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Abstract

Contraction-mediated inhibition of sympathetic vasoconstriction (sympatholysis) is
enhanced in female compared with male rats. Acute pharmacological blockade of nitric oxide
(NO) production abolished the sex difference in sympatholysis, indicating that NO-mediated
sympatholysis is elevated in female rats. Estrogen has been shown to upregulate expression of
the enzyme nitric oxide synthase (NOS), suggesting that estrogen may be an important regulator
of NO bioavailability. Indeed, sympatholysis is impaired in estrogen-deficient rodents and
humans, and estrogen supplementation appears to restore sympatholysis. NOS is expressed in
neuronal (nNOS), endothelial (eNOS), and inducible (iNOS) isoforms and NO derived from
eNOS and nNOS has been shown to inhibit vasoconstriction in resting and contracting skeletal
muscle in male rats. Moreover, skeletal muscle nNOS expression and nNOS-mediated
sympatholysis were enhanced following exercise training in male rats, suggesting that physical
activity may modulate NO bioavailability. The reduced sympatholysis reported in estrogen-
deficient rats and humans may be due to impaired nNOS function, though the effect of estrogen
bioavailability on NOS isoform-specific mediated inhibition of sympathetic vasoconstriction has
yet to be investigated. Further, no studies have examined whether exercise training can restore
NO-mediated sympatholysis in estrogen-deficient female rats. Therefore, the purpose of this
study was to investigate the role of estrogen in NOS isoform-specific mediated inhibition of
sympathetic vasoconstriction in resting and contracting skeletal muscle of sedentary and
exercise-trained female rats. I hypothesized that: 1) sympatholysis would be blunted in sedentary
estrogen-deficient rats relative to sedentary control rats; 2) exercise training would increase
sympatholysis in estrogen-deficient rats, but not control rats; and 3) the effect of exercise

training would be nNOS-dependent. Eight week-old female Sprague-Dawley rats were
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familiarized to exercise on a motorized treadmill, then randomly assigned to sedentary ovary-
intact (SOI, n=10), sedentary ovariectomized (SOVX, n=9), exercise-trained (10 weeks, 5
days/week, 600m, 40m-min’!, 5% grade) ovary-intact (TOI, n=13), or exercise-trained
ovariectomized (TOVX, n=10) groups. Ovariectomy group rats were then anesthetized, and both
ovaries surgically removed. Following sedentary behavior or exercise training, all rats were
anesthetized and instrumented for measurement of blood pressure and leg blood flow (LBF).
Blood pressure was measured at the right carotid artery and mean arterial pressure (MAP) was
calculated. LBF was measured at the right femoral artery, and femoral vascular conductance
(FVC) was calculated as FVC=LBF+MAP. The sciatic nerve and lumbar sympathetic chain were
fitted with stimulating electrodes, and the left femoral vein was cannulated for drug delivery.
Vasoconstriction in response to stimulation of the lumbar sympathetic chain at 2 Hz and 5 Hz
was assessed at rest and during muscle contraction at 60% of maximal contraction force. The
effect of exercise training, estrogen status, and NO on sympathetic vasoconstrictor
responsiveness (% change in FVC) and sympatholysis was assessed by two-way repeated
measures (group x drug condition) ANOVA. Resting sympathetic vasoconstrictor responsiveness
was not different following selective nNOS blockade (p>0.05), but was increased (p<0.05, main
effect of drug condition) following non-selective NOS blockade compared with the control and
selective nNOS blockade conditions at both 2 Hz and 5 Hz. Similarly, during muscle contraction,
sympathetic vasoconstrictor responsiveness to 2 Hz sympathetic stimulation was unchanged
(p>0.05) in the presence of selective nNOS inhibition, but was increased (p<0.05, main effect of
drug condition) following non-selective NOS blockade compared with control and selective
nNOS blockade conditions. At 5 Hz, contracting sympathetic vasoconstrictor responsiveness was

increased (p<0.05, main effect of drug condition) by selective nNOS blockade, and increased

il



further (p<0.05, main effect of drug condition) by non-selective NOS blockade. The magnitude
of sympatholysis at 2 Hz was not different (p>0.05) between groups or drug conditions. At 5 Hz,
sympatholysis was blunted (p<0.05, main effect of drug condition) in the selective nNOS
blockade condition, and further reduced (p<0.05, main effect of drug condition) following non-
selective NOS blockade in all groups. Sympathetic vasoconstrictor responsiveness and
sympatholysis were not different (p>0.05) following exercise training. In conclusion,
sympathetic vasoconstrictor responsiveness in resting and contracting skeletal muscle was not
dependent on estrogen bioavailability. Additionally, NO derived from eNOS appears to inhibit
sympathetic vasoconstriction at rest and during muscle contraction, whereas NO derived from
both eNOS and nNOS are important during high frequency stimulation during muscle
contraction, regardless of estrogen bioavailability. Finally, exercise training did not alter
sympathetic vasoconstrictor responsiveness and sympatholysis regardless of estrogen

bioavailability.
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Chapter 1: Introduction

Introduction

In order to sustain life, vital organs and tissues must receive adequate delivery of oxygen
and other substrates to support metabolism (Joyner & Casey, 2015; Mueller et al., 2011). The
cardiovascular, respiratory, and autonomic nervous systems work in a coordinated manner to
achieve the cardiac output, blood pressure, and vascular resistance necessary to match tissue
blood flow to tissue metabolism (Boushel et al., 2002; Buckwalter, Ruble, et al., 1998; Duffy et
al., 1999; Kilbom & Wennmalm, 1976; Lott et al., 2001; Maxwell et al., 1998; McAllister, 2003;
Rédegran & Calbet, 2001; Saltin et al., 1998). The respiratory system exchanges oxygen and
carbon dioxide between the atmosphere and the blood, and the cardiovascular system transports
the oxygen and others substrates to the active tissues, and removes metabolic by-products, such
as carbon dioxide. Vascular resistance and cardiac output are regulated by the autonomic nervous
system to match tissue blood flow to metabolic demand. At rest, the skeletal muscle vascular bed
is relatively vasoconstricted, blood flow per unit mass is modest, and the skeletal muscle
vasculature is an important contributor to the regulation of systemic vascular resistance. During
exercise, skeletal muscle metabolism markedly increases and demand for blood flow and oxygen
delivery rises in an exercise-intensity dependent manner. To achieve the increase in skeletal
muscle blood flow, cardiac output increases and skeletal muscle blood vessels dilate to direct
blood flow to the active muscle. Indeed, skeletal muscle may receive more than 90% of cardiac
output during maximal exercise (Joyner & Casey, 2015). The considerable increase in blood
flow to the active skeletal muscle tissue must be accomplished while perfusion of other essential
organs, such as the brain, and systemic blood pressure are maintained. The maintenance of blood

pressure represents a substantial physiological challenge because the capacity of the skeletal



muscle vasculature to vasodilate and receive blood flow far exceeds the capacity of the heart to
increase cardiac output. Indeed, it has been estimated that dilation of a large amount of muscle or
maximal vasodilation of as little as one third of skeletal muscle in an untrained individual could
exceed maximal cardiac output and result in hypotension if skeletal muscle vasodilation was not
restrained (Andersen & Saltin, 1985; Joyner & Casey, 2015). Thus, the exercise response
requires an increase in cardiac output and tight regulation of peripheral vascular resistance to
balance the competing needs of tissue oxygen delivery and maintenance of systemic blood
pressure (Joyner & Casey, 2015). In addition to facilitating an increase in cardiac output during
exercise, sympathetic nerve activity is also directed towards the periphery, producing
vasoconstriction in both inactive and active tissues (Christensen & Galbo, 1983; DiCarlo et al.,
1996; Mueller et al., 2011). Vasoconstriction in inactive tissue shunts blood flow towards active
muscle, whereas vasoconstriction in active muscle restrains local vasodilation and prevents a
profound drop in vascular resistance (DiCarlo et al., 1996; O’Leary et al., 1997). In the active
skeletal muscle vasculature, sympathetic vasoconstriction is inhibited by muscle contraction in a
process known as sympatholysis. The blunting of vasoconstriction in active tissue modulates
local vascular resistance to facilitate the perfusion of active tissues during exercise (Joyner &
Casey, 2015). The mechanism(s) by which sympatholysis occurs remain undefined, although
several studies have reported that nitric oxide (NO) inhibits sympathetic vasoconstriction in
resting and contracting skeletal muscle (Chavoshan et al., 2002; Jendzjowsky et al., 2014;
Jendzjowsky & DeLorey, 2013b, 2013d; Thomas & Victor, 1998). The formation of NO is
catalyzed by the enzyme nitric oxide synthase (NOS), and NOS is expressed in neuronal
(nNOS), endothelial (eNOS), and inducible (iNOS) isoforms (Kobzik et al., 1994). NO

production is accelerated during exercise (Kobzik et al., 1994; Nakane et al., 1993; Rubanyi et



al., 1986), and NO derived from eNOS and nNOS has been shown to inhibit vasoconstriction in
resting and contracting skeletal muscle in male rats (Jendzjowsky et al., 2014; Jendzjowsky &
DeLorey, 2013d). While NO does contribute to sympatholysis, it is not the only mechanism at
play, as NOS inhibition blunts, but does not eliminate, sympatholysis (Jendzjowsky et al., 2014;
Jendzjowsky & DeLorey, 2013b, 2013d).

In female rats, the inhibition of sympathetic vasoconstriction during muscle contraction is
enhanced relative to male rats (Cooper et al., 2021; Just & DeLorey, 2017). NOS inhibition
eliminated the statistical difference in sympatholysis between male and female rats, suggesting
that NO-mediated sympatholysis is enhanced in female rats (Just & DeLorey, 2017), though the
mechanism(s) underlying the augmented NO-mediated sympatholysis are unknown.
Additionally, elevated B-adrenoreceptor mediated vasodilation in females has been suggested to
contribute to this enhanced sympatholysis; however, our laboratory found that acute
pharmacological inhibition of B-adrenoreceptors did not alter sympatholysis in male or female
rats (Cooper et al., 2021). Estrogen has also been advanced as a putative mechanism for sex
differences in vascular regulation, as females have higher circulating estrogen levels than males,
and estrogen has been shown to modulate autonomic nervous system activity and vascular
resistance (Mendelsohn & Karas, 1999; Vongpatanasin et al., 2001). Indeed, in estrogen-
deficient female rats, sympatholysis was impaired compared to female control rats (Fadel et al.,
2003). However, sympatholysis was not different between female control and estrogen-replaced
rats, suggesting that estrogen bioavailability modulates sympatholysis (Fadel et al., 2003).
Similarly, post-menopausal human females had lower sympatholysis than pre-menopausal
females, and this difference was abolished following estrogen replacement therapy (Fadel et al.,

2004). The authors suggested that higher estrogen bioavailability enhanced sympatholysis by



upregulating NOS expression and increasing NO bioavailability (Fadel et al., 2003, 2004). In
estrogen-deficient female rats, nNOS expression was reduced, suggesting that nNOS-mediated
inhibition of sympathetic vasoconstriction would also be reduced; however, NO-mediated
sympatholysis was not directly assessed in this study, thus insufficient evidence exists to confirm
or refute this theory. In summary, our understanding of the mechanisms underlying sex
differences in vascular regulation is incomplete. While estrogen has been implicated, further
research is needed to firmly establish the extent of its role, as well as the cellular pathways by
which it may act.

Chronic exercise training has been shown to cause many cardiovascular adaptations,
including reduced blood pressure and enhanced vascular control at rest and during exercise
(Thijssen et al., 2009). Research in humans indicates that cardiovascular adaptations to exercise
training, such as maximal oxygen consumption, and left ventricular mass and wall thickness,
were blunted in females compared to males (Howden et al., 2015). While these data are from a
single study, they may indicate that males and females respond differently to a given training
paradigm (Diaz-Canestro & Montero, 2019; Howden et al., 2015). Consistent with this notion,
the same exercise training program enhanced sympatholysis in male, but not female, rats
(Cooper et al., 2021; Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b; Mizuno et al.,
2014). Skeletal muscle nNOS expression and nNOS-mediated sympatholysis were increased
following exercise training in male rats (Jendzjowsky et al., 2014), indicating that exercise
training may modulate NO bioavailability and NO-dependent sympatholysis (Jendzjowsky et al.,
2014; Jendzjowsky & DeLorey, 2013b). Sympatholysis is enhanced in untrained female rats
compared to untrained male rats (Cooper et al., 2021; Just & DeLorey, 2017), and NOS blockade

abolished the difference between males and females, suggesting that NO bioavailability and/or



NOS expression may be elevated in females relative to males (Just & DeLorey, 2017). Estrogen
is known to modulate NOS expression and estrogen may therefore play an important in
determining the response to exercise training (Fadel et al., 2003). If true, exercise training may
not increase NOS expression or NO bioavailability in females with “normal” levels of estrogen,
whereas in females with lowered estrogen bioavailability, such as post-menopausal females or
estrogen-deficient rats, exercise training may reverse the estrogen-related loss of nNOS
expression and restore sympatholysis. To date, no studies have investigated the effects of
exercise training and estrogen bioavailability on NO-mediated sympatholysis.
Regulation of Sympathetic Vasoconstriction

The sympathetic nervous system plays an integral role in the control of vascular
resistance and is an important effector for reflex control of blood pressure and the distribution of
cardiac output (Joyner & Casey, 2015; Mueller et al., 2011). Efferent sympathetic nervous
system activity is controlled in the brainstem, where inputs from various cardiovascular reflexes,
as well as higher brain centres, are integrated (Dampney et al., 2002, 2003). The rostral
ventrolateral medulla (RVLM) in the brainstem acts as the sympathetic generator, as
sympathoexcitatory neurons in the RVLM are tonically active, evidenced by the occurrence of
tonic sympathetic activity in the absence of reflex control (Barman & Gebber, 1980). The
amount of activity generated by the RVLM is modulated by the nucleus tractus solitarius (NTS),
which receives and integrates sensory inputs from various reflex afferents, including the
baroreflex, exercise pressor reflex, and chemoreflex, as well as inputs from higher brain centres
(Dampney et al., 2002). NTS excitatory neurons either project directly to RVLM, increasing
sympathetic outflow, or to the caudal ventrolateral medulla, which in turn projects to and inhibits

the RVLM, decreasing sympathetic outflow (Dampney et al., 2002). The excitatory and



inhibitory inputs to the RVLM are integrated to modulate efferent sympathetic nervous system
activity, increasing or decreasing it as necessary to maintain homeostasis and to respond to
physiological challenges, such as exercise (Dampney et al., 2002). Sympathetic nervous system
activity generated in the RVLM is relayed to the periphery by efferent sympathetic nerves,
comprised of a cholinergic pre-ganglionic neuron located within the central nervous system and
a peripheral post-ganglionic neuron (Dampney et al., 2003). Neurons in the RVLM directly
innervate pre-ganglionic sympathetic neurons, which in turn innervate the post-ganglionic
sympathetic neurons (Dampney et al., 2002). The primary neurotransmitter released by post-
ganglionic sympathetic neurons innervating cardiovascular tissues is norepinephrine (NE),
though adenosine triphosphate (ATP) and neuropeptide Y (NPY) are also released (Loewy &
Spyer, 1990; Mueller et al., 2011). NE binds to a1- and o-adrenoreceptors, ATP to purinergic
P2X receptors, and NPY to NPY receptors on the surface of the vascular smooth muscle cell to
cause vasoconstriction (Nielsen, 2015).

During exercise, both the frequency and amplitude of muscle sympathetic nervous system
activity (MSNA) increase in an intensity-dependent manner (DiCarlo et al., 1996). Elevated
sympathetic nervous system activity serves to increase cardiac output to meet the higher oxygen
demand, and also results in systemic vasoconstriction (Christensen & Galbo, 1983; O’Leary et
al., 1997). Sympathetic vasoconstriction is necessary to both divert blood flow away from
inactive tissues and to restrain blood flow to active skeletal muscle tissues (Andersen & Saltin,
1985; Joyner & Casey, 2015; Mueller et al., 2011; Saltin, 1985; Secher et al., 1977). Despite
sympathetic restraint, profound increases in perfusion still occur in the exercising skeletal muscle
(Buckwalter, Ruble, et al., 1998; Buckwalter & Clifford, 1999; Clifford & Hellsten, 2004; Lott et

al., 2001; O’Leary et al., 1997; Saltin, 1985). The increase in blood flow to the active skeletal



muscle is exercise intensity-dependent, closely matching the increased metabolic demand
(Joyner & Casey, 2015). This is possible because sympathetic vasoconstriction is inhibited in
contracting skeletal muscle, in a process termed functional sympatholysis (Buckwalter et al.,
2001; Buckwalter, Mueller, et al., 1998; Buckwalter & Clifford, 1999; Cooper et al., 2019, 2021;
Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b, 2013d; Just & DeLorey, 2017;
Mortensen et al., 2014; Mortensen, Markeberg, et al., 2012; Mortensen, Nyberg, et al., 2012;
Remensnyder et al., 1962; Ruble et al., 2000, 2002; Saltin & Mortensen, 2012). Although this
phenomenon was first reported 60 years ago, the underlying cellular mechanisms remain
undefined (Remensnyder et al., 1962). Potential mechanisms include the loss of vascular smooth
muscle contractile function, blunting of sympathetic neurotransmitter release, altered biological
activity of neurotransmitters, and reduced post-synaptic receptor responsiveness (Mueller et al.,
2011). Vascular smooth muscle function does not appear to decline during exercise because
vasopressin (a non-sympathetic vasoconstrictor) produced similar vasoconstrictor responses at
rest and during exercise, indicating preservation of smooth muscle function during exercise
(Buckwalter, Taylor, et al., 2004). Tyramine infusion (evokes endogenous release of sympathetic
neurotransmitters) produced graded vasoconstriction responses at rest and during incremental
intensities of exercise, suggesting that sympathetic neurotransmitters are still released during
exercise (Ruble et al., 2002). Indeed, significant attenuation of the vasoconstrictor response to
intra-arterial infusion of sympathetic agonists during exercise suggests an important role of the
modulation of post-synaptic receptor responsiveness (Buckwalter et al., 2001, 2003; Buckwalter,
Hamann, et al., 2004). NO has been advanced as a potential mechanism for this modulation.
Indeed, there is evidence that NO inhibits sympathetic vasoconstriction in resting (Jendzjowsky

& DeLorey, 2013d; Just & DeLorey, 2017) and contracting skeletal muscle (Chavoshan et al.,



2002; Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b, 2013d; Just & DeLorey, 2017;
Mizuno et al., 2014; Thomas & Victor, 1998), though the exact mechanism by which NO
inhibits sympathetic vasoconstriction is unknown. The formation of NO is catalyzed by the
enzyme nitric oxide synthase (NOS), found in endothelial (eNOS), neuronal (nNOS), and
inducible (iNOS) isoforms (Stamler & Meissner, 2001). NO derived from eNOS and nNOS has
been shown to be important to skeletal muscle vascular control in healthy individuals (Kobzik et
al., 1994; Stamler & Meissner, 2001). During muscular contraction, the formation of NO is
accelerated as a result of mechanical and chemical stimuli (Kobzik et al., 1994; Nakane et al.,
1993; Rubanyi et al., 1986). While NO appears to be involved in sympatholysis, it is not the only
mechanism at play. When NO production is pharmacologically inhibited, sympatholysis is
reduced, but not abolished, suggesting that some other mechanism(s) also contribute to
sympatholysis (Chavoshan et al., 2002; Jendzjowsky et al., 2014; Jendzjowsky & DeLorey,

2013b, 2013d; Just & DeLorey, 2017; Thomas & Victor, 1998).

Estrogen and Sympathetic Vasoconstriction

The current understanding of neural control of the cardiovascular system is based largely
on data from studies of men and male animals and rodents. However, several recent studies
suggest that biological sex may modulate sympathetic nervous system regulation of blood
pressure and skeletal muscle vascular resistance. For instance, young females tend to have lower
resting blood pressure and sympathetic nervous system activity than young males (Hart &
Charkoudian, 2014; Hogarth et al., 2007; Keir et al., 2020; Narkiewicz et al., 2005; Ng et al.,
1993). Further, sympathetic neurovascular transduction and/or post-synaptic receptor
responsiveness appears to differ in females. Consistent with this notion, resting MSNA was

related to total peripheral resistance (Hart et al., 2009, 2011), and resting calf MSNA was related



to calf vascular resistance (Hogarth et al., 2007) in males but not females. Similarly, in males,
resting MSNA was correlated to both mean arterial pressure (MAP) and limb vascular
conductance, but no significant relationship was found in females (Robinson et al., 2019). The
MSNA response to a resting cold pressor test was also correlated to the MAP and vascular
resistance response in males but not females (Coovadia et al., 2022). Sympathetic
vasoconstrictor responsiveness also appears to differ between males and females. The
vasoconstrictor response to acute resting sympathetic stimulation (via cold pressor test)
(Coovadia et al., 2022; Hogarth et al., 2007) and to isometric handgrip exercise was blunted in
young females relative to males (Hogarth et al., 2007). Females also had a comparatively smaller
vasoconstriction response to the infusion of NE than males (Kneale et al., 2000; Majmudar et al.,
2000). In contrast, infusion of selective aui- and a2-adrenoreceptor agonists produced similar
vasoconstriction responses in males and females (Limberg et al., 2010). Data from our laboratory
in rats indicated that resting sympathetic vasoconstrictor responsiveness to sympathetic
stimulation was augmented in female rats at 2 Hz, but not different at 5 Hz (Just & DeLorey,
2017). In a subsequent study, sympathetic vasoconstrictor responsiveness was not different at
either 2 or 5 Hz (Cooper et al., 2021). In summary, these studies clearly demonstrate that sex
modulates neural control of the cardiovascular system at rest and in response to exercise,
however the mechanistic basis for these sex based differences are still poorly understood and
further investigation in this area is necessary.

Estrogen has been advanced as a putative mechanism for sex differences in
cardiovascular regulation, as circulating levels are much higher in young females than in males
or post-menopausal females (Fadel et al., 2003, 2004; Wenner et al., 2021). Indeed, autonomic

nervous system activity and vascular resistance have been shown to be regulated, in part, by



estrogen (Mendelsohn & Karas, 1999; Vongpatanasin et al., 2001). In contrast to young females,
a positive relationship between MSNA and total peripheral resistance does exist in post-
menopausal females, suggesting the lack of association in young females may be due to higher
levels of circulating sex hormones, particularly estrogen (Hart et al., 2011). Resting (Carter et al.,
2013; Minson et al., 2000) and exercising (Carter et al., 2013; Ettinger et al., 1998; Jarvis et al.,
2011; Limberg et al., 2010) MSNA was also shown to fluctuate throughout the menstrual cycle,
and these fluctuations in MSNA appear to be related to circulating sex hormone levels (Carter et
al., 2013; Minson et al., 2000). Moreover, while resting MSNA differs throughout the menstrual
cycle, mean arterial pressure did not change, further supporting a role of circulating sex
hormones in sympathetic neurovascular transduction (Carter et al., 2013; Minson et al., 2000).
Estrogen can act directly on endothelial and smooth muscle cells via - estrogen
receptors and B-estrogen receptors, as well as indirectly via G-protein coupled estrogen
receptors, all of which are found in the male and female human vasculature (Menazza &
Murphy, 2016; Mendelsohn & Karas, 1999; Miller & Duckles, 2008). Estrogen has both short-
and long-term vascular effects (Knowlton & Lee, 2012). In the short-term, estrogen binding to a-
estrogen receptors located on the endothelium stimulates the production of nitric oxide, causing
vasodilation (Knowlton & Lee, 2012). Indeed, in endothelial cell cultures, estrogen
administration caused a rapid increase in eNOS activity (Caulin-Glaser et al., 1997; Lantin-
Hermoso et al., 1997). Likewise, when treated with estrogen, nNOS activity and NO production
are increased in isolated human umbilical cord cells (Lekontseva et al., 2011). NOS activity was
also augmented in pregnant guinea pigs, and the difference was abolished in the presence of
Tamoxifen, an estrogen receptor antagonist (Weiner, Knowles, et al., 1994; Weiner, Lizasoain, et

al., 1994). In the long-term, estrogen has also been suggested to indirectly influence
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cardiovascular function by modulating NOS expression and subsequently NO bioavailability
(Ceccatelli et al., 1996; Chambliss & Shaul, 2002; Fadel et al., 2003; Garcia-Duran et al., 1999;
Lekontseva et al., 2011; Pelligrino et al., 1998; Sudhir et al., 1996). Ovariectomized rats
demonstrate reduced skeletal muscle nNOS expression compared to non-ovariectomized female
rats, which can be reversed with exogenous estradiol replacement (Fadel et al., 2003). Estrogen
replacement therapy has also been shown to increase plasma NO and NO biological end-
products (Best et al., 1998; Rosselli et al., 1995), as well as neutrophil nNOS expression (Garcia-
Duran et al., 1999). These data are corroborated in humans, where the resting vasoconstriction
response to NOS inhibition is larger in pre-menopausal females, compared to post-menopausal
females and males (Majmudar et al., 2000). Further, after 14 days of estrogen replacement
therapy, post-menopausal females exhibited a similar vasoconstriction response to NOS
inhibition as pre-menopausal females (Majmudar et al., 2000). The vascular response to the NO
donor glyceryl trinitrate was not different between males, pre-menopausal females, and post-
menopausal females, or following estrogen replacement therapy, suggesting that the differences
in results observed are due to higher NO bioavailability as opposed to increased responsiveness
to NO (Majmudar et al., 2000). Similarly, 8 weeks of estrogen supplementation augmented the
vasoconstriction response to NOS inhibition in peri-menopausal females (Sudhir et al., 1996).
Estrogen may also play a role in the modulation of resting sympathetic vasoconstrictor
responsiveness. In male rat experimental models, estrogen treatment either increased (Colucci et
al., 1982) or decreased (Kondo et al., 1980; Shan et al., 1994; Yen & Lau, 2004) sympathetic
vasoconstrictor responsiveness. Injection of estradiol decreased the pressor response to NE in
conscious male rats (Kondo et al., 1980; Shan et al., 1994), and pre-treatment with estradiol

reduced the vasoconstriction response to NE in rat tail artery preparations from male rats (Shan
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et al., 1994). Similarly, seven weeks of estrogen treatment decreased sympathetic vasoconstrictor
responsiveness to phenylephrine in aortic ring preparations from spontaneously hypertensive
male rats (Yen & Lau, 2004). Contrarily, the vasoconstriction response to NE in mesenteric
artery preparations from male rats was increased following low-dose estrogen treatment (Colucci
et al., 1982). Evidence in female experimental models is also contradictory. Resting MAP (Fadel
et al., 2004) and systolic and diastolic blood pressures (Sudhir et al., 1997) were lower following
estrogen supplementation in human females. The vasoconstriction response to phenylephrine in
mesenteric artery preparations from ovariectomized female rats was blunted following four
weeks of estrogen treatment (Zhang & Davidge, 1999). Similarly, eight weeks of estrogen
supplementation blunted the forearm vasoconstriction response to NE infusion in
perimenopausal human females (Sudhir et al., 1997). Conversely, in post-menopausal females,
four weeks of estrogen replacement therapy did not alter the vasoconstriction response (assessed
by muscle oxygenation) to lower body negative pressure (Fadel et al., 2004). At rest, sympathetic
vasoconstrictor responsiveness was also similar between ovary-intact and ovariectomized rats,
with or without chronic estrogen replacement (Fadel et al., 2003). In summary, while some
evidence suggests that estrogen is involved in the regulation of resting sympathetic
vasoconstrictor responsiveness, its role has not been firmly established.

Circulating estrogen levels may also influence the cardiovascular response to exercise.
Females exhibit a blunted MSNA response to isometric handgrip exercise compared to males
(Ettinger et al., 1996; Jarvis et al., 2011). The MSNA and blood pressure responses to isometric
handgrip exercise were larger in post-menopausal females than in young females, and chronic
estrogen replacement therapy reduced both MSNA and blood pressure responses to exercise in

post-menopausal females (Wenner et al., 2021). In young females, the vasoconstriction response
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to clonidine, an az-adrenoreceptor agonist, was reduced during light intensity rhythmic handgrip
exercise during the early luteal (high estrogen) phase of the menstrual cycle compared to the
early follicular (low estrogen) phase (Limberg et al., 2010). Sympatholysis is also reduced
following ovariectomy in female rats, lowering estrogen bioavailability, which can be reversed
with estrogen supplementation (Fadel et al., 2003). Further, estrogen supplementation abolished
differences in contraction-mediated inhibition of sympathetic vasoconstriction in premenopausal
compared to post-menopausal human females (Fadel et al., 2004). Given that females have
higher estrogen bioavailability than males, it has been suggested that females may also have a
greater ability to blunt sympathetic vasoconstriction compared to males. Indeed, our laboratory
has reported that sympatholysis was enhanced in female compared to male rats (Cooper et al.,
2021; Just & DeLorey, 2017). In an effort to explain why sympatholysis is higher in female rats,
our laboratory has investigated whether NO and/or -adrenoreceptors contribute to the enhanced
sympatholysis in females (Cooper et al., 2021; Just & DeLorey, 2017). While NOS blockade
eliminated the statistical difference between males and females, sympatholysis remained greater
in female rats (Just & DeLorey, 2017), and -adrenoreceptor blockade had no effect on the sex
difference in sympatholysis (Cooper et al., 2021). Thus, estrogen may contribute to sex
differences in sympatholysis via NO-dependent and/or -independent mechanisms.
Exercise Training and Sympathetic Vasoconstriction

Chronic exercise training induces a variety of cardiovascular adaptations, including
reduced blood pressure and enhanced vascular control at rest and during exercise (Thijssen et al.,
2009). Chronic exercise training may also result in an attenuated sympathetic response to
physiological stress, such as exercise (Sothmann et al., 1996). Indeed, following exercise

training, sympathetic drive during exercise at a given absolute intensity seems to be decreased in
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the trained muscle (Fisher & White, 1999; Ray, 1999; Sinoway et al., 1996; Somers et al., 1992;
Winder et al., 1978). Additionally, exercise training may alter vascular responsiveness. Exercise
training has been shown to decrease (Delp et al., 1993; Spier et al., 1999; Wiegman et al., 1981),
increase (Lash, 1998; McAllister & Laughlin, 1997), or have no effect (Donato et al., 2007;
Jasperse & Laughlin, 1999; Sun et al., 1994) on sensitivity to NE in in vitro animal experimental
models. However, results obtained from in vitro experimental models may not reflect integrated
whole-body vascular control, and measurements during muscle contraction are not possible. Data
from our laboratory in in vivo anesthetized rats indicates that the vasoconstriction response to
lumbar sympathetic chain stimulation is increased in an exercise training intensity dependent
manner at rest (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2012, 2013a, 2013b; Just &
DeLorey, 2016). Our laboratory and others have shown that sympatholysis was augmented
following exercise training in rats (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b;
Just & DeLorey, 2016; Mizuno et al., 2014). One hour of cycle exercise training three to four
days per week for eight weeks also augmented sympatholysis in healthy, middle-aged adults
(Mortensen et al., 2014). Evidence from our laboratory in an in vivo experimental model
suggests that this is due in part to an exercise training-induced increase in NO-mediated
inhibition of sympathetic vasoconstriction (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey,
2013b; Just et al., 2016; Just & DeLorey, 2016). Non-selective NOS inhibition blunted
sympatholysis in exercise trained but not sedentary rats, indicating that exercise training
increased NO-mediated sympatholysis (Jendzjowsky & DeLorey, 2013b). In a subsequent study,
selective nNOS inhibition also increased sympathetic vasoconstrictor responsiveness during
muscle contraction to a greater extent in exercise trained compared to sedentary rats

(Jendzjowsky et al., 2014). The relative contribution of NO derived from nNOS to the inhibition
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of sympathetic vasoconstriction during muscle contraction was also greater in exercise trained
compared to sedentary rats (Jendzjowsky et al., 2014). Taken together, these findings suggest
that exercise training mediated improvements in NO-dependent sympatholysis are mainly
attributable to improved blunting of sympathetic vasoconstriction by NO derived from nNOS
(Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b). This is corroborated by data in
arterial preparations where, following exercise training, vascular responsiveness to an exogenous
sympathetic agonist was increased in the presence of NOS blockade (Delp et al., 1993; Donato et
al., 2007; Spier et al., 1999). Nitric oxide synthase (NOS) expression and NO bioavailability
have also been shown to be increased following exercise training (Blanco-Rivero et al., 2013;
Gomes et al., 2008; Jendzjowsky et al., 2014; Laughlin et al., 2003; Maeda et al., 2001;
McAllister et al., 2005; Song et al., 2009; Spier et al., 2004). However, exercise training has also
been shown to have no effect on NOS expression and NO bioavailability (Frandsen et al., 2000;
Harris et al., 2008; McConell et al., 2007; Perez et al., 2002). Though not conclusive, current
evidence suggests that increases in NO bioavailability as a result of increased eNOS and nNOS
protein expression and activity may play a role in exercise training-related enhancement of
sympatholysis. To our knowledge, the effect of estrogen bioavailability on cardiovascular

adaptations to chronic exercise training has not been investigated.

Purpose

The overall purpose of this study was to examine the role of estrogen bioavailability in
the NO-mediated regulation of sympathetic vasoconstriction in resting and contracting skeletal
muscle of sedentary and exercise-trained female rats. Specifically, the purpose of this study was

to investigate: 1) whether a chronic decrease in estrogen bioavailability via surgical removal of
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the ovaries would reduce contraction mediated inhibition of sympathetic vasoconstriction in
female rats; 2) the role of NO derived from endothelial and neuronal NOS in the regulation of
sympathetic vasoconstriction in ovary intact and ovariectomized female rats; and 3) the effect of
exercise training on the regulation of sympathetic vasoconstriction in ovary intact and

ovariectomized female rats.

Hypotheses

I hypothesized that: 1) surgical removal of the ovaries (ovariectomy) would impair
inhibition of sympathetic vasoconstriction in resting and contracting skeletal muscle of sedentary
rats; 2) nNOS-mediated inhibition of sympathetic vasoconstriction would be blunted in
ovariectomized rats; 3) aerobic exercise training would enhance the inhibition of sympathetic
vasoconstriction at rest and during muscle contraction in ovariectomized rats, but have no effect
in ovary-intact rats; and 4) aerobic exercise training would enhance the inhibition of sympathetic

vasoconstriction in ovariectomized rats in an nNOS-dependent manner.

Significance

While cardiovascular disease risk is relatively low in young females compared to males,
risk in females rises rapidly following menopause, matching or exceeding that of males
(Appelman et al., 2015; Miller et al., 2013). Cross-sectional data shows that this increased risk
coincides with decreased circulating estrogen levels, suggesting that a decline in estrogen
bioavailability may play a role in the progression of cardiovascular diseases characterized by
elevated sympathetic nervous system activity, particularly hypertension (Appelman et al., 2015;

Chambliss & Shaul, 2002; Garcia-Duran et al., 1999; Knowlton & Lee, 2012; Lantin-Hermoso et
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al., 1997; Mendelsohn & Karas, 1999; Miller et al., 2013; Sudhir et al., 1997). Estrogen has been
shown to modulate both NOS activity (Chambliss & Shaul, 2002; Lantin-Hermoso et al., 1997;
Majmudar et al., 2000; Sudhir et al., 1996) and expression (Ceccatelli et al., 1996; Chambliss &
Shaul, 2002; Fadel et al., 2003; Garcia-Duran et al., 1999; Laughlin et al., 2003; Lekontseva et
al., 2011; Pelligrino et al., 1998; Sasser et al., 2015; Sudhir et al., 1996) and NO is known to
inhibit sympathetic vasoconstriction (Chavoshan et al., 2002; Jendzjowsky et al., 2014;
Jendzjowsky & DeLorey, 2013b, 2013d; Mizuno et al., 2014; Thomas, 2011). Thus, reduced
NO-mediated inhibition of sympathetic vasoconstriction as a result of decreased estrogen
bioavailability may contribute to chronic increases in blood pressure.

Exercise training may reverse or mitigate the cardiovascular effects of decreased
circulating estrogen levels. In estrogen deficient humans and rats, the inhibition of sympathetic
vasoconstriction was impaired (Fadel et al., 2003, 2004). nNOS expression was reduced in
estrogen deficient rats, suggesting that the blunted inhibition of sympathetic vasoconstriction
may be due to decreased NO bioavailability (Fadel et al., 2003). Our laboratory has shown that
exercise training upregulates nNOS expression and NO-mediated inhibition of sympathetic
vasoconstriction (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b). Thus, exercise
training may increase nNOS expression and NO bioavailability in estrogen deficient females,
potentially restoring the impaired inhibition of sympathetic vasoconstriction, though this has yet
to be studied. If this is the case, exercise training could be used as a low-risk alternative to
estrogen therapy to reduce cardiovascular disease risk in post-menopausal females.
Unfortunately, cardiovascular adaptations to chronic exercise training in females have received
little research attention, despite females appearing to respond differently than males to a similar

training stimulus. For example, the response of both absolute and relative maximal oxygen
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consumption to a similar exercise training stimulus is greater in males than females (Diaz-
Canestro & Montero, 2019). Exercise training has also been shown to enhance sympatholysis in
a NO-dependent manner in male rats (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b;
Mizuno et al., 2014), but not female rats (Cooper et al., 2021). Beyond these studies,
cardiovascular adaptations to exercise training are largely unexplored in females, and the extent

to which these adaptations differ in females is unknown.
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Chapter 2: Estrogen, Exercise Training, and Nitric Oxide-Mediated Sympatholysis

Introduction

Nitric oxide (NO) has been shown to inhibit sympathetic vasoconstriction at rest and
during muscle contraction (Chavoshan et al., 2002; Jendzjowsky et al., 2014; Jendzjowsky &
DeLorey, 2013b, 2013d; Thomas & Victor, 1998). Our laboratory has shown that sympatholysis
is enhanced in female rats compared with male rats (Cooper et al., 2021; Just & DeLorey, 2017).
When nitric oxide synthase (NOS) was inhibited, the difference in sympatholysis between male
and female rats was abolished, suggesting that the enhanced sympatholysis observed in females
was mediated by NO (Just & DeLorey, 2017). Estrogen has been shown to upregulate NOS
expression, indicating that estrogen may contribute to the regulation of NO bioavailability
(Ceccatelli et al., 1996; Chambliss & Shaul, 2002; Fadel et al., 2003; Garcia-Duran et al., 1999;
Laughlin et al., 2003; Lekontseva et al., 2011; Pelligrino et al., 1998; Sasser et al., 2015; Sudhir
et al., 1996), suggesting that the difference in NO-mediated inhibition of sympathetic
vasoconstriction between males and females may be attributable to estrogen. Indeed,
sympatholysis is reduced in ovariectomized female rats relative to ovary-intact rats, and this
difference is abolished with chronic estrogen supplementation (Fadel et al., 2003).
Sympatholysis was also blunted in post-menopausal females compared to young females, and
estrogen supplementation eliminated the difference between pre- and post-menopausal females
(Fadel et al., 2004). Similarly, the blood pressure and MSNA responses to isometric handgrip
exercise were larger in post-menopausal females than in young females (Wenner et al., 2021).
Estrogen supplementation also blunted the MSNA and blood pressure responses to isometric
handgrip exercise in post-menopausal females (Wenner et al., 2021). NOS is expressed in

neuronal (nNOS), endothelial (eNOS) and inducible (iNOS) isoforms and NO derived from both
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eNOS and nNOS has been shown to inhibit vasoconstriction in resting and contracting skeletal
muscle in male rats (Jendzjowsky & DeLorey, 2013d). The reduced sympatholysis reported in
estrogen-deficient rats and humans may be due to impaired nNOS function (Fadel et al., 2003,
2004), as estrogen-deficient rats had lower nNOS expression than control rats (Fadel et al.,
2003). However, the effect of estrogen bioavailability on NOS isoform specific mediated
inhibition of sympathetic vasoconstriction has not been studied.

Chronic exercise training results in a variety of adaptations to the cardiovascular system
including enhanced vascular control at rest and during exercise (Hellsten & Nyberg, 2016;
Thijssen et al., 2009). Previous research suggests that males and females may respond differently
to chronic exercise training (Diaz-Canestro & Montero, 2019; Howden et al., 2015). Indeed,
exercise training has been shown to increase sympatholysis in male, but not female, rats
(Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b; Mizuno et al., 2014). In male rats,
skeletal muscle nNOS expression and nNOS-mediated sympatholysis were enhanced following
exercise training (Jendzjowsky et al., 2014) suggesting that exercise training may modulate NO
bioavailability and NO-dependent sympatholysis (Jendzjowsky et al., 2014; Jendzjowsky &
DeLorey, 2013b). However, the exercise training paradigm that enhanced sympatholysis in male
rats did not enhance sympatholysis in female rats (Cooper et al., 2021; Jendzjowsky et al., 2014;
Jendzjowsky & DeLorey, 2013b). The lack of a training effect in female rats may indicate that
females do not respond to exercise training in the same manner as male rats. Indeed, in humans,
the adaptation of absolute and relative maximal oxygen consumption, left ventricular mass, and
mean wall thickness to a similar exercise training stimulus was smaller in females compared with
males (Diaz-Canestro & Montero, 2019; Howden et al., 2015). It is also plausible that exercise

training may not upregulate NOS expression in female rats. Just et al reported that sympatholysis

35



was greater in female compared with male rats and that NOS blockade abolished the difference
in sympatholysis (Just & DeLorey, 2017). If female rats possess higher levels of NOS enzymes
and/or NO bioavailability than male rats due to higher levels of estrogen bioavailability (Fadel et
al., 2003), exercise training may not result in a further increase in NO-dependent sympatholysis
in female rats with “normal” estrogen bioavailability. However, in post-menopausal females or
estrogen-deficient rats, where estrogen bioavailability is much lower, exercise training may
reverse the estrogen-related loss of nNOS expression and subsequent reduction in sympatholysis.
No studies have examined whether exercise training can restore NO-mediated sympatholysis in
estrogen-deficient female rats.

Therefore, the purpose of this study was to investigate the effect of estrogen
bioavailability on NO-mediated inhibition of sympathetic vasoconstriction in resting and
contracting skeletal muscle of sedentary and exercise trained female rats. It was hypothesized
that surgical removal of the ovaries would blunt the inhibition of sympathetic vasoconstriction.
Specifically, nNOS-mediated inhibition of sympathetic vasoconstriction would be impaired in
ovariectomized rats. We also hypothesized that exercise training would enhance the inhibition of
sympathetic vasoconstriction in ovariectomized rats in an nNOS-dependent manner, but would

have no effect in ovary-intact rats.

Methods
All experiments were conducted in accordance with the guidelines of the Canadian
Council for Animal Care and approved by the University of Alberta Animal Care and Use

Committee.

Animals and Animal Care
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Female Sprague-Dawley rats (n=42) were housed in an environmentally controlled room
(22-24°C, 40-70% humidity) with a 12:12h light-dark cycle. Water and rat chow were provided
ad libitum (Lab diet 5001, PMI Nutrition, Brentwood, MO). Animals were obtained from the

institutional breeding colony at 8 weeks of age.

Endurance Exercise Training

All rats walked on the treadmill 10 minutes per day for 5 days at 10 m-min! at a 0%
grade to be habituated to the lab environment and to exercise. The rats were then randomly
assigned to sedentary time control ovary intact (SOI, n=10), sedentary time control
ovariectomized (SOVX, n=9), exercise trained ovary intact (TOI, n=13), or exercise trained
ovariectomized (TOVX, n=10) groups. The rats assigned to ovariectomy groups (SOVX and
TOVX) were then anesthetized by inhalation of isoflurane (3.5% in balance oxygen). An
abdominal incision was made and both ovaries were removed after ligation of the uterus
immediately distal to each ovary and the abdominal incision was sutured closed. Anti-
bacterial/fungal cream was applied to the abdominal incision post-operatively (Hibitane,
Canada). Intramuscular Metacam (Boehringer Ingelheim Vetmedica Inc., Duluth, GA) injections
(2-5 mg-kg!) were given immediately following the ovariectomy and every 24 hours for three
days for pain management. Sedentary rats (SOI and SOVX) were handled and weighed daily.
Exercise trained rats (TOI and TOVX) completed 600 m of treadmill running at 40 m'min', 5%
grade, 5 days per week for 10 weeks. This exercise training paradigm was chosen as our lab has
previously demonstrated that it increases heart mass, heart-to-body mass ratio, soleus citrate
synthase activity, endothelium-dependent vasodilation, and contraction-mediated inhibition of

sympathetic vasoconstriction in male rats (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey,
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2012, 2013a, 2013b), as well as heart mass, heart-to-body mass ratio, and heart mass-to-tibia
length ratio in female rats (Cooper et al., 2021).
Instrumentation

Approximately 24 hours after the completion of the exercise protocol or sedentary time
control, rats were anesthetized and instrumented for data collection. Rats were anesthetized by
inhalation of isoflurane (3.5% in balance oxygen). The right jugular vein was cannulated for
continuous intravenous administration of alpha-chloralose (8-16 mg-kg™!'-hr'!') and urethane (50-
100 mg-kg!-hr'!) to maintain anesthesia. The right carotid artery was cannulated and fitted to a
pressure transducer (Abbott, North Chicago, IL) for the measurement of arterial blood pressure
(ABP). Heart rate (HR) was derived from the arterial pressure waveform. Depth of anesthesia
was assessed by the stability of ABP and HR, in addition to the absence of a withdrawal reflex to
a painful stimulus (i.e., paw pinch) over a 20-minute stabilization period. A tracheotomy was
performed to allow mechanical ventilation (small animal ventilator Model 683, Harvard
Apparatus, Holliston, MA) with 30% O in balance N> to maintain arterial blood gases and acid-
base status (arterial partial pressures of oxygen and carbon dioxide 90-100 and 39-41 mmHg,
respectively; pH 7.39-7.42). Core temperature was monitored by rectal probe and maintained at
37°C by an external heating pad (TCAT-2, Physitemp, Clifton, NJ).

Blood flow to the right leg was assessed by a transit-time flow probe (7V; Transonic
Systems, Ithaca, NY) positioned in the right femoral artery and connected to a flow-meter (T106,
Transonic Systems, Ithaca, NY). The left femoral vein was cannulated for the delivery of
pharmacology. Femoral vein and carotid artery cannulae were flushed regularly with heparinized

saline to maintain patency. Blood clotting was prevented by continuous infusion of heparinized
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saline (4 units'mL!; 2.5-3 mL-hour!) through the left femoral vein via a syringe pump (K.D.
Scientific, Holliston, MA).
Hind-limb Muscle Contractions

The right sciatic nerve was exposed and fitted with a cuff electrode for electrical
stimulation. Subsequently, the right triceps surae muscle group was dissected free of all skin and
connective tissue, then attached via the calcaneal tendon to a force transducer (FT03, Grass
Technologies, Warwick, RI). Electrical stimulation of the right sciatic nerve using Chart 7.2
Software (AD Instruments, Colorado Springs, CO) was performed to produce hind-limb
contractions. The triceps surae muscle group was stimulated with 25 1 ms impulses delivered at
100 Hz at 10x motor threshold (MT) for the determination of maximal contractile force (MCF).
Nerve stimulation was repeated while progressively lengthening the muscle to determine the
optimal muscle length for tension development. Optimal muscle length is achieved when a
plateau in force production is observed. The right triceps surae muscle group was stimulated (40
Hz, 0.1 ms pulses in 250 ms trains, at a rate of 60 trains min! at ~3x MT) to elicit rhythmic

contractions at 60% MCEF.

Lumbar Sympathetic Chain Stimulation

A laparotomy was performed, and the aorta and vena cava temporarily retracted to place
a bipolar silver-wire stimulating electrode on the lumbar sympathetic chain at the L3/L4 level.
The electrode was embedded and electrically isolated in a rapidly curing non-toxic silicone
elastomer (Kwiksil, World Precision Instruments, Sarasota, FL). Constant current stimulation
was delivered through the electrode using an isolated stimulator (DS3, Digitimer, Welwyn

Garden City, UK) at 2 and 5 Hz. These frequencies were selected as they reflect levels of
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sympathetic nerve activity at rest and during conditions of high sympathetic activity, such as

exercise (Bradley et al., 2003; Hudson et al., 2011; Johnson et al., 2001; Macefield et al., 1994).

Experimental Protocol

Following surgical instrumentation, all rats underwent a 20-minute stabilization period.
Subsequently, the vasoconstrictor response to lumbar sympathetic chain stimulation (1 minute of
1 ms, 1 mA pulses, delivered at 2 and 5 Hz, in random order) was measured at rest and during
skeletal muscle contraction at 60% MCF in control, selective nNOS inhibition (S-methly- -
thiocitrulline, SMTC; 0.6 mg-kg™!, IV), and non-selective NOS inhibition (N,-nitro-L-arginine
methyl ester, L-NAME; 10 mg-kg™!, IV) conditions. This dose of SMTC has been employed
previously in our laboratory to selectively inhibit nNOS at rest and during muscle contraction in
male rats (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013d). The same or a lower dose
of L-NAME has also been used in our laboratory and others to non-selectively block NOS in
male and female rats at rest and during muscle contraction (Jendzjowsky et al., 2014;
Jendzjowsky & DeLorey, 2013b, 2013d; Just & DeLorey, 2017; Mizuno et al., 2014; Thomas &
Victor, 1998). Resting sympathetic stimulations were separated by ~2 minutes of recovery to
allow restoration of baseline hemodynamic values. Bouts of muscle contraction were 8 minutes
in duration, and sympathetic stimulation at 2Hz and SHz was delivered at 3 and 6 minutes
following the onset of muscle contraction, in random order. Control, SMTC, and L-NAME
conditions were separated by ~60 minutes of recovery. Our lab has previously demonstrated that
neither the cardiovascular response to sympathetic stimulation, nor muscle force production, are
altered over time when bouts of contraction are repeated in this manner (Jendzjowsky &

DeLorey, 2013d). Rats were then euthanized by anesthetic overdose and the heart, tibia, and
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right triceps surae muscle group were dissected and weighed or measured. The exercise training

and surgical protocols and data collection were performed by Timothy P. Just.

Pharmacology

All drugs were obtained from Sigma-Aldrich (Oakville, ON, Canada) and dissolved in
0.9% physiological saline.

Data Analysis

Data were recorded using Chart software (AD Instruments, Colorado Springs, CO). ABP
and leg blood flow (LBF, mL-min!) were sampled at 100 Hz. HR and femoral vascular
conductance (FVC = FBF*-MAP-!, mL-min"!-mmHg™") were then calculated. Muscle force
production was measured continuously, and peak contractile force for each contraction bout was
determined. Average peak contractile force was calculated for contractions from minutes 3 to 7
of each muscular contraction bout (time period encompassing sympathetic stimulations) to
compare force production between groups and drug conditions.

The change in HR, MAP, FBF, and FVC in response to sympathetic stimulation were
calculated both as an absolute change and as a relative change from the one minute preceding
sympathetic stimulation in the control, SMTC, and L-NAME conditions. The magnitude of
sympatholysis was calculated as the difference between the percentage change in FVC in
response to sympathetic stimulation at rest, and the percentage change in FVC in response to
sympathetic stimulation during muscle contraction, within each drug condition. Percentage
change in FVC is the accepted metric to measure the magnitude of sympathetic vasoconstriction
as the percentage change in FVC accurately reflects changes in resistance vessel radius across a
range of baseline conductance levels (Buckwalter & Clifford, 2001; Thomas & Segal, 2004). All

data is expressed as mean =+ standard deviation.
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Statistical Analysis

A two-way repeated measures ANOVA (group x drug condition) was used to assess the
effects of exercise training status, estrogen status, and NOS inhibition on baseline
hemodynamics, exercise hyperemia, sympathetic vasoconstrictor responsiveness, and the
magnitude of sympatholysis. The effect of exercise training status and estrogen bioavailability on
body mass, muscle mass, heart mass, heart mass-to-body mass ration, tibia length, and heart
mass-to-tibia length ratio was determined by one-way ANOVA. If significant F-ratios were
found, Student-Newman-Keuls post-hoc analysis was performed. A p-value less than 0.05 was

considered statistically significant.
Results

Animal Characteristics

Body mass was higher (p<0.05) in ovariectomized rats (SOVX and TOVX) than in ovary
intact rats (SOI and TOI) (Table 1). Body mass was not different (p>0.05) between exercise
trained and sedentary rats (Table 1). Exercise trained rats (TOI and TOVX) had a larger (p<0.05)
heart mass than sedentary rats (SOI and SOVX) (Table 1). Heart mass was greater (p<0.05) in
the SOVX rats than the SOI rats, but was not different (p>0.05) between TOI and TOVX rats
(Table 1). Exercise training increased (p<0.05) heart mass to body mass ratio (HM:BM) in ovary
intact rats, but did not alter (p>0.05) HM:BM in ovariectomized rats (Table 1). HM:BM ratio
was smaller (main effect; p<0.05) in ovariectomized rats compared to ovary intact rats (Table 1).
Similar to HM:BM, heart mass to tibia length ratio (HM:TL) was increased (p<0.05) following
exercise training in ovary intact rats, but not (p>0.05) in ovariectomized rats, (Table 1). HM:TL
was increased (p<0.05) in SOVX rats compared with SOI rats, whereas HM:TL was not different

(p>0.05) between TOVX and TOI rats (Table 1). Exercise training increased (p<0.05) soleus and
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medial gastrocnemius muscle mass in both ovary intact and ovariectomized rats, as well as

lateral gastrocnemius muscle mass in ovariectomized rats (Table 1).

Baseline Hemodynamics

Baseline hemodynamics were measured under anesthesia. Neither estrogen
bioavailability nor exercise training altered (p>0.05) baseline heart rate (Table 2). In all rats,
baseline heart rate was lower (p<0.0.5, main effect of drug condition) in the selective nNOS
blockade compared with the control condition, and non-selective NOS blockade decreased
(p<0.0.5, main effect of drug condition) baseline heart rate further (Table 2). Baseline blood
pressure was unaffected (p>0.05) by estrogen bioavailability or exercise training (Table 2).
Baseline blood pressure was increased (p<0.05, main effect of drug condition) in the selective
nNOS blockade condition compared with the control condition, and further reduced (p<0.05,
main effect of drug condition) in the non-selective NOS blockade condition (Table 2). There was
an interaction between group and drug condition for baseline leg blood flow. Baseline leg blood
flow (LBF) in the control condition was higher (p<0.05, group x drug condition) in TOVX
compared to SOVX and SOI rats, but was not different (p>0.05) from TOI rats, and LBF was not
different (p>0.05) between TOI and SOI rats. Selective nNOS blockade did not alter (p>0.05)
LBF in any group. Following non-selective NOS blockade, resting LBF was increased (p<0.05)
compared to the control condition in SOV X rats, and was reduced relative to the control and
selective nNOS blockade conditions in TOI rats (Table 2). Baseline femoral vascular
conductance (FVC) was greater (p<0.05, group x drug condition) in TOVX rats compared to all
other groups in the control condition (Table 2). Baseline FVC was not different (p>0.05)

between groups following selective nNOS blockade, whereas FVC was reduced (p<0.05, group x
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drug condition) compared to the control and selective nNOS conditions after non-selective NOS

blockade in both exercise trained groups, but was not altered (p>0.05) in sedentary rats (Table 2).

Sympathetic Vasoconstrictor Responsiveness at Rest

The mean arterial pressure, leg blood flow, and femoral vascular conductance response to
lumbar sympathetic chain stimulation at 2 Hz and 5 Hz at rest and during muscle contraction in a
representative rat are shown in Figure 1. The percent change in femoral vascular conductance in
response to 2 Hz and 5 Hz sympathetic stimulation (sympathetic vasoconstrictor responsiveness)
was not different (p>0.05) between ovariectomized and ovary-intact rats (Figure 2). Resting
sympathetic vasoconstrictor responsiveness also was not different (p>0.05) between exercise-
trained and sedentary rats (Figure 2). Selective nNOS blockade did not alter (p>0.05) resting
sympathetic vasoconstrictor responsiveness to sympathetic stimulation at 2 Hz or 5 Hz (Figure
2). However, non-selective NOS blockade augmented (p<0.05, main effect of drug condition)
sympathetic vasoconstrictor responsiveness to sympathetic stimulation delivered at both 2 Hz
and 5 Hz compared with the control and selective nNOS blockade conditions (Figure 2).
Changes in LBF (mL-min!) and FVC (mL-min"!-mmHg™") in response to sympathetic
stimulation delivered at 2 and 5 Hz at rest are presented in Table 3.
Sympathetic Vasoconstrictor Responsiveness During Muscle Contraction

During muscle contraction, sympathetic vasoconstrictor responsiveness to stimulation of
the lumbar sympathetic chain at 2 and 5 Hz was not different (p>0.05) between ovariectomized
and ovary-intact rats (Figure 3). Sympathetic vasoconstrictor responsiveness was also not
different (p>0.05) between exercise trained and sedentary rats at both stimulation frequencies
(Figure 3). At the 2 Hz stimulation frequency, selective nNOS blockade did not change (p>0.05)

sympathetic vasoconstrictor responsiveness (Figure 3). However, at 2 Hz, non-selective NOS
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blockade increased (p<0.05, main effect of drug condition) sympathetic vasoconstrictor
responsiveness compared with the control and selective nNOS blockade conditions (Figure 3).
At the 5 Hz stimulation frequency, sympathetic vasoconstrictor responsiveness was augmented
(p<0.05, main effect of drug) by selective nNOS blockade, and increased further (p<0.05, main
effect of drug) by non-selective NOS blockade (Figure 3). Changes in LBF (mL-min') and FVC
(mL-min"!*mmHg™") in response to sympathetic stimulation delivered at 2 and 5 Hz during
muscle contraction are presented in Table 4.

There was no significant effect (p>0.05) of estrogen bioavailability or exercise training
on the magnitude of sympatholysis at 2 Hz or 5 Hz (Figure 4). At 2 Hz, the magnitude of
sympatholysis was not different (p>0.05) between drug conditions (Figure 4). Selective nNOS
blockade reduced (p<0.05, main effect of drug) sympatholysis at 5 Hz compared with the control
condition, and non-selective NOS blockade further impaired (p<0.05, main effect of drug
condition) sympatholysis at 5 Hz (Figure 4). The interaction between group and drug condition
was not significant (p>0.05); however, visual inspection of the data suggested within group
differences for the effect of selective nNOS and non-selective NOS blockade. Thus, to test the
specific hypothesis that nNOS-mediated sympatholysis would be enhanced in exercise-trained
ovariectomized rats, post hoc analyses were performed. Post-hoc testing revealed that
sympatholysis was blunted (p<0.05) following selective nNOS blockade in SOI, TOI and TOVX
groups. Sympatholysis was not further reduced (p>0.05) by non-selective NOS blockade in SOI,
TOI, and TOVX groups. In SOVX rats, selective nNOS blockade did not change (p>0.05)
sympatholysis; however, sympatholysis was blunted (p<0.05) in the non-selective NOS blockade

condition compared with the control and selective nNOS blockade conditions.

Hyperemic Response to Muscle Contraction
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The heart rate response to muscle contraction was unaffected (p>0.05) by estrogen
bioavailability and exercise training (Table 5). The increase in heart rate in response to muscle
contraction was larger (p<0.05, main effect of drug condition) following selective nNOS
blockade and non-selective NOS blockade compared with the control condition (Table 5). There
was a significant interaction between group and drug condition for the blood pressure response to
muscle contraction. Ovariectomized rats had a smaller (p<0.05, group x drug condition) blood
pressure response to muscle contraction than ovary-intact rats in the control condition (Table 5).
In ovary-intact rats, the blood pressure response to muscle contraction was decreased (p<0.05,
group x drug condition) by selective nNOS blockade and non-selective NOS blockade relative to
the control condition, regardless of exercise training status (Table 5). The blood pressure
response to muscle contraction was decreased (p<0.05, group x drug condition) by non-selective
NOS blockade, compared to the control and selective nNOS blockade conditions, in TOVX rats
but not SOVX rats (Table 5). The increase in LBF in response to muscle contraction was not
different (p>0.05) between ovariectomized and ovary-intact rats (Table 5). The LBF response to
muscle contraction was greater (p<0.05, main effect of group) in exercise-trained rats than
sedentary rats (Table 5). Compared to the control condition, selective nNOS blockade and non-
selective NOS blockade increased (p<0.05, main effect of drug condition) the LBF response to
muscle contraction to a similar extent in all rats (Table 5). Exercise-trained rats had a larger
(p<0.05, main effect of group) increase in FVC in response to muscle contraction compared with
sedentary rats (Table 5). TOVX rats also had a larger (p<0.05, main effect of group) increase in
FVC in response to muscle contraction compared to TOI rats (Table 5). Compared to the control

condition, the increase in FVC in response to muscle contraction was larger (p<0.05, main effect
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of drug condition) in both the selective nNOS blockade and non-selective NOS blockade
conditions (Table 5).

Muscle force production was not different (p>0.05) between or within groups in control
(SOI: 515 £ 87 g; SOVX: 492 £ 41 g; TOI: 544 + 98 g; TOVX: 513 + 67 g), selective nNOS
blockade (SOI: 523 + 83 g; SOVX: 527 £ 55 g; TOI: 552 £ 97 g; TOVX: 529 + 74 g), and non-
selective NOS blockade (SOI: 513 + 55 g; SOVX: 504 = 50 g; TOI: 536 = 85 g; TOVX: 532 +

61 g) conditions.
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Table 1. Animal characteristics.

Body mass Heart mass Tibia length

Group ) @ (mm)

Heart mass Heart mass Muscle mass (g)
(mg) : body (mg) : tibia Lateral Medial
mass (g) length (mm) Soleus atera edia

gastrocnemius gastrocnemius

SOI 353 £31 1.06£0.09 41.5+09
SOVX 431+£35*% 1.16£0.11* 42.5+0.5*
TOI 376 +34  1.26 +0.08*% 42.2+0.8*
TOVX 451 +29%% 1.25+0.09*% 42.7+0.6*

3.03+£0.34 25.63 +2.15 0.18 £0.02 0.63 £0.06 1.12+£0.09
2.69 £ 0.20%  27.24 £2.50* 0.19£0.02 0.68 £0.12 1.16 £0.07
3.38+0.26% 30.23+1.87*% 0.22£0.03*%  0.70+£0.06 1.27+0.10%
2.79£0.15%  29.62 £2.30* 0.22 £0.02*%  0.83 £ 0.08** 1.46 + 0.09*5*

All values are mean = standard deviation. Measurements were obtained from sedentary time control ovary intact (SOI, n=10),
sedentary time control ovariectomized (SOVX, n=9), exercise trained ovary intact (TOI, n=13), and exercise trained ovariectomized
(TOVX, n=10) rats. * indicates a statistically significant difference from SOI. # indicates a statistically significant difference from
TOL. § indicates a statistically significant difference from SOVX. A p-value less than 0.05 was considered statistically significant.
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Table 2. Baseline hemodynamics.

Group Drug condition Heart rate (bpm) Arterial blood Leg blooq ﬁow Femoral Vas.af}ar condl_llctance
pressure (mmHg) (mL-min™) (mL-min”-mmHg™)

Control 393 +35 102+ 6 3.2+ 0.6% 0.031 £ 0.005%

SOI SMTC 369 £ 30* 109 + 7* 3.8+ 1.1 0.035£0.011
L-NAME 339 £ 36** 131 + 11 39+£1.0 0.030 £ 0.008
Control 379 £25 98 £ 10 3.4+0.6% 0.034 £ 0.005%

SOVX SMTC 356 £ 25% 106 £ 11* 40£0.9 0.038 £ 0.009
L-NAME 322 +28*# 128 + 8** 43+1.0° 0.033 £ 0.008

Control 364 £ 31 108 £ 11 42+0.8 0.039 £ 0.008%

TOI SMTC 349 + 27 117+ 11* 44+14 0.037£0.010
L-NAME 322 +31%* 135 + 14** 34+ 1.1 0.025 +0.008*

Control 343 +28% 101 £ 14 47+13 0.047£0.013

TOVX SMTC 337 £ 31%8 110 £ 13* 48+t14 0.043 £0.010
L-NAME 325 £ 2448 126 + 14** 41%1.6 0.032+0.011"

All values are mean = standard deviation. Measurements were obtained from sedentary time control ovary intact (SOI, n=10),
sedentary time control ovariectomized (SOVX, n=9), exercise trained ovary intact (TOI, n=13), and exercise trained
ovariectomized (TOVX, n=10) rats. * indicates a statistically significant difference from the Control condition (main effect of
drug condition). # indicates a statistically significant difference from the SMTC condition (main effect of drug condition). $
indicates a significant difference from SOI (main effect of group). % indicates a significant difference from SOVX (main effect of
group). T indicates a statistically significant difference from the control condition within a group. I indicates a statistically
significant difference from the SMTC condition within a group. & indicates a statistically significant difference from TOVX
within drug condition. A p-value less than 0.05 was considered statistically significant.
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Table 3. Absolute change in leg blood flow and femoral vascular conductance in response to resting sympathetic stimulation at 2
Hz and 5 Hz.

2 Hz S Hz
Femoral vascular Femoral vascular
.. Leg blood flow . Leg blood flow .
Group Drug condition . 1 conductance (mL-min . ] conductance (mL-min
(mL-min™) ) 1 (mL-min™) ] 1
-mmHg™) -mmHg™)
Control -14+04 -0.014 £ 0.005 -1.8+0.5 -0.020 + 0.005%
SOI SMTC -1.6 £ 0.7 -0.015 £ 0.007 -2.0+0.8 -0.022 £ 0.008
L-NAME -1.8+£0.9 -0.016 £ 0.007 -22+1.0 -0.020 £ 0.008
Control -1.6+0.4 -0.014 £ 0.003 -1.9+0.5 -0.020 + 0.005%
SOVX SMTC -1.6+0.3 -0.015 £ 0.003 -2.1+£0.5 -0.022 £ 0.004
L-NAME -1.8+£0.7 -0.015 £ 0.005 -24+0.7 -0.021 £ 0.007
Control -20+0.5 -0.018 £ 0.005 24105 -0.023 +0.005%
TOI SMTC -1.9+£0.7 -0.017 £ 0.006 -22+0.7 -0.021 £ 0.006
L-NAME -1.8+£0.7 -0.014 +£ 0.006 -2.0+0.7 -0.017 + 0.006**
Control -2.310.6 -0.023 £ 0.007 -2.810.8 -0.030 £ 0.008
TOVX SMTC -20+0.9 -0.020 + 0.007 27+1.1 -0.028 £ 0.008
L-NAME 20+ 1.1 -0.017 £ 0.008 26+1.2 -0.023 + 0.009**

All values are mean + standard deviation. Measurements were obtained from sedentary time control ovary intact (SOI, n=10),
sedentary time control ovariectomized (SOVX, n=9), exercise trained ovary intact (TOI, n=13), and exercise trained
ovariectomized (TOVX, n=10) rats. * indicates a statistically significant difference from the Control condition within a group. #
indicates a statistically significant difference from the SMTC condition within a group. $ indicates a significant difference from
TOVX within drug condition. A p-value less than 0.05 was considered statistically significant.
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Table 4. Absolute change in leg blood flow and femoral vascular conductance in response to sympathetic stimulation at 2 Hz and
5 Hz during muscle contraction at 60% of maximal contraction force.

2 Hz 5 Hz
Femoral vascular

Femoral vascular

Group Drug condition Le(%n Tf)rg?nﬂ;w condulctance (1:1’11L-1’ni1’1' Le(%n kﬁiﬁ?ﬂﬂsw condulctance (r_rllL.min'
-mmHg™) -mmHg™)
Control -0.8 £0.7 -0.009 = 0.006 -1.0+ 1.1 -0.019 £ 0.008
SOI SMTC -1.0£0.7 -0.012 £ 0.006* -1.9 £ 1.2%* -0.027 £ 0.008*
L-NAME -1.5£1.0 -0.018 £ 0.005** 2.6+ 1.7+ -0.032 £ 0.010**
Control -1.5+£0.7 -0.014 £ 0.004 -1.7+£1.0 -0.025 + 0.003"
SOVX SMTC -1.2£1.0 -0.015 £ 0.007* -2.4+0.8% -0.031 + 0.004*f
L-NAME -2.0+0.7 -0.021 £ 0.007** -3.7£0.7+ -0.040 + 0.008*#
Control -1.8£1.0 -0.015 £ 0.006 -26+13 -0.030 + 0.010%%
TOI SMTC 20£1.1 -0.018 £ 0.007* -3.4+1.8* -0.039 £ 0.010%57
L-NAME -1.8£1.8 -0.022 £ 0.009** 4.0 £2.5% -0.042 + 0.015%#57
Control 21+1.4 -0.020 + 0.009% 25121 -0.036 £ 0.015%
TOVX SMTC 20x1.4 -0.023 + 0.010*8 -3.2+2.3% -0.048 + 0.013%*3
L-NAME -19+£1.8 -0.027 £ 0.011*% 4.1 £2.3*% -0.054 + 0.008*#

All values are mean + standard deviation. Measurements were obtained from sedentary time control ovary intact (SOI, n=10),

sedentary time control ovariectomized (SOVX, n=9), exercise trained ovary intact (TOI, n=13), and exercise trained

ovariectomized (TOVX, n=10) rats. * indicates a statistically significant difference from the Control condition (main effect of

drug condition). # indicates a statistically significant difference from the SMTC condition (main effect of drug condition). $

indicates a significant difference from SOI (main effect of group). 1 indicates a significant difference from TOVX (main effect of

group). A p-value less than 0.05 was considered statistically significant.
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Table 5. Absolute change in heart rate, arterial blood pressure, leg blood flow, and femoral vascular conductance in response to

muscle contraction at 60% of maximal contraction force.

Group Drug condition Heart rate (bpm) Arterial blood Leg bloosl flow Femoral Vas.aflar condl_lctance
pressure (mmHg) (mL-min") (mL-min"'-mmHg™")
Control 5+£19 10+8 52+1.1 0.048 £ 0.007
SOI SMTC 8+ 14* 5+ 6" 6.4+1.1* 0.055 £ 0.07*
L-NAME 11 £9*% 0+ 5%% 79+1.1* 0.061 £ 0.007*
Control S5+17 1£10" 52+1.1 0.054 £ 0.08
SOVX SMTC 2+ 15% 0+8 6.4+ 1.6*% 0.063 £0.011*
L-NAME 5+ 10%* -4 + 4% 7.1£1.3* 0.059 £ 0.012*
Control 4+15 717 7.2 £2.0%° 0.062 + 0.0145°
TOI SMTC 7+ 12% 1+6" 9.1 +2.4%8t 0.075 + 0.014%*5%
L-NAME 13+ 19% -5 £ 4F&% 8.9 +2.3%5f 0.069 + 0.017*%7
Control 317 09" 7.1 £1.4% 0.072 £ 0.010%
TOVX SMTC 4+ 7* 3+£7 9.7 + 1.7%8% 0.090 + 0.016%5T%
L-NAME 6+ 12% -11 £ 6% 9.7 +2.6*5t 0.090 + 0.017*57%

All values are mean = standard deviation. Measurements were obtained from sedentary time control ovary intact (SOI, n=10),
sedentary time control ovariectomized (SOVX, n=9), exercise trained ovary intact (TOI, n=13), and exercise trained
ovariectomized (TOVX, n=10) rats. * indicates a statistically significant difference from the Control condition (main effect of
drug condition). # indicates a statistically significant difference from the control condition within a group. & indicates a
statistically significant difference from the SMTC condition within a group. $ indicates a significant difference from SOI (main
effect of group). T indicates a significant difference from SOVX (main effect of group). I indicates a significant difference from
TOI (main effect of group). ~ indicates a significant difference from SOI within a drug condition. % indicates a significant
difference from TOVX within a drug condition. A p-value less than 0.05 was considered statistically significant.
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Figure 1. Original data tracing from a representative female rat illustrating the mean arterial
pressure (MAP), leg blood flow (LBF), femoral vascular conductance (FVC), and contractile
force responses to lumbar sympathetic chain stimulation at 2 Hz and 5 Hz in resting skeletal
muscle (panel A) and during skeletal muscle contraction at 60% of maximal contractile force
(panel B).
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Figure 2. Percentage change in femoral vascular conductance (FVC) in response to resting
lumbar sympathetic chain stimulation at 2 Hz (upper panel) and 5 Hz (lower panel) in sedentary
ovary intact (SOI, n=10), sedentary ovariectomized (SOVX, n=9), trained ovary intact (TOI,
n=13), and trained ovariectomized (TOVX, n=10) rats in control, SMTC, and L-NAME
conditions. * indicates a statistically significant difference from the Control condition (main
effect of drug condition). # indicates a statistically significant difference from the SMTC

condition (main effect of drug condition). A p-value less than 0.05 was considered statistically

significant.
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Figure 3. Percentage change in femoral vascular conductance (FVC) in response to lumbar
sympathetic chain stimulation at 2 Hz (upper panel) and 5 Hz (lower panel) during muscle
contraction at 60% of maximal contraction force in sedentary ovary intact (SOI, n=10), sedentary
ovariectomized (SOVX, n=9), trained ovary intact (TOI, n=13), and trained ovariectomized
(TOVX, n=10) rats in control, SMTC, and L-NAME conditions. * indicates a statistically
significant difference from the Control condition (main effect of drug condition). # indicates a
statistically significant difference from the SMTC condition (main effect of drug condition). A p-
value less than 0.05 was considered statistically significant.
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Figure 4. Magnitude of sympatholysis (difference in percentage change in femoral vascular
conductance (FVC) in response to lumbar sympathetic chain stimulation at 2 Hz (upper panel)
and 5 Hz (lower panel) at rest and during muscle contraction at 60% of maximal contraction
force) in sedentary ovary intact (SOI, n=10), sedentary ovariectomized (SOVX, n=9), trained
ovary intact (TOI, n=13), and trained ovariectomized (TOVX, n=10) rats in control, SMTC, and
L-NAME conditions. * indicates a statistically significant difference from the Control condition
(main effect of drug condition). # indicates a statistically significant difference from the SMTC
condition (main effect of drug condition). A p-value less than 0.05 was considered statistically
significant.
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Discussion

The purpose of this study was to investigate the role of estrogen bioavailability in NO-
mediated inhibition of sympathetic vasoconstriction in resting and contracting skeletal muscle of
sedentary and exercise trained female rats. In the present study, neither sympathetic
vasoconstrictor responsiveness nor the magnitude of sympatholysis were different between
ovary-intact and ovariectomized female rats. Sympathetic vasoconstrictor responsiveness and the
magnitude of sympatholysis were also similar in sedentary and exercise trained female rats. Non-
selective NOS inhibition (L-NAME) augmented resting sympathetic vasoconstriction
responsiveness in all rats. During muscle contraction, sympathetic vasoconstrictor
responsiveness to lumbar sympathetic chain stimulation at 5 Hz was increased by selective
nNOS blockade (SMTC), and non-selective NOS inhibition augmented sympathetic
vasoconstrictor responsiveness further, indicating that NO derived from both nNOS and eNOS is
important to the inhibition of sympathetic vasoconstriction by muscle contraction in female rats.
At 5 Hz sympathetic stimulation, sympatholysis was blunted in the presence of selective nNOS
inhibition, but was not further reduced by non-selective NOS inhibition in sedentary ovary-
intact, and exercise-trained ovariectomized and ovary-intact rats. In sedentary ovariectomized
rats, selective nNOS inhibition did not affect sympatholysis, and non-selective NOS inhibition
reduced sympatholysis. This indicates that nNOS-mediated sympatholysis is impaired in
sedentary ovariectomized rats, and that exercise training can restore nNOS-mediated
sympatholysis in ovariectomized rats.
Resting Sympathetic Vasoconstrictor Responsiveness

Contrary to our hypothesis, ovariectomy did not augment resting sympathetic

vasoconstrictor responsiveness. The effect of estrogen on resting sympathetic vasoconstrictor
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responsiveness is controversial. In arterial preparations from male rats, estrogen treatment either
increased (Colucci et al., 1982) or decreased (Kondo et al., 1980; Shan et al., 1994; Yen & Lau,
2004) sympathetic vasoconstrictor responsiveness. Five to seven days of low-dose estrogen
administration increased the vasoconstriction response to norepinephrine (NE) in mesenteric
artery preparations from male rats (Colucci et al., 1982). Contrarily, the pressor response to NE
infusion was reduced by estrogen injection in conscious male rats (Kondo et al., 1980; Shan et
al., 1994). Estrogen treatment also blunted the vasoconstriction response to NE in rat tail artery
preparations from male rats (Shan et al., 1994). Similarly, following seven weeks of estrogen
treatment, the vasoconstriction response to phenylephrine was reduced in aortic ring preparations
from spontaneously hypertensive male rats (Yen & Lau, 2004). However, when the endothelium
was removed, the vasoconstriction response to phenylephrine was increased in the estrogen
treated rats (Yen & Lau, 2004). This suggests that an intact endothelium is obligatory for the
vascular function of estrogen. Evidence in estrogen replaced females is similarly equivocal. Four
weeks of estrogen treatment reduced the vasoconstriction response to phenylephrine in
mesenteric artery preparations from ovariectomized female rats (Zhang & Davidge, 1999). In
peri-menopausal human females, eight weeks of estrogen supplementation, compared to a
placebo, blunted the forearm vasoconstriction response to NE, as well as reducing resting
systolic and diastolic blood pressures (Sudhir et al., 1997). Similarly, resting mean arterial
pressure was lower following four weeks of estrogen supplementation in post-menopausal
females; however, the vasoconstriction response (assessed by changes in muscle oxygenation) to
lower body negative pressure did not change (Fadel et al., 2004). At rest, sympathetic
vasoconstrictor responsiveness was also similar between ovary-intact and ovariectomized rats,

with or without chronic estrogen replacement (Fadel et al., 2003). This is in agreement with our
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results, where resting sympathetic vasoconstrictor responsiveness did not differ between ovary-
intact and ovariectomized rats. In summary, the effect of estrogen on resting sympathetic
vasoconstrictor responsiveness is unresolved, though in vivo data in young females does not
support a role of estrogen in the regulation of sympathetic vasoconstriction.

In the present study, 10 weeks of exercise training at 40 m'min!, 5% grade, 5 days per
week also did not alter resting sympathetic vasoconstrictor responsiveness. To date, the majority
of studies investigating the effect of exercise training on sympathetic neurovascular control have
been done in male rats and/or isolated arterial preparations. Previous studies in arteries isolated
from male rats have produced inconclusive results with the vasoconstrictor response to NE being
decreased (Delp et al., 1993; Spier et al., 1999; Wiegman et al., 1981), increased (Lash, 1998), or
unchanged (Donato et al., 2007; Jasperse & Laughlin, 1999; Sun et al., 1994) following exercise
training. In miniature swine, exercise training augmented the vasoconstrictor response to NE in
isolated brachial and femoral arteries (McAllister & Laughlin, 1997). In middle aged men and
women, vasoconstriction to tyramine infusion at rest was reduced following exercise training
(Mortensen et al., 2014). In contrast, our laboratory has reported that exercise training increased
sympathetic vasoconstrictor responsiveness in the resting hindlimb of male rats (Jendzjowsky et
al., 2014; Jendzjowsky & DeLorey, 2012, 2013a, 2013b; Just & DeLorey, 2016), but did not
alter vasoconstrictor responsiveness in female rats (Cooper et al., 2021). Resting sympathetic
vasoconstrictor responsiveness was not different following selective az-adrenoreceptor blockade
in sedentary male rats, but was reduced in exercise-trained male rats (Jendzjowsky & DeLorey,
2013a). In a subsequent study, selective aj-adrenoreceptor blockade blunted sympathetic
vasoconstriction in resting skeletal muscle in both sedentary and exercise trained male rats, and

abolished the difference between sedentary and exercise-trained male rats (Just & DeLorey,
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2016). These studies suggest that exercise training augments both a- and az-adrenoreceptor
responsiveness in resting skeletal muscle of male rats. In female rats, resting sympathetic
vasoconstrictor responsiveness was not different following four weeks of exercise training
(Cooper et al., 2021). The effect of exercise training on a-adrenoreceptor-specific
vasoconstriction has not been studied in females, although it appears that exercise training does
not alter resting sympathetic vasoconstrictor responsiveness in females. However, this is based
upon the present study and one other study, thus more evidence in females is needed to draw a
conclusion (Cooper et al., 2021).

Nitric oxide has been shown to inhibit sympathetic vasoconstriction in resting skeletal
muscle (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b; Just & DeLorey, 2017) of
male and female rats. Estrogen has been implicated in the regulation of NO bioavailability by
upregulating NOS expression (Caulin-Glaser et al., 1997; Ceccatelli et al., 1996; Fadel et al.,
2003; Garcia-Duran et al., 1999; Lantin-Hermoso et al., 1997; Laughlin et al., 2003; Pelligrino et
al., 1998; Sasser et al., 2015; Sudhir et al., 1996; Weiner, Knowles, et al., 1994; Weiner,
Lizasoain, et al., 1994), suggesting that females would have higher NO bioavailability. Indeed, in
post-menopausal human females, estrogen replacement therapy increased plasma NO and NO
biological end-products (Best et al., 1998; Rosselli et al., 1995). Further, skeletal muscle nNOS,
but not eNOS, expression was lower in ovariectomized rats compared with ovary-intact and
estrogen-replaced ovariectomized rats (Fadel et al., 2003). In peri-menopausal females, eight
weeks of estrogen supplementation augmented the reduction in forearm blood flow (measured by
venous occlusion plethysmography) in response to acute non-selective NOS inhibition in peri-
menopausal females (Sudhir et al., 1996). Similarly, the reduction in forearm blood flow to non-

selective NOS inhibition was also larger in pre-menopausal females compared to post-
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menopausal females and males, and, after 14 days of estrogen replacement therapy, post-
menopausal females exhibited a similar forearm blood flow response to NOS inhibition as pre-
menopausal females (Majmudar et al., 2000). Zhang and Davidge investigated the effect of four
weeks of estrogen treatment on vasoconstriction in isolated mesenteric arteries from
ovariectomized female rats (Zhang & Davidge, 1999). They reported that vasoconstriction to
phenylephrine was blunted following four weeks of chronic estrogen treatment. In the presence
of the non-selective NOS inhibitor N®-monomethyl-;-50 arginine, vasoconstriction was not
different between estrogen-treated and control rats, suggesting that estrogen treatment blunted
vasoconstriction in a NO-dependent manner (Zhang & Davidge, 1999). In summary, the
available evidence indicates that estrogen modulates NOS expression and NO bioavailability,
which may result in augmented inhibition of sympathetic vasoconstriction. In the present study,
resting sympathetic vasoconstrictor responsiveness (to sympathetic stimulation delivered at 2 Hz
and 5 Hz) was not different following selective nNOS inhibition, but was reduced by non-
selective NOS inhibition in all rats. This indicates that estrogen bioavailability and exercise
training status do not alter resting NO-mediated inhibition of sympathetic vasoconstriction in

female rats.

Sympathetic Vasoconstrictor Responsiveness and Sympatholysis in Contracting Muscle

In the present study, sympatholysis and sympathetic vasoconstrictor responsiveness
during muscle contraction were not different between ovary-intact and ovariectomized rats.
Estrogen has been suggested to modulate sympathetic neurovascular control during exercise
(Ettinger et al., 1996; Jarvis et al., 2011; Wenner et al., 2021). Young females exhibit a blunted
increase in blood pressure in response to isometric handgrip exercise compared to post-

menopausal females (Wenner et al., 2021). The blood pressure response to isometric handgrip
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exercise was also attenuated in post-menopausal females following one month of estrogen
replacement therapy (Wenner et al., 2021). Vasoconstrictor responsiveness was not measured in
this study (Wenner et al., 2021). On the other hand, the blood pressure response to intermittent
handgrip exercise was not altered by four weeks of estrogen replacement therapy in post-
menopausal females (Fadel et al., 2004). However, in these subjects, estrogen replacement
therapy improved sympatholysis, abolishing the difference between young females and post-
menopausal females (Fadel et al., 2004). Sympatholysis was reduced in ovariectomized rats
relative to ovary-intact and estrogen replaced ovariectomized rats (Fadel et al., 2003). This is in
direct contrast to our results, where no differences in sympatholysis were found between ovary-
intact and ovariectomized rats. While differences in our results and those in post-menopausal
females could be explained by aging and differences between species, the reason for the
discrepancy between our findings and those of Fadel et al. (Fadel et al., 2003) is unclear. In the
present study, experiments were carried out 10 weeks after ovariectomy, whereas Fadel et al.
tested at three to four weeks following ovariectomy. It is possible that physiological systems
adapt over time to chronic reductions in estrogen bioavailability, compensating for estrogen-
related loss of function through other mechanisms. Thus, the results of Fadel et al. (Fadel et al.,
2003) may demonstrate the short-term effects of reduced estrogen bioavailability, whereas our
results reflect longer-term adaptions to chronic reductions in estrogen bioavailability. Whether
estrogen contributes to the elevated sympatholysis observed in females is undetermined and
further study is necessary to establish the role of estrogen in the regulation of exercising
sympathetic vasoconstrictor responsiveness.

Exercise training also did not alter contracting sympathetic vasoconstrictor

responsiveness or sympatholysis in the present study. Our laboratory and others have previously

62



demonstrated that sympatholysis is enhanced in male rats following exercise training
(Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2012, 2013b; Mizuno et al., 2014).
However, consistent with the results of the present study, our laboratory found that exercise
training had no effect on sympatholysis in female rats (Cooper et al., 2021). In healthy, middle
aged adults (four males, four females), eight weeks of cycle exercise training for one hour three
to four days per week improved sympatholysis (Mortensen et al., 2014). Sex-based analysis was
not performed in this study, therefore conclusions about potential sex differences in
sympatholysis cannot be made (Mortensen et al., 2014). Cross-sectional data has also
demonstrated that lifelong physical activity can prevent the age-related decline in sympatholysis
(Mortensen, Nyberg, et al., 2012). This effect may due in part to a preservation of NO
bioavailability (Nyberg et al., 2012). Indeed, exercise training appears to enhance sympatholysis
in an NO-dependent manner in male rats (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey,
2013b; Mizuno et al., 2014). Non-selective NOS inhibition blunted sympatholysis in exercise
trained but not sedentary male rats, indicating that exercise training increased NO-mediated
sympatholysis (Jendzjowsky & DeLorey, 2013b). In a subsequent study, selective nNOS
inhibition had a larger effect in exercise trained compared to sedentary male rats, and the relative
contribution of NO derived from nNOS to the inhibition of sympathetic vasoconstriction during
muscle contraction was also greater in exercise trained compared to sedentary male rats
(Jendzjowsky et al., 2014). The modulation of NOS expression is complex, and the mechanisms
by which exercise training upregulates NOS expression are not fully understood. Nuclear factor
kB binding to the promoter region of NOS has been implicated in the regulation process, as

acute eccentric exercise increased iNOS, eNOS, and nNOS mRNA as well as nuclear factor kB

binding (Lima-Cabello et al., 2010). When nuclear factor kB was acutely pharmacologically
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inhibited, both NOS mRNA and nuclear factor kB binding were reduced (Lima-Cabello et al.,
2010). Hydrogen peroxide also appears to be involved. Indeed, eNOS expression was increased
in the aorta and myocardial tissue of mice following three weeks of exercise training, but this
effect was abolished in mice overexpressing human catalase, which breaks down hydrogen
peroxide (Lauer et al., 2005). In short, exercise training appears to augment sympatholysis in
male rats via enhanced NO-mediated sympatholysis as a result of increased NOS expression.

In the present study, selective nNOS inhibition did not alter sympathetic vasoconstrictor
responsiveness at the 2Hz stimulation frequency, whereas at the SHz stimulation frequency,
sympathetic vasoconstrictor responsiveness was augmented in all groups following selective
nNOS inhibition. These data suggest that nNOS-mediated blunting of sympathetic
vasoconstriction may be dependent upon the frequency of sympathetic stimulation. The type and
quantity of sympathetic neurotransmitter released in response to stimulation of the sympathetic
chain appears to be frequency-dependent (Bradley et al., 2003). Briefly, high frequencies of
sympathetic stimulation (i.e. 5 Hz) evoke the release of larger amounts of neurotransmitter and a
proportional increase in NE and neuropeptide Y release, relative to low frequencies (i.e. 2 Hz) of
sympathetic stimulation. Functionally, this may result in a different pool of post-synaptic
receptors mediating vasoconstriction at each stimulation frequency. NO is believed to blunt
sympathetic vasoconstriction by reducing the responsiveness of post-synaptic receptors (Thomas
& Victor, 1998). Indeed, it has been argued that NO may inhibit sympathetic vasoconstriction
by activating ATP-sensitive K" receptors and reducing az-adrenergic receptor-mediated influx of
extracellular Ca?* through voltage-gated Ca" channels (Tateishi & Faber, 1995; Thomas et al.
1997). While investigation of the cellular mechanism responsible for NO-mediated

sympatholysis is beyond the scope of this thesis, the evoked release of a distinct pool of
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neurotransmitters and at relatively greater concentrations at the higher frequency of sympathetic
stimulation may result in greater binding of neurotransmitter to a population of receptors that are
particularly susceptible to NO-mediated inhibition. At the 5 Hz sympathetic stimulation
frequency, selective nNOS inhibition blunted sympatholysis, and non-selective NOS inhibition
decreased sympatholysis further in all groups. A post-hoc test showed that selective nNOS
blockade blunted sympatholysis only in the SOI, TOI, and TOVX groups, and had no effect in
the SOVX group. Non-selective NOS blockade blunted sympatholysis in all groups, but did not
further reduce sympatholysis compared with the SMTC condition in the SOI, TOI, and TOVX
groups. This would suggest that the relative contribution of NO derived from nNOS to
sympatholysis is reduced in estrogen-deficient rats, but that exercise training can restore nNOS-
dependent sympatholysis in these rats. Further, NO derived from eNOS appears to be able to
compensate for reduced nNOS-mediated sympatholysis in sedentary ovariectomized rats to
maintain the magnitude of sympatholysis. Supporting this notion, non-selective NOS inhibition
had a similar effect in all groups. In contrast, our laboratory has shown that non-selective NOS
inhibition reduces sympatholysis in exercise trained but not sedentary male rats (Jendzjowsky &
DeLorey, 2013b; Just & DeLorey, 2017). This discrepancy between male and female rats may be
explained by female rats having inherently higher NO-mediated inhibition of sympathetic
vasoconstriction. Given that exercise training was shown to increase sympatholysis in an NO-
dependent manner in male rats, exercise training may not further improve the magnitude of
sympatholysis in female rats with an already high NO bioavailability. Indeed, exercise training
did not alter the magnitude of sympatholysis in female rats in the present study or in a previous
study from our laboratory (Cooper et al., 2021). In line with this theory, our laboratory has also

previously found that sympatholysis is augmented in sedentary female rats compared to
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sedentary male rats (Cooper et al., 2021; Just & DeLorey, 2017), and that a portion of this
enhanced sympatholysis was NO-dependent (Just & DeLorey, 2017). However, the
mechanism(s) underlying the increased NO-mediated sympatholysis in females remain unknown.
While our current findings suggest that estrogen bioavailability may modulate nNOS-mediated
sympatholysis in female rats, estrogen bioavailability did not alter the magnitude of
sympatholysis or non-selective NO-mediated sympatholysis in female rats. However, without a
male experimental group, we cannot conclude whether the enhanced sympatholysis previously
reported in female rats (Cooper et al., 2021; Just & DeLorey, 2017) is due to higher estrogen
bioavailability.
Exercise Hyperemia

In the present study, the absolute change in leg blood flow and femoral vascular
conductance in response to muscle contraction (exercise hyperemia) was not different in
ovariectomized compared with ovary-intact rats. Consistent with the present findings, Fadel et
al., (Fadel et al., 2003), reported similar limb blood flow during exercise in control,
ovariectomized, and estrogen replaced ovariectomized rats. Taken together, these studies suggest
that estrogen bioavailability is not an important determinant of the blood flow response to
exercise. However, in humans, the blood flow response to moderate-intensity cycling was
significantly reduced in post-menopausal compared with pre-menopausal women (Proctor et al.,
2003), and the blood flow response to single-leg knee extension exercise was blunted in early
peri-menopausal women relative to post-menopausal women (Moore et al., 2012). The reason(s)
for these divergent results is not readily apparent, however, species differences and differences in
muscle fibre recruitment patterns between voluntary muscle contractions in humans and

electrically-evoked muscle contractions in rats may be involved. While reduced exercise
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hyperemia following menopause suggests a role of estrogen bioavailability in the control of
exercise blood flow, menopause is a complex physiological process, and other factors may
influence exercise hyperemia and further investigation will be required to elucidate the role of
estrogen in the control of exercise hyperemia.

Exercise hyperemia was greater in exercise trained compared with sedentary rats,
regardless of estrogen bioavailability in the present study. This is consistent with previous data
from our laboratory where exercise hyperemia was increased in female rats after 4 weeks of
exercise training at the same exercise intensity and frequency of training sessions employed in
the present study (Cooper et al., 2021). The mechanism(s) responsible for the exercise training
mediated increase in the blood flow response to contraction are not readily apparent. However,
the lack of changes in sympathetic neuro-vascular control in the present study suggest that a non-
neural adaptation may underlie the enhanced exercise hyperemia.

Conclusion

In summary, neither exercise training nor estrogen bioavailability altered sympathetic
vasoconstrictor responsiveness at rest or during muscle contraction in female rats. The
magnitude of sympatholysis was not different between ovariectomized and ovary-intact female
rats; however, nNOS-mediated sympatholysis was impaired in sedentary ovariectomized rats.
nNOS-mediated sympatholysis was enhanced following exercise training in ovariectomized rats,
suggesting that exercise training can restore the reduced nNOS-mediated sympatholysis observed
in sedentary ovariectomized rats. Exercise training did not alter resting or contracting

sympathetic vasoconstrictor responsiveness or sympatholysis in ovary-intact female rats.
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Chapter 3: General Discussion

Summary of Main Findings

The aim of this thesis was to investigate the effect of estrogen bioavailability and exercise
training on nitric oxide (NO) synthase (NOS) isoform-specific NO-mediated inhibition of
sympathetic vasoconstriction in resting and contracting skeletal muscle of female rats.

In the present study, resting sympathetic vasoconstrictor responsiveness was not different
between ovariectomized and ovary-intact rats. This is in agreement with previous data from
Fadel et al. where resting sympathetic vasoconstrictor responsiveness also was not different
between ovary-intact and ovariectomized rats, with or without chronic estrogen replacement
(Fadel et al., 2003). Similarly, four weeks of estrogen replacement did not alter the
vasoconstriction response to lower body negative pressure in post-menopausal women (Fadel et
al., 2004). On the other hand, the vasoconstriction response to phenylephrine was reduced in
mesenteric arteries from ovariectomized female rats following four weeks of estrogen treatment
(Zhang & Davidge, 1999). Eight weeks of estrogen replacement also blunted the
vasoconstriction response to norepinephrine in peri-menopausal women (Sudhir et al., 1997). In
summary, whether estrogen bioavailability modulates resting sympathetic vasoconstrictor
responsiveness is unresolved, though in vivo data in young females indicates estrogen
bioavailability does not contribute to the regulation of resting sympathetic vasoconstriction.

Further, exercise training did not alter resting sympathetic vasoconstrictor
responsiveness, regardless of estrogen bioavailability. This is consistent with previous data from
our laboratory, where four weeks of exercise training did not alter resting sympathetic

vasoconstrictor responsiveness (Cooper et al., 2021). Based on the present data, and previous
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data from our laboratory (Cooper et al., 2021), exercise training does not appear to alter resting
sympathetic vasoconstrictor responsiveness in females.

Previous studies by Fadel and colleagues (Fadel et al., 2003, 2004) indicate that
circulating estrogen levels may contribute to sympathetic neurovascular control during muscle
contraction. In post-menopausal women, sympatholysis was blunted relative to young females;
however, four weeks of estrogen replacement therapy restored sympatholysis to levels similar to
young females (Fadel et al., 2004). In ovariectomized rats, neuronal NOS (nNOS) expression
was reduced, as was sympatholysis (Fadel et al., 2003). In the present study, in the control and
non-selective NOS blockade conditions, sympathetic vasoconstrictor responsiveness and the
magnitude of sympatholysis were not different between ovary-intact and ovariectomized female
rats, regardless of exercise training status. However, nNOS-mediated sympatholysis was reduced
in sedentary ovariectomized rats. Exercise training appears to reverse this effect, as there was no
difference in nNOS-mediated sympatholysis between exercise-trained ovariectomized rats and
exercise-trained ovary-intact rats. Additionally, given that the magnitude of sympatholysis in
control and non-selective NOS blockade conditions was not different in sedentary
ovariectomized rats, endothelial NOS (eNOS)-mediated sympatholysis appears to compensate
for the loss of nNOS-mediated sympatholysis.

Exercise training had no effect on the magnitude of sympatholysis or sympathetic
vasoconstrictor responsiveness during muscle contraction in the control condition. This is in
agreement with previous data from our laboratory where exercise training also did not alter
evoked sympathetic vasoconstriction or the magnitude of sympatholysis in contracting skeletal
muscle of female rats (Cooper et al., 2021). On the other hand, sympatholysis has been shown to

be augmented by the same exercise training program in male rats (Jendzjowsky et al., 2014;
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Jendzjowsky & DeLorey, 2013b; Mizuno et al., 2014), but not female rats (Cooper et al., 2021).
This suggests that females may respond differently to a given exercise training stimulus than
males. Indeed, in humans, cardiovascular adaptations to exercise training, such as maximal
oxygen consumption and left ventricular mass and wall thickness, were blunted in females
compared to males (Howden et al., 2015). Exercise training augmented skeletal muscle nNOS
expression and nNOS-mediated sympatholysis in male rats (Jendzjowsky et al., 2014),
suggesting that exercise training may modulate NO bioavailability and NO-dependent
sympatholysis (Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b). Our laboratory has
also found that sympatholysis was enhanced in untrained female rats compared to untrained male
rats (Cooper et al., 2021; Just & DeLorey, 2017), and the statistical difference between males
and females was abolished in the presence of NOS blockade (Just & DeLorey, 2017). This
suggests that females may have higher NO bioavailability and NO-mediated sympatholysis than
males. Indeed, estrogen has been shown to modulate NOS expression and NO bioavailability
(Fadel et al., 2003). Thus, exercise training may not further increase NOS expression and NO-
mediated sympatholysis in female rats with “normal” estrogen bioavailability. Supporting this
theory, in the present study, selective nNOS and non-selective NOS inhibition had similar effects
on sympatholysis in exercise trained and sedentary ovary-intact female rats, suggesting neither

eNOS nor nNOS-derived NO bioavailability was different as a result of exercise training.

Experimental Considerations
The rats tested in this study are under anesthesia and muscle contraction is electrically
evoked. Thus, this experimental preparation may not be entirely reflective of conscious,

voluntary exercise. However, mechanistic studies, such as the present study, are not possible in
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conscious animals or humans without the use of highly invasive approaches. During electrically
evoked muscle contraction, the influence of neurovascular control mechanisms, such as central
command, that are normally present during voluntary contraction are absent. Electrically
stimulating muscle contraction also recruits motor units in a non-physiological manner.
According to Henneman’s size principle, motor units are recruited from smallest motor neuron to
the largest, generally progressing from motor units containing primarily slow-twitch oxidative
muscle fibers to motor units containing primarily fast-twitch glycolytic muscle fibers. This
recruitment pattern is reversed when muscle contraction is electrically evoked, preferentially
recruiting the largest motor neurons first, as they are the most sensitive to electrical stimulation.
Sympathetic vasoconstrictor responsiveness appears to differ between arterioles supplying
primarily oxidative vs glycolytic muscle fibers (Behnke et al., 2011). Sensitivity to selective o-
and ar-adrenoreceptor agonists was greater in arterioles supplying low-oxidative fast twitch
muscle than in those supplying high-oxidative slow twitch muscle (Behnke et al., 2011). Further,
maximal contraction of the gastrocnemius-plantaris muscle (primarily low-oxidative fast twitch)
abolished the vasoconstriction response to lumbar sympathetic chain stimulation, whereas
vasoconstriction was preserved during maximal soleus muscle (primarily high-oxidative slow
twitch) contraction (Thomas et al., 1994). NOS isoform specific NO-mediated inhibition of
sympathetic vasoconstriction may also differ between blood vessels supplying different types of
muscle fibers. In male rats, nNOS inhibition by SMTC reduced blood flow and vascular
conductance during near-maximal treadmill running (recruiting primarily low-oxidative fast
twitch muscle fibers), but not light intensity treadmill running (recruiting primarily high-
oxidative slow twitch muscle fibers) (Copp et al., 2013). nNOS expression also appears to be

greater in low-oxidative fast twitch muscle fibers (Reid, 1998). Indeed, our laboratory has found
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that nNOS expression was greater in the medial and lateral gastrocnemius muscles (primarily
low-oxidative fast twitch) than the soleus muscle (primarily high-oxidative slow twitch)
(Jendzjowsky et al., 2014). Thus, vasoconstrictor responsiveness and NO-mediated
sympatholysis may differ between electrically stimulated muscle contraction and voluntary
muscle contraction, and our results may not be representative of voluntary exercise. The
experimental model used in the present study evokes contraction of the entire triceps surae
muscle group, which includes both primarily low-oxidative fast twitch and high-oxidative slow
twitch muscle. As such, conclusions about sympathetic vasoconstrictor responsiveness in
arterioles supplying different types of muscle fibers cannot be made.

The present study utilized electrical stimulation of the lumbar sympathetic chain to evoke
sympathetic vasoconstriction at rest and during muscle contraction. Electrical stimulation of the
lumbar sympathetic chain allows for the endogenous release of sympathetic neurotransmitters,
which may more faithfully reflect physiological function than infusion of exogenous sympathetic
agonists. On the other hand, the stimulation patterns used are non-physiological. Stimulation
frequencies of 2 and 5 Hz were chosen as they most closely resemble sympathetic drive at rest
and during periods high sympathetic nerve activity, such as exercise (Bradley et al., 2003;
Hudson et al., 2011; Johnson et al., 2001; Macefield et al., 1994). In the present study, and in
previous studies from our laboratory (Cooper et al., 2019, 2021; Jendzjowsky et al., 2014;
Jendzjowsky & DeLorey, 2012, 2013a, 2013b, 2013d; Just & DeLorey, 2016, 2017) and others
(Mizuno et al., 2014; Thomas & Victor, 1998), these stimulation frequencies produced graded
sympathetic vasoconstriction responses at rest and during muscle contraction, suggesting that
they evoke the release of sympathetic neurotransmitters in differing quantities. However,

physiological sympathetic nerve activity typically occurs in random bursts, followed by periods
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of inactivity (Christensen & Galbo, 1983; Guyenet, 2006; Robinson et al., 2019). This random
pattern is different between individuals and is difficult to replicate in a laboratory setting. In a
previous study, our laboratory compared the effect of continuous sympathetic stimulation at 2 Hz
and a burst stimulation pattern at 20 and 40 Hz, and found no difference in resting sympathetic
vasoconstrictor responsiveness to these stimulation patterns in sedentary or exercise trained male
rats (Jendzjowsky & DeLorey, 2013c). Thus, while the stimulation pattern used is non-
physiological, it does allow for endogenous release of sympathetic neurotransmitters in

quantities reflective of periods of low and high sympathetic nerve activity.

Future Directions

Despite being first reported 60 years ago, the cellular mechanisms responsible for
sympatholysis remain unknown (Remensnyder et al., 1962). There is strong evidence that NO is
involved in sympatholysis (Buckwalter, Taylor, et al., 2004; Dinenno & Joyner, 2003; Fadel et
al., 2003; Jendzjowsky et al., 2014; Jendzjowsky & DeLorey, 2013b, 2013d; Just & DeLorey,
2017; Kobzik et al., 1994; Mizuno et al., 2014; Stamler & Meissner, 2001), including the
findings from the present study; however, the exact mechanism by which NO inhibits
sympathetic vasoconstriction is also unknown. Further, while NO does appear to be involved in
sympatholysis, it is not the only mechanism at play. When NO production is pharmacologically
inhibited, sympatholysis is reduced, but not abolished, suggesting that some other mechanism(s)
contribute to sympatholysis (Chavoshan et al., 2002; Jendzjowsky et al., 2014; Jendzjowsky &
DeLorey, 2013b, 2013d; Just et al., 2016; Thomas & Victor, 1998). Other putative mechanisms

for sympatholysis merit further study.
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Data in in vitro experimental preparations and in animal models support sex differences
in cardiovascular regulation; however, corroboration in a human model is needed to firmly
establish these differences. Females are underrepresented or not included in many areas of
research, including cardiovascular physiology research. Indeed, significant gaps remain in our
understanding of sex differences in cardiovascular regulation. The mechanism(s) underlying the
enhanced sympatholysis observed in female rats have yet to be fully elucidated (Cooper et al.,
2021; Just & DeLorey, 2017). In an effort to explain why sympatholysis is higher in female rats,
our laboratory has investigated whether NO and/or -adrenoreceptors contribute to the enhanced
sympatholysis in females (Cooper et al., 2021; Just & DeLorey, 2017). While NOS blockade
eliminated the statistical difference between males and females, sympatholysis remained greater
in female rats, suggesting that factor(s) in addition to NO that contribute (Just & DeLorey, 2017).
In a subsequent study, B-adrenoreceptor blockade had no effect on the sex difference in
sympatholysis, indicating that -adrenoreceptors are not responsible for the enhanced
sympatholysis in females (Cooper et al., 2021). Our current data suggests that estrogen also does
not contribute to this phenomenon. Further study is required to determine the factor(s) other than
NO that are responsible for the augmented sympatholysis observed in females, as well as why

NO-mediated sympatholysis is enhanced in females.

Conclusion

The purpose of this study was to investigate whether exercise training and estrogen
bioavailability alter NOS isoform-specific NO-mediated inhibition of sympathetic
vasoconstriction at rest and during muscle contraction. In the present study, estrogen

bioavailability did not alter resting or contracting sympathetic vasoconstrictor responsiveness or
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the magnitude of sympatholysis. However, nNOS-mediated sympatholysis was blunted in
sedentary ovariectomized rats, but not exercise-trained ovariectomized rats. This suggests that
exercise training reversed the estrogen-related loss of nNOS-mediated sympatholysis. While
nNOS-mediated sympatholysis was impaired in sedentary ovariectomized rats, the magnitude of
sympatholysis was not different between any groups, and non-selective NOS inhibition blunted
sympatholysis to a similar extent in all groups. This suggests that NO-mediated sympatholysis is
not dependent upon estrogen bioavailability, and that NO derived from eNOS can compensate
for the estrogen-related loss of nNOS function. Further, in line with previous data from our
laboratory (Cooper et al., 2021), exercise training does not appear to alter resting or contracting
sympathetic vasoconstrictor responsiveness or the magnitude of sympatholysis in female rats,

regardless of estrogen status.

83



References

Behnke, B. J., Armstrong, R. B., & Delp, M. D. (2011). Adrenergic control of vascular resistance
varies in muscles composed of different fiber types: influence of the vascular endothelium.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
301(3), R783—R790. https://doi.org/10.1152/ajpregu.00205.2011

Bradley, E., Law, A., Bell, D., & Johnson, C. D. (2003). Effects of varying impulse number on
cotransmitter contributions to sympathetic vasoconstriction in rat tail artery. American
Journal of Physiology - Heart and Circulatory Physiology, 284(6), 2007-2014.
https://doi.org/10.1152/ajpheart.01061.2002

Buckwalter, J. B., Taylor, J. C., Hamann, J. J., & Clifford, P. S. (2004). Role of nitric oxide in
exercise sympatholysis. Journal of Applied Physiology, 97(1), 417-423.
https://doi.org/10.1152/japplphysiol.01181.2003

Chavoshan, B., Sander, M., Sybert, T. E., Hansen, J., Victor, R. G., & Thomas, G. D. (2002).
Nitric oxide-dependent modulation of sympathetic neural control of oxygenation in
exercising human skeletal muscle. The Journal of Physiology, 540(1), 377-386.
https://doi.org/10.1113/jphysiol.2001.013153

Christensen, N. J., & Galbo, H. (1983). Sympathetic nervous activity during exercise. Annual
Review of Physiology, 45(1), 139-153.
https://doi.org/10.1146/annurev.ph.45.030183.001035

Cooper, . R., Just, T. P., & DeLorey, D. S. (2019). B-Adrenoreceptors do not oppose
sympathetic vasoconstriction in resting and contracting skeletal muscle of male rats.
Applied Physiology, Nutrition, and Metabolism, 44(11), 1230-1236.
https://doi.org/10.1139/apnm-2019-0130

Cooper, . R., Liu, S., & DeLorey, D. S. (2021). Effects of sex and exercise training on 3-
adrenoreceptor-mediated opposition of evoked sympathetic vasoconstriction in resting and
contracting muscle of rats. Journal of Applied Physiology (1985), 130(1), 114-123.
https://doi.org/10.1152/japplphysiol.00726.2020

Copp, S. W., Holdsworth, C. T., Ferguson, S. K., Hirai, D. M., Poole, D. C., & Musch, T. L.
(2013). Muscle fibre-type dependence of neuronal nitric oxide synthase-mediated vascular
control in the rat during high speed treadmill running. The Journal of Physiology, 591(11),
2885-2896. https://doi.org/10.1113/jphysiol.2013.251082

84



Dinenno, F. A., & Joyner, M. J. (2003). Blunted sympathetic vasoconstriction in contracting
skeletal muscle of healthy humans: is nitric oxide obligatory? The Journal of Physiology,
553(1), 281-292. https://doi.org/10.1113/jphysiol.2003.049940

Fadel, P. J., Wang, Z., Watanabe, H., Arbique, D., Vongpatanasin, W., & Thomas, G. D. (2004).
Augmented sympathetic vasoconstriction in exercising forearms of postmenopausal
women is reversed by oestrogen therapy. The Journal of Physiology, 561(3), 893-901.
https://doi.org/10.1113/jphysiol.2004.073619

Fadel, P. J., Zhao, W., & Thomas, G. D. (2003). Impaired vasomodulation is associated with
reduced neuronal nitric oxide synthase in skeletal muscle of ovariectomized rats. The
Journal of Physiology, 549(1), 243-253. https://doi.org/10.1113/jphysiol.2003.038828

Guyenet, P. G. (2006). The sympathetic control of blood pressure. Nature Reviews Neuroscience,
7(5), 335-346. https://doi.org/10.1038/nrn1902

Howden, E. J., Perhonen, M., Peshock, R. M., Zhang, R., Arbab-Zadeh, A., Adams-Huet, B., &
Levine, B. D. (2015). Females have a blunted cardiovascular response to one year of
intensive supervised endurance training. Journal of Applied Physiology, 119(1), 37—46.
https://doi.org/10.1152/japplphysiol.00092.2015

Hudson, S., Johnson, C. D., & Marshall, J. M. (2011). Changes in muscle sympathetic nerve
activity and vascular responses evoked in the spinotrapezius muscle of the rat by systemic
hypoxia. The Journal of Physiology, 589(9), 2401-2414.
https://doi.org/10.1113/jphysiol.2010.201814

Jendzjowsky, N. G., & DeLorey, D. S. (2012). Short-term exercise training augments
sympathetic vasoconstrictor responsiveness and endothelium-dependent vasodilation in
resting skeletal muscle. American Journal of Physiology - Regulatory, Integrative and
Comparative Physiology, 303(3), 332—-339. https://doi.org/10.1152/ajpregu.00053.2012

Jendzjowsky, N. G., & DeLorey, D. S. (2013a). Short-term exercise training augments o2-
adrenoreceptor-mediated sympathetic vasoconstriction in resting and contracting skeletal
muscle. The Journal of Physiology, 591(20), 5221-5233.
https://doi.org/10.1113/jphysiol.2013.257626

Jendzjowsky, N. G., & DeLorey, D. S. (2013b). Short-term exercise training enhances functional
sympatholysis through a nitric oxide-dependent mechanism. The Journal of Physiology,
591(6), 1535-1549. https://doi.org/10.1113/jphysiol.2012.238998

85



Jendzjowsky, N. G., & DeLorey, D. S. (2013c). Acute superoxide scavenging reduces
sympathetic vasoconstrictor responsiveness in short-term exercise-trained rats. Journal of
Applied Physiology, 114(11), 1511-1518. https://doi.org/10.1152/japplphysiol.00131.2013

Jendzjowsky, N. G., & DeLorey, D. S. (2013d). Role of neuronal nitric oxide in the inhibition of
sympathetic vasoconstriction in resting and contracting skeletal muscle of healthy rats.
Journal of Applied Physiology, 115(1), 97-106.
https://doi.org/10.1152/japplphysiol.00250.2013

Jendzjowsky, N. G., Just, T. P., & DeLorey, D. S. (2014). Exercise training augments neuronal
nitric oxide synthase-mediated inhibition of sympathetic vasoconstriction in contracting
skeletal muscle of rats. The Journal of Physiology, 592(21), 4789-4802.
https://doi.org/10.1113/jphysiol.2014.278846

Johnson, C. D., Coney, A. M., & Marshall, J. M. (2001). Roles of norepinephrine and ATP in
sympathetically evoked vasoconstriction in rat tail and hindlimb in vivo. American Journal
of Physiology - Heart and Circulatory Physiology, 281(6), 2432-2440.
https://doi.org/10.1152/ajpheart.2001.281.6.H2432

Just, T. P., Cooper, L. R., & DeLorey, D. S. (2016). Sympathetic vasoconstriction in skeletal
muscle: Adaptations to exercise training. Exercise and Sport Sciences Reviews, 44(4), 137—
143. https://doi.org/10.1249/jes.0000000000000085

Just, T. P., & DeLorey, D. S. (2016). Exercise training and a1-adrenoreceptor-mediated
sympathetic vasoconstriction in resting and contracting skeletal muscle. Physiological
Reports, 4(3), €e12707-n/a. https://doi.org/10.14814/phy2.12707

Just, T. P., & DeLorey, D. S. (2017). Sex differences in sympathetic vasoconstrictor
responsiveness and sympatholysis. Journal of Applied Physiology, 123(1), 128—135.
https://doi.org/10.1152/japplphysiol.00139.2017

Kobzik, L., Reid, M. B., Bredt, D. S., & Stamler, J. S. (1994). Nitric oxide in skeletal muscle.
Nature, 372(6506), 546—548. https://doi.org/10.1038/372546a0

Macefield, V. G., Wallin, B. G., & Vallbo, A. B. (1994). The discharge behaviour of single
vasoconstrictor motoneurones in human muscle nerves. The Journal of Physiology, 481(3),
799-809. https://doi.org/10.1113/jphysiol.1994.sp020482

Mizuno, M., Iwamoto, G. A., Vongpatanasin, W., Mitchell, J. H., & Smith, S. A. (2014).

Exercise training improves functional sympatholysis in spontaneously hypertensive rats

86



through a nitric oxide-dependent mechanism. American Journal of Physiology - Heart and
Circulatory Physiology, 307(2), H242—H251. https://doi.org/10.1152/ajpheart.00103.2014

Reid, M. B. (1998). Role of nitric oxide in skeletal muscle: synthesis, distribution and functional
importance. Acta Physiologica Scandinavica, 162(3), 401-409.
https://doi.org/10.1046/j.1365-201X.1998.0303f.x

Remensnyder, J. P., Mitchell, J. H., & Sarnoff, S. J. (1962). Functional sympatholysis during
muscular activity: Observations on influence of carotid sinus on oxygen uptake.
Circulation Research, 11(3), 370-380. https://doi.org/10.1161/01.RES.11.3.370

Robinson, A. T., Babcock, M. C., Watso, J. C., Brian, M. S., Migdal, K. U., Wenner, M. M., &
Farquhar, W. B. (2019). Relation between resting sympathetic outflow and vasoconstrictor
responses to sympathetic nerve bursts: sex differences in healthy young adults. American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 316(5),
R463—R471. https://doi.org/10.1152/ajpregu.00305.2018

Stamler, J. S., & Meissner, G. (2001). Physiology of Nitric Oxide in Skeletal Muscle.
Physiological Reviews, 81(1), 209-237. https://doi.org/10.1152/physrev.2001.81.1.209

Sudhir, K., Esler, M. D., Jennings, G. L., & Komesaroff, P. A. (1997). Estrogen Supplementation
Decreases Norepinephrine-Induced Vasoconstriction and Total Body Norepinephrine
Spillover in Perimenopausal Women. Hypertension, 30(6), 1538—1543.
https://doi.org/10.1161/01.HYP.30.6.1538

Thomas, G. D., Hansen, J., & Victor, R. G. (1994). Inhibition of alpha 2-adrenergic
vasoconstriction during contraction of glycolytic, not oxidative, rat hindlimb muscle.
American Journal of Physiology - Heart and Circulatory Physiology, 266(3), H920-H929.
https://doi.org/10.1152/ajpheart.1994.266.3.H920

Thomas, G. D., & Victor, R. G. (1998). Nitric oxide mediates contraction-induced attenuation of
sympathetic vasoconstriction in rat skeletal muscle. The Journal of Physiology, 506(3),
817-826. https://doi.org/10.1111/j.1469-7793.1998.817bv.x

Zhang, Y., & Davidge, S. T. (1999). Effect of Estrogen Replacement on Vasoconstrictor
Responses in Rat Mesenteric Arteries. Hypertension, 34(5), 1117-1122.
https://doi.org/10.1161/01.HYP.34.5.1117

87



Bibliography

Andersen, P., & Saltin, B. (1985). Maximal perfusion of skeletal muscle in man. The Journal of
Physiology, 366(1), 233-249. https://doi.org/10.1113/jphysiol.1985.sp015794

Appelman, Y., van Rijn, B. B, ten Haaf, M. E., Boersma, E., & Peters, S. A. E. (2015). Sex
differences in cardiovascular risk factors and disease prevention. Atherosclerosis, 241(1),
211-218. https://doi.org/10.1016/j.atherosclerosis.2015.01.027

Barman, S. M., & Gebber, G. L. (1980). Sympathetic nerve rhythm of brain stem origin. The
American Journal of Physiology, 239(1), R42—R47.
https://doi.org/10.1152/ajpregu.1980.239.1.r42

Behnke, B. J., Armstrong, R. B., & Delp, M. D. (2011). Adrenergic control of vascular resistance
varies in muscles composed of different fiber types: influence of the vascular endothelium.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
301(3), R783—R790. https://doi.org/10.1152/ajpregu.00205.2011

Best, P. J., Berger, P. B., Miller, V. M., & Lerman, A. (1998). The effect of estrogen replacement
therapy on plasma nitric oxide and endothelin-1 levels in postmenopausal women. Annals of
Internal Medicine, 128(4), 285-288. https://doi.org/10.7326/0003-4819-128-4-199802150-
00006

Blanco-Rivero, J., Roque, F., Sastre, E., Caracuel, L., Couto, G., Avendafio, M., Paula, S.,
Rossoni, L., Salaices, M., & Balfagon, G. (2013). Aerobic exercise training increases
neuronal nitric oxide release and bioavailability and decreases noradrenaline release in
mesenteric artery from spontaneously hypertensive rats. Journal of Hypertension, 31(5),
916-926. https://doi.org/10.1097/HJH.0b013e32835f749¢

Boushel, R., Langberg, H., Gemmer, C., Olesen, J., Crameri, R., Scheede, C., Sander, M., &
Kjer, M. (2002). Combined inhibition of nitric oxide and prostaglandins reduces human
skeletal muscle blood flow during exercise. The Journal of Physiology, 543(2), 691-698.
https://doi.org/10.1113/jphysiol.2002.021477

Bradley, E., Law, A., Bell, D., & Johnson, C. D. (2003). Effects of varying impulse number on
cotransmitter contributions to sympathetic vasoconstriction in rat tail artery. American
Journal of Physiology - Heart and Circulatory Physiology, 284(6), 2007-2014.
https://doi.org/10.1152/ajpheart.01061.2002

88



Buckwalter, J. B., & Clifford, P. S. (1999). a-Adrenergic vasoconstriction in active skeletal
muscles during dynamic exercise. American Journal of Physiology-Heart and Circulatory
Physiology, 277(1). https://doi.org/10.1152/ajpheart.1999.277.1. H33

Buckwalter, J. B., & Clifford, P. S. (2001). The paradox of sympathetic vasoconstriction in
exercising skeletal muscle. Exercise and Sport Sciences Reviews, 29(4), 159-163.
https://doi.org/10.1097/00003677-200110000-00005

Buckwalter, J. B., Hamann, J. J., & Clifford, P. S. (2003). Vasoconstriction in active skeletal
muscles: a potential role for P2X purinergic receptors? Journal of Applied Physiology,
95(3), 953-959. https://doi.org/10.1152/japplphysiol.00173.2003

Buckwalter, J. B., Hamann, J. J., Kluess, H. A., & Clifford, P. S. (2004). Vasoconstriction in
exercising skeletal muscles: a potential role for neuropeptide Y? American Journal of
Physiology - Heart and Circulatory Physiology, 56(1), H144—H149.
https://doi.org/10.1152/ajpheart.00071.2004

Buckwalter, J. B., Mueller, P. J., & Clifford, P. S. (1998). a1-Adrenergic-receptor
responsiveness in skeletal muscle during dynamic exercise. Journal of Applied Physiology,
85(6), 2277-2283. https://doi.org/10.1152/jappl.1998.85.6.2277

Buckwalter, J. B., Naik, J. S., Valic, Z., & Clifford, P. S. (2001). Exercise attenuates o-
adrenergic-receptor responsiveness in skeletal muscle vasculature. Journal of Applied
Physiology, 90(1), 172—178. https://doi.org/10.1152/jappl.2001.90.1.172

Buckwalter, J. B., Ruble, S. B., Mueller, P. J., & Clifford, P. S. (1998). Skeletal muscle
vasodilation at the onset of exercise. Journal of Applied Physiology, 85(5), 1649—1654.
https://doi.org/10.1152/jappl.1998.85.5.1649

Buckwalter, J. B., Taylor, J. C., Hamann, J. J., & Clifford, P. S. (2004). Role of nitric oxide in
exercise sympatholysis. Journal of Applied Physiology, 97(1), 417-423.
https://doi.org/10.1152/japplphysiol.01181.2003

Carter, J. R., Fu, Q., Minson, C. T., & Joyner, M. J. (2013). Ovarian cycle and
sympathoexcitation in premenopausal women. Hypertension, 61(2), 395-399.
https://doi.org/10.1161/hypertensionaha.112.202598

Caulin-Glaser, T., Garcia-Cardefia, G., Sarrel, P., Sessa, W. C., & Bender, J. R. (1997). 178-
Estradiol Regulation of Human Endothelial Cell Basal Nitric Oxide Release, Independent of

&9



Cytosolic Ca ** Mobilization. Circulation Research, 81(5).
https://doi.org/10.1161/01.RES.81.5.885

Ceccatelli, S., Grandison, L., Scott, R. E. M., Pfaff, D. W., & Kow, L.-M. (1996). Estradiol
regulation of nitric oxide synthase mRNAs in rat hypothalamus. Neuroendocrinology,
64(5), 357-363. https://doi.org/10.1159/000127139

Chambliss, K. L., & Shaul, P. W. (2002). Estrogen modulation of endothelial nitric oxide
synthase. Endocrine Reviews, 23(5), 665—686. https://doi.org/10.1210/er.2001-0045

Chavoshan, B., Sander, M., Sybert, T. E., Hansen, J., Victor, R. G., & Thomas, G. D. (2002).
Nitric oxide-dependent modulation of sympathetic neural control of oxygenation in
exercising human skeletal muscle. The Journal of Physiology, 540(1), 377-386.
https://doi.org/10.1113/jphysiol.2001.013153

Christensen, N. J., & Galbo, H. (1983). Sympathetic nervous activity during exercise. Annual
Review of Physiology, 45(1), 139-153.
https://doi.org/10.1146/annurev.ph.45.030183.001035

Clifford, P. S., & Hellsten, Y. (2004). Vasodilatory mechanisms in contracting skeletal muscle.
Journal of Applied Physiology, 97(1), 393—403.
https://doi.org/10.1152/japplphysiol.00179.2004

Colucci, W. S., Gimbrone, M. A., McLaughlin, M. K., Halpern, W., & Alexander, R. W. (1982).
Increased vascular catecholamine sensitivity and alpha-adrenergic receptor affinity in
female and estrogen-treated male rats. Circulation Research, 50(6), 805—811.
https://doi.org/10.1161/01.RES.50.6.805

Cooper, . R., Just, T. P., & DeLorey, D. S. (2019). B-Adrenoreceptors do not oppose
sympathetic vasoconstriction in resting and contracting skeletal muscle of male rats.
Applied Physiology, Nutrition, and Metabolism, 44(11), 1230-1236.
https://doi.org/10.1139/apnm-2019-0130

Cooper, I. R., Liu, S., & DeLorey, D. S. (2021). Effects of sex and exercise training on 3-
adrenoreceptor-mediated opposition of evoked sympathetic vasoconstriction in resting and
contracting muscle of rats. Journal of Applied Physiology (1985), 130(1), 114-123.
https://doi.org/10.1152/japplphysiol.00726.2020

Coovadia, Y., Adler, T. E., Martin-Arrowsmith, P. W., & Usselman, C. W. (2022). Sex

differences in sympathetic neurovascular and neurohemodynamic relationships during cold

90



pressor test. American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology, 322(5), R411-R420. https://doi.org/10.1152/ajpregu.00223.2021

Copp, S. W., Holdsworth, C. T., Ferguson, S. K., Hirai, D. M., Poole, D. C., & Musch, T. L.
(2013). Muscle fibre-type dependence of neuronal nitric oxide synthase-mediated vascular
control in the rat during high speed treadmill running. The Journal of Physiology, 591(11),
2885-2896. https://doi.org/10.1113/jphysiol.2013.251082

Dampney, R., Coleman, M. J., Fontes, M. A. P., Hirooka, Y., Horiuchi, J., Li, Y.-W., Polson, J.
W., Potts, P. D., & Tagawa, T. (2002). Central mechanisms underlying short- and long-term
regulation of the cardiovascular system. Clinical and Experimental Pharmacology &
Physiology, 29(4), 261-268. https://doi.org/10.1046/j.1440-1681.2002.03640.x

Dampney, R., Polson, J., Potts, P., Hirooka, Y., & Horiuchi, J. (2003). Functional organization of
brain pathways subserving the baroreceptor reflex: Studies in conscious animals using
immediate early gene expression. Cellular and Molecular Neurobiology, 23(4), 597-616.
https://doi.org/10.1023/A:1025080314925

Delp, M. D., McAllister, R. M., & Laughlin, M. H. (1993). Exercise training alters endothelium-
dependent vasoreactivity of rat abdominal aorta. Journal of Applied Physiology, 75(3),
1354-1363. https://doi.org/10.1152/jappl.1993.75.3.1354

Diaz-Canestro, C., & Montero, D. (2019). Sex Dimorphism of VO2max Trainability: A
Systematic Review and Meta-analysis. Sports Medicine, 49(12), 1949—-1956.
https://doi.org/10.1007/s40279-019-01180-z

DiCarlo, S. E., Chen, C. Y., & Collins, H. L. (1996). Onset of exercise increases lumbar
sympathetic nerve activity in rats. Medicine and Science in Sports and Exercise, 28(6), 677—
684. https://doi.org/10.1097/00005768-199606000-00006

Dinenno, F. A., & Joyner, M. J. (2003). Blunted sympathetic vasoconstriction in contracting
skeletal muscle of healthy humans: is nitric oxide obligatory? The Journal of Physiology,
553(1), 281-292. https://doi.org/10.1113/jphysiol.2003.049940

Donato, A. J., Lesniewski, L. A., & Delp, M. D. (2007). Ageing and exercise training alter
adrenergic vasomotor responses of rat skeletal muscle arterioles. The Journal of Physiology,
579(1), 115-125. https://doi.org/10.1113/jphysiol.2006.120055

Dufty, S. J., Castle, S. F., Harper, R. W., & Meredith, I. T. (1999). Contribution of vasodilator

prostanoids and nitric oxide to resting flow, metabolic vasodilation, and flow-mediated

91



dilation in human coronary circulation. Circulation, 100(19), 1951-1957.
https://doi.org/10.1161/01.cir.100.19.1951

Ettinger, S. M., Silber, D. H., Collins, B. G., Gray, K. S., Sutliff, G., Whisler, S. K., McClain, J.
M., Smith, M. B., Yang, Q. X., & Sinoway, L. I. (1996). Influences of gender on
sympathetic nerve responses to static exercise. Journal of Applied Physiology, 80(1), 245—
251. https://doi.org/10.1152/jappl.1996.80.1.245

Ettinger, S. M., Silber, D. H., Gray, K. S., Smith, M. B., Yang, Q. X., Kunselman, A. R., &
Sinoway, L. I. (1998). Effects of the ovarian cycle on sympathetic neural outflow during
static exercise. Journal of Applied Physiology, 85(6), 2075-2081.
https://doi.org/10.1152/jappl.1998.85.6.2075

Fadel, P. J., Wang, Z., Watanabe, H., Arbique, D., Vongpatanasin, W., & Thomas, G. D. (2004).
Augmented sympathetic vasoconstriction in exercising forearms of postmenopausal women
is reversed by oestrogen therapy. The Journal of Physiology, 561(3), 893-901.
https://doi.org/10.1113/jphysiol.2004.073619

Fadel, P. J., Zhao, W., & Thomas, G. D. (2003). Impaired vasomodulation is associated with
reduced neuronal nitric oxide synthase in skeletal muscle of ovariectomized rats. The
Journal of Physiology, 549(1), 243-253. https://doi.org/10.1113/jphysiol.2003.038828

Fisher, W. J., & White, M. J. (1999). Training-induced adaptations in the central command and
peripheral reflex components of the pressor response to isometric exercise of the human
triceps surae. The Journal of Physiology, 520(2), 621-628. https://doi.org/10.1111/j.1469-
7793.1999.00621.x

Frandsen, U., Hoffner, L., Betak, A., Saltin, B., Bangsbo, J., & Hellsten, Y. (2000). Endurance
training does not alter the level of neuronal nitric oxide synthase in human skeletal muscle.
Journal of Applied Physiology, 89(3), 1033—1038.
https://doi.org/10.1152/jappl.2000.89.3.1033

Garcia-Duran, M., de Frutos, T., Diaz-Recasens, J., Garcia-Galvez, G., Jiménez, A., Monton, M.,
Farré, J., de Miguel, L., Gonzalez-Fernandez, F., Arriero, M., Rico, L., Garcia, R., Casado,
S., & Lopez-Farré, A. (1999). Estrogen stimulates neuronal nitric oxide synthase protein
expression in human neutrophils. Circulation Research, 85(11), 1020-1026.
https://doi.org/10.1161/01.res.85.11.1020

92



Gomes, V. A., Casella-Filho, A., Chagas, A. C. P., & Tanus-Santos, J. E. (2008). Enhanced
concentrations of relevant markers of nitric oxide formation after exercise training in
patients with metabolic syndrome. Nitric Oxide, 19(4), 345-350.
https://doi.org/10.1016/j.ni10x.2008.08.005

Guyenet, P. G. (2006). The sympathetic control of blood pressure. Nature Reviews Neuroscience,
7(5), 335-346. https://doi.org/10.1038/nrn1902

Harris, M., Mitchell, B., Sood, S., Webb, R., & Venema, R. (2008). Increased nitric oxide
synthase activity and Hsp90 association in skeletal muscle following chronic exercise.
European Journal of Applied Physiology, 104(5), 795-802. https://doi.org/10.1007/s00421-
008-0833-4

Hart, E. C., & Charkoudian, N. (2014). Sympathetic neural regulation of blood pressure:
Influences of sex and aging. Physiology, 29(1), 8—15.
https://doi.org/10.1152/physiol.00031.2013

Hart, E. C., Charkoudian, N., Wallin, B. G., Curry, T. B., Eisenach, J. H., & Joyner, M. J.
(2009). Sex differences in sympathetic neural-hemodynamic balance: Implications for
human blood pressure regulation. Hypertension, 53(3), 571-576.
https://doi.org/10.1161/HYPERTENSIONAHA.108.126391

Hart, E. C., Charkoudian, N., Wallin, B. G., Curry, T. B., Eisenach, J., & Joyner, M. J. (2011).
Sex and ageing differences in resting arterial pressure regulation: the role of the 3-
adrenergic receptors. The Journal of Physiology, 589(21), 5285-5297.
https://doi.org/10.1113/jphysiol.2011.212753

Hellsten, Y., & Nyberg, M. (2016). Cardiovascular adaptations to exercise training.
Comprehensive Physiology, 6(1), 1-32. https://doi.org/10.1002/cphy.c140080

Hogarth, A. J., Mackintosh, A. F., & Mary, D. A. S. G. (2007). Gender-related differences in the
sympathetic vasoconstrictor drive of normal subjects. Clinical Science, 112(6), 353-361.
https://doi.org/10.1042/CS20060288

Howden, E. J., Perhonen, M., Peshock, R. M., Zhang, R., Arbab-Zadeh, A., Adams-Huet, B., &
Levine, B. D. (2015). Females have a blunted cardiovascular response to one year of
intensive supervised endurance training. Journal of Applied Physiology, 119(1), 37-46.
https://doi.org/10.1152/japplphysiol.00092.2015

93



Hudson, S., Johnson, C. D., & Marshall, J. M. (2011). Changes in muscle sympathetic nerve
activity and vascular responses evoked in the spinotrapezius muscle of the rat by systemic
hypoxia. The Journal of Physiology, 589(9), 2401-2414.
https://doi.org/10.1113/jphysiol.2010.201814

Jarvis, S. S., VanGundy, T. B., Galbreath, M. M., Shibata, S., Okazaki, K., Reelick, M. F.,
Levine, B. D., & Fu, Q. (2011). Sex differences in the modulation of vasomotor
sympathetic outflow during static handgrip exercise in healthy young humans. American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 301(1), R193—
R200. https://doi.org/10.1152/ajpregu.00562.2010

Jasperse, J. L., & Laughlin, M. H. (1999). Vasomotor responses of soleus feed arteries from
sedentary and exercise-trained rats. Journal of Applied Physiology, 86(2), 441-449.
https://doi.org/10.1152/jappl.1999.86.2.441

Jendzjowsky, N. G., & DeLorey, D. S. (2012). Short-term exercise training augments
sympathetic vasoconstrictor responsiveness and endothelium-dependent vasodilation in
resting skeletal muscle. American Journal of Physiology - Regulatory, Integrative and
Comparative Physiology, 303(3), 332—-339. https://doi.org/10.1152/ajpregu.00053.2012

Jendzjowsky, N. G., & DeLorey, D. S. (2013a). Short-term exercise training augments o2-
adrenoreceptor-mediated sympathetic vasoconstriction in resting and contracting skeletal
muscle. The Journal of Physiology, 591(20), 5221-5233.
https://doi.org/10.1113/jphysiol.2013.257626

Jendzjowsky, N. G., & DeLorey, D. S. (2013b). Short-term exercise training enhances functional
sympatholysis through a nitric oxide-dependent mechanism. The Journal of Physiology,
591(6), 1535—-1549. https://doi.org/10.1113/jphysiol.2012.238998

Jendzjowsky, N. G., & DeLorey, D. S. (2013c). Acute superoxide scavenging reduces
sympathetic vasoconstrictor responsiveness in short-term exercise-trained rats. Journal of
Applied Physiology, 114(11), 1511-1518. https://doi.org/10.1152/japplphysiol.00131.2013

Jendzjowsky, N. G., & DeLorey, D. S. (2013d). Role of neuronal nitric oxide in the inhibition of
sympathetic vasoconstriction in resting and contracting skeletal muscle of healthy rats.
Journal of Applied Physiology, 115(1), 97-106.
https://doi.org/10.1152/japplphysiol.00250.2013

94



Jendzjowsky, N. G., Just, T. P., & DeLorey, D. S. (2014). Exercise training augments neuronal
nitric oxide synthase-mediated inhibition of sympathetic vasoconstriction in contracting
skeletal muscle of rats. The Journal of Physiology, 592(21), 4789-4802.
https://doi.org/10.1113/jphysiol.2014.278846

Johnson, C. D., Coney, A. M., & Marshall, J. M. (2001). Roles of norepinephrine and ATP in
sympathetically evoked vasoconstriction in rat tail and hindlimb in vivo. American Journal
of Physiology - Heart and Circulatory Physiology, 281(6), 2432-2440.
https://doi.org/10.1152/ajpheart.2001.281.6.H2432

Joyner, M. J., & Casey, D. P. (2015). Regulation of increased blood flow (hyperemia) to muscles
during exercise: A hierarchy of competing physiological needs. Physiological Reviews,
95(2), 549—-601. https://doi.org/10.1152/physrev.00035.2013

Just, T. P., Cooper, 1. R., & DeLorey, D. S. (2016). Sympathetic vasoconstriction in skeletal
muscle: Adaptations to exercise training. Exercise and Sport Sciences Reviews, 44(4), 137—
143. https://doi.org/10.1249/jes.0000000000000085

Just, T. P., & DeLorey, D. S. (2016). Exercise training and a1-adrenoreceptor-mediated
sympathetic vasoconstriction in resting and contracting skeletal muscle. Physiological
Reports, 4(3), €12707-n/a. https://doi.org/10.14814/phy2.12707

Just, T. P., & DeLorey, D. S. (2017). Sex differences in sympathetic vasoconstrictor
responsiveness and sympatholysis. Journal of Applied Physiology, 123(1), 128—135.
https://doi.org/10.1152/japplphysiol.00139.2017

Keir, D. A., Badrov, M. B., Tomlinson, G., Notarius, C. F., Kimmerly, D. S., Millar, P. J.,
Shoemaker, J. K., & Floras, J. S. (2020). Influence of Sex and Age on Muscle Sympathetic
Nerve Activity of Healthy Normotensive Adults. Hypertension, 76(3), 997-1005.
https://doi.org/10.1161/HYPERTENSIONAHA.120.15208

Kilbom, A., & Wennmalm, A. (1976). Endogenous prostaglandins as local regulators of blood
flow in man: effect of indomethacin on reactive and functional hyperaemia. The Journal of
Physiology, 257(1), 109—121. https://doi.org/10.1113/jphysiol.1976.sp011358

Kneale, B. J., Chowienczyk, P. J., Brett, S. E., Coltart, D. J., & Ritter, J. M. (2000). Gender
differences in sensitivity to adrenergic agonists of forearm resistance vasculature. Journal of
the American College of Cardiology, 36(4), 1233—1238. https://doi.org/10.1016/s0735-
1097(00)00849-4

95



Knowlton, A. A., & Lee, A. R. (2012). Estrogen and the cardiovascular system. Pharmacology
& Therapeutics, 135(1), 54—70. https://doi.org/10.1016/j.pharmthera.2012.03.007

Kobzik, L., Reid, M. B., Bredt, D. S., & Stamler, J. S. (1994). Nitric oxide in skeletal muscle.
Nature, 372(6506), 546—548. https://doi.org/10.1038/372546a0

Kondo, K., Okuno, T., Eguchi, T., Yasui, T., Suzuki, H., Nagahama, S., & Saruta, T. (1980).
Vascular action of high dose estrogen in rats. Endocrinologia Japonica, 27(3), 307-313.
https://doi.org/10.1507/endocrj1954.27.307

Lantin-Hermoso, R. L., Rosenfeld, C. R., Yuhanna, I. S., German, Z., Chen, Z., & Shaul, P. W.
(1997). Estrogen acutely stimulates nitric oxide synthase activity in fetal pulmonary artery
endothelium. American Journal of Physiology-Lung Cellular and Molecular Physiology,
273(1). https://doi.org/10.1152/ajplung.1997.273.1.L119

Lash, J. M. (1998). Exercise training enhances adrenergic constriction and dilation in the rat
spinotrapezius muscle. Journal of Applied Physiology, 85(1), 168—174.
https://doi.org/10.1152/jappl.1998.85.1.168

Lauer, N., Suvorava, T., Ruther, U., Jacob, R., Meyer, W., Harrison, D., & Kojda, G. (2005).
Critical involvement of hydrogen peroxide in exercise-induced up-regulation of endothelial
NO synthase. Cardiovascular Research, 65(1), 254-262.
https://doi.org/10.1016/j.cardiores.2004.09.010

Laughlin, M. H., Welshons, W. v, Sturek, M., Rush, J. W. E., Turk, J. R., Taylor, J. A., Judy, B.
M., Henderson, K. K., & Ganjam, V. K. (2003). Gender, exercise training, and eNOS
expression in porcine skeletal muscle arteries. Journal of Applied Physiology, 95(1), 250—
264. https://doi.org/10.1152/japplphysiol.00061.2003

Lekontseva, O., Chakrabarti, S., Jiang, Y., Cheung, C. C., & Davidge, S. T. (2011). Role of
neuronal nitric-oxide synthase in estrogen-induced relaxation in rat resistance arteries. The
Journal of Pharmacology and Experimental Therapeutics, 339(2), 367-375.
https://doi.org/10.1124/jpet.111.183798

Lima-Cabello, E., Cuevas, M. J., Garatachea, N., Baldini, M., Almar, M., & Gonzalez-Gallego,
J. (2010). Eccentric exercise induces nitric oxide synthase expression through nuclear
factor-kB modulation in rat skeletal muscle. Journal of Applied Physiology, 108(3), 575—
583. https://doi.org/10.1152/japplphysiol.00816.2009

96



Limberg, J. K., Eldridge, M. W., Proctor, L. T., Sebranek, J. J., & Schrage, W. G. (2010). a-
Adrenergic control of blood flow during exercise: effect of sex and menstrual phase.
Journal of Applied Physiology, 109(5), 1360—1368.
https://doi.org/10.1152/japplphysiol.00518.2010

Loewy, A. D., & Spyer, K. M. (1990). Central regulation of autonomic functions. Oxford
University Press.
https://ebookcentral.proquest.com/lib/[SITE [D]/detail.action?docID=271144

Lott, M. E. J., Hogeman, C. S., Vickery, L., Kunselman, A. R., Sinoway, L. I., & MacLean, D.
A. (2001). Effects of dynamic exercise on mean blood velocity and muscle interstitial
metabolite responses in humans. American Journal of Physiology - Heart and Circulatory
Physiology, 281(4), 1734-1741. https://doi.org/10.1152/ajpheart.2001.281.4.H1734

Macefield, V. G., Wallin, B. G., & Vallbo, A. B. (1994). The discharge behaviour of single
vasoconstrictor motoneurones in human muscle nerves. The Journal of Physiology, 481(3),
799-809. https://doi.org/10.1113/jphysiol.1994.sp020482

Maeda, S., Miyauchi, T., Kakiyama, T., Sugawara, J., [emitsu, M., [rukayama-Tomobe, Y.,
Murakami, H., Kumagai, Y., Kuno, S., & Matsuda, M. (2001). Effects of exercise training
of 8 weeks and detraining on plasma levels of endothelium-derived factors, endothelin-1
and nitric oxide, in healthy young humans. Life Sciences, 69(9), 1005-1016.
https://doi.org/10.1016/s0024-3205(01)01192-4

Majmudar, N. G., Robson, S. C., & Ford, G. A. (2000). Effects of the menopause, gender, and
estrogen replacement therapy on vascular nitric oxide activity. The Journal of Clinical
Endocrinology and Metabolism, 85(4), 1577-1583. https://doi.org/10.1210/jcem.85.4.6530

Maxwell, A. J., Schauble, E., Bernstein, D., & Cooke, J. P. (1998). Limb blood flow during
exercise is dependent on nitric oxide. Circulation, 98(4), 369-374.
https://doi.org/10.1161/01.CIR.98.4.369

McAllister, R. M. (2003). Endothelium-dependent vasodilation in different rat hindlimb skeletal
muscles. Journal of Applied Physiology, 94(5), 1777-1784.
https://doi.org/10.1152/japplphysiol.00901.2002

McAllister, R. M., Jasperse, J. L., & Laughlin, M. H. (2005). Nonuniform effects of endurance
exercise training on vasodilation in rat skeletal muscle. Journal of Applied Physiology,

98(2), 753—761. https://doi.org/10.1152/japplphysiol.01263.2003

97



McAllister, R. M., & Laughlin, M. H. (1997). Short-term exercise training alters responses of
porcine femoral and brachial arteries. Journal of Applied Physiology, 82(5), 1438—1444.
https://doi.org/10.1152/jappl.1997.82.5.1438

McConell, G. K., Bradley, S. J., Stephens, T. J., Canny, B. J., Kingwell, B. A., & Lee-Young, R.
S. (2007). Skeletal muscle nNOSp protein content is increased by exercise training in
humans. American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology, 293(2), 821-828. https://doi.org/10.1152/ajpregu.00796.2006

Menazza, S., & Murphy, E. (2016). The Expanding Complexity of Estrogen Receptor Signaling
in the Cardiovascular System. Circulation Research, 118(6), 994-1007.
https://doi.org/10.1161/CIRCRESAHA.115.305376

Mendelsohn, M. E., & Karas, R. H. (1999). The protective effects of estrogen on the
cardiovascular system. The New England Journal of Medicine, 340(23), 1801-1811.
https://doi.org/10.1056/nejm199906103402306

Miller, V. M., & Duckles, S. P. (2008). Vascular Actions of Estrogens: Functional Implications.
Pharmacological Reviews, 60(2), 210-241. https://doi.org/10.1124/pr.107.08002

Miller, V. M., Garovic, V. D., Kantarci, K., Barnes, J. N., Jayachandran, M., Mielke, M. M.,
Joyner, M. J., Shuster, L. T., & Rocca, W. A. (2013). Sex-specific risk of cardiovascular
disease and cognitive decline: pregnancy and menopause. Biology of Sex Differences, 4(1),
6. https://doi.org/10.1186/2042-6410-4-6

Minson, C. T., Halliwill, J. R., Young, T. M., & Joyner, M. J. (2000). Influence of the menstrual
cycle on sympathetic activity, baroreflex sensitivity, and vascular transduction in young
women. Circulation, 101(8), 862—868. https://doi.org/10.1161/01.cir.101.8.862

Mizuno, M., Iwamoto, G. A., Vongpatanasin, W., Mitchell, J. H., & Smith, S. A. (2014).
Exercise training improves functional sympatholysis in spontaneously hypertensive rats
through a nitric oxide-dependent mechanism. American Journal of Physiology - Heart and
Circulatory Physiology, 307(2), H242—H251. https://doi.org/10.1152/ajpheart.00103.2014

Moore, D. J., Gonzales, J. U., Tucker, S. H., Elavsky, S., & Proctor, D. N. (2012). Exercise-
induced vasodilation is associated with menopause stage in healthy middle-aged women.
Applied Physiology, Nutrition, and Metabolism, 37(3), 418-424.
https://doi.org/10.1139/h2012-015

98



Mortensen, S. P., Markeberg, J., Thaning, P., Hellsten, Y., & Saltin, B. (2012). Two weeks of
muscle immobilization impairs functional sympatholysis but increases exercise hyperemia
and the vasodilatory responsiveness to infused ATP. American Journal of Physiology -
Heart and Circulatory Physiology, 302(10), 2074-2082.
https://doi.org/10.1152/ajpheart.01204.2011

Mortensen, S. P., Nyberg, M., Gliemann, L., Thaning, P., Saltin, B., & Hellsten, Y. (2014).
Exercise training modulates functional sympatholysis and a-adrenergic vasoconstrictor
responsiveness in hypertensive and normotensive individuals. The Journal of Physiology,
592(14), 3063-3073. https://doi.org/10.1113/jphysiol.2014.273722

Mortensen, S. P., Nyberg, M., Winding, K., & Saltin, B. (2012). Lifelong physical activity
preserves functional sympatholysis and purinergic signalling in the ageing human leg.
Journal of Physiology, 590(23). https://doi.org/10.1113/jphysiol.2012.240093

Mueller, P. J., Clifford, P. S., Crandall, C. G., Smith, S. A., & Fadel, P. J. (2011). Integration of
central and peripheral regulation of the circulation during exercise: Acute and chronic
adaptations (Vol. 8, Issue 1). John Wiley & Sons, Inc.
https://doi.org/10.1002/cphy.c160040

Nakane, M., Schmidt, H. H. H. W., Pollock, J. S., Forstermann, U., & Murad, F. (1993). Cloned
human brain nitric oxide synthase is highly expressed in skeletal muscle. FEBS Letters,
316(2), 175-180. https://doi.org/10.1016/0014-5793(93)81210-Q

Narkiewicz, K., Phillips, B. G., Kato, M., Hering, D., Bieniaszewski, L., & Somers, V. K.
(2005). Gender-selective interaction between aging, blood pressure, and sympathetic nerve
activity. Hypertension, 45(4), 522-525.
https://doi.org/10.1161/01.HYP.0000160318.46725.46

Ng, A. v, Callister, R., Johnson, D. G., & Seals, D. R. (1993). Age and gender influence muscle
sympathetic nerve activity at rest in healthy humans. Hypertension, 21(4), 498-503.
https://doi.org/10.1161/01.hyp.21.4.498

Nielsen, M. S. (2015). Sympathetic vasoconstriction takes an unexpected pannexin detour.
Science Signaling, 8(364), fs4. https://doi.org/10.1126/scisignal.aaa7312

Nyberg, M., Blackwell, J. R., Damsgaard, R., Jones, A. M., Hellsten, Y., & Mortensen, S. P.

(2012). Lifelong physical activity prevents an age-related reduction in arterial and skeletal

99



muscle nitric oxide bioavailability in humans. Journal of Physiology, 590(21).
https://doi.org/10.1113/jphysiol.2012.239053

O’Leary, D. S., Robinson, E. D., & Butler, J. L. (1997). Is active skeletal muscle functionally
vasoconstricted during dynamic exercise in conscious dogs? American Journal of
Physiology - Regulatory, Integrative and Comparative Physiology, 272(1), 386-391.
https://doi.org/10.1152/ajpregu.1997.272.1.R386

Pelligrino, D., Santizo, R., Baughman, V., & Wang, Q. (1998). Cerebral vasodilating capacity
during forebrain ischemia: effects of chronic estrogen depletion and repletion and the role
of neuronal nitric oxide synthase. Neuroreport, 9(14), 3285-3291.
https://doi.org/10.1097/00001756-199810050-00026

Perez, A., de Oliveira, C., Prieto, J., Ferrando, A., Vila, L., & Alvarez, A. (2002). Quantitative
assessment of nitric oxide in rat skeletal muscle and plasma after exercise. European
Journal of Applied Physiology, 88(1), 189—191. https://doi.org/10.1007/s00421-002-0693-2

Proctor, D. N., Koch, D. W., Newcomer, S. C., Le, K. U., & Leuenberger, U. A. (2003).
Impaired leg vasodilation during dynamic exercise in healthy older women. Journal of
Applied Physiology, 95(5), 1963—1970. https://doi.org/10.1152/japplphysiol.00472.2003

Rédegran, G., & Calbet, J. A. L. (2001). Role of adenosine in exercise-induced human skeletal
muscle vasodilatation. Acta Physiologica Scandinavica, 171(2), 177—-185.
https://doi.org/10.1046/j.1365-201x.2001.00796.x

Ray, C. A. (1999). Sympathetic adaptations to one-legged training. Journal of Applied
Physiology, 86(5), 1583—1587. https://doi.org/10.1152/jappl.1999.86.5.1583

Reid, M. B. (1998). Role of nitric oxide in skeletal muscle: synthesis, distribution and functional
importance. Acta Physiologica Scandinavica, 162(3), 401-409.
https://doi.org/10.1046/j.1365-201X.1998.0303f.x

Remensnyder, J. P., Mitchell, J. H., & Sarnoff, S. J. (1962). Functional sympatholysis during
muscular activity: Observations on influence of carotid sinus on oxygen uptake. Circulation
Research, 11(3), 370-380. https://doi.org/10.1161/01.RES.11.3.370

Robinson, A. T., Babcock, M. C., Watso, J. C., Brian, M. S., Migdal, K. U., Wenner, M. M., &
Farquhar, W. B. (2019). Relation between resting sympathetic outflow and vasoconstrictor

responses to sympathetic nerve bursts: sex differences in healthy young adults. American

100



Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 316(5), R463—
R471. https://doi.org/10.1152/ajpregu.00305.2018

Rosselli, M., Imthurn, B., Keller, P. J., Jackson, E. K., & Dubey, R. K. (1995). Circulating nitric
oxide (nitrite/nitrate) levels in postmenopausal women substituted with 173-estradiol and
norethisterone acetate: A two-year follow-up study. Hypertension, 25(4 Pt 2), 848—853.
https://doi.org/10.1161/01.hyp.25.4.848

Rubanyi, G. M., Romero, J. C., & Vanhoutte, P. M. (1986). Flow-induced release of
endothelium-derived relaxing factor. American Journal of Physiology - Heart and
Circulatory Physiology, 250(6), H1145-H1149.
https://doi.org/10.1152/ajpheart.1986.250.6.H1145

Ruble, S. B., Valic, Z., Buckwalter, J. B., & Clifford, P. S. (2000). Dynamic exercise attenuates
sympathetic responsiveness of canine vascular smooth muscle. Journal of Applied
Physiology, 89(6), 2294-2299. https://doi.org/10.1152/jappl.2000.89.6.2294

Ruble, S. B., Valic, Z., Buckwalter, J. B., Tschakovsky, M. E., & Clifford, P. S. (2002).
Attenuated vascular responsiveness to noradrenaline release during dynamic exercise in
dogs. The Journal of Physiology, 541(2), 637—644.
https://doi.org/10.1113/jphysiol.2001.014738

Saltin, B. (1985). Hemodynamic adaptations to exercise. The American Journal of Cardiology,
55(10), D42-D47. https://doi.org/10.1016/0002-9149(85)91054-9

Saltin, B., & Mortensen, S. P. (2012). Inefficient functional sympatholysis is an overlooked
cause of malperfusion in contracting skeletal muscle. The Journal of Physiology, 590(24),
6269-6275. https://doi.org/10.1113/jphysiol.2012.241026

Saltin, B., Radegran, G., Koskolou, M. D., & Roach, R. C. (1998). Skeletal muscle blood flow in
humans and its regulation during exercise. Acta Physiologica Scandinavica, 162(3), 421—
436. https://doi.org/10.1046/j.1365-201X.1998.0293e.x

Sasser, J. M., Brinson, K. N., Tipton, A. J., Crislip, G. R., & Sullivan, J. C. (2015). Blood
pressure, sex, and female sex hormones influence renal inner medullary nitric oxide
synthase activity and expression in spontaneously hypertensive rats. Journal of the

American Heart Association, 4(4). https://doi.org/10.1161/jaha.114.001738

101



Secher, N. H., Clausen, J. P., Klausen, K., Noer, 1., & Trap-Jensen, J. (1977). Central and
regional circulatory effects of adding arm exercise to leg exercise. Acta Physiologica
Scandinavica, 100(3), 288-297. https://doi.org/10.1111/j.1748-1716.1977.tb05952.x

Shan, J., Resnick, L. M., Liu, Q. Y., Wu, X. C., Barbagallo, M., & Pang, P. K. (1994). Vascular
effects of 17 beta-estradiol in male Sprague-Dawley rats. American Journal of Physiology -
Heart and Circulatory Physiology, 266(3), H967-H973.
https://doi.org/10.1152/ajpheart.1994.266.3.H967

Sinoway, L., Shenberger, J., Leaman, G., Zelis, R., Gray, K., Baily, R., & Leuenberger, U.
(1996). Forearm training attenuates sympathetic responses to prolonged rhythmic forearm
exercise. Journal of Applied Physiology, 81(4), 1778—1784.
https://doi.org/10.1152/jappl.1996.81.4.1778

Somers, V. K., Leo, K. C., Shields, R., Clary, M., & Mark, A. L. (1992). Forearm endurance
training attenuates sympathetic nerve response to isometric handgrip in normal humans.
Journal of Applied Physiology, 72(3), 1039-1043.
https://doi.org/10.1152/jappl.1992.72.3.1039

Song, W., Kwak, H.-B., Kim, J.-H., & Lawler, J. M. (2009). Exercise training modulates the
nitric oxide synthase profile in skeletal muscle from old rats. The Journals of Gerontology
Series A: Biological Sciences and Medical Sciences, 64A(5), 540-549.
https://doi.org/10.1093/gerona/glp021

Sothmann, M. S., Buckworth, J., Claytor, R. P., Cox, R. H., White-Welkley, J. E., & Dishman,
R. K. (1996). Exercise training and the cross-stressor adaptation hypothesis. Exercise and
Sport Sciences Reviews, 24, 267-288. https://doi.org/10.1249/00003677-199600240-00011

Spier, S. A., Delp, M. D., Meininger, C. J., Donato, A. J., Ramsey, M. W., & Muller-Delp, J. M.
(2004). Effects of ageing and exercise training on endothelium-dependent vasodilatation
and structure of rat skeletal muscle arterioles. The Journal of Physiology, 556(3), 947-958.
https://doi.org/10.1113/jphysiol.2003.060301

Spier, S. A., Laughlin, M. H., & Delp, M. D. (1999). Effects of acute and chronic exercise on
vasoconstrictor responsiveness of rat abdominal aorta. Journal of Applied Physiology,
87(5), 1752—1757. https://doi.org/10.1152/jappl.1999.87.5.1752

Stamler, J. S., & Meissner, G. (2001). Physiology of Nitric Oxide in Skeletal Muscle.
Physiological Reviews, 81(1), 209-237. https://doi.org/10.1152/physrev.2001.81.1.209

102



Sudhir, K., Esler, M. D., Jennings, G. L., & Komesaroff, P. A. (1997). Estrogen Supplementation
Decreases Norepinephrine-Induced Vasoconstriction and Total Body Norepinephrine
Spillover in Perimenopausal Women. Hypertension, 30(6), 1538—1543.
https://doi.org/10.1161/01.HYP.30.6.1538

Sudhir, K., Jennings, G. L., Funder, J. W., & Komesaroff, P. A. (1996). Estrogen enhances basal
nitric oxide release in the forearm vasculature in perimenopausal women. Hypertension,
28(3), 330-334. https://doi.org/10.1161/01.hyp.28.3.330

Sun, D., Huang, A., Koller, A., & Kaley, G. (1994). Short-term daily exercise activity enhances
endothelial NO synthesis in skeletal muscle arterioles of rats. Journal of Applied
Physiology, 76(5), 2241-2247. https://doi.org/10.1152/jappl.1994.76.5.2241

Tateishi, J., & Faber, J. E. (1995). ATP-sensitive K+ channels mediate a2D-adrenergic receptor
contraction of arteriolar smooth muscle and reversal of contraction by hypoxia. Circulation
Research, 76(1), 53-63. https://doi.org/10.1161/01.RES.76.1.53

Thijssen, D. H. J., Maiorana, A. J., O’Driscoll, G., Cable, N. T., Hopman, M. T. E., & Green, D.
J. (2009). Impact of inactivity and exercise on the vasculature in humans. European Journal
of Applied Physiology, 108(5), 845—875. https://doi.org/10.1007/s00421-009-1260-x

Thomas, G. D. (2011). Neural control of the circulation. Advances in Physiology Education,
35(1), 28-32. https://doi.org/10.1152/advan.00114.2010

Thomas, G. D., Hansen, J., & Victor, R. G. (1994). Inhibition of alpha 2-adrenergic
vasoconstriction during contraction of glycolytic, not oxidative, rat hindlimb muscle.
American Journal of Physiology - Heart and Circulatory Physiology, 266(3), H920-H929.
https://doi.org/10.1152/ajpheart.1994.266.3.H920

Thomas, G. D., Hansen, J., & Victor, R. G. (1997). ATP-sensitive potassium channels mediate
contraction-induced attenuation of sympathetic vasoconstriction in rat skeletal muscle. 7he
Journal of Clinical Investigation, 99(11), 2602-2609. https://doi.org/10.1172/JCI119448

Thomas, G. D., & Segal, S. S. (2004). Neural control of muscle blood flow during exercise.
Journal of Applied Physiology, 97(2), 731-738.
https://doi.org/10.1152/japplphysiol.00076.2004

Thomas, G. D., & Victor, R. G. (1998). Nitric oxide mediates contraction-induced attenuation of

sympathetic vasoconstriction in rat skeletal muscle. The Journal of Physiology, 506(3),

817-826. https://doi.org/10.1111/1.1469-7793.1998.817bv.x

103



Vongpatanasin, W., Tuncel, M., Mansour, Y., Arbique, D., & Victor, R. G. (2001). Transdermal
estrogen replacement therapy decreases sympathetic activity in postmenopausal women.
Circulation, 103(24), 2903-2908. https://doi.org/10.1161/01.cir.103.24.2903

Weiner, C. P., Knowles, R. G., & Moncada, S. (1994). Induction of nitric oxide synthases early
in pregnancy. American Journal of Obstetrics and Gynecology, 171(3), 838—843.
https://doi.org/10.1016/0002-9378(94)90108-2

Weiner, C. P., Lizasoain, 1., Baylis, S. A., Knowles, R. G., Charles, 1. G., & Moncada, S. (1994).
Induction of calcium-dependent nitric oxide synthases by sex hormones. Proceedings of the
National Academy of Sciences, 91(11), 5212-5216. https://doi.org/10.1073/pnas.91.11.5212

Wenner, M. M., Greaney, J. L., Matthews, E. L., McGinty, S., Kaur, J., Vongpatanasin, W., &
Fadel, P. J. (2021). Influence of Age and Estradiol on Sympathetic Nerve Activity
Responses to Exercise in Women. Medicine & Science in Sports & Exercise.
https://doi.org/10.1249/MSS.0000000000002823

Wiegman, D. L., Harris, P. D., Joshua, 1. G., & Miller, F. N. (1981). Decreased vascular
sensitivity to norepinephrine following exercise training. Journal of Applied Physiology,
51(2), 282-287. https://doi.org/10.1152/jappl.1981.51.2.282

Winder, W. W., Hagberg, J. M., Hickson, R. C., Ehsani, A. A., & McLane, J. A. (1978). Time
course of sympathoadrenal adaptation to endurance exercise training in man. Journal of
Applied Physiology, 45(3), 370-374. https://doi.org/10.1152/jappl.1978.45.3.370

Yen, C.-H., & Lau, Y.-T. (2004). 17B-Oestradiol enhances aortic endothelium function and
smooth muscle contraction in male spontaneously hypertensive rats. Clinical Science,
106(5), 541-546. https://doi.org/10.1042/CS20030334

Zhang, Y., & Davidge, S. T. (1999). Effect of Estrogen Replacement on Vasoconstrictor
Responses in Rat Mesenteric Arteries. Hypertension, 34(5), 1117-1122.
https://doi.org/10.1161/01.HYP.34.5.1117

104



