce MSNA or pressor responses during static handgrip
exercise or PECO. These results provide direct evidence that IPC does not attenuate central
sympathetic outflow following activation of metabolically sensitive group III/IV skeletal muscle
afferents. Previously reported reductions in the pressor response to PECO following rhythmic
handgrip (185) may be related to a local vasodilatory factor, such as increased bioavailability of
nitric oxide, and require a dynamic exercise mode. IPC did not improve static handgrip time-tofailure performance but was associated with increases in peak blood pressure and MSNA.
Finally, the circulatory occlusions in the IPC protocol were not associated with large increases in
MSNA and no acute effects were observed. Whether similar responses are observed in clinical
cohorts that are known to possess accentuated exercise pressor reflex responses, such as
hypertension (60) warrant further study.
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Chapter 4. Extended Discussion and Conclusion

4.1 Effects of ischemic preconditioning on skeletal muscle metabolite accumulation and
clearance during exercise
It has been shown that increasing blood flow to limbs during exercise diminishes the
pressor (111) and MSNA (123) response through an increased clearance of metabolites. There is
some evidence to suggest that IPC is capable of modulating blood flow through conduit artery
vasodilation (67), enhanced functional sympatholysis (109), and preserved endothelial and
microvascular function during stress (11, 128, 151, 270). Although these findings suggest that
IPC promotes alterations in skeletal muscle blood flow, potentially improving metabolite
clearance, the single study directly measuring forearm blood flow during rhythmic handgrip
exercise showed IPC to have no effect (14).
It is possible, however, that IPC may alter metabolite production instead of clearance. In
the present study, static exercise was used, which is an exercise modality that induces a
continuous skeletal muscle mechanical compression on the vasculature, which attenuates blood
flow (110, 199, 232) and hence, metabolite clearance. Since metabolite clearance is limited with
static handgrip, it is possible that the exercise pressor response may be predominantly influenced
by metabolite production. Our investigation observed no reduction in blood pressure or MSNA
during static handgrip or PECO with IPC, which suggests that IPC did not alter metabolite
production during submaximal static exercise.
Combining these results, it can be speculated that IPC has no effect on metabolite
production or clearance, and therefore, does not alter net metabolite accumulation. Although
possible, it must be noted that no study has directly investigated the effects of IPC active muscle
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metabolite dynamics, and therefore, definitive conclusions cannot be drawn. The presumed
inability to alter muscle metabolite production (based on indirect neural and hemodynamic
evidence in the present study) contrasts with animal models of prolonged ischemia. In these
experiments, IPC was observed to attenuate ATP depletion (1, 184, 200, 221), glycogen
depletion (149), and lactate production (1, 200) as observed through muscle biopsy. Only one
study to date in humans demonstrated the ability of IPC to attenuate whole body lactate
accumulation during submaximal running (12), which suggests that metabolite accumulation
may be altered by IPC, although not reflective in neural and hemodynamic responses to exercise.
This could be due to the fact that blood pressure is considered the regulated variable during
exercise, and central control of neural outflow may augment the gain of the muscle metaboreflex
to maintain required vasomotor tone.

4.2 Effects of ischemic preconditioning on the exercise pressor response in disease
It is possible that IPC is unable to alter the exercise pressor response in a young healthy
cohort. The effects of IPC on exercise in disease states are largely understudied. During a graded
treadmill exercise test-to-failure in patients with obstructive coronary artery disease, IPC
demonstrated the ability to reduce the peak blood pressure response in combination with
prolonging exercise time (18). It must be noted that 60% of patients in this coronary artery
disease cohort also presented with systemic hypertension, which is characterized by exaggerated
exercise pressor responses (60). Therefore, IPC may be effective in attenuating exaggerated
exercise pressor responses in disease states. Heart failure is another condition characterized by
exaggerated exercise pressor responses (194). Although the effects of IPC on the exercise pressor
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response in heart failure patients has not been tested, it must be noted that IPC in this population
is unable to alter ischemia reperfusion injury (224) or myocardial infarct size in a rabbit
Langendorff (172), unlike what is observed in healthy cohorts (151, 230). The reduced efficacy
in patients with heart failure may be due to their chronic exposure to a low flow state, and
therefore, already preconditioned. Nevertheless, whether mechanisms responsible for
cytoprotection are the same as the potential effects on exercise pressor responses are unknown
and further study is warranted.

4.3 Effects of ischemic preconditioning on group III/IV afferents
It has been hypothesized that IPC reduces group III/IV afferent stimulation during
exercise, thereby attenuating inhibitory restraint of α-motor neuron activation (82) and central
command (105, 233), similar to findings observed during short duration exercise with fentanyl
administration (5–7). As described previously, fentanyl attenuates spinal signalling from group
III/IV skeletal muscle afferents (104, 174, 257). However, in the present study, MSNA, used as
an efferent measure of group III/IV afferent stimulation (171), was not reduced during
submaximal or maximal static handgrip or during PECO suggesting that group III/IV afferent
stimulation was not altered. It is now unclear as to the mechanism by which IPC supports central
command during strenuous exercise.
It must be noted that there are some critical differences between IPC and fentanyl. First,
IPC is not consistent in its effects on reducing ratings of perceived exertion (106, 165, 202) and
increasing power output (47, 84, 106, 140). In addition, fentanyl also attenuates cardiovascular
responses to exercise (5, 8, 255) and increases metabolite accumulation after strenuous exercise
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(7, 23), findings that have not been replicated in IPC (113). This suggests that IPC may not affect
group III/IV afferents in a similar manner as fentanyl. It may be the case that fentanyl attenuates
a more nociceptive phenotype of group III/IV afferents. It has been shown that metabonociceptors possess ASIC3 and TRPV1 that were absent in non-nociceptor group III/IV afferents
(115). Since ASIC3 and TRPV1 are essential in eliciting the exercise pressor reflex (101, 145), it
is possible that IPC may then attenuate non-nociceptive metaboreceptor group III/IV, which
could possibly still enhance central motor drive, but have no implication on the exercise pressor
response. However, another study demonstrated that non-nociceptive group III/IV afferents
possess ASIC3 and TRPV1 receptors, but instead differ from metabo-nociceptors in their P2X
receptor isoform (147). The phenotypic differences between metabo-nociceptors and nonnociceptive metaboreceptors are complex and yet to be fully elucidated, yet raise the possibility
that IPC may selectively alter one specific phenotype warrants future investigation.

4.4 Limitations
4.4.1 Potential heterogeneity in the effectiveness of the ischemic preconditioning protocol
The most prominent limitation remains the unknown identification of the optimal IPC
stimulus in humans. Currently, the number of repetitive ischemic bouts, the length of time of
each ischemic bout, and the amount of time between the last ischemic bout and initiation of a
stress are all parameters that have yet to be comprehensively studied. Additionally, equivocal
findings exist for whether or not muscle mass made ischemic during IPC is an important factor in
cytoprotective and exercise responses (113, 120, 152, 282). If this is a relevant factor, skeletal
muscle mass in the forearm relative to total body mass may create response variability between
participants. However, comparable body mass and handgrip strength between groups mitigate
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this potential confound. It is also unclear as to whether or not there exists a threshold level of
ischemia required to activate an IPC response (120, 273). Although we are confident that our 200
mmHg upper arm cuff pressure was sufficient in lowering tissue oxygenation (55) and abolishing
pulsatile flow (119), whether arterial inflow was completely occluded is unclear. Measures of
total Hb to Mb ratio (total Hb/Mb) using near-infrared spectroscopy in the lower limbs of
humans has shown that >300 mmHg upper leg cuff pressure is required to completely occlude
arterial inflow (an absence of total Hb/Mb increase over a 5 minute occlusion period) (129),
whereas the commonly used 220 mmHg cuff pressure is unable to induce this state. Based on
this evidence in the lower limb, we cannot be confident that arterial inflow was completely
occluded in the upper arm of our participants since an investigation into whether or not 200
mmHg is capable of abolishing increases in total Hb/Mb has not been performed. Moreover,
limb circumference and tissue composition has been shown to be primary determinants of limb
cuff pressure required to alter limb blood flow (119, 124, 150), therefore, it is unlikely that we
achieved equally the same degree of limb blood flow occlusion in all participants with our
standardized 200 mmHg cuff inflations. This opens the possibility that the decrease in muscle
oxygenation and ischemic duration was not achieved consistently across all participants. It may
be relevant for future investigations to use near-infrared spectroscopy to confirm complete
occlusion of arterial inflow for all participants.
Substrate utilisation in humans is highly variable and is primarily influenced by diet and
exercise training status. It has been shown that carbohydrate utilization reduces and lipid
utilization increases with endurance exercise training during moderate intensity knee extension
(130). This coincided with an increased production of lactate during exercise of the same relative
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exercise intensity in the untrained state. Furthermore, pre-exercise ingestion of glucose (2) and
carbohydrate loading (28) both promote the utilization of carbohydrate energy stores during
exercise. Whether similar effects of substrate utilization would be observed during brief ischemic
bouts is unknown. If this is the case however, individuals that predominantly rely on
carbohydrate substrates will likely produce a higher level of lactic acid during brief ischemic
periods in contrast to individuals utilizing predominantly lipid substrates. This may be an
essential determinant in the effectiveness of the IPC protocol. IPC has been shown to require an
intact sensory nervous system (61, 93, 118, 121, 148, 176, 214, 241), therefore the stimulation of
afferents from the skeletal muscle or skin are likely important triggers of IPC. It is possible
therefore, that individuals that produce higher levels of lactic acid and protons during the brief
ischemic bouts in the IPC protocol will experience a more potent IPC stimulus. This is supported
by the similarity in cytoprotection elicited by IPC and topical capsaicin (121, 214), which like
lactic acid and protons (216), is a potent stimulator of group III/IV skeletal muscle afferents
(125).
In conclusion, there is likely a large degree of heterogeneity that exists between
participants in response to the standardized IPC treatment strategy. This may be a primary factor
explaining responders and non-responders to the IPC stimulus (113).

4.4.2 Lack of an effective placebo-control and possible nocebo effect of IPC
A common limitation across all IPC research in humans is that there is currently no
method available to effectively placebo-control for the IPC stimulus because of the differences in
sensation between 200 and 20 mmHg cuff inflations. The influence of a placebo effect in IPC
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performance research has recently been investigated in a series of studies (162, 163, 165), all of
which demonstrating the performance improvements of IPC to be statistically the same as
placebo/sham-IPC procedures. However, it is possible that the circulatory occlusion during the
IPC protocol that is non-existent in the placebo/sham-IPC protocol may be perceived as a nocebo
to some participants despite reassurance by the experimenters. In a recent study (77), the sham
condition was induced by inflating a cuff to suprasystolic pressures for only one minute rather
than five. This length of time was reported by the experimenters to not alter muscle oxygen
saturation but induced similar feelings of discomfort compared to the IPC protocol. This group
reported this sham procedure to elicit the same performance effects as the control group that used
five minutes of 10 mmHg cuff inflation. Thus, this may be a more attractive sham-control option
in future IPC studies. Although this procedure may in part control for the potential of the IPC
protocol being perceived as a nocebo, it still remains dissimilar in the length of time and the
nocebo issue may still be partially present.

4.4.3 The confound of pain in post-exercise circulatory occlusion procedures
In the present study, PECO was used to isolate the muscle metaboreflex. Although this
protocol sufficiently controls for confounding influences of central command and the muscle
mechanoreflex, the perception of pain is still a remaining confound. It has been shown that
inducing pain through intramuscular injections of saline elicits changes in blood pressure, heart
rate, and MSNA (75, 76, 136) and share similar cortical influences as PECO protocols (155).
However, it has been shown that group III/IV afferents are phenotypically different in that some
respond to innocuous stimuli (metabosensitive receptors) and others respond to noxious stimuli
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(metabo-nociceptors) (115, 125–127, 135, 175, 205). It has recently been postulated that both
PECO and intramuscular saline injection activate metabo-nociceptors rather than
metabosensitive receptors that would be more typically active during free flow dynamic exercise
(9). Therefore, it is possible that the use of PECO procedures may have only tested for the
metabo-nociceptor phenotype of group III/IV afferents, possibly limiting the generalizability of
the findings in the present study.

4.5 Future directions
Future work is needed to categorize the effects of IPC on the exercise pressor reflex
response in healthy aging and disease cohorts, specifically diseased states with known alterations
in exercise pressor responses (i.e. hypertension, heart failure, diabetes). It should also be taken
into consideration the mode by which muscle metaboreflex activation is achieved. Ischemic
stimuli likely activates group III/IV afferent metabo-nociceptors rather than metaboreceptors,
which IPC could differentially modulate. Additionally, future work should investigate the
potential role of group III/IV skeletal muscle afferent stimulation during the IPC stimulus as a
means of activating the sympathetic nervous system. This may be relevant for understanding a
potential IPC dose response that may be achieved with blood flow restrictive exercise, as
compared to a passive muscle ischemia stimulus, when group III/IV afferent stimulation is
enhanced and consequently sympathetic nerve activity.

4.6 Conclusion
IPC was shown to be ineffective in reducing MSNA or pressor responses during static
handgrip exercise or PECO, which directly proves that IPC does not attenuate central
58

sympathetic outflow during group III/IV skeletal muscle afferent stimulation. Instead IPC
increased MSNA at the beginning of static handgrip without altering the pressor response.
Although unclear, it is possible this increase was the result of arterial baroreflex buffering of
pressure reductions likely mediated by enhanced levels of nitric oxide-mediated (209)
vasodilation (67) or functional sympatholysis (109). In addition, IPC did not improve static
handgrip time-to-failure exercise performance, however, increased MSNA and peak pressor
response at volitional failure. A potential explanation for this finding is an increased metabolite
accumulation and subsequent activation of group III/IV afferents with IPC. Finally, the
circulatory occlusions in the IPC protocol were associated with small increases in MSNA. This
suggests that efferent sympathetic activity to skeletal muscle may play a triggering role (13, 37,
38) in mediating remote cytoprotective effects, but the small magnitude increase suggests that
efferent sympathetic activity is unlikely to be primarily involved. The mechanisms responsible
for alterations in exercise capacity and performance following IPC requires further investigation
but are unlikely mediated by the sympathetic nervous system.
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Appendix 1: Ethics Approval

RESEARCH ETHICS BOARDS
Certification of Ethical Acceptability of Research Involving
Human Participants
APPROVAL PERIOD:

February 17, 2015

EXPIRY DATE:
REB:

February 17, 2016
NPES

REB NUMBER:
TYPE OF REVIEW:
PRINCIPAL INVESTIGATOR:

14DC020
Full Board
Millar, Philip (pmillar@uoguelph.ca)

DEPARTMENT:

Human Health & Nutritional Sciences

SPONSOR(S):
N/A
TITLE OF PROJECT: Effects of ischemic preconditioning on neural and
hemodynamic responses to muscle metaboreflex activation
The members of the University of Guelph Research Ethics Board have examined the protocol which
describes the participation of the human participants in the above-named research project and
considers the procedures, as described by the applicant, to conform to the University's ethical standards
and the Tri-Council Policy Statement, 2nd Edition.
The REB requires that researchers:
•
•
•
•

•

Adhere to the protocol as last reviewed and approved by the REB.
Receive approval from the REB for any modifications before they can be implemented.
Report any change in the source of funding.
Report unexpected events or incidental findings to the REB as soon as possible
with an indication of how these events affect, in the view of the Principal Investigator,
the safety of the participants, and the continuation of the protocol.
Are responsible for ascertaining and complying with all applicable legal and
regulatory requirements with respect to consent and the protection of privacy of
participants in the jurisdiction of the research project.
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The Principal Investigator must:
•

•

Ensure that the ethical guidelines and approvals of facilities or institutions involved in the
research are obtained and filed with the REB prior to the initiation of any research
protocols.
Submit a Status Report to the REB upon completion of the project. If the research is a
multi-year project, a status report must be submitted annually prior to the expiry date.
Failure to submit an annual status report will lead to your study being suspended and
potentially terminated.

The approval for this protocol terminates on the EXPIRY DATE, or the term of your
appointment or employment at the University of Guelph whichever comes first.

Signature:

Date: February 17, 2015
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Appendix 2: Raw Data
2.1 Abbreviations
IPC: ischemic preconditioning
MRT1: first metaboreflex test (pre treatment)
MRT2: second metaboreflex test (post treatment)
TTF: time-to-failure
BL: baseline
HG1: first minute of static handgrip
HG2: second minute of static handgrip
PECO: post-exercise circulatory occlusion
SBP: systolic blood pressure
DBP: diastolic blood pressure
HR: heart rate
SV: stroke volume
BF: burst frequency
BI: burst incidence
Total: total MSNA
MVC: maximal volitional contraction
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Appendix 2.1 Participant characteristics
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Appendix 2.2 Metaboreflex test
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Appendix 2.3 Time-to-failure
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Appendix 3: Permission to Reuse Figure 1
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Appendix 4: Permission to Reuse Figure 2
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