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The importance of physical activity is well estahkd as a means to maintain
good health. However, under certain conditionsiarsbme individuals, heavy exercise
leads to catastrophic failure of the cardiovascsyatem. This is especially true during
early recovery from exercise. This may be dueart fp an improper response of the
autonomic nervous system; that is, an imbalant¢beofympathetic and parasympathetic
nervous systems. The purpose of the investigapoesented in this dissertation was to:
i) re-evaluate the commonly accepted model of autoa influence on control of heart
rate during exercise; ii) study the effects of poston recovery from heavy exercise; and
iii) determine the effect of muscle pump activity cardiorespiratory control of the
cardiovascular system during the transition froitivado inactive recovery following
heavy dynamic two legged cycling. In the firstestigation we examined previously
reported and newly collected data and determirffateebalance exists between the
sympathetic and parasympathetic nervous systermsghout all intensities of exercise.
Our conclusions led to the development of a newehoflautonomic balance during
exercise. Inthe second investigation we conclutlatiunloading of the
cardiopulmonary baroreceptors by upright postugaicantly increases baroreflex
control of heart rate during rest and during recgp¥®m heavy dynamic leg cycling
exercise. We also show that steady-state bloagkpre and the baroreflex control of

blood pressure is not significantly different basedorthostatic posture before or after



exercise. In the third investigation we conclutieat loading of the cardiopulmonary
baroreceptors by muscle pump activity during acteavery from heavy exercise
diminishes the respiratory induced changes in oaedicular function observed during
inactive recovery. Overall, these investigatioighlght the importance of the
autonomic nervous system during exercise and dueogvery from heavy exercise.
Collectively, these conclusions should influence diecision making process regarding
mode of recovery from heavy exercise, especialbniriat risk” population, because

recovery is the time when most adverse eventspkice.
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CHAPTERI

Introduction to the Study

A question which has yet to be answered by integrgthysiologists is, “How are the
cardiovascular changes during dynamic exerciseatigunodulated?” Many published reviews
outline the current body of research in the fi&ad\yell, 1974, 1980; Ludbrook, 1983; Mitchell,
1990; Rowell & O'Leary, 1990; Rowell, 1991; ZucleGilmore, 1991; Mitchell, 2012; Raven,
2012), but to date, the exact answer to this fureddail question has not been determined. This
chapter will identify the need for continued resdaand development of unique approaches to

the study of cardiovascular regulation during eiserc

In 1841 Volkmann (Volkmann, 1841) suggested thegmee of a latent afferent neural
signal emanating from the contracting skeletal feugwat increased heart rate (HR). This
finding was followed by Johannson in 1893 (Johans$893) in which he identified a
simultaneous increase in the rabbit’s HR at thebatmuscle contraction indicating an efferent
neural signal arising from within the brain. Howgvewas not until the early work of Krogh
and Lindhard using human subjects, measuring HRcardlac output (Q), during 1913 and
1917 (Krogh & Lindhard, 1913, 1917), along with therk of Alam and Smirk (Alam & Smirk,
1937) measuring auscultatory blood pressures desiegcise and with post-exercise muscle
ischemia (PEMI), that two distinct major neural tohmechanisms were identified. The two

neural mechanisms are currently named: i.) ‘Ce@mhmand’ (CC), which is identified as



neural signals starting in the motor cortex feedorgvard via neural pathways, not fully
identified, to integrate with peripheral neuralutp within the nucleus tractus solitarius (NTS) to
provide autonomic efferent signals to the heartlandd vessels (Mitchell, 1985, 1990; Raven,
2012); and ii.) the ‘Exercise Pressor Reflex’ (ERRjch involves afferent neural signals arising
from the exercising skeletal muscle (Mitchetlal, 1983; Secher & Amann, 2012), that integrate
within the NTS with CC and other peripheral inprasulting in efferent neural signals to the
heart and the peripheral blood vessels (Raven,)20bh2 EPR is stimulated by an error signal
resulting from the buildup of metabolites withiretactive muscle and also by contractions of the
musculature, metabo- and mechano-reflexes, regpbc{Kaufmanet al, 1983; Mitchellet al,

1983; Kaufmaret al, 1984).

Additionally, two peripheral neural inputs to th& 8l have been identified and confirmed
to contribute to the exercise-induced cardiovasaelsponses. Both are feedback mechanisms,
one that monitors arterial blood pressure (ABP) thiedother that monitors central blood volume
(CBV), or cardiac filling volume (Fadel & Raven, 2¥). On the high pressure side of the
cardiovascular system the aortic and carotid altbaroreceptors (ABs) are anatomically
positioned to sense both the arterial pressureeo$ystemic circulation and the cerebral
circulation. Increases in ABP increase the transimnessure of the ABs and activate the
mechanoreceptors within the wall of the ABs sendingncreased afferent signal to the NTS.
This afferent signal is compared to a centrallplelsthed “set point” within the cardiovascular
center and results in reflex neural efferent sighaldecrease Q and vasodilate the peripheral
blood vessels. Decreases in ABP eliciting a deer@athe transmural pressure of the ABs result
in reduced afferent signals to the NTS and reffexdases in Q and peripheral vasoconstriction

(Heesch, 1999).



On the low pressure side, the cardiopulmonary leflexr (CPBR) has been shown to
regulate changes in blood pressure and sympathate activity (Fadel & Raven, 2012). The
CPBR may act as a brake on the CC and EPR indaceekises in the operating point of the
arterial baroreflex. Increases in central bloobine whether from orthostatic changes (Sreith
al., 1987), lower body positive pressure (8hal, 1993) or muscle pump activity (Sprangets
al., 1991) decrease the response range of the attarialeflex and also decreases the magnitude
of resetting of the operating point for a given krate; e.g. pedal frequency changes (Ogbh
al., 2007) or arm+leg cycling (Volianitist al, 2004). All of these inputs must be integrated an
the output modulated during exercise to allow Far appropriate hemodynamic changes to
occur. However, the fundamental question remairte ashat influences the control of

hemodynamics during exercise?”

Figure 1

Central Command

Exercise Pressor Reflex

s

Arterial Baroreflex

Cardio-Pulmonary
Baroreflex




Crucial to controlling cardiac output and systebimod pressure is the autonomic
nervous system. A fine balance between sympathetiwus activity (SNA) and
parasympathetic nervous activity (PSNA) is esskfaramaintaining hemodynamic
homeostasis. This balance needs to adapt to éseqrdemands of the body; e.g. fear,
hemorrhage, exercise. Each of these conditioaissehn increase in SNA and a decrease in
PSNA which collectively attempt to increase cardatput, venous return and blood pressure.
In the case of fear, an emotional limbic responsged SNA and causes the hemodynamic
response. With hemorrhage, a decrease in theeaffering of the baroreflexes, arterial and
cardiopulmonary, and a lack of flow through thenags increases SNA. But, recreational
exercise does not involve fear or major loss obdjand actually depending on the mode of
exercise, may increase afferent firing from theobaceptors due to muscle pump activity, as in
dynamic leg cycling increasing venous return, CBVand BP. This increase in afferent firing
should logically cause a decrease in SNA to thettaea blood vessels. Impaired autonomic
control of SNA leads to poor prognosis in cardi@dar morbidities such as hypertension, left
ventricular hypertrophy, chronic heart failure, wbstive sleep apnea, diabetes, obesity and
normal aging (Narkiewicet al, 1998; Zuckeet al, 2001; Nightingalest al, 2003; Monahaet

al., 2004; Osborret al, 2005; Xueet al, 2005; Paton & Waki, 2009).

Recent reports have shown that low workload dynayiting causes decreases in SNA,
but in contrast, increased workloads elicit inceeBSNA during dynamic leg cycling exercise
(Saitoet al, 1993; Ichinoset al, 2008). This follows the concept of baroreflegatting, in

which the reflexive responses establish an opeyamint to reflect the increased ‘set point'.

Yet to be elucidated in the literature are the akcardiovascular responses during early

recovery from exercise, when the baroreflexes shbalreturning to resting set points.

4



Specifically, recovery HR following prolonged dyni@nexercise is a topic not fully clarified in
the literature (Coote, 2010). It is mostly agreedn that an increase in parasympathetic activity
following the cessation of exercise contributesmst of the initial decrease in HR followed by
the slower decrease in sympatho-adrenal activigntally ending in HR returning to resting
values (Kannankeril & Goldberger, 2002; Kannanketrial, 2004; Pierpont & Voth, 2004,

Coote, 2010), though conflicting reports state mofieence of sympathetic withdrawal in early
recovery (Saviret al, 1982). The contribution of afferent neural sigriaas not been fully
explored in humans. This is important because oreggrecovery HR has become more
evident to clinicians in recent years as a predictduture pathogenesis (Code al, 1999; Buch

et al, 2002).

Exercise induced hypertension (EIHt) &la® been correlated with the future onset of
essential hypertension and is suggested as a rakaady detection of essential hypertension
(Manolio et al, 1994; Matthewt al, 1998; Miyaiet al, 2002; Pescatellet al, 2004). Mayai
et al. (Miyaiet al, 2002) found that a disproportionate BP respoosxeércise of a resting
normotensive individual indicated a threefold highek of developing hypertension within 5
years and Manolio et al. (Manoled al, 1994) reported that among 18 to 30 year olds, an
exaggerated BP response to exercise held a 1.@tegti&kelihood of developing hypertension
within 5 years. Retrospective studies by Matthetna.Matthewset al, 1998) of graded
exercise data collected between 1971 and 1982ifigeinth a 1986 follow up questionnaire that
those individuals that reported physician diagndsgzkertension were more likely to have had
EIHt in the graded exercise test. Another impédgpredictor of future hypertension is the
maintenance of elevated blood pressure well dfieeend of exercise (Davidadt al, 1982;

Singhet al, 1999). The American College of Sports Medicihentifies that an abnormal or



exaggerated response of BP to exercise contriboité® prediction of the future onset of
hypertension (Pescatelét al, 2004). However, the exact mechanism for exericidaeed

hypertension remains obscure (Ogastal, 2009).

Due to the questions raised and the limited infaionan the literature, this dissertation
is focused on the autonomic control of the cardsoudar system during exercise; specifically on

the influence of sympathetic nerve activity andtooinduring early recovery.

Related literature

Anatomy of the Autonomic Nervous System

Arterial baroreceptors are mechano-receptors Idaatéhe carotid sinuses and aortic
arch (Kirchheim, 1976). They are the anatomicaitstg point of the negative feedback system
for control of arterial pressure. The increaseggsressure within the carotid sinuses or aortic arch
increase afferent firing via cranial nerve IX (CNIxhd cranial nerve X (CNX), respectively.
The increase in afferent nerve traffic is integdatgthin the nucleus tractus solitarius (Korner,
1971, Calareset al, 1975). Excitatory interneural signals are themnt $o the nucleus
ambiguous (NA) and the caudal ventrolateral med@MLM). Parasympathetic efferent neural
signals exit the NA and travel through CNX and ggewith post ganglionic fibers within the
ganglionated plexuses of the heart (Armeual, 1998). Signals exciting the CVLM cause the
release of gamma aminobutyric acid (GABA) ontortberal ventrolateral medulla (RVLM)
causing inhibition of sympathetic outflow. Sympeatib pre-ganglionic fibers project from the
RVLM through the intermediallateral column of th@ree and synapse with the post ganglionic

neurons at sympathetic ganglia (Potts, 2002).

Aortic and Carotid Baroreflexes



The arterial baroreflex (ABR) was originally deded by Marey in 1863 as an inverse
relationship in heart rate to changes in bloodsaress(Marey, 1863). The identification of this
inverse relationship resulted in one and a halfurés of investigations into the anatomy, neural
control and function of the arterial baroreflex ¢8haret al, 1941; Heymans, 1958; Mancia &
Mark, 1983). Increases and decreases in bloodgymesause conformational changes in the
carotid and aortic baroreceptors engaging and gagng the vessel wall's mechanoreceptors,
respectively, producing the afferent signals. Thedgerent neural signals integrate at the NTS
with CC, EPR and CPBR afferent inputs (Aicher & Riah, 1990) and after integration and
comparison with the central ‘set point’ resultappropriate reflexive autonomic efferent neural
activity. Anincrease in carotid sinus or aortardreceptor transmural pressure causes an
increase in afferent neural activity resulting miacrease in PSNA and a decrease in SNA to the
heart. The overall result is a decrease in camligiout due to decreased heart rate and also a
decrease in systemic vascular resistance by regisgmpathetically mediated vasoconstriction
of the peripheral blood vessels, disfacilitatiortted vascular tone. Alternatively, a decrease in
afferent firing from the mechanoreceptors of thetd and aortic baroreceptors caused by a
decrease in blood pressure causes an increasedccantbut and increased vascular resistance.
The arterial baroreflex is the body’s first linedd#fense against changes in systemic pressure due
to orthostasis, hemorrhage, exercise and othesymegltering stimuli, but the arterial baroreflex

does not operate alone.

Cardiopulmonary baroreflex

The CPBR has been shown to regulate changes id pl@ssure and SNA (Sét al,
1993; Charkoudiaet al, 2004; Fadel & Raven, 2012). The CPBR is a slawsponding

system as opposed to the beat-to-beat responsies ABR. The CP baroreceptors are located in



the right heart, the great veins and also in tbedWVessels of the lungs (Mark & Mancia, 1983;
Hainsworth, 1991; Ray & Saito, 1999). It is genlgratcepted that the CPBR adapts the
autonomic control of hemodynamics to the steady SEBV within the great veins and lungs.
Central blood volume, whether from orthostatic dem(Smithet al, 1987), lower body

positive pressure (Slkeit al, 1993) or muscle pump activity (Sprangetsl, 1991) decreases the
response range of the arterial baroreflex andddsoeases the magnitude of resetting of the
operating point for a given exercise work rate; paglal frequency changes (Ogsthal, 2007)

or arm/leg cycling (Volianitit al, 2004). The combination of the CPBR and ABR mgk¢he

negative feedback loop of blood pressure control.

Central Command

Originally proposed in 1886, cortical irradiatiogm®jecting from the motor cortex area of
the brain into the cardiovascular control centei@éed simultaneous parallel activation of the
cardiovascular system with muscular activationyltesy in increases in blood pressure and
heart rate at the onset of exercise (Zuntz & Gdph886; Johansson, 1893; Krogh & Lindhard,
1913). This has since been termed “central comin@wabdwinet al, 1972). The magnitude
of the effect of central command is largely dughi® perception of effort of the individual
performing the task (Mitchell, 1990), therefore,mnperceived effort equals greater increases in
blood pressure and MSNA. Central command is tihmagyy feed-forward mechanism in
cardiovascular control during exercise and is timbug be involved in anticipatory stimulation

of the cardiovascular system before exercise dig#iiamson, 2010).



Exercise Pressor Reflex

In 1937 Alam and Smirk reported that muscle isclagpnoduced by inflating a blood
pressure (BP) cuff around the upper arm and reduaiterial blood flow into the forearm
increased the blood pressure response to handgeipige and that the blood pressure remained
elevated post-exercise until the BP cuff was deflatnd the muscle ischemia removed (Alam &
Smirk, 1937). Similar results have been reportét dynamic leg cycling (Rowekt al, 1976).
Subsequent investigations (Mitchetlal, 1983; Secher & Amann, 2012) repeated these fgsdin
and recorded reflex heart rate and blood presssmonses identifying the presence of an
exercise pressor reflex (EPR). Two sensory mechenigve been determined to be involved in
the EPR, one which is stimulated by an error sigasililting from the buildup of metabolites
within the active muscle and the other by contaagiof the musculature, metabo- and mechano-
reflexes, respectively (Kaufmaat al, 1983; Mitchellet al, 1983; Kaufmaret al, 1984,

Kaufman, 2012). An increase in MSNA has also hdentified that the mediator of this blood
pressure raising reflex (Magt al, 1985). The increase in MSNA and the subsequenated
blood pressure are returned to baseline aftereflease of the ischemia. Importantly, there is no
maintenance of elevated HR after the cessatiomarcese (Alam & Smirk, 1938) with muscle
ischemia. O’Leary (O'Leary, 1993) proposed thagal withdrawal” was terminated at the end
of exercise but Fisher (Fishet al, 2010) reported that even with parasympathetickalde,
exercising heart rate is not maintained after egerduring muscle ischemia. Potts proposed
that the exercise pressor reflex afferents synagsedtly on the RVLM (Potts, 2006) which
would explain the lack of heart rate maintenancgtqeaercise. This has since been
substantiated by Kaufman (Kaufman, 2012) in animdlse EPR induced increase in central

sympathetic outflow is important for the shuntirfdotmod away from the non-working muscle



and splanchnic circulation. The EPR plays an ingodrtole in providing negative feedback to

the NTS in modulating the hemodynamic control &f tirculation during exercise.

Integration of baroreflex control during exercise

At the onset of dynamic exercise, there is a lp@fod of time during which diastolic
arterial pressure (DAP) and MSNA decrease, probablg result of the muscle pump increasing
venous return and loading the CPBR (8hal, 1993; Charkoudiast al, 2004). After this brief
decrease in DAP the blood pressure quickly elevatdsthere is (using logic applicable to
resting conditions) an atypical tachycardia andseghent increase in cardiac output. This is the
phenomenon of baroreflex resetting. It was lorapght that the baroreflexes were “turned off”
during exercise because of the lack of the reflaxiycardia associated with the resting
baroreflex (Pickeringt al, 1972; Manciat al, 1978). This was difficult to corroborate or
disprove because common techniques used to assessflex function usually measured heart
rate responses during drug induced changes in lgessure (Smytht al, 1969). It has since
been discovered that the reason for the lack @&aatinate change during high intensities of
exercise when a hypotensive drug is given is theabperating point of the arterial baroreflex has
moved to a point of lesser gain and, therefores cha¢ respond with the same magnitude of
tachycardia as in resting conditions. With theization of the neck pressure/ neck suction
(NP/NS) technique during progressive increaseseiady-state dynamic exercise intensity, Potts
et al. (Pottset al, 1993; Fadel & Raven, 2012) found that both hesiet and blood pressure
reflexes are reset to higher operating point pressrhe reset operating point pressures are
linearly associated with increases in exercisensitg. In addition, the maximum baroreflex

sensitivity (max gain) carotid-vasomotor reflex ened unchanged (Pots al, 1993).
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Other techniques of analyzing baroreflex sensytigtnsist of computer data acquisition
of beat-to-beat HR and ABP to determine a spontasbaroreflex gain from the linear
relationship between three heart beats and bloeskpres (Bertinieet al, 1985; lellamaet al,
1997) and/or the linear dynamic analysis of thedfar function between the power spectral
densities of the HRs and BPs (Zhatal, 2001).These analyses were examined by Ogoh et al.
(Ogohet al, 2005) and compared to the NP/NS data obtainsteatly-state HRs at rest, and at
exercise HRs of 90, 120 and 150 beats/min. Thdtsestithese comparisons identified that the
spontaneous baroreflex and transfer function gaatyaes only identified the gains of the HR
reflex at the operating point pressure and confitthat the carotid-HR reflex was relocated to a

point of lesser gain on the carotid baroreflex fiorccurve as the exercise intensity increased.

All four of the neural mechanisms (ABR, CPBR, ERRd CC) work concurrently
during exercise to regulate sympathetic and parpaymetic efferent nerve activity to the heart
and blood vessels (Fadel & Raven, 2012). Integmnati the neural signals within the NTS has
to be modified to enable changes in reflex functibltowever, the signaling mechanism involved
in the intensity related resetting of the artelbatoreflex is unknown. Furthermore, cases have
been made that indicate that resetting of theiattearoreceptors and/or resetting of the neural
arc (NTS-CVLM-RVLM) in the hindbrain may occur. ReWwsuggested that with sustained
increases in pressure, the visoelastic fiberserctrotid sinus would eventually relax causing
the receptor to reset (Rowell, 1993). Rowell algggested that stretch activated sodium
channels could depolarize the receptors which wiovleér afferent firing at elevated pressures
and reset the baroreflex (Rowell, 1993). Howeirecontrast to a peripheral resetting at the
baroreceptors, Tan et al. (Tahal, 1989) reported a central mechanism of resettirgpnscious

dogs where one isolated carotid sinus was trainddfge contralateral was stimulated. The result
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was a resetting of the non-stimulus trained baeptr. This finding, because at the onset of
dynamic exercise HR and BP increase in parall@pstis the hypothesis that the exercise

related arterial baroreflex resetting has a cewtigin.

Our model proposes that the interaction of allafierent inputs converging at the NTS
enables resetting. Information from the ABRs drel@PBR may act as a brake on the CC and
EPR induced increases in the operating point oattexial baroreflex, thereby, limiting the

reflex curve from resetting to a hypertensive point

Control during Recovery

An active area of research is the neural contrabofliovascular function during
recovery from exercise. Prior to the 1950s, recpiHRs following many types of standardized
exercise stress tests were used to provide assatssaie€ardiovascular fitness. Early examples
of using recovery HRs for estimating an individsatardiovascular fithess was the Harvard Step
Test (Gallagher & Brouha, 1943) and another fonesing clinical risk of heart disease was the
Master’s two-step (Master, 1950). Subsequentlyh wWie introduction of exercise stress testing
that utilized bicycle ergometers and motor driveadmills and continuous electrocardiogram
(ECG) recordings during the testing, the fitnessdmtions and cardiovascular risk estimates
from recovery HRs had fallen into abeyance. Mooendly, the need for an understanding of
cardiovascular control during recovery has beeumvesjated, due in part to the realization that
measuring recovery HR has become more evidentrtizieins in recent years as a predictor of

future pathogenesis (Coét al, 1999; Buchet al, 2002).

The neural regulatory mechanisms involved at treebaf exercise and during HR

recovery have recently been reviewed by Coote &@&110). Our understanding of the neural
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mechanisms involved in downward resetting of theral baroreflex during reduced workload,
cessation of work and recovery from exercise isyéwer, still incomplete. One investigation
into the changes in HR and MAP that occur durirapvery identified that the mode of recovery
(inactive, active or passive) plays a significalernn the maintenance of cardiac output and
mean arterial pressure following short durationi(Bmpright submaximal cycling exercise
(Carteret al, 1999). Furthermore, the authors indicated theit thata suggests that central
command does not appear to play an important noheaintaining blood pressure and cardiac
output during recovery, but probably does influetieerecovery heart rate (Cartdral, 1999).
Halliwill et al (Halliwill et al, 2013) summarized their work since 2001 in whiad group
investigated potential mechanisms underlying pastase hypotension during 60 mins of
supine recovery after performing a standard, uprig®% peak oxygen uptake (@aeak)
exercise. Their cumulative findings identified tk&tletal muscle afferents are involved in the
arterial baroreflex post-exercise downward resgttin affecting discrete receptor changes
within the NTS. However, there remain conflictirgports on parasympathetic nervous system
function during early recovery from prolonged ex&edn humans (Saviet al, 1982;
Kannankeril & Goldberger, 2002; Kannankezilal, 2004; Pierpont & Voth, 2004; Coote,
2010). A reduction in MSNA at 60 minutes post+eige in borderline hypertensive men has
been identified (Florast al, 1989), along with similar reports from Halliwét al. (Halliwill et

al., 1996) at 60 minutes into supine recovery.

To date, there have been no direct neural recosdiegnonstrating the characteristics of
MSNA in healthy humans during early recovery froralpnged leg cycling exercise.
Accentuated antagonistic interactions of the pamgmthetic and sympathetic branches of the

ANS are known to exist (Levy, 1971), which may bedified during recovery. The limited
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information in the literature and the advancemémata collection and analysis techniques has

lead to the current set of investigations.

HYPOTHESIS:

We hypothesize that the exer cise-induced changesin cardiopulmonary receptor
loading contribute significantly to post exer cise cardiovascular control. We expect that
posture and muscle pump activity, increasing venousreturn and central blood volume, will

decrease autonomic control of the cardiovascular system.

Specific aims

Understanding the mechanisms that regulate caadoatar function in health is
paramount to understanding pathological mechanishas. et al. demonstrated that unilateral
carotid sinus pressure training in conscious adkitervated dogs caused contralateral ABR
resetting, indicating that ABR resetting occurstcaly (Tanet al, 1989). We have confirmed
in humans that a central mechanism is involvedBRAesetting during exercise (Fadel &
Raven, 2012). But what is unknown is the influeatperipheral inputs on modulating this

central mechanism.

A proposed concept of resetting is in figure 2vimch CC and EPR increase the
magnitude of resetting of the ABR, but CBV decreate magnitude of resetting. Central
command input is proportional to the rating of géred exertion during exercise and EPR is
proportional to the amount of work done and theatan of the work. During rest and at the
cessation of exercise, CC should become negligiblen input into cardiovascular control, but
EPR should remain for a short period of time adtezrcise. Changes in central blood volume is

dependent on orthostasis and muscle pump actmitgnean changes in blood volume and on
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respiratory pump activity for oscillating changd®cause of the known manipulators of afferent

neural control of the cardiovascular system, tladses were devised:

Totest the hypothesis that more upright posture during rest and recofeny
exercise increases the ability to modulate cardiowkar function due to

cardiopulmonary baroreceptor unloading.

Totest the hypothesisthat respiratory influences on blood pressure &g are
attenuated by muscle pump activity during activevery from prolonged exercise

compared to inactive recovery.

Figure 2 Conceptual depiction of the influence of the afferent inputs of the
cardiovascular system on resetting of the arterial baroreflex

Resetting

CC EPR CBV

Reflex Variable

ECSP
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Experimental design

Exercise Testing

Healthy young subjects were recruited to the studyg.an orientation day a graded
exercise test was performed to measure workloadaad rate correlations so that an estimate
of the workload needed to achieve target hears @mteexperimental days could be determined.
The exercise test also tested the ability of thgesiis to maintain endurance and cadence while
maintaining a stable upper body position. On thgeeixnental days, subjects were asked to
exercise at a cadence of 60 rpm at a workload iatma a heart rate of 120 bpm (e120) and
also 150 bpm (e150) consecutively for 20 minutehed hen they were allowed to pedal at
their own pace with a very low workload for fivemmies to cool down after which they rested

quietly for five minutes. Then the recovery measuents began.

Figure 3
L 20 min 11 20 min 11 20 min (515 15min
1 11 11 11 1 1 1
Instrument Rest e120 e150 Recovery
| | l | | I | |
" NPINS ! " NP/NS ! NP/NS NP/NS

Neck Pressure/Neck Suction (NP/NS)

Carotid baroreflex function was assessed by ouoauged NP/NS technique. Heart
rate, blood pressure and muscle sympathetic netixgtp baroreflex responses were measured
at Rest, €120, e150 and recovery. Acute, 5 secloadiges in transmural pressure were applied

to the carotid sinuses via a chambered neck ddtattset al, 1993). The pressures applied
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were +40, +20, -20, -40, -60, -80 mmHg repeataddg each in randomly assigned order.
Heart rate and beat to beat blood pressure weoeded and the stimulus-response graphs were

generated for each variable.

Methods

Electrocardiogram (ECG):

On orientation day HR and ECG waveform were measusing a 12-lead ECG to
ensure the proper electrical conduction of theieartissue. On experimental day HR and ECG
waveform were recorded using a 3-lead ECG in trellieconfiguration. This enabled the
measurement of beat-to-beat HR variability and aVvanalysis of other ECG waveform

characteristics of electrical variability.

Neck Pressure/Neck Suction (NP/NS):

Manipulation of the carotid arterial baroreflex étion was obtained by a custom built
software and hardware configuration. A malleakighioned neck collar was fitted to the
anterior 2/3 of the subject’s neck. The collarvides an airtight chamber which encompasses
the carotid sinus area. Flexible hoses are atthftben the collar to a computer-controlled
solenoid that with the help of a vacuum pump cavide positive or negative pressure within
the collar chamber. A differential pressure transter (Validyne, Model MP45-1, Northridge,
CA) connected to the collar measures the actualdped chamber pressure (CP) within the
collar and relays the signal to the computer disptathat the user can adjust power output to
maintain the desired CP. When prompted, the coenatftware initiates positive or negative
pressure pulse for 5 seconds. For all proposetiestupressure will be randomly step-graded

between +40 and -80 Torr (20 Torr increments). pbstive or negative CP within the collar is
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translated into an increase or decrease, respbgtinghe extramural tissue pressure which is
sensed by the carotid baroreceptors (CB) as a eharaarotid sinus vessel wall transmural
pressure (Pottst al, 1993). NP is interpreted as hypotension andd\Bterpreted as
hypertension by the CBs. Beat-to-beat measurenoéit® and MAP were analyzed to
determine the responses to NP/NS stimulation. tichibaroreflex (CBR) function curves were
drawn using the inverse logistic function as dématiby Kent et al (Kerdt al, 1972).

Threshold and saturation calculations were detexthby the revised Kent method of McDowall
and Dampney (McDowall & Dampney, 2006). On orieiotatay, all subjects were prescreened
with ultrasound and flow-Doppler visualization betcarotid artery and sinus for inappropriate

anatomy and arterial blood flow as well as beingcaltated for the presence of bruits.

Microneurography:

The path of the radial nerve will be determinedhgsiltrasound imaging. Once the path
of the nerve is determined, two small wire eleatio(ll reference, 1 active) will be inserted
through the skin. The reference electrode is pld@neath the surface of the skin at an angle of
20 degrees into the skin from the tangent of the akthe point of entry. The active electrode is
inserted into the skin and guided to the nerve lubg ultrasound imaging. Multiunit MSNA
recordings were obtained from the radial nervénefrion-dominant arm approximately 1/3 the
length of the upper arm proximal to the elbow. Tieearal activity was amplified, bandpass
filtered (0.7-2kHz), rectified, and resistance/aafance integrated (time constant 0.1 second)
(lowa Biosystems, lowa, USA). Neural recordingsevaccepted when spontaneous burst
discharges were synchronized with heart beat ahdrered by apnea, but were unaffected by
cutaneous touch or arousal stimuli (Valksoal, 1979). After establishing the best possible

nerve signal, sympathetic efferent nerve activigswassively recorded.
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Statistical Analysis:

One and two way repeated measures ANOVAs will bzed where appropriatea will
be set at 0.05 such that a p<0.05 will be constisignificantly significant. When significance
is detected with the ANOVA, a student neuman-keolst hocanalysis will be performed to pin
point the source of significanc&ost hogower analysis will be performed on any statistic
determined not to be significant to ensure thafaslgreater than 0.80 so as not to make a type

Il error.
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Abstract:

The accepted model of autonomic control of heaet darring exercise depicts a
withdrawal of parasympathetic activity, which isolete at 100 beats per minute after which
the sympathetic nervous system causes subsequoezdses in heart rate. However, recent
baroreflex modeling data suggests that the paraayrapc nervous system is active and
important throughout the spectrum of exercise frest to maximal workloads. Autonomic
control of heart rate in humans was re-evaluateslitfh modeling of new and previously
published data involving baroreflex stimulation gatdhrmacological blockade of the autonomic
nervous system. Results show that the parasyntmattezvous system is active throughout
exercise and that increases in heart rate frontliesigh maximal exercise are a result of
shifting from a 4:1 vagal-sympatho balance to as§rhpatho-vagal balance. We conclude: i)
increases in exercise workload related heart rat@et caused by a total withdrawal of the
parasympathetic nervous system followed by an asgen sympathetic tone; ii) accentuated
antagonism is key to the shift to sympathetic d@nae; and iii) central command induced
resetting of the arterial baroreflex causes imnteddaercise-onset reflexive increases in heart
rate, which are parasympathetically mediated faddwy slower increases in sympathetic tone

at steady state.
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I ntroduction:

The increases in heart rate (HR) that occur frest to maximal dynamic exercise rely
on a balance between the influence of the parasyrapaand the sympathetic branches of the
autonomic nervous system. An early investigatida the autonomic control of HR examined
five supine human subjects performing dynamic agerfrom rest to maximal oxygen uptake
(VO2max) during: control; complefgadrenergic receptor blockade of the heart with
propranolol; complete parasympathetic blockaddefrieart with atropine; and a complete
combined autonomic blockade of the heart (i.einsic HR) (Robinsoret al, 1966). From the
data obtained the authors concluded that the iseseim HR that occurred from rest to mild
exercise workloads was primarily a result of a dase in parasympathetic nervous activity
(PSNA), later termed parasympathetic (vagal) wikadx (Rowell, 1986, 1993). Subsequent
workload related increases in HR from mild, or a 6fR.00 beats/min exercise workload (a
workload at which norepinephrine spillover into fflasma was identified), up to a workload
eliciting the individual’'s HR max was a result atreasing sympathetic nervous activity(SNA)

(Rowell, 1986).

Unfortunately, this nuanced interpretation of thechmnisms involved in the exercise
induced increases in HR have resulted in a geaerhAcceptance of the view that the increases
in HR that occur from rest to an exercise workload00 beats/min result from parasympathetic
withdrawal only and that the increases above 1@@st@in are primarily a result of increasing
SNA (Rowell, 1993). Unfortunately, an unintendetigequence of this interpretation is that it is
generally accepted by beginning students of thie thyat SNA has very little influence on the
HR increases from rest to100 beats/min and that®isd¢ no influence on HR increases above

100 beats/min.
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However, historical and recent investigations i@ autonomic neural control of HR
and arterial Blood Pressure (ABP) during dynamiereise in dogs (O'Leamt al, 1997) and
humans (Ogolet al, 2005) raise into question whether: i) PSNA idwrawn in the transition
from rest to exercise and continues to be withdremtil it has negligible effect on further HR
increases, at approximately 100 beats/min (Matsak@@12); ii) accentuated antagonism can
explain the changes in sympatho-vagal balancetneguh the exercise workload related
increases in HR (Levy, 1971); and iii) the exergsessor reflex and the arterial and
cardiopulmonary baroreflex control of arterial biigaressure modulation of the exercise
workload related changes in sympatho-vagal balpfesea role in the operating point pressure
of the HR-reflex moving to a point of reduced gédtadel & Raven, 2012; Fisher, 2013). Hence,
the purpose of this presentation is to revisit pravide a reinterpretation of the well accepted
model of the autonomic control of the heart ratg thccurs during dynamic exercise from rest to

maximum workloads.

Experiments used to obtain the hr modeling data:

We addressed the question of repeatability of tathods used to obtain the data
necessary to model the carotid baroreflex funatimves by recruiting 9 healthy human subjects
in 2012 to repeat the exact same control restiigearcise protocols in Fort Worth that were
performed in Copenhagen in 2004 by a different @ subjects, the data of which were
published in 2005 (Ogoét al, 2005). There was no statistically significanfeliénce in HR
between the Copenhagen data and the Ft Worth dega the means were compared between
the studies at each workload of exercise, therdfegeontrol data were considered as coming

from one population.
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Hence, the data utilized in the current presentddo modeling the HR response from
rest to progressive increases in dynamic exercg&loads in the control condition was
obtained from the 17 subjects (n= 14 men and 3 wQmwéh a mean age of 25 £ 2.5 years,
height 181 + 7cm, and weight 80 = 10 Kg (mean +.Siywever, only the data from 8 (6 men
and 2 women) with a mean age of 25 +/- 2yearshhdi§l+/- 7cm and weight of 71+/- 3 Kg

were involved in the autonomic blockade studie$gpered in Copenhagen.

All subjects were free of any known cardiovascalad pulmonary disorders, and were
not using prescribed or over-the-counter medicatidéach subject provided written informed
consent as approved by The Ethics Committee of Qwgugen (KF01-369/97) or the Institutional
Review Board at the University of North Texas He&tience Center (IRB #2010-058). All
experiments were performed in accordance with thel@ation of Helsinki. In both institutions
each of the subjects were requested to abstaindeffeinated beverages for 12 h, and strenuous
physical activity and alcohol for at least a d8ubjects performed a progressively graded
increase in workload exercise test on a cycle egjenio determine workloads at HRs of 90,

120 and 150 beats/min to be used during the expetahtreatments.

On experimental days and after 30 min of restirtg dallection, each subject performed
25 min bouts of exercise at steady-state HRs ¢EX®0), 120 (EX120), and 150 (EX150)
beats/min. The beat-to-beat HR and MAP responst®tblP/NS protocol during steady state
rest, EX90, EX120, and EX 150 during the contromplete metoprololf;-adrenergic receptor)
blockade and complete glycopyrrolate (peripherascaunic receptor) blockade experiments
were recorded, details of the autonomic blockade yweeviously reported by Ogoh et al. (Ogoh
et al, 2005). The data were used to assess the carBidarbreflex at each stage of the

protocol.

38



Construction of the model of hr increases from rest to maximal exercise:

a) Control (Sympatho-Vagal balanced) HR response to exercise and NP/NS:

The specifics of the data analyses and construcfitime carotid-HR baroreflex functions
curves were previously published (Ogethal, 2005). In the present review, the data were
analyzed as described below. The HR at the opgrabimt (OP) pressures at rest, EX90, EX120
and EX150 without autonomic blockade were plottgaiast their related exercise workloads
and fit to a linear regression line that includaceatrapolated HR at maximal workload
(r*=0.99).This HR/workload regression line is représtwve of the changes in the sympatho-

vagal balance without autonomic blockade (Figure do\d red line).

The HRs at carotid-HR baroreflex threshold andrséitbn pressures were plotted against
rest, EX90, EX120 and EX150 workloads. A linegression relationship between HRs and
related workloads existed for the threshold poiespures (solid green 1iné=0.97). A non-
linear best-fit regression relationship existedussn the HRs and related workloads at the
saturation point pressures (solid blue line). Taguired the use of non-linear modeling analyses

to identify that the line of best fit was & 8rder polynomial regressiorf€0.96, figure 1A).
b.) Autonomic neural influences on HR response to exercise and NP/NS:
i.) Control Condition (without autonomic blockade)

The differences between the operating point regredme, i.e. the sympatho-vagal balance
line, and the saturation point regression line, imaxn mechanically stimulated decrease in
HR, is the NS induced effective parasympathesemee at any given workload (figure 1A).
The difference between the operating point regoesiane and the threshold point regression
line, maximum mechanically stimulated increase R b¥ NP, is effective parasympathetic
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tone at any given workload (figure 1A). The diface between the saturation line and
threshold line represents the overall NP/NS inddaedtional reflexive influence of the

parasympathetic nervous system (PSNS) on HR (figga)e
ii.) Cardiac muscarinic receptor blockade condition

The HRs recorded during parasympathetic cardiackblbe by glycopyrrolate were plotted
against their related workloads (dashed green &nd)exhibited a linear relationship
(r*=0.99, figure 1B).The difference between the ofegapoint regression line (solid red
line) and the max vagal inhibition line represahts PSNS contribution to the steady state

HR from rest to maximal exercise.
iii.)  Cardiac pi-adrenergic receptor blockade condition

The HRs during maximal cardifig-adrenergic receptor blockade with metoprolol were
plotted against their related workloads and exadd linear regression line of best fit
(dashed blue line?¥0.99, figure 1B). The difference between the sytmpaagal balance
line and the max sympathetic inhibition line rerds the SNS contribution to the steady

state HR from rest to maximal exercise (figure 1B).
¢) Summary of modeling outcomes

I.) The steady state HR gets closer to the unogpsgmpathetic HR as the workload increases
indicating a stronger influence of the SNS at higherkloads but because it never reaches the

same value there is never a complete absence agypapathetic influence (figure 1B).

ii.) The relative influence of each branch of tlwcmomic nervous system starts with a

parasympathetic dominant, 4:1 ratio PSNS to SNfuence at rest and as exercise workload
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increases there is a shift to a more sympathedlcPENS to SNS, influence at 175 bpm (figure

2).

iii.) According to the selective PSNS and SNS bamik studies, the PSNS and SNS efferent
activity at the sino-atrial node reach an equal lopilnence on HR at approximately 140bpm.
There is a linear increase in SNS influence frofntghm to 14 bpm from rest to maximum
exercise and a linear decrease in PSNS influeonce 34.7 bpm to 3.4 bpm, rest to maximum
exercise. However, the change in the PSNS:SNSisati@inly due to a greater linear decrease

in the parasympathetic influence on steady stateatiRe exercising workloads.

Discussion:

Between the years of 1886 and 2012, a large nuoflarimal and human investigations
established the presence of three integrated amicrneeural mechanisms, Central Command
(CC), the Exercise Pressor Reflex (EPR) and therittBaroreflex (ABR) to be involved in
arterial blood pressure regulation during dynamiereise. The specific investigations are
documented in a number of comprehensive reviewsdbatify that an exercise workload
related activation of CC and EPR from both cerdral peripheral neural inputs result in
appropriate workload related efferent cardiorespisaresponses (Shepherd, 1981; Mitchell,
1990; Rowell, 1993; Raveet al, 2006). During progressive increases in exerciskhads
from exercise onset to maximal exercise, the hemayc responses are directly related to the
workloads and the individual’s rating of perceptafreffort (RPE) (Williamsoret al, 2001).

For many years a simple concept of PSNS (vagahdnatwal was proposed to be the mechanism
by which HR increases at exercise onset and whesxarcise workloads were progressively
increased up to HRs of 100 bpm (Rowell, 1986, 1988psequent increases in workloads

resulted in HR increases >100 bpm and were direellited to increases in SNA.
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In the present review, we add more relevant pubtdindings and a reanalysis of our
published data (Ogoét al, 2005) in order to re-examine Rowell's (Rowell9B9 simplified
representation of Robinson et al.’s (Robinsbal, 1966) initial study in which selective
pharmacologic blockade and double blockade of #ragympathetic (PS) and sympathetic (S)
arms of the autonomic control of HR of the exergshuman was accomplished. The new
information resulting from our analyses indicatestt contrary to the model suggested by
Rowell (Rowell, 1993), a balance between the SRdheural control of the HR responses to
progressive increase in exercise workloads remaaide and effective from rest to maximum,
see figure 3. In addition, the data from the blalgkatudies indicate that the PSNS influence on
HR is necessary for reflex control, whereas, th& $\required to set the workload related
steady state HR. Furthermore, our additional diasdyaes identify a more refined model of the

progressive exercise workload/HR related changsegrmpatho-vagal balance.

Therefore, in contrast to the simple vagal withcabeoncept at exercise onset, we
propose that the HR increases at the onset ofiggeaind with the increases in exercise
workloads, are related to an ABP regulatory medmar(Rowell, 1986, 1993). The proposed
ABP regulatory mechanism requires CC to activebetehe “Set Point” of the ABR to allow the
ABP to rise at the same time that HR is increasinigcrease cardiac output and raise ABP
(Williamsonet al, 2001). During progressive increases in dynamé&a@se workloads, ABR
resetting is linearly related to the increase mdRercise workloads (Fadel & Raven, 2012). At
exercise onset the immediate act of resettingef8et Point” reference pressure of the ABR
results in negative feedback from the arterial tareptors to the reference ABR ‘set point’
within the nucleus tractus solitarius (NTS) indingtthat the OP pressure of the reflex is too low

and initiates the rapid responding inter-beat wilnchl of the PS modulation of the HR at the
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sino-atrial node. At the same time the slower ragdpm increase (sec.) in central SNA outflow
progressively inhibits PS tone and modulation at3kA node (Ogolet al, 2005) by
accentuated antagonism (Levy, 1971; Uijtdehaagéd&&r, 2000), and the increased SNA
becomes the major drive to increase HR (figurédd)the exercise workloads progressively
increase, the increases in SNA (Harti\al, 1972; Savaret al, 1989) progressively inhibit PS
modulation of the HR at S-A node up to maximum aekls. The exercise workloads related
increase in SNA is related to the increases in Ka€lIyeenet al, 2001; Fadel & Raven, 2012)
and the EPR (Mcllveeat al, 2001; Fisher, 2013). However, the workload relatereases in
SNA are modulated by the increased central bloddme’s (CBV) loading of the CPBRs

afferent inhibition of central sympathetic outfldiwadel & Raven, 2012).

We propose that the mechanism by which the requioatinuous increase in workload
related HRs is accentuated antagonism (AA), sonesticalled ‘cooperative antagonism’. For
the Autonomic Nervous System (ANS) this mechanismhere one branch of the ANS works
to oppose the effect of the other branch of the ANtBe central nervous system (CNS) and at
the end organ in the peripheral nervous system YPRStensibly the inhibition in the periphery
is required so as to not have competitive effeadtéy place within an organ with dual
innervations (Levy, 1971). At the S-A node the A&chanism requires that a portion of the
norepinephrine released at the sympathetic nera@rtal binds to th§ adrenoreceptors on the
post-ganglionic parasympathetic neurons inhibitmgrelease of acetylcholine (Ach), thereby,
accentuating the increase in HR for a given amotiSiNA. Conversely Ach binds muscarinic
receptors on the sympathetic post-ganglionic neutorinhibit the release of norepinephrine

(Uijtdehaage & Thayer, 2000) and accentuating g@ehse in HR for a given amount of PSNA.
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This mechanism is useful in reflexive actions, saslthe arterial baroreflex, where changes in

(HR) and cardiac output (Q) are adjusted on a tocl¢at basis (Levy, 1971).

In the transition from rest to progressive increaseexercise workloads, our analysis
identifies that the dynamic influence on HR of yenpatho-vagal balance progresses to a
sympatho-dominant balance but not before an initidease in a PS dominance resulting from
CPBR inhibition of SNA (figure 3). The presencetus SNA inhibition following the onset of
exercise was confirmed, when it was reported thaN¥ briefly decreased at the onset of leg
exercise returning to and then exceeding basetlinp@oximately 140 beats per minute
(Ichinoseet al, 2008). In addition, the CBR-HR response rangedseased at the lower
exercise workloads (figure 1A) supporting the argaibthat accentuated antagonism is a
dominant mechanism in the sympatho-vagal contréiRfthroughout progressive increases in

exercise workloads.

Sympatho-vagal balance has traditionally been thbafjas akin to a see-saw on a
playground. When one side goes up the other calmes. During exercise the fulcrum of that
see-saw is elevated (resetting) so that the bloeskpres eliciting the baroreflexes are allowed to
be higher for increased steady state conditionglamdame reflexive magnitude changes, see
Fig 3. This is evident when studying the data dt$@ottset al, 1993), Fadel (Fadet al,

2001), Volianitis (Volianitiset al, 2004), and Ogoh (Ogaddt al, 2005) all of whom show the
ABR resetting to higher blood pressures as exemg&loads increase. The mechanism for the
resetting of the baroreflexes has not been conipletentified. CC has a significant role in the
fulcrum of the see-saw being reset to a higher @Bspre, resulting in an increase in
sympathetic dominance on the system and a subsedgenease in the ability of the PSNS to

modulate HR (figure 3). As reported by Ogoh (Ogoll, 2005), baroreflex changes in beat to
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beat HR are due to the PSNS and this shift to & mygmpathetically dominant interaction at
higher workloads of exercise would explain the dase in response range of the carotid-HR

baroreflex.

More recently other neuromodulators, such as ritxide, neuropeptide Y and natriuretic
peptides within the heart act as co-transmittedsiateract in the neuronal cyclic nucleotide-
dependent pathways to modulate PSNA and SNA lo¢islbhanet al, 2000). It has been
reported that SNA mediated HR changes are dependampre-ganglionic mechanism
involving nitric oxide (NO) (Moharet al, 2000).This mechanism was found to be enhanced
after exercise training causing a reduction inddeliac sympathetic response. Albeit, it was
found that the NO influence on chronotropic resjgoaféer exercise training was probably
minimal because there was still a significant daseen training response even with NO
inhibition (Mohanet al, 2000). Whether or not local production of reaetbxygen species
(ROS) at the S-A node scavenges the local NO atigwicreased SNA resulting in a greater
antagonism of the PSNS remains obscure. Anotleently identified set of neuromodulators of
the SNA and PSNA with the mechanistic potentiahtobit PSNA is the change in opioid
receptor populations and locally produced enkapbkain the S-A node (Napiet al, 1998;
Fariaset al, 2001; Jacksoet al, 2001). However, what role the opioid heuromoduaplay in

further accentuating the SNA/PSNA antagonism hasoyee determined.

Additional support of there being an active sympathgal balance at exercise onset
were reported by Takahashi et al. (Takahaslail, 2004) in which that the response in HR
during voluntary static arm exercise in tetraplegwwho lack supraspinal sympathoadrenal
control but have intact vagal control, do not htheesame increases in HR associated with the

static exercise in healthy subjects. Thereforeagal withdrawal were the primary mechanism
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by which HR increased at exercise onset, the isereaHR at the onset of static exercise in the
tetraplegic subjects with intact PSNS would bestiime as in normal subjects. The fact that the
HR response of the tetraplegics was less thandgakhty normal subjects identified that
increases in SNA and the presence of a sympathal-batance was required for the

physiological HR response of healthy subjects muo€Takahashet al, 2004). .

However, Kadowaki et al. (Kadowaét al, 2011; Matsukawa, 2012) recently
demonstrated using the fictive exercising decetelrat model that both cardiac sympathetic
and parasympathetic neuron activity were increasdige onset of spontaneous fictive
movement. One explanation for this paradoxicaldéase in both branches of the ANS at
exercise onset is that it is a redundant mechatogmnotect against an exacerbated increase in
HR due to immediate CC induced increases in cai@id&. Unfortunately, without
measurements of neurotransmitter release at thergad, the assumption of the presence of
redundant mechanisms could not be confirmed. Furibies, it has been reported that MSNA
decreases at the onset of dynamic leg cyclingq®aial, 1993; Ichinoset al, 2008) as a result
of the muscle pump increasing venous return andingethe CPBRs (Saitet al, 1993). Hence,
it is possible that Kadowaki et al.’s findings (Kadaki et al, 2011; Matsukawa, 2012) indicate
the presence of a differential control of muscled aardiac-SNA, or, in the non-physiological
decerebrate cat studies resulting in fictive movesieghe muscle pump activity may not be of
sufficient strength to increase venous return &allthe CPBRs similarly as to that observed in
the exercising humans. The lack of CPBR loadingld/aacount for the increases in cardiac-
SNA at the start of fictive movement seen in this ¢ilatsukawa, 2012) and which could be
attributed to CC increase in SNA without the feeddiahibition resulting from the loaded

CPBR. However, the increase in PSNA at the onsktidfe movement identified by
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Kadowakie et al. (Kadowalat al, 2011; Matsukawa, 2012) is contrary to the conog¢@C
related ABR resetting to an increased ‘set poirgspure and the vagal withdrawal mediated

increase in HR.

Another confounding issue identifying whether B influence on exercising HR is
withdrawn or inhibited is the large number of pshid heart rate variability (HRV) studies
concluding that exercise induced reduction in posparctral high frequency (HF) peaks
indicates PS withdrawal with the increasing exerewrkloads. Because in human studies there
is no safe accessible PS neuron for nerve recasdihg measure of HRV is often used as an
indicator of PSNA. It is well known that in healthnd diseased subjects, increased PS control
of the heart at rest can be detected by time agliéncy domain indices of HRV, especially in
the high frequency (HF) peaks (1996). However,ramon error of interpretation is that the HF
peaks in HRV spectra are indicators of “PS tondiemwin fact a more accurate and acceptable
description is that it describes “PS modulation9&Q For example, drugs that inhibit cardiac
muscarinic receptors on the SA node (atropine yagyrrolate) cause the HF peak to disappear
as if due to a “withdrawal of PS tone”. Only whée opposite is done through pharmacological
or electrical stimulation of the vagus nerve ta@ase the PS tone and the HF peak also
disappears, we realize that changes in the HF pi@akst indicate changes in PS tone (Napter
al., 1998). Therefore, what is actually identifiedthg change in the HF peak is not PS tone, but
PS modulation. Furthermore, during exercise, irsgean breathing frequency shifts the HF
peak to the frequency of breathing, thereby paaéigteliminating the expected HF peak and
leading to false conclusions about decreased RS kance, we question whether the
withdrawal of PSNA from rest to progressive ince=am exercise workloads is the main

mechanism explaining exercise related increaseRinCurrent perspectives and animal data
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suggest that this is not the case. In contrassuggest that there is a decrease in the PSNS'’s
modulation effect on HR during exercise due toitlteeased SNA inhibiting the PSNA at the S-

A node.

Conclusion:

Our proposed model (figure 4) depicts the rolehefparasympathetic and sympathetic
nervous systems throughout all workloads of exercitie research points to a system of control
that does not have any clear on/off thresholdsalmgntinuum of balanced control (Figure 3). It
is important to think of sympatho-vagal balanceaisbeing the equal influence of two branches
of the autonomic nervous system but the interpktyben the two for short term and long term
modulation of HR while keeping in mind that the FBiN quick and short lived, but the SNS is
stronger and has the ability to attenuate the Pi@fli&nce. As exercise is initiated, CC resets
the ABR which is immediately met by decreased P3iN4 a slight decrease in SNA due to
increased venous return in phase 1 (Wasserman) af€l4oading of the CPBRs, which enables
the PSNS to exert more modulation on the heartex&scise workload increases, the parallel
increases in CC and EPR increases the ABR resettingh in turn augments the SNA increases

in HR and depresses the PSNA HR reflex response.

Further research will be required to elucidaterteesous system outputs versus
functional contribution to changes in heart rataryexercise. A particular confounding factor
will be the multiple linkages within the intrathara ganglia which exert an effect on
cardiodynamics that render the sum greater thamtheidual parts, making situ examination
essential (Armour, 2004 situ examination of parasympathetic nervous activitiumans will

remain difficult until better methods of direct merrecordings are developed.
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Per spective:

It is well established that age related reductiomaaximal HR an@-ladrenergic
receptor blockade resulting in reduced maximalsutmaximal HRs for cardiac patients are
symptoms of chronotropic incompetence (CI). In &ddj we noted in our discussion that
tetraplegics, who lack supraspinal sympathoadreoratrol but have intact vagal control, also
exhibit CI. More recently Mendonca et al. (Mendoetal, 2011) identified that individuals
with Down syndrome exhibit Cl and autonomic dysfime. Our re-analysis of recently
published data (Ogoét al, 2005) in conjunction with a review of the prevsquublished data,
identifies that Cl may be related to a functiomddibition of the PSNA by the SNA mechanisms
of accentuated antagonism, cellular mechanismduimgoNO, neuropeptide Y and natriuretic
peptides affecting neuronal cyclic nucleotide-dejeem pathways and opiod receptors in
autonomic neurons and the S-A node (Mohkaal, 2000; Uijtdehaage & Thayer, 2000; Fargs

al., 2001; Jacksost al, 2001; Adlamet al, 2012).
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Figurelegends

Figure 1

Figure 2

A)

B)

Modeling of the reflexive control of heart rate tye carotid baroreflex. Steady
state HR at each workload represents the sympatbahlbalance (solid red line).
Increases and decreases in HR by simulated hypiohygrertension induced by
neck pressure/suction (green and blue lines, réspBg are plotted against
workload. These data indicate that the parasympatinuence on the reflex
control of HR is diminished as the exercise worlacrease from rest to max

exercise.

Modeling of pharmacological blockade studies ofheaanch of the autonomic
nervous system from rest to maximal exercise. dytstate HR at each workload
without blockade represents sympatho-vagal balésualal red line). Steady state
HR at each workload with muscarinic blockade bycgfyrrolate (green dashed
line) andP;-adrenergic blockade by metoprolol (blue dasheg) Iirepresent the
un-opposed sympathetic HR and un-opposed parasietmaHR, respectively.
As HR increases with workload, the sympatho-vagéadrice approaches a more

sympathetically dominant balance.

Depicted are the % contributions to HRebgh branch of the autonomic nervous
system determined by autonomic blockade studié® PISNS (Dashed Line)
contributes 80% influence to the resting HR and3N& (Solid Line) contributes

the other 20%. There is an equal contributiondth tbranches at near 140 bpm
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Figure 3

Figure 4

after which the ratio changes quickly to a more gathetically dominant system.
The respective lines indicate the change in HR faosimgle branch’s selective
autonomic blockade as a percent change in HR afuheof the absolute values

of HR change of both branches.

At rest as well as throughout exerciseretis a sympatho-vagal balance. The
parasympathetic functional control is related ® sigmpathetic tone while
maintaining a balance. Relative size of “SNA” bi tight side of the see saw
affects the reflexive control of the PSNA on thi¢ $&¢de as depicted by size of the
arrows. As exercise is initiated, there is a sldgcrease in sympathetic tone due
to the loading of the CPBR which allows for thegsaimpathetic nervous system
to exert more control modulation on the heart. ylavith this initial decrease in
sympathetic tone is a transient decrease in BResBIR is increased reflexively
by lessening of parasympathetic tone to maintathiacrease cardiac output. As
exercise workload increases, central command aertise pressor reflexes force
increases in sympathetic tone causing a furtherimi$iR and a depression of

parasympathetically mediated HR reflex response.

Modified version of the diagram proposgdowell (figure 5-4 (Rowell, 1993))
depicting a continuum of autonomic influence froattbbranches of the
autonomic nervous system throughout exercise. afé@ with the diagonal lines
represents the sympathetic influence at all wodkoaf exercise. The dotted area
represents the functional parasympathetic modulaifdiR at all workloads of

exercise. The center line is the relative HR,dysmamic sympatho-vagal balance.
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Figure 3
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CHAPTERII1I

Autonomic neural control of heart rate prior to and immediately following cycling exer cise:

upright versus semi-recumbent posture

Daniel W. White, Gilbert Moralez, Victoria L. Kay, Joshua A. Carlton, Tyler J. Benson,

Wendy L. Eubank, Peter B. Raven
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Abstract:

Immediately upon cessation of exercise, heart(ki) and arterial pressure (AP) start to
decrease toward resting values. Inappropriateedses in both HR and AP lead to syncope.
Cardiovascular control in the moments following exge has been explored extensively;
however, in humans there remains a gap in thetiteg regarding direct neural recordings early
after prolonged large muscle group dynamic exerc¥e tested the hypothesis that baroreflex
control of HR in early recovery from moderate t@aWeexercise is dependent on posture loading
of the cardiopulmonary baroreceptors. Furthermweeinvestigated the effects of post exercise
unloading of the cardiopulmonary baroreceptors asale sympathetic nerve activity. We
found that position significantly affects the chagaistics of the carotid baroreflex control of
HR. Also, MSNA is significantly increased duringcovery in the semi-recumbent position
compared to pre-exercise rest. This is the fteslysto continuously record MSNA during rest,
through heavy two-legged cycling exercise and duratovery. We conclude that postural
loading of the cardiopulmonary baroreceptors infles cardiovascular control before and
immediately after heavy dynamic leg cycling exez@sid that muscle sympathetic nerve activity

is increased during early recovery with post exsartiypotension.
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I ntroduction:

Since the early 1900’s numerous questions havewutled the neural regulatory
mechanisms involved in the heart rate (HR) inazedbat occur at the onset of exercise and
during the progressive increases in dynamic exem@kloads up to maximum intensity
(Rowell, 1993). In the past 20 years it has bestabdished that the operating point (OP)
pressure of arterial baroreflex regulation of magarial blood pressure (MAP) is reset upwards
and rightwards in direct linear relation to thergesing workloads (Ravest al, 2006). Recent
evidence identifies that the increases in HR regluioy the resetting of the OP pressure are the
result of the progressive increase in sympathetmidance of the sympatho-vagal balance
which is the primary mechanism producing the waaklproportional increase in HR (Ogeh
al., 2005). Prior to the 1950s, recovery HRs follogvmany types of standardized exercise
stress tests were used to provide assessmentsdaivascular fitness. Early examples of using
recovery HRs for estimating an individual’'s cardisgular fitness was the Harvard Step Test
(Gallagher & Brouha, 1943) and another for estintatlinical risk of heart disease was the
Master’s two-step (Master, 1950). Subsequentlyh wWie introduction of exercise stress testing
that utilized bicycle ergometers and motor driveadmills and continuous electrocardiogram
(ECG) recordings during the testing, the fithessdmtions and cardiovascular risk estimates
from recovery HRs have fallen into abeyance. Thealeegulatory mechanisms involved at the
onset of exercise and during HR recovery have tgcbaen reviewed by Coote (Coote, 2010).
However, this review was focused on identifying thechanisms underlying exercise induced

increases in HR and on the intermittent recoverg IdROlympic Biathletes during competition.

Beginning in 1990 Raven’s group sought to answeigiestion, “why does the arterial

baroreflex allow both HR and MAP to increase atreise onset and throughout a progressive
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increase in workload exercise stress test?” Thmlm@xperiments using human subjects
performing dynamic exercise investigated the modlerterial baroreflex resetting proposed by
Rowell and O’Leary (Rowell & O'Leary, 1990), whialas based on earlier work using animals
and humans (Bevegard & Shepherd, 1966; Rowell, 9iédcher & Donald, 1981; Walgenbach
et al, 1981; Walgenbach & Donald, 1983a, b; Shezifal, 1990) to suggest that arterial
baroreflexes were reset. A historical account efittvestigations performed by many groups to
examine the underlying question as to whether fiattbaroreflexes are reset or switched off” is
summarized in a recent review (Fadel & Raven, 20b2ummary, exercise workload related
arterial baroreflex resetting is a consequencéeiriteraction between central command’s feed-
forward and the exercise pressor reflex’s feedlmaekhanisms that are continuously modulated
by the arterial and cardiopulmonary baroreflexds Bulk of the evidence confirms the primary
finding of Sherriffet al’s earlier work (Sherifet al, 1990) that the teleological rationale for
resetting of the arterial baroreflex during exezdsto provide an exercise intensity-related
brake on the hypertensive drive emanating fronettexcise pressor reflex, while at the same

time allowing adequate perfusion to the exercismgscles.

Our understanding of the neural mechanisms invoivetbwnward resetting of the
arterial baroreflex during reduced workload, cassabf work and recovery from exercise is,
however, still incomplete. One investigation inte thanges in HR and MAP that occur during
recovery identified that the mode of recovery (ihag active or passive) plays a significant role
in the maintenance of cardiac output and meanialrfgessure following short duration (3min)
upright submaximal cycling exercise (Cargtral, 1999). Furthermore, the authors indicated that
their data suggests that central command doesppeéar to play an important role in

maintaining blood pressure and cardiac output dumcovery, but probably does influence the
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recovery heart rate (Cartet al, 1999). Halliwillet al (Halliwill et al, 2013) summarized his
group’s work since 2001 in which they investigapedential mechanisms underlying post-
exercise hypotension during 60 mins of supine reppgfter performing a standard, upright,
60% peak oxygen uptake (¢@eak) exercise. Their cumulative findings identiftbat skeletal
muscle afferents are involved in the arterial baflex post-exercise downward resetting by
affecting discrete receptor changes within the eugkractus solitarius (NTS). Simultaneously,
post-exercise skeletal muscle vasodilatation esalt of histamine Hand H receptor activation
(Halliwill et al, 2013). Supine posture-related increases in debitrad volume (CBV) decrease
muscle sympathetic nerve activity (MSNA), whereasrdases in CBV due to upright posture
increase the OP pressure of the Carotid Baroré@®R) (Pawelczyk & Raven, 1989; Ogeh
al., 2003; Ogotet al, 2005). Hence, as most human activities of daiipd) and athletic
performance rarely recover in the supine positiorther investigation into recovery posture is

required.

Ogoh recently demonstrated that beat to beat igdechanges in HR at all intensities of
exercise are entirely parasympathetic in naturef(@gal, 2005), however, there are
conflicting reports on parasympathetic nervousewsiunction during early recovery from
prolonged exercise in humans (Saetral, 1982; Kannankeril & Goldberger, 2002; Kannankeril
et al, 2004; Pierpont & Voth, 2004; Coote, 2010). Aduetion in MSNA at 60 minutes post-
exercise in borderline hypertensive men has beamtifted (Floraset al, 1989), while Halliwill
et al (Halliwill et al, 1996) has reported an attenuation of the trarigduof MSNA to the
blood vessel wall at 60 minutes into supine recpvdowever, there have been no direct neural
recordings demonstrating the characteristics of M$Nhealthy humans during early recovery

from prolonged leg cycling exercise. It is wellasished that there exists accentuated
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antagonistic interactions of the parasympathettcsarmpathetic branches of the ANS in
controlling HR (Levy, 1971). Accordingly, we hypetsize that the greater unloading of the
cardiopulmonary baroreceptors would accentuateiarteroreflex control of HR and MSNA
response during upright recovery compared to Testest this hypothesis we compared carotid
baroreflex responses during rest and recovery &gencise in both the upright and semi-

recumbent positions.

Methods:

9 healthy human subjects (1 female) aged 24.4 year$6) volunteered to participate in
protocol 1 of the study. Another 13 healthy hureahbjects (3 female) aged 25.5 years (+0.88)
volunteered for protocol 2 of the study. On arptation/familiarization day, each subject
completed the Institutional Review Board (IRB) apprd consent paperwork and a health
history questionnaire (IRB#2010-058). On the saangeach subject underwent a physical
examination and graded exercise test. The physiahination included 12-lead ECG and
automated blood pressure auscultation (Suntechofamdorrisville, NC) in both the sitting and
upright standing positions. Anatomical locatioraofl flow through the carotid sinuses was
inspected by ultrasound and the locations wereudtaged for bruits. Upon completion of the
physical examination the subjects for protocol thefstudy mounted an upright cycle ergometer
(Scifit ID5500, Tulsa, OK) and were instrumented3dead ECG and beat to beat blood
pressure measurement with the Finometer (Finapexiddl Systems, Amsterdam). After ECG
and blood pressure signals were acquired and atdiththe subject was fit with a malleable open
chambered neck collar which enclosed the antef®o®fthe neck from mandible to clavicle. A
familiarization session with the neck pressure/reaition protocol followed in which the

subject practiced end-respiratory breath holdsfeselbreathing while being stimulated with
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either pressure or suction. At least one stimahatif each pressure or suction intensity (-80, -
60, -40, -20, +20, +40 mmHg) was applied to eadhpest. Following the NP/NS familiarization
the subject performed a graded exercise stressEash subject started at a very light workload
and was asked to maintain a pedaling cadence ngdr@s the workload was step increased
every 2 minutes. The graded exercise stress testancluded when the subject was unable to
continue despite strong verbal encouragement om@asnger able to maintain 60 rpm. Each
subjects HR at each workload was recorded anddwidinal HR/workload regression line was
used to determine the subject’s workloads necessagljcit each subject’s heart rate of 120
(e120) and 150 (e150) beats per minute. Subjecisairt 2 of the study underwent the same
NP/NS familiarization and graded exercise stressgmtocol in 70From horizontal back

supported semi-recumbent position.

No less than 2 days later the subjects returnethéoexperimental exercise protocol. For
protocol 1, subjects were asked to sit uprightrendycle ergometer at rest. Their ECG, HR and
blood pressure were recorded. Subjects were fitikdthe neck collar and then asked to relax.
NP/NS protocol was performed according to Pettal (Pottset al, 1993) during end respiratory
breath holds at rest, and during free breathirgjestdy state exercising HRs of 120 and 150
bpm, and during inactive recovery from exercisetaltime of exercise was 56.87 minutes

(1.31 min, SEM).

For protocol 2, subjects were asked to sit in ab&@k supported semi-recumbent
position with legs extended horizontally on a cyelgometer (Intellifit Psycle, Bedford, Texas)
and instrumented for beat to beat ECG, HR and bpwedsure recordings. Ultrasound guided
radial microneurography was then performed. MultiMSNA recordings were obtained from

the radial nerve of the non-dominant arm approxaiyat/3 the length of the upper arm proximal
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to the elbow. The neural activity was amplifiedndpass filtered (0.7-2kHz), rectified, and
resistance/capacitance integrated (time constargdond)(lowa Biosystems, lowa, USA).
Neural recordings were accepted when spontaneaasdischarges were synchronized with
heart beat and enhanced by apnea, but were uraffegtcutaneous touch or arousal stimuli
(Vallbo et al, 1979). Subjects were fitted with the neck colédter which they were asked to
rest for approximately 10 minutes. The NP/NS protecas performed according to Pogtsal
(Pottset al, 1993) at rest and at steady state exercise HR2@m&nd 150 bpm, and during the
final 15 min of 20 min inactive recovery from exiseein the 70 semi-recumbent position

(Figure 1). Total time of exercise was 42.83 masut:1.19 min, SEM)

For protocols 1 and 2, reflex data for HR and MA&avanalyzed and baroreflex curves
were constructed according to Kexttal (Kentet al, 1972). Saturation and threshold points
were calculated according to McDowall and Dampridgiowall & Dampney, 2006).
Progressive gain curves were calculated for alf¢fflex curves as the first derivative of the

baroreflex curve.

For protocol 2, MSNA was analyzed using WinCPRSd@bte Aliens, Finland).
Integrated neurograms were automatically peak theteand then manually inspected for
accuracy of the detection. Signals were amplitugienalized to the quiet baseline and largest
spontaneous peak occurring during a quiet non-$itory steady state period in both rest and
recovery (0-100 arb. units). Nerve traffic is meted as both burst frequency
(BF,bursts/minute) and as total activity (TA, nuAmie). TA is calculated by the product of BF

and mean burst amplitude.
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Two-factor ANOVA with repeated measures on stagst(vs. recovery) were performed
ata = 0.05 such that P<0.05 was considered significsviten differences were detected,

student Neuman-Keuls post hoc analysis was perfibrme

Results:

Demographic data are listed in table 1. Significganteases existed in HR for both semi-
recumbent and upright during inactive recovery carag to rest and there was a significant
decrease in HR during rest for the semi-recumbentggcompared to the upright group. MAP

was significantly lower during inactive recoverathrest in the semi-recumbent group (table 2).

Baroreflex Curve analysis:

No difference existed in any reflex characteripgcameter for MAP except for the well
established resetting of the OP pressure up atitetoght in a workload dependant manner
(Fadel & Raven, 2012). Resetting up and to thietiilga workload dependant manner also was
shown for the carotid-cardiac baroreflex; howesgegnificant differences between rest and
recovery did exist. These differences are showiigure 2A and table 2. There was an increase
(P<0.05) in both semi-recumbent and upright exer@P pressure heart rate (OPHR) during
inactive recovery compared to rest and an incr@se.01) in OPHR in the upright compared to
semi-recumbent. There was an increase (P<0.G&ginenter point HR in both semi-recumbent
and upright from rest compared to inactive recoveffithin inactive recovery there was an

increase (P<.05) in the center point HR in semisngoent compared to upright.

The threshold and saturation pressures and gaihe dfaroreflex function curves during
rest and recovery are listed in table 2 and sunz®drin figure 2. The threshold point pressure

HR was lower (P<0.01) during rest in the semi-reloent group vs. upright and was higher
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(P<0.01) during inactive recovery compared to fesboth the upright and semi-recumbent
groups. Saturation point pressure HRs were neraifit for rest upright, rest semi-recumbent
and inactive recovery upright; however, the inactigcovery semi-recumbent HR at the
saturation point pressure was higher (P<0.05).HReesponse range was greater (P<0.05)
during recovery in both upright and semi-recumbbnaddition, OP-Sat range was greater
(P<0.05) in inactive recovery compared to restomth upright and semi-recumbent, but less
(P<0.01) in the semi-recumbent vs upright in bett and recovery. The OP-Thr range HR was

greater (P<0.01) in the semi-recumbent inactivevery than semi-recumbent rest.

Gain curves were calculated from the baroreflexesiand maximal gain (Gmax) and
OP gains were calculated for both HR and BP refidkgure 3). There was no difference in the
Gmax or OP gain between rest and inactive recavettye MAP curve (P>0.05). However, the
HR Gmax was lower (P<0.05) in the semi-recumbentgared to upright in both rest and
inactive recovery and the HR Gmax was higher (Px0ddring inactive recovery compared to

rest for both upright and semi-recumbent (table 2).

MSNA Analysis:

Muscle sympathetic nerve activity was successt@bprded throughout semi-recumbent
cycling exercise and inactive recovery in 6 sulged@oth burst frequency and total activity were
significantly increased from rest prior to exerasenpared to inactive recovery, 18.5 + 1.98 to
31.45 = 5.39b/min (p=0.026) and 874 + 88.0 to 147816.1 nu/min (p=0.015), respectively

(figure 5). Representative tracings are showngaré 6.
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Discussion:

The data obtained in this investigation provides mesights into the time course of the
changes in sympatho-vagal balance during HR regaueal arterial baroreflex resetting from
prolonged duration (43 to 58 min) moderate to heawkkload exercise. At the onset of inactive
recovery central command is “switched off”. Howewbe mechano- and metabo-receptor inputs
from the respiratory muscles (Secher & Amann, 2@t®) the metabolite activation of the EPR
from the recovering skeletal muscles are slowlymeng to resting activity (Rowell, 1993).
During inactive recovery, both central command @mdontrol of the vagal influence on HR
would predictably be the same as at rest priox&vase. Hence in the present study, we suggest
that the reason the resting-recovery HR is highan the resting HR prior to exercise (Figure 6)
is a result of a diminishing but sustained incraassympathetic activity resulting from
activation of the EPR (Kaufman, 2012; Mitchell, 2Dbf the respiratory and the recovering

skeletal muscles

In studies using exercising human subjects anatbateanesthetic (Fentanyl) blockade
of respiratory muscle afferents (Secher & Amanri,2@nd epidural anesthesia (Lidocaine) of
leg skeletal muscle afferents (Sméhal, 2003) exercise HRs were reduced. In the epidural
blockade studies carotid baroreflex control of HIRdtion curves were reset down and to a
lower OP pressure. In the present study, analysi® CBR-HR reflex function curves between
rest and recovery OP-Sat ranges (Figure 4) ideatdyeater range of response in the inactive
recovery CBR curve compared to the pre-exercigenge€BR-HR curve. The OP-Sat range
identified by the CBR-HR response to NS simulatgaentension identifies that during inactive
recovery the HR at the OP pressure is higher thiaingl pre-exercise rest and enables vagal

activation to respond with greater affect to hypesive stimuli (figure 4, table 2).
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The centering point (CP) pressure of the pre-egen@sting CBR-HR reflex was no
different from the inactive recovery CP; but duatmwer OP pressure and the sympathetically
driven elevation in CP-HR the HR is higher on theve. In the “Set Point” theoretical model of
arterial baroreflex resetting at the point of ex@cessation, central command is immediately
“switched off” and the “Set Point” reference pressaf the arterial baroreflex is reset to the
resting OP pressure. Consequentially, the vagaligatapidly dominates the sympatho-vagal
balance controlling the HR, thereby returning tHe tdwards resting values. As noted above we
propose that the reason for a greater recovery hetar compared to resting conditions, is an
elevated maintenance of sympathetic outflow dureapvery from prolonged exercise (figs. 2 &
5) due to increased EPR activity during the recpvEhe apparent discrepancy between our
findings and those of Halliwill's group (Halliwikt al, 2013) can be explained by differences in
posture (supine versus semi-recumbent) and timnecofdings (30 versus 60 mins). Hallinel
al.’s report (Halliwill et al, 1996) of decreased MSNA at 60 min of recoveryenssed on
nerve recordings performed in the supine posi@gopgsition which reduces central MSNA
outflow, because of loading of the cardiopulmonaayoreceptors (Charkoudiat al, 2004),

compared to the semi-recumbent recovery posturgtogad in the present investigation.

Changing posture affects the cardiovascular regsottsexercise (Rast al, 1993;
Rowell, 1993). Ogoh reported that increasing agrdimonary baroreceptor loading either by
increased pedaling frequency or changing from inpitigy supine exercise decreases the steady
state blood pressure (Ogehal, 2007). In protocol 2 with subjects in semi-ret@mt position,
the cardiopulmonary baroreceptors (CPBRSs) weregligrinloaded at the end of exercise due
to decreased muscle pump activity and venous retiverinhibitory drive was removed from the

central outflow of MSNA resulting in increased éreral MSNA (figures 5 & 6).
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In protocol 1 with the subjects in the upright piosi we were limited by the inability to record
MSNA during upright cycling due to lack of positarstability. However, the recovery MSNA
was expected to be greater than that obtainedglthiensemi-recumbent recovery (Figures 5 &
6), where the CPBRs would be unloaded to a grelegree. We suggest that the reductions in
CBV during semi-recumbent and upright recovery ltaaueductions in CPBRs load and their
mediated inhibition of MSNA. This, along with thesting influence of EPR activation on
increasing MSNA maintained elevated HRs during vecg. This suggestion is compatible with
the findings of the pharmacological blockade stsdieSavin et al. (Saviet al, 1982). During
resting-recovery the upright and semi-recumbentyses did not affect steady state HR or
Gmax of the CBR-HR function curves. However, whempared to rest prior to exercise the
HRs and Gmaxs were significantly higher (tableiguFe 2A). We suggest that the differences
in the HRs and Gmaxs of the CBR-HR reflex functionves indicate an increase in sympathetic
drive to the heart because of unloading of the C® &M the arterial baroreflex compensation
for the recovery peripheral vasodilatation indubgaitric oxide, increased blood pH and

histamine receptor stimulation (Halliwgi al, 2013).

Per spective:

This study confirms that increases and decreaséB8ihloads sensed by the
cardiopulmonary baroreceptors have a significaletirothe baroreflex responsiveness during
recovery from cycling exercise. The data provigepartant information in identifying
mechanisms involved in post exertional bradycaadid syncope. In patient populations that
have impaired arterial baroreflex control of blquéssure, age related stiffening of the arteries,
and/or populations that suffer from severe post@se induced syncope, recovery strategies that

maintain heart rate and cardiac output will enabieh populations to exercise with very little

74



risk. No load recumbent cycling during recovemynirexercise might be a reasonable measure

to ensure that there is no reflex induced bradyaamtiich could lead to syncope.
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Figurelegends
Figure 1 Timeline for the experimental exerciseti@eol for both study 1 and 2. The
recovery section is split into 2 sections. Actieduced workload recovery and inactive inactive

recovery which the last 15 minutes is dedicateolitding baroreflex curves.

Figure 2 A) Carotid-cardiac baroreflex curves.lidblines represent resting data and
dashed lines represent recovery. Semi-recumbétadk and upright is gray. B) Carotid-
vasomotor baroreflex curves. Solid lines represesting data and dashed lines represent
recovery. Semi-recumbent is black and uprightag g All data were analyzed by two way
repeated measure ANOVAs and Neuman-Keuls posthalyss (*P<0.05, Rest vs Recovery;
tP<0.05, Upright vs Semi-recumbent). SR, Semiwrdmnt; UR, Upright; HR, Heart Rate; OP,

Operating Point Pressure.

Figure 3 A) Carotid-cardiac baroreflex gain curv&alid lines represent resting data and
dashed lines represent recovery. semi-recumbétddk and upright is gray. B) Carotid-
vasomotor baroreflex gain curves. Solid lines repn¢ resting data and dashed lines represent
recovery. semi-recumbent is black and uprightay g All data were analyzed by two way
repeated measure ANOVAs and Neuman-Keuls postialyss (*P<0.05, Rest vs Recovery;
TP<0.05, Upright vs Semi-recumbent). SR, Semimdmnt; UR, Upright; HR, Heart Rate; OP,

Operating Point Pressure.

Figure 4 Vagal influence on HR: Rest vs Recowty Semi-recumbent vs Upright. Dark
gray bars are semi-recumbent and light gray basiarght. OP-Thr values are the rise in HR
caused by a hypotensive stimulus and represeiatditiy to reflexively withdraw the vagal

input. OP-Sat values are the decrease in HR cduysadypertensive stimulus and represent the
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ability to reflexively increase vagal input. Alath were analyzed by two way repeated measure
ANOVAs and Neuman-Keuls post hoc analysis (*P<ORést vs Recovery; 1P<0.05, Upright
vs Semi-recumbent). SR, Semi-recumbent; UR, UprigR, Heart Rate; OP-Sat, Change in

HR from the operating point pressure to the satumgioint pressure; OP-Thr, Change in HR

from the operating point pressure to the threspoldt pressure.

Figure 5 Muscle sympathetic nerve activity recordadng rest and recovery in the semi-
recumbent position. Blue bars indicate quantifarabf nerve traffic as burst frequency
(bursts/min) and red bars indicate it in total\atti(nu/min). There is a significant increase in
nerve traffic during recovery with both methodsjofntification. All data were analyzed by one
way repeated measure ANOVAs and Neuman-Keuls mesahalysis (*P<0.05, Rest vs

Recovery). BF, Burst Frequency; TA, Total Activitw, normalized units.

Figure 6 Representative neurogram of one subjdabiin the resting and inactive recovery

stage of the protocol. Time length of the tradas80 seconds.
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Protocol 1 Protocol 2

Upright Semi-recumbent
Mean SEM Mean SEM
Age (years) 24.4+1.16 25.5 + 0.88
Height (cm) 179 + 2.47 176.8 + 2.76
Weight (Kg) 79.8 £3.33 749 t 3.67
Resting HR (bpm) 71.2+2.00 63.5 £ 1.61%t
Resting MAP (mmHQg) 90.1+2.52 96 + 2.06
e120 (watts) 101.3+ 12.77 67.2 + 6.58
e150 (watts) 158.7+ 16.12 128.5 + 11.69
Table 1. Demographics for the two protocols. &ak listed as means and standard error

of the means (SEM). (1P<0.05, Upright vs Semi-remeimt)
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Rest Recovery
Upright Semi-Recumbent Upright Semi-Recumbent

OPHR 730 257 | 634 1741 | 86.7+3.00* | 87.6 +1.94*
(bpm)
MAP

917 +2.76 | 965 +2.16 90.1+ 2.49 90.7 +2.01*
(mmHg)
Max Gain HR 0.64 +0.09 | 0.37 +0.06f | 0.90+0.07* 0.61 +0.07*t
(-bpm/mmHg)
Gain OP HR 046 +008 | 029 +007 | 058+010 | 0.49 +0.04*
(-bpm/mmHg)
Threshold HR 789 +294 | 681 +231t | 955+272¢ | 97.7 +2.18*
(bpm)
Saturation HR 58.6 +378 | 581 174 | 59.4+530 74.0 +4.04%
(bpm)
(FIQOZSrE)Onse Range HR | 9o5 +375 | 112 +124t | 40.1+540% | 263 +3.80*
OP-Sat 144 £310 | -53 +0096% | -27.3+2.96* | -14.0 *5.08*
(bpm)
OP-Thr 59 +163 | 49 132 8.8+ 2.00 10.1 +1.84*
(bpm)
Table 2. Results from protocols 1 (Upright) and&2rqi-recumbent). Values are means

SEM. All data were analyzed by two way repeated mea8NOVAs and Neuman-Keuls post

hoc analysis (*P<0.05, Rest vs Recovdi<0.05, Upright vs Semi-recumbent). HR, Heart

Rate; MAP, Mean Arterial Pressure; OP, Operatingt?®P-Sat, Change in HR from the

operating point pressure to the saturation poiesgure; OP-Thr, Change in HR from the

operating point pressure to the threshold poinssree.
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Figure 3
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Figure 4

Vagal Influence on HR
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Figure 5
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CHAPTER IV

Cardio-respiratory interactionsimmediately following dynamic leg cycling: influences of

the muscle pump

Daniel W. White, Gilbert Moralez, Victoria L. Kay, Wendy L. Eubank,

Peter B. Raven
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Abstract:

Changes in cardiorespiratory function during themaots immediately following
prolonged exercise have yet to be fully explorétle mode of recovery affects cardiovascular
function during recovery, but the change from activ inactive recovery has not been fully
elucidated. We hypothesized that the cessationusicle pump activity and unloading of the
cardiopulmonary baroreceptors during early recoveryld allow for exacerbated oscillations in
cardiovascular variables that are neurally mediafealtest this hypothesis, subjects performed
two-legged cycling exercise at moderate and heaxwkiads and then performed active
followed by passive recovery. Data analysis waseda the minute prior to cessation of
pedaling and the first minute of inactive recove8pontaneous baroreflex sensitivity was
significantly greater during inactive recovery caargxd to active. Also, the sensitivity of the
respiratory/blood pressure and the respiratorythate interactions were increased during
inactive recovery compared to active recovery. dbdteclude that the respiratory-induced
oscillations in hemodynamics during recovery fraxereise are dependent on muscle pump

activity and central blood volume.
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I ntroduction:

Central command (CC), the exercise pressor r€B®R), the arterial baroreflexes
(ABR) and the cardiopulmonary baroreflexes (CPB®gnact to regulate blood pressure (BP)
and heart rate (HR) responses to dynamic exer€am#e{ & Raven, 2012; Mitchell, 2013).
However, the role of these neural mechanisms inlatigg HR recovery from dynamic exercise
remains a question (Coote, 2010). There is a Bogrocal balance between tonic sympathetic
activity and vagal modulation. This balance is olated by loading of the cardiopulmonary
baroreceptors (Levy, 1971; Pawelczyk & Raven, 1889yell, 1993; Pottst al, 1995;
Charkoudiaret al, 2004; Fadel & Raven, 2012). The cardiopulmonamnpleceptors are
mechano- and metabo-receptors that sense mechanaatetabolic cardiac wall stresses
related to central blood volume (CBV) and transtriiber afferent neural information to the
nucleus tractus solitarius (NTS) and play a mapte m regulating HR (Mark & Mancia, 1983;
Collins & DiCarlo, 1993). During dynamic leg exese, the cardiopulmonary baroreceptors
sense the increase in cardiac wall stress dueetmtiscle pump increasing venous return and
CBV. The increase in CBV results in decrease inr¢éisponding range of the baroreflex control
of both HR and BP (Potet al, 1995). In addition, muscle sympathetic nervevagtiMSNA)
is also decreased (Charkoudetral, 2004). What has not been fully elucidated isitiflgence
of CBV on the autonomic neural control of HR and @Ring recovery from prolonged exercise

(Coote, 2010).

During early recovery from exercise, respiratodativolumes (V) are exaggerated to
facilitate gas exchange and to re-establish acsé-balance (Wasserman, 2005). Eckletra).
reported that MSNA was more excitable during thegireory phase of respiration (Eckbesty

al., 1985) and concluded this was a result of ceimtagration of respiratory stretch receptors
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and baroreceptor afferent nerve traffic within MiES. Another interpretation of their findings
may be that during respiration the oscillatory dases and increases in CBV and, therefore,
unloading and loading of the cardiopulmonary barep¢ors resulted in oscillatory and
modulatory inhibition of arterial baroreflex integion of HR, BP and MSNA within the NTS.
Ray et al. having subjects peform one-legged kwm&snsion in the upright position, while
measuring MSNA in the contralateral leg reportetberease in MSNA during exercise. The
decreased MSNA continued through the leg kickingreise until the onset of inactive recovery,
at which time MSNA exceeded the resting MSNA (Rawl, 1993). However, when the
subjects performed the same exercise in the sygusidion the MSNA during the inactive
recovery was no different from the pre-exercisé. feégrthermore, the MSNA recorded in the
supine position was no different from that recorddde exercising in the supine or upright
positions. These results call into question whetherone legged kicking exercise induced a
greater loading of the cardiopulmonary baroreceptioan supine rest. In contrast, Hallivetl

al. have reported a decrease in MSNA recorded onediftar prolonged cycling exercise in the
supine position compared to one hour of MSNA rexmysl during supine rest (Halliwiét al,

19964a).

In a recent study in our laboratory addressingoarsge question (Whitet al, 2014), it
was observed that the magnitude of HR change §iven depth of respiration changed from
active recovery to inactive recovery. Therefore,lwpothesized that loading of the
cardiopulmonary baroreceptors with muscle pumpvigtiecreases the magnitude of
respiratory modulation of HR, BP, and MSNA duriegaovery from prolonged exercise. We
tested this hypothesis by having subjects perfawtopged cycling exercise followed by active

recovery with reduced load cycling followed by itiae recovery. The differences in magnitude
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of the changes in HR, BP or MSNA for the same depttespiratory tidal volume (Vt) between
active and inactive recovery were considered ta beEsult of muscle pump loading of the

cardiopulmonary baroreceptors.

Methods:

13 healthy human subjects (3 female) aged 25.5\efr88) volunteered for the study.
None of the volunteers had a history of heart disggespiratory disease and all were non-
tobacco users. On an orientation/familiarizatiay,deach subject completed the institutional
review board (IRB) approved consent paperwork ahdadth history questionnaire (IRB#2010-
058). Then each subject underwent a physical exation and graded exercise test. The
physical examination included 12-lead electrocagdion and automated BP auscultation
(Suntech Tango+, Morrisville, NC) in both the sigfiposition and upon standing. Upon
completion of the physical examination the subject&inted a semi-recumbent cycle ergometer
(Intellifit Psycle, Bedford, Texas) and were instrented for 3-lead ECG (HP 78342A) and beat
to beat BP measurement with the Finometer (Finddetical Systems, Amsterdam). Each
subject started at a very light workload and w&ed4o maintain a pedaling cadence of 60 rpm
as the workload was step increased every 2 mindtks.graded exercise test was concluded
when the subject was unable to continue despid@giverbal encouragement or was no longer
able to maintain 60 rpm. Each subjects HR at @awkload was recorded and an individual
HR/workload regression line was used to determaah esubject’s workloads necessary to attain

HR of 120 (e120) and 150 (e150) beats per minute.

No less than 2 days later the subjects returnethéofull exercise protocol. Subjects
were asked to mount the semi-recumbent cycle ergsraad ECG and BP were recorded.

Subjects were also instrumented for impedance pogeaphy (Minnesota Impedance
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Cardiograph model 304B, Minnesota, USA) to meadeph of respiration. Ultrasound guided
radial nerve microneurography was then performeudltitvhit MSNA recordings were obtained
from the radial nerve of the non-dominant arm appnately 1/3 the length of the upper arm
proximal to the elbow. The neural activity was &ifrgd, bandpass filtered (0.7-2kHz),

rectified, and resistance/capacitance integratet (€onstant 0.1 second) (lowa Biosystems,
lowa, USA). Neural recordings were accepted wipemtaneous burst discharges were
synchronized with heart beat and enhanced by apaéayere unaffected by cutaneous touch or
arousal stimuli (Vallbeet al, 1979). Subjects were asked to start pedaliagvaty low

workload that was then slowly increased to a wa@lto induce a HR of 120bpm for 15 min.
Then the workload was slowly increased to industeady state HR of 150bpm for 15 min. For
recovery, the workload was reduced until the HRIned 120 bpm steady for 2 minutes and then
pedaling was stopped. Subjects then recovered wmiithoving for 15 minutes. Due to loss of
nerve signal and erratic respiratory patterns, daka from 6 volunteers could be analyzed.

Total time of exercise was 42.83 minutes (+1.19,r8iBM) (Figure 1).

Heart rate, BP and MSNA were analyzed using WinCPRSSolute Aliens, Finland).
Integrated neurograms were automatically peak texteand then manually inspected for
accuracy of the detection. Signals were ampliumienalized to the quiet baseline and largest

spontaneous peak occurring during a quiet non-$itory steady state period (0-100 arb. units).

Spontaneous baroreflex sensitivity was analyzetheyequence method (Bertinieti
al., 1985). Sets of three consecutive beat to beatges in systolic arterial pressure were

associated with changes in R-R interval in the sdimeetion at a 1 second delay.
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Frequency analysis was performed on respiratorthrhy from the impedance
pnuemography signals. Then spectral coherencealaslated against HR, mean arterial

pressure and integrated neurogram at the frequeim@gpiration.

Impedance pnuemography signals were manually inspeltiring the last minute of
active recovery and the first minute of inactiveaeery. The differences in the peak amplitude
of the signal from the mean of the signal were réed and compared to the corresponding peak

changes in HR, mean arterial pressure and MSNA.

One-way repeated measures ANOVA was performed aternbrecovery (Active vs.
Inactive) ato. = 0.05. When significance was detected StudentidedKeuls post hoc analysis

was performed. P values of <0.05 indicate sta##§i significant differences in mean values.

Results:

Average respiration rates in the 1 minute pricatd 1 minute following cessation of
active recovery were 28.0 + 1.4 and 22.4 + 2.feesvely (P<0.05). Values of coherence of
respiration to HR, MAP, and MSNA are shown in tableThoracic impedance (Zo) was
significantly higher during inactive vs. active o@ery (57.1 vs. 55.8, P=0.02). MSNA was
increased during inactive recovery (150.1%, P=0Flgure 3). There was no difference in the
change from mean to peak between active and inactive recovery. RespomsBEAP to
inhalation were increased during inactive reco\erys8 + 1.25 vs. -5.22 + 1.35, P=0.289);
responses in HR to inhalation were also increaseithglinactive recovery (5.85 + 1.56 vs. 3.67
+ 0.70, P=0.329; Figure 4). Slope of the/MAP relationship was more negative during
inactive recovery (-11.32 vs. -3.95 mmHg/fold irage); slope of the VHR relationship was

more positive during inactive recovery (8.67 v§&bpm/fold increase). Spontaneous
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baroreflex sensitivity was significantly increasiding inactive recovery for the Up-Up reflex
(2.58 fold, P<0.05) and tended to be increasethimDown-Down reflex (1.53 fold, P=.107;

Figure 5).

Discussion:

The data identifies that a strong coherence ekiseen respiratory rhythm and
oscillations in HR, BP, and MSNA (table 1), but thagnitude of the changes in the variables
are greatly dependent on whether or not the mymaigp is active or inactive, see figure 2. This
finding provides additional evidence that the Gefilafferents, generally termed
cardiopulmonary baroreceptors sense the changesntricle wall transmural pressures and its
metabolite milieu (Paintal, 1973) and are involwedeflex regulation of arterial blood pressure

(Fadel & Raven, 2012).

In the present study we used Impedance pnuemogtaphgnitor changes in thoracic
impedance (TI=4) associated with the increases and decreasestirackelood volume (CBV)
resulting from pulmonary inspiration and expiratioespectively. In the transition from active
recovery there is a marked increase gnndicating a decrease in CBV. This decrease in CBV
identifies an unloading of the cardiopulmonary lbaceptors which has been identified to result
in an increase in MSNA (Charkoudiahal, 2004) see figure 2 and figure 3. In additionhe t
unloading of the cardiopulmonary baroreceptorsdpassociated with the cessation of the
pedaling exercise the magnitude of the respiratsgjilations identified by increases in Vt
markedly affect BP and HR fluctuations (FigureAlso, at the time when cessation of pedaling
occurs and the decrease in CBV is accentuatediataeidentify an increase in spontaneous
baroreflex sensitivity (Figure 5). Halliwill et aleported similar findings (Halliwilet al,

1996b). From our observations, we conclude thatrtbreased fluctuations in HR that occur at
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the cessation of exercise are directly linked spim@atory induced fluctuations in arterial pressure

and baroreflex control of HR, schematically presdnn figure 6.

The models of neural interactions presented inréduare a proposed integrated
mechanism to explain the data during active anctiverecovery. During active recovery,
muscle pump activity along with inspiratory increasn CBV load the cardiopulmonary
baroreceptors and.inhibit sympathetic outflow (Eeriget al, 1985). However, the increased
inhibition of sympathetic outflow only resultedamrelatively small decrease in arterial BP. Once
the muscle pump activity is stopped the CBV wiltase and when combined with the
inspiratory inhibition of sympathetic activity wilesult in the much greater drop in arterial BP
observed in the present investigation. The dragrterial BP recorded in the present study was
probably a result of metabolite induced vasodilatain the active muscles (Halliwiét al,

2013) and pooling of blood in the legs during megtiecovery SR and UR postures.
Subsequently, the drop in arterial BP results enléinger baroreflex mediated increase in HR
attributed to the: i) greater baroreflex sensiivand ii) greater decreases in arterial pressure
observed in the present study. Respiratory couptrtgR was first described by Hering and
Breuer (Hering & Breuer, 1868) as a reflex to stiedf mechanoreceptors in the lungs being
inhibitory to vagal outflow. In our current obsations, the temporal relationships between
inhalation and increases in HR seem to be too gdaexplain the HR responses observed,
though this doesn’t exclude the possibility of suation of Hering-Breuer reflex and arterial

baroreflex.

The afferent nerve traffic, during inactive recogydrom the mechano-receptors and
metabo-receptors located within the respiratoryai@ssmay also be causing an exaggerated un-

opposed increase in tonic sympathetic nerve agtantl causing the larger magnitude BP
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fluctuations observed. The greater negative slgeré 4) of the VMAP relationship and the
greater positive slope of the/MR relationship observed at the transition frorivacto inactive
recovery indicates an increase in the sensitivityhe neural reflex arc linking respiration to
cardiovascular function. However, because the iiangrom active to inactive recovery
involves the cessation of the muscle pump, we looechat the integration of the mechanical
displacement of blood to and from the thorax byrthescle pump during active recovery
suppresses the amplitude of oscillations in nexoatrol of HR, BP, MSNA and Tl evoked by

the respiratory pump during inactive recovery, figare 2.

Per spective:

The clinical value associated with advanced undedihg of the autonomic nervous
system is incalculable. Delayed recovery in HRof@ing exercise is a strong predictor of
mortality (Coleet al, 1999; Desaet al, 2001b) and that the cardioacceleration efficieiscy
linked to cardiodeceleration (Desgial, 2001a). Slow HR recovery is associated with the
metabolic syndrome (Kizilbastt al, 2006); however, data has been lacking in the airéze
neural control of HR during recovery in order tteddish a reliable and sensitive measure of

autonomic dysfunction (Borresen & Lambert, 2008).

The magnitude of oscillations of HR during passe®overy were greater both in the
positive and negative directions which is importaspecially in the case of a person with post-
exertional syncope where a possible threshold loadya could potentially exist. Post-
exertional syncope may be the only predictor ofdsudcardiac death in young athletes
(O'Connoret al, 1999). The fluctuations of HR during active reexy were biased in the

positive direction which might lead to preventatimterventions in persons with a history of

101



post-exertional syncope. Instead of telling peaeto exercise, it could be prescribed that

mounting a recumbent cycle for low load recoveryldde beneficial.

Characterization of normal cardiovascular funcitiothe moments following a heavy
workout may provide insight into diagnosis of certpathologies not seen during rest or late

recovery.

Limitations:

There is a very short period of time in which deda be collected and conclusions can be
made between active and inactive recovery befaadtive and inactive HRs are significantly
different. These differences could lead to inaateiconclusions about the amount of muscle
sympathetic outflow which is why we chose to préska data as total activity. This measure is
less sensitive to changes in HR because it meathgdstal amount of time in which nerve
activity is occurring over the period of a minuet just how many burst occurrences happened
in the same minute which is dependent on HR. Tlogcehwas made not to express MSNA in
burst incidence or total MSNA because the amoutih@# to normalize to 100 heart beats can
be drastically different from one subject to anothidence, we chose to keep our analysis to a
static time period for this reason. Also the adilen of MSNA during cycling is a daunting task
and therefore only 3 subject’s signals were ablgetanalyzed in both active and inactive
recovery. Therefore the power of the statistic lwas(1=0.219) and increases the possibility

of a type Il error.

Conclusion:
We are the first to analyze MSNA during immediaeavery after prolonged two-legged

cycling exercise. Loading of the CPBR due to maigelmp activity causes decreases in arterial
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baroreflex sensitivity and the respiratory induosdillations in the cardiovascular functional

variables of HR, MAP, MSNA and TI. .
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Figurelegend

Figure 1 Schematic diagram of the exercise protooeline. Insetis a
representation of the analysis period 1minute leeforl minute after cessation of active
recovery. el20, exercise at a HR of 120 beatsnpaute; e150, exercise at a HR of 150 beats

per minute.

Figure 2 Continuous tracing of a representatiygesu from active to inactive
recovery. Fluctuations in HR (bpm), MAP (mmHg) avi8NA (au) are all associated with
changes in Tl amplitude. Cut-outs are 30 secoakbddracings of Tl and MSNA. HR, Heart
Rate; MAP, Mean Arterial Pressure; MSNA, Muscle $wthhetic Nerve Activity; Tl, Thoracic

Impedance Pneumograph.

Figure 3 Percent change in total MSNA from acteeovery to inactive recovery.

MSNA, Muscle Sympathetic Nerve Activity.

Figure 4 Changes in MAP and HR for a given changespiratory V. Diamonds
represent changes during active recovery and ssjugpeesent changes during inactive recovery.
The slope of the connecting lines may be interpgrateresponse sensitivity te. VMAP, Mean

Arterial Pressure; HR, Heart Rate;, Respiratory Tidal Volume.

Figure 5 Spontaneous baroreflex sensitivity. @wls represent the percent change
in sensitivity from active (light gray) to inactidark gray). On the left is the response in R-R
interval to increases in systolic arterial presguhe-Up) and on the left is the response in R-R
interval to decreases in systolic arterial pressidata was analyzed using paired t-test. *

Significant difference from active, P<0.05.
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Figure 6 Schematic diagrams of the proposed neéueahctions during active and
inactive recovery following prolonged two leggechdynic cycling exercise. Stick arrows
represent interactions. Open arrows represenbappate magnitude of responses to inhalation
(left) and exhalation (right). Solid arrow indieatthe relative state of arterial baroreflex
sensitivity. CPBR, Cardiopulmonary Baroreflex; EFRercise Pressor Reflex; SNA,
Sympathetic Nerve Activity; BRS, Arterial Barorefl&ensitivity; BP, Blood Pressure; HR,

Heart Rate.
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Table 1:Respiratory Frequency and Cohere

Actlive inactive
Draath/min ?7& L A A= ??4 _!_?4‘2*
Thoracic Zo ({) 55.8 +4.08 57 1 + 4 49*
HR coh 0.97 +0.01 0.98 +0.02
MAP con 0.98 +0.01 0.97 +0.01
MSNA coh 0.84 £0.04 | 0.88 £0.06

Values of respiratory frequency and basal thorecpredance . Power spectral coherence vali
at the respiratory frequency for each subject in MRP and MSNA during active and inacti
recovery. Values are mean and SEM. HR, Heart;Ré>, Mean Arterial Pressure; MSN.,

Muscle Sympathetic Nerve Activii * Significant difference from active, P<0.0!
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CHAPTER YV

Conclusion

The results of these investigations within thisdrgation have led us to a revitalized
perspective on the concept of autonomic contrdleafrt rate during exercise and recovery. Our
overall findings indicate that the role of the gapilmonary baroreceptors have an immediate
and strong inhibitory influence on the parasympi@theodulation of the reflex control of HR at
the onset of and throughout exercise and recovery.

Our findings obtained through the use of newernegies and advanced understanding
of the autonomic nervous system, challenge theeoopbrary concept that; the increases in HR
during a progressive increase in work load to makiexercise test is a result of an initial vagal
withdrawal from rest to a HR of 100 beats/min faled by sympathetic activation up to
maximum. In contrast, our data points toward a ipresty reported concept of a dynamic
balance between sympatho-vagal control of HR rapffimm an 20:80 ratio of vagal dominance
at exercise onset to an 80:20 ratio of sympatligtininance at maximum exercise.

The investigation of baroreflex control during restl inactive recovery identify that the
loading and unloading of the cardiopulmonary bazeptors, as a result of increases and
decreases of CBV, modulates the arterial baroreftemrol of HR by decreasing and increasing
sympathetic activity, respectively. Orthostatiadong during rest prior to exercise onset lowered
the sensitivity and response range of the artbaedreflex. This decrease in sensitivity and

response range was also found during resting-regdram heavy exercise, but in contrast to
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rest prior to exercise, recovery HR was no diffetmsed on orthostatic position. Furthermore,
from our data, we conclude that the higher HR dpurecovery is due to increases in sympathetic
nerve activity as a result of an activated exerpressor reflex (EPR).

During resting-recovery there was no differencéhenmaximal gain (Gmax) of the
carotid-vasomotor baroreflex. Interestingly, thieaal pressure at which the Gmax of the CBR-
HR was located was no different between pre-exerest and resting-recovery in both the semi-
recumbent and upright positions. From these finglimg concluded that orthostatic challenges
do not affect autonomic reflex control of blood ggere to the same degree as observed for
control of HR. Hence we suggest that the reasothfoelevated HR during resting-recovery was
due to an increased sympathetic influence at the airial node of the heart.

Further analysis of the cardio-respiratory dat@réed during the transition from active
to inactive recovery identified the influence o$peation on arterial blood pressure regulation.
During the transition from pedaling to no pedalihg TI measure increased identifying a
decrease in CBV that resulted in a transition feolaw gain to a high gain control system.

Upon discontinuation of pedaling, the oscillatdctuations in BP and HR became greater and
were proportional to the oscillations respiratoty @n closer analysis of the data, the respiratory
induced fluctuations in BP appeared to be a dmesatlt of inspiratory inhibition of MSNA
associated with the respiratory pump loading ofcdreliopulmonary baroreceptors.

Simultaneously with the respiratory inhibition ofSMA, residual metabolite induced
vasodilation of the previously active skeletal mescesulted in the greater decrease in BP
observed during the resting-recovery comparedd@tk-exercise resting BP. Because of the
increase in the resting-recovery BP oscillationsplaerent oscillatory activation and deactivation

of the arterial baroreflexes result in the obsennedease HR oscillations. These findings
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provide additional evidence that the oscillatorgréases and decreases in CBV associated with
respiration result in arterial baroreflex induce®d 8scillations and subsequefit @rder HR

oscillations.
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CHAPTER VI

Suggestionsfor futureresearch

The research presented in this dissertation prdvigsv insights into the role of the
autonomic nervous system during recovery from proéal heavy cycling exercise. However, as
is often the case in the process of addressingubstions to advance our knowledge new
guestions arise. The following is a list of potahinvestigations for the better understanding of

recovery following exercise.

l. Further investigations into the baroreflex conttbinuscle sympathetic nerve activity
during heavy dynamic two-legged cycling need tpédormed. Current research identifies
with arm cycling a resetting of the carotid-MSNArtwaflex function curve up and to the right
but preliminary data with leg cycling suggests #abw workloads the carotid-MSNA reflex is
reset down and to the right. The question raisédisat is the mechanism by which this

downward resetting occurs?”

Il. The effect of long term physical training on themediate responses to cessation of
exercise needs to be explored along with age celafkiences. The same procedures used in
this dissertation could be applied to a longitubireg@eated measures design. Cardiovascular
plasticity with long term training could change thecomes of the current investigations in a

beneficial manner, and furthermore, identify agatesl changes in cardiovascular health.
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[I. After clarifying the physiological hemgnamic responses of cardiovascular control
during recovery from exercise, it would be benafito address the many questions involving

recovery from exercise of autonomic nervous systepaired patients.
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