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ABSTRACT

Cardiovascular control during exercise results from three main mechanisms,
namely central command (descending neural input), skeletal muscle afferent feedback
(metabo - and mechanoreflex) and the arterial baroreflex. The studies outlined in this thesis
sought to examine the potential sex- and ovarian hormone influences in the neural
cardiovascular control during exercise. It was observed that the activation of metabolically
sensitive skeletal muscle afferents (i.e. muscle metaboreflex) by partial restriction of blood
flow to the exercising skeletal muscle contributes to the exercise tachycardia via a
reduction in cardiac baroreflex sensitivity from rest during dynamic exercise. Importantly,
the magnitude of this metaboreflex-mediated reduction in cardiac baroreflex
responsiveness was not different between men and women during the early and late
follicular phases of the ovarian cycle. Baroreflex perturbation during dynamic exercise, by
means of hypotensive and hypertensive stimuli to the carotid baroreceptors, revealed that
baroreflex control of blood pressure was similarly maintained during exercise in men and
women. Finally it was demonstrated that the sympathetic vasoconstriction in the exercising
limb is similarly blunted in men and women. Overall, the results of this thesis suggest that
there are no differences between men and women in baroreflex function and sympathetic

vascular responsiveness during dynamic exercise.
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SYNOPSIS

Young women have been shown to exhibit attenuated pressor responses during
both static and dynamic exercise compared to men of a similar age. However, the reasons
for this sex-specific blood pressure (BP) response remain unclear. Three main neural
control mechanisms are known to be essential for eliciting the appropriate cardiovascular
response to exercise: central command (descending neural input), skeletal muscle afferent
feedback (metabo- and mechanoreflex) and the arterial baroreflex. Input from these neural
control mechanisms converges at central cardiovascular control centres in the brain and

collectively modulates the autonomic nervous outflow to the heart and the vasculature.

The first experimental study of this thesis (Chapter 4), aimed to determine whether
the activation of metabolically sensitive skeletal muscle afferents (muscle metaboreflex) is
a potential mechanism for the decrease in spontaneous cardiac baroreflex sensitivity
(cBRS) during dynamic exercise. Young men performed leg cycling (low and moderate
workloads; protocol 1) and rhythmic handgrip exercise (protocol 2) under free-flow
conditions and with partial flow-restriction (bilateral thigh cuff or graded arm cuff
inflation) to evoke muscle metaboreflex activation during exercise, followed by post
exercise ischemia (PEI; isolated muscle metaboreflex). Leg cycling-induced increases in
heart rate (HR) and BP were augmented by partial flow-restriction, while HR and BP
remained elevated during PEIL. Leg cycling evoked an intensity dependent decrease in
cBRS (16+2, 7+1, 2+0.2 ms-mmHg'1 at rest, low and moderate workloads; P<0.05), which
was further reduced with partial flow-restriction (by -2.6+0.8 and -0.4+0.1 ms'mmHg™" at
low and moderate workloads). ¢cBRS remained suppressed during PEI following leg
cycling with partial flow-restriction (4+1 ms-mmHg"; P<0.05 vs. rest) and remained

unchanged during handgrip with and without partial flow-restriction and PEI. These data
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indicate that the activation of the muscle metaboreflex decreases cBRS during leg cycling

exercise.

To examine whether there are sex- and/or ovarian hormone influences on the
muscle metaboreflex-mediated decreases in ¢cBRS the two protocols utilized in the first
experimental study were performed in women during early follicular (EF; low estrogen)
and late follicular (LF; high estrogen) phases of the ovarian cycle and compared to the men
(Chapter 5&6). In contrast to men, free-flow leg cycling had no effect on BP in women at
both ovarian phases, while HR increases and reductions in ¢cBRS were comparable (EF:
21+£5, 61, 1+0.1 ms-mmHg'l, LF: 2245, 6+1, 1+0.1 ms-mmHg'1 at rest, low and moderate
workloads). Muscle metaboreflex activation during leg cycling evoked similar increases in
HR and BP and reductions in ¢cBRS in men and women, independent of the ovarian phase.
Rhythmic handgrip under free-flow conditions evoked elevations in BP, which were
greater in men than women EF and further attenuated in women LF (+12+2, +6+1 and
+3+1 mmHg in men, women EF and women LF, respectively). However, Doppler
ultrasound measures of FBF showed that similar reductions in flow elicit a comparable
cardiovascular response in men and women, independent of the ovarian phase. Taken
together, these data suggest that the muscle metaboreflex, engaged by partial flow-
restriction during leg cycling and muscle metaboreflex sensitivity during rhythmic

handgrip exercise are not different in sexes and these two ovarian phases.

Given that baroreflex control of the heart during exercise seems unaffected by sex
and ovarian hormones, the forth experimental study (Chapter 7) investigated the influence
of sex on carotid baroreflex (CBR) control of BP. Oscillatory neck pressure (NP) and neck
suction (NS) was applied at 0.1 Hz at rest and during rhythmic handgrip exercise and the

degree of CBR control over BP (Fast Fourier transformation) was determined. Oscillatory
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NP and NS at rest and during exercise significantly increased spectral power of BP in both
men and women without any significant sex-difference in the magnitude of the response
either at rest or exercise, with either NP or NS. This suggests that baroreflex control of BP

at rest and during rhythmic handgrip exercise is not affected by sex.

To investigate whether the attenuated exercise pressor response is attributable to an
attenuated sympathetic responsiveness (transduction of sympathetic nerve activity to the
peripheral vasculature) the final experimental study (Chapter 8) employed a cold pressor
test (CPT) to evoke sympathetic vasoconstriction at rest and during rhythmic handgrip
exercise (very low, low, moderate intensity) in men and women. Handgrip evoked
increases in HR, FBF and forearm vascular conductance (FVC), while BP was unchanged.
CPT-induced increases in BP and HR were comparable between rest and exercise and
sexes. FVC was markedly reduced with the CPT at rest (—44+6% in men and —32+5% in
women, effect of sex P=0.95), but this vasoconstrictor effect was progressively attenuated
with increasing exercise intensity (—20+5% in men and —20+5% in women at moderate
workloads). Collectively, these data indicate that sympathetic vasoconstriction during

exercise is similarly blunted in the peripheral of men and women.

In summary, the results from this thesis suggest that the muscle metaboreflex
contributes to the reductions in cBRS during leg cycling. However, there are no apparent
sex-differences in the ability of the muscle metaboreflex to reduce cBRS during exercise.
Thus, sex-differences in muscle metaboreflex function seem not to contribute to the
reported sex-specific exercise pressor response. The similar neural vascular transduction of
sympathetic nervous activity at rest and during exercise in men and women indicates that
an attenuated sympathetic responsiveness does not explain the lower BP rise during

exercise in women compared to men.



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my supervisor Dr. James for his help and
guidance, his encouragement and enthusiasm. I would like to thank you for your patience
and the opportunity to pursue a PhD in the UK. I’ll be forever grateful for the opportunities
you have given me, such as to work, publish and dine with numerous groundbreaking
researchers in cardiovascular physiology. I would also like to thank Dr. Mike for his
support and encouragement. Moreover, Dr. Dave deserves special thanks, not only for his
incredible computer programming and repair skills, but also for your support and
encouragement and all the laughs; for being a really good friend. Special thanks to my
deepest friend Dr. Doreen in Switzerland for sharing all the joys of a PhD, for listening to
my complaints and for the comprehension of a friend who knows what it means to pursue
this degree. I would like to thank my Mum and Dad, for all their unconditional love,
continuous encouragement, support and thrust. I know it was not always easy for you to
accompany my previous and latest decisions and endeavours. Therefore, I thank you even
more for letting me find my way. My biggest thanks go to my husband Robert. Thank you
for your unfaltering support, boundless understanding, endless patience and

encouragement, your optimism and love. Thank you for being my friend and my home.

vi



PUBLICATIONS ARISING FROM THIS THESIS

Full papers

(1) Hartwich D, Dear WE, Waterfall JL, Fisher JP (2011) Effect of muscle
metaboreflex activation on spontaneous cardiac baroreflex sensitivity during exercise in

humans. J Physiol. 589: 6157-6171.

(2) Hartwich D, Fowler KL, Wynn LJ, Fisher JP (2010) Differential responses to
sympathetic stimulation in the cerebral and brachial circulations during rhythmic handgrip

exercise in humans. Exp Physiol. 95: 1089-1097.

Abstracts

(1) Hartwich D, Dear WE, Kirtley LA, Taylor SM, Waterfall JL, Fisher JP. Influence
of ovarian cycle on muscle metaboreflex control of spontaneous cardiac baroreflex

sensitivity in young women. J Physiol (2011) Proc Physiol Soc, 23 C43.

(2) Hartwich D, Dear WE, Grice TD, Kerr TJ, Waterfall JL, Fisher JP. Effect of
muscle metaboreflex activation on spontaneous cardiac baroreflex sensitivity during

exercise in humans. FASEB J March 17 (2011) 25:1056.6.

3) Hartwich D, Kim A, Griffin HS, Balanos GM, Aldred S, Fadel PJ, Fisher JP.
Influence of sex and menstrual phase on the middle cerebral artery blood flow velocity

responses to dynamic exercise in humans. FASEB J March 17 (2011) 25:1024.11.

4) Hartwich D, Fowler KL, Wynn LJ, Fisher JP. Differential responses to sympathetic
stimulation in the cerebral and brachial circulations during rhythmic handgrip exercise in

humans. J Physiol (2010) Proc Physiol Soc, 19 PC163.

vii



ABBREVIATIONS

ANOVA
BMI

BP

CBR
c¢BRS
CO

CO;

CP

CPT
CVCi
CVCicpr
CVCisgs

ECG
EF
EX
Ex120
Ex90
FBF
FBV
FF
FVC
FVCecpr
FVCss

HR
HR-cBRS

Analysis of variance

Body mass index

Blood pressure

Carotid baroreflex

Cardiac baroreflex sensitivity
Cardiac output

Carbon dioxide

Chamber pressure

Cold pressor test

Cerebrovascular conductance index
Cerebrovascular conductance index during the cold pressor test

Cerebrovascular conductance index during steady state rhythmic
handgrip exercise

Electrocardiogram

Early follicular phase of the ovarian cycle

Exercise

Leg cycling at target heart rate of 120 beats-min”

Leg cycling at target heart rate of 90 beats-min™

Forearm blood flow

Forearm blood velocity

Free-flow

Forearm vascular conductance

Forearm vascular conductance during the cold pressor test

Forearm vascular conductance during steady state rhythmic
handgrip exercise

Heart rate

Spontaneous cardiac baroreflex sensitivity calculated using heart
rate

viii



LF

Ln

LoF

LH
MAP
MCA
MCA Vinean
ML
MSNA
MVC
NIRS
NP

NS

PEI
PerCO;,
PFR
RMSSD

RPE
RRI
RRI-cBRS

SD
SEM
SV

Late follicular phase of the ovarian cycle
Natural logarithm

Low frequency power

Luteinising hormone

Mean arterial pressure

Middle cerebral artery

Middle cerebral artery blood flow velocity
Midluteal phase of the ovarian cycle
Muscle sympathetic nerve activity
Maximum voluntary contraction
Near-infrared spectroscopy

Neck pressure

Neck suction

Post exercise ischemia

End-tidal pressure of carbon dioxide

Partial flow-restriction

square root of the mean of the sum of successive differences in

R-R interval
Rating of perceived exertion

R-R interval

Spontaneous cardiac baroreflex sensitivity calculated using R-R

interval
Standard deviation
Standard error mean

Stroke volume

X



CONTENTS

CHAPTER 1: INTRODUCTION 1
CHAPTER 2: LITERATURE REVIEW 3
2.1 CARDIOVASCULAR RESPONSES TO EXERCISE 4
2.1.1  DYNAMIC EXERCISE......ccoiuttteeeeeieeiureeeeeeeeeeitteeeeeeeeeetareeeseeeeesttsaeeeeeeeeesssseseseeeasssssseeeeeeeeairrseeeeeeeenisnrees 4
2.1.2  STATIC EXERCISE ....eeeieeieittteeeeeeeeeeittaeeeeeeeeeetaeeeeeeeeeetaaeeeeeeeeessasaeeeseeeeeesssseeeeeeeasassseseeeeeeassssseeeeeeeanirnrees 5
2.2 CENTRAL COMMAND 7
2.2.1  EVIDENCE FOR CENTRAL COMMAND .......ccoituuttiiteeiiiiuteeeeeeeeesiateeeeeeeeessaseseeeseessesssereeeseessnssssseeseessossinnees 7
2.2.2  EARLY STUDIES OF CENTRAL COMMAND .....cuvviiiiiiiiiuteeieeeeeeiitteeeeeeeeessareseeeeeessssssereesessssmsssseesesssssnnnnes 7
2.2.3  FUNCTION OF CENTRAL COMMAND .......ceoituttttiieeieiiiteeeeeeeeeeestareeeeeeseesaaeeeesesesesssasesseessessaaseeseessonsnnees

2.2.4  NEUROCIRCUITRY OF CENTRAL COMMAND ........cceiitiiiiiiieeeeteeeeeitteeeeeteeeeeseeeeeeseeseeesseeseesseseeeaseeeeesenas
2.3 SKELETAL MUSCLE AFFERENT FEEDBACK

2.3.1 EVIDENCE FOR SKELETAL MUSCLE AFFERENT FEEDBACK ........ccccovvtiieeeeeiiireeeeeeeeeeiirreeeeeeeessisnrreeeaeeens
2.3.2  SKELETAL MUSCLE AFFERENTS — NEUROPHYSIOLOGICAL PATHWAYS ...

2.3.3  STIMULUS-DEPENDENT DIVISION OF SKELETAL MUSCLE AFFERENTS .....ccccuvvviieeeeeeiiirrreeeeeeeeennrreeeeeeens
2.3.4 PUTATIVE CHEMICAL SUBSTANCES STIMULATING SKELETAL MUSCLE AFFERENTS ...........ccoeviuvrrereeennn.
2.3.5 BP AND SKELETAL MUSCLE AFFERENT ACTIVATION ......cvvtiiiiiieiiiirreeeeeeeeeiinreeeeeeeeeeinreeeeeeeeeessnsreeeseenans
2.3.6  HR AND MUSCLE AFFERENT ACTIVATION ......uuiiiiiitiieiiiieeeeieeeeeeiteeeeetteeeeeateeeeeaeeeeeeaaeeeeeaveeeenaseeeeennenas
2.3.7 INTERACTION BETWEEN CENTRAL COMMAND AND SKELETAL MUSCLE AFFERENTS.........cc.ccevvrieennen.
2.4 ARTERIAL BAROREFLEX

2.4.1  ARTERIAL BAROREFLEX FUNCTION.......cccuttiiiittieieitteeeeeteeeeeteeeeeteeeeeetaeeeeeaseeeeeseeseeseeeeenaseseeesreeeeennenas
2.4.2  ARTERIAL BAROREFLEX FUNCTION DURING EXERCISE ......cccutiiiiiiieeiiieeeetieeeeeieeeeeeiaeeeeeveeeeereeeeeanens
2.4.3 CENTRAL COMMAND AND ARTERIAL BAROREFLEX FUNCTION .......ccceeiieiiiiurreeeeeeeeiiinrereeeeeeesinrrreeeseeeans
2.4.4  SKELETAL MUSCLE AFFERENTS AND ARTERIAL BAROREFLEX FUNCTION .......ccccceemiiurrreeeeeeeiiirrreeeeeeenn
2.4.5 MECHANOREFLEX AND BAROREFLEX .......ccoottuuttteeeeieiiureeeeeeeeeiiitreeeeeeseesisseeeseeeeesisssseseseessinssssesesennans
2.4.6 METABOREFLEX AND BAROREFLEX

247  MSNA AND BAROREFLEX......ccccittteeittteesiureeestreeeaseseeessssseeesossssesssssssssssssssssssessssssssssssssssssssssssssssesssnsns
2.5 MUSCLE BLOOD FLOW CONTROL DURING EXERCISE

2.5.1  EXERCISE HYPERAEMIA ......oociiitiiiiaittiieeetieeeeeteeeeeteeeeeetteeeeetaeaeeeaaeeeeaaeeeeeaseeeeesseeeeeaseseeasseseensseeeeeaseens
2.5.2  MUSCLE AFFERENT FEEDBACK AND BLOOD FLOW ......ccutiiiiitiieeeitieeeeetieeeeteeeeeeiaeeeeeaaeeeeeveeeeenveeeeennens
2.5.3  AUTONOMIC CONTROL OF SKELETAL MUSCLE BLOOD FLOW.......cc.uoiiiiuiiieeiieeeeeieeeeeeeeeeeveeeeeveeeeennens
2.6 SEX-DIFFERENCES IN CARDIOVASCULAR CONTROL AT REST AND DURING EXERCISE ......... .
2.6.1  CONTROL OF HR ...ooiiiiiiiiioiee ettt et e et e e et e e eeae e e stbaeeesbbeeeenssaeesnssaeeesseeennnnns
2.6.2  SEX AND HORMONAL INFLUENCES ON BAROREFLEX CONTROL OF HR .......ccccoooiiiiiiiiiiiiiiiiieee,
2.6.3  CONTROL OF BP ..ottt ettt e et e e et e e e eseaa e e stbaeeessbeeeenssaaessssaaeesseeannnnns
2.6.4  SEX AND HORMONAL INFLUENCES ON BAROREFLEX CONTROL OF BP.......ccooooiiiiiiiiiiiiciieiieeeeeee,
2.6.5 SEX AND HORMONAL INFLUENCES ON THE CARDIOVASCULAR RESPONSE TO EXERCISE.........cc.vvee.......
2.6.6 SEX AND HORMONAL INFLUENCES ON CENTRAL COMMAND ......cccceeeiuireenrieaenns

2.6.7  SEX AND HORMONAL INFLUENCES ON THE MUSCLE AFFERENT FEEDBACK

2.6.8 SEX AND HORMONAL INFLUENCES ON ARTERIAL BAROREFLEX FUNCTION DURING EXERCISE ............. 53
2.6.9  SEX DIFFERENCES AND HORMONAL INFLUENCES ON EXERCISING BLOOD FLOW ......ccccceevuirieenireeennnen. 54
2.7 SUMMARY OF LITERATURE REVIEW 56
2.8 PURPOSE OF THE PRESENT STUDY 57




CHAPTER 3: GENERAL METHODS S8

3.1 ETHICAL APPROVAL AND CONSENT PROCESS 59
3.2 RECORDED VARIABLES 59
3.2.1 HEART RATE & BLOOD PRESSURE .......cccccuttieittieeeereeessireeeessrseessssesesssseesssssesssssssesesssssessssssssssssssessssens 59
3.2.2  PERIPHERAL BLOOD FLOW MEASUREMENTS .......ccccuttiiitieeeirreeesereeessereeesseseeesssssesesssssesssssssssssseesnsssens 60
3.2.3  LEAN FOREARM ARM MASS.......utiiieiuriieeirteeeirreeeeeseeesassesessssseesssseessssssessssssssassssessssssessssssessssssssesssssens 61
3.2.4  CEREBRAL BLOOD FLOW.....ccciiititiiaitttteeitteeesirteeeaeseeesassssessssssessssessssssesssssssssasssssssssssesssssessssssssessssses 62
3.2.5 EXPIRED CARBON DIOXIDE .....c.uvtiiiiuiiieeiiieeeeteeeeeitseeeeetteeeeesseeeaesseeeesaseeseeaseseeassseseesssesasseseensseeeanaseens 62
3.2.6  NEAR INFRARED SPECTROSCOPY .....uviiiiiuiieeitieeeeiteeeeeeteeeeeteeeeeeaeeeeeeaseeeeeasesseesseseessssesensseseensseeeeennenns 62
3.3 INTERVENTIONS 63
3.3.1 RHYTHMIC HANDGRIP EXERCISE........oiiiiuiiieitiieeeiteeeeeetteeeeeteeeeeaaeeeeeaaeeeeeaseaeeeseeseeseseeeaseeesnsseeeeeanenas 63
3.3.2  DYNAMIC LEG CYCLING . ...uuiiiiitiieeeitteeeeeteeeeeteeeeeteeeeeeateeeeesseeeeeaseeeeeaseeeeesseseeessssseesssesasseseensseseeanneens 64
3.3.3  PARTIAL FLOW-RESTRICTION......ccceittteisrreeesurreeeneseeesasseeesssesesssssesessssssssnsssssessssesssssssesssssessssssssessssens 64
3.3.4 OSCILLATORY NECK PRESSURE & NECK SUCTION .......cccuttierurieearereeessereeeessreeeesssesesssssesssssesessssessnsssens 64
3.3.5  COLD PRESSOR TEST ....tiiiiuttieeiirteeaiereeeeserteeasesseeessseesssssesessssssesssssessssssssssssssssassssessssssessssssssssssssssssses 65
3.4 DATA ANALYSIS 66
3141 SPIKE ..outiiiiiiieeeeit e eet et e ettt e ettt e e ee ittt e e eabaee e tbeeeeaataeeeaabbaeeantbteeatbteeetaaaeeantbteeantbaeeetbaaeesraeeeantraeeennraens 66
3.4.2 SPONTANEOUS CARDIAC BAROREFLEX SENSITIVITY .....uuviiiiiuiieeeiieeeeiteeeeeteeeeeeieeeeeeaaeeeeeseeeeenrneeeennens 66
3.4.3  HEART RATE VARIABILITY ...ooiiutiiiieitiieeeetieeeeiteeeeeteeeeeetteeeeetaeaeeeaseeeeaseeeeaseseeasseeseessssesasseseansseeeennnenns 66
3.44  STROKE VOLUME & CARDIAC OUTPUT .....uuiiiiiiieeeiiieeeeiteeeeeteeeeeetteeeeeaaeeeeeateeeeeaseeeeesaaeseesseseensseseeeanenas 67
3.4.5 POSTHOC ANALYSIS & SIGNIFICANCE LEVEL......cccutiiiiiiieeeiieeeeeiieeeeeteeeeeteeeeeteeeeeeaaeeeeeaveseeeaveeeeennens 67

CHAPTER 4:EFFECT OF MUSCLE METABOREFLEX ACTIVATION
ON SPONTANEQOUS CARDIAC BAROREFLEX SENSITIVITY DURING DYNAMIC EXERCISE

IN HUMANS 68
4.1 INTRODUCTION 69
4.2 METHODS 72
42,1 SUBJECTS i eittteeiiiteeesrtteestteeeatteaeaeseeeassssaeasssseeaassssseassseesassssaasssseseassssessssssaasssssesnsssaeessseessssseeennsnns 72
4.2.2  EXPERIMENTAL MEASUREMENTS .......uuiiiiiitiieeiittieeeeteeeeeteeeeeteeeeeetaeeeeeaaeeeeeaeeeeeteeeeeessseeeesseeeeeseeeeanes 72
4.2.3  EXPERIMENTAL PROCEDURES .......ociiitiiiiiiuiieeiitieeeeeteeeeeteeeeeaeeeeeetseeeeeaaeeeeeaeeeeeteeeeeessneeeesseeeeanseeeeanns 72
4.2.4  DATA ANALYSIS <ottt ettt ettt e et e et e e e et e e e eetae e e eeateeeeeateaeeeateeeeeeaaseeeataeeeeasteeseeasseeeeesseeeeasseeeeanns 75
4.3 RESULTS 76
4.3.1 PROTOCOL 1: LEG CYCLING EXERCISE. ......uveiiiiuiieeeiteeeeeitieeeeiteeeeeeteeeeeeaeeeeseaeeeeeetseeeeessaeeeeseseeasseeeenns 76
4.3.2 PROTOCOL 2: RHYTHMIC HANDGRIP EXERCISE......ccuvteeiuiireiireeeeserereessseeessseseaseseeessssseesssseesssssesennnns 83
4.4 DISCUSSION 87
4.5 CONCLUSION 96

CHAPTER S:METABOREFLEX CONTROL OF SPONTANEOUS CARDIAC BAROREFLEX
SENSITIVITY DURING DYNAMIC EXERCISE: INFLUENCE OF SEX AND OVARIAN

HORMONES IN HUMANS 97
5.1 INTRODUCTION 98
5.2 METHODS 100
5.2.1  SUBITECTS . ..ttt ettt e e e ettt e e et e e e et e e e e etae e e e ettt e e eeateeeeetaeeeeassaeeaateeseesseeeenaseeeensseaeennees 100
5.2.2  EXPERIMENTAL MEASUREMENTS .......ccciiiuiiieiitieeeeiteeeeeiteeeeeiteeeeeesseseeeseeeesssseeaesseseessssseessseseeaseeseenes 100
5.2.3  EXPERIMENTAL PROCEDURES ......ccuttiiiittteeitrieeeiereeessereeessssseeessssesessssssessssessassssessssssssessssessssssseessssses 101



5.2.4  DATA ANALYSIS ooiiiiiiieteieee e e eeeeee e e e e ettt et e e e e e eesaaeeeeeeseaaaaaeeeeesseetaaaeeseessanaaaseeesessassarseeeesssanreeees 102

5.3 RESULTS 103
5.3.1 PROTOCOL 1: MEN VERSUS WOMEN UNDER FREE-FLOW CONDITIONS .......c.coeeeiuiieeeiuireeeiireeeeereeeenns 103
5.3.2  PROTOCOL 1: MEN VERSUS WOMEN DURING MUSCLE METABOREFLEX ACTIVATION .......c...cccvvenen.. 107
5.3.3 PROTOCOL 2: WOMEN EF VERSUS LF UNDER FREE-FLOW CONDITIONS.........ccccevvrtieeeeeeiirrreeeeeeesennns 111
5.3.4 PROTOCOL 2: WOMEN EF VERSUS LF DURING MUSCLE METABOREFLEX ACTIVATION .............ccccuu.. 112
5.4 DISCUSSION 120
5.4.1 EFFECTS OF SEX ON THE PRESSOR RESPONSE ........cciiiiiuiieeiiiieeeereeessereeesssreeesssssesssssseeesssseesessssessssssees 120
5.4.2 EFFECTSOF SEXONCBRS ... ..ottt e e et e e tab e e e e ntbaeeenssaeeenraeas 124
5.4.3  EFFECTS OF OVARIAN CYCLE PHASE ON PRESSOR RESPONSE AND CBRS...........ccocooiiiiii, 125
5.4.4  LIMITATIONS ...ouutiiieeiteeeeetee e e ettt e e et e e eetae e e e eteeeeeeteeeeeeaaseeeeaseseeeaseeseessseeeasssaseasseeseesseeeeasseeeensseneennees 129
5.4.5  ALTERNATIVE APPROACHES ......ooiiiiiiiiietieeeeitteeeeeteeeeeeaeeeeeaeeeeeetaeeeeeaaeeeeeaaeaeeeesseeeeesseeeeeaseeeeaseeeeaaes 129
5.5 CONCLUSION 130

CHAPTER 6:METABOREFLEX CONTROL OF SPONTANEOUS CARDIAC BAROREFLEX
SENSITIVITY DURING RHYTHMIC HANDGRIP: INFLUENCE OF SEX AND OVARIAN

CYCLE PHASE 131
6.1 INTRODUCTION 132
6.2 METHODS 133
0.2.1  SUBJIECTS .. uttteeitiieeeittteestteeestteeeetbeeeetsaeeesssteaaassseeeassseesssaeeasssseeeassssessssssasasssssesasssasesssseeeassseeennssns 133
6.2.2  EXPERIMENTAL MEASUREMENTS .......coiiiiuiiieiitiieeeiteeeeeitteeeeteeeeeesseseeeaseesesssseeaesseseeessseeeaseseeesseeeeaes 133
6.2.3  EXPERIMENTAL PROCEDURES .......ccciutiiiiutieeiitieeeeitteeeeeiteeeeeteeeeeesseseeeseeeessssesasseseessseseessseeeeaseeeeaaes 134
60.2.4  DATA ANALYSIS .eoiiieitiie ettt e ettt e e ettt e ettt e e et e e e e etee e e eeaeeeeeaeeeeetseeeeetaeeseesssaeeanseeeeeasseeeenaseeeeaseeeeanees 134
6.3 RESULTS 135
6.3.1 PROTOCOL 1: SEX-DIFFERENCES DURING HANDGRIP UNDER FREE-FLOW CONDITIONS...........ccc......... 135
6.3.2 PROTOCOL 1: SEX-DIFFERENCES DURING GRADED MUSCLE METABOREFLEX ACTIVATION ................ 136
6.3.3  PROTOCOL 2: EF VERSUS LF PHASE DURING FREE-FLOW CONDITIONS .........cceeiiviieerirreenireeeesreeeenns 138
6.3.4 PROTOCOL 2: EF VERSUS LF PHASE DURING GRADED MUSCLE METABOREFLEX ACTIVATION ........... 138
6.4 DISCUSSION 148
6.4.1 INFLUENCE OF SEX ON CARDIOVASCULAR RESPONSES TO FREE-FLOW AND PARTIAL FLOW-
RESTRICTION ....uuuiiiiiiutieeeetteeeeteeeeeetteeeeeaaeeeeeeaeeeeeeaseeeeeaseeeeeasseeeessseeasseaeeassseeeeassseeasssaeeasssseeensseeeanssseeansseeeanns 148
6.4.2  INFLUENCE OF OVARIAN CYCLE PHASE ON CARDIOVASCULAR RESPONSES TO FREE-FLOW AND PARTIAL
FLOW-RESTRICTION . ......oiiiiuiiiieitieeeeteeeeetteeeeetteeeeeaaeeeeeteeeeeetaeeeeeasseeeeassaeeesseeeeessseseeassaeeensseeeesseseeessseeeanseneeans 151
6.4.3  INFLUENCE OF SEX ON CBRS DURING FREE-FLOW AND PARTIAL FLOW-RESTRICTION ...........ccc......... 152
6.4.4  INFLUENCE OF OVARIAN CYCLE PHASE ON CBRS DURING FREE-FLOW AND PARTIAL FLOW-
RESTRICTION ....utttieeutteeestteeeaesteeesessaeesssseseaesssesssssessssssssssssssssssssssesssssssssssssssassssessssssssssssssssssssssssnssseessssseeanns 153
6.4.5  LIMITATIONS ..coutiiieeiiiteeitteeestteeeeiteeeestateeesstaeeeaseseeeaassaeessssssaasssseseasssseessssaeassssseessssseesssseesasssseennssns 154
6.4.6  ALTERNATIVE APPROACHES .......ciiiiiiiieiiieeeiitieeeaiereeesssseesssseeasssesesssssessssssesesssssssssssssessssssesssssessnsns 155
6.5 CONCLUSION 156

CHAPTER 7:SEX DIFFERENCES IN THE DYNAMIC CAROTID BAROREFLEX FUNCTION AT

REST AND DURING DYNAMIC EXERCISE 157
7.1 INTRODUCTION 158
7.1.1  BAROREFLEX CONTROL OF BP AND HR .......oooiiiiiiiiii e e 158
7.1.2  BAROREFLEX CONTROL OF PERIPHERAL HAEMODYNAMICS ......ccccuviieeiuiieeiitieeeeeieeeeeaeeeeeaeeeeeeaaeeeeans 159
7.1.3  ASSESSMENT OF CAROTID BAROREFLEX FUNCTION .......ccoiiiiuiiieeiiiieeeieeeeeeieeeeeeaeeeeeaeeeeeaeeeeessseeeenns 160
7.2 METHODS 162
72,1 SUBJIECTS. .. uttteeitiieeeitteeestteeestteaeestreeessssee e ssaeaeassseeeassseasssssaeasssseeassssessssssasassssseansssasesssseeeassseeennssns 162
7.2.2  EXPERIMENTAL MEASUREMENTS.......0cciietttteiitiieeaiereeeessreeeisseeesssseseessssessssssasesssssssssssssessssssesssssessssns 163

xii



7.2.3  EXPERIMENTAL PROCEDURES .....uuvvtiiiiiiiitiieeeeeeeieiiaeeeeeeeeeesaaeeeesesssesaseeeseesssesassesesesssssasseeeesssennisnees 164

7.2.4 DATAREDUCTION & SPECTRAL POWER ANALYSIS ....couviiiiiitiiieeeitieeeeieee et e et et e e etaeeeeeaaeeeeans 166
7.2.5  STATISTICAL ANALYSIS . .eutiiiiitiiieeeieeeeete e e e ettt e e eetae e e eeaeeeeeaeeeeeetaeseeeaaseeeeassaeeesseeeessseeeeesseeeeesseeeannes 167
7.3 RESULTS 168
7.3.1 SYSTEMIC CARDIOVASCULAR RESPONSES AT REST AND DURING EXERCISE ......c.cvvveeeeeeeiinvereeeeeeennnnns 168
7.3.2  SYSTEMIC CARDIOVASCULAR RESPONSES TO NP AND NS ......ooiiiiiiiiiiieee et 168
7.3.3 POWER SPECTRAL ANALYSIS CARDIOVASCULAR CBR ENTRAINMENT .........ccotiiurriieeeeeiiiirrreeeeeeeennnns 171
7.3.4 POWER SPECTRAL ANALYSIS OF HAEMODYNAMIC CBR ENTRAINMENT ........cccccivvrieeeeeeiinrrreeeeeeeennnns 177
7.4 DISCUSSION 179
7.4.1  SEX DIFFERENCES IN RESTING CBR FUNCTION .......ooiiiiiiiieiiiiieeeeiiee e et et e et eeaee e e eaaeeeeeaveaeeens 179
7.4.2  CBR FUNCTION DURING EXERCISE .......cciutiiiiitiieeeiiteieeeteeeeetteeeeeteeeeeeaeeeesaseeeeesseseeesseeeeenseeeeesseseenns 181
7.4.3  CBR FUNCTION DURING EXERCISE: INFLUENCE OF SEX ......ccuuttiiitiieeeiueeeeeireeeeeteeeeeiaeeeeseaeeeeessseeeenans 183
7.44 METHODOLOGICAL CONSIDERATIONS: HAEMODYNAMIC MEASURES ........ccouviiiiiiieeeiiieeeeeiieeeeeneee e 185
T4.5  LIMITATIONS ...ouuttiiieitiee oottt e e ettt e e et e e e ettt e e e et e e e eetaeeeeeaaeeeeeaaeaeeaateeseessseeeesssaeeansseseesssesenaseeeensseneeanees 185
7.4.6  ALTERNATIVE APPROACHES ......ociiiiiiiieeiieeeiitieeeeiereeesssseesssseeasssseseasssssessssessssssssssssssessssssssssssessnssns 187
7.5 CONCLUSION 188

CHAPTER 8: DIFFERENTIAL RESPONSES OF THE BRACHIAL AND CEREBRAL
CIRCULATION TO SYMAPTHETIC ACTIVATION DURING EXERCISE IN MEN AND

WOMEN 189
8.1 INTRODUCTION 190
8.1.1  PERIPHERAL BLOOD FLOW DURING EXERCISE ........cciiiiuiiiiitiieeeitieeeeeteeeeeieeeeeeaeeeeeeaaeeeeeaseeeeeveeeeennenns 190
8.1.2  CEREBRAL BLOOD FLOW DURING EXERCISE......cccutiiiiuiieiiiiieeeitteeeeeteeeeeteeeeeeaeeeeeeaaeeeeeaveeeeeseeseennenas 192
8.2 METHODS 194
B.2. 1 SUBJIECTS ...ttt ittt ettt e e e et e et e e e ettt e e e e e e e e etaee e eetaeeeeeaaeeeeeataseeeateeeeeesaeeseesaeeeeenseaeeeseeeeanareens 194
8.2.2  EXPERIMENTAL MEASUREMENTS ......ccciitttteiittieeeiereeeasrteeessrseeesssesessssseesssseessssssessssssssessssessssssseessssses 195
8.2.3  EXPERIMENTAL PROCEDURES .....cccuttiiiiitteeitrieeeiereeesiereeeesesseeesssesessssssessssessassssessssssssessssessssssseessssses 196
8.2.4  EXPERIMENTAL PROTOGCOL .....uuiiiiiutiieiieiieeesitreeeeereeesseseeesssssesassssesesssssaessssessssssssssssssesesssessasssseessseees 197
8.2.5  DIATA ANALYSIS oiieuetiieeitiieeeiitteeeieteeesetttaeassrseeaasseesassaeassssesassssesasssssessssseeasssssesssssesesssseesasssseessssees 198
8.3 RESULTS 198
8.3.1 PERIPHERAL RESPONSES AT REST AND DURING EXERCISE WITH AND WITHOUT CPT ...........ccc.o...... 198
8.3.2 CEREBROVASCULAR RESPONSES AT REST AND DURING EXERCISE WITH AND WITHOUT CPT............. 199
8.4 DISCUSSION 208
8.4.1 PERIPHERAL VASCULAR RESPONSES TO EXERCISE .......coeiiiiuiieeeiiiieeeeieeeeeieeeeeeaeeeeeeaaeeeeeeveeeeeaneeeeneeas 208
8.4.2 CEREBROVASCULAR RESPONSES TO EXERCISE.......ciiiiuiiiiitiieeeitteeeeeteeeeeteeeeeeaeeeeeeaaeeeeeaveeeeeaeeeeenreeas 209
8.4.3  PERIPHERAL VASCULAR RESPONSES TO SYMPATHO-EXCITATION .......cvvviieeeeieiiireeeeeeeeeeinreeeeeeeeeeennnns 212
8.4.4 CEREBROVASCULAR RESPONSES TO SYMPATHO-EXCITATION ........cceetuvrrieeeeeieiirreeeeeeeeeeinneeeeeeeeennnnnes 214
84,5 LIMITATIONS ....uttiieuiiieeitteeeitteeeetteeesatbeeeessrseeeassseesassssaaasssseeassssesaasssaseassseeeanssssesssssesesssseesassseeensssens 215
8.4.6  ALTERNATIVE APPROACHES .....ccceiutiieiiiieeesiireeeaiereeesseseeeasssseeesssesessssssessssessassssessssssessssssesessssseessssees 217
8.5 CONCLUSION 219
CHAPTER 9: GENERAL CONCLUSION 220
REFERENCES 228

xiil



LIST OF FIGURES

Figure 2.1. Cardiovascular responses during dynamic exercise. 4
Figure 2.2. Neural cardiovascular control during exercise. 6
Figure 2.3. Schematic of the resetting of the baroreflex function curve during exercise. 24

Figure 2.4. Illustration of the desired balance between vasoconstriction and vasodilation during exercise. 36
Figure 3.1. Schematic of a truncated cone (e.g. forearm) to calculate forearm muscle mass. 61

Figure 4.1. Schematic representation of experimental protocol 1, comprising of leg cycling exercise under
free-flow conditions (Trial A) and with partial flow-restriction (Trial B). 73

Figure 4.2. Schematic representation of experimental protocol 2, comprising of rhythmic handgrip exercise
under free-flow conditions (Trial A) and handgrip exercise with partial flow-restriction
(Trial B). 75

Figure 4.3. Mean arterial blood pressure (BP; panel A) and heart rate (HR; panel B) at rest and during
dynamic leg cycling under free-flow conditions (white bars) and with partial flow-restriction (black
bars). 79

Figure 4.4. Spontaneous cardiac baroreflex sensitivity (¢cBRS) at rest and during dynamic leg cycling under
free-flow conditions (white bars) and with partial flow-restriction (black bars). Spontaneous cBRS calculated
using either R-R interval (RRI-cBRS, panel A) or heart rate (HR-cBRS, panel B). 80

Figure 4.5. Change in spontaneous cardiac baroreflex sensitivity (¢cBRS) induced by partial flow-restriction
versus free-flow trial at low (grey bars) and moderate (grey hatched bars) exercise
intensities. 81

Figure 4.6. Relationship between heart rate (HR) and spontaneous cardiac baroreflex sensitivity (HR-cBRS,
panel A) and R-R interval and cBRS (RRI-cBRS, panel B). 82

Figure 4.7. Mean arterial blood pressure (BP; panel A), heart rate (HR; panel B) and forearm blood flow
(FBF; panel C) at rest, during rhythmic handgrip exercise under free-flow conditions (white bars) and with
partial flow-restriction (black bars). 85

Figure 4.8. Spontaneous cardiac baroreflex sensitivity (cBRS) at rest, during handgrip exercise under free-
flow conditions (white bars) and with graded partial flow-restriction (black bars). Spontaneous cBRS
calculated using either R-R interval (RRI-cBRS, panel A) or heart rate (HR-cBRS, panel B). 86

Figure 5.1. Panel A shows mean blood pressure (BP) responses in women at rest and during dynamic leg
cycling under free-flow conditions (grey bars) and with partial flow-restriction (white bars). Panel B shows
mean BP responses at rest and during dynamic leg cycling with partial flow-restriction in women (white bars)
and men (black bars). 105

Figure 5.2. Panel A shows heart rate (HR) responses in women at rest and during dynamic leg cycling under
free-flow conditions (grey bars) and with partial flow-restriction (white bars). Panel B shows HR responses at
rest and during dynamic leg cycling with partial flow-restriction in women (white bars) and men

(black bars). 106

X1V



Figure 5.3. Panel A indicates spontaneous cardiac baroreflex sensitivity (cBRS) calculated using R-R interval
(RRI-cBRS) in women at rest and during dynamic leg cycling under free-flow conditions (grey bars) and
with partial flow-restriction (white bars). Panel B indicates spontaneous RRI-cBRS in women (white bars)
and men (black bars) at rest and during dynamic leg cycling with partial flow-restriction. 108

Figure 5.4. Panel A indicates spontaneous cardiac baroreflex sensitivity (cBRS) calculated using heart rate
(HR-cBRS) in women at rest and during dynamic leg cycling under free-flow conditions (grey bars) and with
partial flow-restriction (white bars). Panel B indicates spontaneous HR-cBRS in women (white bars) and
men (black bars) at rest and during dynamic leg cycling with partial flow-restriction. 109

Figure 5.5. Panel A indicates mean blood pressure (BP) in women during the late follicular (LF) phase of the
ovarian cycle at rest and during dynamic leg cycling under free-flow conditions (grey shaded bars) and with
partial flow-restriction (white shaded bars). Panel B shows mean BP at rest and during dynamic leg cycling
with partial flow-restriction in women during early (white bars) and late (white shaded bars) follicular phase
of the ovarian cycle. 114

Figure 5.6. Panel A indicates heart rate (HR) in women during the late follicular phase (LF) of the ovarian
cycle at rest and during dynamic leg cycling under free-flow conditions (grey shaded bars) and with partial
flow-restriction (white shaded bars). Panel B shows HR at rest and during dynamic leg cycling with partial
flow-restriction in women during early (white bars) and late (white shaded bars) follicular phase of the
ovarian cycle. 115

Figure 5.7. Panel A indicates spontaneous cardiac baroreflex sensitivity (cBRS) calculated using R-R interval
(RRI-cBRS) in women during the late follicular (LF) phase of the ovarian cycle at rest and during dynamic
leg cycling under free-flow conditions (grey shaded bars) and with partial flow-restriction (white shaded
bars). Panel B shows spontaneous RRI-cBRS in women during the early (white bars) and late (white shaded
bars) follicular phases at rest and during dynamic leg cycling with partial flow-restriction. 116

Figure 5.8. Panel A indicates spontaneous cardiac baroreflex sensitivity (cBRS) calculated using heart rate
(HR-cBRS) in women during the late follicular (LF) phase of the ovarian cycle at rest and during dynamic
leg cycling under free-flow conditions (grey shaded bars) and with partial flow-restriction (white shaded
bars). Panel B shows spontaneous HR-cBRS in women during the early follicular (white bars) and LF (white
shaded bars) phases at rest and during dynamic leg cycling with partial flow-restriction. 117

Figure 5.9. Change in spontaneous cardiac baroreflex sensitivity (¢cBRS) induced by partial flow-restriction
versus free-flow trial at low and moderate exercise intensities in men (black bars), women during early
follicular (white bars) and women during late follicular (shaded bars) phase of the ovarian cycle.
Spontaneous ¢cBRS calculated using R-R interval (RRI-cBRS). 118

Figure 5.10. Relationship between heart rate (HR) or R-R interval (RRI) and spontaneous cardiac baroreflex
sensitivity (HR-cBRS, panel A; RRI-cBRS, panel B). 119

Figure 6.1. Mean arterial blood pressure (BP) responses to rhythmic handgrip exercise in men (panel A) and
women during the early (EF; panel B) and late (LF; panel C) follicular phase of the ovarian cycle. 142

Figure 6.2. Heart rate (HR) responses to rhythmic handgrip exercise in men (panel A) and women during the
early (EF; panel B) and late (LF; panel C) follicular phase of the ovarian cycle. 143

Figure 6.3. Forearm blood flow (FBF) responses to rhythmic handgrip exercise in men (panel A) and women
during the early (EF; panel B) and late (LF; panel C) follicular phase of the ovarian cycle. 144

Figure 6.4. Changes in mean blood pressure (BP; panel A), heart rate (HR; panel B) and forearm blood flow
(FBF; panel C) induced by graded partial flow-restriction (upper arm cuff inflation to 80, 100 and 120
mmHg) versus free-flow trial in men (black bars), women during the early (EF; white bars) and late follicular
phase (LF; grey bars) of the ovarian cycle. 145

XV



Figure 6.5. Relationship between the changes in forearm blood flow (FBF) and mean blood pressure (BP)
induced by graded partial flow-restriction (upper arm cuff inflation to 80, 100 and 120 mmHg) vs. free-flow
during rhythmic handgrip exercise. 146

Figure 6.6. Relationship between the changes in forearm blood flow (FBF) and heart rate (HR) induced by
graded partial flow-restriction (upper arm cuff inflation to 80, 100 and 120 mmHg) vs. free-flow during

rhythmic handgrip exercise. 147
Figure 7.1. Laboratory set-up. 163

Figure 7.2. Original record of one representative subject showing chamber pressure (CP; top panel), R-R
interval (RRI; middle panel) and mean blood pressure (mean BP; bottom panel). 164

Figure 7.3. Schematic representation of the experimental protocol, comprising oscillatory neck pressure (NP)
and neck suction (NS) at rest (panel A) and during rhythmic handgrip exercise (panel B). 165

Figure 7.4. Power spectral density of RRI (panel A) and mean BP (panel B) at rest without (black area) and
with (white area) neck pressure (NP). 167

Figure 7.5. Absolute values of low frequency (LoF) power of R-R interval (RRI) without and with oscillatory
neck pressure (NP; panel A) and neck suction (NS; panel B) at rest and during exercise (Ex)
in women (white bars) and men (black bars). 173

Figure 7.6. Absolute values of low frequency (LoF) power of mean blood pressure (BP) without and with
oscillatory neck pressure (NP; panel A) and neck suction (NS; panel B) at rest and during exercise (Ex) in
women (white bars) and men (black bars). 174

Figure 7.7. Changes in low frequency (LoF) power of R-R interval (RRI) at rest and during handgrip exercise
with oscillatory neck pressure (Panel A) and neck suction (Panel B) at 0.1Hz. 175

Figure 7.8. Changes in low frequency (LoF) power of mean blood pressure (BP) at rest and during handgrip
exercise with oscillatory neck pressure (Panel A) and neck suction (Panel B) at 0.1Hz. 176

Figure 7.9. An original record of one representative subject with chamber pressure (CP; top) and tissue
oxygenation (HbO,; bottom) is presented in panel A. Panel B shows the power spectral density of
tissue oxygenation (HbO,) at rest without (black area) and with (white area) neck pressure (NP)

(panel B). 178
Figure 8.1. Laboratory set-up. 196

Figure 8.2. Schematic representation of experimental protocols used at rest and during three levels of
rhythmic handgrip exercise (10, 25 and 40% of maximum voluntary contraction). 197

Figure 8.3. Forearm blood flow (FBF; Panel A), forearm vascular conductance (FVC; Panel B) in men (black
bars) and women (white bars) at rest and during rhythmic handgrip exercise at 10, 25 and 40% maximum
voluntary contraction. 201

Figure 8.4. Vasoconstrictor responses to cold pressor test in men (black bars) and women (white bars) at rest
and during three levels of rhythmic exercise (10, 25 and 40% maximum voluntary contraction) expressed as
the percentage change in forearm vascular conductance (FVC). 202

Figure 8.5. Middle cerebral artery mean blood flow velocity (MCA Vyen; Panel A) and cerebrovascular
conductance index (CVCi; Panel B) in men (black bars) and women (white bars) at rest and during rhythmic
handgrip exercise at 10, 25 and 40% maximum voluntary contraction. 203

Xvi



Figure 8.6. Vasoconstrictor responses to cold pressor test in men (black bars) and women (white bars) at rest
and during three levels of rthythmic exercise (10, 25 and 40% maximum voluntary contraction) expressed as
the percentage change in cerebrovascular conductance (CVCi). 204

Xvii



LIST OF TABLES

Table 2.1. Selective anatomical and physiological differences between men and women 39

Table 4.1. Selected physiological variables at rest and low and moderate leg cycling during the free-flow and
partial flow-restriction experimental trials 78

Table 4.2. Selected physiological variables at rest, handgrip exercise and post exercise ischemia during the
free-flow and graded partial flow-restriction experimental trials 84

Table 5.1. Subject characteristics 101

Table 5.2. Selected physiological variables at rest and low and moderate intensity leg cycling during the free-
flow and partial flow-restriction experimental trials in men and women during early and late follicular phase

of the ovarian cycle 110
Table 6.1. Subject characteristics 133
Table 6.2. Selected physiological responses to rhythmic handgrip exercise in men and women 140

Table 6.3. Physiological responses to rhythmic handgrip exercise in women during the early and late
follicular phase of the ovarian cycle 141

Table 7.1. Subject characteristics 162

Table 7.2. Cardiovascular responses at rest and during handgrip exercise without and with neck pressure in
men and women 169

Table 7.3. Cardiovascular responses at rest and during handgrip exercise without and with neck suction in
men and women 170

Table 8.1. Subject characteristics 195

Table 8.2. Cardiovascular parameters at rest and during rhythmic handgrip exercise with and without cold
pressor test (men n=10, women n=9) 205

Table 8.3. Forearm haemodynamic parameters at rest and during rhythmic handgrip exercise with and
without cold pressor test (men n=10, women n=9) 206

Table 8.4. Cerebrovascular, haemodynamic and respiratory parameters at rest and during rhythmic handgrip
exercise with and without cold pressor test (men n=8, women n=7) 207

xviii



INTRODUCTION

CHAPTER 1: INTRODUCTION



INTRODUCTION

This thesis is predominantly concerned with the examination of sex- and/or ovarian
hormone influences on the neural cardiovascular control during dynamic exercise. The
exercise-induced increase in blood pressure in postmenopausal women is reportedly
exaggerated in comparison to their age matched male counterparts (Ogawa et al., 1992).
Intriguingly, young premenopausal women exhibit attenuated elevations in BP during
exercise when compared to young men (Fleg et al., 1995). This suggests that female
reproductive hormones play a role in the cardiovascular responses to exercise. This may be
important because epidemiological studies have reported that an exaggerated blood
pressure response to exercise is associated with increased future cardiovascular risk. The
reasons for these altered exercise pressor responses in women are unknown. The arterial
baroreflex plays an important role in the moment-to-moment regulation of resting blood
pressure and heart rate by altering sympathetic and parasympathetic nerve activity to the
heart and the peripheral vasculature. During exercise the arterial baroreflex continues its
contribution to the overall cardiovascular control by integration of central signals arising

from the brain and peripheral signals from the skeletal muscle (see Figure 2.2).

The aim of this thesis is to investigate reasons and/or mechanisms which may
explain the attenuated pressor response observed in young women. In that, the role of
metabolically sensitive skeletal muscle afferents in the exercise pressor response, and
control of the heart via modulation of the arterial baroreflex, will be studied in the context
of sex- and ovarian hormone concentration. In addition, the arterial baroreflex control of
blood pressure during exercise will be examined in men and women. Lastly, sex-
differences in the transduction of sympathetic efferent activity to the vasculature will be

investigated at rest and during exercise.
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2.1 Cardiovascular responses to exercise

2.1.1 Dynamic exercise

Dynamic exercise is characterised by force development in which the muscle
shortens as it contracts. During dynamic exercise increases in heart rate (HR) and stroke
volume (SV) are the driving factors of the increase in cardiac output (CO). CO, at rest is
around 5-6 I/min and can increase 5-6 fold during heavy dynamic exercise to ensure
adequate supply of oxygen and nutrients to the contracting skeletal muscle (Saltin et al.,
1998). In addition, decreases in total peripheral resistance (TPR) are needed to adjust
perfusion during dynamic exercise such that vasodilatation occurs in the contracting
muscles, while vasoconstriction occurs in less active areas, such as the splanchnic and
renal circulation (Rowell, 1993a). Together these cardiovascular adaptations allow a

moderate increase in BP during dynamic exercise (Figure 2.1).

BP1=(HR?1-SV1)-TPR |

BP 1
|‘> Co1 f‘ >l TPR|
HR 1 SV1 Perlphera.l res¥stance in Per1ph§ral r.es1stance in
less active tissues 1 active tissues |

Figure 2.1. Cardiovascular responses during dynamic exercise. HR, heart rate; SV, stroke
volume; CO, cardiac output; BP, blood pressure; TPR, total peripheral resistance.
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2.1.2 Static exercise

Static exercise is characterised by force development without any change in muscle
length or joint angle and is often referred to as an isometric contraction (i.e. iso = same,
metric = length). During static exercise, these mechanical forces increase intramuscular
pressure thus limiting the perfusion of the active skeletal muscles leading to an increase in
TPR (Barcroft and Millen, 1939, Humphreys and Lind, 1963). Despite this, static muscle
contractions evoke increases in CO and HR with either a decrease or no change in SV
(Rowell, 1993a). As a consequence of the increased TPR and CO, the elevations in BP are

much greater during static than dynamic exercise (Lind and McNicol, 1967).

The cardiovascular responses to static and dynamic exercise have been attributed to
the actions and interactions of central neural signals arising from higher brain areas (i.e.
central command; section 2.2), and skeletal muscle afferents (section 2.3). The latter is
characterised by feedback from the exercising skeletal muscle in response to mechanical
and metabolic stimuli (i.e. muscle mechanoreflex and muscle metaboreflex, respectively).
The arterial baroreflex (section 2.4) plays an important role in the beat-to-beat regulation
of arterial BP and HR, by modulating sympathetic and parasympathetic activity to the heart
and the peripheral vasculature. During exercise the arterial baroreflex depends on input
from central command and feedback from skeletal muscle afferents to ensure overall
control of BP and HR. As a result exercise-induced increases in HR and BP are a complex
interplay of parasympathetic withdrawal (i.e. reduced acetylcholine release) which causes
an immediate rise in HR and increases in sympathetic nerve activity (i.e. release of

noradrenaline) directed to the heart and the peripheral vasculature (Figure 2.2).
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Neural control of the circulation

Figure 2.2. Neural cardiovascular control during exercise. ACh, acetylcholine; NA,
noradrenaline. (Smith et al., 2006).
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2.2 Central command

2.2.1 Evidence for central command

In the late 19™ and early 20" century, Johansson (1893) and Krogh and Lindhard
(1917, 1913) first demonstrated that cardiac and respiratory changes occur almost
immediately at the onset of voluntary exercise. Importantly, these rapid cardio-respiratory
adaptations did not occur during passive movement or when muscle contractions were
evoked by electrical stimulation suggesting they are initiated centrally by “irradiation of
impulses from the motor cortex” (Krogh and Lindhard, 1913). Since the 1970s, the concept
that descending signals from higher brain centres are capable of influencing the
cardiovascular and respiratory responses to exercise in parallel to somatomotor activation
of the skeletal muscle has been commonly designated ‘central command’ (Goodwin et al.,
1972). Central command is classically defined as a ‘feed-forward system’ implying the

control of cardiovascular activity without continuous feedback.

2.2.2 Early studies of central command

Using a non-pharmacological experimental approach Goodwin and colleagues
(1972) sought to modulate central command by mechanically opposing or assisting the
active muscle contraction. High frequency muscle vibration, known to activate muscle
spindles, was applied to the biceps brachii during either voluntary arm flexion (e.g. assisted
the muscle contraction; decreased central command) or extension (e.g. opposed muscle
contraction; increased central command). Cardiorespiratory responses were augmented
during increased central command (arm extension with biceps brachii vibration) and
attenuated during decreased central command (arm flexion with biceps brachii vibration),

when compared to arm flexion or extension without tendon vibration. The authors

7



LITERATURE REVIEW

concluded that cardiorespiratory responses to exercise are clearly related to central
command. However, a potential limitation of this study might derive from the different
fibre type composition in the studied muscles. As such, activation of predominantly fast-
twitch fibres has been shown to evoke augmented cardiovascular responses (Petrofsky et
al., 1981). Therefore, it is arguable whether metabolic conditions and central command
influences are comparable between biceps brachii and triceps brachii contractions. It
cannot be excluded that tendon vibration co-activates smaller muscle afferent fibres (group
IIT and 1V), which may exert inhibitory influences on alpha-motorneurons and therefore
alter central command input (Gandevia, 2001).

In an attempt to disassociate central command from feedback from the exercising
skeletal muscles, partial neuromuscular blockade has been performed to weaken the
exercising skeletal muscles (Asmussen et al., 1965, Freyschuss, 1970, Iwamoto and
Kaufman, 1987, Leonard et al., 1985, Mitchell et al., 1989b, Secher, 1985). This allows the
comparison of the cardiovascular responses from control and weakened muscle
contractions at the same absolute and relative workloads. At the same relative force (e.g.
30% of maximum voluntary contraction (MVC) under control and 30% of MVC after
partial neuromuscular blockade), central command is thought to be similar during
weakened and control contractions and thus evoke similar increments in HR and BP.
Conversely, at the same absolute force (e.g. 10% of the initial MVC before neuromusclular
blockade), central command is expected to be higher during weakened contractions.
Collectively, studies that employed this method suggest that augmented central command
increases the contraction-induced increments in HR and BP (Mitchell et al., 1989b, Secher,
1985). In contradiction, during epidural anaesthesia that blocks muscle fibres and sensory
feedback from the skeletal muscles, the increments in HR and BP were similar at the same

absolute force (30% of MVC) between contractions under control and epidural anaesthesia
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(Mitchell et al., 1989a, Strange et al., 1993). Therefore, it can be concluded that central
command alone cannot explain the exercise-induced cardiovascular changes. Rather, it has
been suggested that there is a redundancy between central command and afferent feedback
from the exercising skeletal muscle, when one of them is blocked or inhibited (Mitchell et
al., 1989a).

Care must be taken when interpreting the results of studies using partial
neuromuscular blockade because different blocking agents (e.g. tubocuranine,
decamethonium) preferentially block either slow- or fast-twitch fibres. Petrofsky et al.
(1981) demonstrated that fast-twitch fibre recruitment evoked a greater pressor response.
This means that the augmented increases in HR and BP in response to exercise at the same
absolute workload could be instead caused by increased fast-twitch fibre availability and
thus a greater quantity of metabolites produced after neuromuscular blockade (Saltin and
Gollnick, 1983). In addition, increased stress, due to the loss of control over a limb and/or
respiratory changes (e.g. Valsalva manoeuvre) might have confound the findings, as both
have been shown to increase sympathetic nerve activity, HR and BP (Pryor et al., 1990).
Finally, the majority of the studies using neuromuscular blockade failed to determine the
degree of muscle activation or whether concomitant inadvertent muscle contractions were
performed to overcome the weakness. Given the linear relationship of force production and
integrated electromyogram activity (Bigland and Lippold, 1954, Gandevia et al., 1993), the
use of an electromyogram could overcome this limitation.

It is now widely accepted that central command is dependent on the subjects’
perception of effort during physical activity or even the attempt of exertion, independent of
the actual force produced (Mitchell, 1990). An increase in a person’s perceived exertion is
coupled with an increased cardiovascular response. However, other factors, such as

increased pain may enhance the perception of effort and provide additional afferent
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feedback to the cardiovascular control centres in the brainstem, modulating the pressor
response (Williamson, 2010). This challenges the “old” concept of central command as a

pure feed-forward mechanism.

2.2.3 Function of central command

The immediate increase in HR at exercise-onset was attributed to central command
as it was delayed (approximately 1 heart beat) during electrically stimulated contractions
(Iwamoto et al., 1987), whereas partial curarisation had no effect on this time course
(Secher, 1985). Given the latency of the effects of parasympathetic and sympathetic
signalling on HR, it has been assumed that immediate HR increases during exercise via
central command are mediated by vagal withdrawal. For example, vagal withdrawal can
affect HR within 1 second, while sympathetic HR changes take up to 20 seconds (Warner
and Cox, 1962). In support of this, tachycardia was attenuated when vagal activity was
blocked by atropine during contractions with partial neuromuscular blockade (i.e.
attenuated muscle afferents, augmented central command) compared to control
contractions (Mitchell et al., 1989b, Victor et al., 1989a).

Mark et al. (1985) have investigated the effects of central command on muscle
sympathetic nerve activity (MSNA) during voluntary and involuntary contractions (e.g.
electrically-induced biceps brachii contraction). MSNA rose during involuntary
contractions (i.e. no central command) and decreased during voluntary efforts.
Furthermore, the magnitude of the rise in MSNA has been reported to be significantly
smaller during contractions after partial neuromuscular blockade at the same absolute force
(i.e. augmented central command and decreased muscle afferent activation) compared to
control exercise (Victor et al., 1989a). Taken together, these studies indicate, that central

command has a modest effect on sympathetic outflow to the skeletal muscle vasculature
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during low to moderate intensities, although it may become more important during high

exercise intensities (>75% of MVC) (Victor et al., 1995).

2.2.4 Neurocircuitry of central command

Early studies have demonstrated that electrical stimulation of diencephalic
structures in the field of Forel, which is related to coordinated leg movements, initiated
cardiovascular changes in parallel with somatomotor activation (Rushmer and Smith,
1959). Subsequently, electrical stimulation has been used to identify central command
signals emanating from the hypothalamic, basal ganglia and mesencephalic locomotor
regions in anaesthetised and unanaesthetised, decorticated animals (Eldridge et al., 1985,
Eldridge et al., 1981). As cardiorespiratory changes associated with electrical stimulation
persisted when animals are paralysed, the observed responses may be deemed to be
independent of muscle afferent feedback. However, results from studies in anaesthetised
animals have to be interpreted with care, as the direct translation into the conscious state
may be questioned. To overcome this limitation, direct electrical stimulation of neural sites
(e.g. deep brain stimulation), involved in the central command-induced cardiovascular and
locomotor responses, has been performed in awake human patients during neurosurgery.
Electrode recordings (e.g. electrophysiological activity) during volitional contractions have
shown that subcortical structures such as the subthalamic nucleus, thalamus and the
periaqueductal gray are highly involved in the combined facilitation of movement and
increases in HR and BP (Green et al., 2007, Thornton et al., 2002). However, it must be
noted that these data stem exclusively from patients (e.g. Parkinson disease) on drug
therapy.

Positron-emission tomography and magnetic resonance imaging have been used to

identify the central command neurociruitry. A linear relationship has been shown between
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the increases in blood flow in brainstem nuclei and the insular cortex during incremental
levels of exercise and the observed cardiovascular responses (Critchley et al., 2000, Nowak
et al., 1999, Williamson et al., 1999). These areas have projections to the cardiovascular
control centres or are itself heavily involved in cardiovascular regulation (Oppenheimer
and Cechetto, 1990, Yasui et al., 1991). Employing hypnosis to manipulate perceived
exertion during imagined exercise at different intensities (e.g. downhill or uphill cycling),
allows investigation of low (e.g. imagined downhill cycling) and high (e.g. imagined uphill
cycling) central command in the absence of feedback from the exercising skeletal muscles.
Here, a greater central command activity with imagined uphill cycling resulted in a more
pronounced increase in cerebral blood flow in the insular cortices, thalamic regions
(bilaterally) and anterior cingulate cortex (Williamson et al., 2002, Williamson et al.,

2001).

2.3 Skeletal muscle afferent feedback

2.3.1 Evidence for skeletal muscle afferent feedback

Alam and Smirk (1937) proposed that cardiovascular and respiratory responses to
exercise cannot exclusively be explained by central command. They have found that
exercise-induced increases in BP remained elevated above rest, for as long as the blood
supply of the previously working limb was occluded (i.e. post exercise ischemia, PEI). In
the absence of central command or mechanical feedback, the sustained BP is attributed to
the production of metabolites during exercise, which remain trapped within the skeletal
muscle during PEI (i.e. muscle metaboreflex isolation).

Coote and colleagues (1971) were the first to demonstrate the reflex nature of the

exercise pressor response. They have used anaesthetised cats, in which muscular
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contractions were produced by electrical stimulation of the distal end of the cut ventral
roots (L6-S1). However, the muscle contraction-induced pressor response was abolished
when the dorsal root (receiving sensory input from the skeletal muscle) was sectioned
(Coote et al., 1971). Early investigations of sensory neurones had demonstrated that
stimulation of fast conducting group I and II afferent fibres, which innervate
proprioceptors (e.g. muscle spindles, Golgi tendon organs), elicit a slight cardiovascular
response (Johansson, 1962, Koizumi et al., 1961). However, it cannot be assumed that
solely the group I and II afferents were simulated in this study. Thus, McCloskey and
Mitchell (1972) have argued that the small slow conducting group III and IV afferents play
a more important role in mediating the exercise pressor response. Their evidence was
based on two observations. First, the sustained cardiovascular and respiratory responses
during anodal blockade preferentially blocks large myelinated fibres (e.g. group I and II).
Second, the application of local anaesthetics to the dorsal root predominantly blocks small
unmyelinated and thinly myelinated group III and IV afferent fibres and abolished the
cardiovascular and respiratory responses (McCloskey and Mitchell, 1972). In support of
these, the increases in HR, BP and ventilation elicited by succinylcholine infusion (i.e.
neuromuscular blocking agent) were abolished when the input from group III and IV
afferent fibres was blocked (Waldrop et al., 1984).

In humans, the effects of the muscle metaboreflex have also been examined by
restricting blood flow to the exercising skeletal muscles (i.e. hypoperfusion). This
increases muscle metabolite accumulation and augments the stimulation of metabolically
sensitive muscle afferents (Rowell, 1993b). Using increasing levels of lower body positive
pressure during cycling to obtain leg hypoperfusion, it has been found that BP, HR, lactate
and catecholamine levels were increased, while venous pH and leg blood flow were

decreased in proportion to box pressure and exercise intensity (Rowell et al., 1991,
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Sundberg and Kaijser, 1992). Amann et al. (2011) have used lumbar intrathecal injections
of fentanyl to impair muscle afferent feedback during leg-kicking exercise. They have
shown attenuated increases in CO, HR, BP, blood flow, vascular conductance and oxygen
consumption during exercise with fentanyl compared to control exercise. These results
underscore the importance of muscle afferent feedback for an adequate cardiovascular,

haemodynamic and respiratory response during dynamic exercise.

2.3.2 Skeletal muscle afferents — neurophysiological pathways

Group III and IV muscle afferents synapse first at the dorsal horn of the spinal cord
(predominantly the lamina I and V of the according segments L4 to S3), which has been
identified using horseradish peroxidase (Craig and Mense, 1983). From the spinal cord,
neurones project to the brain stem. The immunocytochemical labelling of the protein c-
FOS to visualise increases in central neural activity associated with exercise revealed that
neuronal activity in the hypothalamic areas, the medial aspect of the nucleus tractus
solitarius (NTS) and the rostral and caudal ventrolateral medulla (RVLM and CVLM) is
augmented during exercise compared to rest (Iwamoto et al., 1996). As these results were
obtained in conscious rats running on a treadmill, this reflects active central pathways
during voluntary exercise unlike findings from anaesthetised animals (Waldrop and
Stremel, 1989). Importantly, the NTS and the ventrolateral medulla also receive
projections from the glossopharyngeal and the vagus nerve. This highlights the potential

role of these central sites for the integration of cardiovascular adjustments during exercise.
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2.3.3 Stimulus-dependent division of skeletal muscle afferents

Microscopic investigations have indicated that nerve endings of the group III
afferents are commonly found close to collagen structures in the skeletal muscle, while
group IV afferents are mostly located in close proximity to blood and lymph vessels
(Andres et al., 1985). The anatomical location of these fibres matches closely the
functional properties of these afferents. Using an anaesthetised cat model, afferent impulse
responses of group III and IV fibres on the dorsal horn have been recorded during statically
(Kaufman et al., 1983) and dynamically (Kaufman et al., 1984, Mense and Stahnke, 1983)
simulated muscle contractions. Importantly, these two groups of afferents produced very
distinct discharge properties. Group III fibres increased their discharge frequency more
profoundly during mechanical distortion, whereas group IV afferents were predominantly
activated by contraction related muscle metabolites and during contractions under blood
flow restriction (46.7% vs. 12.5% group IV vs. group IV afferents). Therefore, reflex
changes induced by chemical stimulation of afferents are referred to as the muscle
‘metaboreflex’, and reflex responses to mechanical stimulation are termed muscle
‘mechanoreflex” (Mense and Stahnke, 1983, Paintal, 1960, Stebbins et al., 1988).
Contraction-related metabolites accumulate during ischemic exercise, altering the chemical
milieu of the interstitium, which in turn stimulates and/or sensitizes the nerve endings of
group III, but predominantly of group IV afferent fibres, and evokes a pressor response.
However, there are studies that have demonstrated that some group III afferents also
respond to metabolic stimuli, while only a minority of group IV afferents respond to

mechanical input (Adreani and Kaufman, 1998, Hayes et al., 2005).
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2.3.4 Putative chemical substances stimulating skeletal muscle afferents

Despite extensive research attempting to identify the chemical stimulants of muscle
afferents, the exact mechanisms are still not fully elucidated. For example, increased
interstitial potassium concentrations have been associated with muscular contractions,
suggesting a potential role of potassium in facilitating the exercise pressor response.
Indeed, potassium ions reportedly stimulate both group III and IV afferents (Kaufman and
Rybicki, 1987). Moreover, exercise-induced increases in venous potassium concentrations
remained elevated during PEI (Fallentin et al., 1992). However, potassium ion
concentration in venous blood during PEI has been shown to be reduced compared to
extracellular concentrations in the gastrocnemius muscle (Hnik et al., 1976). This reduction
was attributed to the ischemia-induced re-absorption of these ions. Therefore, venous
potassium concentrations might not directly reflect interstitial concentrations. Rybicki et al.
(1984) have measured the interstitial potassium concentration directly. They injected
potassium into the gracilis muscle of anaesthetised dogs, which then evoked rises in HR
and BP. However, the HR and BP increases were brief, while interstitial potassium
concentrations remained elevated. Nevertheless, these findings imply that potassium
contributes to the initiation of the reflex pressor response to exercise, but seems to be less
significant as exercise continues.

Evidence also supports the important role of hydrogen ions in stimulating the
exercise pressor response. Injection of lactic acid has been shown to increase the activity of
muscle afferents (Rotto and Kaufman, 1988) and to elicit a reflex tachycardia (Thimm et
al., 1984). Victor et al. (1988) have demonstrated a correlation between the exercise-
induced increases in MSNA and decreases in intracellular pH, implying that both products
of glycolytic muscle metabolism, lactic acid and hydrogen, contribute to the exercise-

induced sympathetic reflex response. In support of this, patients with McArdle’s disease, a
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condition with a congenital defect of glycogen degradation (i.e. myophosphorylase
deficiency), have been shown to elicit attenuated elevations in BP and MSNA during static
exercise. These patients do not develop muscle acidosis, which might attenuate
metaboreflex activation during exercise (Pryor et al., 1990). Sympathetic dysfunction in
these patients can be excluded as increases in MSNA to Valsalva manoeuvres and cold
pressor tests (CPT) were comparable to healthy subject responses. Conversely, Vissing et
al. (2001) have demonstrated that patients with McArdle’s disease indeed elicit increases
in MSNA and BP during exercise, despite markedly lower interstitial lactate concentrations
compared to healthy controls. Subsequent to this, a study was performed in a greater
number of patients and control subjects and showed that less acidosis is associated with
lower MSNA (Fadel et al., 2003b), in support of the findings of Pryor and colleagues.
Considerable differences existed in the exercise modalities (e.g. duration and intensity) in
these patient studies possibly causing differential reflex stimulation. Another candidate
substance, the diprotonated form of phosphate has been suggested to activate the
metaboreflex. This was evidenced by the close correlation between this substance and
increases in both MSNA and BP during exercise and PEI (Boushel et al., 1998, Sinoway et
al., 1994).

Alternatively, metabolites such as bradykinin (Stebbins and Longhurst, 1986) or
capsaicin and arachidonic acid (Kaufman et al., 1982, Rotto et al., 1989) have been
demonstrated to stimulate group III and IV muscle afferents and cause a pressor response.
Also, the exercise-induced increase in interstitial adenosine triphosphate (ATP; (Costa et
al., 2001)) has been shown to activate group III and IV via purinergic P2 receptors and to
elicit cardiovascular responses (Hanna et al., 2002, Hanna and Kaufman, 2004). Both
indicate a central role of ATP in the exercise pressor response. Importantly, substances

such as phosphocreatine, adenosine diphosphate or sodium lactate have been found not to
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contribute to exercise pressor response via stimulation of group III and IV afferents (Rotto
and Kaufman, 1988, Victor et al., 1988).

In conclusion, despite evidence for substances contributing to the pressor response
via activation of group III and IV afferents underlying mechanism(s) is still not fully
understood. There appears to be a redundancy. As such, the pressor response could be
elicited by another substance, when one substance is blocked. Alternatively, the exercise
pressor response via metabolically stimulation of group III and IV afferents relies not only
on the contribution of one substance but rather a combination of two or more

synergistically acting metabolites (McCord and Kaufman, 2010).

2.3.5 BP and skeletal muscle afferent activation

One method to investigate the contribution of muscle afferents is the elimination of
central command during exercise by using electrically evoked muscle contractions. Using
this approach, similar increases in BP, MSNA and oxygen consumption have been found
to occur during voluntary and electrically evoked muscle contractions (Bull et al., 1989,
Davies and Starkie, 1985, Hultman and Sjoholm, 1982, Krogh and Lindhard, 1917). In
addition, elevations in renal sympathetic nerve activity and BP during stimulated muscle
contractions were diminished in decerebrate cats after dorsal root section (Victor et al.,
1989b) and have been associated with increases in muscle metabolites (e.g. hydrogen)
(Victor et al., 1988). These results indicate an important role of metabolically sensitive
skeletal muscle afferents in mediating BP elevations, by increases in vascular tone via
augmented MSNA. Increased CO is unlikely to contribute to the rise in BP, since HR
remained unchanged during electrically evoked muscle contractions (Bull et al., 1989,

Davies and Starkie, 1985) provided that SV does not change (Rowell, 1993b). However, it

18



LITERATURE REVIEW

is acknowledged that muscle metaboreflex activation during exercise (i.e. hypoperfusion)
may indeed contribute to the rise in BP via elevations in CO (O'Leary et al., 2007).
Findings from studies using motor nerve stimulation or percutaneous muscle
stimulation must be interpreted with care since the muscle fibre recruitment pattern during
stimulation might deviate from those during voluntary contractions (Henneman et al.,
1965). Indeed, a reversed recruitment order during electrically evoked muscle contractions
has been demonstrated meaning that fast conducting muscle fibres are recruited before
slow conducting fibres, unlike during voluntary exercise (Knaflitz et al., 1990). This is of
interest because electrical stimulation of muscles with predominantly fast-twitch fibres
evoked a greater pressor response than stimulation of muscles with mostly slow-twitch
fibre contribution (Carrington et al., 1995). Therefore, the magnitude of the pressor
response during evoked muscle contractions would be expected to exceed those observed

during voluntary exercise.

2.3.6 HR and muscle afferent activation

As mentioned, the initial HR increase at the onset of exercise may be attributable to
central command (Krogh and Lindhard, 1917). However, muscle mechanoreceptor
activation may also contribute to the initial HR rise (Stebbins et al., 1988). Electrically-
induced muscle contractions (i.e. absence of central command) have been demonstrated to
elicit a delayed HR rise compared to voluntary contractions (Krogh and Lindhard, 1917).
In contrast, Hollander and Bouman (1975) have found no temporal differences during
electrically-evoked and voluntary contractions. However, their suggested existence of a
‘muscle-heart reflex’ triggering the tachycardia at exercise onset could not be subsequently
replicated. Iwamoto et al. (1987) have confirmed the early findings from Krogh and

Lindhard, by showing that partial neuromuscular blockade had no effect on the temporal

19



LITERATURE REVIEW

HR response. This indicates that central command mediates the initial cardiac response to
exercise. These discrepancies might derive from the methodology employed to evoke
muscle contractions, and/or the muscle group studied. For example, exercise-induced
cardiovascular responses have been suggested to depend on muscle mass and/or fibre type
distribution (Fallentin et al., 1985, Freund et al., 1978). Alternatively, muscle afferents
might have been unintentionally co-activated during muscle stimulation in the study by
Hollander and Bouman, thus possibly stimulating mechanically sensitive muscle afferents
and reducing the time lag of tachycardia (Iwamoto and Kaufman, 1987).

Nobrega and Araujo (1993) have found that in the absence of central command
(e.g. unloaded passive cycling), the independent activation of mechanoreflexes caused HR
to increased at the onset of exercise. More recently, Gladwell and Coote (2002) have
demonstrated a reflex tachycardia via activation of mechanosensitive muscle afferents with
passive stretch of the triceps surae. They further observed a diminished cardiac response to
passive stretch following administration of glycopyrrolate (Gladwell et al., 2005). These
findings indicate that the muscle mechanoreflex contributes to the initial HR rise at
exercise onset by cardiac vagal inhibition.

During PEI after electrically evoked and voluntary exercise (i.e. isolated muscle
metaboreflex) HR has been shown to return to pre-exercise levels, while BP and MSNA
remain elevated (Alam and Smirk, 1937, Bull et al., 1989, Victor et al., 1987b). O’Leary
(1993) has shown in dogs that muscarinic blockade prevented the drop in HR during PEL
This indicates that despite sustained sympathetic activation of the heart, the reactivation of
vagal activity (i.e. withdrawal of vagal inhibition), resulting from the cessation of central
command, overcomes the sympathetic influences to the heart. These findings have been
confirmed in humans during PEI after static handgrip (Fisher et al., 2010). Notably, during

augmented muscle metaboreflex activation, via hypoperfusion of the hindlimbs of dogs
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running on a treadmill, O’Leary (1993) has observed that HR increased despite
pharmacological blockade of B-adrenoreceptors. This suggests that muscle metaboreflex
activation might also be able to reduce cardiac parasympathetic activity and therefore
increase HR during exercise. However, comparable studies in humans remain to be

conducted.

2.3.7 Interaction between central command and skeletal muscle afferents

Amann et al. (2009) had subjects cycling at high intensity with and without
intrathecal infusion of fentanyl, which selectively blocks afferent sensory activity (group
I and IV), without affecting neuromuscular function (e.g. power output). They assumed
that increased sensory feedback from the exercising muscles would be essential for the
regulation of central motor drive to limit the development of peripheral fatigue. During
sensory afferent blockade subjects showed a greater power output, greater muscle activity
(e.g. greater central motor drive) and faster cycling performance in the first half of the time
trial experiments followed by substantial muscle fatigue in the second half compared to the
control trial. These results indicate that ascending sensory feedback from the exercising
skeletal muscles can limit the magnitude of central motor drive in order to avoid peripheral
fatigue development. This highlights the interaction of these to mechanism during high

intensity exercise.

2.4 Arterial Baroreflex

2.4.1 Arterial baroreflex function

The arterial baroreflex is the primary mechanism involved in the short-term

homeostatic control of BP. Arterial baroreceptors have been identified in the adventitia of
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the aortic arch and carotid sinus. Increased action potentials induced by vessel stretch (e.g.
due to rise in BP) are transferred via the carotid sinus nerve ascending in the
glossopharyngeal nerve (ninth cranial nerve) through the bipolar petrous ganglion and
terminate at the NTS. Activation of the NTS provides inhibitory signals to nearby brain
stem nuclei, particularly to the nucleus ambiguous, RVLM and CVLM. This modulates the
parasympathetic and sympathetic branches of the autonomic nervous system to maintain
BP at its point of operation (Dampney et al., 2003). The arterial baroreflex buffers BP rises
by evoking reflex bradycardia and peripheral vasodilation, while BP falls result in reflex

tachycardia and peripheral vasoconstriction.

2.4.2 Arterial baroreflex function during exercise

The functional contribution of the arterial baroreflex during exercise has been a
matter of extensive debate. The observation that HR and BP both increase with exercise
led some to conclude that the baroreflex was switched off (Bristow et al., 1969).
Furthermore, the baroreflex-mediated changes in HR in response to adrenaline infusions
were attenuated from rest during exercise. Therefore it was suggested that arterial
baroreflexes play only a minor role (if any) in the modulation of HR during exercise
(Pickering et al., 1972). Ernsting and Parry (1957) have stimulated the carotid arterial
stretch receptors by decreasing ambient pressure in a box enclosing the neck (i.e. neck
suction; NS), which provides a hypotensive stimulus to the carotid baroreceptors.
Conversely, neck pressure (NP) has been used to decrease carotid sinus transmural
pressure, to provide a hypertensive stimulus to the carotid baroreceptors. Using this
approach, Bevegard and Shepherd (1966) have shown similar baroreflex-induced decreases
in BP and HR at rest and during leg cycling in response to NP. This indicates that arterial

baroreflexes remain important for the establishment of BP during exercise. Coote and
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Dodds (1976) have confirmed these observations in the decerebrate cat model.
Furthermore, baro-denervation of either aortic or carotid sinus afferents in dogs has been
shown to evoke exaggerated BP responses to treadmill running, compared to intact animals
(Walgenbach and Donald, 1983). This indicates that intact arterial baroreflexes are
necessary for an appropriate cardiovascular response to exercise. It implies an inhibitory
effect of the arterial baroreflex on the exercise-induced increase in BP.

The reason for the arguably erroneous assumption that the baroreflex might be
switched off during exercise (Bristow et al., 1969, Pickering et al., 1972), might be
explained by the methodology of assessing baroreflex function, especially the inconsistent
use of HR or RRI. Since, RRI changes in a linear manner during vagus nerve stimulation
and HR alterations are described by a hyperbolic relationship, changes in RRI are now
commonly used (Parker et al., 1984). Moreover, in early studies the full sigmoidal
response range of the cardiac-baroreflex function curve has not been assessed (Bristow et
al., 1969, Pickering et al., 1972).

Using the variable neck chamber technique, Potts and colleagues (1993) have found
an upward movement of the full carotid baroreflex (CBR) cardiac response curve on the
response arm and a rightward shift of the curve to higher operating pressures without a
change in the maximal gain. Concomitantly, the operating point was relocated away from
the point of maximal gain at the centre of the cardiac-baroreflex function curve (i.e.
centring point) and towards the reflex threshold to a locus of lesser gain (Figure 2.3)
(Gallagher et al., 2001b, Norton et al., 1999, Ogoh et al., 2003b, Ogoh et al., 2005b,
Papelier et al., 1994, Potts et al., 1993). This implies that the baroreflex becomes more
sensitive to hypertensive compared to hypotensive stimuli. During NP and NS, SV was
unchanged both at rest and during exercise (Ogoh et al., 2003b) indicating that CBR-

mediated changes in HR are the primary mechanism by which changes in CO are elicited.
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Figure 2.3. Schematic of the resetting of the baroreflex function curve during exercise.
(Raven et al., 2002).

Although an upward and rightward resetting has also been observed for the
baroreflex control of BP, a movement of the operating point towards the reflex threshold
has been identified by some (Norton et al., 1999, Potts et al., 1993), but not all (Gallagher
et al., 2001b, Ogoh et al., 2003b). The peak or nadir BP responses to NP and NS have been
reported to occur later than the immediate HR responses and are associated with CBR-
mediated changes in MSNA (Fadel et al., 2001, Ichinose et al., 2008, Keller et al., 2004,
Ogoh et al., 2007). The pressor response to carotid sinus hypotension evoked by bilateral
carotid occlusion in dogs running on a treadmill has been shown to be mediated solely by
changes in TPR (Collins et al., 2001). In humans, Ogoh et al. (2002a, 2003b) have shown
that resting CBR control of BP was predominantly (~80%) mediated by alterations of
vascular tone and to a lesser extent (~20%) via changes in CO. However, during dynamic
exercise baroreflex-mediated changes in BP were almost entirely elicited by alterations in

vasomotor tone.
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In recent times, numerous studies have elucidated the influence of central command
and the skeletal muscle afferents on arterial baroreflex function. The main results of these

studies will be discussed below.

2.4.3 Central command and arterial baroreflex function

Iellamo et al. (1997) have studied the influence of central command on spontaneous
cardiac baroreflex sensitivity (¢cBRS) using the sequence technique (detailed description:
Section 3.4.2). From the shallower slope of the regression line relating systolic BP and RRI
(i.e. indicator of reduced cBRS) during stimulated dynamic quadriceps exercise (i.e. leg
kicking) compared to voluntary exercise, central command was suggested to preserve
cBRS. However, since spontaneous measures of cBRS only reflect the operating point gain
of the cardiac-baroreflex function curve, it remained unclear whether central command
only relocated the operating point upwards and/or resets the full baroreflex function curve.

Ogoh et al. (2002b) has demonstrated that attenuating central motor drive during
exercise attenuates CBR resetting, without affecting the maximal gain. Adapting the
experimental approach from Goodwin et al., they had subjects performing (i) knee
extension with or without patellar tendon vibration to excite the primary afferents of the
muscle spindles of the contracting quadriceps muscles at the same force (e.g. less central
command with agonist vibration); and (ii) knee flexion with or without patellar tendon
vibration to antagonise hamstring muscle contractions at the same force (e.g. more central
command with antagonist vibration). In support of these findings, Gallagher et al. (2001c)
have shown that increased central command during dynamic leg cycling with partial
neuromuscular blockade also elicits a relocation of the operating point of the baroreflex
function curve to a location of lesser gain closer to the reflex threshold. These findings

indicate that central command contributes to the resetting of the baroreflex and to the
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operating point movement during exercise. The latter is evidenced by a greater sensitivity

to hypertensive than hypotensive stimuli during exercise.

2.4.4 Skeletal muscle afferents and arterial baroreflex function

Gallagher et al. (2001b) have activated skeletal muscle afferents by inflation of
medical anti-shock trousers up to 100 mmHg. They have found that skeletal muscle
afferents actively regulate the bidirectional carotid-vasomotor baroreflex resetting, while
shifting the CBR-cardiac function curve only to the right to operate around higher
pressures. These results are in accordance with the findings from Smith et al. (2003). They
have used epidural anaesthesia to partially blocked muscle afferent feedback and
demonstrated that skeletal muscle afferent feedback is requisite for a full baroreflex
resetting during exercise. However, the application of medical anti-shock trousers or
epidural anaesthesia both present models that do not distinguish between the contribution
of mechanically and metabolically sensitive skeletal muscle afferents to the baroreflex
resetting. Moreover, exercise with medical anti-shock trousers is likely to enhance the
effort needed to perform the exercise task. This means that augmented activation of central
command may contribute to the augmented CBR resetting.

The combined application of medical anti-shock trousers (to activate muscle
afferents) and simultaneous neuromuscular blockade (to augment central command) has
been demonstrated to elicit a greater resetting of the CBR than observed during isolated
over-activation of either them alone (Gallagher et al., 2006). From this, it appears that the
CBR resetting during exercise occurs by the combined actions and interaction of central

command and the muscle afferent feedback.
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2.4.5 Mechanoreflex and baroreflex

McWilliam and Yang (1991) have examined CBR function in the decerebrate cat
model during selective electrical stimulation of group III and IV afferents. They found that
a hypertensive stimulus evoked a prolongation of the RRI, which was attenuated during
group III and IV afferent stimulation. Later, McMahon and McWilliam (1992) have
confirmed these results and showed that the attenuated cardiac responses to baroreflex
stimulation during electrically evoked muscle contractions could be blocked by atropine.
This indicates that peripheral reflex activation inhibits the baroreflex-mediated cardiac
vagal responses.

Iellamo et al. (1997) have determined ¢cBRS in humans during electrically evoked
exercise under free-flow conditions in an attempt to isolate mechanoreflex influences on
cBRS (e.g. absence of central command and muscle metaboreflex). In agreement with
(McWilliam and Yang, 1991) and (McMahon and McWilliam, 1992), they have found that
spontaneous ¢cBRS was reduced by the muscle mechanoreflex. During PEI with and
without passive calf stretch, Drew et al. (2008b) have further demonstrated that
mechanoreceptor activation evokes an upward and rightward resetting of CBR cardiac
function curve without affecting CBR control of BP. This led them to suggest that stretch
sensitive muscle afferents might be sensitised in the presence of muscle metabolites, but do
not contribute to the resetting of the vasomotor baroreflex function curve during exercise.
However, Hayes et al. (2005) have identified differential discharge properties of group III
and IV muscle afferents in response to contraction and muscle stretch in animals.
Moreover, far less group III muscle afferents were contraction sensitive. Whether the
results from studies employing muscle stretch hold true for the contribution of the muscle
mechanoreflex to baroreflex resetting during exercise, which to a large extent stimulates

contraction sensitive skeletal muscle afferents, remains unclear. Thus, the effect of muscle
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mechanoreflex activation on the reduction in ¢cBRS during large muscle mass dynamic

exercise needs investigation.

2.4.6 Metaboreflex and baroreflex

In an attempt to investigate the effect of the muscle metaboreflex on baroreflex
function, Iellamo et al. (1997) have compared cBRS during electrically evoked exercise
under free-flow or complete flow-occlusion. While free-flow electrically stimulated muscle
contractions elicited a decrease in spontaneous cBRS, sensitivity was preserved with
occluded circulation. Therefore, the authors suggested that the muscle metaboreflex may
serve to maintain cBRS during exercise. Further, Spaak et al. (1998) have determined CBR
function during PEI after static arm exercise and found no effect of the muscle
metaboreflex on CBR cardiac sensitivity. This has since been replicated in subsequent
studies (Cui et al., 2001, Fisher et al., 2010, Fisher et al., 2008, Ichinose et al., 2002,
Iellamo et al., 1999b). In a recent study, Fisher et al. (2008) have examined whether the
magnitude of metaboreflex activation would influence cBRS around the operating point of
the CBR cardiac function curve. They reported that this was not the case during PEI after
handgrip exercise. These results seem to indicate that the muscle metaboreflex does not
contribute to the cardio-acceleration via reductions in cBRS during exercise in humans.

In contrast, recent work in dogs running on a treadmill has suggested that the
muscle metaboreflex indeed reduces spontaneous cBRS (Sala-Mercado et al., 2007). The
main difference between the above described studies in humans (Cui et al., 2001, Fisher et
al., 2010, Fisher et al., 2008, Ichinose et al., 2002, Iellamo et al., 1999b) and the study by
Sala-Mercado et al. (2007) concerns the methodology of metaboreflex assessment. In dogs,
a pneumatic occluder is placed around the terminal aorta. This reduces blood flow to the

working hindlimb muscles (i.e. hypoperfusion) and causes accumulation of metabolic by-
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products in the exercising muscles, which stimulate metabolically sensitive afferents. In
humans, the muscle metaboreflex is commonly investigated during PEI, by inflation of a
pressure cuff to trap the metabolites accumulated during exercise (Alam and Smirk, 1937).
At present, it is unclear whether hypoperfusion of dynamically exercising skeletal muscles
similarly reduces ¢cBRS in humans. If this was the case, it means that enhanced muscle
metaboreflex activation contributes to the rise in HR during exercise via a decrease in
cBRS. Criticism of this model has derived from the possibility that enhanced central
command during partial flow-restriction might cause the decrease in ¢cBRS, as the effort
required to maintain running velocity is likely increased. However, no simple indication of

central command such as a rating of perceived exertion is feasible in canines.

2.4.7 MSNA and baroreflex

In an attempt to determine whether the exercise-induced increases in MSNA during
isometric handgrip exercise are modulated by the arterial baroreflex, Scherrer et al. (1990)
have pharmacologically manipulated BP during exercise to control baroreflex input. They
found MSNA responses to be augmented when the normal BP rises during exercise were
suppressed by nitroprusside infusion. Conversely, noradrenaline infusion, to evoke
exaggerated BP response during exercise, attenuated MSNA responses. Eckberg and
Wallin (1987) have used short pulses of NP and NS (5 seconds) to elicit CBR
perturbations. They found that during brief handgrip the increases in MSNA during NP and
the augmented reductions of MSNA during NS were diminished. Baroreflex sensitivity in
the control of MSNA is frequently expressed as the relationship between spontaneous
fluctuations in diastolic BP and MSNA. While, MSNA baroreflex sensitivity has been
demonstrated to be increased during isometric handgrip exercise (Kamiya et al., 2001),

Fadel et al. (2001) have found it to be well preserved during dynamic arm cycling. In
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addition, the CBR stimulus response curve for MSNA was reset similarly to the CBR
curve of BP without a change in maximal gain. This suggests that CBR in control of
MSNA is closely linked to muscle metaboreflex activation. This is evidenced by the
gradual increase in sensitivity during isometric handgrip exercise (e.g. gradual increase in
metabolite accumulation) and by the elevated sympathetic baroreflex sensitivity during PEI
after isometric exercise (e.g. isolated muscle metaboreflex activation) (Cui et al., 2001,
Ichinose et al., 2006).

In the context of the maintained baroreflex control of BP during exercise, the
increased MSNA baroreflex sensitivity seems counterintuitive. In light of the dominant
contribution of vascular responses to baroreflex-mediated changes in BP, Ogoh et al.
(2009) suggested that the transduction of MSNA into peripheral vascular responses (e.g.
peripheral arc) during muscle metaboreflex activation might be attenuated to counteract for
the increase in MSNA baroreflex sensitivity. Indeed, they have found that during PEI when
MSNA-baroreflex sensitivity was increased (i.e. neural arc) the sensitivity of the peripheral
baroreflex arc was attenuated. This suggests that neural and peripheral arc of the baroreflex
are differentially modulated to ensure the maintenance of the overall sensitivity of

baroreflex control of BP.

2.5 Muscle blood flow control during exercise

2.5.1 Exercise hyperaemia

Increases in skeletal muscle blood flow during dynamic exercise, commonly
referred to as ‘exercise hyperaemia’, have been recognised for over 100 years. The search
for the underlying mechanism includes the investigation of neuronal mechanisms, such as

sympathetic cholinergic vasodilation, sympathetic withdrawal or vasodilation via the

30



LITERATURE REVIEW

release of acetylcholine. Alternatively, mechanical factors such as the ‘muscle pump’ have
been determined (Sheriff et al., 1993). Finally, attempts have been made to identify
vasodilator substances released by the muscle or endothelium, or carried by the blood.
Since neural factors seem to be unlikely to contribute to the exercise hyperaemia, this
section will focus on mechanical and metabolic determinants.

The ‘muscle pump’ is characterised by mechanical deformation of veins during
muscle contractions. This causes an increase the arterio-venous pressure gradient after
release of a contraction and thus a rise in blood flow. Therefore activation of the muscle
pump increases venous return and promotes elevations in SV and CO. To mimic the
muscle pump-induced emptying of veins rhythmical inflation of a cuff around the forearm
has been used. This manoeuvre increased blood flow, but only when a venous hydrostatic
column existed (e.g. no blood flow increase when arm was above heart level)
(Tschakovsky et al., 1996). In contrast, during passive knee extension with the legs placed
above heart level, to minimise muscle pump contribution, the temporal properties of the
blood flow increases were comparable with those during voluntary exercise (Wray et al.,
2005). This suggests that although the muscle pump contributes to the blood flow rise and
maintenance during exercise, it cannot account solely for this phenomenon.

Given the delay with which potential vasodilator metabolites can be produced
and/or released, it is unlikely that these metabolites contribute to the immediate
hyperaemia at exercise onset. Rather, they may be more important in the modulation of
skeletal muscle blood flow during steady state exercise. Putative candidates include nitric
oxide, prostaglandins, adenosine and/or ATP, which are released from myocytes, vascular
endothelium or the red blood cells. Blockade of nitric oxide synthase, an enzyme
catalysing nitric oxide production, has been demonstrated to attenuate the exercise-induced

increases in forearm blood flow (FBF) (Gilligan et al., 1994). This indicates that nitric
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oxide plays an important role in the hyperaemic response to exercise. However, these
results are not universal and the magnitude of flow reductions varied from 0-30% (Dyke et
al., 1995, Hillig et al., 2003, Schrage et al., 2004, Shoemaker et al., 1997). Possible reasons
might derive from the exercise mode (e.g. arm or leg exercise), the infused blocking agent
(e.g. L-NMMA or L-NAME) or the method applied to measure blood flow (e.g. strain
gauge plethysmography, thermodilution or Doppler ultrasound). In particular, the use of
strain gauge plethysmography to assess exercising blood flow is problematic, because
blood flow can only be measured between contractions or after exercise. Therefore it is not
a precise reflection of exercising skeletal muscle blood flow (Dinenno and Joyner, 2003).

Boushel et al. (2002) have found that administration of indomethacin to block
prostaglandin synthesis, elicited a 10-20% reduction in blood flow during leg exercise. It
was suggested that both nitric oxide and prostaglandins contributed at least in part to the
exercise hyperaemia, but that there might be a redundancy or interaction between them. To
investigate this, concomitant blockade of nitric oxide synthase and prostaglandins has been
performed during forearm (Schrage et al., 2004) and leg exercise (Mortensen et al., 2007,
Mortensen et al.). The reduction in exercising blood flow during combined blockade was
greater than during single blockade of these substances, although vasodilation was not
completely blocked. Moreover, adenosine was proposed as a putative vasodilator, since
exercising blood flow was reduced by approximately 20% during adenosine receptor
blockade (Radegran and Calbet, 2001). However, adding adenosine receptor blockade to
the double block (i.e. nitric oxide synthase plus prostaglandins), did not further decrease
exercising blood flow. This implies that an additive effect of these vaso-relaxants can be
discounted.

Another putative vasodilator mechanism relates to erythrocytes, the ‘carrier’ of

oxygen. When oxygen is removed from haemoglobin to the muscle nitric oxide and/or
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ATP are released and vasodilation occurs through activation of the endothelium (Ellsworth
et al., 1995). In line with this, a tight relationship has been demonstrated to exist between
exercise-induced increases in blood flow and alterations in venous plasma ATP
concentration (Gonzalez-Alonso et al., 2002). However, the blockade of nitric oxide only
marginally affected exercising blood flow. Moreover, in patients with cystic fibrosis, a
condition in which ATP release is attenuated, vasodilator responses were similar compared
to age matched controls (Schrage et al., 2005).

Taken together, pharmacological blockade of one system (e.g. nitric oxide) or
multiple systems (e.g. nitric oxide, prostaglandins and adenosine) produces only attenuated
exercise hyperaemia, but does not abolish it completely. Thus it is suggested that multiple
redundant pathways contribute to the hyperaemic response, so that when one is blocked or
absent, blood flow is maintained to ensure sufficient blood supply (Joyner, 2011).
Alternatively, exercise hyperaemia might relate to a substance which has not been found

yet.

2.5.2 Muscle afferent feedback and blood flow

Muscle perfusion is a major determinant of the exercise pressor response.
Especially the accumulation and washout of muscle metabolic by-products (e.g. muscle
metaboreflex stimulation) depends on skeletal muscle blood flow. The large pressor
response seen during isometric handgrip exercise has been attributed to reductions in blood
supply induced by mechanical compression of the vessels enclosed by the isometrically
contracting muscles (Barcroft and Millen, 1939). The pressor response to exercise under
ischemic conditions was attenuated compared to free-flow conditions (Alam and Smirk,
1937). This indicates perhaps that a mismatch between blood supply and demand causes a

metabolic error signal, which is ‘sensed’ by metabolically sensitive afferents, which
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initiate a pressure rise in order to restore blood flow (Rowell, 1993b). Wyss et al. (1983)
had dogs running on a treadmill, equipped with an occluder around the terminal aorta to
gradually reduce hindlimb blood flow during exercise. During mild exercise initial
occlusions led to stepwise reductions in blood flow without affecting BP and HR. Larger
flow restrictions caused a marked pressor response. However, during higher intensity
running smaller reductions in flow were necessary to evoke a pressor response. It was
concluded that there is a threshold associated with muscle perfusion, which when passed
activates the muscle metaboreflex. This interaction between blood flow reductions and
pressor response led to the assumption that initially central command mediates the pressor
response. Once the metabolic error is detected, the muscle metaboreflex restores blood
flow (although not completely) by an increase in BP (e.g. flow-raising effect of the muscle
metaboreflex). Conversely, Joyner (1991) asked subjects to perform rhythmic handgrip
exercise with the arm placed in a positive pressure box to restrict blood flow. This evoked
increases in BP and concomitant decreases in venous oxygen saturation, while blood flow
remained partially restricted (e.g. no flow-correction). In a recent study, Casey and Joyner
(2009) have applied the dog model from Wyss and colleagues in humans. They reported
that hypoperfusion (-37-41%) as induced by inflation of a balloon in the brachial artery in
the rhythmically exercising forearm evoked a restoration of forearm blood flow (75%) in
the absence of BP changes. This indicates that the restoration of blood flow during mild
exercise relies primarily on local dilator responses and not reflex rises in BP. It is more
likely that the muscle metaboreflex-induced increases in sympathetic activity during large
muscle mass dynamic exercise serves to maintain BP by restricting blood flow in the active
skeletal muscle. Thus excessive local vasodilation is avoided, which would lead to a drop
in BP. The challenge of maintaining a balance between increased muscle perfusion during

exercise and maintaining BP control will be discussed below.
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2.5.3 Autonomic control of skeletal muscle blood flow

Previous studies only measured from the resting limb assuming a general efferent
sympathetic outflow (Victor and Seals, 1989). However, to determine autonomic control of
blood flow, MSNA to the exercising skeletal muscle would need to be measured. To
overcome this limitation, Hansen et al. (1994) asked subjects to perform static toe
extension followed by PEI and measured MSNA from the peroneal nerve of the
contracting and resting leg. They found that MSNA increased within the second minute of
exercise equally in the active and non-active leg. These bilateral increases in MSNA were
maintained during PEI. This suggests that MSNA recordings from the quiescent limb are
representative for efferent sympathetic outflow to the active muscles.

During exercise, increases in sympathetic tone and exercise hyperaemia seem to
oppose each other (Figure 2.4). Controversy exists regarding the effects of increased
sympathetic outflow on the perfusion of the active skeletal muscle. Joyner et al. (1992)
asked subjects to perform graded levels of rhythmic handgrip before and after elimination
of sympathetic outflow by local anaesthetic infusion (i.e. lidocaine). They reported that
forearm blood flow was increased at rest and during all exercise intensities after
sympathetic blockade compared to control conditions. Similarly, O’Leary et al. (1997)
have demonstrated greater increases in exercising limb blood flow after elimination of
vascular a-adrenergic receptors (i.e. sympathetic blockade) in dogs running on a treadmill.
These findings suggest that skeletal muscle blood flow is under constant sympathetic
restraint and that sympathetic constrictor action overrides the exercise-induced production
of local vasodilator substances. However, as mentioned earlier, the use of venous occlusion
plethysmography, as by Joyner et al., only allows flow measurements in a quiescent
muscle. Thus it is questionable whether these flow values are representative for the active

skeletal muscle.
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Figure 2.4. Illustration of the desired balance between vasoconstriction and vasodilation
during exercise. (Buckwalter and Clifford, 2001).

Remensnyder et al. (1962) have proposed that vasodilator substances released from
the contracting skeletal muscle are able to counteract sympathetic vasoconstrictor stimuli
to enable sufficient muscle perfusion. They have observed diminished responsiveness to
direct (i.e. sympathetic nerve stimulation) and reflex sympathetic stimulation (i.e. infusion
of norepinephrine) in the vasculature of the contracting compared to the resting limb. This
phenomenon is termed “functional sympatholysis” and has been repeatedly observed
(Hansen et al., 2000, Rosenmeier et al., 2003, Wray et al., 2004b). Moreover, these blunted
sympathetic vasoconstrictor responses have been shown to be positively related to exercise
intensity (Watanabe et al., 2007). Sympathetically-mediated increases in vascular have
been demonstrated to occur in large resistance arterioles via a;-adrenergic receptors and in
small arterioles by a,-adrenergic receptor activation (Thomas et al., 1994). VanTeeffelen
and Segal (2003) have reported that sympathetic vasomotor responsiveness was very
heterogeneous from proximal to distal branches of the resistance network of skeletal
muscles. They observed that perivascular sympathetic nerve activation resulted in

restricted blood flow to exercising muscle by constriction of feed arteries and 1* order
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arterioles, while in 2™ and 3™ order arterioles dilation prevailed. This selective vasomotor
sensitivity to sympathetic activation presents a very attractive explanation. Thus,
downstream dilation in the exercising muscle helps to meet the muscles metabolic
demands (e.g. oxygen extraction), while upstream constriction serves to maintain BP
during exercise.

In order to identify putative mechanisms of functional sympatholysis several local
vasodilator substances have been investigated, such as nitric oxide or prostaglandins, and
cellular signal transduction, specifically via metabolically regulated ATP sensitive
potassium channels (Hansen et al., 2000). Given the potential important role of ATP
sensitive potassium channels, it could be questioned, whether the magnitude of functional
sympatholysis is dependent on the muscle fibre profile. Further investigations are
warranted to explore this fact.

Degtyarenko and Kaufman (2000) have found that central command blunts group
III and IV muscle afferent input to the dorsal horn in decerebrate cats. They suggested that
central motor activation might contribute to the attenuated vasoconstrictor responses in the
exercising skeletal muscle (i.e. functional sympatholysis). However, this has not been
explored in humans. Modulation of central command input could be accomplished during
leg flexion and extension with or without patellar tendon vibration (Ogoh et al., 2002b).
Simultaneous femoral artery blood flow measurements and MSNA recordings with and
without sympathetic stimuli (e.g. noradrenaline infusion or CPT) would complete this
experimental approach. The sympathetically mediated changes in leg vascular conductance
(e.g. functional sympatholysis) observed during assisted leg extension with patellar tendon
vibration (e.g. less central command) would be expected to be smaller compared with
conductance changes during leg flexion and patellar tendon vibration (e.g. greater central

command). In this regard it is worthwhile to address the question whether muscle mass
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modulates the strength of functional sympatholysis. It has been suggested that central
command is dependent on muscle mass contribution (Mitchell et al., 1980, Mitchell et al.,
1981). However, at present no relevant human data is available.

In an attempt to investigate the baroreflex control of blood flow, Keller et al. (2003)
have determined the effects NP and NS on leg vascular conductance at rest and during one
legged knee-extension. The decreases in perfusion during NP were attenuated in the
exercising compared to the non-exercising leg and to rest (Keller et al., 2004, Keller et al.,
2003, Wray et al., 2004b). Since CBR control of BP was well maintained from rest to
exercise, the attenuated vasoconstriction was attributed to sympathetic restraint (e.g.
functional sympatholysis) within the exercising leg muscles (Keller et al., 2004). Wray et
al. (2004b) have confirmed and extended these results. They showed a diminished
reduction in the microvasculature perfusion in the exercising leg during NP. At present,
there is no study available that determines whether microcirculatory perfusion changes in
response to hypertensive stimuli are similarly increased at rest and during exercise. In
conclusion the arterial baroreflex appears to be a vital controller of muscle blood flow by

mediating tissue specific vascular effects to maintain overall systemic BP during exercise.

2.6 Sex-differences in cardiovascular control at rest and during exercise

Epidemiological studies have demonstrated a lower prevalence of heart disease and
a lower incidence and severity of hypertension in premenopausal women compared to
men, which are diminished following the menopause (Lerner and Kannel, 1986, Schenck-
Gustafsson, 1996). These findings suggest significant cardio-protective effects of female
reproductive hormones. Recognition of the differences and similarities in men and women
with regards to the neural, cardiovascular, and haemodynamic functions mean that sex-

differences in the physiological responses to exercise are arguably inevitable. However,
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our understanding of the cardiovascular responses to exercise is often based on
investigations undertaken in men, but exercise performance is notably greater in men
compared to women and men are stronger and faster than women. In physiological terms,
this is expressed by the greater peak exercise performance and higher maximal oxygen
consumption in men (Higginbotham et al., 1984, Sullivan et al., 1991). Anthropometric
characteristics and body composition are markedly different between men and women,
such as women have a lower body weight, less muscle and lean body mass compared to
men, whereas their percentage of body fat is higher (Charkoudian and Joyner, 2004) (Table
2.1).

Table 2.1. Selective anatomical and physiological differences between men and women.

Anthropometric differences:

Body weight Men > Women
Muscle mass Men > Women
Lean body mass Men > Women
% body fat Men < Women
Muscle strength Men > Women
Cardiac differences:

SV (rest and exercise) Men > Women
Left ventricular mass Men > Women
CO (maximal exercise) Men > Women
Blood differences:

Haemoglobin concentration ~ Men > Women
Haematocrit Men > Women
Total blood volume Men > Women
Lﬁgm Men > Women
Oxygen consumption &

3 Men > Women
peak exercise performance

From a cardiac perspective, heart volume, left ventricular mass and resting SV as
well as maximal exercise SV and CO are smaller in women than men (Kucher et al., 2001,
Olivetti et al., 1995, Roberts and Roberts, 1980). Even expressing maximal CO or oxygen

consumption relative to body weight or per kg lean body mass only partly diminishes the
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attenuated performance and cardiac function in women (Higginbotham et al., 1984). This
implies “that men are, nevertheless, better working machines than women” (Astrand,
1956). Moreover, the lung capacity is reportedly smaller in women than men (Harms and
Rosenkranz, 2008). In combination with the smaller blood volume, the lower haematocrit
and less haemoglobin (de Simone et al., 1991) this explains the hindered oxygen transport

in women compared to men (e.g. lower maximal oxygen consumption in women).

2.6.1 Control of HR

Comparisons of the resting HR in men and women have shown that HR tends to be
higher in men (Ogawa et al., 1992, Stoney et al., 1987). Sex differences in the autonomic
control of the heart (e.g. balance between sympathetic and parasympathetic tone) have
been extensively investigated using HR variability measurements. Time domain indices of
HR variability, predominantly a measurement of parasympathetic tone (Task, 1996), have
been shown to be greater in women compared to men (Sinnreich et al., 1998). This
indicates that vagal control of beat-to-beat changes in HR is greater in women. Estimations
of the HR variability in the frequency domain concentrate mostly on low frequency (0.04 —
0.15 Hz) and high frequency (0.15 — 0.40 Hz) spectral power. The first is considered to
provide an estimation of both cardiac-sympathetic and parasympathetic control, while the
latter is indicative of cardiac vagal control. The ratio between low and high frequency
spectral power may provide some insight in the balance between sympathetic and
parasympathetic cardiac control (Malliani et al., 1991). Commonly, low frequency spectral
power is higher and high frequency power lower in resting men compared to women, while
the ratio of both seems higher in men (Huikuri et al., 1996, Kuo et al., 1999, Pikkujamsa et
al., 2001, Sevre et al., 2001, Sinnreich et al., 1998). However, this is not a universal finding

(Laitinen et al., 1998, Ramaekers et al., 1998). These findings confirm the dominance of
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cardiac vagal control in women and suggest a greater sympathetic influence on the heart in
men. The latter is supported by 2 to 6-fold higher circulating adrenaline levels in men
(Evans et al., 2001). A possible explanation for the inconsistency of the results might stem
from the very heterogeneous study populations (e.g. exclusion criteria for study
participation differed widely), the particularly wide age range (from 18 to 79 years), the
duration of the RRI recordings (short- or long-term measurements), and often a lack of
control for hormonal status in women (e.g. no distinction between pre- and
postmenopausal women). The impact of female reproductive hormones (e.g. estrogen) on
the autonomic cardiac control has been demonstrated by Du et al. (1994). They have found
a more pronounced reduction in HR in female than male rats in response to vagus nerve
stimulation, which was abolished after ovariectomy. In addition, a similar HR variability
has been found in postmenopausal women and an age matched group of men (Liu et al.,
2003). Intriguingly, postmenopausal women replacing estrogen orally have been
demonstrated to exhibit greater high frequency spectral power and reduced low-to-high
frequency ratios compared to men and women without hormonal replacement (Liu et al.,
2003). These results suggest that estrogen plays a crucial role in the autonomic control of
the heart, presumably mediated by a higher level of acetylcholine release following nerve
stimulation (Du et al., 1994).

Results from power spectral analyses of HR variability need to be interpreted with
care. The parasympathetic contribution to high frequency fluctuations in HR has been
demonstrated in terms of abolished respiratory sinus arrhythmia after vagus nerve blockade
in dogs (Katona and Jih, 1975) and pharmacological blockade of parasympathetic outflow
to the heart with atropine (Pomeranz et al., 1985). However, the interpretation of changes
in low frequency spectral power is less clear, as noradrenaline spillover from the heart, a

measure of cardiac sympathetic activation, does not correlate with low frequency

41



LITERATURE REVIEW

fluctuations in HR and/or RRI (Kingwell et al., 1994, Saul et al., 1990). Thus, it is
questionable whether the greater low frequency spectral power (e.g. sympathetic
chronotrophic cardiac control) observed in men, represents indeed a cardiac sympathetic

preponderance.

2.6.2 Sex and hormonal influences on baroreflex control of HR

Examination of sex-differences in resting cardiac baroreflex function has
predominantly focused on measurements of cBRS using pharmacological approaches (e.g.
modified Oxford technique) to evoke BP decreases and increases by infusion of vasodilator
(sodium nitroprusside) and vasopressor (noradrenaline hydrochloride) agents. Using this
method, Chen and DiCarlo (1996) have demonstrated that cBRS was 40% greater in
female than male rats. However, the results in humans are rather controversial, reporting
greater, similar or lower cBRS in women relative to men (Abdel-Rahman et al., 1994,
Beske et al., 2001, Laitinen et al., 1998, Tanaka et al., 2003, Tank et al., 2005). One
potential reason for these contrasting results may be related to the method of drug
administration (e.g. bolus injection vs. sustained infusion) (Abdel-Rahman et al., 1994).
Furthermore, some authors have only presented the baroreflex-mediated cardiac responses
to BP elevation (Laitinen et al., 1998), thereby neglecting important information about the
directional sensitivity of the cardiac response (Young et al., 2008). This information is also
lost by the combination of the resultant HR responses to hypo- and hypertensive stimuli,
commonly performed to obtain a measure of cBRS. Further limitation derives from the
potential side effects of these drugs in that the baroreflex itself buffers the evoked changes
in BP resulting in inaccurate measures of ¢cBRS (Diaz and Taylor, 2006). An alternative

approach to investigate cardiac baroreflex function in men and women could be the
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separate application of hyper- and hypotensive stimuli to the carotid sinus, using the neck
chamber technique.

Animal studies have shown that intravenous estrogen administration resulted in
increased cBRS and parasympathetic tone while decreasing sympathetic nervous activity
(el-Mas and Abdel-Rahman, 1998, Saleh and Connell, 2000, Saleh et al., 2000c). While
these animal data indicate that estrogen improves cardiac baroreflex function via increases
in vagal tone and sympatholysis, the results in humans are equivocal. Indeed, it has been
found that high levels of estrogen and progesterone during the luteal phase have no effect
on cBRS compared to the early follicular (EF) phase of the ovarian cycle (Minson et al.,
2000a). Similarly, ¢cBRS was unchanged in postmenopausal women after estrogen
replacement therapy (Hunt et al., 2001). In line with the findings in animals, Tanaka et al.
(2003) have demonstrated that cBRS was significantly elevated during the late follicular
(LF) compared to both EF and luteal phases of the ovarian cycle. In summary, these
studies suggest that estrogen can increase ¢cBRS in both animals and human, but that
progesterone may inhibit this rise in cBRS when both hormones are elevated at the same

time.

2.6.3 Control of BP

The autonomic nervous system is an important factor for the tonic control of BP,
with the sympathetic nervous system as the key determinant (Christou et al., 2005). BP,
particularly systolic BP, has been reported to be lower in young women compared to men
at the same age (Christou et al., 2005, Ogawa et al., 1992, Stoney et al., 1987). Moreover,
there is a tendency of elevated noradrenaline concentrations (Evans et al., 2001) and higher
MSNA (Ng et al., 1993) in men indicating lower sympathetic tone in females. Barnett et al.

(1999) have found a smaller increase in low frequency BP fluctuations in women
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compared to men, which are suggested to represent sympathetically-mediated BP control.
Thus, they presumed that women have a lower autonomic support of BP. Direct
experimental evidence stems from Christou et al. (2005), who have used trimethaphan
infusion (i.e. ganglionic blockade) to block parasympathetic and sympathetic nervous
outflow in both sexes. They showed that the resultant reductions in BP were lower in
women than men.

Sympathetic nerve activity is also important for the control of TPR, which has been
often reported to be higher in women than men (Christou et al., 2005, Lambert et al.,
2007). But this is not an exclusive finding (Convertino, 1998). Although, in men, TPR is
positively related to MSNA, and MSNA shows an inverse relationship with CO
(Charkoudian et al., 2005), these relationships are not evident in women (Hart et al., 2009,
Hogarth et al., 2007). This indicates that there are profound sex-differences in the resting
autonomic control of BP. In this regard, arterial baroreflexes may play an important role in

the overall beat-to-beat regulation of BP via the autonomic nervous system.

2.6.4 Sex and hormonal influences on baroreflex control of BP

To date, the majority of studies examining arterial baroreflex function have used
pharmacological approaches that do not allow an assessment of the BP responses to
baroreflex perturbation. Therefore, it remains unclear whether there are sex-differences in
the baroreflex-mediated control of BP. As mentioned, alterations in TPR are the
predominant means by which the baroreflex elicits changes in BP (Collins et al., 2001,
Ogoh et al., 2002a, Ogoh et al., 2003b). However, these studies were not designed to
investigate potential sex-differences. Nevertheless, there is plenty of evidence to suggest

that sex-differences might exist in the baroreflex-mediated changes in vascular tone.
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The lower sympathetic tone in women compared to men (Jones et al., 1996, Ng et
al., 1993) may result from alterations in baroreflex buffering of changes in sympathetic
nerve activity and/or sympathetic baroreflex sensitivity. Tank et al. (2005) have observed
similar increases and decreases in systolic BP to stepwise infusion of sodium nitroprusside
and adrenaline in men and women. Although they have not observed sex-differences in the
baroreflex buffering of changes in MSNA, the reflex function curve was found to operate
at a lower prevailing BP in women. However, Hogarth et al. (2007) have used the close
relationship between MSNA and short-term changes in diastolic BP to estimate
sympathetic baroreflex sensitivity during Valsalva manoeuvres, which provide a pressure
rising stimulus. They found that sympathetic baroreflex sensitivity was greater in women
than men. These contrasting findings are likely to be related to the methodology of
baroreflex assessment. Tank et al. included hypo-and hypertensive stimuli in their
calculation after pharmacological BP perturbation, while Hogarth et al. examined
sympathetic baroreflex sensitivity only during pressure rises.

A greater adrenergic receptor responsiveness to sympathetic stimulation in men has
been demonstrated by means of larger decreases in FBF in response to noradrenaline
infusions in men compared to women (Kneale et al., 2000, Kneale et al., 1997, Luzier et
al., 1998). Despite similar increases in MSNA to sympatho-excitatory manoeuvres such as
the CPT, women were found to exhibit an attenuated increase in vascular resistance
(Hogarth et al., 2007). These findings demonstrate that sympathetic vasoconstriction is
impaired in women compared to men. In combination with the lower autonomic support of
BP in women, it might be presumed that baroreflex control of BP is altered in women
compared to men.

Estrogen influences on the sympathetic arc of the arterial baroreflex, have been

investigated in ovariectomized rats. Administration of 17-f estradiol has been reported to
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inhibit renal and splanchnic sympathetic nervous outflow and increase sympathetic
baroreflex sensitivity (He et al., 1998). But attenuated baroreflex-mediated sympatho-
excitation (e.g. sympathoinhibition) to a hypotensive stimulus has been found in pregnant
animals, when progesterone concentrations are largely elevated (Heesch and Rogers,
1995). In humans, sympathetic baroreflex sensitivity is greater in women during the luteal
(high estrogen and progesterone) compared to the EF phases (low estrogen and
progesterone) of the ovarian cycle. This means that for a given change in BP the changes
in MSNA were greater when estrogen and progesterone were both elevated (Minson et al.,
2000a). Importantly, the static handgrip-induced increase in MSNA evoked comparable
increases in vascular resistance during these phases. Therefore, they concluded that the
increased sympathetic baroreflex sensitivity during the luteal phase cannot simply be
explained by enhanced neural vascular transduction. Further investigations by Hunt et al.
(2001) have reported increased sympathetic baroreflex sensitivity in postmenopausal
women supplementing with estrogen compared to untreated postmenopausal women.
These results suggest that progesterone might increase MSNA and therefore off-set the
sympatho-inhibitory effects of estrogen when both hormones are elevated. Alternatively,
the vasodilatory effects of estrogen, which will be discussed in detail in a later section,
might have counteracted the increases in MSNA observed during the luteal phase and lead
to the maintenance in vascular resistance observed in the experiments by Minson and
colleagues (2001a).

While afferent discharge from baroreceptors was not influenced by hormonal
changes in pregnant rats, it was suggested that female hormones mediate their effects via
central mechanisms (Heesch and Foley, 2001). Injection of estrogen into brain stem nuclei
associated with central cardiovascular control (e.g. NTS and RVLM) decreased both

baseline and adrenaline-induced increases in sympathetic outflow and BP (Saleh et al.,
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2000a). Although animal studies provide evidence of the potential mechanisms by which
ovarian hormones might modulate sympathetic baroreflex function there is clearly a need

for further research in humans.

2.6.5 Sex and hormonal influences on the cardiovascular response to exercise

Increases in SV and ejection fraction (fraction of blood ejected with each heart
beat) with exercise have been reported to be attenuated in women (Hossack and Bruce,
1982, Martin et al., 1991). This seems to be true exclusively for maximal dynamic exercise
as ejection fraction was similar in men and women at submaximal exercise intensities
(Higginbotham et al., 1984). For a given absolute workload the exercise-induced increases
in HR were greater in women compared to men (Astrand, 1956). However, if HR has been
compared at a workload relative to the individual maximum during static and dynamic
exercise there were no sex-differences existent (Ettinger et al., 1996, Fleg et al., 1995,
Higginbotham et al., 1984). Therefore, lower increases in SV and similar HR increases
elicit a lower CO response to exercise in women. Fluctuations of female reproductive
hormones during the ovarian cycle have been shown not to affect the cardiac response to
static (Ettinger et al., 1996) and dynamic exercise (Kuwahara et al., 2005). This has been
confirmed by studies in postmenopausal women receiving supplemental estrogen (Pines et
al., 1998).

Young healthy women show attenuated BP responses to both static (Ettinger et al.,
1996, Jarvis et al., 2011, Petrofsky and Lind, 1975) and dynamic (Fleg et al., 1995, Green
et al., 2002, Ogawa et al., 1992, Sullivan et al., 1991) exercise compared to young healthy
men. However, the reasons for this are unclear. Possible explanations include an attenuated
vasoconstriction in inactive tissues during exercise (e.g. kidney, splanchnic), a reduced

ability to adjust skeletal muscle blood flow (e.g. altered endothelium-dependent
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vasodilation), attenuated sympathetic outflow and/or attenuated adrenergic receptor
sensitivity on the vascular smooth muscle. Fleg et al. (1995) have found no differences in
systemic vascular resistance during cycling at similar relative workloads in men and
women. However, when concentrating on skeletal muscle blood flow a greater increase in
vascular conductance in the exercising limb has been observed in females compared to
males (Parker et al., 2007, Rogers and Sheriff, 2004).

Despite a lower resting MSNA in women, the question remains whether this
difference is sustained during exercise. MSNA responses to static handgrip have been
shown to be attenuated in women compared to men (Ettinger et al., 1996, Jarvis et al.,
2011, Jones et al., 1996). However, whether these results can be translated to dynamic
exercise with a large muscle mass remains to be eluded. MSNA measures are very
sensitive to movement which limits the maintenance of good quality recordings during
large muscle dynamic exercise. Ichinose et al. (2008) have measured MSNA from the
median nerve of the arm during an incremental bout of leg cycling and observed an
approximate 8-fold increase in MSNA from very mild to exhaustive exercise. Application
of this experimental protocol in the context of sex-differences in the BP control during
exercise would provide valuable information, including the potential sex-differences in the
baroreflex control of MSNA during exercise.

Female sex hormones may influence the cardiovascular response to exercise
(Astrand, 1956). However, increases in CO, HR and SV during submaximal dynamic
exercise have been reported not to differ in women during LF and luteal phases. However,
women maintained exercise at high workloads for longer when concentrations of estrogen
and progesterone were high, which coincided with lower lactate concentrations (Jurkowski
et al., 1981). These results suggest that sex hormones do not modulate central

hemodynamic responses to exercise. But Jurkowski et al. (1981) proposed that estrogen
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may affect carbohydrate metabolism such that in the presence of high estrogen
concentrations glycogen is metabolised more sparsely.

The increases in BP during submaximal and maximal dynamic exercise were found
to be more pronounced in older than younger women (Fleg et al., 1995, Martin et al., 1991,
Ogawa et al., 1992, Petrofsky and Lind, 1975, Younis et al., 1990). Green and colleagues
(2002) have observed a 14 mmHg reduction in peak exercise systolic BP after hormonal
replacement in postmenopausal women compared to age matched postmenopausal women
not taking hormones. This suggests that female reproductive hormones may contribute to
the attenuated BP response observed in young premenopausal women. To identify which
female hormone causes the altered BP response, Lewandowski et al. (1998) have tested
young ovariectomized women with and without estrogen replacement during running.
They have found that BP increases were attenuated in women with estrogen
supplementation. This suggests that estrogen is the main hormone influencing the exercise
pressor response. No ovarian cycle effect (LF versus luteal phase) on exercise-induced BP
rises was reported (Lewandowski et al., 1998). This indicates that progesterone may
oppose the estrogenic effect (e.g. inhibition of BP rise) on exercise pressor response,
because progesterone is elevated during the luteal but low during the LF phase, while
estrogen concentration is similarly high in both phases.

In contrast, during static exercise, BP responses have been reported to be
unaffected by the ovarian cycle (Petrofsky et al., 1976). However, exercise-induced
increases in MSNA have been found to be attenuated when estrogen levels were high
during the LF relative to the EF phases (Ettinger et al., 1998). Similar observations were
reported by Fadel et al. (2004a) in postmenopausal women before and after short-term
estrogen replacement during dynamic handgrip exercise. These results indicate that the

effect of female reproductive hormones is dependent on the exercise modality (e.g.
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isometric vs. dynamic), potentially due to the apparent differences in skeletal muscle
perfusion. A nonspecific generalized influence of the ovarian cycle on sympathetic
activation appears unlikely as comparable increases in MSNA and BP during a CPT have
been reported (Ettinger et al., 1998, Fadel et al., 2004a). Given the exercise-modality
specific blood flow responses and the fact that estrogen has been described to exert
vasodilation via actions on the endothelium (Hashimoto et al., 1995), it may be suggested
that the attenuated BP response to dynamic exercise is caused by an estrogen-mediated
reduction in TPR. In addition, whether estrogen affects the increases in MSNA during
dynamic exercise involving large muscle masses remains subject to further investigation.
Performance of MSNA recording from the median nerve during leg cycling (Ichinose et
al., 2008) in women across the ovarian cycle could be an adequate experimental model to

address this question.

2.6.6 Sex and hormonal influences on central command

The scientific literature examining the influence of central command on the sex-
differences in the pressor response to exercise is very sparse. Although, the influence of
muscle fibre composition on central command is a field of controversy, the relatively
higher percentage of slow-twitch fibres in female skeletal muscle may reduce the
magnitude of central command input needed to evoke a similar force compared to men.
According to the theoretical model proposed by Hobbs and Gandevia (1985), increased
central command is necessary to activate more motor units, causing higher pressor
responses. As higher firing frequencies are needed to activate fast-twitch fibres compared
to slow-twitch fibres (e.g. low threshold for activation), more central command may be

needed to produce the same force in a muscle with a higher proportion of fast-twitch fibres
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as reported in men compared to women (Komi and Karlsson, 1978). In this way, a greater
central command input may contribute to the greater exercise pressor response in men.
Hayes and colleagues (2002) attempted to identify the effect of estrogen on
cardiovascular responses to electrical stimulation of the mesencephalic locomotor region in
the decerebrate, paralysed cat model. Although, estrogen receptors have been identified in
several brain areas involved in the central cardiovascular control, their expression in the
midbrain, thalamus and insular cortex has been shown to be apparently rather sparse (Pfaff
and Keiner, 1973). Intriguingly, intravenously injected 17p-estradiol attenuated the
increases in HR and BP when central command was evoked in isolation. However, the
mechanism(s) of the estrogen-mediated attenuation of the exercise pressor response remain

unclear. Moreover, no human data is available on this phenomenon.

2.6.7 Sex and hormonal influences on the muscle afferent feedback

A lower muscle metabolite accumulation during exercise may lead to an attenuated
pressor response via less stimulation of metabolically sensitive muscle afferents. Indeed,
previous studies have shown that substrate metabolism differs between men and women,
by virtue of a greater ability to oxidize fat and a rather sparingly operating glycogen
metabolism in women (Gorski et al., 1976, Kendrick and Ellis, 1991). In line with this,
muscle function analyses have revealed slower contractile characteristics and muscle
biopsies from the vastus lateralis have indicated a smaller cross-sectional area of slow-
twitch and fast-twitch fibres in women compared to men (Komi and Karlsson, 1978).
These results suggest that when men and women perform the same relative work, women
would rely more on aerobic metabolism. Thus their muscle metabolite production would
be lower, which leads to less muscle metaboreceptor stimulation and a smaller pressor

response. Indeed, during static handgrip exercise at the same relative workload followed by
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PEI the increases in MSNA and BP were found to be smaller in women compared to men
(Ettinger et al., 1996). This suggests that the muscle metaboreflex is attenuated in women.
Ettinger et al. (1996) have also assessed muscle metabolic status and have identified that
the attenuated exercise pressor response in women coincided with lower pH and less
accumulation of dihydrogen phosphate ions during PEI. This indicates that the female
exercising muscles exhibit less acidosis and less metaboreflex activation. However, they
have used a very heterogeneous female study sample, which included both pre- and
postmenopausal women, with some on hormonal replacement therapy and some not, and
without controlling for the ovarian cycle phase. This is important in light of potential
influences of female reproductive hormones on skeletal muscle afferents, which will be
discussed below. Despite the advantages of PEI (Section 2.3.1), autonomic control of HR
during PEI differs markedly from exercise conditions. During PEI after handgrip exercise
HR returns to resting levels via vagal reactivation, while HR is elevated during exercise via
vagal withdrawal and increased cardiac sympathetic activation (Robinson et al., 1966).
Therefore, it remains unclear whether sex-differences in the muscle metaboreflex function
during PEI are also present when the muscle metaboreflex is engaged during exercise.
Moreover, data from human studies are derived predominantly during small muscle mass
static exercise (e.g. handgrip). Therefore, the applicability to large muscle mass dynamic
exercise remains to be determined.

Laprad et al. (1999) have overcome some of these limitations by having male and
female dogs running on a treadmill while gradually enhancing muscle metaboreflex
activation by stepwise inflation of a pneumatic occluder around the terminal aorta
supplying the exercising hindlimb. They observed similar increases in HR, BP, and CO
and decreases in renal vascular conductance for a given reduction in terminal aortic blood

flow. There was no effect of sex on metaboreflex threshold and sensitivity indicating that
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sex does not influence the muscle metaboreflex in dynamically exercising dogs. However,
it remains unclear whether these results in canines are translatable into humans.

The influence of estrogen on the skeletal muscle afferents has been elegantly
investigated in the decerebrate cat model. Ventral root stimulation has been performed
with and without direct application of 17B-estradiol on the dorsal root of the spinal cord
(L6-S1) (Schmitt and Kaufman, 2003a, Schmitt and Kaufman, 2003b). The exercise
pressor response was observed to be similarly attenuated by approximately 50% in male
and female estrogen-treated animals compared to the pre-treatment response. However, to
obtain a similar effect in male cats a higher dose of estradiol was necessary. This indicates
that estrogen sensitivity in the spinal cord of female cats is augmented. Moreover, these
results point towards the possibility that estrogen is able to interact with the afferent
signalling pathway of thin group III and IV skeletal muscle afferent fibres. However,
central effects of estrogen might also modulate the pressor response. In animals, estrogen
receptor populations (ERa and/or B) have been identified in many brain areas associated
with the neural integration of peripheral reflexes (i.e. metabo- and mechanoreflex)
including the NTS, the RVLM and CVLM (Asarian and Geary, 2007, Vanderhorst et al.,
2005). Furthermore, bilateral injection of estrogen into these nuclei has been shown to
decrease HR, BP and sympathetic outflow an increase parasympathetic nerve activity
(Saleh et al., 2000a). Despite this, it remains unclear whether these central effects of

estrogen at rest are transferable to humans and/or to exercise conditions.

2.6.8 Sex and hormonal influences on arterial baroreflex function during exercise

A potential explanation for the attenuated BP response to exercise in women might

be an attenuated resetting of the arterial baroreflex function curve or increased baroreflex
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sensitivity in control of BP. However, the influences of sex-and/or ovarian hormone
concentrations on the baroreflex control of BP during exercise have not been investigated.
Central command and skeletal muscle afferents contribute to the integrated
baroreflex resetting and control of BP and HR during exercise in men. The decreases in
c¢BRS during dynamic exercise can be attributed to the actions of the muscle metaboreflex
(Sala-Mercado et al., 2007). The muscle metaboreflex has been suggested to be attenuated
in women compared to men during static exercise, potentially depending on the actions of
female reproductive hormones (Ettinger et al., 1996, Ettinger et al., 1998) However, it
remains to be determined whether differences in the muscle metaboreflex activation
between men and women also affect the reduction in ¢cBRS during dynamic exercise,

including examination of the influence of female reproductive hormones.

2.6.9 Sex differences and hormonal influences on exercising blood flow

The enhanced skeletal muscle vasodilation during exercise in females (Parker et al.,
2007, Rogers and Sheriff, 2004) may be explained by differences in vascular reactivity,
vascular receptor responsiveness and/or differences in endothelium-dependent and
independent dilatory mechanisms. Rogers et al. (2004) have found a reduced basal tone
and greater flow-induced dilation in isolated arterioles from female compared to male rats.
While abolition of the prostaglandin-induced vasodilatation completely abolished
perfusion in these male rats, blood flow was reduced by only 75% in female rats.
Moreover, estrogen treatment in ovariectomized rats running on a treadmill increased
exercising hindlimb blood flow and attenuated the BP increase during exercise (Huang et
al., 1998). The estrogenic influences on BP were abolished after inhibition of
prostaglandins. However, the estrogen-mediated increases in blood flow were abolished

after blockade of nitric oxide synthase. Taken together, these animal data indicate that the
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sex-specific vasodilator response depends on estrogen-mediated increase in nitric oxide. In
humans, Proctor et al. (2004) have observed up to 38% reduction in peak exercise femoral
blood flow and vascular conductance in older women compared to young women. Such a
decline was not present in old compared to young men. These findings support the notion
that increased exercise blood flow can at least in part be attributed to the vasodilator
actions of estrogen possibly via enhanced nitric oxide release from the endothelium
(Sudhir et al., 1996).

The aforementioned sex-differences in sympathetic activity and sympathetic
control at rest and during exercise provide support for a sex-specific sympathetic control of
blood flow during exercise. In animal and human investigations, the sympathetic
vasoconstrictor responses to infusion of noradrenaline or the CPT have been shown to be
attenuated in women compared to men (Cheng and Gruetter, 1992, Hogarth et al., 2007,
Kneale et al., 2000, Kneale et al.,, 1997). This suggests that adrenergic receptor
responsiveness is blunted in women. Despite sympathetic activation, blood flow increases
during exercise. This has been attributed to the sympatholytic effect of some muscle
metabolites (i.e. functional sympatholysis). However, previous studies investigating
functional sympatholysis have been performed predominantly in men and were not
designed to determine the influence of sex- and/or ovarian hormone concentrations. Hence,
it remains unclear whether and how the attenuated adrenergic responsiveness at rest and
the greater exercise hyperaemia observed in women affect the blunted sympathetic
vasoconstrictor response during exercise.

Sex-differences in the blood flow responses during dynamic exercise might also
influence the exercise pressor response, because blood flow is the major determinant of the
muscle metaboreflex. Greater blood flow during dynamic exercise potentially reduces the

accumulation of contraction-related metabolites (e.g. increased metabolite washout). This
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may lead to less stimulation of metabolically sensitive afferents that causes an attenuated
pressor response. An increased washout of muscle metabolites may also reduce the
inhibitory influences of the muscle metaboreflex on the baroreflex control of HR and BP
during exercise. Sex-differences in the pressor response to static exercise and PEI have
been reported to be abolished when exercise was performed during complete circulatory
occlusion (Ettinger et al., 1996). However, it remains unclear whether the influences of sex
and/or female reproductive hormones on exercise hyperaemia alter the integrated

cardiovascular response during dynamic exercise.

2.7 Summary of literature review

The arterial baroreflex plays an important role in the beat-to-beat regulation of BP
and HR, by modulating sympathetic and parasympathetic activity to the heart and the
peripheral vasculature. During exercise, the arterial baroreflex is reset rightwards and
upwards to operate around a higher BP without a change in maximal gain. Central
command and skeletal muscle afferents are essential contributors to the baroreflex resetting
and the upwards movement of the operating point of the baroreflex function curve towards
the reflex threshold, to a locus of lesser gain. Exercise-induced increases in sympathetic
nerve activity cause vasoconstriction and together with increases in cardiac output total
peripheral resistance falls, precipitating an increase in BP. As outlined in this review, the
numerous anatomical, neural, cardiovascular and haemodynamic differences between men
and women at rest have been extensively investigated. However, the reason(s) for the
attenuated pressor responses during static and dynamic exercise in young healthy women
compared to men remain to be determined. Given, the numerous autonomic and vascular
effects of estrogen and the fact that the sex-differences in the exercise pressor response are

abolished after menopause, a role of female reproductive hormones needs to be considered.
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2.8 Purpose of the present study

The aims of this thesis are to:

Develop a non-invasive experimental model to examine the effects of augmented
muscle metaboreflex activation on baroreflex function during dynamic exercise in
humans

Examine the influences of sex and/or ovarian hormone concentration on the muscle
metaboreflex and on the muscle metaboreflex-mediated effects on baroreflex
function during exercise

Investigate potential sex-differences in carotid baroreflex function during exercise
Examine whether there are sex-differences in the neural-vascular transduction of

sympathetic outflow from rest to exercise (e.g. magnitude of sympatholysis)

57



GENERAL METHODS

CHAPTER 3: GENERAL METHODS
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3.1 Ethical approval and consent process

All experimental procedures were performed in accordance with the Declaration of
Helsinki and received approval from the College of Life & Environmental Sciences ethical
review committee at the University of Birmingham. All participants provided written
informed consent for participation after receiving a detailed verbal and written explanation
of the experimental procedures and measurements. All subjects were recreationally active
(e.g. elite athletes were excluded), engaging in not more than two to three days of low to
moderate exercise. Subjects were free of any cardiovascular, respiratory and metabolic
disease. None of the participants took any prescribed or over the counter medication. This
was determined by a medical health questionnaire. Before each experimental session
subjects refrained from caffeinated beverages, alcohol and strenuous physical activity at
least 12 hr. Experiments were conducted in a laboratory with an ambient temperature of 22

to 24 °C with external stimuli minimized.

3.2 Recorded variables

3.2.1 Heart rate & blood pressure

In all studies, RRI was continuously monitored wusing a three lead
electrocardiogram (Diascope DS 512, S&W Medioteknik AS, Albertslund, Denmark) in
the lead II position displayed on an oscilloscope, from which HR was derived. Beat-to-beat
arterial BP was obtained non-invasively from the finger using photoplethysmography
(PortaPres Model-2, TNO Biomedical Instrumentation, Amsterdam, The Netherlands)
(Imholz, 1996). In addition, brachial artery BP was measured using an automated
sphygmomanometer (SunTech Tango', SunTech Medical, Morrisville, USA) (Cameron et

al., 2004). Prior to study commencement, readings of the diastolic BP from the Portapres
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were matched with the measurements obtained from the brachial artery by the SunTech
device on the left upper arm. Mean BP was calculated as:

Mean BP = diastolic BP + 1/3 (systolic BP — diastolic BP).
During studies including handgrip exercise (Chapters 4 & 6-8) brachial BP was obtained at
rest and used for the correction of the Portapres values. During leg cycling exercise studies
(Studies 1&2; Chapters 4&5) automated sphygmomanometer BP measurements were
performed continuously throughout the protocol and used for the correction of the

Portapres-derived BP values for each protocol stage.

3.2.2 Peripheral blood flow measurements

In chapters 4&6, forearm blood flow velocity (FBV) from the brachial artery of the
right arm was obtanied by Doppler ultrasound (Philips Envisor, Andover, MA, USA). A
linear array Doppler ultrasound probe with a operating frequency of 2 MHz was placed on
the medial aspect of the upper arm approximately five to eight cm proximal to the
antecubital fossa over the brachial artery and in an insonation angle of 60 degree
maintained relative to the skin (Dinenno and Joyner, 2003). FBV was measured in Duplex
mode from the velocity waveform. Online tracing of the waveform allowed for beat-to-
beat recordings of the time averaged velocity mean, which were stored on S-VHS
videotape for offline analysis. The diameter of the brachial artery was determined in two
dimensional B-Mode at the end of each protocol step. It was recorded in loops over three
cardiac cycles and stored on the ultrasound device for offline analysis. Then the average of
three measurements of arterial diameter made during diastole was taken as the diameter for
that time point (Schrage et al., 2005). During exercise, diastolic cross-sectional
measurements were obtained between contractions. FBF (ml/min) was then calculated

using the formula:
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FBF = FBV x &t x (diameter/2)* x 60.
Forearm vascular conductance (FVC; ml/min/kg/mmHg) was calculated using the
following equation: FVC = FBF / mean BP.
In chapters 7&8, FBV was obtained from the brachial artery of the arm using a
Super Dopplex II (Huntleigh Healthcare Ltd, Cardiff, UK) device with an operating
frequency of 8 MHz. Doppler probe placement and insonation angle were the same as
above. The diameter measurements in Chapter 8 were performed using the linear array

Doppler probe mentioned above.

3.2.3 Lean forearm arm mass

FBF was normalized to the lean forearm mass. Forearm volume was assessed by
measurements of forearm length and circumferences (Figure 3.1) using the following
formula (Jones and Pearson, 1969):

Forearm mass = 1/3 x length ab x (area a + area ab + area b).
Forearm mass was then calculated from the anthropometric forearm volume multiplied by
it the muscle density (1.06 g-cm’3) (Donato et al., 2006). It was corrected for skinfold
thickness, which was measured using skin fold callipers at four different sites; proximal

and distal, dorsal and ventral forearm.

circumference / "‘\ circumference
}

a \/ b

5
>

A

length ab

Figure 3.1. Schematic of a truncated cone (e.g. forearm) to calculate forearm muscle mass.
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3.2.4 Cerebral blood flow

In the fifth study (Chapter 8), cerebral perfusion was assessed by measurement of
blood flow velocity (Vmen) in the left middle cerebral artery (MCA). The MCA was
insonated through the temporal ‘window’ in front of the ear and above the zygomatic arch
using a 2 MHz pulsed wave transcranial Doppler ultrasound probe (Multidop X, DWL,
Sipplingen, Germany) with online spectrum analysis. After the optimal signal was
achieved, the probe was attached to an adjustable headband and fixed in position using
adhesive ultrasonic gel (Tensive, Parker Laboratories, Orange, NJ, USA). MCA Viean Was
expressed in cm/s, and the cerebral vascular conductance index (CVCi) was calculated as

MCA Viean / mean BP.

3.2.5 Expired carbon dioxide

In the fifth study (Chapter 8), end-tidal partial pressure of carbon dioxide (PgrCO,)
was obtained from a capnogram acquired by means of a nasal cannula connected to a rapid
response infrared CO, analyser (Servomex 1440, Crowborough, East Sussex, UK). Before
each experimental session, the CO, analyser was calibrated using gases with known

concentrations of CO,.

3.2.6 Near infrared spectroscopy

In the forth study (Chapter 7), tissue oxygenation measurements were performed
using near-infrared spectroscopy (NIRS; OxiplexTS, ISS Inc., Champaign, USA). NIRS
utilises near-infrared light in order to detect oxygen absorption-dependent changes of
haemoglobin and myoglobin. Due to the nearly identical absorption spectra of
haemoglobin and myoglobin it is not possible to distinguish between them (Hansen et al.,

1996). In addition, tissue oxygenation measurements using NIRS are limited to the skeletal
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muscle microcirculation. Due to the absorption properties of large arteries and veins, NIRS
provides a beat-to beat estimate of oxygen delivery relative to the consumption (Wray et
al., 2004a). A sensor with two optic fibre bundles with an optode separation of three cm
was placed on the skin over the region of the flexor digitorum profundus, the muscle
mainly involved in forearm exercise, approximately three cm below the antecubital fossa.
The probe was secured to the forearm using elastic bandages and covered with a towel to
minimize light penetration of the optodes. NIRS signals at two wavelengths (750 and 830
nm) were sampled at a rate of 100 Hz and translated into optical densities using known

algorithms (Hansen et al., 1996) and digitally stored for later analysis.

3.3 Interventions

3.3.1 Rhythmic handgrip exercise

In the first and third to fifth study (Chapter 4 & 6-8), participants were seated in a
semi-recumbent position on a medical examination table with a custom made handgrip
dynamometer held in the right hand, while the arm was supported on an adjustable bedside
table. MVC was determined as the highest force produced during three-to-five efforts, each
separated by one minute. The force exerted by the subject during the experimental
protocol, expressed as a percentage of maximum, was continuously recorded and displayed
on a computer screen positioned in front of the subject at eye level. Rhythmic handgrip
exercise was performed at a duty cycle of 1 second contraction — 2 seconds relaxation (20
contractions per minute) in all studies apart from study 4 (Chapter 7), where a contraction

cycle (1 %2 seconds contraction 1 %2 seconds relaxation) was used.
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3.3.2 Dynamic leg cycling

In the first and second study (Chapter 4&S5), participants performed leg cycling
exercise in a semi-recumbent position at a constant rate of 60 revolutions per minute using
a customised electrically braked cycle ergometer (Angio, Lode, Groeningen, The

Netherlands).

3.3.3 Partial flow-restriction

In the first to third study (Chapters 4-6), blood flow to the exercising skeletal
muscle was partially restricted by (i) bilateral thigh cuff inflation to 100 mmHg during leg
cycling or (ii) upper arm cuff inflation to 80, 100 and 120 mmHg during rhythmic handgrip
exercise. A rapid inflation device was used to obtain and sustain the target pressure during
exercise (E20, Hokanson, Bellevue, WA, USA). Cuff inflation evokes a reduction in blood
flow to the exercising skeletal muscle, which causes accumulation of muscle metabolites,
thus activating metabolically sensitive skeletal muscle afferent nerve fibres (i.e. muscle

metaboreflex).

3.3.4 Oscillatory neck pressure & neck suction

In the forth study (Chapter 7), the neck chamber technique was used with five
second pulses of NP at +40 and NS at -60 Torr to selectively unload (i.e. NP; simulated
carotid hypotension) and load (i.e. NS; simulated carotid hypertension) the carotid
baroreceptors. These intensities of stimulation were chosen to produce near maximal
physiological amounts of carotid hypotension and hypertension. For the application of NP
and NS a malleable lead neck collar was fitted around the anterior two-third of the neck.

Pressure changes in the neck collar were generated from a custom made variable pressure
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source. A pressure transducer (model BTEMSP350D, Sensortechnics, Puchheim,
Germany) connected to a port on the neck collar accurately amplified the applied stimulus.

NP and NS were applied in an oscillatory manner at 0.1 Hz (i.e. 5 seconds on, 5
seconds off) for 5 minutes to determine the degree of CBR control over RRI and BP (Wray
et al., 2004a). The oscillations in carotid sinus transmural pressure were applied at 0.1 Hz
to separate the CBR-entrainment of cardiovascular and haemodynamic variables from
breathing-induced cardiac oscillations (e.g. respiratory sinus arrhythmia), which occur
predominantly at frequencies between 0.15 to 0.5 Hz (Pagani et al., 1997, Saul et al.,
1991).

To familiarize the subjects with the neck chamber 5 second pulses of NP were
initially applied at a very low level followed by pulses of gradually increasing pressure
intensity until the target of 40 Torr was reached. In a next step NP was applied in an
oscillatory manner (5 seconds on; 5 seconds off) for 30 seconds to ensure the subjects
maintained the breathing rate observed without CBR stimulation. The familiarisation with

NS to a target pressure of -60 Torr was conducted in a similarly fashion.

3.3.5 Cold pressor test

In the fifth study (Chapter 8), the CPT was employed to stimulate the sympathetic
nervous system (Hines and Brown, 1933, Victor et al., 1987a). The subject’s bare foot was
passively placed in ice-cold water at 4 °C for 2 minutes. Prior to each CPT the water
temperature was measured using a thermometer and by adding or removing ice from the

bucket to ensure the CPT was always performed in the right temperature.
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3.4 Data analysis

3.4.1 Spike

For all five studies, all signals were sampled by an analogue-to-digital converter
(Cambridge Electronic Design 1401plus, Cambridge, UK) at 1 kHz. Data was recorded
and displayed using Spike 2 software (CED, Cambridge, UK). Customized Spike 2 script
files were used offline to determine beat-to-beat values for systolic BP, diastolic BP, mean
BP, HR and RRI (all studies) and FBV (only study 5 in Chapter 8) and the text output was

imported into Microsoft Excel.

3.4.2 Spontaneous cardiac baroreflex sensitivity

In the first to third study (Chapter 4-6), the sequence technique was used to
estimate spontaneous cBRS (Fisher et al., 2009, Iellamo et al., 1997). A customized Spike
2 script file was used off-line to detect sequences of three or more consecutive beats,
during which systolic BP and RRI changed in the same direction, or systolic BP and HR
changed in an opposite direction (i.e. arterial baroreflex sequences). A linear regression
was applied to each individual sequence and only those sequences in which r* was greater
than 0.85 were accepted. The slope values derived from the regression analysis provide an
index of cardiac vagal tone. This is evidenced by the almost completely abolished slope of
the regression line after injection of atropine, a potent anticholinergic drug, blocking vagal

activity to the heart (Parati et al., 2000, Parlow et al., 1995).

3.4.3 Heart rate variability

In the first study (Chapter 4), time domain HR variability was estimated using the

square root of the mean of the successive differences between adjacent RRI’s (RMSSD)
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(Task, 1996). RMSSD has been suggested to reflect short-term high frequency variability
of HR and therefore provides a measure of cardiac parasympathetic activity (i.e. vagal

tone) (Chess et al., 1975).

3.4.4 Stroke volume & cardiac output

In the fifth study (Chapter 8), SV was calculated off-line from the BP waveform
(re-sampled at 100Hz) using a Modelflow software program incorporating the BeatScope
version 1.0 software (TNOTPD, Biomedical Instrumentation, Amsterdam, The
Netherlands) (Jansen et al., 2001). CO was calculated using the formula:

CO=SV - -HR
The Modelflow method has been shown to reliably estimate rapid changes in CO during a
variety of experimental protocols, including exercise (Bogert and van Lieshout, 2005, Kim

etal., 2011).

3.4.5 Post hoc analysis & significance level

Statistical test performed in each study are separately described in the method
section of each experimental chapter. To investigate significant main effects and
interactions, post hoc analysis was generally employed using Students t-tests with
Bonferoni correction. The level of statistical significance was set at P<0.05. SPSS for
Windows (IBM Corporation, Somers, NY, USA) was used for all statistical analyses. Data

are presented as mean + standard error of measurements (SEM).
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CHAPTER 4: EFFECT OF MUSCLE METABOREFLEX

ACTIVATION ON SPONTANEOUS CARDIAC

BAROREFLEX SENSITIVITY DURING DYNAMIC

EXERCISE IN HUMANS
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4.1 Introduction

The arterial baroreflex plays a key role in maintaining short-term arterial BP
homeostasis by adjusting efferent autonomic outflow to the heart and the peripheral
vasculature. During dynamic exercise, the arterial baroreflex is reset and remains operative
around the prevailing BP and HR (Bevegard and Shepherd, 1966, Coote and Dodds, 1976,
Papelier et al., 1994, Potts et al., 1993). This resetting is attributable to the actions and
interactions of neural signals arising from higher brain centres (central command)
(Gallagher et al., 2001c, Iellamo et al., 1997, Mcllveen et al., 2001, Ogoh et al., 2002b)
and feedback from group IIl and IV sensory afferents in response to metabolic and
mechanical stimuli within exercising skeletal muscles (muscle metaboreflex and
mechanoreflex) (Gallagher et al., 2001b, Iellamo et al., 1997, Mcllveen et al., 2001, Smith
et al., 2003).

Concomitant with the resetting of the arterial baroreflex during dynamic exercise,
cardiac baroreflex sensitivity (cBRS) has been shown to be reduced when estimated from
the relationship between spontaneous fluctuations in BP and HR (Iellamo et al., 1999b,
Ogoh et al., 2005b, Sala-Mercado et al., 2010, Sala-Mercado et al., 2007). Such measures
of cBRS have been reported to be associated with the operating point (i.e. point at which
HR is regulated) of the full baroreflex stimulus-response curve and during dynamic
exercise the gain or sensitivity at the operating point is reduced (Fisher et al., 2007, Fisher
et al., 2009, Ogoh et al., 2005b). This is because, during dynamic exercise, the operating
point is relocated away from the point of maximal baroreflex sensitivity at the centre of the
baroreflex function curve (i.e. centring point) and towards the reflex threshold to a locus of
lesser gain (Ogoh et al., 2005b). This phenomenon has been attributed to an exercise-
induced reduction in cardiac parasympathetic tone (Ogoh et al., 2005b). However, the

precise mechanism(s) underlying the reduction in spontaneous cBRS reported during
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dynamic exercise is unclear. Notably, the effect of the muscle metaboreflex on
spontaneous cBRS remains particularly controversial and incompletely understood.
Humans studies have reported that cBRS is unchanged during isolated activation of
the muscle metaboreflex during a period of post-exercise ischemia (PEI) following static
handgrip (Cui et al., 2001, Fisher et al., 2010, Fisher et al., 2008, Ichinose et al., 2002,
Iellamo et al., 1999b, Spaak et al., 1998), calf plantar flexion (Drew et al., 2008a) or single
leg extensor exercise (Iellamo et al., 1999a). This technique involves the inflation of a
suprasystolic pressure cuff proximal to the exercising muscles to arrest the circulation just
prior exercise cessation, thus trapping exercise metabolites within the muscle and
sustaining the activation of metabolically sensitive muscle afferents (Alam and Smirk,
1937). In canines, muscle metaboreflex activation has been evoked by hypoperfusion of
the exercising skeletal muscle, via inflation of a pneumatic occluder placed around the
terminal aorta (Sala-Mercado et al., 2010, Sala-Mercado et al., 2007). In contrast to studies
in humans, activation of the muscle metaboreflex by hypoperfusion of the active skeletal
muscles of dogs during treadmill running has been shown to evoke a reduction in
spontaneous cBRS (Sala-Mercado et al., 2007). Although species-related differences in
cardiac autonomic control may contribute to such discrepant findings, an alternative
explanation for these contrasting observations relates to methodological differences
employed to activate the muscle metaboreflex and/or the exercise modality utilized.
Cardiac autonomic activity may be profoundly different when the muscle
metaboreflex is isolated during PEI compared to when it is activated by flow restriction
during exercise. Augmented muscle metaboreflex activation during dynamic exercise, at a
time when central command and muscle mechanoreflex are also active, causes an elevation
in HR due to an increase in cardiac sympathetic activity and/or reduction in cardiac

parasympathetic activity (Bonde-Petersen et al., 1978, O'Leary, 1993, Sala-Mercado et al.,
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2010, Sala-Mercado et al., 2007, Sun et al., 1993, Sundberg and Kaijser, 1992, Wyss et al.,
1983). In contrast, HR has been shown to remain at baseline levels during isolated muscle
metaboreflex activation with PEI following handgrip, single calf plantar flexion or single
leg extensor exercise (no central command or muscle mechanoreflex) (Cui et al., 2001,
Drew et al., 2008a, Fisher et al., 2010, Fisher et al., 2008, Ichinose et al., 2002, Iellamo et
al., 1999a, lellamo et al., 1999b, Spaak et al., 1998). A potential explanation for this is that
the robust reactivation of cardiac parasympathetic tone during PEI masks the potential
tachycardic effect of an elevation in cardiac sympathetic activity (Fisher et al., 2010,
O'Leary, 1993). Such differences in cardiac autonomic activity may mean that the mode of
muscle metaboreflex activation (i.e. post vs. during exercise) differentially affects
spontaneous cBRS, and the elevated cardiac parasympathetic tone during PEI may obscure
the inhibitory actions of muscle metaboreflex activation on c¢BRS. Furthermore, the
seminal work of Alam and Smirk (1938) has identified that when PEI was used following
dynamic calf plantar flexion of both legs, HR remained elevated, unlike following
handgrip exercise where no change in HR from baseline was noted. Such apparent
specificity in the metaboreflex control of HR, indicates that the question of whether muscle
metaboreflex activation reduces ¢cBRS during dynamic exercise of a large muscle mass
(e.g. leg cycling) cannot be accurately addressed by studies using small muscle mass
exercise (e.g. handgrip).

It is presently unknown whether activation of the muscle metaboreflex by
restricting skeletal muscle perfusion during exercise evokes a decrease in spontaneous
cBRS in humans, as previously reported in canines. To address this, the sequence
technique was used to calculate spontaneous cBRS during low and moderate leg cycling
under conditions of both free-flow and partial flow-restriction, and during PEI. ¢cBRS was

also examined during rhythmic handgrip with free-flow and partial flow-restriction, and
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followed by PEI It was hypothesised that spontaneous ¢cBRS would be decreased by
metaboreflex activation during leg cycling with partially restricted flow and during PEI,
but such muscle metaboreflex-mediated changes in ¢cBRS would not be evident during

handgrip.

4.2 Methods

4.2.1 Subjects

Fifteen male subjects volunteered to participate in the present study. Their mean
age, weight and height (mean+standard deviation) was 2244 years, 78+9 kg and 181+£5 cm,

respectively.

4.2.2 Experimental measurements

In both protocols HR and BP were measured continuously and mean BP was
calculated (see Section 3.2.1. for details). During protocol 2 (rhythmic handgrip exercise)
FBV and diameter from the brachial artery of the right arm were obtained by Doppler
ultrasound (Philips Envisor, Andover, MA, USA) with velocity measurements taken as an
average over 10 cardiac cycles, and 3 measures made at each experimental phase. FVC

calculated and corrected for lean forearm mass (see Sections 3.2.2 & 3.2.3 for details).

4.2.3 Experimental procedures

Protocol 1: Leg cycling exercise. Subjects performed leg cycling exercise in a

semi-recumbent position at a constant rate of 60 revolutions per minute using a customised
electrically braked cycle ergometer (Angio, Lode, Groeningen, The Netherlands). After a 3

minute resting baseline period, subjects performed 10’2 minutes of leg cycling at a low
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intensity workload (Ex90; target HR of 90 beats'min™'; 26+4 Watts), followed by 10%
minutes of leg cycling at a moderate intensity workload (Ex120; target HR of 120
beats'min™'; 105+7 Watts) (Figure 4.1). The first 3% minutes of each workload were used
to adjust the resistance in order to reach the target HR, following which the workload was
kept constant for 7 minutes. Two trials were conducted in a counterbalanced order and
separated by at least 30 minutes to ensure the baseline physiological status was re-
established. In one trial, bilateral thigh cuffs were inflated to 100 mmHg (E20, Hokanson,
Bellevue, WA, USA) during the last 3 2 minutes of each exercise workload (at low and
moderate intensity) in order to partially restrict the blood flow to the exercising muscles
and engage the muscle metaboreflex (see Section 3.3.3 for details). The other trial served
as a time control, as the thigh-cuffs were not inflated and exercise was performed under
free-flow conditions. Ratings of perceived exertion (RPE) were obtained during leg cycling
using the standard 6 — 20 Borg scale (Borg, 1998). Ten seconds before the end of exercise
in both trials, thigh cuff pressure was increased to 230 mmHg and a 3 ' minute period of

PEI was undertaken to isolate muscle metaboreflex activation.

€--=-=-=-- >
A) Free-flow trial ]
€------ > <------ > €------ > <------ > €------ > ’ .
Rest Leg Cycling Ex90 Leg Cycling Ex120 Recovery
| | | | |
0 3 6.30 10 13.30 17 20.30 24 27.30 min
B) Partial flow-restriction trial € >
<------ >  &==---- PEI
U > U > U +230 mmHg
Rest Leg Cycling Ex90 Leg Cycling Ex120 Recovery
| | | | | | 1
0 3 6.30 10 13.30 17 20.30 24 27.30 min
1 min

Figure 4.1. Schematic representation of experimental protocol 1, comprising of leg cycling
exercise under free-flow conditions (Trial A) and with partial flow-restriction (Trial B).
Dashed lines in indicate time of data acquisition.
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In a subset of eight subjects, two identical trials of moderate intensity leg cycling
exercise were performed in a counterbalanced order (3 72 minutes warm-up, followed by 3
72 minutes at 139+14 Watts). In one trial a period of PEI followed exercise, while in the
other trial recovery was conducted under free-flow conditions.

Protocol 2: Rhythmic handgrip exercise. Subjects performed rhythmic handgrip

exercise in a semi-recumbent position using a custom built handgrip dynamometer held in
the right hand, while the arm was supported on an adjustable bedside table. After MVC
was determined (see Section 3.3.1) subjects rested for 15 minutes. Rhythmic handgrip
exercise was performed at a duty cycle of 1 second contraction — 2 seconds relaxation (20
contractions per minute) to allow blood velocity and diameter measurements during
exercise (Dinenno and Joyner, 2003, Hartwich et al., 2010). After a 3 minute resting
baseline period, subjects performed 17 2 minutes of rhythmic handgrip exercise at 35% of
MVC (Figure 4.2). The first 3 2 minutes were used to attain steady state exercise
conditions. Two trials were conducted in a counterbalanced order and separated by at least
20 minutes, to ensure the baseline physiological status was re-established. In one trial, after
7 minutes of handgrip exercise a pressure-cuff around the exercising upper arm was
rapidly inflated to 80 mmHg (E20, Hokanson, Bellevue, WA, USA). After 3 2 minutes
arm cuff pressure was increased to 100 mmHg, and after a further 3 2 minutes arm cuff
pressure was increased to 120 mmHg. This manoeuvre was performed in order to restrict
the blood flow to the exercising muscles and engage the muscle metaboreflex. The other
trial served as a time control, as the pressure cuff was not inflated during handgrip and
exercise was performed under free-flow conditions. Ten seconds before the end of
exercise, the arm cuff pressure was increased to 230 mmHg and a 3 2 minute period of
PEI undertaken. An RPE was obtained during handgrip exercise using the standard 6 — 20

Borg scale (Borg, 1998).
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A) Free-flow trial

Recovery
| | | | | |

0 3 6.30 10 13.30 17 20.30 24 min

PEI
+100mmHg +120mmHg +230mmHg
Rest Handgrip Recovery
| | | | | 1
0 3 6.30 10 13.30 17 20.30 24 min
1 min

Figure 4.2. Schematic representation of experimental protocol 2, comprising of rhythmic
handgrip exercise under free-flow conditions (Trial A) and handgrip exercise with partial
flow-restriction (Trial B). Dashed lines in indicate time of data acquisition.

4.2.4  Data analysis

After determination of beat-to-beat values for each variable (systolic, diastolic,
mean BP, HR, RRI), spontaneous ¢cBRS was calculated using the sequence technique
(Section 3.4.2) and time domain HR variability was calculated (Section 3.4.3). For each
trial, cBRS and cardiovascular data were averaged over a 3 minute period for each of the
experimental phases (indicated with dashed lines in Figure 4.1 and 4.2). Physiological data
were statistically analysed using two-way repeated measures ANOVA, in which the main
factors were trial (free-flow or partial flow-restriction) and time (Protocol 1 - Rest, Ex90,
Ex90 free-flow or partially restricted-flow, Ex120 and Ex120 free-flow or partially
restricted-flow, PEI; Protocol 2 - Rest, Ex, Ex free-flow or partially restricted-flow +80, Ex
free-flow or partially restricted-flow +100, and Ex free-flow or partially restricted-flow

+120).
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4.3 Results

4.3.1 Protocol 1: Leg cycling exercise.

Resting HR, RRI, BP, RMSSD and cBRS were similar in both the free-flow and
restricted-flow trials (Figures 4.3 and 4.4, Table 4.1). Dynamic leg cycling at a low
intensity workload elicited a significant increase in HR (+22+2 b-min™") and systolic BP,
while diastolic BP and mean BP remained unchanged from rest (Figure 4.3, Table 4.1).
During moderate intensity leg cycling, HR (+55+3 b'min™"), systolic BP and mean BP
(+1242 mmHg) were all significantly elevated above resting levels, while diastolic BP
tended to fall. RRI was significantly decreased during exercise in an intensity dependent
manner (Table 4.1). cBRS was decreased from rest during low intensity exercise, and
further decreased from rest during moderate intensity exercise (RRI-cBRS, 16+2, 7+1,
2+0.2 ms'mmHg™ at rest, low and moderate leg cycling, respectively; P<0.05; Figure 4.4).
RMSSD was similarly reduced in an exercise intensity dependent manner (Table 4.1). RPE
was significantly increased from low (8+0.4 au) to moderate (13+0.5 au) intensity leg
cycling.

Muscle metaboreflex activation, with partial flow-restriction to the exercising
skeletal muscles, evoked a significant decrease in RRI and increase in HR during both low
and moderate intensity exercise (+6+2 b'min” and +13+2 b-min™, P<0.05 vs. free-flow
trial; Figure 4.4). Muscle metaboreflex activation also increased mean BP by +17+1
mmHg and +17+2 mmHg at low and moderate exercise intensities (P<0.05 vs. free-flow
trial; Figure 4.4). cBRS was significantly attenuated by muscle metaboreflex activation
during low and moderate intensity leg cycling (RRI-cBRS, -2.6+0.8 and -0.4+0.1
ms-mmHg"'; P<0.05 vs. free-flow trial; Figures 4.5&4.6). Notably, the muscle
metaboreflex-mediated reduction in cBRS was more pronounced during low intensity leg
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cycling than during moderate intensity leg cycling (Figure 4.5). Muscle metaboreflex
activation also reduced RMSSD during low but not moderate intensity leg cycling (Table
4.1). The relationship between RRI and RRI-cBRS, and HR and HR-cBRS were non-linear
(Figure 4.6). The effect of dynamic exercise with or without partial flow-restriction on
cBRS were similar irrespective of whether cBRS was analysed using either HR or RRI.
Partial flow-restriction during exercise evoked a marked increase in RPE at both low
(11£0.5 au) and moderate (16+0.4 au) exercise intensities (P<0.05 vs. free-flow trial).
Isolated muscle metaboreflex activation during PEI following leg cycling with
partial flow restriction maintained a pronounced elevation in mean BP (+32+2 mmHg) and
HR (+44+3 b-min™) from rest (P<0.05), while cBRS remained suppressed (P<0.05 vs. rest)
irrespective of whether ¢cBRS was analysed using either HR or RRI. RMSSD also
remained suppressed during PEI following leg cycling with partial flow restriction (Table
4.1). In the subset of subjects who performed separate trials of leg cycling under free-flow
conditions followed either PEI or recovery under free-flow conditions, cBRS and RMSSD
were significantly reduced during PEI (RRI-cBRS, 6+2 and 15+4 ms'mmHg "', RMSSD,
26+12 vs. 54+15 ms; P<0.05 PEI vs. free-flow recovery). In contrast, the increase from
rest in mean BP and HR was significantly greater during PEI compared to recovery under
free-flow conditions (+32+2 vs. +3+2 mmHg, +29+6 vs. +15+3 b'min™'; P<0.05 PEI vs.

free-flow recovery).
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Table 4.1. Selected physiological variables at rest and low and moderate leg cycling during the free-flow and partial flow-restriction

experimental trials

Rest Ex 90 Ex 90 Ex 120 Ex 120 PEI
€S X X
FF/PFR FF/PFR
Systolic BP (mmHg)
FF 121 +3 132+£3 * 134+ 3 * 163 £ 5 *7 164 £ 5 *f 161 £ 5 *7
PFR 119+2 132 +£3 % 148 £ 3 *1# 163 £ 5 *f 185+ 4 *ti# 170 £ 4 *i#
Diastolic BP (mmHg)
FF 60+ 1 60 +2 59+ 1 57+2 57+2 82 +£2 *ti
PFR 64+ 2 # 62+3 77 £ 2 *7# 58+2 T4+ 2 i# 86 £ 3 *T1
RRI (ms)
FF 961 + 37 701 £ 10 * 693 £ 10 * 504 + 5 *+ 492 £ 5 *7% 673 £20 *}
PFR 965 + 39 710+ 12 * 651 + 15 *i# 508 = 7 * 444 £ 7 *Fi# 569 + 20 *{i#
RMSSD (ms)
FF 54+5 25+ 4% 24 +£3* 6+1*Ff 5+1 *f 26+ 4 *;
PFR 59+6 26+ 3 * 17 + 3 *i# 6+1*F 5+£2*f 16+ 3 *i#

Values are mean+=SEM. FF, free-flow; PFR, partial flow-restriction; BP, blood pressure; RRI, R-R interval; RMSSD, square root of the
mean of the sum of successive differences in R-R interval; Ex90, leg cycling at target HR of 90 b-min™'; Ex120, leg cycling at target HR
of 120 b-min™"; PEL post exercise ischemia. * P<0.05 vs. Rest of corresponding trial; T P<0.05 vs. Ex90 of corresponding trial; £ P<0.05

vs. Ex120 of corresponding trial; # P<0.05 vs. FF trial at corresponding time point.
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Figure 4.3. Mean arterial blood pressure (BP; panel A) and heart rate (HR; panel B) at rest
and during dynamic leg cycling under free-flow conditions (white bars) and with partial
flow-restriction (black bars). FF, free-flow; PFR, partial flow-restriction, BP, blood
pressure; RRI, R-R interval; Ex90, leg cycling at target HR of 90 b-min™; Ex120, leg
cycling at target HR of 120 b'min™'; PEL post exercise ischemia. * P<0.05 vs. Rest of
corresponding trial; T P<0.05 vs. Ex90 of corresponding trial; § P<0.05 vs. Ex120 of
corresponding trial; # P<0.05 vs. FF trial at corresponding time point.
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Figure 4.4. Spontaneous cardiac baroreflex sensitivity (cBRS) at rest and during dynamic
leg cycling under free-flow conditions (white bars) and with partial flow-restriction (black
bars). Spontaneous cBRS calculated using either R-R interval (RRI-cBRS, panel A) or
heart rate (HR-cBRS, panel B). FF, free-flow; PFR, partial flow-restriction; BP, blood
pressure; RRI, R-R interval; Ex90, leg cycling at target HR of 90 b-min™; Ex120, leg
cycling at target HR of 120 b'min™'; PEL post exercise ischemia. * P<0.05 vs. Rest of
corresponding trial; ¥ P<0.05 vs. Ex90 of corresponding trial; § P<0.05 vs. Ex120 of
corresponding trial; # P<0.05 vs. FF trial at corresponding time point.

80



CHAPTER 4

A Ex90 Ex120

TP W
g -1 * S 27
£ = . o v

- 4 A

2 2 ., §um.
wn 21 (7)) -2 1 é
hd X, n
m m A
Q Q A
r r O g
4 X g
< g - A

4 -10

B Ex90 Ex120
‘Tc» 0.4 - Tm 0.8 -
£ : :
£ = 0.6 1 z
F'- 0.3 7 “' \T.
c £ 04
£ £ 5
»n ) A v
T 0.2 - T 0.2 - a ¥
() (O] é ¥
L * S A k4 *
7)) v 0.0 v
X o1 - o SR
mcf: o -0.2
x x A
< 00 < 04
Ex90 Ex120 Ex90 Ex120

Figure 4.5. Change in spontaneous cardiac baroreflex sensitivity (¢cBRS) induced by partial
flow-restriction versus free-flow trial at low (grey bars) and moderate (grey hatched bars)
exercise intensities. Boxes on right indicate the average reduction in ¢cBRS at low (grey
box) and moderate (grey hatched box) exercise intensities. Whiskers indicate the 5" and
95 percentile. Individual data are presented in triangles during low (upwards triangles)
and moderate (downwards triangles) intensity leg cycling. Spontaneous cBRS calculated
using either R-R interval (RRI-cBRS, panel A) or heart rate (HR-cBRS, panel B). *
P<0.05, significantly different from Ex90.
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Figure 4.6. Relationship between heart rate (HR) and spontaneous cardiac baroreflex
sensitivity (HR-cBRS, panel A) and R-R interval and ¢cBRS (RRI-cBRS, panel B).
Triangles represent group average data during the partial flow-restriction trial.
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4.3.2 Protocol 2: Rhythmic handgrip exercise

Resting BP, HR, FBF, RRI, RMSSD and cBRS were similar in both the free-flow
and restricted-flow trials (Figures 4.7&4.8, Table 4.2). Rhythmic handgrip exercise elicited
a significant increase in BP, HR and FBF from rest, under free flow conditions, while RRI
was reduced and cBRS remained unchanged (Figures 4.7&4.8, Table 4.2). Arm cuff
inflation during rhythmic handgrip exercise evoked a graded reduction in FBF compared to
the free-flow trial, such that FBF during rhythmic handgrip was reduced by -126+24, -
187421 and -211£19 ml'min™'kg" during the Ex+80, Ex+100 and Ex+120 conditions
(P<0.05; equivalent to a reduction of -24+4, -35+2, and -38+2 %, from the respective free-
flow value, during the Ex+80, Ex+100 and Ex+120 conditions; Figure 4.7). Muscle
metaboreflex activation, during incremental partial flow-restriction to the exercising
skeletal muscles, evoked an increase in mean BP and HR (P<0.05 vs. free-flow trial;
Figure 4.7), whereas ¢cBRS was unchanged (P>0.05 vs. free-flow trial; Figure 4.8). RPE
was 10+1 au during the early phase of rhythmic handgrip under free-flow conditions and
increased progressively to 12+1, 13+1, and 15+0.5 au, during the Ex+80, Ex+100 and
Ex+120 conditions. Isolated muscle metaboreflex activation, during PEI following
rhythmic handgrip exercise, partially maintained the exercise-induced increase in mean
BP, while HR returned to baseline (Figure 4.7). cBRS and RMSSD were unchanged from
rest during PEI following rhythmic handgrip exercise (Table 4.2, Figure 4.8), indicated by
no main effects of phase (P=0.486 and P=0.246 for RRI-cBRS and HR-cBRS,
respectively) and trial (P=0.113 and P=0.159 for RRI-cBRS and HR-cBRS, respectively)
and no significant interactions (P=0.183 and P=0.664 for RRI-cBRS and HR-cBRS,

respectively).
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Table 4.2. Selected physiological variables at rest, handgrip exercise and post exercise ischemia during the free-flow and graded partial

flow-restriction experimental trials

Ex Ex Ex
Rest Ex PEI
FF/+80 FF/+100 FF/+120
Systolic BP (mmHg)
FF 127+ 4 1454 * 146 £4 * 148 £5* 152 +5*§ 140 + 4 *$§
PFR 126+ 4 145+ 5* 149 £ 5 * 153 £5 *71 162 £ 6 *T1$# 152 + 5 *#
Diastolic BP (mmHg)
FF 63+2 T2 £2 % T2+£2% 73+£2* 75+2* 68 + 2 *11$§
PFR 60+2# 69 + 2 *# 71+ 2 *F 74+ 2 *Fi 79 £ 3 *Ti$# 72 + 3 *#
RRI (ms)
FF 1024 + 44 927 +48 * 920 + 47 * 916 £48 * 903 +48 * 1034 + 49 Ti$§
PFR 1016 + 40 906 + 39 # 888 + 36 *7 858 + 36 *¥ 831+ 37 *ti$ 1009 + 54 *T1$#
RMSSD (ms)
FF 59+6 60+ 8 62+9 67+9 67+9 61+7
PFR 56+ 6 58+8 58+9 56+ 8 57+9 63+8

Values are mean+SEM. FF, free-flow; PFR, partial flow-restriction; BP, blood pressure; RRI, R-R interval; RMSSD, square root of the
mean of the sum of successive differences in R-R interval; Ex, rhythmic handgrip exercise at 35% of maximum voluntary contraction;
Ex+/-80, Ex+/-100 and Ex+/-120, handgrip exercise with or without upper arm cuff inflation to 80, 100 and 120 mmHg, respectively;
PEI post exercise ischemia. * P<(0.05 vs. Rest of corresponding trial; T P<0.05 vs. Ex of corresponding trial; § P<0.05 vs. Ex FF/+80 of
corresponding trial; $ P<0.05 vs. Ex FF/+100 of corresponding trial; § P<0.05 vs. Ex FF/+120 of corresponding trial; # P<0.05 vs. FF
trial at corresponding time point.
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Figure 4.7. Mean arterial blood pressure (BP; panel A), heart rate (HR; panel B) and forearm blood flow (FBF; panel C) at rest, during
rhythmic handgrip exercise under free-flow conditions (white bars) and with partial flow-restriction (black bars). FF, free-flow; PFR, partial
flow-restriction; BP, blood pressure; RRI, R-R interval; Ex, rhythmic handgrip exercise at 35% of maximum voluntary contraction; Ex
FF/+80, Ex FF/+100 and Ex FF/+120, handgrip exercise without or with upper arm cuff inflation to 80, 100 and 120 mmHg, respectively; PEI,
post exercise ischemia. * P<(0.05 vs. Rest of corresponding trial; 7 P<0.05 vs. Ex of corresponding trial; § P<0.05 vs. Ex FF/+80 of
corresponding trial; $ P<0.05 vs. Ex FF/+100 of corresponding trial; § P<0.05 vs. Ex FF/+120 of corresponding trial; # P<0.05 vs. FF trial at

corresponding time point.

H MALIVH)



CHAPTER 4

A —— Free-flow (FF)
mmmm Partial flow-restriction
30 -
gy [ | T 1
£ 1
S 20 - 1
wn
E 5|
n
Y
m 10 -
Q
oY ]
v 5
0
B Rest Ex Ex Ex Ex PEI
FF/+80 FF/+100 FF/+120
< 0.0
(®))]
=
£ -0.4 -
c
g -0.8 -
®
® 1T
3 -1.2 -
N
¥ 117 I
_1 6 i
; 1 T
e
I -20-

Figure 4.8. Spontaneous cardiac baroreflex sensitivity (¢cBRS) at rest, during handgrip
exercise under free-flow conditions (white bars) and with graded partial flow-restriction
(black bars). Spontaneous ¢cBRS calculated using either R-R interval (RRI-cBRS, panel
A) or heart rate (HR-cBRS, panel B). FF, free-flow; PFR, partial flow-restriction; RRI,
R-R interval; Ex, rhythmic handgrip exercise at 35% of maximum voluntary
contraction; Ex FF/+80, Ex FF/+100 and Ex FF/+120, handgrip exercise without or with
upper arm cuff inflation to 80, 100 and 120 mmHg, respectively; PEI, post exercise
ischemia.
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4.4 Discussion

The aim of the present study was to determine whether activation of the muscle
metaboreflex by restricting skeletal muscle perfusion during exercise evokes a decrease
in spontaneous cBRS in humans. The major novel findings of the present investigation
are two-fold: (i) Activation of the muscle metaboreflex during leg cycling exercise by
partial restriction of blood flow to the active skeletal muscles evoked a decrease in
cardiac baroreflex responsiveness (cBRS). (i1) While pronounced reductions in cBRS
were observed during isolated activation of the muscle metaboreflex with PEI following
leg cycling exercise, cBRS was unchanged during PEI following rhythmic handgrip
exercise. Collectively, these data indicate that activation of metabolically sensitive
muscle afferents contributes to the exercise-induced decrease in cBRS during leg
cycling exercise in humans. They also reveal that the effect of muscle metaboreflex
activation on cBRS is specific to the exercise modality studied.

An exercise-intensity dependent decrease in cBRS was observed during dynamic
leg cycling in support of previous work in dogs (Sala-Mercado et al., 2010, Sala-
Mercado et al., 2007) and humans (Iellamo et al., 1998, Ogoh et al., 2005b). Such a
reduction in cBRS is potentially attributable to the activation of central command, the
muscle mechanoreflex and the muscle metaboreflex, which are powerful modulators of
cardiac autonomic activity and baroreflex function, both independently and
interactively. The aim of the present study was to investigate whether the activation of
the muscle metaboreflex is a potential mechanism for the exercise-mediated reduction
in spontaneous cBRS during dynamic exercise of a large muscle mass (i.e. leg cycling).
Previous work in humans from our group (Fisher et al., 2010, Fisher et al., 2008) and
others (Cui et al., 2001, Ichinose et al., 2002, Iellamo et al., 1999b, Spaak et al., 1998)

have demonstrated that cBRS is unchanged from baseline during isolated muscle
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metaboreflex during a period of PEI following handgrip exercise. This is seemingly in
contrast to the findings of the present study and those undertaken in exercising canines
(Sala-Mercado et al., 2010, Sala-Mercado et al., 2007), where augmented activation of
the muscle metaboreflex elicited by partial restriction of blood flow to the active
skeletal muscles has been shown to reduce ¢cBRS. Thus, it appears that methodological
differences in the mode of muscle metaboreflex activation (post vs. during exercise) or
indeed exercise modality can differentially affect spontaneous cBRS.

It is well established that activation of metabolically sensitive afferents elicits an
increase in sympathetic nerve activity to the heart and peripheral vasculature (Fisher et
al., 2010, Mark et al., 1985, O'Leary, 1993). These autonomic adjustments cause
pronounced increases in HR and BP when the muscle metaboreflex is engaged by
hypoperfusion of the dynamically exercising muscles using partial terminal aortic
occlusion in dogs (O'Leary, 1993, Sala-Mercado et al., 2010, Sala-Mercado et al., 2007,
Wyss et al., 1983), or using lower body positive pressure in cycling humans (Bonde-
Petersen et al., 1978, Sun et al., 1993, Sundberg and Kaijser, 1992). However, during
isolated muscle metaboreflex activation with PEI following handgrip exercise, BP
remains elevated while HR returns to resting levels (Fisher et al., 2010, Fisher et al.,
2008, Mark et al., 1985). There is evidence to suggest that the restoration of HR from
end-exercise levels under such circumstances is related to the loss of the inhibitory
actions of central command and/or the muscle mechanoreflex on cardiac
parasympathetic activity at the end of exercise (Fisher et al., 2010, O'Leary, 1993). In
addition, the elevation of BP during PEI may facilitate the robust reactivation of cardiac
parasympathetic tone via the arterial baroreflex, thus masking the potential tachycardic
effects of an elevation in cardiac sympathetic activity (Coote, 2010). Therefore, it is

possible that during PEI the elevated cardiac parasympathetic tone obscures the
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inhibitory actions of muscle metaboreflex activation on cBRS. In the present study,
previous observations that cBRS was unchanged during PEI following handgrip
exercise (Cui et al., 2001, Fisher et al., 2010, Fisher et al., 2008, Ichinose et al., 2002,
Iellamo et al., 1999b, Spaak et al., 1998) were replicated. The current results further
document that cBRS is not altered by augmented muscle metaboreflex activation during
handgrip exercise (partial flow-restriction). However, in contrast cBRS was attenuated
by muscle metaboreflex activation during both leg cycling (partial flow-restriction) and
PEI following leg cycling in the present study. These observations are congruent with
(1) the ground breaking work of Alam and Smirk (1938) who have demonstrated that
HR remained elevated during PEI following dynamic calf plantar flexion of both legs,
but not during PEI following handgrip, and (ii) Blonde-Petersen et al. (1978) who have
shown that HR also remained elevated during PEI following leg cycling exercise. Taken
together, these findings indicate that when examining the interaction between the
muscle metaboreflex and cBRS, the exercise modality employed may be more
important than the means by which muscle metaboreflex activation is achieved. As
such, one cannot accurately elucidate the effect of muscle metaboreflex activation on
cBRS during dynamic exercise of a large muscle mass (e.g. leg cycling) using studies
employiong small muscle mass exercise (e.g. handgrip). Of note, Iellamo et al. (2006)
have reported a maintained ¢cBRS during PEI after leg cycling. However, these
observations should be interpreted with care since the study sample comprised a unique
cohort of four astronauts. As the authors acknowledge, possibly due to the timing of the
experiments (e.g. close to launch) and the age of the participants (45 years compared
with 22 years in the present study), resting cBRS was remarkably low (~4 ms/mmHg

compared with ~16 ms/mmHg in the present study). This may have reduced the chances
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of detecting a reduction in cBRS with metaboreflex activation. This means that direct
comparisons with the present study are difficult.

The sequence technique was used in the present study to provide an estimate of
the integrated ¢cBRS (i.e. carotid and aortic baroreceptors). This method utilizes the
natural and spontaneous beat-to-beat fluctuations in BP and the corresponding short-
term, baroreflex-mediated change in HR (identified according to established criteria).
There is strong evidence to suggest that spontaneous measures of cBRS predominantly
represent alterations in cardiac parasympathetic efferent activity (Fisher et al., 2010,
Ogoh et al., 2005b, Parlow et al., 1995). Indeed, cBRS, estimated using the sequence
technique, is virtually abolished by administration of an anti-cholinergic drug (e.g.
atropine, glycopyrrolate) (Fisher et al., 2010, Parlow et al., 1995). Importantly,
reductions in cBRS during dynamic exercise are also linked to cardiac parasympathetic
withdrawal (Ogoh et al., 2005b). Thus it is tempting to speculate that activation of the
muscle metaboreflex during leg cycling and PEI following leg cycling attenuates cBRS
via a direct reduction in cardiac parasympathetic tone. O’Leary (1993) has reported that
hypoperfusion of the hindlimbs of dogs running on a treadmill increased HR despite
pharmacological blockade of B-adrenoreceptors. These findings support the notion that
muscle metaboreflex activation during leg cycling reduces cardiac parasympathetic
activity thus increasing HR and potentially decreasing ¢cBRS (Sun et al., 1993). In the
present study decreases in spontaneous cBRS and RMSSD with muscle metaboreflex
activation were more marked at low intensity exercise (HR ~90 b-min™") than during
moderate intensity exercise (HR ~120 b-min™). This possibly reflects the greater cardiac
parasympathetic activity available to be inhibited at lower exercise intensities by the
muscle metaboreflex (Robinson et al., 1966). Furthermore, both ¢cBRS and RMSSD

were also reduced during isolated activation of the muscle metaboreflex during PEI.
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Skeletal muscle afferents have been reported to converge on barosensitive cells within
the NTS and cardiac vagal motoneurons within the brain stem and can act to decrease
cardiac baroreflex responsiveness (Iwamoto and Kaufman, 1987, McWilliam and Yang,
1991, Potts, 2006, Potts and Mitchell, 1998). However, the available evidence in
humans indicates that those skeletal muscle afferents evoking alterations in cardiac
parasympathetic activity and cBRS are mechanosensitive rather than metabolically
sensitive (Gladwell and Coote, 2002, Gladwell et al., 2005). Thus, whether the muscle
metaboreflex alters ¢cBRS during leg cycling via a direct effect remains incompletely
understood.

An alternative mechanism by which the bilateral thigh cuff inflation manoeuvre
used to evoke a hypoperfusion of the exercising muscle during leg cycling may
indirectly modulate ¢cBRS is via an increase in intramuscular pressure and consequent
stimulation of mechanically sensitive muscle afferents (Kaufman and Rybicki, 1987).
Isolated activation of the muscle mechanoreflex by passive stretch of the calf muscles
has been reported to cause a reduction in spontaneous cBRS (Drew et al., 2008a), and
an increase HR (+5+3 b-min™) due to a reduction in cardiac parasympathetic nerve
activity (Gladwell and Coote, 2002, Gladwell et al., 2005). However, an increase in HR
with passive stretch was not evident when cardiac parasympathetic tone was reduced
with either glycopyrrolate administration, mild rhythmic handgrip exercise or carotid
baroreceptor unloading (Gladwell et al., 2005). Therefore, it is unlikely that
mechanoreflex activation could wholly account for the reduction in cBRS observed in
the present study when blood flow was obstructed to the exercising muscles during low
and moderate leg cycling (target HR of 90 and 120 b-min™, respectively), as cardiac
parasympathetic tone would be expected to be significantly withdrawn at these

workloads (Robinson et al., 1966). Furthermore, it has been suggested that stretch
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sensitive group III and IV muscle afferents are a distinct population from those
activated by muscular contraction (Hayes et al., 2005). Muscle mechanoreflex
activation has also been experimentally elicited by external calf muscle compression
(Bell and White, 2005). However, the cuff inflation pressure previously used was much
greater than in the present study (300 vs. 100 mmHg) and did not cause any HR
increase. Muscle afferent responses to mechanical stimuli have also been suggested to
be augmented by concomitant accumulation of metabolites in the interstitium (Kaufman
and Rybicki, 1987). Thus, augmenting metabolite accumulation within the exercising
muscle may increase the firing of mechanosensitive muscle afferents. In the present
study, the increases in HR and BP with bilateral thigh cuff inflation during leg cycling
were in excess of the modest cardiovascular responses previously observed in response
to experimental sensitization of muscle mechanoreflex (Bell and White, 2005, Cui et al.,
2008, Drew et al.,, 2008a, Fisher et al., 2005, Middlekauff and Chiu, 2004).
Furthermore, in the present study, cBRS was attenuated during PEI following leg
cycling, when the exercise-induced activation of mechanically sensitive muscle
afferents was presumably absent. In light of these collective findings one might suggest
that the activation of mechanically sensitive muscle afferents is unlikely to explain the
decrease in cBRS with partial restriction of blood flow to the active skeletal muscles
during leg cycling observed in the present study. Nevertheless their possible
contribution cannot be definitively rule out.

An alternative explanation for the reduction in cardiac baroreflex responsiveness
elicited by hypoperfusion of the active skeletal muscles during leg cycling is an increase
in central command. It is possible that bilateral thigh cuff inflation during leg cycling
may decrease mechanical efficiency, thus altering motor unit recruitment strategies and

augmenting central command. Moreover, skeletal muscle afferent feedback may exert
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an inhibitory influence to spinal and supraspinal areas of the central nervous system
(Gandevia, 2001). Activation of metabolically sensitive muscle afferents during
exercise may inhibit alpha motor neurons innervating the skeletal muscle, reducing their
excitability (Amann et al., 2009). This means that additional central drive is required to
maintain the requisite exercise intensity. In support of this, RPE, a measure of the
participants’ sense of effort, historically related to central command (Mitchell, 1990),
was significantly increased by bilateral thigh cuff inflation during leg cycling in the
present study. In humans, central command predominantly alters HR via withdrawal of
parasympathetic tone (Mitchell et al., 1989b) and evokes a movement of the operating
point towards the threshold of the carotid baroreflex function curve (i.e. a point of
reduced sensitivity) (Gallagher et al., 2001c, Ogoh et al., 2002b). As such, a muscle
afferent-induced increase in central command provides a plausible explanation for the
further reduction in parasympathetic tone and spontaneous cBRS observed during
partial flow-restriction during leg cycling in the present study. However, it should be
noted that in exercising dogs, muscle afferent blockade has been shown to abolish the
cardiovascular response to unilateral iliac arterial occlusion during exercise (Kozelka et
al., 1987, Pomeroy et al., 1986). Whether such observations can be translated to humans
remain unclear. Thus, on the basis of the available evidence it appears reasonable that in
humans muscle metaboreflex activation may indirectly reduce spontaneous cBRS
during leg cycling via an increase in central neural drive.

It is possible that muscle metaboreflex-mediated elevations in plasma
noradrenaline may attenuate parasympathetic control of HR and consequently reduce
cBRS (Miyamoto et al., 2003). Miyamoto et al. (2003) have demonstrated that
spontaneous ¢cBRS was attenuated by noradrenaline infusion during vagus nerve

stimulation in anaesthetized rabbits. Although a directly comparable study has not been

93



CHAPTER 4

performed in humans, Taylor et al. (2001) have reported that administration of the -
adrenergic receptor antagonist atenolol augmented respiratory sinus arrhythmia. This
indicated that cardiac sympathetic nerve activity may oppose cardiac parasympathetic
nerve activity in resting humans. However, Ogoh et al. (2005b) have demonstrated that
B-adrenergic blockade had a minimal affect on spontaneous cBRS during dynamic
exercise. As such, it appears unlikely that muscle metaboreflex mediated
sympathoexcitation reduced cBRS in the present study.

Since the sequence technique involves analysis of spontaneous fluctuations in
BP and HR (or RRI) the full arterial baroreflex stimulus-response curve could not be
evaluated. For this reason, it cannot be concluded whether the maximal sensitivity of the
baroreflex has been manipulated by the intervention, or whether the operating point of
the reflex has shifted to a non-linear region of the baroreflex function curve. It has been
suggested that spontaneous measures of cBRS provide the same data as the sensitivity
of the baroreflex at the operating point (Ogoh et al., 2005b, Parati et al., 2000). For this
reason, the present findings are important as they imply that the physiologically active
region of the baroreflex (i.e. the operating point) operates with a reduced sensitivity
during dynamic exercise, possibly due to activation of metabolically sensitive muscle
afferents.

A reduction in blood flow to the exercising skeletal muscles has been effectively
shown to evoke increases in HR and BP using either graded clamping of the terminal
aorta blood flow in treadmill running dogs (Sala-Mercado et al., 2010, Sala-Mercado et
al., 2007, Sheriff et al., 1993) or noninvasively using lower body positive pressure in
cycling humans (Eiken et al., 1992, Gallagher et al., 2001a, Sun et al., 1993, Sundberg
and Kaijser, 1992). In the present study, a comparable cardiovascular response was
elicited by bilateral thigh cuff inflation to 100 mmHg during dynamic leg cycling
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exercise. Previous reports indicate that this manoeuvre evokes a reduction in limb blood
flow, a mismatch between oxygen delivery and demand, an accumulation of workload
related muscle metabolites and the activation of metabolically sensitive skeletal muscle
afferents (Eiken and Bjurstedt, 1987, Eiken et al., 1992). The present measurements of
FBF during rhythmic handgrip confirmed that inflation of a cuff proximal to the
exercising muscles significantly reduced their perfusion. As a suitable methodology
(e.g. femoral venous thermodilution) was not accessible, leg blood flow during cycling
exercise could not be measured. Thus a limitation of the present study is that the
magnitude of the flow restriction during low and moderate cycling workloads could not
be quantified or compared. In addition, it is acknowledged that restriction of venous
outflow from the exercising muscle via thigh-cuff inflation to 100 mmHg is also likely
to evoke venous congestion. This in turn may stimulate mechanosensitive afferents
located in the walls of the vasculature within the skeletal muscle (Cui et al., 2009,
Haouzi et al.,, 1999, McClain et al., 1993). Although stimulation of such sensory
afferents has been shown to evoke a cardiovascular response (Cui et al., 2009, Haouzi et
al., 1999, McClain et al., 1993), it is presently unclear if they modulate cBRS.

The present study examined the effect of muscle metaboreflex activation on the
arterial baroreflex. However, it is recognised that this is a two-way interaction. Work by
Waldrop and Mitchell (1985) and Sheriff et al. (1990) has indicated that the arterial
baroreflex attenuates the pressor response evoked by muscle afferent activation. More
recently, Kim et al. (2005) have demonstrated in dogs that following barodenervation
the muscle metaboreflex-induced increase in CO was attenuated (due to a decrease in
stroke volume). They have also shown that the pressor response was greater compared

to the baro-intact condition. Further studies in humans are required to examine the
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impact of the arterial baroreflex on the strength and mechanisms by which the muscle
metaboreflex modulates BP during exercise (i.e. CO vs. TPR).

In chronic disease conditions that are characterised by a hypoperfusion of the
active skeletal muscles (e.g. peripheral vascular disease, chronic heart failure), the
muscle metaboreflex is not activated in isolation from central command and the muscle
mechanoreflex. Thus, experimental reductions in muscle blood flow to augment the
muscle metaboreflex during exercise may more realistically mimic such clinical
conditions. As such, in light of the cardioprotective properties of parasympathetic tone
(Billman, 2006), the muscle metaboreflex-mediated reduction in cBRS observed in the
present study may have clinical significance for patient populations in whom increased
muscle metaboreflex sensitivity (Piepoli et al., 1996, Scott et al., 2002) and decreased

cBRS (Grassi et al., 1995) have been identified.

4.5 Conclusion

In summary, the findings of the present study indicate that the activation of the
muscle metaboreflex during dynamic leg cycling exercise using partial restriction of the
blood flow to the active skeletal muscles, or during PEI, elicits a decrease in cardiac
baroreflex responsiveness. Overall, the present findings suggest that the activation of
metabolically sensitive muscle afferents plays an important role in the decrease in cBRS

during dynamic exercise involving a large muscle mass in humans.
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5.1 Introduction

As reported in the previous chapter in humans, and as recently demonstrated in
dogs running on a treadmill (Sala-Mercado et al., 2010, Sala-Mercado et al., 2007), the
activation of metabolically sensitive skeletal muscle afferents plays an important role in
the exercise-induced reduction in spontaneous cBRS. However, the potential influences
of sex and/or ovarian hormone concentration remain unclear, as these previous studies
have been conducted predominantly in males.

Sex-differences appear to exist in the arterial baroreflex control of HR at rest.
This is indicated by greater cBRS in female than male rats (Chen and DiCarlo, 1996).
However, in humans results are rather inconsistent, with studies reporting either
increased, decreased or unchanged cBRS in women compared to men (Abdel-Rahman
et al., 1994, Beske et al., 2001, Convertino, 1998, Tank et al., 2005). Also, all these
studies have been conducted at rest, and it is therefore unclear at whether sex-
differences in the arterial baroreflex control of HR exist during exercise. Accumulation
of metabolic by-products activates metabolically sensitive skeletal muscle afferents (i.e.
muscle metaboreflex) (Mark et al., 1985, O'Leary, 1993). Since women have reportedly
a greater proportion of slow-twitch fibres, produce less lactate and have a greater
capacity to oxidize fat compared to men (Komi and Karlsson, 1978, Simoneau and
Bouchard, 1989, Sullivan et al., 1991), it is reasonable to assume that these factors
might attenuate the activation of metabolically sensitive skeletal muscle afferents during
exercise in women. Thus, sex-differences in muscle metaboreflex activation may lead to
differences in ¢cBRS during exercise. However, it is presently unknown whether there
are sex-differences in the muscle metaboreflex-induced reduction in ¢cBRS during

dynamic exercise.
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The ovarian hormone estrogen is known to have a multitude of effects on
cardiovascular regulatory mechanisms at rest and during exercise. For example,
injection of estrogen into brainstem nuclei associated with the central autonomic
cardiovascular control (e.g. NTS) has been demonstrated to increase vagal tone and to
decrease sympathetic nerve traffic at rest and in response to hypertensive stimuli (Du et
al., 1994, Saleh et al., 2000b, Saleh and Connell, 2000). In humans, elevated estrogen
concentration during the late follicular phase (LF; when progesterone concentrations are
low) has been shown to enhance resting cBRS when compared to the early follicular
(EF; low estrogen and progesterone concentrations) and the midluteal phase (high
estrogen and progesterone concentrations) of the ovarian cycle (Minson et al., 2000a,
Tanaka et al., 2003). Similarly, ovariectomy in female rats has been shown to evoked a
reduction in resting c¢BRS, which was prevented with subcutaneous estrogen
administration (17-f estradiol) (el-Mas and Abdel-Rahman, 1998). This suggests that
estrogen has beneficial effects on resting arterial baroreflex control of HR. In female
cats, estrogen application on the spinal cord elicited an attenuated pressor response (+38
vs. +23 mmHg pre- and post-estrogen application, respectively) to electrically induced
static muscle contractions (Schmitt and Kaufman, 2003a). Moreover, 17-f estradiol
infusion attenuated the rise in HR and BP during electrical stimulation of the
mesencephalic locomotor region (i.e. brain site associated with central command
activation) in male cats (Hayes et al., 2002). Moreover, in humans elevated estrogen
concentrations during the ovarian cycle have been associated with attenuated MSNA
responses to static exercise (Ettinger et al., 1998). As the exercise-induced reduction in
spontaneous cBRS has been attributed to a cardiac parasympathetic withdrawal
mechanism (Ogoh et al., 2005b), estrogen might play an important role in the potential

sex-specific changes in cBRS as well as the muscle metaboreflex-mediated reduction in
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cBRS during dynamic exercise. However, it is presently unclear whether estrogen
affects the reduction in cBRS observed during dynamic exercise and/ or during
augmented muscle metaboreflex activation.

The aim of the present study was to determine the potential influence of sex and
ovarian hormones on the muscle metaboreflex-mediated cardiovascular responses (i.e.
HR and BP) and reductions in cBRS. To investigate this, the experimental model
established in the previous chapter was utilised. Specifically, HR, BP and cBRS were
assessed during dynamic leg cycling with and without partial flow-restriction in men
and women (protocol 1) and in women during the EF and LF phases of the ovarian
cycle (protocol 2). It was hypothesised that; (i) muscle metaboreflex activation during
leg cycling would evoke an attenuated pressor response in women compared to men and
(i1) reductions in cBRS during enhanced muscle metaboreflex activation would be

attenuated in women, particularly when estrogen is elevated.

5.2 Methods

5.2.1 Subjects

Twelve healthy female and fifteen healthy male subjects (data for men has been

presented in Chapter 4) from the University of Birmingham volunteered to participate in

the present study (Table 5.1).

5.2.2 Experimental measurements

To determine whether sex and/or ovarian hormone concentration influence

muscle metaboreflex-induced effects on spontanecous ¢cBRS and the pressor response
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during dynamic exercise, beat-to-beat HR and BP were recorded and mean BP
calculated (see Section 3.2.1 for details).

Table 5.1. Subject characteristics

Men (n=15) Women (n=12)

Age (years) 22+1 20+ 0.6 *
Weight (kg) 78 +2 61 +2*
Height (cm) 181 £1 165+2*
BMI (kg'm’>) 24+ 1 2241
Low Workload (W) 24+ 4 2142
Moderate Workload (W) 105 +£7 71 £3%*
EF day 3£04
LF day 13+0.5

Values are mean+SEM. BMI, body mass index; EF, early follicular phase; LF, late
follicular phase. * P<0.05 different from men.

5.2.3 Experimental procedures

Protocol 1 (Men versus Women): Men and women during the EF phase of the

ovarian cycle performed leg cycling exercise under free-flow and partial flow restriction
(see Chapter 4, Section 4.3.3 for details).

Protocol 2 (Women EF versus LF): All twelve women performed leg cycling

under free-flow and partial flow-restriction twice during their ovarian cycle. The order
was counterbalanced: One session was conducted during the EF phase (range, day 1-5;
estrogen and progesterone both low) and the other during the LF phase (range, day 10-
15; estrogen high and progesterone low) of the ovarian cycle. The peak in estrogen
concentration was indirectly measured using ovulation kits (Clearblue®, SPD Swiss
Precision Diagnostics GmbH, Petit Lancy, Switzerland). Ovulations kits detect
concentrations of luteinising hormone (LH) in the urine. This rise in LH occurs

simultaneously with an increase in estrogen concentration during the LF phase of the
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ovarian cycle. As the estrogen peak occurs before the LH surge, women were tested
before the ovulation kit detected the LH peak. The resistance necessary to reach the
target HR of 90 and 120 beats'min™', was not different between the two experimental

Visits.

5.2.4 Data analysis

Spontaneous cBRS was calculated using the sequence technique (see Section
3.4.2 for details). For each trial, cBRS and cardiovascular data (systolic, diastolic, and
mean BP, HR and RRI) were averaged over a 3 minute period for each of the 6
experimental phases (Figure 4.2 in Chapter 4).

Protocol 1 (Men versus Women): Physiological data were statistically analysed

using three-way repeated measures ANOVA. The main factors were trial (free-flow,
partial flow-restriction), time (Rest, Ex90, Ex90 free-flow or partially restricted-flow,
Ex120 and Ex120 free-flow or partially restricted-flow) and sex (men, women) as the
between subject factor. Statistical analyses of differences within one sex-group used
two-way repeated measures ANOVA. The main factors were trial (free-flow, partial
flow-restriction) and time (e.g. Ex90). Similarly, changes in spontaneous ¢cBRS induced
by partial flow-restriction versus free-flow trial at low and moderate exercise intensities
in men and women were analysed using two-way repeated measures ANOVA with sex
and time as the main factors.

Protocol 2 (Women EF versus LF): Physiological data were statistically

analysed using three-way repeated measures ANOVA. The main factors were trial
(free-flow or partial flow-restriction), time (Rest, Ex90, Ex90 free-flow or partially
restricted-flow, Ex120 and Ex120 free-flow or partially restricted-flow) and phase (EF

or LF). Statistical analyses of differences within one cycle phase were performed using

102



CHAPTER 5

two-way repeated measures ANOVA. The main factors were trial (free-flow, partial
flow-restriction) and time (e.g. Ex90). Similarly, changes in spontaneous cBRS induced
by partial flow-restriction versus free-flow trial at low and moderate exercise intensities
during EF and LF phases of the ovarian cycle were analysed using two-way repeated

measures ANOVA, with phase and time as the main factors.

5.3 Results

5.3.1 Protocol 1: Men versus Women under free-flow conditions

Resting HR, RRI, mean BP and cBRS were similar in men and women in both
the free-flow and restricted-flow trials, while systolic BP was greater in men compared
to women (Table 5.2; Figures 5.1&5.2). During low intensity dynamic leg cycling,
systolic BP and HR increased significantly in men and women (+22+2 b'min™), while
diastolic BP was unchanged from rest (Table 5.2; Figure 5.2). Mean BP rose slightly in
men (+3+1 mmHg), but not in women and systolic BP rose significantly more in men
than women (P<0.05; Table 5.2). Dynamic leg cycling at moderate intensity elicited a
further increase in systolic BP, mean BP and HR (+55+3 and +59+3 b'min” in men and
women, respectively; Table 5.2; Figure 5.1), while diastolic BP tended to fall in both
groups. The magnitude of the rise in HR was similar between the groups, while the
increases in systolic and mean BP were greater in men than in women (+12+2 and +4+1
in men and women, respectively; Table 5.2). RRI decreased in an exercise dependent
manner in both men and women (Table 5.2). cBRS was decreased from rest during low
intensity exercise, and further decreased from rest during moderate intensity exercise
(P<0.05). This reduction in cBRS was not different between men (RRI-cBRS, 16+2,

741 and 2+0.2 ms'-mmHg" at rest, low and moderate leg cycling, respectively) and
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women (RRI-cBRS, 2145, 6+1 and 1+0.1 ms'mmHg" at rest, low and moderate leg
cycling, respectively; Figure 5.3). The significant increase in RPE from low (8+0.4 au)
to moderate (13+0.5 au) intensity leg cycling was similar in men and women.

At low intensity leg cycling men and women reached the target HR at an
average of 24+4 and 2143 Watts, respectively. However, the resistance to achieve the
expected HR of 120 during moderate leg cycling was significantly greater in men than

women (105+7 and 7244 Watts in men and women, respectively; P<0.05).
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Figure 5.1. Panel A shows mean blood pressure (BP) responses in women at rest and during dynamic leg cycling under free-flow
conditions (grey bars) and with partial flow-restriction (white bars). Panel B shows mean BP responses at rest and during dynamic leg
cycling with partial flow-restriction in women (white bars) and men (black bars). FF, free-flow; PFR, partial flow-restriction; Ex90,
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CHAPTER 5

5.3.2 Protocol 1: Men versus Women during muscle metaboreflex activation

Muscle metaboreflex activation by partially restricting exercising skeletal
muscle blood flow evoked a significant decrease in RRI and increases in HR, systolic
and mean BP in men and women (P<0.05). The muscle metaboreflex-induced increase
in mean BP during the low and moderate exercise workload was comparable in men and
women (P>0.05; Table 5.2; Figure 5.1). Similarly the magnitude of the intensity
dependent changes in HR was not different between men and women (Table 5.2; Figure
5.2). ¢cBRS was significantly attenuated by muscle metaboreflex activation during low
intensity leg cycling in men and women (RRI-cBRS, -2.6+0.8 ms'mmHg™" in men and -
2.0+0.4 ms'mmHg "' in women; P<0.05 vs. free-flow trial; Figures 5.3, 5.4&5.9). The
significant muscle metaboreflex-mediated reduction in cBRS during moderate intensity
leg cycling in men (-0.4+0.1 ms-mmHg"; P<0.05 vs. free-flow trial) was absent in
women (Figure 5.3). The effect of dynamic exercise with or without partial flow-
restriction on cBRS was similar irrespective of whether cBRS was analysed using either
HR or RRI in both men and women. During PEIL, BP and HR were significantly
elevated above resting values, while RRI and ¢cBRS were decreased from rest during
PEI (P<0.05). PEI after the partial flow-restriction trial evoked a higher systolic and
diastolic BP and HR, and a lower RRI and cBRS compared to PEI after the free-flow
trial (P<0.05; Table 5.2; Figures 5.1-5.4). Dynamic leg cycling with partial flow-
restriction evoked a significant rise in RPE at both low (13+0.5 and 12+1 au in men and
women) and moderate (16+0.4 and 16+1 au in men and women) exercise intensities

(P<0.05 vs. free-flow trial).
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Table 5.2. Selected physiological variables at rest and low and moderate intensity leg cycling during the free-flow and partial flow-
restriction experimental trials in men and women during early and late follicular phase of the ovarian cycle

Rest Ex 90 Ex 90 FF/PFR Ex 120 Ex 120 FF/PFR PEI
FF PFR FF PFR FF PFR FF PFR FF PFR FF PFR
Systolic BP (mmHg)
Men 121£3 119+£2 132+£3 132£2 134+3 148 £3 163 £5 163 £5 164+5 185+4 161 +5 170+ 4

Women EF *$$i 111+3 111+3 117+3 117+3 1182 133+3 142+4 143+4 143 +4 170+ 6 143+ 4 152+ 4
WomenLF *$ 111+3 111+3 117+3 118+3 117+£2 133+3 141 +4 143 +4 143 +4 170+ 6 143+ 4 159+5

Diastolic BP (mmHg)
Men 60+ 1 64 +2 60+ 2 62+3 59+1 T7+2 57+2 58+2 58+2 T4 +2 82+2 86+3
Women EF *1$§  65+2 65+2 60+ 2 58+3 59+3 75+2 58+3 58+3 58+3 713 81+3 84+3
WomenLF *t$§  65+2 65+2 60+ 2 59+3 60+ 2 75+2 58+2 58+3 59+3 723 79 +4 83+3

RRI (ms)
Men 961437 965+39 701+10 71012 69349 651415 504+5  508+7  492+5  444+7  6734£20 569 +20
WomenEF *1$ 936+25 940+£29 689+9  686+8 679+10 607+12 486+7 489+5  475+7  422+7  631+26 570+26
WomenLF *t$ 94430 997+32 680+11 693+14 67210 613+£15 492+7 49748  478+8 42148  632+24 576+ 18

Values are mean+=SEM. EF, early follicular phase; LF late follicular phase; FF, free-flow; PFR, partial flow-restriction; BP, blood
pressure; RRL, R-R interval; Ex90, leg cycling at target HR of 90 b-min™'; Ex120, leg cycling at target HR of 120 b'min™. * P<0.05
effect of time;  P<0.05 effect of trial; $ P<0.05 time * trial effect; § P<0.05 effect of sex (men vs. women EF). Two separate 3 way-
repeated measures ANOVA were performed to compare men vs. women EF and women EF vs. women LF.
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5.3.3 Protocol 2: Women EF versus LF under free-flow conditions

Resting HR, RRI, BP and cBRS were similar in women during EF and LF
phases of the ovarian cycle and were not different between the free-flow and the partial-
flow restriction trial at each visit (Table 5.2; Figures 5.1-5.8). Low intensity leg cycling
evoked a significant increase in HR (+22+2 and +2442 b'min” during EF and LF
phases of the ovarian cycle, respectively; Figure 5.6) and systolic BP (P<0.05; Table
5.2), while diastolic and mean BP remained unchanged from rest (Table 5.2; Figures
5.1&5.5). Moderate intensity leg cycling significantly increased HR (+59+3 and +58+2
b-min” during EF and LF phase of the ovarian cycle, respectively), systolic and mean
BP (+4+1 and +7+1 mmHg during EF and LF phases of the ovarian cycle, respectively),
while diastolic BP tended to fall from rest similarly during EF and LF phases (Table
5.2; Figures 5.1, 5.2 & 5.5, 5.6). RRI decreased relative to the exercise intensity during
both EF and LF phases of the ovarian cycle (P<0.05; Table 5.2). cBRS was decreased
from rest during the low exercise intensity workload and further reduced during
moderate intensity leg cycling, without any differences between the EF (RRI-cBRS,
20+5, 621 and 1£0.1 ms-mmHg™" at rest, during low and moderate intensity leg cycling;
Figures 5.3&5.4) and LF phases (RRI-cBRS, 2245, 6+1, 1+0.1 ms-mmHg'1 at rest,
during low and moderate intensity leg cycling; Figures 5.7&5.8). During both phases of
the ovarian cycle RPE was similarly increased from low (8+0.4 and 8+0.3 au during EF
and LF phases) to moderate intensity leg cycling (13+0.4 and 13+0.5 au during EF and

LF phases).
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5.3.4 Protocol 2: Women EF versus LF during muscle metaboreflex activation

Enhanced muscle metaboreflex activation, during partial flow-restriction to the
exercising skeletal muscles at low intensity leg cycling, evoked significant decreases in
RRI and increases in HR (+11+1 and +9+2 b-min’ during EF and LF phases of the
ovarian cycle, respectively) and mean BP (+12+1 and +15+1 mmHg during EF and LF
phases of the ovarian cycle, respectively; Figure 5.5&5.6). During moderate intensity
leg cycling RRI was further decreased and HR (+16+1 and +17+2 b'min” during EF
and LF phases of the ovarian cycle, respectively; P<0.05; Table 5.2; Figures 5.6) and
mean BP (+18+2 and +18+2 mmHg during EF and LF phases of the ovarian cycle,
respectively; P<0.05; Table 5.2; Figures 5.1&5.5) further increased in comparison to the
free-flow trial. The magnitude of the decrease in RRI and the increase in HR and mean
BP were similar between the EF and LF phases of the ovarian cycle (P>0.05). cBRS
was significantly attenuated by muscle metaboreflex activation during low intensity leg
cycling (P<0.05), but the magnitude of this reduction was similar during EF (RRI-
cBRS: -2.0+0.4 ms~mmHg'1 vs. free-flow trial; Figures 5.3&5.4) and LF (RRI-cBRS: -
2.540.4 ms-mmHg" vs. free-flow trial; Figures 5.7-5.9) phases of the ovarian cycle.
During moderate intensity leg cycling muscle metaboreflex activation elicited no
changes in ¢cBRS in women during EF or LF phases of the ovarian cycle. The
relationship between RRI and RRI-cBRS, and HR and HR-cBRS were non-linear and
not affected by ovarian cycle phase (Figure 5.10). The effect of dynamic exercise with
or without partial flow-restriction on cBRS in women during the EF and LF phases of
the ovarian cycle were similar irrespective of whether cBRS was analysed using either
HR or RRI. During PEI systolic, diastolic and mean BP and HR were significantly
elevated above rest, while RRI and cBRS were markedly lower compared to rest

(P<0.05). The magnitude of the muscle metaboreflex-induced changes in BP, HR, RRI
112



CHAPTER 5

and cBRS were greater during PEI after the partial flow-restriction trial than after the
free-flow trial, without any differences between the EF and LF phases of the ovarian
cycle (Table 5.2; Figures 5.5-5.8). Partial flow-restriction during exercise evoked a
marked increase in RPE at both low (12+1 au during EF and LF phases of the ovarian
cycle) and moderate (16+1 au during EF and LF phases of the ovarian cycle) exercise

intensities (P<0.05 vs. free-flow trial).

113



144!

A Women LF

Partial flow-restriction

120 I Lava Free-flow (FF)
xa Partial flow-restriction (PFR) ”

110 - e

120 - C— Early follicular phase
X=2 Late follicular phase *T%

-
N
o

*T T

-
o
o

100 - *t

XX

T

©
o
XXX

X

X
@
o

Y%
XX

X
\l
o

Mean BP (mmHg)
Mean BP (mmHg)

X

X2
94

%
Y

o)
o
|
|

o N o
o O O

>
¥

o
(7

Rest  Bx00 o0 Exi2o X120 pey Rest B0 50 Exti20 D12
Figure 5.5. Panel A indicates mean blood pressure (BP) in women during the late follicular (LF) phase of the ovarian cycle at rest and
during dynamic leg cycling under free-flow conditions (grey shaded bars) and with partial flow-restriction (white shaded bars). Panel
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(white shaded bars) follicular phase of the ovarian cycle. FF, free-flow; PFR, partial flow-restriction; Ex90, leg cycling at target heart
rate of 90 b-min™'; Ex120, leg cycling at target heart rate of 120 b-min™". * P<0.05 vs. Rest of corresponding trial; + P<0.05 vs. Ex90
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Figure 5.7. Panel A indicates spontaneous cardiac baroreflex sensitivity (cBRS) calculated using R-R interval (RRI-cBRS) in women
during the late follicular (LF) phase of the ovarian cycle at rest and during dynamic leg cycling under free-flow conditions (grey
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time point.

§ JdLdVH)D



LT1

HR-cBRS (beats'min"-mmHg™)

o
&)

N
o

N
o

N
o

Women LF
Ex90 Ex120
Rest Ex90 FF/PER Ex120 FE/PER PEI
*T *T *T *T
*#
* * * *I
*1

EX=xX1 Free-flow (FF)
XX2 Partial flow-restriction (PFR)

HR-cBRS (beats:min™-mmHg™)

-1.0 1

-1.5 1

Partial flow-restriction

Ex90 Ex120

Rest  Ex90 PER Ex120 PER PEI
*+ T
* *t

X
XN

C— Early follicular phase
E=A Late follicular phase

Figure 5.8. Panel A indicates spontaneous cardiac baroreflex sensitivity (cBRS) calculated using heart rate (HR-cBRS) in women
during the late follicular (LF) phase of the ovarian cycle at rest and during dynamic leg cycling under free-flow conditions (grey
shaded bars) and with partial flow-restriction (white shaded bars). Panel B shows spontaneous HR-cBRS in women during the early
follicular (white bars) and LF (white shaded bars) phases at rest and during dynamic leg cycling with partial flow-restriction. FF, free-
flow; PFR, partial flow-restriction; Ex90, leg cycling at target heart rate of 90 b-min™'; Ex120, leg cycling at target heart rate of 120
b'min”". * P<0.05 vs. Rest of corresponding trial; + P<0.05 vs. Ex90 of corresponding trial; # P<0.05 vs. FF trial at corresponding

time point.

§ JdLdVH)D



CHAPTER 5

Ex90 Ex120
~ |
‘o
E -1 £ ox o
£
o
£ 2
o o I
7 |
S I
xr 3
nd EE Men
< [ Early follicular phase
-4 - 2 Late follicular phase

Figure 5.9. Change in spontaneous cardiac baroreflex sensitivity (cBRS) induced by
partial flow-restriction versus free-flow trial at low and moderate exercise intensities in
men (black bars), women during early follicular (white bars) and women during late
follicular (shaded bars) phase of the ovarian cycle. Spontaneous cBRS calculated using
R-R interval (RRI-cBRS). * P<0.05 vs. Ex90 of corresponding group.
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5.4 Discussion

The purpose of the present study was to determine whether sex and/or ovarian
hormone concentration influence the cardiovascular responses to muscle metaboreflex
activation caused by partially restricting skeletal muscle blood flow during dynamic leg
cycling. In agreement with the findings from the previous chapter, dynamic leg cycling
evoked an intensity dependent reduction in spontaneous cBRS in men and women.
cBRS was further decreased during muscle metaboreflex activation at the low exercise
intensity in both sexes. Similarly, muscle metaboreflex activation also evoked marked
increases in HR and BP in men and women. In contrast to the initial hypothesis, the
reduction in ¢cBRS and the increases in HR and BP during exercise with augmented
muscle metaboreflex activation were not different between young men and women, or
between the EF and LF phases of the ovarian cycle. As expected, exercise-induced
increases in BP were greater in men than in women at both exercise intensities, but
independent of the tested ovarian cycle phase. Increases in HR during exercise with and
without augmented muscle metaboreflex activation were similar in men and women and
in women at both phases of the ovarian cycle. Collectively, these findings indicate that
there is no effect of sex on the muscle metaboreflex-induced pressor response or the

reduction in spontaneous ¢cBRS during dynamic leg exercise.

5.4.1 Effects of sex on the pressor response

It has been frequently reported that women show attenuated BP responses during
static (Ettinger et al., 1996, Petrofsky and Lind, 1975) and dynamic (Fleg et al., 1995,
Green et al., 2002, Ogawa et al., 1992, Sullivan et al., 1991) exercise compared to men.
In agreement with previous reports, in the current study systolic and mean BP were

greater in men than women at both low and moderate intensity leg cycling. The reason
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for this attenuated pressor response in women is still unclear. One possible contributing
mechanism might derive from sex-differences in the activation of the muscle
metaboreflex. Indeed, muscle metaboreflex-mediated increases in BP and MSNA
during static handgrip exercise and a subsequent period of PEI have been shown to be
lower in women compared to men (Ettinger et al., 1996, Jarvis et al., 2011). Using
nuclear magnetic resonance spectroscopy, Ettinger et al. (1996) have demonstrated that
exercise-induced reductions in pH were less marked in women than men (e.g. lower
acidity) after two minutes of static handgrip at the same relative workload. Since
metabolite accumulation (e.g. increased acidity) is thought to activate the muscle
metaboreflex, Ettinger et al. presumed that attenuated metaboreflex activation was the
main factor driving the attenuated BP and MSNA responses observed in women
(Ettinger et al., 1996, Jarvis et al., 2011). Indeed, women have been shown to produce
less lactate when performing the same relative work, to express a greater relative
percentage of slow oxidative muscle fibres and are characterised by a greater capacity to
oxidize fat (Komi and Karlsson, 1978, Simoneau and Bouchard, 1989, Sullivan et al.,
1991). However, in the present study, muscle metaboreflex activation during low and
moderate intensity leg cycling exercise evoked a similar rise in mean BP and HR in
women and men. The reasons for this discrepancy are unclear. Potential explanations
might derive from the differences in the exercise modality (e.g. static vs. dynamic)
and/or the modality of muscle metaboreflex activation. For example, Ettinger et al.
(1996) have performed PEI after static handgrip exercise. Conversely, in the present
study, activation of metabolically sensitive skeletal muscle afferents was augmented by
partial flow-restriction during and complete circulatory occlusion after dynamic leg
cycling. Static forearm contractions have been shown to evoke distinct increases in

MSNA even at low exercise intensities (Mark et al., 1985, Victor et al., 1989a) leading
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to a marked pressor response (Barcroft and Millen, 1939), compared to the rather
modest rises in MSNA and BP during low intensity dynamic exercise (Victor et al.,
1989a). However, whether the sympathetic responses to leg cycling with and without
augmented muscle metaboreflex activation were attenuated in women cannot be
answered on the basis of the present findings. As highlighted in the previous chapter, it
appears that the effects of the muscle metaboreflex during PEI following exercise
involving either large or small muscle mass are not comparable.

Previous studies have shown that muscle metaboreflex activation by graded
reductions in terminal aortic blood flow in treadmill running dogs (Sala-Mercado et al.,
2010, Sala-Mercado et al., 2007, Sheriff et al., 1993 ) or by application of lower body
positive pressure (Eiken et al., 1992, Gallagher et al., 2001b) effectively elicits
significant increases in HR and BP. In the present study, bilateral thigh cuff inflation to
100 mmHg also evoked marked increases in HR and BP at both exercise intensities in
men and women. This suggests that this manoeuvre evokes a reduction in limb blood
flow, a mismatch between oxygen delivery and demand and an accumulation muscle
metabolites leading to the activation of metabolically sensitive skeletal muscle afferents
(Eiken and Bjurstedt, 1987, Eiken et al., 1992). However, since no direct measurement
of the reduction in leg blood flow induced by bilateral thigh cuff inflation was available
in the present study, it cannot be confidently assumed that blood flow to the exercising
legs was similarly decreased during external leg compression in men and women.
Hence, some uncertainty remains of whether the magnitude of muscle metaboreflex
activation was comparable between the groups. Further studies are warranted to fully
answer this question. Leg kicking may present an alternative experimental approach. It
allows the simultaneous assessment of leg perfusion during thigh cuff inflation using

either Doppler ultrasound or near-infrared spectroscopy. In addition, the measurement
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of efferent sympathetic nerve activity could be performed using the leg kicking model.
This would provide further insight into potential sex-differences in the autonomic
cardiovascular control via the muscle metaboreflex.

Central command is one important neural mechanism that contributes to the
cardiovascular adjustments during exercise. Previously central command has been
shown to evoke increases in MSNA (Victor et al., 1995). Hence, a reduced activation of
central command might explain the attenuated pressor response in women during
exercise. During PEI after leg cycling, in the absence of central command, HR and BP
were similarly elevated in men and women. However, the RPE, which quantifies the
participants sense of effort and are historically related to central command (Mitchell,
1990), were not different between men and women during exercise. This suggests that a
differential contribution of central command is unlikely to explain the lower BP
responses in women during low intensity leg cycling. However, since these assumptions
are based only on subjective ratings, a fully differential activation of central command
in men and women cannot be excluded.

It is acknowledged that bilateral thigh cuff inflation is likely to have restricted
venous outflow in the exercising muscles. As the cuff pressure exceeded diastolic BP at
any time point during the study, venous distension very likely occurred, thus activating
mechanically sensitive group III afferents (i.e. muscle mechanoreflex) located in the
walls of venules (Haouzi et al., 1999). Differences in the venous responsiveness to
blood pooling may affect the magnitude of mechanoreceptor activation during thigh
cuff inflation while cycling. Indeed, greater venous compliance has been reported in
men (Monahan and Ray, 2004). Therefore, enhanced mechanoreceptor activation and
thus a greater pressor response in men than women might be expected. However, BP

responses were similar in men and women during bilateral thigh cuff inflation during
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low and moderate intensity leg cycling. Importantly, the above mentioned sex-
differences in venous compliance (Monahan and Ray, 2004) are based on observations
at rest. Therefore, the present results appear to indicate that a differential venous
compliance does not affect the pressor response during exercise, potentially due to the

muscle pump largely affecting venous blood flow.

5.4.2 Effects of sex on cBRS

This is the first study to investigate potential sex-differences in the cardiac
baroreflex function and the effect of the muscle metaboreflex control of the heart during
dynamic exercise. Previous studies at rest have yielded inconsistent results, reporting
increased, decreased or unchanged cBRS in women compared to men (Abdel-Rahman
et al., 1994, Beske et al., 2001, Chen and DiCarlo, 1996, Convertino, 1998, Tank et al.,
2005). As such, there is no clear indication of whether there are differences in the
baroreflex control of HR between men and women. In the present study, no sex-
differences in cBRS were observed at rest. In addition, the exercise-induced decreases
in cBRS during dynamic exercise reported from studies predominantly in men (Iellamo
et al., 1998, Ogoh et al., 2005b, Sala-Mercado et al., 2010, Sala-Mercado et al., 2007)
occurred to a similar extent in women.

The muscle metaboreflex has been proposed to contribute to the reduction in
spontaneous cBRS during exercise (Sala-Mercado et al., 2010, Sala-Mercado et al.,
2007). Based on the assumption that the muscle metaboreflex might be attenuated in
women (Ettinger et al., 1996, Jarvis et al., 2011), it was anticipated that the reductions
in spontaneous cBRS during bilateral thigh cuff inflation would be attenuated in women
compared to men. However, the magnitude of the muscle metaboreflex-induced

decrease in cBRS was consistent in women compared to men. As described in the
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previous chapter, the reduction in cBRS evoked by muscle metaboreflex activation via
bilateral cuff inflation may result indirectly from an increase in central motor drive
(Amann et al.,, 2009, Gandevia, 2001). Importantly, the increases in RPE during
bilateral thigh cuff inflation at low and moderate intensity leg cycling were not different
in men and women. Therefore, a differential reduction in spontaneous cBRS in men and
women based on varying input from central command seems unlikely. Taken together,
the absence of any sex-differences in spontaneous cBRS during leg cycling with partial
flow-restriction indicates that the muscle metaboreflex does not differentially affect

baroreflex control of HR during leg cycling in men and women.

5.4.3 Effects of ovarian cycle phase on pressor response and cBRS

In protocol 2 the potential influence of the female reproductive hormone
estrogen on the cardiovascular responses to exercise with and without augmented
muscle metaboreflex activation, and the subsequent modulation of spontaneous cBRS,
were investigated. Previous studies have suggested that estrogen is a powerful
modulator of cardiovascular and autonomic control mechanisms at rest and during
exercise (el-Mas and Abdel-Rahman, 1998, Hayes et al., 2002, Saleh and Connell,
2000, Schmitt and Kaufman, 2003a). For example, estrogen has been shown to enhance
cBRS at rest in animals (el-Mas and Abdel-Rahman, 1998) and humans (Tanaka et al.,
2003). Moreover, spinal application of 17-f estradiol evoked an attenuation of the
pressor response during electrically evoked muscle contractions (Schmitt and Kaufman,
2003a, Schmitt and Kaufman, 2003b) and central command-induced increases in HR
and BP were smaller in cats after infusion of 17-f estradiol (Hayes et al., 2002). Given
this, it was hypothesised that the pressor response to dynamic leg cycling with and

without augmented muscle metaboreflex activation would be lower in women during
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the LF (when estrogen is high) compared to the EF phases of the ovarian cycle (when
estrogen concentration is low). Secondly, the muscle metaboreflex-induced reductions
in spontaneous cBRS were expected to be attenuated during the high estrogen phase of
the ovarian cycle compared to the low hormone phase (e.g. EF phase). However, in
contrast to the initial hypotheses the present findings do not support an effect of ovarian
hormone concentrations (during the EF and LF phases) on the cardiovascular responses
or the reduction in cBRS caused by muscle metaboreflex engagement during leg
cycling.

The present study is the first to determine potential female hormone influences
on the baroreflex control of the heart during isolated muscle metaboreflex activation
during a period of PEI following dynamic leg exercise in humans. Previous animal
experiments have suggested that estrogen has the ability to attenuate the cardiovascular
responses to a hypertensive stimulus, such as the administration of noradrenaline (Saleh
et al., 2000a, Saleh et al., 2000b). The noradrenaline-induced reduction in sympathetic
nerve activity and increase in vagal tone were greater in the estrogen treated animals
compared to the control animals. This augmented vagal responsiveness has been
suggested to be at least in part a result of estrogen eliciting a greater acetylcholine
release (Du et al., 1994). Moreover, estrogen has been repeatedly shown to enhance
cBRS (el-Mas and Abdel-Rahman, 1998). In the previous chapter it has been reported
that during PEI after leg cycling, in the absence of central command- and the muscle
mechanoreflex, the muscle metaboreflex is able to reduce spontaneous cBRS, thus
decreasing cardiac vagal tone. Given the greater estrogen-induced vagal reactivity, one
might suggest that reductions in cBRS during PEI would be attenuated in women during
the LF compared to the EF phases of the ovarian cycle. Indeed, the reductions in cBRS

during PEI in the present study were related to the magnitude of muscle metaboreflex
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activation (e.g. more metabolites accumulated during PEI after the partial flow-
restriction trial evoked greater reduction in spontaneous ¢cBRS). However, no effect of
ovarian hormone concentration on the baroreflex control of the heart during isolated
muscle metaboreflex activation in women was found. These findings suggest that
estrogen fluctuations during these two ovarian phases do not affect the autonomic
control of the heart via baroreflex mechanism.

Alternative explanations for these seemingly unexpected findings might derive
from the fact that most of the work examining the effects of estrogen on the neural
cardiovascular control mechanisms during exercise stems from animal investigations
(Hayes et al., 2002, Schmitt and Kaufman, 2003a, Schmitt and Kaufman, 2003b). Thus,
there might be species differences. In addition, in the above mentioned studies, estrogen
has been administered exogenously, via either venous infusion (Hayes et al., 2002) or
applied directly on the spinal cord (Schmitt and Kaufman, 2003a, Schmitt and
Kaufman, 2003b). Therefore, the comparison of past and present findings may be
limited by the fact that the muscle metaboreflex was investigated during physiologically
fluctuating hormone concentrations during the EF and LF phases in the present
investigation. Taken together, it is tempting to speculate, that variations in endogenous
estrogen concentration during the ovarian cycle are not sufficient to unmask the various
reported modulatory effects of estrogen on autonomic, cardiovascular control and
baroreflex function during exercise in humans (Du et al., 1994, Saleh et al., 2000a,
Saleh et al., 2000b)

The strength of the muscle metaboreflex has been shown to rely on the amount
of stimulating metabolites and the degree of washout of these metabolic by-products
from the exercising skeletal muscle (Sheriff et al., 1987). Although muscle metabolic

state was not determined in the present study, the observation of unchanged exercise

127



CHAPTER 5

workloads at low and moderate intensity leg cycling during the EF and LF phase of the
ovarian cycle, may indirectly imply that the muscle metaboreflex was similarly
activated. In addition, muscle metabolism analyses during exercise (e.g. *P-NMR
Spectroscopy) have shown no effect of the ovarian cycle phase on exercise-induced
changes in metabolic state (Ettinger et al., 1998). Consequently, it may be speculated
that differential muscle metaboreflex activation during the EF and LF phases of the
ovarian cycle is unlikely.

Another possible explanation for the similar pressor response and cBRS during
the EF and LF phases of the ovarian cycle may be that estrogen affected cardiovascular
and/or arterial baroreflex mechanisms during leg cycling, but that in order to provide an
adequate pressor response to maintain exercise, alternative pathways/mechanisms were
activated in substitution (i.e. concept of redundancy). One might speculate that central
command and/or the muscle mechanoreflex might have compensated for any potential
estrogen-mediated attenuation in muscle metaboreflex afferent neural input to the
central cardiovascular control areas (e.g. NTS). Indeed, animal studies reporting
inhibitory influences of estrogen on cardiovascular responses during exercise via central
command and/or the skeletal muscle afferents have been performed in isolation of each
of these mechanisms (Hayes et al., 2002, Schmitt and Kaufman, 2003a, Schmitt and
Kaufman, 2003b). For example, animal preparations have used either direct ventral root
stimulation or direct electrical stimulation of the mesencephalic locomotor region in
decerebrate cats, to either isolate central command or sensory afferent feedback from
the contracting muscle. Hence, it is likely that in the presence of both central motor
drive and neural feedback from the exercising skeletal muscle, the effects of estrogen
might be overridden leading to comparable cardiovascular responses during the EF and

LF phases of the ovarian cycle in women.
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5.4.4 Limitations

One limitation of the present study is that the quantification and comparison of
the blood flow during free-flow and partial flow-restriction were not possible because
the appropriate technique (e.g. femoral venous thermodilution) was not accessible.
Therefore, it remains unknown whether metaboreflex activation was equivalent in men
and women and in women during the EF and LF phases of the ovarian cycle.

Plasma levels of estrogen and progesterone was not determined in the present
study. Hence, no direct evidence is available that estrogen concentrations were elevated
above EF values during the LF phase. Nevertheless, ovulation kits were used to
indirectly detect the peak of estrogen (Minson et al., 2000a), which occurs shortly
before the surge in LH (Nielsen et al., 2001). Therefore, it can be confidentially
assumed that women partaking in the present investigation were studied in the LF
phases, when estrogen is elevated above concentrations during the EF phases of the

ovarian cycle.

5.4.5 Alternative approaches

Although in the present study, physiological fluctuations in estrogen during the
EF and LF phases did not modify the pressor response during muscle metaboreflex
activation as indicated by animal experiments (Schmitt et al., 2010, Schmitt and
Kaufman, 2003a), it cannot be fully excluded that estrogen does not exert these effects
in humans. Future studies conducted in post-menopausal women with or without
hormonal replacement might provide a closer insight on the impact of estrogen on the
cardiovascular and cardiac baroreflex responses to muscle metaboreflex activation
during dynamic exercise. A new experimental paradigm of administering an antagonist

of the gonadotrophin releasing hormone with subsequent controlled administration of
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either estrogen or progesterone (or a combination of both) might further our
understanding of the effect of ovarian hormones on the exercise-induced cardiovascular
responses (Stachenfeld, 2008, Stachenfeld et al., 2003). The advantage of this new
approach lies in the ability to selectively study the effect of estrogen in the absence of
any, potentially minimal background influence of progesterone as apparent during the

LF phase of the ovarian cycle (Stachenfeld, 2008, Stachenfeld et al., 2003).

5.5 Conclusion

In summary, the results of the present study show that young men and women
exhibit not only similar muscle metaboreflex-induced increases in HR and BP, but also
comparable reductions in spontaneous cBRS when the muscle metaboreflex is activated
during exercise and following exercise during PEI. In addition, no differences were
observed in the cardiovascular responses and ¢cBRS during the EF and LF phases of the
ovarian cycle. Collectively, these findings suggest that there is no effect of sex on the
muscle metaboreflex-induced pressor response or reductions in spontaneous cBRS

during dynamic leg exercise in humans.
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CHAPTER 6: METABOREFLEX CONTROL OF

SPONTANEOUS CARDIAC BAROREFLEX

SENSITIVITY DURING RHYTHMIC HANDGRIP:

INFLUENCE OF SEX AND OVARIAN CYCLE PHASE
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6.1 Introduction

The data from the previous study (Chapter 5) suggested that there is no effect of
sex on the muscle metaboreflex-induced pressor response or the reductions in
spontaneous cBRS during dynamic leg exercise in humans. The major limitation of the
previous study was the lack of direct blood flow measurements during leg cycling with
and without partial flow-restriction. Thus, without the quantification blood flow during
external cuff inflation, the direct comparison of the hypoperfusion-induced pressor
responses and reductions in ¢cBRS during dynamic exercise were limited. Previous
studies have indicated that once the muscle metaboreflex threshold is passed there was a
linear increase in systemic cardiovascular responses including BP, HR, CO and TPR,
while cBRS gradually decreased, with progressive further decreases in skeletal muscle
blood flow (Ichinose et al., 2011, Sala-Mercado et al., 2010, Wyss et al., 1983). This
relationship can be regarded as representative of the muscle metaboreflex sensitivity in
control of these variables.

The aim of the present study was to determine the potential sex-differences in
the relationship between the magnitude of blood flow restriction (i.e. metaboreflex
activation) and the systemic cardiovascular responses or spontaneous ¢BRS during
exercise. To investigate this, young men and women during the EF and LF phases of the
ovarian cycle performed rhythmic handgrip exercise under free-flow and partial flow-
restriction elicited by gradual inflation of a pressure cuff placed around the exercising
upper arm. It was expected that BP responses to rhythmic handgrip exercise would be
attenuated in women compared to men. Moreover, equivalent reductions in forearm

blood flow (FBF) in men and women were hypothesised to evoke an attenuated pressure
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rise in women (i.e. attenuated muscle metaboreflex sensitivity) coinciding with elevated

estrogen concentrations during the ovarian cycle (i.e. LF phase).

6.2 Methods

6.2.1 Subjects

Eleven female and fourteen male healthy subjects (data for men has been
presented in Chapter 4) from the University of Birmingham volunteered participate in

the present study (Table 6.1).

6.2.2 Experimental measurements

HR, BP, FBV and brachial artery diameter were measured and FBF and mean
BP calculated (see Sections 3.2.1&3.2.2 for details). FBV measurements were taken
when velocity was stable and FBF calculated and corrected for lean forearm muscle

mass, to account for any sex-differences (see Section 3.2.3 for details).

Table 6.1. Subject characteristics

Men (n= 14) Women (n=11)

Age (years) 22+1 19+03*

Weight (kg) 78 £2 60+ 2 *

Height (cm) 180+ 1 165+2*

BMI (kgm’) 24+ 1 22+ 1%

Forearm mass (g) 949 + 40 480 + 28 *

MVC (kg) 57+2 EF:34+1* LF:34+2*
Ovarian cycle day EF:3+0.4 LF:12+0.5

Values are mean+SEM. BMI, body mass index; MVC, maximum voluntary contraction;
EF, early follicular phase; LF, late follicular phase. * P<0.05 different from men.
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6.2.3 Experimental procedures

Protocol 1: Young men and women in the EF phase of the ovarian cycle (day 1-
5) were seated in a semi-recumbent position on a medical examination table with a
custom made handgrip dynamometer held in the right hand, while the arm was
supported on an adjustable bedside table. Following instrumentation and assessment of
MVC (57£2 kg and 34+1 kg in men and women, respectively; P<0.05) (see Section
3.3.1 for details) subjects rested for 15 minutes followed by rhythmic handgrip exercise
at 35% MVC under free-flow and partial flow-restriction (see Section 4.2.3 and Figure
4.2 for details).

Protocol 2: Eleven women performed the rhythmic handgrip exercise under
free-flow and graded partial flow-restriction twice during their ovarian cycle. The order
of trials was counterbalanced. Women were studied in the EF (days 1-5; estrogen and
progesterone both low) and the LF (days 10-15; estrogen high and progesterone low)
phases of the ovarian cycle. The peak estrogen concentration was detected indirectly

using ovulation kits (see Section 5.2.3 for details).

6.2.4 Data analysis

For both protocols beat-to-beat HR, BP and FBV were recorded and mean BP,
FBF and spontaneous ¢cBRS calculated (see Sections 3.2.1&3.4.2 for details). For each
trial, cBRS and cardiovascular data (apart from FBF, see Section 3.2.2) were averaged
over a 3 minute period for each of the five experimental phases (see Figure 4.2 in
Chapter 4 for details). FBV was averaged over 3x10 cardiac cycles during each
experimental phase.

Physiological data were statistically analysed using three-way repeated measures

ANOVA. The main factors were condition (free-flow, graded partial flow-restriction),
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time (Rest, Ex, Ex+/-80 free-flow or partially restricted-flow, Ex+/-100 free-flow or
partially restricted-flow and Ex+/-120 free-flow or partially restricted-flow) and sex
(men, women) for protocol 1 or cycle phase (women EF, women LF) for protocol 2.
Statistical analysis of differences within one sex-group or within one ovarian cycle
phase were performed using two-way repeated measures ANOVA, with condition (free-
flow, partial flow-restriction) and time (e.g. Ex+80) as the main factors. The
relationship between the changes in FBF (free-flow vs. partial flow restriction at 80, 100
and 120 mmHg) and mean BP (or HR) in men and women and women during EF and
LF phases were compared by application of least square linear regression lines for each
individual response. Unpaired t-tests compared the average slope of the regression lines
for men and women EF (protocol 1) and for women EF and women LF (protocol 2)

after regressions °<0.5 were removed.

6.3 Results

6.3.1 Protocol 1: Sex-differences during handgrip under free-flow conditions

The body weight, height, BMI and lean forearm mass were lower in women
compared to men. As expected, women exerted a lower maximal force than men. At rest
mean BP, HR, RRI and ¢cBRS were not different between men and women (Table 6.2).
During free-flow rhythmic handgrip exercise, mean BP, HR and FBF increased, while
RRI decreased significantly from rest in both men and women (P<0.05 from Rest). The
exercise-induced rise in mean BP was greater in men compared to women (+12+2 vs.
+6+1 mmHg in men and women, respectively; P<0.05 from Rest; Table 6.2). In men,
mean BP and HR were elevated above steady state exercise levels during the last 3%

minutes of rhythmic handgrip exercise under free-flow conditions, while FBF rose
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continuously as a function of exercise duration (P<0.05; Figures 6.1-6.3). In women,
mean BP and FBF remained unchanged at steady state exercise levels, while HR was
slightly higher during the last 32 minutes of free-flow exercise (P<0.05). The brachial
artery diameter was significantly greater in men than women and increased slightly in
both sexes during free-flow handgrip exercise. cBRS was unchanged from rest to free-
flow rhythmic handgrip exercise and remained unchanged throughout in both men and
women (Table 6.3). RPE increased slightly, but significantly over time in men (9+0.4 to

1241 au) and women (10+£1 to 11«1 au).

6.3.2 Protocol 1: Sex-differences during graded muscle metaboreflex activation

Graded muscle metaboreflex activation by means of arm cuff inflation of +80,
+100 and +120 mmHg evoked successive increases in mean BP and HR in proportion to
the level of external pressure in both men and women (P<0.05 from Ex during partial
flow-restriction trial). The magnitude of the change in mean BP compared to the free-
flow trial was not different between men (-1+1, +1£1 and +6+2 mmHg during rhythmic
handgrip exercise at +80, +100 and +120 mmHg upper arm cuff pressure, respectively)
and women (-1£1, +54+2 and +10+£2 mmHg during rhythmic handgrip exercise at +80,
+100 and +120 mmHg upper arm cuff pressure, respectively; Figures 6.1&6.4, Table
6.2). The magnitude of the increase in HR during graded muscle metaboreflex
activation compared to the free-flow conditions were similar in men and women (+5+2
and +6+1 beats'min”' during Ex +/- 120 in men and women, respectively; Figures
6.2&6.4; Table 6.2). The changes in RRI mimicked the response in HR in a reciprocal
manner (Table 6.2).

Application of graded upper arm cuff pressure significantly reduced FBF in both

men and women (P<0.05; Figures 6.3&6.4). In women, FBF decreased successively
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with every 20 mmHg increase in cuff pressure by -138+23, -2154+27 and -307+39
ml-min”' kg from Ex of partial flow-restriction trial during Ex+/-80, Ex+/-100 and
Ex+/-120 mmHg, respectively; P<0.05), while FBF decreased with no statistically
significant difference between time points in men (-126+£24, -187+21 and -211x19
ml-min”'kg” from Ex of partial flow-restriction trial during Ex +/-80, Ex+/-100 and
Ex+/-120 mmHg, respectively). Relative to the progressive rise in FBF during the free-
flow trial in men, upper arm cuff inflation evoked a progressive reduction in FBF during
the first two pressure levels, with no further effect of 120 mmHg external cuff pressure
(equivalent to a reduction of -24+4, -354+2, and -38+2 %, from the respective free-flow
value, during the Ex+/-80, Ex+/-100 and Ex+/-120 condition), while women elicited a
stepwise decrease in FBF (P<0.05; equivalent to a reduction of -24+5, -36£5, and -51+£5
%, from the respective free-flow value, during the Ex+/-80, Ex+/-100 and Ex+/-120
conditions; Figures 6.3&6.4). RPE increased in proportion to the increase in upper arm
cuff pressure without any differences between the men and women (during Ex+120, to
15.0+0.5 in men and to 16.14+0.8 in women).

Spontaneous cBRS was unaffected by the reduction in FBF in both men and
women (Table 6.2). This was independent of whether HR (HR-cBRS) or RRI (RRI-
cBRS) were used for the estimation of ¢cBRS. Figures 6.5 and 6.6 present muscle
metaboreflex sensitivity, as characterised by the relationship between the changes in
FBF and the changes in mean BP (or HR) evoked by gradual partial flow-restriction in
comparison to the free-flow trial. In men and women, there were no differences in the
averaged slope (-0.04+0.02 and -0.05+0.02 mmHg-ml" min™' kg in men and women,
respectively; P>0.05) of the regression lines for the FBF/mean BP relationship.

Similarly, no differences were obtained in the sensitivity of the muscle metaboreflex in
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control of HR in men and women (-0.05+0.02 and -0.02+0.01 beats'min”-ml" -min” kg’

"in men and women respectively; P>0.05).

6.3.3 Protocol 2: EF versus LF phase during free-flow conditions

Between the EF and LF phases there was no difference in the MVC (34+1 and
34+2 kg during EF and LF phase, respectively). Similar to findings for women EF,
mean BP, HR and FBF and brachial artery diameter increased, while RRI decreased
from rest during free-flow rhythmic handgrip exercise in women during the LF phase
(P<0.05). These variables remained unchanged as free-flow exercise continued in
women LF (Table 6.3; Figures 6.1 — 6.3). The exercise-induced increases in HR and BP
during free-flow conditions were smaller in women during the LF (+3+1 mmHg) than
EF phases (+6+1 mmHg; Table 6.3), while FBF was not affected by the ovarian cycle
phases. Spontaneous cBRS remained at resting levels during rhythmic handgrip exercise
in both phases of the ovarian cycle independent of whether HR (HR-cBRS) or RRI
(RRI-cBRS) were used for the estimation of cBRS (Table 6.3). Similar to women in the
EF phase, RPE increased slightly over time during the free-flow condition in LF

women.

6.3.4 Protocol 2: EF versus LF phase during graded muscle metaboreflex activation

Graded muscle metaboreflex activation by upper arm cuff inflation during
rhythmic handgrip exercise in women during the LF phase evoked increases in mean BP
and HR proportional to the successive increase in cuff pressure (P<0.05; Table 6.3:
Figures 6.1&6.2). Similarly to women during the EF phase, the HR and BP responses
during the highest pressure application were significantly greater than during the free-

flow trial at the corresponding time point (P<0.05; Figures 6.1&6.2). FBF decreased
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during graded metaboreflex activation in proportion to the applied cuff pressure in LF
women (P<0.05; equivalent to a reduction of -28+6, -36+6, and -54+4 %, from the
respective free-flow value during the Ex+/-80, Ex+/-100 and Ex+/-120 condition;
Figure 6.3&6.4). There was no effect of ovarian cycle phase on the magnitude of the
reduction in FBF during the graded partial flow-restriction trial or in the rise in HR and
BP or the decrease in FBF when the free-flow trial and the graded partial flow
restriction were compared (Figure 6.4).

Spontaneous cBRS was not affected when the muscle metaboreflex was
activated by successive increases of external upper arm cuff pressure in women during
the EF or LF phase of the ovarian cycle. The gain of the muscle metaboreflex expressed
as the ratio between the reduction in FBF and the rise in BP (or HR) during graded
muscle metaboreflex activation was not different in women during the EF (-0.05+0.02
and mmHg -ml"'min™ kg for BP and -0.02+0.01 beats'min™ ‘ml”-min™ kg for HR)
and LF phases (-0.03£0.03 mmHg-ml"-min™kg" for BP and -0.04+0.01 beats'min"
Lml™" min™kg" for HR) (Figures 6.5&6.6). RPE successively increased in proportion
to the applied upper arm cuff pressure during the graded partial flow-restriction trial,

without differences between the EF and LF phases.
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Table 6.2. Selected physiological responses to rhythmic handgrip exercise in men and women

Rest Ex Ex +/- 80 Ex +/- 100 Ex +/- 120
FF PFR FF PFR FF PFR FF PFR FF PFR
Mean BP (mmHg) *1$#
Men 822 80+ 3 9442 9243 9542 9443 96 +3 98 +3 98+ 3 104 + 4
Women EF 811 79+ 1 86+ 2 84+2 88+ 2 87+2 87+2 N+2 88 +2 97 +2
HR (beats'min’") *$
Men — 60+2 60 +2 67+3 68+3 68+3 69+3 68+3 7243 69+ 4 75+ 4
Women EF  66+3 67+3 70+ 3 73+3 71+2 74+3 7242 77+2 7342 79+3
RRI (ms) *1$
Men  1024+44 101640 92748 90639 920+47 88836 916 + 48 858 + 36 903+48 83137
Women EF  937+43  915+42 869 + 31 835+ 32 855+29 82333 851+29 79429 836+27  774+27
HR-cBRS (beats-min” -mmHg ")
Men -13+0.1  -1.1+0.1 14402 -13£02 14402  -14+02 14402 -1.2+0.1 A15£02  -12+0.1
WomenEF  -1.5+£02  -1.7+0.2 -1.6+£02  -1.2£02 -14£02  -1.2£0.1 15202 -1.6£02 1503 -1.7£02
RRI-cBRS (ms-mmHg") *$
Men — 23%3 20+2 245 16+ 3 2043 19+3 2144 15+2 2344 16+3
Women EF  24+6 2544 2144 14+2 18+3 14+2 18+3 1843 1946 17+3
FBF (ml'min”-kg") *+$#
Men  195+19 22521 438+£31  497+32 47444  372£25 50343 342:23 531£50 34730
Women EF 158 +23 159 + 24 552+46 563 +48 546+38  425+50 537+39  348:+40 531+£37  256+23

Diameter (cm) *11$#
Men 0.46+0.01 0.46+0.01 0.48+0.01 0.48+0.01 0.48+0.01 0.48+0.01 0.49+0.01 0.48+0.01 0.49+0.01 0.48+0.01
Women EF  0.37+0.01 0.36+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.37+0.01

ovl

Values are mean+=SEM. Ex, steady state rhythmic handgrip; Ex+/-80, +/-100, +/-120, handgrip exercise with or without cuff inflation to 80,
100 or 120 mmHg; FF, free-flow; PFR, partial flow-restriction; EF; early follicular phase; BP, blood pressure; HR, heart rate; RRI, R-R
interval; cBRS, cardiac baroreflex sensitivity calculated using either HR (HR-cBRS) or RRI (RRI-cBRS); FBF, forearm blood flow. *
P<0.05 effect of time; T P<0.05 effect of condition (FF vs. PFR); I P<0.05 effect of sex (Men vs. Women EF); $ P<0.05 interaction time
vs. condition; # P<0.05 interaction time vs. sex.
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Table 6.3. Physiological responses to thythmic handgrip exercise in women during the early and late follicular phase of the ovarian cycle

Rest Ex Ex +/- 80 Ex +/- 100 Ex +/- 120
FF PFR FF PFR FF PFR FF PFR FF PFR

Mean BP (mmHg) *1$#

WomenEF  81+1 79+ 1 86+2 84+2 88+2 8742 87+2 92+2 88+2 9742

WomenLF  78+1 80+2 80+2 84+2 8242 85+2 82+2 91+2 84+2 9742
HR (beats min’') *$#

Women EF 66+3 67+3 70+3 73+3 71+2 74+3 7242 77+2 73£2 79+3

Women LF 67+3 65+3 71+3 70+3 73£3 7242 72£3 75+3 73£3 79+3
RRI (ms) *$

Women EF 937 +43 915+ 42 869 + 31 835+ 32 855 + 29 823 £33 851 +£29 794 + 29 836 + 27 774 £ 27

Women LF 918 +43 953 + 39 860 + 37 874 + 31 846 + 38 851 + 26 849 + 34 815 +26 839 + 32 775 £ 26
HR-cBRS (beats min’' ~mmHg71)

Women EF  -1.5+02  -1.7£02 -1.6+£02  -12+02 14402  -12+0.1 15402 -1.6+02 15403 -1.7+02

WomenLF  -12+0.1  -2.0+0.5 14+£02 -14+02 14+02  -1.5+0.1 1L6+£0.1  -1.7+02 13402 -1.7+0.1
RRI-cBRS (ms-mmHg )

Women EF 246 2544 21+4 1442 18+3 1442 18+3 1843 19+ 6 17+3

Women LF 17+2 3249 1843 19+3 18+3 18+2 1942 20+3 18+3 17+2
FBF (ml'min” kg') *$

Women EF 158 + 23 159 + 24 552+ 46 563 + 48 546 + 38 425+ 50 537+39 348 + 40 531 +37 256 + 23

WomenLF 191 22 184 + 24 600 + 57 608 + 43 612464 417432 595 + 60 347 £ 26 614 £ 63 268 + 21

Diameter (cm) *$#
Women EF  0.37+0.01 0.36 £0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.38+0.01 0.37+0.01
Women LF  0.36+0.02 0.36£0.01 0.38+£0.01 0.37+0.01 0.38+0.01 0.37+0.01 0.38+0.01 0.37+0.01 0.38+0.01 0.37+0.01

Values are mean+SEM. Ex, steady state rhythmic handgrip exercise; Ex+/-80, +/-100, +/-120, handgrip exercise with or without cuff
inflation to 80, 100 or 120 mmHg; FF, free-flow; PFR, partial flow-restriction; EF; early follicular phase; LF Late follicular phase; BP,
blood pressure; HR, heart rate; RRI, R-R interval; cBRS, cardiac baroreflex sensitivity calculated using either HR (HR-cBRS) or RRI
(RRI-cBRS); FBF, forearm blood flow. * P<0.05 effect of time; T P<0.05 effect of condition (FF vs. PFR); $ P<0.05 interaction time vs.
condition; # P<0.05 interaction condition vs. cycle phase.
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Figure 6.1. Mean arterial blood pressure (BP) responses to rhythmic handgrip exercise in men (panel A) and women during the early
(EF; panel B) and late (LF; panel C) follicular phase of the ovarian cycle. Ex+/-80, +/-100, +/-120, handgrip exercise with or without
cuff inflation to 80, 100 or 120 mmHg. * P<0.05 vs. Rest of corresponding trial; ¥ P<0.05 vs. Ex of corresponding trial; § P<0.05 vs. Ex

== Partial flow-restriction

80 of corresponding trial; $ P<0.05 vs. Ex 100 of corresponding trial; # P<0.05 vs. free-flow trial at corresponding time point.
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Figure 6.2. Heart rate (HR) responses to rhythmic handgrip exercise in men (panel A) and women during the early (EF; panel B) and late
(LF; panel C) follicular phase of the ovarian cycle. Ex+/-80, +/-100, +/-120, handgrip exercise with or without cuff inflation to 80, 100 or
120 mmHg. * P<0.05 vs. Rest of corresponding trial; T P<0.05 vs. Ex of corresponding trial; § P<0.05 vs. Ex 80 of corresponding trial; $

P<0.05 vs. Ex 100 of corresponding trial; # P<0.05 vs. free-flow trial at corresponding time point.
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Figure 6.3. Forearm blood flow (FBF) responses to rthythmic handgrip exercise in men (panel A) and women during the early (EF; panel B)
and late (LF; panel C) follicular phase of the ovarian cycle. Ex+/-80, +/-100, +/-120, handgrip exercise with or without cuff inflation to 80,

100 or 120 mmHg. * P<0.05 vs. Rest of corresponding trial; ¥ P<0.05 vs. Ex of corresponding trial; { P<0.05 vs. Ex 80 of corresponding

trial; $ P<0.05 vs. Ex 100 of corresponding trial; # P<0.05 vs. free-flow trial at corresponding time point.
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Figure 6.5. Relationship between the changes in forearm blood flow (FBF) and mean
blood pressure (BP) induced by graded partial flow-restriction (upper arm cuff inflation
to 80, 100 and 120 mmHg) vs. free-flow during rhythmic handgrip exercise. Values for
men (black circles) and women during the early follicular phase (EF; white circles) are
presented in panel A. Panel B shows the response relationship in women during the
early and late follicular phase (LF; grey triangles) of the ovarian cycle.
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Figure 6.6. Relationship between the changes in forearm blood flow (FBF) and heart
rate (HR) induced by graded partial flow-restriction (upper arm cuff inflation to 80, 100
and 120 mmHg) vs. free-flow during rhythmic handgrip exercise. Values for men (black
circles) and women during the early follicular phase (EF; white circles) are presented in
panel A. Panel B shows the response relationship in women during the early and late
follicular phase (LF; grey triangles) of the ovarian cycle.
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6.4 Discussion

The purpose of the present study was to investigate the potential influence of sex
and/or female reproductive hormones on the sensitivity of the muscle metaboreflex
when activated by graded reductions in skeletal muscle blood flow during handgrip
exercise. The main novel findings of the present study are the following: (i) Increases in
HR and BP during exercise with graded muscle metaboreflex engagement were similar
in men and women and not different between the EF and LF phases of the ovarian
cycle; (ii) In contrast to the initial hypothesis, the slopes of the relationship between the
reductions in FBF and the changes in either HR or BP (i.e. muscle metaboreflex
sensitivity) were not different in men and women and comparable in the EF and LF
phases of the ovarian cycle; (iii) Similar to the observation in men (see Chapter 4 for
details), cBRS remained unchanged from rest during rhythmic handgrip exercise with
and without partial flow-restriction in women during both phases of the ovarian cycle.
Taken together, muscle metaboreflex activation when engaged by similar reductions in
skeletal muscle perfusion does not evoke differential cardiovascular responses (i.e.
similar metaboreflex sensitivity) in men and women during low and high estrogen

phases of the ovarian cycle.

6.4.1 Influence of sex on cardiovascular responses to firee-flow and partial flow-

restriction

Despite the fact that previous studies in humans have suggested that
metaboreflex activation during static forearm exercise is attenuated in women (Ettinger
et al., 1996, Jarvis et al., 2011), muscle metaboreflex sensitivity for the control of BP

and HR were not different in men and women in the present study. However, these
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findings are in agreement with a study in canines that also reported no sex-differences in
the strength and mechanisms of the muscle metaboreflex (Laprad et al., 1999).
Conversely to the experiments in humans, the study by Laprad et al. (1999) and the
present data provide direct measurements of blood flow. Although, FBF was not
statistically different in men and women during the free-flow trial, FBF increased
slightly over time during exercise in men, but not in women. Thus, the muscle
metaboreflex-induced effects were expressed as the difference between the free-flow
and the partial flow-restriction trial. This allows an accurate comparison, as the level of
the stimulus (i.e. flow restriction) was standardised.

In treadmill running dogs instrumented with a pneumatic occluder around the
terminal aorta, the muscle metaboreflex has been characterised as a reflex mechanism,
which is not tonically active (Wyss et al., 1983). According to this model, after passing
the reflex threshold the magnitude of the metaboreflex-induced increases in HR, BP,
CO and TPR is proportional to the extent of decrease in skeletal muscle blood flow (i.e.
linear relationship). The slope of this relationship can provide an estimate of muscle
metaboreflex responsiveness in control of these parameters. A recent study in humans
has used graded increases in external cuff pressure during rhythmic handgrip (Ichinose
et al., 2011). They identified an exercise intensity dependent shift in the muscle
metaboreflex threshold, necessary to engage the muscle metaboreflex, from a 60%
reduction in FBF at very low rhythmic handgrip exercise (5% MVC) to a 40% reduction
in FBF at low exercise intensities (15% MVC). In the present study, during 35% MVC
an approximately 25% reduction in FBF during the first cuff pressure (+80 mmHg)
occurred, which increased progressively in proportion to the cuff pressure. Although it
was beyond the scope of the present study to identify the muscle metaboreflex

threshold, the clear pressor response during partial flow-restriction may suggest that this
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threshold was passed. Therefore, the estimation of linear regression lines to plot the
relationship between the reduction in FBF and the concurrent changes in mean BP and
HR presents a reasonable approach to obtain an estimate of muscle metaboreflex
responsiveness (i.e. slope of the regression line) and the subsequent comparison in men
and women during EF and LF phases of the ovarian cycle.

Compared to men, women have been reported to have a greater oxidative
capacity suggesting that during a similar exercise workload women accumulate a
smaller amount of metabolites associated with anaerobic muscle metabolism than men
(Komi and Karlsson, 1978, Simoneau and Bouchard, 1989). An attenuated metabolite
accumulation would activate the muscle metaboreflex to a lower degree resulting in an
attenuated pressor response in women compared to men (Ettinger et al., 1996).
However, in the present study, muscle metaboreflex engagement evoked similar
increases in HR and mean BP in men and women. One possible explanation might
derive from the fact that during rhythmic handgrip exercise the engaged muscle mass is
very low. It is therefore possible that differences in metabolite accumulation were not
sufficient to affect the metaboreflex-mediated control of BP and HR. However, no
estimate of muscle fibre-type distribution and/or the changes in metabolic profile of the
exercising forearm muscles was available in the present study. Thus, by employing a
relative workload (e.g. 35% MVC) and the observation that FBF was similarly reduced
during pressure cuff inflation in men and women, it may be concluded that it is unlikely
that differences in the magnitude of metabolite accumulation were present. However, to
fully exclude this possibility the assessment of the muscle metabolic profile during
exercise would be necessary using for example *'P-nuclear magnetic resonance

spectroscopy (Ettinger et al., 1996).
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6.4.2 Influence of ovarian cycle phase on cardiovascular responses to firee-flow and

partial flow-restriction

The autonomic effects of estrogen include enhanced parasympathetic nerve
activity, attenuated sympathetic nerve activity and enhanced cBRS resulting in a
dampened pressor response during pharmacologically induced elevations in BP (He et
al., 1998, Saleh et al., 2000a, Saleh and Connell, 2000). In humans, resting vagal tone
has been reported to be elevated in postmenopausal women supplementing with
estrogen compared to placebo-treated women (Virtanen et al., 2000). Moreover,
sympathetic nerve activity is reportedly greater in the midluteal than the EF phase of the
ovarian cycle (Minson et al., 2000a). In agreement, BP responses were only attenuated
in LF women during free-flow exercise. However, HR and BP were similar in women
between these two ovarian phases at rest and during graded muscle metaboreflex
activation. One potential explanation for these partly discrepant findings could be that
the utilized exercise intensity (i.e. 35% MVC) was insufficient to increase efferent
sympathetic activity. In support of this, it has been demonstrated that exercise
intensities below 40% MVC are not accompanied by elevations in MSNA (Seals,
1989b, Victor and Seals, 1989, Victor et al., 1987b). Moreover, the choice of rhythmic
handgrip exercise very likely allowed the washout of metabolites, which could have
limited sympathetic activation via the muscle metaboreflex. In addition, the magnitude
of vagal withdrawal during both free-flow and partial flow-restriction might have been
too small to detect any modulatory effects of estrogen. In support of that, spontaneous
cBRS which is thought to represent a measure of cardiac vagal activity (Parati et al.,
2000, Parlow et al., 1995, Task, 1996) was unaffected by the ovarian cycle phase at rest,

during exercise under free-flow and partial flow-restriction.
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6.4.3 Influence of sex on cBRS during free-flow and partial flow-restriction

It has been repeatedly shown that during PEI following forearm exercise, BP
remains elevated, while HR returns back to resting levels (Alam and Smirk, 1937, Cui
et al., 2001, Fisher et al., 2008, Papelier et al., 1997, Victor et al., 1987b). The majority
of recent studies have also demonstrated no effect of muscle metaboreflex activation on
cBRS using this technique after arm exercise (Cui et al., 2001, Fisher et al., 2010, Fisher
et al., 2008, Iellamo et al., 1999b). Although PEI is a well-established experimental
model to examine the role of the muscle metaboreflex in isolation from central
command and muscle mechanoreflex, it arguably represents an artificial situation. Thus,
in the present study, metabolically sensitive afferents were activated by gradually
reducing skeletal muscle blood flow to the exercising forearm muscles during rhythmic
handgrip exercise. In the current study, HR and BP rose in proportion to the degree of
FBF restriction. These results are in agreement with previous studies, in which blood
flow was reduced using a positive pressure box around the exercising arm (Daley et al.,
2003, Joyner, 1991). Together, these results support the notion that the magnitude of
muscle metaboreflex activation was indeed successively graded with increasing cuff
pressure. However, cBRS was unchanged from rest during stepwise engagement of
metabolically sensitive afferents. Similar observations including the unchanged
operating point gain of the carotid-cardiac baroreflex stimulus-response curve have been
reported during graded metabolite accumulation (e.g. magnitude of metaboreflex
activation) during PEI after arm exercise (Fisher et al., 2010, Fisher et al., 2008). A
close correlation has been demonstrated between the spontaneous cBRS sensitivity
assessed by the sequence technique and the operating point gain of the full cardiac
baroreflex stimulus response curve (Ogoh et al., 2005b). Thus, the results from the

present study suggest that cardiac baroreflex responsiveness around the operating point
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was well preserved when the muscle metaboreflex was engaged during rhythmic

handgrip exercise.

6.4.4 Influence of ovarian cycle phase on cBRS during free-flow and partial flow-

restriction

Although, estrogen receptors have been identified in several brain areas involved
in the central cardiovascular control their expression in the brain areas associated with
central command, such as the midbrain, thalamus and insular cortex is rather sparse
(Pfaff and Keiner, 1973, Spary et al., 2009). However, Hayes and colleagues (2002)
have observed that estrogen attenuated the central command-induced increases in BP,
HR and sympathetic nerve activity during intravenous injection of 17f-estradiol on
cardiovascular responses to electrical stimulation of the mesencephalic locomotor
region in decerebrate, paralysed male cats. In contrast, in the present study RPE were
similar, while BP was attenuated during free-flow exercise in LF women (e.g. high
estrogen). Of note, estrogenic effects on the central command-induced cardiovascular
responses were not determined in isolation, as performed in animals. Therefore,
potential estrogen-mediated differences in the central command-induced pressor
response might have been masked or overridden by augmented sensory afferent
feedback from the exercising skeletal muscle (e.g. muscle mechanoreflex) that was
activated in parallel with central command during voluntary exercise. Alternatively,
profound species-differences and/or the use of fluctuations in endogenous (present
study) versus exogenous (Hayes et al.) estrogen concentrations may explain the
seemingly divergent results.

The lack of estrogenic influences on spontaneous ¢cBRS during graded muscle

metaboreflex engagement may alternatively be caused by the fact that fluctuations in
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estrogen concentration were too small to evoke detectable effects on cardiovascular and
haemodynamic variables during rhythmic handgrip exercise. Therefore, another model
in which the magnitude of female hormone concentrations can be artificially altered,
such as studying postmenopausal women with or without estrogen replacement therapy,

might prove more successful.

6.4.5 Limitations

It cannot be ruled out completely that the muscle mechanoreflex, potentially
activated by venous distension or muscle compression, has contributed to the
tachycardia during rhythmic handgrip exercise with partial flow-restriction (Bell and
White, 2005, Drew et al., 2008a, Kaufman and Rybicki, 1987) (see Sections 4.4 and
5.4.1 for details).

Another potential limitation of the present study is that plasma estrogen and
progesterone concentrations were not measured. Hence, it can only be assumed that
estrogen concentrations were significantly elevated during the LF phase of the ovarian
cycle. However, the use of ovulation kits allows a very accurate, although indirect,
estimate of the time of peak estrogen concentrations. Also, it is a well established and
widely used methodology (Minson et al., 2000a). Moreover, only the effects of estrogen
were considered to influence muscle metaboreflex control during exercise. However,
progesterone has been shown to exert sympatholytic effects (Heesch and Rogers, 1995)
by modulating the neurotransmitter release in medullary regions (e.g. RVLM) involved
in the baroreflex mediated sympathetic inhibition (Potts, 2006). Whether progesterone
affects the cardiovascular responses and/or arterial baroreflex control of HR and BP via

modulation of the muscle metaboreflex warrants investigation. For example further
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studies should include the midluteal phase of the ovarian cycle, when both estrogen and

progesterone concentrations are elevated.

6.4.6 Alternative approaches

It is acknowledged that the experimental model employed in the present study is
not ideal in that rhythmic handgrip exercise at 35% MVC was insufficient to reduce
cBRS. This was presumably due to the small muscle mass activated during handgrip
exercise. Therefore, one-legged kicking that involves a larger muscle mass performed
under free-flow conditions and with partial flow-restriction might be a next step. In
addition, femoral blood flow measurements are feasible during leg kicking (Andersen et
al., 1985). These would provide a good model to investigate sex-differences during
dynamic exercise with graded muscle metaboreflex activation. Although not measured
in the present study, the inclusion of efferent sympathetic nervous activity might have
added important information. For example, the muscle metaboreflex has been shown to
raise BP via increases in MSNA during handgrip exercise (Mark et al., 1985, Victor and
Seals, 1989) and MSNA responses to exercise have repeatedly been described to be
attenuated in women compared to men during forearm exercise (Ettinger et al., 1996,
Jarvis et al., 2011). Moreover, the inclusion of lower cuff pressures (0-50 mmHg)
during rhythmic handgrip exercise (Daley et al., 2003, Ichinose et al., 2011) might
provide additional insight regarding the threshold and/or breakpoint for muscle
metaboreflex activation. Therefore, additional MSNA recordings, a greater range of cuff
pressures and potentially a measure of the muscle metabolic profile (e.g. venous blood
samples) during leg-kicking should be applied to address the presently unanswered

questions.
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6.5 Conclusion

In summary, for the first time in humans, this study determined the potential
influence of sex and/or ovarian hormone concentration on the muscle metaboreflex-
induced pressor response and effects on cBRS. The relationships between the changes
in HR and BP and the reductions in FBF during rhythmic handgrip exercise with partial
flow-restriction were similar in men and women and during the EF and LF phases of the
ovarian cycle, while cBRS remained unchanged compared to rest in all groups. These
data indicate that there are no sex-differences in muscle metaboreflex sensitivity and
further suggest that previously observed sex-differences in the muscle metaboreflex-
induced cardiovascular responses might potentially be related to differences in muscle
perfusion as similar blood flow reductions evoked similar pressor responses in men and

women.
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CHAPTER 7: SEX DIFFERENCES IN THE DYNAMIC

CAROTID BAROREFLEX FUNCTION AT REST AND

DURING DYNAMIC EXERCISE
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7.1 Introduction

7.1.1 Baroreflex control of BP and HR

The arterial baroreflex plays an important role in the beat-to-beat regulation of
arterial BP and HR, by modulating sympathetic and parasympathetic activity to the
heart and the peripheral vasculature. The data from the previous studies (see Chapters
5&6) indicated that there are no sex-differences in cardiac baroreflex responsiveness at
rest and during exercise. However, there is some controversy in the literature, reporting
either augmented, attenuated or unchanged cardiac baroreflex function in men
compared to women at rest (Beske et al., 2001, Chen and DiCarlo, 1996, Convertino,
1998, Tanaka et al., 2003, Tank et al., 2005). Only a few studies have investigated the
differences in the arterial baroreflex control of BP. These have found that women have a
reduced effectiveness to buffer changes in BP via a baroreflex mechanism and lower
autonomic support of BP (Christou et al., 2005, Schmitt et al., 2010). However, the
influence of sex on the arterial baroreflex control of BP remains incompletely
understood.

In both animals (Bevegard and Shepherd, 1966, Coote and Dodds, 1976) and
humans (Papelier et al., 1994, Potts et al., 1993) the arterial baroreflex has been shown
to be reset to operate around the higher exercising BP thus continuing to regulate BP
during exercise. The resetting of the arterial baroreflex during exercise has been shown
to dependent on the exercise intensity. It is also very closely related to the actions and
interactions of neural signals arising from higher brain areas (i.e. central command)
(Iellamo et al., 1997, Mcllveen et al., 2001, Ogoh et al., 2002b, Querry et al., 2001) and
the reflex feedback from skeletal muscle afferents (Gallagher et al., 2001b, Iellamo et
al., 1997, Potts and Mitchell, 1998, Smith et al., 2003), which is characterised by the
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stimulation of metabolically and mechanically sensitive skeletal muscle afferents
(Kaufman and Rybicki, 1987).

Barodenervation has been shown to lead to exaggerated contraction-induced BP
responses in cats and rats (Waki et al., 2003, Waldrop and Mitchell, 1985). This
indicates that a fully operating arterial baroreflex is necessary to elicit adequate
baroreflex resetting and appropriate cardiovascular responses during exercise. Indeed,
men exhibit a greater pressor response compared to women during both static and
dynamic exercise (Ettinger et al., 1996, Fleg et al., 1995). However, the reasons for
these differences remain unclear. One potential explanation might be a reduced arterial
baroreflex function in women during exercise. While the last studies (Chapter 5&6)
indicated that cardiac baroreflex function at rest and during exercise is not different in
men and women, there are no data available on sex-differences in the arterial baroreflex
control BP during exercise. Although the arterial baroreflex continues to control BP
during exercise, it might be erroneous to propose that the sex-differences observed at
rest are simply translatable to the exercise condition. Varying activation of the muscle
afferents and/or central command between men and women, and their subsequent
modulation of the arterial baroreflex might contribute to an altered arterial baroreflex

control of BP during exercise (Ettinger et al., 1996, Jarvis et al., 2011).

7.1.2  Baroreflex control of peripheral haemodynamics

Vascular conductance has been shown to play an important role in the baroreflex
control of BP at rest and during exercise (Keller et al., 2004, Keller et al., 2003, Ogoh et
al., 2002a). Moreover, the arterial baroreflex is known to mediate peripheral
haemodynamic changes, by altering muscle sympathetic nerve activity and blood flow

(Ernsting and Parry, 1957, Fadel et al., 2001, Ogoh et al., 2002a, Wray et al., 2004a).
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Application of a hypotensive stimulus to the carotid baroreceptors (e.g. neck pressure,
NP) provides a sympatho-excitatory stimulus, which has been found to evoke a blunted
vasoconstrictor response in the exercising skeletal muscle compared to rest (Keller et
al., 2004, Keller et al., 2003). This phenomenon has been termed ‘functional
sympatholysis’ (Remensnyder et al., 1962). Local accumulation of contraction related
metabolites such as adenosine triphosphate, nitric oxide or diprotonated phosphate have
been suggested to partially off-set sympathetic activation in the vasculature of the
exercising skeletal muscles (Boushel et al., 1998, Dinenno and Joyner, 2003, Thomas et
al., 1997). However, since studies have been predominantly performed in men, it
remains unclear whether there are sex-differences in the sympathetic vasoconstrictor
responses during exercise. Indeed, sympathetically mediated vasoconstriction at rest
was found to be blunted in women compared to men (Hogarth et al., 2007, Kneale et al.,
1997). Also, distinct differences seem to exist in the relationship between efferent
sympathetic activity and vascular tone between the sexes (Hart et al., 2009, Hogarth et
al., 2007). However, to date, it is unknown whether these differences persist during

exercise.

7.1.3 Assessment of carotid baroreflex function

The arterial baroreflex is known to mediate changes in HR, BP, sympathetic
nerve activity and the peripheral circulation in a dynamic manner (Eckberg et al., 1988,
Wray et al.,, 2004a). However, most studies evaluating CBR function in humans,
especially during exercise, have utilized static perturbations to simulate carotid sinus
hypo- and hypertension (Fadel et al., 2001, Fisher et al., 2006, Keller et al., 2004,
Norton et al., 1999, Ogoh et al., 2002a, Potts et al., 1993, Smith et al., 2003). In that,

brief pulses (e.g. 5 seconds) of external positive (NP) and negative pressure (NS)
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directly alter carotid transmural pressure, leading to decreased or increased carotid sinus
nerve firing, respectively (Ludbrook et al., 1977). However, it has been shown that
during static pulses of CBR stimulation using the neck chamber technique a
counteraction from the extra-carotid baroreceptors (e.g. aortic and cardiopulmonary
baroreceptors) occurs within 20 seconds, which overrides the CBR-mediated
cardiovascular, neural and haemodynamic responses (Fadel et al., 2003a, Ogoh et al.,
2003a). To overcome this potential limitation and to assess the dynamic nature of the
carotid baroreflex, the present study used an intermittent, more prolonged stimulus of
the carotid baroreceptors, namely oscillatory NP and NS. Bath et al. (1981) have
demonstrated that simulated carotid hypertension (NS) in a sinusoidal manner (e.g. a
series of 7.5 seconds on followed by 7.5 seconds off and so on) elicited a profound
reduction in muscle sympathetic nerve activity which was not achieved by application
of a static pulse. Since then, oscillatory perturbations of the carotid baroreceptors have
been successfully shown to evoke carotid baroreflex-mediated entrainment of BP, HR
and skin blood flow (Bath et al., 1981, Bernardi et al., 1997, Spadacini et al., 2006). In a
recent study by Wray et al. (2004a), measurements of muscle sympathetic nerve activity
(MSNA), HR, BP, leg blood flow and tissue oxygenation have been simultaneous
performed during oscillatory NP at rest and during exercise. They have found that CBR
control of MSNA and BP is well maintained from rest to exercise, while CBR-
entrainment of the peripheral vasculature was decreased during exercise compared to
resting conditions. However, the study of Wray et al. (2004) was not designed to
determine potential sex-differences in the CBR control of cardiovascular and
haemodynamic responses.

The aim of the present study was to determine potential sex-differences in the

dynamic CBR control over cardiovascular and haemodynamic parameters at rest and
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during exercise. To investigate this, the neck chamber technique was employed to
selectively unload (NP) and load (NS) the carotid baroreceptors in an oscillatory manner
(i.e. 5 seconds on, 5 seconds off) at rest and during low-level rhythmic handgrip
exercise. It was anticipated that during exercise the CBR control of the peripheral
circulation would be decreased compared to rest, while CBR control of BP would be
maintained from rest to exercise. It was further hypothesised that women would elicit an
attenuated CBR entrainment of BP and that sympatho-excitatory NP would be less

effective in reducing skeletal muscle perfusion in women compared to men.

7.2 Methods

7.2.1 Subjects

Ten healthy young men and ten healthy young women were recruited from the
University of Birmingham student community (Table 1). Six out of the ten women used
hormonal contraception. In order to minimize any effects of ovarian hormone

concentrations women were studied during the EF phase of the ovarian cycle (4+1 day).

Table 7.1. Subject characteristics

Men (n=10)  Women (n=10)

Age (years) 23+£2 23+4
Weight (kg) 81 + 9* 67+ 16
Height (cm) 184 + 5% 169 + 6
BMI (kg'm”) 24 +2 23+5
MVC (kg) 53 +6* 32+7

Values are mean=SEM. BMI, body mass index; MVC, maximum voluntary contraction.
* P<0.05 different from men.
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7.2.2 Experimental measurements

Figure 7.1 shows the experimental set-up used in the present study. HR and BP
were measured and mean BP was calculated (see Section 3.2.1. for details). A strain-
gauge pneumobelt placed around the abdomen was additionally used to visualise and
monitor the respiratory movements throughout the experiment (Pneumotrace II, model
1132, UFI, Morro Bay, USA). To determine whether sex influences CBR control of BP
and HR, beat-to-beat changes in BP and HR were assessed during the application of five
minutes of oscillatory NP and NS at rest and during rhythmic handgrip exercise in

young men and women (Figure 7.2).

Neck Collar

Figure 7.1. Laboratory set-up. ECG, electrocardiogram; neck collar allowed application
of neck pressure (NP; simulated carotid hypotension) and neck suction (NS; simulated
carotid hypertension).

Dynamic CBR function was assessed after familiarisation using the oscillatory
NP and NS at rest and during exercise (see Section 3.3.4 for details). In a subset of three

subjects FBV from the brachial artery of the right arm was obtained by Doppler
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ultrasound (see Section 3.2.2 for details) and tissue oxygenation measurements were

performed using NIRS (see Section 3.2.6 for details).

REST REST + NP
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Figure 7.2. Original record of one representative subject showing chamber pressure (CP;
top panel), R-R interval (RRI; middle panel) and mean blood pressure (mean BP;
bottom panel). Oscillatory NP evoked carotid baroreflex entrainment of RRI and mean
BP as indicated by the close coupling of fluctuations of these RRI and mean BP with
oscillations in chamber pressure.

7.2.3 Experimental procedures

Subjects were seated in a semi-recumbent position on a medical examination
table with a custom made handgrip dynamometer held in the right hand, while the arm
was supported on an adjustable bedside table. Following instrumentation and
assessment of MVC (see Section 3.3.1 for details) subjects rested for 15 minutes.

During the resting trial a 5 minute resting period was followed by 5 minutes of

either NP or NS (Figure 7.3; panel A). 13 minutes of rhythmic handgrip exercise were
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performed at a duty cycle of 1.5 seconds contraction — 1.5 seconds relaxation (20
contractions per minute) to allow FBV measurements during handgrip (Dinenno and
Joyner, 2003). The exercise workload corresponded to 20% of MVC in order to
minimise the potential for exercise-induced sympatho-excitation (Victor and Seals,
1989). Subjects started handgrip exercise after a 2 minute resting period. Following 3
minutes of exercise to reach cardiovascular and haemodynamic steady-state, 5 minutes
of oscillatory NP or NS were applied (Figure 7.3; panel B). After the dynamic carotid
baroreceptor perturbation was finished, subjects continued exercising for another 5
minutes. The order of oscillatory NP and NS application was randomized and
counterbalanced. Exercise trials were separated by 15 minutes to avoid fatigue and
ensure reestablishment of baseline HR and BP before commencing the next trial. RPE

were obtained for each exercise trial.

A) Rest €mmmmmm oo >
€-—-—-—- - >
Rest 1 min
| | -
0 5 10 min
B) Exercise € mmm e >
L — :
Rest Handgrip
1
0 2 5 10 15 min

Figure 7.3. Schematic representation of the experimental protocol, comprising
oscillatory neck pressure (NP) and neck suction (NS) at rest (panel A) and during
rhythmic handgrip exercise (panel B). Dashed lines indicate time of data acquisition.
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7.2.4 Data reduction & Spectral Power Analysis

Five minute averages were calculated for each section (Rest NoNP or NP, Ex
NoNP or NP, Rest NoNS or NS and Ex NoNS or NS).

A Fast Fourier transformation was performed to calculate the spectral power of
RRI and BP (Brown et al., 2003, Wray et al., 2004a) (Figure 7.4) using customized
script files (Spike 2 Version 5, Cambridge Electronic Design [CED], Cambridge, UK).
In detail, new waveforms were created from each RRI and the corresponding mean BP
value. The resulting waveforms were linearly interpolated and re-sampled at 5.12 Hz.
The voltage offset was removed to eliminate 0 Hz contamination of the spectrum. The
Fast Fourier transform consisted of 512 bins, resulting in spectra with bin widths of 0.01
Hz. A Hann window was used to eliminate high frequency noise created by
discontinuities in the waveform. The three bins spanning the low frequency range (LoF;
0.085-0.115 Hz) were selected and the area under the LoF peak used as a measure of
power spectral density (Cooke et al., 1999, Wray et al., 2004a). Before statistical
analyses were performed, the power spectra were transformed using natural logarithm
(Ln), because some of the measured signals showed a skewed distribution (Bernardi et
al., 1997, Wray et al., 2004a). In order to verify that the observed cardiovascular and
haemodynamic entrainment was indeed evoked by the oscillatory input of NP and NS,
an estimation of coherence was performed using DADiSP (DATAQ Instruments Inc.,
Akron, OH, USA). Coherence greater than 0.5 was assumed to provide a stable
relationship between input (NP/NS) and output (cardiovascular and haemodynamic

variables) (Spadacini et al., 2006).
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Figure 7.4. Power spectral density of RRI (panel A) and mean BP (panel B) at rest
without (black area) and with (white area) neck pressure (NP). Vertical lines indicate the
low frequency range (LoF; 0.085-0.115 Hz) of oscillatory carotid baroreflex stimulation.
Five minutes of oscillatory NP elicited carotid baroreflex entrainment of RRI and mean
BP indicated by the discrete peak in the power spectra at the stimulus frequency.

7.2.5 Statistical analysis

Group comparisons of the cardiovascular responses to exercise with and without
oscillatory NP or NS were determined using three way-repeated measures ANOVA.
The main factors were sex (men, women), condition (rest, exercise) and pressure (No
NP or No NS and NP or NS). Absolute power spectral densities and changes in LoF
power of each variable were compared using two-way repeated-measures ANOVA with

the main factors sex and condition or sex and pressure.
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7.3 Results

7.3.1 Systemic cardiovascular responses at rest and during exercise

Weight, height and MVC were higher in young men compared to women (Table
7.1). Low-level rhythmic handgrip exercise evoked significant increases in systolic,
diastolic and mean BP and HR, while RRI was reduced (Tables 7.2&7.3). Of note,
systolic BP was constantly lower in women than men at rest and during exercise, while
diastolic BP (P= 0.080) and HR (P= 0.093) tended to be higher in women compared to
men. RPE during low-level rthythmic handgrip exercise at 20% MVC was 12+1 au in

men and 11+1 au in women.

7.3.2 Systemic cardiovascular responses to NP and NS

Oscillatory NP (i.e. simulated carotid hypotension) evoked increases in systolic,
diastolic and mean BP (P<0.05). The magnitude of these increases was not different at
rest and during exercise, or between the two groups (Table 7.2). HR and RRI were not
affected by oscillatory NP. No interaction was found between condition (i.e. rest vs.
exercise) and pressure (NoNP vs. NP; P>0.05).

Oscillatory NS (i.e. simulated carotid hypertension) decreased diastolic and
mean BP and HR at rest and during exercise, while RRI was increased in both
conditions (P<0.05; Table 7.3). The magnitude of these changes was greater during
exercise compared to rest (P<0.05 condition effect). Systolic BP tended to increase with
oscillatory NS at rest, whereas it decreased significantly during exercise. The RPE

during handgrip was not affected by NP or NS.
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Table 7.2. Cardiovascular responses at rest and during handgrip exercise without and with neck pressure in men and women

Systolic BP *11 Diastolic BP *t Mean BP *f HR * RRI *
(mmHg) (mmHg) (mmHg) (beats -min'l) (ms)
Men Women Men Women Men Women Men Women Men Women
Rest
NoNP 120+2 112+3 61+2 67+2 81 £2 82 +£2 58+2 66+4 1045+26 941+ 56
NP 131+4 118+4 65+3 68 +3 86+ 6 84 +3 58+1 66+4 1050+ 18 947 +58
Exercise

NoNP 126+3 118+2 67+3 74 £2 84+£2 87+£2 64 +£2 704  947+29 882+46
NP 132+4 124+ 2 67+3 76 £2 85+3 90 +2 63+2 69+4 961+25 896+48

Values are mean+SEM. NP, neck pressure; BP, blood pressure; HR, heart rate; RRI, R-R interval; * P<0.05 effect of exercise; T
P<0.05 effect of neck collar; § P<0.05 effect of sex.
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Table 7.3. Cardiovascular responses at rest and during handgrip exercise without and with neck suction in men and women

Systolic BP *{# Diastolic BP *{# Mean BP *{# HR *7# RRI *7#
(mmHg) (mmHg) (mmHg) (beatsmin™) (ms)
Men Women Men Women Men Women Men Women Men Women
Rest
NoNS 119+2 112+£2 62+2 69+2 81+2 83+2 58+2 66+ 4 953+ 57 1046 £ 30
NS 12143 116 £ 4 60+2 67+3 79+2 82+3 57+2 64+ 4 980+ 56 1080+ 33
Exercise

NoNS 132+£5 119+3 70 £ 2 75+3 88 £3 88 +2 65+2 72+£6 872 +£56 929 +27
NS 129+4 117+£3 66 £ 2 71+3 83£2 84 +3 60 £ 2 68 £5 929+ 61 1010+31

Values are mean+SEM. NP, neck pressure; NS, neck suction; BP, blood pressure; HR, heart rate; RRI, R-R interval; * P<0.05 effect
of exercise; T P<0.05 effect of neck collar; § P<0.05 effect of sex; # P<0.05 interaction effect of condition x neck collar.
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7.3.3  Power spectral analysis cardiovascular CBR entrainment

CBR entrainment of RRI and mean BP evoked by oscillatory NP at rest (Figure
7.2) was indicated by the distinct coupling of the fluctuations in RRI and mean BP with
the positive pressure pulses. To estimate the magnitude of CBR entrainment, a Fast
Fourier transformation was performed for each of the measured variables. Figure 7.4
shows the power spectra obtained at rest with and without NP for one representative
subject. Oscillatory NP and NS was applied at a frequency of 0.1 Hz, which evoked an
increase in LoF power of RRI and mean BP, as indicated by the larger area at the
stimulus frequency in the spectra compared to rest without NP. As shown in Figures
7.5&7.6, oscillatory NP and NS produced a significant increase in LoF power of RRI
and mean BP at rest and during exercise (P<0.05 vs. NoNP or NoNS). This increase
occurred similarly in men and women.

To compare the magnitude of the increase in LoF power for each variable in
men and women, changes in power spectral density were calculated from Rest NoNP to
Rest+NP and from Ex NoNP to Ex+NP, and respectively for NS (Figures 7.7&7.8).
Oscillatory NP applied at rest evoked a similar increase in LoF power of RRI in men
(+3.2+0.5 Ln msz) and women (+2.3+0.5 Ln msz). In addition, during exercise with NP,
the changes in LoF power of RRI were not different between the groups (+3.0+0.6 and
+3.4+0.4 Ln ms” in men and women, respectively) or from the changes at rest (P>0.05).
Similar results were obtained for the changes in LoF power of mean BP. When carotid
hypertension was simulated using oscillatory NS, the LoF spectral power of RRI
increased similarly at rest (+4.4+0.7 and +4.7+0.4 Ln ms® in men and women,
respectively) and during exercise (+4.1+0.8 and +5.0+0.5 Ln ms” in men and women,

respectively) without any difference between groups (P>0.05). LoF spectral power of
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mean BP was also similarly increased at rest (+0.8+0.3 and +0.9+0.2 Ln mmHg” in men
and women, respectively) and during exercise (+0.6+0.3 and +1.0+0.2 Ln mmHg” in
men and women, respectively).

To verify that the observed fluctuations in RRI and mean BP were indeed
closely correlated to the oscillatory changes in carotid sinus transmural pressure,
coherence analysis was performed between chamber pressure and RRI or mean BP. The
coherence in the LoF range (i.e. at stimulus frequency) at rest and during exercise for
RRI and mean BP was above 0.5 in all subjects. This indicates that the observed

cardiovascular entrainment was indeed evoked by the oscillatory input of NP and NS.
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Figure 7.5. Absolute values of low frequency (LoF) power of R-R interval (RRI) without and with oscillatory neck pressure (NP;
panel A) and neck suction (NS; panel B) at rest and during exercise (Ex) in women (white bars) and men (black bars). * P<0.05

from Rest; ¥ P<0.05 from Ex.
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Figure 7.6. Absolute values of low frequency (LoF) power of mean blood pressure (BP) without and with oscillatory neck pressure
(NP; panel A) and neck suction (NS; panel B) at rest and during exercise (Ex) in women (white bars) and men (black bars). *

P<0.05 from Rest; T P<0.05 from Ex.
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Figure 7.7. Changes in low frequency (LoF) power of R-R interval (RRI) at rest and during handgrip exercise with oscillatory neck
pressure (Panel A) and neck suction (Panel B) at 0.1Hz. No significant differences were observed in ARRI LoF power between

men and women, or rest and exercise.
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Figure 7.8. Changes in low frequency (LoF) power of mean blood pressure (BP) at rest and during handgrip exercise with
oscillatory neck pressure (Panel A) and neck suction (Panel B) at 0.1Hz. No significant differences were observed in A Mean BP

LoF power between men and women, or rest and exercise.

L Y4LdVH)D



CHAPTER 7

7.3.4 Power spectral analysis of haemodynamic CBR entrainment

In a subset of three subjects, an assessment of CBR entrainment of tissue
oxygenation during oscillatory NP and NS was attempted at rest and during exercise.
However, due to technical limitations (e.g. lack of sensitivity of the NIRS system), CBR
control of tissue oxygenation could not be assessed (Figure 7.9). Measures of brachial
artery blood flow velocity (FBV) were also attempted during oscillatory NP or NS at
rest and during exercise in this subset. However, due to technical issues with the
Dopplex Doppler ultrasound system, these measurements could not be performed. A
detailed analysis of the underlying reasons will be addressed in the discussion section of

this thesis chapter.
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Figure 7.9. An original record of one representative subject with chamber pressure (CP;
top) and tissue oxygenation (HbO,; bottom) is presented in panel A. Panel B shows the
power spectral density of tissue oxygenation (HbO;) at rest without (black area) and
with (white area) neck pressure (NP) (panel B). Vertical lines indicate the low frequency
range (LoF; 0.085-0.115 Hz) of oscillatory CBR stimulation. Five minutes of oscillatory
NP did not evoke carotid baroreflex entrainment of tissue oxygenation as indicated by
the unchanged fluctuations of this variable during CP oscillations and the unchanged
power spectra at the stimulus frequency.
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7.4 Discussion

The purpose of the present study was to determine whether there are sex-
differences in the CBR-mediated cardiovascular and haemodynamic control at rest and
during exercise. It was observed that oscillatory unloading and loading of the carotid
baroreceptors evoked a distinct increase in the spectral power of RRI and BP, both at
rest and during low-level rhythmic handgrip exercise. The major novel finding of the
present study is that the magnitude of the CBR-mediated changes were not different in
men and women using either NP or NS, both at rest and during exercise. However, in
contrast to the initial hypothesis CBR entrainment of BP was not attenuated in women
compared to men. Collectively, the results of the present study suggest that there are no
differences in the dynamic CBR control of RRI and BP between men and women at rest

and during low-level rhythmic handgrip exercise.

7.4.1 Sex differences in resting CBR function

In the present study, women and men showed a similar CBR entrainment of RRI
in response to both oscillatory NP and NS. Intriguingly, previous reports have suggested
that women have greater vagal tone at rest and that cardiac function is reportedly
dominated by sympathetic control mechanism in men (Huikuri et al., 1996, Kuo et al.,
1999, Ryan et al., 1994). However, this is not a universal finding (Ramaekers et al.,
1998, Sinnreich et al., 1998). With regards to potential sex-differences in cBRS, there is
no consensus in the literature regarding whether women have a lower, greater or
unchanged baroreflex control of the heart (Abdel-Rahman et al., 1994, Beske et al.,
2001, Chen and DiCarlo, 1996, Convertino, 1998, Tanaka et al., 2003). The lack of sex-
differences in LoF spectral power of RRI in response to oscillatory NP and NS in the

present study and the comparable resting spontaneous ¢BRS in men and women
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reported in chapters 5&6 suggest that the sensitivity of the CBR to control for changes
in HR is similar in men and women. Importantly, the majority of previous studies
(Abdel-Rahman et al., 1994, Beske et al., 2001, Chen and DiCarlo, 1996, Tanaka et al.,
2003) used a pharmacological approach (i.e. Modified Oxford technique) to investigate
cardiac baroreflex function. Using the Oxford technique, a depression and elevation of
BP is elicited by infusion of sodium nitroprusside and noradrenaline, respectively.
Cardiac baroreflex responsiveness is then characterised by the slope of the resultant HR
changes. An important limitation using this approach derives from the potential side
effects of these drugs in that the baroreflex itself buffers the evoked changes in BP
resulting in inaccurate measures of ¢cBRS (Diaz and Taylor, 2006). In addition, the
cardiac responses to sodium nitroprusside and noradrenaline are commonly combined
thus providing an overall estimate of cardiac baroreflex responsiveness. However, since
the cardiac responses to a hypotensive stimulus can be impaired while responses to
hypertensive stimuli might be maintained, one would miss out on important information
by not separately investigating hypo- and hypertensive cardiac alterations (Young et al.,
2008). To overcome these limitations, in the present study CBR control of the heart was
assessed by separately investigating the cardiac responses to selective carotid hypo- and
hypertension (e.g. NP and NS). However, the current results indicate that the dynamic
CBR control of the heart seems unaffected by sex in response to both NP and NS.
Previous studies have demonstrated that autonomic control of resting BP is
differently controlled in men and women as indicated by a lower resting sympathetic
nerve activity (Jones et al., 1999, Ng et al., 1993, Taylor et al., 1998), a lower a-
adrenergic support of BP (Convertino, 1998, Schmitt et al., 2010) and a lower
baroreflex sensitivity in the control of sympathetic efferent outflow (Shoemaker et al.,

2001) in women compared to men. Taken together, this strongly sugegsts a lower
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sympathetic control of BP in women compared to men (Christou et al., 2005). However,
these previous studies cannot ascertain the overall BP control elicited by the arterial
baroreflex. Therefore, the present investigation is the first to directly examine the
potential influence of sex on CBR control of BP. Overall, the current results refute
differences in the dynamic CBR control of mean BP in men and women at rest, as
indicated by the similar increase in LoF spectral power of mean BP in response to

simulated oscillatory carotid hypo- and hypertension in men and women.

7.4.2 CBR function during exercise

In the current study, spectral power of mean BP increased significantly during
oscillatory NP and NS at rest and during handgrip exercise, supporting the notion of the
active regulation of BP via the CBR. Of note, the maintained LoF power of RRI during
rhythmic handgrip exercise is seemingly in contrast to the exercise-induced reductions
in cBRS observed in dogs (Sala-Mercado et al., 2007) and humans (Iellamo et al., 1998,
Ogoh et al., 2005b). However, these observations seem to hold true only for dynamic
exercise involving a large muscle mass (e.g. leg cycling, treadmill running).

Previously, Wray and colleagues (2004a) have found oscillatory NP-induced
CBR entrainment of BP to be attenuated during leg-kicking exercise. Since these results
are in contrast to the preserved CBR control of BP during exercise (Bevegard and
Shepherd, 1966), the authors have argued that the operating point of the CBR might
have moved towards the threshold of the reflex during exercise (Potts et al., 1993,
Raven et al., 2006) thus limiting the possible magnitude of CBR entrainment of BP
during exercise. However, a movement of the operating point of the CBR reflex
function curve of BP is not a universal finding (Gallagher et al., 2001b, Ogoh et al.,

2003b). Interestingly, in the present study, CBR control of mean BP was preserved

181



CHAPTER 7

during exercise. One possible explanation might be founded on the exercise modality
used. Wray and colleagues (2004a) have examined CBR function during very low
intensity one-legged kicking (7 Watts), that evoked an increase in arterial BP of
approximately +10 mmHg. However, in the present study, BP was raised only by +3+2
mmHg during rhythmic handgrip exercise at 20% MVC (Table 7.2&7.3). While both
exercise modalities are of very low intensity, the greater BP response as shown by Wray
et al. is possibly due to the greater muscle mass involved in leg kicking versus handgrip
(Seals, 1989a). The smaller increase in mean BP may further indicate that in the present
study the CBR was if at all reset only to a slightly higher exercising BP. This would
mean that CBR entrainment of BP during oscillatory NP was not limited by a potential
movement of the operating point towards the threshold.

Application of a hypotensive stimulus to the carotid sinus (NP) has been
repeatedly reported to evoke a reflex tachycardia via increases in sympathetic efferent
activity while application of hypertensive stimuli (NS) has been shown to elicit reflex
bradycardia via reductions in sympathetic nerve activity (Ernsting and Parry, 1957,
Fadel et al., 2001, Ichinose et al., 2002, Keller et al., 2004). However, in the present
study, HR and RRI remained unchanged during oscillatory NP (Table 7.2). A possible
explanation may derive from the methodology employed to simulate carotid sinus
hypotension. The majority of previous studies have used single 5 second pulses of NP
and have recorded the resultant peak HR or nadir RRI responses (Fadel et al., 2003a,
Ogoh et al., 2003a). In contrast, in the present study, 5 second pulses of NP were
applied in an oscillatory manner to produce an entrainment of cardiac responses over 5
minutes. The cardiac responses for dynamically applied NP represent an average over
these 5 minutes; hence they do not only include the HR peaks, but also the periodically

occurring decrease to pre-stimulus levels before the next NP pulse (e.g. 5 seconds on —
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5 seconds off). Along those lines, CBR control of the heart has been described to be
dominated by cardiac parasympathetic reflex responses (Ernsting and Parry, 1957,
Pickering et al., 1972). This was supported by the short latency of the occurrence of
peak HR in response to carotid sinus stimulation (Pickering et al., 1972). Taken
together, in the present study, the relatively short time it takes for cardiac responses to
subside after NP and the fact that absolute HR values represent an average over 5
minutes may explain the lack of tachycardia during oscillatory NP.

Alternatively, the cardiac CBR entrainment might have been influenced by the
respiratory frequency and/or the respiratory cycle phase at which each pulse was applied
(Eckberg et al., 1980). Indeed, a close relationship has been identified between the CBR
and the respiratory control of the heart (e.g. respiratory sinus arrhythmia), as
demonstrated by the blunted response on the sinus node when the CBR was stimulated
during inspiration, whereas cardiac responses to baroreflex perturbation were
augmented during expiration (Eckberg et al., 1980, Eckberg et al., 1985). Importantly,
when CBR was stimulated in an oscillatory manner with either NP or NS the breathing
frequency (on average 12 breaths per minute; ~0.2 Hz) remained unchanged at rest and
during exercise. Therefore, it may be assumed that any effect of the respiratory cycle on

the CBR entrainment of RRI was the same during control rest or exercise condition.

7.4.3 CBR function during exercise: influence of sex

Although extensive research has been performed examining sex-differences in
the baroreflex control of HR and BP at rest, it is unclear whether sex affects CBR
function during exercise. In agreement with previous observations (Gleim et al., 1991),
in the current study, systolic BP responses to exercise were markedly lower in women

than in men (Table 7.2&7.3). However, since resting systolic BP was also lower in
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women, the magnitude of the exercise-induced systolic BP response was similar
between groups. In addition, no differences were observed in the dynamic CBR control
of BP during exercise between men and women (e.g. similar CBR sensitivity in the
control of BP). According to the present data, a sex-specific alteration in CBR function
during exercise per se is unlikely to explain the attenuated exercise-induced pressor
response in women (Ettinger et al., 1996, Fleg et al., 1995, Gleim et al., 1991, Jarvis et
al., 2011).

It is well established that the CBR control of BP and HR during exercise largely
depends on the actions and interactions of neural signals arising from higher brain areas,
known as central command, and input from metabolically and mechanically sensitive
afferents in the exercising skeletal muscle. Of note, the results from the previous two
studies of this thesis (Chapter 5&6) indicate firstly that the exercise-induced decreases
in cBRS are similar in men and women. Secondly, the muscle metaboreflex-mediated
reductions in cardiac baroreflex responsiveness during dynamic exercise are not
different in men and women. In line with this, Laprad et al. (1999) also found no sex-
differences in the strength and mechanisms of the muscle metaboreflex during exercise
in dogs running on a treadmill. In contrast, activation of metabolically sensitive afferent
during PEI after static handgrip exercise has been shown to evoke attenuated BP
responses in women compared to men (Ettinger et al., 1996, Jarvis et al., 2011). This
suggests that muscle metaboreflex activation is lower in women than men. The
discrepancies in these studies are possibly due to the mode of muscle metaboreflex
activation (during vs. post exercise) and/or muscle mass involvement (large vs. small)
(see Sections 4.4 and 6.4.1 for more details). However, it remains unclear, how potential
sex-differences in the activation of central command might influence CBR control of

HR and BP during exercise.
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7.4.4 Methodological considerations: haemodynamic measures

The lack of CBR entrainment measured by the spectral power of tissue
oxygenation during oscillatory NP and NS can be explained by the large signal to noise
ratio of the OxiTS near-infrared spectroscopy system. Reduction of the sampling
frequency from 100 to 10 or 1 Hz did not improve signal quality. In addition, the
properties of the sensors (i.e. very rigid, heavy) added inaccuracy and resulted often in
temporary signal loss, especially during exercise. Taken together, although CBR
entrainment of tissue oxygenation was not observed in the current study, this is
suggested to be caused by equipment limitations and technical difficulties during
oscillatory CBR stimulation and exercise-induced movement artefacts.

In order to gain a true spectral power estimate of FBV during the application of
oscillatory NP and NS, a continuous data segment of minimum 5 minutes was needed.
The Dopplex Doppler ultrasound system allows continuous blood flow velocity
measurements. However, one limitation of this portable system is that it operates with a
pen-probe, which does not provide the investigator with any visual feedback about the
probe position relative to the vessel. Particularly during the application of oscillatory
NP and NS, the signal quality suffered, due to the small but disruptive upper body
movement, which accompanied the use of the neck collar, even though a probe holder
was utilized. The described difficulties to obtain sustained blood velocity measurements
are likely to have caused the lack of CBR entrainment of FBV at rest and during

handgrip exercise as described previously (Wray et al., 2004a).

7.4.5 Limitations

The application of oscillatory NP and NS and the subsequent calculation of the

spectral power of the end-organ responses (e.g. RRI and mean BP) using Fast Fourier
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transformation only allowed an estimate of the CBR-sensitivity. Conversely, with the
use of static pulses of NP and NS at different stimulus intensities the full CBR stimulus-
response curve could be modelled (Kent et al., 1972). This would provide information
about CBR response range, reflex threshold and saturation point and whether any of
these parameters might be different in men and women. Therefore, further research is
warranted to fully elucidate sex-differences in the CBR control of HR and BP. In
addition, only one level of NP (+40 Torr) and NS (-60 Torr) was used in the present
study. Therefore, the possibility of CBR stimulus intensity-dependent entrainment of
RRI and mean BP cannot be excluded and warrants further investigation.

In the current study, women were scheduled in the EF phase of the ovarian cycle
(day; 4+1) in order to minimize the potential effects of fluctuating female reproductive
hormones (e.g. estrogen and progesterone). However, no control of contraceptive use
was performed. Thus, women subjects presented a very inhomogeneous sample,
because 6 out of 10 women were using various forms of hormonal contraception (e.g.
contraceptive pill, implant or hormonal patch), while only four women were not using
any form of contraception. This might be of importance since Minson et al. (2000a,
2000b) have reported that resting cardiac as well as sympathetic baroreflex sensitivity
were differentially affected during the ovarian cycle (e.g. EF vs. luteal phases) in
women with and without oral contraception. However, the authors have provided no
direct comparison of baroreflex function in women without or with oral contraception.
In addition, it remains unclear whether these influences of exogenous hormone

application affect the CBR control of HR and BP during exercise.
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7.4.6  Alternative approaches

It has been previously suggested that female reproductive hormones (e.g.
estrogen, progesterone) may play an important role in the autonomic cardiovascular
control at rest and during exercise (Charkoudian, 2001, Hayes et al., 2002, Hunt et al.,
2001, Schmitt and Kaufman, 2003a, Schmitt and Kaufman, 2003b, Tanaka et al., 2003)
and that sex-differences may be related to the prevailing concentrations of female
hormones (Dart et al., 2002). The potential of estrogen to enhance resting cBRS has
been reported in animals (el-Mas and Abdel-Rahman, 1998) and humans (Tanaka et al.,
2003), although this is not a universal finding (Minson et al., 2000a). However, it
remains unclear how estrogen affects CBR responsiveness in control of HR and BP. In
that, preliminary results from a recent study have indicated a maintained CBR control of
HR throughout the ovarian cycle (Kim et al., 2010). In addition, Kim et al. (2010) have
reported that concomitant elevations in both estrogen and progesterone maintained
CBR-mediated BP responses to hypertension (NP), but evoked enhanced BP decreases
during simulated carotid hypotension (NS). This highlights a contribution of female sex
hormones to the cardiovascular control via the CBR.

Women have been previously shown to exhibit attenuated exercise-induced
increases in MSNA during the LF phase of the ovarian cycle, when estrogen
concentrations are elevated, compared to the EF phase, when estrogen concentrations
are low (Ettinger et al., 1998). Since the exercise-induced increases in BP seem to be
unaffected by the ovarian cycle phase an attenuated CBR control of MSNA during the
high estrogen phase might explain these differential responses. Moreover, in
postmenopausal women progesterone treatment has been reported to lower HR
variability, which is an indicator of cardiac parasympathetic activity (Christ et al.,

2002). This suggests that progesterone has vagal inhibitory effects. However, the role of
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estrogen and progesterone on the CBR control of BP during exercise remains unclear.
Further investigations are needed to define the possible actions and interactions of
female reproductive hormones and cardiovascular control mechanisms during exercise

in humans.

7.5 Conclusion

In summary, the use of oscillatory NP and NS has been shown to successfully
evoke CBR entrainment of RRI and mean BP by virtue of an increase in LoF spectral
power of RRI and mean BP both at rest and during rhythmic handgrip exercise. The
evaluation of the magnitude of CBR entrainment of RRI and mean BP in men and
women at rest and during exercise has revealed no differences between these groups.
The results of the present study suggest that a differential CBR control of HR and BP
(e.g. CBR sensitivity) during exercise per se is unlikely to be the underlying factor of

the attenuated pressor response during exercise in women.
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8.1 Introduction

8.1.1 Peripheral blood flow during exercise

Previous studies have reported sex-differences in the cardiovascular response to
exercise indicating that healthy premenopausal women exhibit attenuated BP responses
during physical activity compared to age matched men (Ettinger et al., 1996, Fleg et al.,
1995). One possible mechanism, which could account for the lower pressor responses to
exercise in women, might derive from differences in the translation of efferent neural
activity (e.g. increased sympathetic nerve activity) into subsequent changes in vascular
tone (e.g. sympathetic vasoconstriction). Sex-differences in the neurovascular coupling
between sympathetic nerve discharge, noradrenaline release and/or the responsiveness
of the vascular smooth muscle to the consequent a-adrenergic stimulation to evoke
sympathetic vasoconstrictor responses might explain the attenuated BP response to
exercise in women and/or the lower autonomic control of BP observed in women
(Christou et al., 2005, Schmitt et al., 2010).

Previous studies have observed blunted o-adrenergic vasoconstriction in
response to either exogenous elevation of catecholamines (e.g. infusion of the a;-
adrenergic agonist norepinephrine) or sympathoexcitation elicited by increases in
endogenous catecholamines using the CPT in young women compared to men (Hogarth
et al., 2007, Kneale et al., 1997). In addition, women have been shown to have lower
autonomic nervous system control of BP at rest (Christou et al., 2005). The clearly
positive linear relationship between MSNA and TPR observed in men was lacking in
women (Hart et al., 2009, Hogarth et al., 2007). In summary, these data demonstrate

that sympathetically-mediated vasoconstriction at rest is attenuated in women relative to
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men. But it remains unclear whether these observations at rest can be translated to
exercise conditions.

The sympathetic nervous system plays an important role mediating the exercise-
induced cardiovascular adjustments. Sympathetic activation facilitates the rise in CO
and evokes vasoconstriction in regions, such as renal and splanchnic vascular beds. This
occurs in order to redistribute blood flow to the active skeletal muscles to meet their
metabolic demand (Rowell, 1993a). Importantly, this sympathetically-mediated increase
in vascular tone is blunted in the exercising skeletal muscle. This attenuated
vasoconstrictor response has been attributed at least partly to the presence of locally
produced metabolites acting to attenuate o-adrenergic receptor activation, a
phenomenon which has been firstly described by Remensnyder and colleagues (1962)
and is termed ‘functional sympatholysis’ (Hansen et al., 1996, Keller et al., 2004,
Remensnyder et al., 1962, Schmitt et al., 2010, Tschakovsky et al., 2002, Watanabe et
al., 2007). Blunting the sympathetic vasoconstriction in the exercising skeletal muscle
serves to optimize nutritional supply by allowing skeletal muscle blood flow to rise
despite increased sympathetic nerve activity. However, these previous studies have been
conducted predominantly in males and were not designed to examine sex-differences.
Therefore, the influence of sex on the sympathetically-mediated vasoconstrictor
responses during exercise remains unclear.

The CPT is a well-established laboratory method to increase sympathetic
nervous activity (Hines and Brown, 1933). It has been shown to evoke marked
elevations in BP, HR, MSNA, catecholamine release and increases in peripheral
vascular resistance (Cui et al., 2002, Dishman et al., 2003, Jacob et al., 2000, Thijssen et
al., 2006, Victor et al., 1987a). Whether men and women respond differently to

sympathetic activation via the CPT has been investigated reporting mainly similar
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cardiovascular and hemodynamic changes in both sexes (Dishman et al., 2003, Ettinger
et al., 1996, Jarvis et al., 2011, Jones et al., 1996). In contrast, a recent study found a
greater CPT-mediated vasoconstrictor response in women (+88%) compared to men
(+46%), while MSNA increases were comparable (Hogarth et al., 2007). However, in
the study by Hogarth et al. smokers were included and one third of the female study
population was postmenopausal. This is of importance as it has been suggested that the
CPT response might be influenced by female hormone concentrations (Tersman et al.,

1991).

8.1.2 Cerebral blood flow during exercise

As in the active skeletal muscles, increases in cerebral neuronal activity appear
to be coupled with increases in cerebral perfusion during exercise (Secher et al., 2008).
However, the role of the sympathetic nervous system in the regulation of cerebral
perfusion both at rest and during exercise in humans remains controversial and
incompletely understood (Ainslie and Tzeng, 2010, Ogoh and Ainslie, 2009). The
cerebral vasculature is supplied by a-adrenergic nerves (Edvinsson et al., 1976, Lowe
and Gilboe, 1971) which mainly originate in the superior cervical ganglia (Nielsen and
Owman, 1967). They provide the anatomical apparatus for the sympathetic modulation
of cerebral perfusion. Indeed, animal studies have suggested that direct stimulation of
sympathetic nerves leads to vasoconstriction of cerebral blood vessels (Auer et al.,
1983, Wagerle et al., 1983). There is selected evidence from human studies that
systemic administration of a-adrenergic agonists (e.g. noradrenaline) (Brassard et al.,
2010, Lucas et al., 2010, Olesen, 1972) and sympatho-excitatory manoeuvres such as
the CPT (Micieli et al., 1994, Roatta et al., 1998), whole-body heating (Low et al.,

2009) and cardiopulmonary baroreceptor unloading with lower body negative pressure
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(Wilson et al., 2005) can evoke increases in cerebrovascular resistance
(vasoconstriction) and/or reductions in cerebral perfusion.

Given the exercise-induced increases in cerebral neuronal activity it is possible
that the sympathetic modulation of resting cerebrovascular tone may become blunted
during muscular contractions, as it has been previously described for the skeletal muscle
vasculature. In this regard, Gross et al. (1980) demonstrated in dogs running on a
treadmill that the constrictor responses to arterial hypocapnia were blunted in the areas
of cerebral vasculature associated with sensory-motor control. However, care should be
taken when translating such observations to humans as substantial species differences
have been shown in the cerebral vasomotor response to adrenergic nervous activation
(Levine and Zhang, 2008). More recently, Brassard et al. (2010) have observed that
during leg cycling, frontal lobe oxygenation and cerebral blood flow velocity responses
to bolus injections of the a;-adrenergic receptor agonist noradrenaline were attenuated.
While suggestive of a metabolic modulation of adrenergic sensitivity, it is unclear
whether these results are indicative of a direct effect of noradrenaline on the cerebral
vasculature, or a secondary effect of an alteration in the systemic hemodynamic
response (e.g. transient hypertension, reduced sympathetic nerve activity and cardiac
output) (Ainslie and Tzeng, 2010). This is particularly relevant as noradrenaline does
not appear to cross the blood brain barrier (Hardebo and Owman, 1980, Olesen, 1972).
As such it is unknown whether exercise modulates the cerebrovascular responses to
sympatho-excitatory manoeuvres which may elicit a-adrenergic receptor activation due
to local release of endogenous catecholamines.

It has been previously suggested that cerebral perfusion might be influenced by
sex-differences (Misteli et al., 2011). The majority of past studies have reported that

women have a greater resting cerebral blood flow than men (Bakker et al., 2004, Gur et
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al., 1982, Rodriguez et al., 1988). However, it is unclear whether these differences at
rest are persistent during exercise. Although sympathetic vasoconstriction has been
shown to be blunted in the peripheral circulation, it remains unknown whether these can
be equally translated to the cerebral vasculature and cerebral reactivity to sympathetic
activation during exercise in men and women.

Given the above, the purpose of the present study was to examine (i) whether the
sympathetic vasoconstrictor responses in the peripheral circulation are different in men
and women at rest and during exercise; and (ii) whether exercise modulates the
cerebrovascular responses to sympatho-excitatory manoeuvres similarly in men and
women. To investigate this, the cardiovascular and haemodynamic responses to an
‘endogenous’ sympathetic stimulus (i.e. CPT) were assessed at rest and during three
levels of rhythmic handgrip exercise in young healthy men and women. Given the
blunted a-adrenergic responsiveness in the peripheral circulation and the greater resting
cerebral perfusion in women in relation to men, women were expected to exhibit an
attenuated sympathetic vasoconstrictor response in the peripheral and cerebral

vasculature during exercise (i.e. greater functional sympatholysis).

8.2 Methods

8.2.1 Subjects

Nine healthy female and ten healthy male subjects from the University of
Birmingham volunteered to participate in the study (Table 8.1). In order to reduce the
potential confounding effects of fluctuations in female reproductive hormones, women
were tested during the EF phase of the ovarian cycle. Six out of the nine women were

taking oral contraceptives (e.g. Microgynon or Yasmin).
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Table 8.1. Subject characteristics

Men (n=10) Women (n=9)

Age (years) 23+£2 20+ 04
Weight (kg) 76 +2 61+£3*
Height (cm) 181+2 163 +2*
BMI (kg'm”) 23+ 1 23+ 1
MVC (kg) 51+£3 20£2*
10% MVC (kg) 5+£0.3 3+£02%*
25% MVC (kg) 13+0.7 7+04*
40% MVC (kg) 20+ 1.1 12+0.7 *
Day of OC 3.3+0.3
Oral contraceptives 6/9

Values are mean+SEM. BMI, body mass index; MVC, maximum voluntary contraction;
OC, ovarian cycle. * P<0.05 different from men.

8.2.2 Experimental measurements

Figure 8.1 shows the laboratory set-up used in the present study. Beat-to-beat
HR, BP and end-tidal partial pressure of carbon dioxide (PgrCO,) were measured (see
Sections 3.2.1&3.2.5 for details). Mean BP, SV and CO were calculated (see Section
3.4.4 for details).

FBV from the brachial artery of the right arm was obtained by Doppler
ultrasound and FBF calculated and corrected for lean forearm mass (see Section 3.2.2
for details). Regional cerebral perfusion was assessed by measurements of left middle
cerebral artery (MCA) mean blood flow velocity (Vmen) and the cerebrovascular
conductance index (CVCi) calculated (see Section 3.2.4 for details). The MCA was
found at an average depth of 46-63 mm. Cerebrovascular parameters were obtained in 8

male and 7 female subjects from the study sample.
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Figure 8.1. Laboratory set-up. ECG, electrocardiogram; CO,, carbon dioxide.

8.2.3 Experimental procedures

Rhythmic Handgrip Exercise: Handgrip was performed at a duty cycle of 1

second contraction — 2 seconds relaxation (20 contractions per minute) to allow FBV
and diameter measurements during exercise (Dinenno and Joyner, 2003). The exercise
workloads corresponded to 10% (mild), 25% (low) and 40% (moderate) of MVC in
order to minimise the potential for exercise-induced sympatho-excitation (Victor and
Seals, 1989). Each exercise bout lasted for 7 minutes. The trials were separated by 15
minutes to avoid fatigue and to ensure reestablishment of baseline HR and BP before
commencing the next trial. The exercise trials were conducted in a counterbalanced
order. RPE were obtained for each exercise trial using the standard 6-20 Borg scale
(Borg, 1998).

Cold Pressor Test: The CPT was employed to stimulate the sympathetic nervous

system (Hines and Brown, 1933, Victor et al., 1987a) (see Section 3.3.5 for details). It

was performed twice at rest. The first CPT tended to evoke exaggerated increases in BP
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compared to subsequent tests and was therefore excluded from the statistical analysis
(Schrage et al., 2005). As such, the cardiovascular and hemodynamic changes elicited
by the second CPT were utilized for comparison with the subsequent CPT during

exercise. A rating of perceived pain was determined for each CPT (Borg, 1998).

8.2.4 Experimental protocol

Subjects were seated in a semi-recumbent position on a medical examination
table with a custom made handgrip dynamometer held in the right hand. The arm was
supported on an adjustable bedside table. Following instrumentation and assessment of
MVC (see Section 3.3.1 for details) subjects rested for 15 minutes. Then two CPT were
applied at rest, each after 5 minutes of baseline determination of cardiovascular and
haemodynamic variables (Figure 8.2). After a 15 minutes rest period the first handgrip
exercise trial was performed. A CPT was applied during the last 2 minutes of each

handgrip exercise bout (5"-7"

minute). Brachial artery diameter measurements were
obtained at the 4™ minute of both rest and handgrip exercise, and at the 1 minute of

CPT. FBV was averaged over the 30 s spanning the diameter measurements.

CPT CPT
REST REST EXERCISE
A A A A A
. 2 min 2 min . 2 min
7min <«<—> <« > 9 min <>

Figure 8.2. Schematic representation of experimental protocols used at rest and during
three levels of rhythmic handgrip exercise (10, 25 and 40% of maximum voluntary
contraction). Arrows indicate the time of brachial artery diameter measurements and
curly brackets indicate the 30s used for cardiovascular and cerebrovascular
measurements. CPT, cold pressor test.
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8.2.5 Data analysis

To assess the magnitude of CPT mediated vasoconstriction the percentage

change in FVC was calculated (Schrage et al., 2005):
%AFVC = (FVCcpr- FVCss) / FVCss x 100,
Here, FVCcpr represents FVC during CPT and FVCgg represents steady-state prior to
CPT (i.e. either at rest or exercise). Similarly, the percentage change in CVCi was
calculated:
%ACVCi = (CVCicpr- CVCiss) / CVCisgs x 100.

Cardiovascular data were statistically analysed using three-way repeated measures
ANOVA. The main within-subjects factors were trial (rest, 10%, 25% and 40% MVC)
and condition (steady-state rest or exercise vs. CPT), while sex (men vs. women) was
the between-subject factor. Two-way repeated-measures ANOVA analysed sex-
differences between rest and each handgrip workload (e.g. magnitude of CPT-mediated

vasoconstriction).

8.3 Results

8.3.1 Peripheral responses at rest and during exercise with and without CPT

Table 8.2 and 8.3 show the cardiovascular and hemodynamic variables measured
at rest and during each exercise workload with and without CPT. Rhythmic handgrip
exercise at 10, 25 and 40% MVC evoked only small increases in HR and profound
elevations in FBF and FVC (Table and Figure 8.3; P<0.05), closely related to the
exercise intensity. Mean BP remained unchanged (Table 8.2). There were no differences
in mean BP, HR, FBF and FVC at rest and during exercise between men and women.

RPE increased with increasing handgrip exercise intensity similarly in men (8%1, 9+1
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and 11=+1 au for 10, 25 and 40% MVC trials, respectively) and women (941, 10+0.4 and
12+1 au for 10, 25 and 40% MVC trials, respectively).

Sympathetic activation elicited by the CPT at rest evoked significant increases in
mean BP (+9+2 mmHg in men and +8+2 mmHg and women; P<0.05) and HR (+2+1
beats'min” in men and +7+2 beats'min”' and women; P<0.05; Table 8.2). The CPT-
induced increases in mean BP and HR at each workload of handgrip exercise were
similar to the responses at rest without differences between men and women. At rest,
the CPT evoked a similar reduction in FVC in men (—44+6% AFVC) and women
(—3245% AFVC). During rhythmic handgrip exercise, sympathetic vasoconstrictor
responses were attenuated in both men (—29+8, —23+9 and —20+5% for 10, 25 and 40%
MVC, respectively) and women (—13+8 and —20+5% for 25 and 40% MVC trials,
respectively; Table 8.3; Figure 8.4). However, only the decreases during 25 and 40%
MVC trials were significantly different from rest. No sex-differences were found in the

vasoconstrictor responses at any measuring time point.

8.3.2 Cerebrovascular responses at rest and during exercise with and without CPT

Rhythmic handgrip exercise at 10 and 25% MVC evoked an increase in MCA
Vinean above resting values in men (Table 8.4; Figure 8.5; P<0.05). The rise in MCA
Vinean during the 40% MVC trial did not reach statistical difference. In women, MCA
Vmean Temained at resting levels during each exercise workload. CVCi was unchanged
from rest during all exercise trials, in men and women (Table 8.4; Figure 8.5). PgrCO,
and CO were lower in women compared to men. PprCO;, decreased slightly during
exercise (Table 8.4).

At rest, the CPT-induced sympathetic activation evoked a small reduction in
CVCi that was similar in men and women (-5+3% in men and -6+3% ACVCi in
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women; Table 8.4; Figure. 8.6). The decreases in CVCi that occurred with the CPT
remained unchanged during each exercise workload. Sympathetic activation induced by
the CPT evoked a slight but significant elevation MCA Viyean and CO in both groups
(Table 8.4; P<0.05). However, no sex-differences were observed in the cerebrovascular

responses to the CPT.
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Figure 8.3. Forearm blood flow (FBF; Panel A), forearm vascular conductance (FVC; Panel B) in men (black bars) and women
(white bars) at rest and during rhythmic handgrip exercise at 10, 25 and 40% maximum voluntary contraction. * P<0.05 vs. Rest, f

P<0.05 vs. Ex 15%, 1 P<0.05 vs. Ex 25%.
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Rest Ex 10% Ex 25% Ex40%

% A FVC
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M Sex P=0.95
-60 - === )Vlen Trial P< 0.05
—— Women Interaction P=0.12

Figure 8.4. Vasoconstrictor responses to cold pressor test in men (black bars) and
women (white bars) at rest and during three levels of rhythmic exercise (10, 25 and 40%
maximum voluntary contraction) expressed as the percentage change in forearm
vascular conductance (FVC). * P<0.05 vs. Rest.
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Figure 8.5. Middle cerebral artery mean blood flow velocity (MCA Viean; Panel A) and cerebrovascular conductance index (CVCi;
Panel B) in men (black bars) and women (white bars) at rest and during rhythmic handgrip exercise at 10, 25 and 40% maximum

voluntary contraction. * P<0.05 vs. Rest.
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Figure 8.6. Vasoconstrictor responses to cold pressor test in men (black bars) and
women (white bars) at rest and during three levels of rhythmic exercise (10, 25 and 40%
maximum voluntary contraction) expressed as the percentage change in cerebrovascular
conductance (CVCi).
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Table 8.2. Cardiovascular parameters at rest and during rhythmic handgrip exercise with and without cold pressor test (men n=10,

women n=9).

Rest Ex at10% MVC Ex at 25% MVC Ex at 40% MVC
Without Without Without Without
CPT CPT CPT CPT CPT CPT CPT CPT
Mean BP (mmHg) *+
Men 82+2 91+2 88+ 2 94+3 85+2 93+3 86+ 2 95+3
Women 85+2 93+2 89 +£2 95+ 2 90+ 2 98+ 3 90+2 99 +3
A Mean BP (mmHg)
Men 9+2 6+2 8+3 9+2
Women 8+2 61 9+2 8+ 1
HR (beats-min'l) *T
Men 64+4 66+4 66+5 68+4 66+5 70+£5 67+5 70£5
Women 70+ 4 77+£5 76 £5 81+4 75+4 79+£3 76+ 4 835
AHR (beats-min'l)
Men 2+1 2+2 5+2 3+£2
Women 72 5«2 4+£2 72

Values are mean+SEM. CPT, cold pressor test; Ex, exercise; MVC, maximum voluntary contraction; BP, blood pressure; HR,
heart rate; * P<0.05 main effect of rhythmic handgrip exercise; ¥ P<0.05 main effect of CPT.
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Table 8.3. Forearm haemodynamic parameters at rest and during rhythmic handgrip exercise with and without cold pressor test

(men n=10, women n=9).

Rest Ex at 10% MVC Ex at 25% MVC Ex at 40% MVC
Without Without Without Without
CPT CPT CPT CPT CPT CPT CPT CPT
FBF (mlmin kg') *+
Men 98 £ 20 72 £ 20 117+ 24 95 +21 183 £ 36 162 + 35 233 +29 210+ 33
Women 66+ 11 50+ 8 94 +7 66+9 199+ 16 183+ 17 266 + 23 235+ 31
FVC (mtmin kg ' -mmHg ') *1
Men 1.2+03 07+02 1.5+£0.2 1.1+£02 2.1+04 1.5+£0.2 27+03 22+03
Women 0.8+0.1 0.5+0.1 1.1 +£0.1 0.7+0.1 22+02 1.9+0.2 29+0.3 24+03
Diameter (cm) *11
Men 047+0.01 0.47+0.01 048+0.01 0.47+0.01 048 +0.01 0.47+0.01 0.48+0.01 0.48+0.01
Women 0.39+0.01 0.39+0.01 0.39+0.01 0.39+0.01 0.39+0.01 0.39+0.01 0.39+0.01 0.39+0.01
% AFVC *
Men -44 £ 6 -29 8 -23 £9 20 £5
Women 32 +£5 -36 £7 -13 £8 -20 £5

Values are mean+=SEM. CPT, cold pressor test; Ex, exercise; FBF, forearm blood flow; FVC, forearm vascular conductance; *

P<0.05 main effect of thythmic handgrip exercise; T P<0.05 main effect of CPT; ; P<0.05 main effect of sex.
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Table 8.4. Cerebrovascular, haemodynamic and respiratory parameters at rest and during rhythmic handgrip exercise with and

without cold pressor test (men n=8, women n=7).

Rest Ex at10% MVC Ex at 25% MVC Ex at 40% MVC
Without Without Without Without
CPT CPT CPT CPT CPT CPT CPT CPT
MCA V pmean (cm-s’l) *F
Men 65+ 3 68 + 3 70+ 3 7244 70 + 4 7244 70 + 4 71+4
Women 69 + 3 69 + 3 67 +4 69 + 4 69 + 4 7244 69 + 4 70 + 4
CVCi(cm's” -mmHg ") +
Men 0.81+0.04 0.77+0.05  0.80+0.05 0.76+0.05 0.83+0.06 0.79+0.05  0.81+0.05 0.76+0.05
Women 0.80+0.05 0.74+0.04  0.77+0.06 0.74+0.06  0.77+0.05 0.74+0.05  0.79+0.05 0.72 +0.04
PgrCO; (mmHg) *71
Men  4240.5 42+02 4104  41+04 41+03 41+0.6 41+03 41+0.4
Women 40+ 1.0 40+ 0.7 40+ 0.7 39+ 0.9 39+0.8 39+0.7 39+ 0.9 39+0.7
CO (I'min”") 11
Men 72404  7.6+04 68404  74+05 75+0.6  7.7+05 75406  7.6+05
Women 55+04  6.0+04 58463  63+0.3 56+04  6.1+04 58405  64+0.6
% A CVCi
Men 543 4+3 343 6+2
Women 6+3 343 443 941

Values are mean=SEM. CPT, cold pressor test; Ex, exercise; MCA Vmean, middle cerebral artery mean blood velocity; CVCi,
cerebrovascular conductance index; PETCO2, end-tidal partial pressure of carbon dioxide; CO, cardiac output; * P<0.05 main
effect of rhythmic handgrip exercise; T P<0.05 main effect of CPT;  P<0.05 main effect of sex.

Q YALAVH)



CHAPTER 8

8.4 Discussion

The aim of the present study was twofold. Firstly, determine whether there are
sex-differences in the sympathetic vasoconstrictor responses during rhythmic handgrip
exercise in the brachial circulation. Secondly, identify potential sex-differences in the
cerebrovascular responsiveness to an ‘endogenous’ sympatho-excitatory stimulus at rest
and during exercise. The main findings of the current study are as follows: (i) in
contrast to the initial hypothesis men and women exhibited a similar magnitude of
sympathetic vasoconstriction in the peripheral circulation at rest and during three levels
of rhythmic handgrip exercise; (ii) only a modest cerebrovascular constriction was
observed at rest, which was sustained during exercise and not different in men and
women. Taken together, the findings from the present study indicate that the magnitude
of functional sympatholysis in the peripheral circulation is similar in men and women.
In contrast to the peripheral circulation, the cerebral vasculature seems only modestly
responsive to endogenous sympathetic stimulation at rest and during handgrip exercise,

which was the same in young men and women.

8.4.1 Peripheral vascular responses to exercise

As expected a marked increase in FBF was observed during rhythmic handgrip
exercise that was in proportion to the exercise intensity. Exercise hyperaemia was
comparable in men and women. It is still controversial whether there are sex-differences
in the dilator response during exercise. Studies have reported either greater (Koch et al.,
2005, Parker et al., 2007) or similar (Gonzales et al., 2007, Limberg et al., 2010)
exercise-induced increases in skeletal muscle perfusion in women compared to men.

These discrepancies might stem from the application of different exercise protocols

208



CHAPTER 8

(incremental versus steady-state exercise), limb-specificity in the hemodynamic
responses, varying exercise intensities and/or the use of absolute versus relative
workloads (Wray et al., 2009). Moreover, differential results might also derive from the
definition of exercise hyperaemia. For example, it might be expressed as blood flow or
as conductance. Therefore, the sex-specific exercise-induced increases in BP (e.g.
attenuated pressor response in women) would lead to differential results, such as a
greater increase in BP in men would result in a lower vascular conductance for a given
increase in FBF. Accordingly, in the present study FVC was calculated to account for
potential sex-differences in the exercise pressor response. Furthermore, ignoring the
contribution of muscle mass to the exercise hyperaemia would lead to
misinterpretations. Therefore, FBF was corrected for differences in lean forearm mass
that was significantly greater in men compared to women. However, no sex-differences
were observed in forearm exercise hyperaemia when expressed as either FBF or FVC.
In the present study, mild, low and moderate workloads of rhythmic handgrip
exercise were chosen to avoid exercise-induced increases in sympathetic activity per se.
These have been shown to occur only upon higher workloads (i.e. > 60% MVC (Victor
and Seals, 1989)). In addition, the relatively low exercise intensities used (RPE: fairly
light at 40% MVC) allowed simultaneous FBV and brachial artery diameter
measurements, to account for changes in diameter during exercise. A previous (Parker
et al.,, 2007) and the present study have shown that arterial diameter increases during

exercise, although this is not a universal finding (Radegran, 1997).

8.4.2 Cerebrovascular responses to exercise

The present study is the first to investigate sex-differences in the cerebral

perfusion during exercise. Transcranial Doppler was used to assess MCA Vipean, because

209



CHAPTER 8

the MCA supplies the brain region associated with the cortical representation of the
forearm muscles and has previously been shown to increase particularly during
contralateral handgrip exercise (Linkis et al., 1995). While exercise-induced increases in
MCA Viean from rest were observed in men, cerebral perfusion remained unchanged in
women during handgrip exercise. Although the reason for these differential
cerebrovascular responses to exercise in men and women are unclear, it is noteworthy
that the cerebral perfusion is affected by a range of different factors (e.g. neural,
humoral, metabolic and cardiovascular) (Querido and Sheel, 2007). The contribution of
these factors will be discussed below with regards to their potential to explain the lack
of exercise-induced increases in cerebral perfusion in women.

The magnitude of the increase in MCA Viean during exercise in men here was
similar to that previously observed during handgrip (Ide et al., 1998, Pott et al., 1997)
and may be at least partly stimulated by exercise-induced elevations in cerebral neural
activity (Secher et al., 2008, Vianna et al., 2009). One potential explanation for the
unchanged MCA Viyean during mild to moderate rhythmic handgrip exercise in women
derives perhaps from a differential neural regulation of the cerebral circulation during
exercise. Amongst other factors, the local metabolism in brain regions associated with
forearm exercise may modulate exercise-induced alterations in cerebral perfusion (Ide et
al., 2000). A recent study has compared the cerebrovascular responses elicited by
voluntary exercise to those elicited by electrically evoked exercise where the parallel
activation of central motor and cardiovascular centres was absent (i.e. central
command), but peripheral feedback remained intact (skeletal muscle afferents) (Vianna
et al., 2009). Of note, while cerebral perfusion increased and CVCi was unchanged
during volitional calf exercise, cerebral blood flow velocity was unchanged and CVCi

fell during electrically evoked exercise. These results suggest that increases in cerebral
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metabolism possibly related to central command during voluntary exercise are
important modulators of the cerebrovascular response to exercise. However, in the
present study, the only measurement allowing assumptions regarding differential central
command activation was the RPE that was found no different between men and women.

Another potential factor which contributes to exercise-induced increases in
MCA Viean 18 CO (Ogoh et al.,, 2005a). Indeed, in the present study, CO was
persistently higher in men compared to women in the present study. However, CO did
not significantly increase during exercise in both groups. As such it seems unlikely that
CO has affected the present results.

In contrast to the peripheral circulation, cerebral vascular tone has been shown
to be strongly controlled by arterial PCO, levels (e.g. increased PCO, evokes
vasodilation in the cerebral vasculature) (Ainslie et al., 2005). In the present study,
PerCO; decreased slightly during handgrip in both men and women. Therefore,
elevations in MCA Vyean may actually have been slightly underestimated. In women
PE1CO;, was slightly lower compared to men at rest and during exercise. However, the
magnitude of the exercise-induced decrease in PrrCO; was similar in men and women.
Nevertheless, it remains incompletely understood whether sex affects PprCO,, and
therefore the MCA Viyean responses during exercise.

Alternatively, rhythmic handgrip exercise might have also represented a
differential ‘central stimulus’ for men and women (e.g. keeping the rhythm and
matching expected with the actual force produced). Indeed, increases in regional
perfusion during the same stress tasks have been shown to occur in different brain
region in men and women indicating a very distinct cerebro-anatomical stress response
between sexes (Wang et al., 2007). As such, using the MCA Vppean might have provided

a true estimate of the exercise-induced increases in cerebral perfusion in men, but not in
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women. Further studies investigating potential cerebro-regional differences between
men and women during various exercise paradigms including different exercise
modalities, intensities and muscle mass contribution are needed to fully explore this
possibility.

Although previous reports have suggested that resting cerebral perfusion is
higher in women compared to men (Parkes et al., 2004, Slopien et al., 2003), no sex-
differences were found in the present study. The methodology of cerebral perfusion
measures is a likely explanation for these contrasting results. As such regional cerebral
blood flow velocity has been measured in the current study, while others have used
magnetic resonance imaging or single photon emission computed tomography (Parkes

et al., 2004, Slopien et al., 2003).

8.4.3 Peripheral vascular responses to sympatho-excitation

In animal and human experiments, it has previously been shown that
sympathetic activation elicits a marked reduction in blood flow under resting
conditions, which is blunted in the contracting muscles in proportion to exercise
intensity. This phenomenon is termed functional sympatholysis (Hansen et al., 2000,
Remensnyder et al., 1962, Thomas et al., 1994, Tschakovsky et al., 2002, Wray et al.,
2004b). Since previous studies investigating the sympathetic vasoconstriction in the
exercising muscles were conducted predominantly in men and/or were not designed to
determine sex-differences, it remained unclear how sex might influence this
phenomenon. In women, adrenergic control of BP at rest has been shown to be reduced
(Coulson and Cockcroft, 2011, Schmitt et al., 2010). Also, women have been
demonstrated to exhibit attenuated sympathetic vasoconstrictor responses at rest

compared to men (Kneale et al., 1997). The CPT has been shown to evoke sympatho-
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excitation via a-adrenergic pathways. This is evidenced by the abolished increases in
MSNA and BP after administration of clonidine that blocks the release of noradrenaline
(Muzi et al., 1992). However, in the present study, the CPT-induced vasoconstrictor
responses at rest were not different in women and men. A potential reason for the
seemingly contrasting finding might be that the attenuated sympathetic vasoconstriction
in women was not based on an attenuated a-adrenergic responsiveness, but rather on
enhanced B-adrenergic stimulation (e.g. greater vasodilator responsiveness in women)
(Coulson and Cockcroft, 2011, Kneale et al., 2000). Moreover, Dikshit et al. (1986)
have found that the pressor response elicited by the CPT was not affected by B-
adrenergic blockade with propranolol. Therefore, the present results appear to be in
agreement with the current literature confirming that vasoconstriction resulting from o-
adrenergic stimulation is not different in men and women.

The recent study provides evidence that sympathetically-mediated
vasoconstriction is similarly blunted in men and women (e.g. magnitude of functional
sympatholysis). Previously, attenuated sympathetic vasoconstriction during exercise has
been attributed to a metabolically-mediated blunting of post-junctional a-adrenergic
receptors (Rosenmeier et al., 2003, Thomas et al., 1994, Wray et al., 2004b). Given the
similar vascular responses to a-adrenergic receptor stimulation in men and women at
rest (Kneale et al., 2000), the present findings indicate that the lack of a sex-difference
persists during exercise. In support of this, a recent study, published after the present
study was conducted, have found no differences in the sympathetic vasoconstrictor
responses evoked by either noradrenaline (o,-adrenergic agonist) or clonidine (ap-
adrenergic agonist) infusion at rest and during mild and low intensity rhythmic handgrip

exercise in men and women (Limberg et al., 2010). Taken together, these present results
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indicate that the magnitude of ‘functional sympatholysis’ during rhythmic handgrip

exercise is not affected by sex.

8.4.4 Cerebrovascular responses to sympatho-excitation

Sympatho-excitatory manoeuvres (e.g. CPT, whole-body heating, lower body
negative pressure) have been reported to evoke reductions in cerebral perfusion and/or
increases in cerebrovascular resistance (Low et al., 2009, Micieli et al., 1994, Roatta et
al., 1998, Wilson et al., 2005). In the contrast to the peripheral circulation, sympathetic
activation via CPT evoked only a small reduction in CVCi in the present study. This is
indicative of a modest sympathetic vasoconstriction in the cerebral vasculature, which is
unchanged during exercise. Although, the present results seem to be in contrast with
previous findings in dogs (Gross et al., 1980) and humans (Brassard et al., 2010) it is
questionable, whether results in animals are directly translatable to humans. It needs to
be further acknowledged that noradrenaline, utilized in the study by Brassard and
colleagues, might not cross the blood brain barrier (Hardebo and Owman, 1980, Olesen,
1972). Moreover, the potentially important indirect effects of noradrenaline on the
systemic haemodynamics (e.g. transient hypertension and reduction in CO) seem to be
inconsistent from rest to exercise (Ainslie and Tzeng, 2010).

Similar to the peripheral circulation, no sex-differences were observed in the
cerebrovascular response to sympathetic activation at rest or during handgrip exercise.
Indeed, cerebrovascular responses to the CPT have been shown to be attenuated
following administration of clonidine, thus the central actions of noradrenalin were
blocked (Micieli et al., 1994). This suggests that the CPT elicits intracerebral vascular
changes via a central noradrenergic mechanism. Thus, the results of the present study

may indicate that the regulation of the cerebral perfusion via a-adrenergic-mechanisms
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during exercise is not affected by sex. However, given the CO, sensitivity of the
cerebral circulation, the sympathetic vasoconstrictor responses during exercise might
have been confounded by changes in PrrCO; (Ainslie et al., 2005). However, the small
reductions in PgrCO, were consistent between handgrip bouts and between sexes

suggesting that any effect was similar between trials.

8.4.5 Limitations

Given that the CPT has been shown to evoke increases in sympathetic
vasoconstrictor outflow resulting in a marked rise in BP (Victor et al., 1987a), it was
utilised to investigate sex-differences in the differential sympathetic regulation of the
peripheral and cerebral vasculature. Sex-differences in the pressor response to the cold
stimulus per se might have influenced the results. However, in agreement with previous
studies (Dishman et al., 2003, Jones et al., 1996), BP and HR responses were similar in
men and women in the present study (Table 8.2). In addition, the majority of studies
directly measuring the efferent sympathetic neural response have shown no differences
in the CPT-induced increases in MSNA in men and women (Dishman et al., 2003,
Ettinger et al., 1996, Jarvis et al., 2011, Jones et al., 1996).

The consistency of the cardiovascular responses during repeated CPT has to be
considered, as a habituation might have occurred (Zbrozyna and Westwood, 1988). In
consensus with Schrage et al. (2005) who have performed five consecutive CPT in their
study, the first cold stimulus evoked exaggerated cardiovascular and haemodynamic
responses and was therefore discarded from the analysis. In order to further minimize
any effect of habituation in the present study, exercise trials were performed in a
controlled randomized order. Indeed, the magnitude of the CPT-induced increases in

HR and BP was similar in both groups. This suggests that any effect was similar
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between trials. Thus, an attenuated sympathetic nervous outflow during repeated CPT is
unlikely to explain the graded sympatholytic responses in the peripheral circulation in
men and women. However, it is acknowledged that only direct measurements of
efferent sympathetic outflow (e.g. MSNA) would have provided a definite prove of the
comparable repeated sympathetic responses.

To minimize the confounding effects of fluctuating female reproductive
hormones, women were tested within the first five days of the ovarian cycle. However,
it is noteworthy that the study sample consisted of six women taking oral contraceptives
(e.g. Microgynon or Yasmin). Of note Minson et al. (2000a, 2000b) have observed no
ovarian cycle effect on the resting MSNA in oral contraceptive users, but not in women
not taking oral contraceptives. In addition, in non-contraceptive users vascular
transduction was not affected. However, the exact reasons for those differences remain
unclear. Since no direct comparison between endogenous and exogenous hormone users
has been performed in the present study and Minson et al. have not assessed
neurovascular transduction in the oral contraceptive users, it cannot be excluded that the
non-homogenous study sample may have affected the study results.

Limitations may also derive from the use of MCA Ve as an indicator of
cerebral perfusion. It is acknowledged that the transcranial Doppler method only allows
velocity measurements. Therefore, it is only reflective of elevations in regional cerebral
blood flow if diameter is of the insonated vessel remains unchanged. However, MCA
Vinean and MCA blood flow appear to be closely related (Kirkham et al., 1986) and
MCA diameter has been shown to remain relatively constant during a variety of
physiological stimuli (Wilson et al., 2011). In addition, it cannot be fully excluded that
myogenically-induced increases in cerebrovascular tone might have caused the

decreases in CVCi during sympathetic activation. There is potential that the CPT-
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induced rise in BP evoked the increase in MCA Viean Via action on the smooth muscle
wall.

In the present study no effect of sex was found in the hyperaemic responses
during three levels of rhythmic handgrip exercise. Hence, the performed workloads
represent 10, 25 and 40% of the individual’s MVC it cannot be excluded that sex-
differences might exist when men and women exercise at the same absolute workload.
However, a recent study has suggested that even if women and men exercised at the
same absolute exercise workload, the vasodilatory responses (i.e. exercise hyperaemia)

would be comparable between sexes (Limberg et al., 2010).

8.4.6 Alternative approaches

The sympathetic vasoconstrictor response in women has often been suggested to
be related to the vascular effects of estrogen (Hogarth et al., 2007, Kneale et al., 1997).
For example, estrogen has been found to attenuate o-adrenergic vasoconstrictor
responses at rest in rats (Sudhir et al., 1997) and in humans (Fadel et al., 2004b).
Moreover, in both ovariectomized rats and postmenopausal women when female
hormone production is abolished functional sympatholysis was impaired (e.g. profound
sympathetic vasoconstriction) (Fadel et al., 2004b, Fadel et al., 2003c). Following
estrogen supplementation, the sympathetic vasoconstrictor response during exercise was
blunted. This suggests a sympatholytic effect of this hormone. Therefore, women at
different phases of the ovarian cycle, ideally during the EF (low estrogen and
progesterone), LF (high estrogen, low progesterone) and luteal phases (high estrogen
and progesterone) of the ovarian cycle should be tested to investigate the effect of
estrogen on sympathetic vasoconstriction during exercise. Since completion of the

present study this question has been addressed elsewhere. Limberg et al. (2010) have
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investigated separate a;- and ap-adrenergic (i.e. infusion of noradrenaline and clonidine)
vasoconstrictor responses in men and women during the EF and luteal phases of the
ovarian cycle at rest and during very low and low-level rhythmic handgrip exercise.
They have found no differences in the sympathetic vasoconstrictor responses in men
and EF women for both adrenergic receptor subtypes. However, the o,-adrenergic
vasoconstrictor response was reduced at very low handgrip exercise in women during
the luteal compared to the EF phases. In accordance with the results from the present
study, men and women seem to obtain changes in forearm blood flow via similar
adrenergic mechanisms. However, the role played by estrogen is still incompletely
understood, since Limberg and colleagues (2010) have studied women during the luteal
phase of the ovarian cycle when estrogen and progesterone are both elevated. This
seems to be of importance, because estrogen and progesterone have been suggested to
exert opposing vascular effects. As such, vasoconstriction has been shown to be
attenuated in estrogen-treated and enhanced in progesterone-treated animals in response
to sympathetic nerve stimulation (Ford et al., 1977). Therefore, further research is
warranted to fully determine the cardiovascular actions and interactions of female
reproductive via the sympathetic nervous system during exercise.

Although no sex-differences were found in MCA Viean or CVCi in the present
study, an area for further research might be the investigation of the effects of estrogen
on the cerebral perfusion particularly during exercise. For example, estrogen deficiency
after menopause has been reported to be associated with reductions in cerebral blood
flow, and hormone replacement therapy in postmenopausal women has been shown to
increase cerebral blood flow to premenopausal levels (Slopien et al., 2003).
Furthermore, MCA Vpean 1s reportedly higher in young women during the luteal phase

of the ovarian cycle, compared to EF phase (Brackley et al., 1999). Taken together,
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these observations support the contention that sex hormones might play an important
role in the modulation of cerebral perfusion (Krause et al., 2006). However, it is
presently unknown whether fluctuations in ovarian hormone concentration might also
influence the cerebral perfusion during exercise. An alternative study design to answer
these questions might want to include pre- and postmenopausal women with or without
estrogen supplementation performing measurements of regional cerebral blood flow
(e.g. MCA Viean). Additional assessment of blood flow in the internal carotid artery
during exercise would further allow to obtain a measurement of global cerebral blood

flow (Sato et al., 2011).

8.5 Conclusion

In summary, the results of the current study indicate that there are no sex-
differences in the sympathetic vasoconstrictor responses at rest. Moreover, the
vasodilator responses during exercise are similar in men and women. The
sympathetically-mediated reductions in peripheral perfusion were blunted in an
exercise-intensity dependent manner in both groups. There was no effect of sex on the
magnitude of reduction in peripheral perfusion. In contrast to previous studies in dogs
(Gross et al., 1980) and humans (Brassard et al., 2010), sympatho-excitation via the
CPT evoked only a modest reduction in cerebral vascular conductance. This was not
modulated during exercise of different intensities in men and women. Conclusively,
these data suggest an absence of ‘functional sympatholysis’ in the cerebral vasculature

of young men and women.
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At rest and during exercise, the arterial baroreflex plays an important role in the
beat-to-beat regulation of arterial BP and HR, by modulating sympathetic and
parasympathetic activity to the heart and the peripheral vasculature. During exercise the
arterial baroreflex persists its functioning by resetting to operate around higher
pressures, allowing HR and BP to increase concomitantly. This resetting depends on
input from central command and feedback from skeletal muscle afferents. Compared to
young men, premenopausal women show attenuated pressor responses to static and
dynamic exercise. Intriguingly, the exercise-induced increases in BP are exaggerated in
older postmenopausal women compared to older men. However, the reason for the

attenuated pressor response in young healthy women compared to men is unknown.

In the first study of this thesis (Chapter 4), a non-invasive experimental model
was developed to examine the effects of augmented muscle metaboreflex activation on
baroreflex function during dynamic exercise. It was demonstrated that (i) activation of
metabolically sensitive skeletal muscle afferents (e.g. muscle metaboreflex) by means of
partially restricting blood flow to the exercising skeletal muscle via rapid inflation of a
pressure cuff around the exercising thighs during leg cycling causes a reduction in
spontaneous ¢BRS; and (ii) pronounced reductions in spontaneous cBRS occur during
isolated activation of the muscle metaboreflex during PEI following leg cycling
exercise, while ¢cBRS was unchanged during rhythmic handgrip exercise and the
following PEIL. This is the first time in humans that spontaneous cBRS has been
assessed during augmented muscle metaboreflex activation during dynamic leg cycling
exercise. The findings are consistent with evidence from studies in dogs running on a
treadmill that used a pneumatic occluder around the terminal aorta to reduce blood flow
to the working hind limb thus engage the muscle metaboreflex. Since cBRS presents a

measurement of vagal activity (Parlow et al., 1995), it is tempting to speculate that the
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muscle metaboreflex is able to withdrawal parasympathetic nerve activity and thus
contributes to the exercise-induced tachycardia. It might elicit these HR increases either
directly or indirectly via augmented engagement of central command. This is a novel
approach, as the muscle metaboreflex is traditionally thought to evoke exercise-
tachycardia via increases cardiac sympathetic nerve activity (Fisher et al., 2010,
O'Leary, 1993). The reduced spontaneous ¢cBRS during PEI after leg cycling but not
after forearm exercise suggests that the effect of the muscle metaboreflex on ¢cBRS is
specific to the exercise modality, particularly to the involvement of a large muscle mass

during dynamic exercise.

The second experimental study (Chapter 5) examined, for the first time in
humans, the influences of sex and/or ovarian hormone concentration on the
metaboreflex-induced reduction in ¢cBRS during dynamic leg cycling followed by PEL
As expected, the BP responses during dynamic leg cycling were greater in men
compared to women. However, the augmented activation of the muscle metaboreflex
during leg cycling evoked comparable increases in HR and BP and a similar reduction
in ¢cBRS in men and women during the EF and LF phases of the ovarian cycle. These
results imply that muscle metaboreflex control of cardiac baroreflex function during
dynamic exercise is not affected by sex. However, since metaboreflex activation via
partial flow-restriction was not quantified by measurements of leg blood flow, the
reductions in blood flow might have differed between men and women and during the
two ovarian phases. Thus non-standardized blood flow stimulus might have resulted in a
differential activation of metabolically sensitive skeletal muscle afferents during leg

cycling in men and women.

222



GENERAL CONCLUSION

The third experimental study (Chapter 6) was designed to include blood flow
measurements when determining sex-differences during exercise with augmented
muscle metaboreflex activation. Moreover, the relationship between the magnitude of
blood flow restriction (i.e. metaboreflex activation) and the systemic cardiovascular
responses and spontaneous cBRS during exercise was determined. Young men and
women during the EF and LF phases of the ovarian cycle performed rhythmic handgrip
exercise and the muscle metaboreflex was engaged by means of stepwise reductions of
forearm perfusion during rhythmic handgrip exercise. It was demonstrated that if FBF is
reduced to a similar extent (e.g. standardized muscle metaboreflex activation) the
magnitude of the metaboreflex-induced pressor response is comparable in men and
women and not different between the two ovarian phases. Similarly to the observations
in men ¢cBRS was unchanged from rest during handgrip exercise and augmented muscle
metaboreflex activation. This indicates that muscle metaboreflex sensitivity does not
differ between men and women during the EF and LF phases of the ovarian cycle. From
this it is tempting to speculate that any sex-differences in the pressor response during
exercise may be related to a differential perfusion of the exercising skeletal muscle and
thus altered muscle metaboreflex activation. Overall, muscle metaboreflex control of
cardiac baroreflex responsiveness appears not to be affected by sex or the hormonal
fluctuations between the EF and LF phases of the ovarian cycle during dynamic

exercise with both small and large muscle mass contribution in young healthy humans.

The forth experimental study of this thesis (Chapter 7) examined for the first
time potential sex-differences in the dynamic baroreflex control of BP during exercise.
In young men and women NP and NS (i.e. simulated hypo- and hypertensive stimuli,
respectively) were applied in an oscillatory manner to the carotid sinus at rest and

during rhythmic handgrip exercise. The cardiovascular responses to dynamic
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baroreceptors perturbation were similar at rest and during exercise, in men and women
with NP and NS. These data indicate that in men and women the carotid baroreflex
maintains to control HR and BP during exercise and supports the findings from the
previous two studies in that cBRS is not affected by sex. As such, attenuated baroreflex
sensitivity appears unlikely to explain the attenuated pressor response during exercise in

women.

The final experimental study (Chapter 8) of this thesis investigated sex-
differences in the responsiveness of the peripheral and the cerebral circulation to
sympathetic stimulation at rest and during exercise. Sympathetic activation was evoked
by a cold stimulus (i.e. a-adrenergic receptor stimulation) conducted at rest and during
rhythmic handgrip exercise of varying intensity. At rest forearm perfusion (e.g. FVC)
was decreased during sympathetic activation, while the vasoconstrictor responses
during exercise were inversely related to the exercise intensity (i.e. functional
sympatholysis) in both men and women. In contrast, only a modest decrease in cerebral
perfusion was observed at rest that was maintained during exercise in both sexes. While
indicative of a differential role of the sympathetic nervous system in the peripheral and
cerebral vasculature during exercise, these results also suggest that men and women are
similarly responsive to a-adrenergic receptor stimulation at rest and during exercise.
Given that efferent sympathetic outflow was similar in men and women during the CPT,
this would imply that the neural vascular conductance via a-adrenergic receptor
mechanisms is not affected by sex. This has been confirmed by Limberg et al. (Limberg
et al., 2010), whose study was published after the this study was conducted. Therefore,
an altered a-adrenergic transduction of sympathetic efferent activity to the vascular
smooth muscle cell is unlikely to contribute to the attenuated pressor response to

exercise in women.
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The work in this thesis has enhanced the current knowledge regarding the
differences and similarities in neural cardiovascular control during dynamic exercise in
men and women. For the first time the effects of sex and/or ovarian hormone
concentrations were examined during dynamic exercise, including influences on
baroreflex control of HR and BP, muscle metaboreflex sensitivity and sympathetic
vasoconstrictor responsiveness. First, baroreflex responsiveness in control of HR and
BP are not different in men and women. Second, muscle metaboreflex sensitivity is
comparable between both groups, when blood flow is standardized. Third, the
magnitude of functional sympatholysis in the peripheral circulation is similar in men
and women, suggesting the sex does not affect a-adrenergic receptor responsiveness

during exercise.

Nevertheless, there are further questions arising from the work of this thesis.
Due to the utilized experimental approaches no conclusion can be drawn about the
effects of sex and/or ovarian hormone concentration on selective activation of
mechanically sensitive skeletal muscle afferents (i.e. muscle mechanoreflex) and/or
central command (Figure 2.2). In this regard, the influence of sex and/or female
reproductive hormones on muscle mechanoreflex-mediated reductions in cardiac
baroreflex responsiveness warrants further investigation. For example, the application
of muscle stretch has been shown to selectively activate mechanically sensitive skeletal
muscle afferents (no central command, muscle metaboreflex) (Iellamo et al., 1999a,
Kaufman and Rybicki, 1987), which therefore present a promising approach to examine
potential influences of sex- and/or female hormones on the cardiovascular and

haemodynamic effects of the isolated muscle mechanoreflex.
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In addition, the present findings do not allow direct conclusions about the effect
of sex and/or ovarian hormones on central command or the isolated central command-
mediated exercise pressor response (increases in HR, BP, CO, MSNA and TPR) and its
effect on baroreflex function during exercise (Krogh and Lindhard, 1917, Mark et al.,
1985, Secher, 1985, Victor et al., 1995). However, the comparison of the pressor
response and baroreflex responsiveness during volitional (mechanoreflex, metaboreflex
and central command) and electrically stimulated (mechanoreflex, metaboreflex, but no
central command) muscle contractions (Iellamo et al., 1997) in men and women plus the
determination of female reproductive hormone influences could further our present
understanding about influences of sex and/or ovarian hormones on cardiovascular

control mechanisms during exercise.

Since the application of the sequence technique and oscillatory NP and NS only
provide a measure of baroreflex sensitivity (Wray et al., 2004a), it remains to be
determined whether other physiological parameters of the arterial baroreflex, such as the
response range, saturation or threshold in control of HR, BP, MSNA and perfusion
might be different between men and women. Thus, the application of short pulses of NP
and NS (e.g. Sseconds) to the carotid sinuses at rest and during exercise in men and
women would allow an estimation of these parameters. In addition, the full baroreflex
function curve could be determined, while selectively activating the muscle
metaboreflex (e.g. PEI vs. free-flow recovery after leg cycling) or the muscle
mechanoreflex (e.g. passive calf muscle stretch vs. volitional calf muscle contraction) or
in the absence and presence of central command (e.g. electrically evoked vs. volitional

calf contraction) (Iellamo et al., 1997).
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Although the advantages of the isolation of muscular and central neural
mechanisms of the exercise pressor response are established even these approaches are
limited due to the ‘redundancy’ argument that a combination of several factors
contributes to the cardiovascular responses to exercise (Rowell, 1993b). In line with
this, it is also acknowledged that in a closed-loop approach, such as the partial flow-
restriction experiments (chapter 4-6) to augment the effects of the metabolically
sensitive skeletal muscle afferents, the results of the present study might be affected by
redundancy mechanisms. Thus, the differential exercise pressor response in men and
women might be a result of sex- and/or ovarian hormone-specific alteration of more
than one mechanism, known to contribute in a synergistic manner. However, on the
basis of the results from this thesis these questions and possibilities remain to be

examined.
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