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ABSTRACT OF DISSERTATION

ON THE ROLE OF CIRCULATING ATP IN VASCULAR CONTROL AT RESTMD

DURING EXERCISE OF AGING HUMANS

The following investigation composes a series of experiments with the caienall
of determining the role for the circulating nucleotide adenosine tqbtlads (ATP) in
vascular control at rest and during exercise in humans of advageedVde tested the
general hypothesis that ATP has definite vasodilator and shoipét vasomotor
properties in young adults during exercise, but that these actienimpaired in older
adults; and that endogenously circulating levels of ATP anendshed during exercise in
the aged population. Specifically, the experiments are outlineddms 1) to determine
whether exogenous ATP can modulateadrenergic vasoconstriction in the human
forearm of young adults, 2) to determine whether vasodilator respoess to
exogenous ATP is impaired in aging humans, and the contribution of atehoATP-
mediated vasodilation in aging humans, 3) to determine whether thg abexogenous
ATP to modulatex-adrenergic vasoconstriction in the human forearm of older adults is
impaired similar to the typical response observed during eseenciaged humans, 4) to
determine whether endogenous venous plasma [ATP] and ATP reledsringshed
during mild-to-moderate exercise in aging humans. Our caledindings indicate that

alterations in the contribution of ATP to vascular tone in aging humsiss and may in



part be a potential mechanism by which aged adults have reductiorggen delivery
to active skeletal muscle. In particular, circulating exogenolB Aas the ability to
significantly blunta-adrenergic vasoconstriction in young adults similar to that obs$erve
during exercise. In contrast to our hypothesis, the vasodilatoppreiseness and
sympatholytic properties of exogenous ATP remain intact in dgumgans. However,
older adults demonstrate reduced venous plasma [ATP] and impaifedefebse during
graded mild-to-moderate handgrip exercise which is assdciaith attenuations in
skeletal muscle vasodilation and blood flow. Taken together, it is oiaf bieat the
typically observed impairments in skeletal muscle vasodilationtfandhability to offset
sympathetic vasoconstrictor tone during exercise is in partoddieninished endogenous
levels of circulating ATP in aging humans. On the whole, ATP appta be a
significant regulator of vascular control in humans, and may acpasential mechanism
which in part explains the typically observed reductions in sketetscle blood flow
and oxygen delivery to active tissue in aged humans thereby predgspluisi population
to an elevated risk for cardiovascular diseases, age-relatechededh exercise

capacity/tolerance, and an overall decline in quality of life in this population.

Brett Sean Kirby
Department of Health and Exercise Science
Colorado State University
Fort Collins, CO 80523
Summer 2010
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CHAPTER | — INTRODUCTION/ EXPERIMENTAL AIMS

Blood flow through a muscle vascular bed is primarily determined by means of
the arteriovenous pressure difference across thatbed & - R) and its vascular
conductance (VC), (&= AP x VC, where Qis arterial inflow). Therefore, adjustments
in perfusion pressure or vascular tone could act together or independently as possible
blood flow regulating mechanisms. In quiescent skeletal muscle under stdbseoper
pressure gradients, blood flow is chiefly determined by the vascular toneraflas.
Specifically, vascular conductance is directly proportional to the radius vétisel
raised to the fourth power and is inversely proportional to the length of the vessel and to
the viscosity of the fluid through the vessel. On the other hand, the pressure gradient
across a muscle bed is determined by the difference between artenalllpressure and
a critical downstream 'back-pressure’, which is commonly thought to be venonallum
pressure. Thus, blood flow could be augmented via changes in the perfusion pressure
gradient, either by increases in arterial pressure or by reductions in yEaessre.
Nonetheless, adjustments in either vascular tone or perfusion pressure can have profound
independent effects on muscle blood flow.

During whole body exercise, both changes in perfusion pressure and vessel caliber
occur, thus concomitantly assisting in the elevation of blood flow and oxygen debvery
match the metabolic demand of the active tissue without compromising blood pressure.

Accordingly, the local control of vascular tone during exercise consistsred aferplay



between sympathetic neural vasoconstriction and local metabolic vasodilation, and
together dictates optimal blood flow and oxygen delivery to the active tissue. éf@& ov
century, experiments have been directed towards increasing our understankléng of t
factors that regulate vascular tone during exercise. Although it is lckgar t
vasoconstriction occurs in both inactive and active tissue via elevations in sytepathe
nervous system activity, the substances evoking vasodilation during exercise are
somewhat more perplexing. To date, it has been difficult to identify any one &octdr
that isobligatory to observe exercise hyperemia in humans, although many vasodilators
are recognized to contribute (adenosine, nitric oxide, vasodilating prostagla€gins
Nonetheless, we have recently turned our attention the postulate thaticigculat
nucleotides have an explicit role in the control of vascular tone at rest and during
exercise.

Importantly, the study of ATP in vascular control has physiological relevasd
is understood that ATP is released extracellularly into the human circulatraraflarge
host of cells. As sucl vitro evidence indicates that circulating ATP may result from
deoxygenation and mechanical strain upon endothelial cells as well as engh oy
platelets, although other cells are recognized to have this abilityllashee many
decades, nucleotides have been recognized to reside within the circulation of nchans
to have robust vasodilator action when infused intra-arterially. More recentgnee
indicates that ATP has powerful vasodilatory action in that it can evoke eleviations
blood flow similar to that observed during maximal exercise and results in th tabil
significantly blunt (and in some instances abolish) sympathetically-teddia

vasoconstriction in a dose-response fashion similar to that seen with gradsdyinte



exercise in young adults. In addition, although heavily touted as an endothelium-
dependent vasodilator, ATP appears to evoke vasodilation independent of nitric oxide,
vasodilating prostaglandins, as well as adenosine, and may chiefly causéatiasoda
spreading hyperpolarization (yet unexplored in humans). Interestingly, tressaotar
properties are specific to ATP and are typically not observed with downstdesnime
nucleotide, AMP, or nucleoside, adenosine.

With respect to alterations observed with advancing age in humans, it is well
recognized that aging serves as a primary independent risk factor fovéhepteent of
cardiovascular disease. In particular, older adults demonstrate impaioeldataen to
endothelium-dependent stimuli as well as an attenuated increase in blood flow (and
oxygen delivery) to various metabolic stimuli including exercise. Moreoisris
largely a result of impaired local vasodilation. As stated above, the endogenous
circulating nucleotide ATP appears to maintain specific vasomotor progartieang
adults, yet whether a deficit in either the responsiveness or the cirgutatitent of this
molecule results with advancing age is unknown.

Therefore, this body of work comprises four explicit hypotheses aimed to
enhance our understanding of the contribution of circulating ATP to vascular control at
rest and during exercise in humans. Considerable emphasis is placed upon how this

control is altered with advancing age in humans.



Overall hypothesis: ATP has definite vasodilator and sympatholytic vasomotor

properties in young adults during exercise, but that these actions are impaigst in ol
adults; and that endogenously circulating levels of ATP are diminished duringsexarc

the aged population.

Specific Aims
Experiment #1: to determine whether exogenous ATP can modulatgrenergic

vasoconstriction in the human forearm of young adults.

Experiment #2: to determine whether vasodilator responsiveness to exogenous ATP is
impaired in aging humans, and the contribution of adenosine to ATP-mediated

vasodilation in aging humans.

Experiment #3: to determine whether the ability of exogenous ATP to modutate
adrenergic vasoconstriction in the human forearm of older adults is impairéat $omi

the typical response observed during exercise in aged humans.

Experiment #4: to determine whether endogenous venous plasma [ATP] and ATP

release is diminished during mild-to-moderate exercise in aging humans.

To the best of our knowledge, the preceding collection of experiments provides
novel and significant insight into the understanding of how circulating ATP @88sist

vascular control in aging humans. The collective findings from these studiestentfiat



alterations in the contribution of ATP to vascular tone in aging humans exist gnid ma
part be a potential mechanism by which aged adults have reductions in oxygen delivery
to active skeletal muscle. Distinctively, exogenous ATP has the abilityriods

adrenergic vasoconstriction in young adults similar to that observed durirgsexen
contrast to our hypothesis, the vasodilatory responsiveness and sympatholytitgsrope
of exogenous ATP remain intact in aging humans. However, older adults demonstrate
reduced venous plasma [ATP] and impaired ATP release during graded mnmtziarate
handgrip exercise which is associated with attenuations in skeletal musddatam

and blood flow. Taken together, it is our belief that the typically observed impagme

in skeletal muscle vasodilation and the inability to offset sympathetic vasoctoms

tone during exercise is in part due to diminished endogenous levels of circulating ATP.
On the whole, ATP appears to be a significant regulator of vascular control in humans,
and may act as a potential mechanism which in part explains the typicallyaabser
reductions in skeletal muscle blood flow and oxygen delivery to active tissue in aged
humans thereby predisposing this population to an elevated risk for cardiovascular

diseases.
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Abstract

Recent evidence suggests that adenosine triphosphate (ATP) can inhibit vast@monstr
responses to endogenous noradrenaline release via tyramine in the skedekal m
circulation, similar to what is observed in contracting muscle. Whether this involves
direct modulation of postjunctionatadrenoceptor responsiveness, or is selective;for

or ap-receptors, remains unclear. ThereforeRratocol 1, we tested the hypothesis that
exogenous ATP can blunt direct postjunctiamaldrenergic vasoconstriction in humans.
We measured forearm blood flow (FBF; Doppler ultrasound) and calculated the wascula
conductance (FVC) responses to local intra-arterial infusions of phenyle ot

agonist) and dexmedetomiding{agonist) during moderate rhythmic handgrip exercise
(15% maximum voluntary contraction), during a control non-exercise vasodilator
condition (adenosine), and during ATP infusion in 8 young adults. Forearm hyperaemia
was matched across all conditions. Forearm vasoconstrictor responses @ €irec
receptor stimulation were blunted during exercise vs adenasi&3 = -11+3% vs -
3915%;P < 0.05), and were abolished during ATP infusion (-3£2%). Similarly,
vasoconstrictor responsesdgreceptor stimulation were blunted during exercise vs
adenosine (-13+4% vs -40+8%®< 0.05), and were abolished during ATP infusion (-
4+4%). InProcotol 2 (n = 10), we tested the hypothesis that graded increases in ATP
would reducer;-mediated vasoconstriction in a dose-dependent manner compared with
vasodilatation evoked via adenosine. Forearm vasoconstrictor responses during low dose
adenosine (-38+3%) and ATP (-33+2%) were not significantly different fest(r

40+3%;P > 0.05). In contrast, vasoconstrictor responses during moderate (-22+6%) and

high dose ATP (-8+5%) were significantly blunted compared with rest, whéreas t



responses during adenosine became progressively greater (moderaté%, #810.10;
high = -53+6%pP < 0.05). We conclude that exogenous ATP is capable of blunting
direct postjunctionad-adrenergic vasoconstriction, that this involves lgthando.,-
receptor subtypes, and that this is graded with ATP concentrations. Colje¢hiese

data are consistent with the conceptual framework regarding how muscle blooddlow a

vascular tone are regulated in contracting muscles of humans.



Introduction

Blood flow and oxygen delivery increase in proportion to the oxygen demand of
contracting skeletal muscle, a complex response involving competing influsHoeal
vasodilator signals and sympathetic neural vasoconstriction particatathe intensity of
exercise and amount of muscle mass engaged increases€Salti098). Although it
is clear that sympathetic restraint of active muscle blood flow is inpefat
appropriate blood pressure regulation (Marsétadl. 1961; Rowell, 1997), it has also
been repeatedly demonstrated that the vasoconstrictor responses in ogntnastile are
significantly blunted compared with the responses under resting (quiesmaaht)ans
(Remensnydeet al. 1962; Anderson & Faber, 1991; Thomas & Victor, 1998;
Buckwalteret al. 2001; Tschakovsky MEt al. 2002; Dinenno & Joyner, 2003). A
variety of substances/mechanisms have been proposed in this local modulation of
sympathetic vasoconstriction including activation of ATP-sensitive potasfianmels
(Katp) (Thomaset al. 1997; Kelleret al. 2004), adenosine (Nishigadtial. 1991), nitric
oxide (NO) (Thomas & Victor, 1998; Chavoshatral. 2002), and vasodilating
prostaglandins (PGs) (Fabetral. 1982). However, recent data indicate that independent
inhibition of NO and PGs do not influence the ability of contractions to blunt sympathetic
vasoconstriction (Dinenno & Joyner, 2003, 2004), and that combined inhibition of these
substances only slightly augments the constrictor responsadeenoceptor stimulation
(Dinenno & Joyner, 2004). Further, exogenous infusion of adenosine to mimic exercise
hyperaemia does not blunt sympathetic vasoconstriction (Tschakehalky002).
Thus, identifyingthe sympatholytic factor associated with muscle contractions has

proven difficult.



It has recently been proposed that circulating adenosine triphosphated@ule)
be involved in matching muscle perfusion to oxygen demand during exercise (Ellsworth,
2000; Gonzalez-Alonset al. 2002; Ellsworth, 2004). Although ATP can be produced in
many cells, one source of ATP release during mismatches in oxygen dalery
demand appears to be the red blood cell, where ATP release is coupled with the level of
deoxygenated hemoglobin (Ellsworth, 2000; Jaggal. 2001; Gonzalez-Alonset al.

2002; Ellsworth, 2004), and can also be augmented by hypercapnia, acidosis, and
mechanical deformation (Bergfeld & Forrester, 1992; Ellswetrth. 1995; Spraguet

al. 1998). In addition to directly evoking vasodilatation via bindinga{er&eptors on
the endothelium (Burnstock & Kennedy, 1986; Rongeal. 1994), work by Rosenmeier
and colleagues (2004) indicate that ATP could assist in matching oxygen delitrery w
tissue demand by modulating local sympathetic vasoconstrictor tone. Indeed, data
derived from this study suggest that circulating ATP can override syntigathe
vasoconstriction in the leg circulation evoked via intra-arterial admingtrafi tyramine
(evokes endogenous noradrenaline (NA) release), similar to that observed in iogntract
muscle (Rosenmeiet al. 2004). This occurred despite similar increases in femoral
venous NA concentrations, suggesting that this modulatory effect of ATFhis lavel

of postjunctionab-adrenoceptors. However, it must be emphasized that changes in
venous NA concentrations do not always accurately reflect NA releasesympathetic
nerve endings especially when there are marked changes in regional blodgsilenet (
al. 1990). Therefore, whether circulating ATP modulates direct postjunctional
adrenoceptor responsiveness and whether this is selective @wr,-adrenoceptors is

unclear.
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An additional question related to the role of circulating ATP in modulating
sympathetic vasoconstriction is whether this is graded with the levels wbting ATP.
In this context, several studies utilizing isolated limb models have cleangragrated
that the magnitude of sympatholysis during exercise is graded with exiertessity,
such that mild levels of muscle contraction (< 10% maximal effort) do not ireeviér
sympathetic vasoconstriction whereas progressive increases irsexetensity above
this level lead eventually to robust blunting of the vasoconstrictor response @é&oma
al. 1994; Buckwalteet al. 2001; Tschakovskst al. 2002; Kirbyet al. 2005). Thus, if
circulating ATP does indeed play a role in muscle blood flow regulation during
contractions, one would predict that low levels of ATP are not sympatholytic, sherea
increasing circulating levels of ATP would lead to a progressive tietdua sympathetic
vasoconstrictor responsiveness. This is an important hypothesis to test, as th&aonly da
regarding how ATP interacts directly with sympathetic vasoconstniatidicates that
ATP completely overrides the vasoconstrictor response (Rosergnaie2004). As
such, if ATP release from red blood cells occurred in all active muscle durimg hig
intensity large muscle mass exercise, and this completely abolishpatbgtic
vasoconstriction as recently demonstrated (Rosenmteakr2004), the vasodilatory
capacity of exercising muscle would outstrip cardiac pumping capacitgréarial
pressure would fall (Joyner & Thomas, 2003; Caébet. 2004). In healthy humans, this
does not occur.

Therefore, in the present study we tested the hypothesis that exogenous ATP
infusion blunts direct postjunctionaladrenergic vasoconstriction in humans and

determined whether this is selective dgr or ax-adrenoceptors. Further, given that the

11



ability of muscle contractions to blunt a known sympathetic vasoconstrictor ssimsul
graded with exercise intensity, we also tested the hypothesis tHatigrereases in
arterial ATP concentrations would cause graded inhibition of sympathaticenergic

vasoconstriction.

Methods
Subjects
With Institutional Review Board approval and after written informed consent, a
total of 18 young healthy adults (12 men, 6 women; age=R%ears; weight =726
3.0 kg; height = 176 2 cm; body mass index = 23t10.7 kg n¥; meansS.E.M)
participated in the present study. All were non-smokers, non-obese, normotensive, and
not taking any medications. Studies were performed after a 4-hour fashevghlijects
in the supine position. All studies were performed according to the Declaration of

Helsinki.

Arterial Catheterization

A 20-gauge, 7.6-cm catheter was placed in the brachial artery of the non-
dominant arm under aseptic conditions after local anesthesia (2% lidocailoegal
administration of study drugs. The catheter was connected to a 3-port conaaottr a
as a pressure transducer for mean arterial pressure (MAP) meastegrt continuously
flushed at 3 ml # with heparinized saline (Dinenno & Joyner, 2003, 2004; Dinehab

2005). The two side ports were used for infusions of vasoactive drugs.

12



Forearm Blood Flow and Vascular Conductance

A 4 MHz pulsed Doppler probe (Model 500V, Multigon Industries, Mt. Vernon,
NY, USA) was used to measure brachial artery mean blood velocity (MBV) lvéth t
probe securely fixed to the skin over the brachial artery proximal to the catiseteion
site as previously described by our laboratory (Dinenno & Joyner, 2003, 2004; Dinenno
et al. 2005). The probe insonation angle relative to the skin was 45 degrees. A linear 12
MHz echo Doppler ultrasound probe (GE Vingmed Ultrasound Vivid7, Horten, Norway)
was placed in a holder securely fixed to the skin immediately proximal to thétyeloc
probe to measure brachial artery diameter. Forearm blood flow was cal@adate

FBF = MBV (cm-8) * & (brachial artery diameter/2) 60, where the FBF is in
ml min?, the MBV is in cm &, the brachial diameter is in cm, and 60 is used to convert
from ml s* to ml min*. Forearm vascular conductance (FVC) was calculated as

(FBF/MAP) * 100, and expressed as ml thitD0 mmHg'.

Rhythmic Handgrip Exercise

Maximum voluntary contraction (MVC) was determined for each subject as the
average of at least three maximal squeezes of a hadggamometer (Stoelting,
Chicago, IL, USA) that were within 3 percent of each other. For the exénecils,
weights corresponding to 15% MVC were attached to a pulley system and {§tech4
over the pulley at a duty cycle of 1 s contraction-2 s relaxation (20 contractions per
minute) using audio and visual signals to ensure the correct timing (Dinenno &,Joyner

2003, 2004). We chose this moderate workload because it significantly blunts, but does

13



not abolish, sympathetic vasoconstriction in contracting muscle (Tschakeiaky

2002; Dinenno & Joyner, 2003; Dinenetcal. 2005).

Sympathetica-Adrenergic Vasoconstrictor Drugs

In male subjects, phenylephrine (a selectiv@gonist; Baxter, Irvine, CA) was
infused at 0.0625 pg (dl forearm voluriehin™ and dexmedetomidine (a selective
agonist; Hospira, Lake Forest, IL) was infused at 6.25 ng (dl forearm vetumiey.
The doses of phenylephrine and dexmedetomidine were chosen based on our experience
at rest (Dinennat al. 2002; Smithet al. 2007) and during handgrip exercise (Dinenno &
Joyner, 2003; Rosenmeigral. 2003a; Dinenno & Joyner, 2004). Because young
women typically have reduced vasoconstrictor responsesdoeptor stimulation
(Knealeet al. 2000), the doses of phenylephrine and dexmedetomidine were doubled for
the female participants. All vasoconstrictor drug infusions were adjtestéae
hyperaemic conditions as previously described (see below) (Dinenno & Joyner, 2003,
2004).

Given that exercise increases forearm blood flow, adenosine was infused to
elevate resting forearm blood flow to similar levels observed during sgeré/e have
previously demonstrated that exercise blunts the vasoconstrictor responsesttq-di
andog-adrenoceptor stimulation, whereas these vasoconstrictor responses ara@dainta
when blood flow is elevated with adenosine and hence it was used to create a “high flow”
control state (Dinenno & Joyner, 2003; Rosenmetial. 2003a; Dinenno & Joyner,

2004). In an effort to normalise the concentration of each vasoconstricting drug in the

blood perfusing the forearm, the infusions were adjusted on the basis of forearm blood

14



flow and forearm volume (measured via regional analysis of whole-body DEXA) scans
Various concentrations of each compound were available to keep the absolute infusion

rates less than 3 ml nifrin every trial.

Experimental Protocols
General Experimental Protocol

Figure 1 is an example of a time-line for the specific trials. In thexeymsition,
subjects performed either a bout of handgrip exercise, or received intraladenosine
(Sicor, Irvine, CA) or ATP (Sigma, USA); the total time for each triad @aminutes.
After 2 minutes of baseline measurements, exercise or vasodilator infuesanitiated
and steady-state FBF was reached within 3 minutes. Between 3 and 4 minutes of
hyperaemia (minutes 5 and 6 of Figure 1) the dose af;th@ o,- agonist
(vasoconstrictor) was calculated on the basis of forearm volume and blood flow. The

vasoconstrictor infusion began at the 6-minute mark and lasted for 2 minutes.

Protocol 1: Effects of Exogenous ATP on Postjunctionaldrenergic Vasoconstrictor
Responsiveness
The purpose of this protocol was to determine whether exogenous ATP blunts
direct postjunctionad-adrenergic responsiveness, and whether this is selective far
ap-adrenoceptors. Therefore, in 8 subjects (6 men, 2 women), the vasoconstrictor
responses to direat- anday-adrenoceptor stimulation (via phenylephrine and
dexmedetomidine, respectively) were assessed during control vasodilasoonndf

adenosine, during moderate rhythmic handgrip exercise (15% MVC), and duringnnfus

15



of ATP. In total, there were 6 experimental trials for each subject. Ipritiscol, the

goal was to match steady-state FBF during infusion of adenosine or ATP with that
observed during exercise. To do so, adenosine (45 nmol 1@0imf) and ATP (5 nmol
100mi* min®) were initially infused and doses were increased to elevate FBF acdprding
The final average doses of adenosine and ATP were 7348 and 11+2 nmof 10|
respectively.The order of the adenosine, exercise, and ATP trials were counterbalanced
across subjects. Thus, for subjects that did not perform the exercisedtjaléihad

them perform 3-4 minutes of rhythmic handgrip exercise prior to any expeaintreais

with a-agonists to determine their individual steady-state FBF for this exantesesity.
Additionally, in one half of the subjects, vasoconstrictor responsgsagdrenoceptor
stimulation were determined under each hyperaemic condition, followed by théarria
ap-receptor stimulation. This order was reversed in the other 4 subjects, and alissubje

rested for 15 minutes between each trial.

Protocol 2: Effects of Graded Infusions of ATP on Postjunctionabhdrenergic
Vasoconstrictor Responsiveness

The ability of muscle contractions to blunt a known sympathetic vasoconstrictor
stimulus is graded with exercise intensity, such that greater inhibitiomafdiated
vasoconstriction (greater sympatholysis) is observed with increasikipads (Thomas
et al. 1994; Buckwalteet al. 2001; Tschakovskgt al. 2002; Kirbyet al. 2005).
Therefore, the purpose of this protocol was to determine whether graded increases
exogenous ATP caused graded sympatholysis as has been observed during éxercise.

10 subjects (6 men, 4 women), we determined the vasoconstrictor responses #g-direct

16



adrenoceptor stimulation via phenylephrine at rest (saline control), agsagalring

graded increases in ATP and adenosine. In total, there were 7 experimdstialrtria

each subject and each trial was performed in a similar fashion as outlifesdacol 1.

For this protocol, the doses of ATP were calculated (based on resting forearm blood
flow) to increase arterial concentrations by 500, 1000, and 2000 rir{tiok”,

“moderate”, and “high”) provided no ATP degradation were to occur, and this wak base
on data obtained from the femoral vein during graded knee extensor exercise é&onzal
Alonsoet al. 2002). Similar tdProtocol 1, we infused adenosine as a control vasodilator
at concentrations required to match the increase in FBF evoked via these doses of ATP
Thus, to do so, ATP trials were always performed prior to adenosine trials, budehe or
of ATP and adenosine doses (low, moderate, and high) were counterbalanced across

subjects. All trials were separated by 15 minutes of rest.

Data Acquisition and Analysis

Data was collected and stored on computer at 250 Hz and analyzed off-line with
signal-processing software (WinDaq, DATAQ Instruments, Akron, OH, USA)anMe
arterial pressure (MAP) was determined from the arterial presgaweform. Baseline
FBF, HR, and MAP represent an average of the last minute of the resting time period, t
steady-state hyperaemic values represent an average of minutesrigiég 5-6 of
Figure 1; pre-vasoconstrictor) during exercise, adenosine, or ATP and ttie effthe
o-agonists represent an average of the final 30-seconds of drug infusion (post-
vasoconstrictor). The % reduction in FBF during vasoconstrictor admirostraés

calculated as:

17



((FBF post constrictor - FBF pre constrictor)/(FBF pre constrictot))
We also calculated % reduction in FVC as our standard index to compare vasdoonstric
responses to the-agonists across conditions, as this appears to be the most appropriate
way to compare vasoconstrictor responsiveness under conditions where there might be
differences in vascular tone (Lautt, 1989; O'Leary, 1991; Thetrads1994;
Tschakovskyet al. 2002). In an effort to be comprehensive, we have also presented

absolute values of forearm haemodynamics for all conditions in tabular form.

Statistics

All values are reported as means + S.E.M. Specific hypothesis testing aatth
of the exercise, adenosine, or ATP trials with the two diffexeagonist infusions was
performed using repeated measures ANOVA. Comparison of the hemodynamscatalue
specific time points between the exercise, adenosine, and ATP conditions were made
with unpaired t-tests, and the values within each hyperaemic condition ¢exerci

adenosine, or ATP) with paired t-tests. Significance was §&t(a05.

Results
Protocol 1: Effects of Exogneous ATP on Postjunctionaldrenergic Vasoconstrictor
Responsiveness
Forearm haemodynamics, HR, and MAP Rootocol 1 are presented in Table 1.
Intra-arterial infusion of both adenosine and ATP, as well as handgrip exercise,
significantly increased FBF and FVC from baseliRe(0.05). As desired by

experimental design, steady-state (pre-vasoconstrictor) FBF respor&kshosine and

18



ATP infusion were effectively matched to that observed during 15% MVC handgrip
exercise within both phenylephrine (Figure 2A) and dexmedetomidine conditionsg(Fig
2B; P=0.5-0.9). Infusion of phenylephrine;agonist) significantly reduced FBF
from steady-state hyperaemia during adenosine and exd?cis@.(5), whereas FBF

was unchanged during ATRE, Figure 2A). Similarly, infusion of dexmedetomidine
(ax-agonist) significantly reduced FBF from steady-state hyperagumniag adenosine
and exerciseR < 0.05), whereas FBF was unchanged during AN® Figure 2B).

The forearm vasoconstrictor responses to dugetdrenoceptor stimulation were
blunted during steady-state exercise vs adenogiR€q = -11 + 3% vs -39 = 5% <
0.05), and were abolished during ATP infusion (-3 = 29%;0.2 vs zero; Figure 3A).
Similarly, vasoconstrictor responsestgreceptor stimulation were blunted during
exercise vs adenosine (-13 + 4% vs -40 + 8%:;0.05), and were abolished during ATP
infusion (-4 + 4%P = 0.5 vs zero; Figure 3B). MAP changed minimally within and
between conditions (Table 1A and B), thus FBF responses were similar to FVE&. Hea
rate increased in response to exerdse 0.05), but otherwise was not significantly

between or within trials and conditions (Table 1).

Protocol 2: Effects of Graded Infusions of ATP on Postjunctionaladrenergic
Vasoconstrictor Responsiveness
Forearm haemodynamics, HR, and MAP Rootocol 2 are presented in Table 2.
Graded increases in exogenous ATP evoked a dose-dependent increase in FBF (Figure
4). Specifically, increasing the arterial concentration by 500, 1000, and 2000 himol L

increased FBF by ~2, 3, and 4-fold respectivelyRatl0.05 vs baseline). As desired by
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experimental design, steady-state (pre-vasoconstrictor) FBF respor&Enosine
infusion were effectively matched to that observed within each dose condition of ATP
(Figure 4;P =0.9 - 1.0). Infusion of phenylephrine;fagonist) significantly reduced
FBF from steady-state hyperaemia during low and moderate dose adendsiKiEPa
(bothP < 0.05; Figure 4A and B). However, although phenylephrine also reduced FBF
during high dose adenosirne € 0.05), it did not significantly affect FBF during high
dose ATP P = 0.16; Figure 4C).

The forearm vasoconstrictor responses to digetdrenoceptor stimulation
(AFVC) under control resting conditions were -40 £ 3%. The vasoconstrictor responses
during low dose adenosine (-38 £ 3%) and ATP (-33 = 2%) were not significantly
different from one another, and were similar to the responses observed Rt=€sB (-
0.9). The vasoconstrictor responses during the moderate dose of adenosine tended to be
greater versus resting conditions (-48 = 4%6; 0.07), and the responses during high
dose adenosine were significantly greater than rest conditions (-53R6%05), most
likely due to the absolute amount of phenylephrine infused as part of the flow adjustment
process. In contrast, the vasoconstrictor responses during moderate dose AT6%)22 +
were significantly blunted compared with rest, and the responses during high doge AT
8 = 5%) were significantly blunted compared with rest and those observed during low
dose ATP (bothP < 0.05; Figure 5). Importantly, the vasoconstrictor responses during
moderate and high dose ATP were significantly blunted compared with the responses
during the conditions of matched forearm hyperaemia via adenosind?(kodl05).

MAP changed minimally within and between conditions, thus FBF responses were
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similar to FVC. Heart rate and MAP were not significantly different betvieals or

conditions (Table 2).

Discussion

The primary findings from the present investigation are as follows. First,
exogenous infusions of ATP required to match steady-state hyperaemizedidhaning
moderate intensity dynamic handgrip exercise (15% MVC) abolishes postjunational
adrenoceptor mediated vasoconstriction in humans. Second, the ability of ATP to
modulaten-mediated vasoconstriction under these conditions is not selectivgdou,-
adrenoceptors, as both were similarly abolished by exogenous ATP. Third, irgereasin
arterial ATP concentrations to mimic levels observed within the physialloginge
during dynamic exercise elevates resting forearm blood flow in a dosedkg
manner. Finally, low dose ATP infusion is not sympatholytic in the human forearm,
however graded increases in ATP infusions progressively blunt postjunetional
adrenergic vasoconstriction. Importantly, these data cannot be explained syntipdy
vasodilator propertigger se of ATP, as forearm hyperaemia was matched via infusions
of adenosine which did not blunt sympathetiadrenergic vasoconstriction. The

physiological implications of these findings will now be discussed.

Exogenous ATP and Postjunctiona-adrenergic Vasoconstriction
Data derived from experimental studies using a variety of approaches in both
animals and humans have clearly demonstrated a unique ability of contractoig tous

blunt sympathetic vasoconstriction, a phenomenon believed to optimize blood flow and
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oxygen delivery to active muscle when the sympathetic nervous system is engaged
(Joyner & Thomas, 2003; VanTeeffelen & Segal, 2003). Several potential modofators
sympathetic vasoconstriction have been suggested to contribute to this phenomenon
including adenosine, NO, and PGs, although elucidating a clear mechanism in humans
has proved difficult (Dinenno& Joyner, 2003, 2004). Recently, however, Rosenmeier
and colleagues (2004) demonstrated that exogenous ATP infusions abolished regional
vasoconstriction in the skeletal muscle circulation evoked via intra-arigaatine,
similar to what was observed during isolated knee extensor exercise at pBaék of
power output. These data are of significant interest in that infusions of otheratasedi
such as adenosine and sodium nitroprusside (NO donor) to mimic exercise hypel@emi
not interfere with sympathetic vasoconstriction in humans (Tschakevsky2002;
Dinenno & Joyner, 2003; Rosenmegtral. 2003b). Further, emerging evidence that
ATP released from red blood cells in proportion to deoxygenated hemoglobin might act
to couple blood flow and oxygen delivery to demand during exercise make it anvegtract
candidate capable of directly causing vasodilatation and also limitingasyetic
vasoconstriction in active muscle. In this context, ATP appears to be a good andida
for explaining sympatholyis because it has a short half-life, is rel@dseal erythrocytes
become deoxygenated which would occur in close proximity of active muscle &hdrs,
this would allow sympathetic vasoconstriction to occur in resistance vesseds active
fibers to maintain an appropriate match between oxygen demand and oxygen dglivery
the microcirculatory level (Calbet al. 2006; Lundbyet al. 2008).

In the present study, we directly tested the hypothesis that exogenous ATP

infusion blunts postjunctionatadrenoceptor responsiveness similar to that observed
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during exercise. In the study by Rosenmeier and colleagues (2004), intia-arter
administration of tyramine was used to evoke endogenous NA release and cause
subsequent vasoconstriction. Although we (Dinenno & Joyner, 2003, 2004) and others
(Rubleet al. 2002; Wilkinset al. 2006) have also used this approach, it must be
emphasized that measuring changes in venous NA concentrations do not always
accurately reflect NA release from sympathetic nerve endingsiakbpaden there are
marked changes in regional blood flow (Esleal. 1990). Therefore, we determined the
forearm vasoconstrictor responses to disgetindaz-adrenoceptor simulation (via
phenylephrine and dexmedetomidine, respectively) during moderate handgcisexe
(15% MVC), during control vasodilator infusion of adenosine, and during infusion of
ATP required to match forearm hyperaemia during exerBisgdcol 1). As expected,
there was marked vasoconstriction to bo#@gonists during infusion of adenosine,
whereas the responses were significantly blunted (but not abolished) during pandgri
exercise. These data are consistent with our previous work in this area afatist
(Dinenno & Joyner, 2003, 2004). Somewhat similar to our observations during exercise,
the vasoconstrictor responses to direetdrenoceptor stimulation were abolished during
infusion of exogenous ATP. To the best of our knowledge, these data provide the first
experimental evidence that exogenous ATP modulates direct postjunational
adrenoceptor vasoconstriction in humans.

With respect to the-adrenoceptor subtypes, we observed no difference in the
ability of muscle contractions to bluaf- anda,-mediated vasoconstriction in the human
forearm. Similarly, exogenous ATP abolished bmthando,-mediated vasoconstriction

with no apparent selectivity for thereceptor subtypes. These data are consistent with
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previous studies indicating that both postjunctianalndao,-adrenoceptor
responsiveness are significantly blunted during moderate forearm exercig@ans
(Dinenno & Joyner, 2003; Rosenmegtal. 2003a; Dinenno & Joyner, 2004). It should
be noted that there are data in humans performing knee extensor exercisevautige
ax-adrenoceptors are more sensitive to metabolic inhibitioncthaeceptors (Wrayt al.
2004), and this is conceptually similar with data derived from various experimenta
animal models (Anderson & Faber, 1991; Buckwadted. 2001). However, in this
particular study in humans, there were marked pressor effects (and thus barorefle
activation) during infusion of the-agonists that preclude clear interpretation of this data
(Wrayet al. 2004). Nevertheless, db-adrenoceptors are indeed more sensitive to
metabolic inhibition in the leg circulation, it would be of interest to determinehehet
ATP has a greater modulatory effectanversusu;-adrenoceptor mediated

vasoconstriction in the leg vasculature.

Exogenous ATP and Graded Modulation of Postjunctionaldrenergic
Vasoconstriction

In Protocol 1, we demonstrated that exogenous ATP required to match steady-
state hyperaemia observed during moderate dynamic handgrip exercise &S0 M
completely abolished postjunctiongl ando,-mediated vasoconstriction. From a
physiological standpoint, however, if circulating ATP were to completedyride
sympathetic vasoconstriction in active muscle during large muscle massexexcess
vasodilatation would occur and arterial pressure would be compromised (Matsthall

1961; Rowell, 1997; Joyner & Thomas, 2003). Thu&rwmtocol 2, we determined
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whether graded ATP infusions evoked a dose-dependent modulaticadoénergic
vasoconstriction, as has been demonstrated during graded levels of eXéramaset

al. 1994; Buckwalteet al. 2001; Tschakovskst al. 2002; Kirbyet al. 2005).
Interestingly, we found that low dose ATP infusion (500 nnit) dufficient to increase
resting forearm blood flow 2-fold did not blustadrenergic vasoconstriction. This is
strikingly similar to what is observed during very mild muscle contractie#sNVC)

that elevate forearm blood flow to a similar extent (Kiebgl. 2005). However, at
moderate (1000 nmol1) and higher (2000 nmol'}) doses of ATP selected to increase
arterial concentrations similar to that observed in the femoral vein dyakeietal
muscle during graded knee extensor exercise (Gonzalez-Adbas®002),a-
adrenoceptor responsiveness was progressively blunted. In this context, thefabili
graded ATP infusions to limit postjunctionaladrenoceptor mediated vasoconstriction is
quite similar to what is observed with graded exercise intensity, and provithes fur
support for the hypothesis that circulating ATP could play a significant roégulating

muscle blood flow and vascular tone during exercise.

Potential Mechanisms

The mechanism(s) by which circulating ATP can modulate sympathetic
adrenergic vasoconstriction in the skeletal muscle circulation arenfiyegeknown.
What is clear, however, is that this does not simply reflect the vasodilatortprsmé
ATP per sg, as infusions of other vasodilators to miraxercise hyperaemia do not blunt
sympathetic vasoconstriction (Tschakovskgl. 2002; Rosenmeiett al. 2003b).

Indeed, in the present stud3rtocol 2), adenosine was not capable of inhibitiag

25



adrenergic vasoconstriction. Thus, we speculate that cellular mechanisrhgby w
ATP-induced R, receptor activation evokes smooth muscle cell relaxation are involved.
In this context, recent studies indicate that ATP-mediated vasodilatation im$iisna
independent of NO and PGs (van Ginnegeal. 2004), which is consistent with recent
findings that independent inhibition of NO (Dinenno & Joyner, 2003) and PGs (Hansen
et al. 2000; Dinenno & Joyner, 2004) do not significantly impact on functional
sympatholysis in humans. Further, when we performed combined NO and PG inhibition,
sympathetic vasoconstriction in contracting muscle was only slightly augthe

compared with control conditions, suggesting other modulatory factors were involved
(Dinenno & Joyner, 2004). Taken together, it seems plausible to speculate Fhat AT
evokes smooth muscle cell hyperpolarization, and this in turn blunts sympathetic
adrenergic vasoconstriction. Future studies will be needed to determinathe ex

mechanism underlying the sympatholytic effect of circulating ATP.

Experimental Considerations

In Protocol 2 of the present investigation, we chose to only use phenylephrine
(0g- agonist) to test whether the ability of circulating ATP to blunt postjunctienal
adrenoceptor vasoconstriction was graded with ATP concentrations, as opposed to using
botha;- andaz-adrenoceptor agonists. Howeverpiotocol 1, our data indicated that
exogenous infusion of ATP at concentrations to match forearm hyperaemia observed
during moderate intensity handgrip exercise abolisheddyetimdao,-mediated
vasoconstriction, with no apparent difference between the receptor subtypes.

Additionally, we were concerned about giving dexmedetomidig@gonist) over 7
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experimental trials, as this would significantly increase the risis-atirenoceptor effects
on the central nervous system (e.g., hypotension, sedation). This is important not only
from a subject safety standpoint, but also if there were centedlects, this would

inhibit basal sympathetic outflow (Lamgal. 1997) and cloud interpretation of the data
for the remaining experimental trials .

An additional consideration fd#rotocol 2 relates to the dose adjustment of
phenylephrine we employed based on changes in forearm blood flow, which was
performed to reduce any potential “dilution effect” of theagonist during the various
doses of adenosine and ATP. Our findings indicate that the vasoconstrictor responses
during the moderate dose of adenosine tended to be greater, and that the vasoconstrictor
responses during the high dose of adenosine were greater compared with contrpl (saline
conditions. Although seemingly counterintuitive, this is consistent with what has bee
demonstrated when adjustments in the dose of tyramine were performed far simil
reasons during hyperaemic conditions associated with adenosine infusions (Tdchakovs
et al. 2002). Thus, although we were aware this might occur, we needed to be sure that
any apparent sympatholytic effect of exogenous ATP was not due to a dilutionasfect
this has never been determined before during ATP infusions. Regardless, ouradigta cle
indicate a graded sympatholytic effect of exogenous ATP whether companetievi
vasoconstriction observed during control conditions, or conditions of matched

hyperaemia via adenosine.
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Experimental Limitations

One limitation of the present study relates to the use of moderate intensity
exercise with a small muscle mass, and thus moderate hyperaemic conditiesisotr
hypotheses. However, our experimental model allows for moderate intensitgidyna
muscle contractions to be performed without increasing sympathetic outflow)ans al
for well-controlled vasoactive drug infusions that do not alter arterial bloodupeesisd
thus do not evoke baroreflex-mediated alterations in sympathetic outflow. This is
important in that changes in sympathetic nervous system activity would cloud
interpretation of our vasoconstrictor responses during-tdogonist infusions.
Nevertheless, it is important to recognize that the potential interactivedr®ATP and
sympathetic vasoconstriction during larger muscle mass, higher intensitisexeuld
be more complex than observed in our studies as indicated by recent data demonstrating
that some degree of local vasoconstriction is necessary for the precisengatchi
oxygen delivery to oxygen demand under such conditions (Galbet2006; Lundbyet
al. 2008).

Another limitation of the present study relates to the lack of measurement of
circulating arterial or venous plasma ATP concentrations during the exoeaintrials.
In Protocol 1, our goal was to match forearm blood flow to that observed during match
steady-state exercise hyperaemia, thus we were not concerned withuobvexogenous
ATP was required to achieve this. HoweverRiotocol 2, our doses were chosen to
mimic average increases in ATP concentrations observed in the venougiomallaing
graded knee extensor exercise in humans (Gonzalez-AébaE®002). We used data

from the venous circulation (versus arterial) as ATP release from red bltodaceld
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occur at the level of the microcirculation and thus venous concentrations would provide a
better estimate of this. Using this approach, we were able to demonstiéatela 2
increase in forearm blood flow across this range of exogenous ATP and further, that
increasing ATP concentrations within this predicted range causedigwagatholysis.
However, it still remains unclear what exact concentrations of ATP atubledthe
resistance vessel network are ultimately observed during exercisbuaratd
sympatholytic under these conditions. A final limitation of the present investigat
relates to the inability to inhibit2receptors in humans due to the lack of available
pharmacological agent. In this context, to definitively determine if ATP is
mechanistically-linked with the ability of muscle contractions to blunt synapia
vasoconstriction, similar studies will need to be performed before and gftecEptor
blockade and demonstrate that muscle contractions are incapable of modulating

sympathetic vasoconstriction under conditions gfrBceptor inhibition.

Conclusions

The results from the present investigation demonstrate that exogenous ATP
infusions required to match the hyperaemic responses observed during modegie hand
exercise abolish postjunctional anda,-adrenoceptor responsiveness in the human
forearm. Importantly, graded increases in arterial concentrations otwifiin the
physiological range that evoke moderate limb hyperaemia caused grhthtion ofa-
mediated vasoconstriction, such that low levels are not sympatholytic whereas
progressive reductions iradrenoceptor mediated vasoconstriction are observed with

increasing ATP concentrations. Collectively, these data are consistienhevi
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conceptual framework regarding how muscle blood flow and vascular tone aregggulat

in contracting muscles of humans.
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Table 1A. Protocol 1 Forearm and Systemic Haemodynamics: Phenylephrine Trials

Forearm Blood

Mean Arterial

Forearm Vascular

Heart Rate

Time Condition Flow Pressure Conductance (beats min?)
(ml min?) (mmHg) (ml min™ 100 mmHg™)
Adenosine 30 +4 92+3 32+4 56 +3
Baseline Exercise 26 +4 94+3 28+4 55 + 4
ATP 29 +5 92+2 31+5 54 +4
Adenosine
Pre- Exercise
Phenylephrine
ATP
Adenosine 89 +9*T 98 +3* 92 +10*t 56 +3
Phenylephrine .
Phenylephrine | g0 pejce 136 + 12* 11 96+ 3 141 + 10*t1 60+3*
ATP 133 + 19%% 93+1 143 +21*%% 54 +3
Table 1B. Protocol 1 Forearm and Systemic Haemodynamics: Dexmedetomidine Trials
Forearm Blood | Mean Arterial Forearm Vascular Heart Rate
Time Condition Flow Pressure Conductance (beats min?)
(ml min™) (mmHg) (ml min™ 100 mmHg™)
Adenosine 27+4 95+2 28 +4 53+3
Baseline Exercise 30+6 92+3 33+7 54 +4
ATP 30+6 97+2 31+6 54 +3
b Adenosine 141 +25* 98+3 144 + 25* 54 +4
re-
Dexmedetomidine | Exercise 150 +16* 94+2 158 + 15* 57 +4*
ATP 1531-20* 95+2 162121* 54 +3
Adenosine 85+15*f 101 +3 84+ 15*1 55+3
Dexmedetomidine | gyqpcise 132+ 12* 11 95+ 2 136+ 12* 11 57 + 4*
ATP 152 +23*% 96+ 2 159 +24*% 53+3

* P < 0.05 vs baseline within condition;Pt< 0.05 vs steady-state (Pre-vasoconstrictor;
Phenylephrine/Dexmedetomidine) within conditidgr? < 0.05 vs adenosine durigagonist
infusion. Forearm vascular conductance was calculated as (forearm bloodeffowdnterial

pressure) x 10
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Table 2. Protocol 2 Forearm and Systemic Haemodynamics during Graded Infusions

of ATP and Adenosine
Tme | Comitony | (| M| Rt | et
Dose (ml min) (mmHg) (ml min™ 100 mmHg?) (beats min")
Adenosine 1 21 +4 86+3 25+5 58+5
ATP1 23+3 86+3 27 +4 59+5
. Adenosine 2 23 +3 86+3 27 +4 58+5
Baseline ATP2 22 +3 86+3 26+4 59+4
Adenosine 3 23 +3 86+3 28 +4 60+5
ATP3 24 +3 86+3 28+4 59+5
Adenosine 1 51 + 8* 86+3 61 +9* 60+5
ATP1 50 + 9* 84+3 61+12* 58+5
Pre- Adenosine 2 66 +9* 87+2 77 +11* 59+5
Phenylephrine ATP2 66 + 9* 86+3 78+12* 59+5
Adenosine 3 90 + 12* 87+3 105 + 14* 60+5
ATP3 88+ 13* 84+3 106 +17* 59+5
Adenosine 1 33+6*f 88+4 38+ 7*t 60+5
ATP1 35+7*% 87+3 41+9*7 59+5
Adenosine 2 36+ 6%t 90 +3* 41+8*f 59+5
Phenylephrine
ATP2 53 +10*t 88+4 62 +12*t 58+5
Adenosine 3 43 + 8*1 90 +4* 50 +10*t 60+5
ATP3 79 +11*%% 86+3 94 +14*% 59+5

* P < 0.05 vs baseline within condition;Pf< 0.05 vs steady-state (Pre-vasoconstrictor;
Phenylephrine) within conditior; P < 0.05 vs adenosine during phenylephrimgggonist)

infusion. 1 = Low dose condition; 2 = Moderate dose condition; 3 = High dose condition (see

text for details). Forearm vascular conductance was calculated asrfid®od flow/mean
arterial pressure) x 100.
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Figure 1: General Experimenta Trial. Each trial consisted of a 2-minute baseline period.
After this time period, subjects either began rhythmic handgrip exerciseeived intra-arterial
adenosine or adenosine triphosphate (ATP) to elevate resting forearm blodal lbeels
observed during exercise. During minutes 5-6 (pre-constrictor), the dosesigfdhe,-
adrenoceptor agonists (phenylephrine or dexmedetomidine, respectivelyaleetated on the
basis of steady-state hyperaemic forearm blood flow and forearm volumesqSebty, the:-
agonist was infused for 2 minutes until minute 8. An average of forearm blood flow and mea
arterial blood pressure during the final 30 secondsagjonist infusion was used to calculate the
vasoconstrictor effect during all hyperaemic conditions.

Figure 2: Forearm blood flow at rest, during eachhyperaemic condition, and during

infusion of a-agonists. Steady-state hyperaemia was similar during rhythmic handgripiseer
adenosine, and ATP infusions for trials involving theagonist phenylephrine (A; Pre-PE) and
the ax-agonist dexmedetomidine (B; Pre-Dex). Forearm blood flow was reducedcsigtiifi

with botha-agonists during adenosine and exercise, but the response was attenuated during
exercise. In contrastragonist infusion did not significantly reduce forearm blood flow during
ATP.* P < 0.05 vs steady state (Pre-vasoconstrictor; PE/Dex) within conditPr;0.05 vs
adenosine during-agonist infusion.

Figure 3: Forearm vasoconstrictor responses ta;- and ax-adrenoceptor stimulation.
Percentage reductions in forearm vascular conductance to phenylephagerist) (A) were
significantly blunted during exercise and abolished during ATP compared with ag&nosi
infusions. Similar data was obtained in response-@drenoceptor stimulation via
dexmedetomidine (B}. P < 0.05 vs adenosing;P < 0.05 vs zero.

Figure 4: Forearm blood flow at rest, during the @alenosine and ATP hyperaemic
conditions, and during infusion of thea;-agonist. Forearm blood flow was significantly
elevated in a dose-dependent manner with exogenousPA¥®.05), and forearm

hyperaemia was effectively matched via infusion of adenosipadrenoceptor stimulation
with phenylephrine (PE) significantly reduced forearm blood flow during aésifiew,
moderate, high) of adenosine. In contrast, phenylephrine significantly redueachi

blood flow during low and moderate dose ATP, whereas this was not significant duhng hig
dose ATP* P < 0.05 vs steady state (Pre-PE) within conditioR;< 0.05 vs adenosine

during phenylephrine.

Figure 5: Forearm vasoconstrictor responses ta;-adrenoceptor stimulation.

Percentage reduction in forearm vascular conductance in respenssit@noceptor
stimulation (via phenylephrine; PE) during low daseision of adenosine and ATP were
not significantly different than during saline (control) conditiansmediated
vasoconstriction was greater during high dose infusion of adenosine compared with
control, whereas the vasoconstrictor responses were blunted during moderate and high
dose ATP.* P < 0.05 vs saline (control}; P < 0.05 vs adenosine within dose condition;

$ P < 0.05 vs low dose within drug condition.
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Non-technical Summary

The innermost lining of a blood vessel (endothelium) is important for increasirg) vess
diameter and facilitating increases in blood flow and oxygen delivery tolenushis

process is typically impaired in older adults. We demonstrate that incneddesd

flow to the naturally circulating vessel relaxant, ATP, are intact in oldidtsawho have

an impaired innermost lining of muscle blood vessels. Our results show that an
unhealthy endothelium does not always translate to an inability to relax bloods\assel
aids in the overall understanding of how blood vessels control oxygen delivery to muscle

as humans get older.
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Abstract

Endothelium-dependent vasodilatation is reduced with advancing age in humans, as
evidenced by blunted vasodilator responsiveness to acetylcholine (ACH). thigula
adenosine triphosphate (ATP) has been implicated in the control of skeletal muscle
vascular tone during mismatches in oxygen delivery and demand (e.g., exeecise) vi
binding to purinergic receptors£fPon the endothelium evoking subsequent
vasodilatation, and ageing is typically associated with reductions in nalsokk flow
under such conditions. Therefore, we tested the hypothesis that ATP-mediated
vasodilatation is impaired with age in healthy humans. We measured forearmléwood f
(venous occlusion plethysmography) and calculated vascular conductance (FVC)
responses to local intra-arterial infusions of ACH, ATP, and sodium nitroprussié® (S
before and during AA infusion in 13 young and 13 older adults. The peak increase in
FVC to ACH was significantly impaired in older compared with young adul&{2B%

Vs 618+97%§P<0.05), and this difference was abolished during AA infusion (510+82%
vs 556+71%NS). In contrast, peak FVC responses were not different between older and
young adults to either ATP (675+£105% vs 734+126%) or SNP (116£111% vs
1138+148%) and AA infusion did not alter these responses in either age group$poth
In another group of 6 young and 6 older adults, we determined whether vasodilator
responses to adenosine and ATP were influenced-bgcBptor blockade via
aminophylline. The peak FVC responses to adenosine were not different in young
(350+£65%) versus older adults (360+80%), and aminophylline blunted these responses
by ~50% in both groups. The peak FVC responses to ATP were again not different in

young and older adults, and aminophylline did not impact the vasodilatation in either
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group. Thus, in contrast to the observed impairments in ACH responses, the vasodilatory
response to exogenous ATP is not reduced with age in healthy humans. Further, our data
also indicate that adenosine mediated vasodilatation is not reduced with age, and that
ATP-mediated vasodilatation is independent pfdeeptor stimulation in both young and

older adults.
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Abbreviation List

AA, ascorbic acid; ACH, acetylcholine; ADO, adenosine; ADP, adenosine diphosphate;
AMP, adenosine monophosphate; APH, aminophylline; ATP, adenosine triphosphate;
DEXA, dual-energy X-ray absorptiometry; ECG, electrocardiogdé#\/, forearm

volume; FBF, forearm blood flow; FVC, forearm vascular conductance; HDL, high-
density lipoprotein; HR, heart rate; LDL, low-density lipoprotein; MAP, maderial
pressure; MBV, mean blood velocity; MVC, maximal voluntary contraction; NOg nitri
oxide; NOS, nitric oxide synthase; P-receptor, purinergic-receptor; SidiRim

nitroprusside.
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Introduction

Over the past decade, evidence has begun to point towards the circulating
endogenous purine nucleotide ATP as having an increasingly important role in vascular
homeostasis. As such, circulating ATP is thought to have a role in curtailieteplat
aggregation (Soslaat al., 1995; Hrafnkelsdottiet al., 2001) and has been implicated in
the control of skeletal muscle vascular tone during exercise via binding torgigine
receptors (R) on the endothelium evoking both considerable vasodilatation and
attenuating sympathetic vasoconstriction (Gonzalez-Alehab, 2002; Kirbyet al.,
2008). In addition, ATP appears to induce vasodilatation primarily via endothelium-
dependent mechanisms and results in spreading vasodilation which has been proposed as
a significant contributor to the full expression of the exercise hyperenpiames (Winter
& Dora, 2007). Of note is the fact that other putative endothelium-dependent
vasodilators such as nitric oxide, prostaglandins, and adenosine do not clearly blunt
sympathetic vasoconstriction nor evoke spreading dilation, highlighting the unique and
important properties of ATP (Hoepdl al., 2002; Winter & Dora, 2007; Kirbgt al.,
2008). Interestingly, the majority of data in young adult humans also sugge steteat
putative vasodilators are not the primary downstream signals by which diraet int
arterial ATP administration evokes hyperemia (Rongeh., 1994; van Ginnekeet al.,
2004).

In addition to the aforementioned properties, it is our belief that the contribution
of circulating ATP to vascular tone in humans is of particular significaonoe & genuine
physiological standpoint. Considerable evidence has mounted demonstrating that the

erythrocyte can act as an oxygen ‘sensor’ in addition to its traditiomabf@n oxygen
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‘carrier’, whereby ATP is released from the red cell in direct proportidhe degree of
hemoglobin deoxygenation (Jaggesl., 2001). Additionally, ATP is documented to be
released from endothelial cells into circulation in response to shear(stiessvn
endothelium-dependent stimulus) (Bodin & Burnstock, 1995). Accordingly, circulating
endogenous concentrations of ATP increase in young adults during the physiological
stressors of hypoxia and exercise (Forrester & Lind, 1969; GonzalezeAdoals, 2002).
Collectively, given the vasomotor properties of ATP and that endogenous [ATPk@crea
in circulation during natural physiological stressors, the responsivendss podposed
endothelium-dependent vasodilator in humans may offer substantial insight that is
unobtainable with the use of other vasodilators whose control of the skeletal muscle
vasculature during physiological stressors could be questioned.

With respect to human ageing, advancing age is widely recognized astheypr
risk factor associated with increased cardiovascular disease risk, anddlttsr
typically display characteristics of endothelial cell injury (Celajeret al., 1994; Lloyd-
Jonest al., 2009). A normal, healthy endothelium functions to minimize the pro-
inflammatory environment that promotes the initiation and progression of atleeotisc
vascular disease. Further, the endothelial cell layer of the vasculatgeifisait in
regulating vasomotor tone, thus facilitating in the balance of blood flow and oxygen
delivery to the metabolic needs of the tissue (Wu & Thiagarajan, 1996; Vanhoutte, 1997).
Accordingly, older adults have a blunted responsiveness to endothelium-dependent
vasodilator stimuli and this endothelial dysfunction contributes to negateratans in

vascular control (Taddet al., 2000; Taddegt al., 2001; Kirbyet al., 2009).
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During physiological metabolic stress such as exercise, older adutialtyiave
an attenuated hyperaemic response to exercise which may be mediated vian®duc
endothelium-dependent vasodilatation (Pabld., 2003; Proctor & Parker, 2006). As
such, we recently demonstrated that acute improvements in endothelial funetion ar
associated with significant increases in muscle blood flow during dynammicigx in
ageing humans (Kirbgt al., 2009). Importantly, the regulation of blood flow during
such a stress is a complex response that involves a fine balance betweenanetaboli
vasodilation and sympathetic vasoconstriction. In addition to blunted endothelium-
dependent dilation, ageing is also associated with an impaired ability to biupdthetic
vasoconstriction within the active muscle which may limit oxygen delivettygdissue
when oxygen requirements are elevated (Keicl., 2003; Dinennet al., 2005). Taken
together, the control of vascular tone and thus oxygen delivery to skeletal niussle a
and during exercise is impaired in older compared to young adults and is related t
decrements in overall endothelial health and function.

To date, the understanding of vasodilator responsiveness to intra-arterial ATP
administration in aging humans is not fully understood. Therefore, we tested the
hypothesis that ATP-mediated vasodilatation is impaired in older compategonng
healthy humans. Additionally, circulating ectonucleotidases (which hydratyze
breakdown ATP toward adenosine) have been suggested to be elevated in diszase st
that are increased with age and who demonstrate endothelial dysfunction éDalarte
2007; Schetingest al., 2007; Lunke®t al., 2008). Given the possibility that ATP could
be rapidly degraded to its downstream by-products via interactions with aigulat

ectonucleotidases and that adenosine-mediated vasodilatation could possiblyymask an
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real impairment to ATP infusion in older adults, in a subgroup of subjects we determined
ATP-mediated vasodilatation during-Receptor blockade via aminophylline. Again, this
guestion is of particular importance given that ATP possesses unique vasoactive
properties (i.e. maximal vasodilator capacity, sympatholysis, and progagate
vasodilatation) exhibited by ATP but not other common vasodilators including

adenosine.

Methods
Subjects

With Institutional Review Board approval and after written informed consent, a
total of 19 young and 19 older healthy adult men and women participated in the present
study. All subjects were normotensive and free from overt cardiovasculaselize
assessed from casual blood pressure measurements and a medical historsubj2icks
were further evaluated for clinical evidence of cardiopulmonary dise#isa whysical
examination and resting and maximal exercise electrocardiograms. Altsuere
sedentary to moderately active, non-smokers, not taking any medicationsngcludi
antioxidants, and studies were performed after a minimum of a 4-hour fastctSubje
provided written, informed consent after all potential risks and procedures were
explained. This study was approved by the Human Research Committee of Colorado

State University and was performed according to the Declaration ohkielsi
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Arterial Catheterization

A 20-gauge, 7.6-cm catheter was placed in the brachial artery of the non-
dominant arm under aseptic conditions after local anesthesia (2% lidocaileegptor
administration of study drugs. The catheter was connected to a 3-port comsestll
as a pressure transducer for mean arterial pressure (MAP) nmeastieend continuously
flushed at 3 ml # with heparinized saline. The two side ports were used for infusions of

vasoactive drugs (Kirbgt al., 2008; Kirbyet al., 2009).

Blood Samples

Measures of total cholesterol, low- and high-density lipoproteins (LDL &lid,H
and triglycerides were performed via conventional methods by the clinical tiatyoo&
the Poudre Valley Hospital (Fort Collins, CO, USA). Oxidized-LDL was nmegasvia
standard ELISA (Mercodia, Inc., Uppsala, Sweden) as a marker of amgubaidative
stress via the General Clinical Research Center of the Milton S. ieviduical Center

(Hershey, PA, USA).

Body Composition and Forearm Volume

Body composition was determined by dual-energy X-ray absorptiometry (DEXA
Hologic, Inc; Bedford, MA, USA). Total forearm volume was calculated frononegi
analysis of the experimental forearm (from the proximal to distal radiojdint) from
whole-body DEXA scans with QDR series software for normalization of indivdiuag
doses. Body mass index was calculated as bodyweight (kg) divided by heighsmeter

squared.
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Forearm Blood Flow and Vascular Conductance

Forearm blood flow (FBF) was measured via venous occlusion plethysmography
using mercury-in-salistic strain gauges (Greenfetlal., 1963; Dinennat al., 2002). A
paediatric blood pressure cuff was placed around the wrist of the experimentaich
inflated to suprasystolic pressure (~200 mmHg) to arrest the hand circulation.
Additionally, a venous occlusion cuff was placed around the upper portion of the
experimental arm and cycled between rapid inflation at ~50 mmHg (7 seconds) and
deflation (8 seconds) yielding one blood flow measurement every 15 seconds. FBF was
expressed as millilitres per 100 millilitres of tissue per minute (ml (1p% min?). As
an index of forearm vasodilatation and to account for individual differences inneasel
vascular tone, forearm vascular conductance (FVC) was calculated aM@&BFx 100
expressed as ml min(100mmHg)". In an effort to minimize the contribution of
cutaneous blood flow to FBF measurements, a fan was directed at the expéamenta

throughout the experimental protocol.

Vasoactive Drug Administration

As a standard test of endothelium-dependent vasodilatation, the muscarinic
receptor agonist acetylcholine (ACH; Miochol-E, Novartis Inc.) was edusa brachial
artery catheter at 1, 4, 8, and, jig100 mi* forearm volume min for 4 minutes each.
Additionally, endothelium-independent vasodilatation was assessed via intralarte
infusion of sodium nitroprusside (SNP; Nitropress, Hospira Inc.) at 0.25, 0.5, 1uand 2

100 ml forearm volumé&min™ for 4 minutes each (Taddetial., 2001; DeSouzat al.,
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2002). To test our primary hypothesis, thef@éceptor agonist adenosine triphosphate
(ATP; Sigma A7699) was infused at 1.25, 2.5, 5, anddl®00 ml forearm volumé
min™ for 4 minutes each (Rongenal., 1994; Kirbyet al., 2008). ATP was confirmed
sterile and free of endotoxin with a standard microbiology report (JCB-Acwdlyt
Research Labs) (Kirbst al., 2008). As a method of acutely improving endothelium-
dependent vasodilatation, the potent antioxidant ascorbic acid (Vitamin C; Americ
Regent Inc.) was infused at 8 mg 100 ml forearm votbma* for 10 minutes as a
loading dose (seexperimental Protocol below), and at 40% of this loading dose for
maintenance infusion throughout the remainder of the experiment (Tea@tle2001;
Kirby et al., 2009).

In a second group of subjects, adenosine (Sicor, Irvine, CA) was infused at 3.125,
6.25, and 12.5ig 100 ml forearm volumiemin™ for 4 minutes as described by Martin
and colleagues (Matrtiet al., 2006). In an effort to produce vasodilatation of a similar
magnitude as adenosine, the doses of ATP were estimated to be 1.25, 2 g 4005
ml forearm volumé min™ for 4 minutes based on data from the first group of subjects.
The R-receptor blocker, aminophylline (American Reagent, Shirley, NY), waseidfus
for 20 minutes at 10Qg 100 ml forearm volumemin™ prior to experimental trials and
continued through the remainder of the study (Leuenbetgkr 1999; Martinet al.,
2006). Pilot data in our laboratory indicated this dose of aminophylline markedly

decreases adenosine-mediated vasodilation without affecting basanfe@esaular tone.
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Experimental Protocol

The primary purpose of the main experimental protocol was to determine whether
ATP-mediated vasodilatation is impaired in older compared with young adults. A
secondary purpose of this protocol was to determine whether ATP-mediated
vasodilatation would be improved in older adults by acute antioxidant administration of
AA similar to that observed previously to ACH (Taddeal., 2001; Kirbyet al., 2009).
Thirteen young (eight men; five women) and thirteen older (eight men; five mjonesze
studied in the supine position with the experimental (non-dominant) arm abducted 90°
laterally at heart level. The most distal portion of the arm was sliglethateld in order
to facilitate venous return during blood flow measurements with venous occlusion
plethysmography. After a minimum of 30 minutes following catheterizatidn a
experimental set-up, the first of three vasoactive drugs (ACH, SNP, or ABRhfuaed
for 4 minutes at each dose totaling 16 minutes of infusion time. Four minutes of quiet
rest preceded all vasodilator trials where baseline measuremeatperErmed and
saline was infused. Twenty minutes of quiet rest was allotted betweeanlalatrd the
order of vasodilator drug infusion was randomized and counterbalanced across.subjects
After completion of these initial trials, ascorbic acid was infused at tlénigpaose for
10 minutes, then reduced to 40% of this dose for the remainder of the study. The
infusions of ACH, SNP, and ACH were then repeated in the same order as before AA for
each subject.

In a second experimental protocol in an additional 6 young (4 men; 2 women) and
6 older (3 men; 3 women) subjects, we determined whether adenosine-mediated

vasodilatation was impaired with age and whether any age-associateshdeéfin
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ATP-mediated vasodilatation could be attributed to greater breakdown to adenosine and
subsequentPreceptor stimulation. Therefore, in randomized and counterbalanced
fashion, adenosine and ATP were infused before and after lpoatéptor inhibition via
aminophylline. The timeline for this protocol was similar to that described dbottee

primary experimental protocol.

Data Acquisition and Analysis

Data was collected and stored on computer at 250 Hz and analyzed off-line with
signal-processing software (WinDaq, DATAQ Instruments, Akron, OH, USA). W&
determined from the derivative of the forearm plethysmogram. Mearahperssure
(MAP) was determined from the arterial pressure waveform and heafiHR}evas
determined via standard 3-lead ECG. Baseline FBF, FVC, HR, and MAPa®paas
average of the last minute of the resting time period prior to all pharmacological
vasodilatory tests. In addition, all haemodynamic responses from drug infusions
represent an average of the last minute of data from that specific dose annflise %
change in FBF and FVC during drug infusions was calculated as:

((FBF drug - FBF baseline)/(FBF baseline)) x 100.

Changes in FVC were calculated in a similar fashion.

Statistics
All values are reported as means + S.E.M. Comparison of subject charasteristi
and the haemodynamic values at specific time points between groupsiadrevith

unpaired t-tests, and the within group values for each hyperaemic condition wathtpa
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tests. Specific hypothesis testing within trials was performed tesasssan group
differences between young and older adults using two-way repeated rseaslysis of
variance. Post-hoc analysis was performed using the Tukey’s test when significance was

observed. Significance was sePaD.05.

Results
Subject Characteristics

The mean age difference in age between young and older subjects waars45 ye
(Table 1). There were no significant differences between young andaoldés in
forearm volume, HDL-cholesterol, or triglycerides. Older adults had segi@kll, body
fat percentage, total cholesterol, and LDL-cholesteroP&ll.05), although these values
were within normal levels. Baseline FBF, FVC, and HR for all trials wetealifferent
between young and older adults. Although normotensive, MAP was elevated in older

compared with young adult®<€0.05).

Vasodilator Drug Administration: Effect of Age

The vasodilatory responses expressed as the percentage increase in FVC from
baseline during all doses of ACH, ATP, and SNP are shown in Figure 1A-C. As
expected, older adults demonstrated an impaired vasodilatory response to ACledompa
to that observed in young adults (Figure P&X0.05). The vasodilatory response to the
endothelium-independent vasodilator, SNP, was not affected by age (Figure 1C). In
contrast to our hypothesis, older adults had a preserved vasodilator response to ATP

infusion (Figure 1B). FBF responses followed a similar pattern to that of F\&ll for
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conditions (Table 2). Within both age groups, MAP was unchanged during ACH and
ATP, however at the highest 2 doses of SNP, MAP was significantly lower thaméasel
(P<0.05; Table 2). Similarly, HR was not different between or within ACH and ATP
infusion, yet the 2 highest doses of SNP resulted in elevated HR compared to lhaseline

both age group$0.05; Table 2).

Vasodilator Drug Administration: Effect of Ascorbic Acid

Acute infusion of AA restored endothelium-dependent vasodilatation to ACH in
older adults but had no effect on the dilatory response in young adults (Figure 1A). In
contrast, concurrent AA administration during ATP and SNP infusion did not impact the
vasodilatory responses in either young or older adults (Figure 1B-(.rdsponses
followed a similar pattern to that of FVC for all conditions (Table 2). NeithePMAr
HR was significantly affected by administration of AA within any dragdition P=NS;

Table 2).

Effect of P;-receptor Blockade on Adenosine- and ATP-mediated Vasodilatation

The vasodilatory responses expressed as the percentage increase in FVC from
baseline during all doses of adenosine and ATP are shown in Figure 2A & 2B.
Adenosine-mediated vasodilatation was not different between young and oldeatdults
any dose (Figure 2A). Similar to subjects from the primary experiment, \asodil
responsiveness to ATP infusion was again not different between young and older adults
(Figure 2B). R-receptor blockade via aminophylline blunted peak adenosine-mediated

vasodilatation in both young (~47%) and older (~44%) adults @o0h05 vs zero),
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however had little to no impact on ATP-mediated vasodilatation (~10% vs ~10%; both
NS vs zero). Importantly, the effect of aminophylline during either adenosieRor
infusion was not different between age groups (adend3#®8; ATP:P=0.9, Figures
2A-B). FBF responses followed a similar pattern to that of FVC in both age groups and
within all drug conditions (Table 3). Neither MAP nor HR was significantlycaéid:

during ATP or adenosine infusions before or during aminophylline administration

(P=NS; Table 3).

Plasma Markers of Oxidative Stress

At baseline, plasma oxidized-LDL was greater in the older comparegovitiy
subjects (53+3 vs 39+3 U™, P<0.05). Infusion of ascorbic acid did not affect these
plasma levels in either young (383 W)Lor older adults (54+3 Ut), which most
likely reflects that the ascorbic acid was administered locally vidlalaartery catheter
and was dose-adjusted to forearm volume. Importantly, the improvements in
acetylcholine-mediated vasodilatation (see above) in older subjects istenhsiith
prior studies and provides evidence that ascorbic acid was effective at thaf kbee

forearm vasculature (Taddetial., 2001; Kirbyet al., 2009).

Discussion

Circulating ATP has been implicated in the control of skeletal muscle vascula
tone during mismatches in oxygen delivery and demand (e.g., exercise) vighmdi
purinergic receptors on the endothelium, and ageing is typically associated with

reductions in muscle blood flow under such conditions. Further, diminished endothelial
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function is observed in aged humans and has been closely related to oxidative stress
(Taddeiet al., 2001; Forstermann & Munzel, 2006; Ashfal., 2008). The key finding
of the present investigation is that vasodilator responsiveness to exogenous ATP in
ageing humans is preserved despite the presence of local endothelial dysfasict
evidenced by impaired vasodilatation to acetylcholine infusion. Further, theqeese
the antioxidant ascorbic acid reversed the observed impairments to acety|dhalinad

no impact on the vasodilatory response to exogenous ATP. Importantly, the vasodilatory
response to exogenous ATP was unaffected under conditionseddptor blockade

(with aminophylline), negating the possibility that adenosine-mediated vaisidih is,

in part, masking a genuine diminished vasodilatory response to exogenous ATP.
Collectively, our findings demonstrate that older adults with endothelial dysfanct

respond with a similar vasodilatory response to ATP as that observed in young adults.

Ageing and Endothelium-dependent Vasodilatation

In older adults, endothelium-dependent vasodilatation in response to ACH
infusion is attenuated compared to young adults, and this impaired vasodilgponysees
is classically referred to as “endothelial dysfunction” (Yastwa., 1990). Despite the
preponderance of evidence supporting blunted ACH-mediated vasodilatation in older
adults, data suggests that not all endothelium-dependent agonists demonstrate reduced
vasodilator responsiveness in aged humans (DeS&baka2002). Recently, ATP has
become more recognized as a significant endogenous circulating modulataubdvas
tone that affects oxygen delivery to meet the metabolic demand of active tissue

(Ellsworth, 2004; Gonzalez-Alonso, 2008). Further, isolated vessels studies clearly
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indicate that vasodilatation to ATP is largely dependent on the presence of g health
endothelium (Busset al., 1988; Winter & Dora, 2007). Therefore, the primary purpose

of the present experiment was to test the hypothesis that the vasodéammogse to
exogenous infusion of ATP is impaired in ageing humans. As expected, healthy older
adults demonstrated obvious blunted endothelium-dependent vasodilatation in response
to the muscarinic agonist, ACH, and unaltered vasodilatation to the endothelium-
independent dilator, SNP, compared with young adults. However, in contrast to our
hypothesis, no age-associated decrement in ATP-mediated vasodilatation &meéhe s
subjects that demonstrated blunted ACH responses) was observed.

To the best of our knowledge, only one other group has attempted to determine
ATP-mediated vasodilatory responsiveness in healthy ageing humans (Imetialum
1990). Similar to the present study, ATP-mediated vasodilatation was not attenuated i
older subjects (age 57 = 1 yrs). However, the findings from this previous stuely wer
difficult to interpret given that vasodilatation to ACH was not impaired with iagie (
endothelial dysfunction was not present). Although there is limited direcinatmm in
healthy aging humans, there appears to be a fairly robust vasodilator respiotrse
coronary artery infusion of ATP in coronary artery diseased patients, a popuwaich
typically exhibits endothelial dysfunction (Takasgel., 1998). Interestingly, ACH
infusion in this population often results in vasoconstriction or profoundly weak
vasodilatation further supporting different vasodilator responses between the
endothelium-dependent agonists ACH and ATP (&tia., 1990; Yasuet al., 1990).

Nonetheless, the present findings clearly indicate that vasodilatory respassite
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ATP is not impaired in older adults demonstrating typical ‘endothelial dysfumas
evidenced by substantially blunted responses to ACH.

Classically, age-associated endothelial dysfunction is chawettdyy a
functional loss of bioavailable NO (Herreataal., 2009). Our laboratory and others have
demonstrated that acute intra-arterial administration of ascorbic acithaigshaage-
associated impairments in endothelium-dependent vasodilatation to ACH (®aaldei
2001; Kirbyet al., 2009). As such, we anticipated vasodilatation to ATP would be
impaired in older adults and that we would acutely restore endothelial health with
ascorbic acid similar to ACH. In contrast to our hypothesis, ATP-mediated
vasodilatation was not impaired, thus predictably AA had no effect on ATP vasodilator
responsiveness. The majority of studies examining the mechanism by which AA can
modulate blood flow indicate an ability of AA to scavenge superoxide or stabilize
tetrahydrobiopterin; both which would preserve the bioavailability of NO (&wnstnn
& Munzel, 2006). Consequently, the contribution of NO to ACH-mediated
vasodilatation in aged humans has been shown to be greatly enhanced following AA
administration (Taddest al., 1998; Taddegt al., 2001). In relation to vascular control
during metabolic stress where circulating ATP has been proposed as adyticul
important, data indicate that AA may be restoring blood flow in older adults vé& NO
mediated pathways (Creceligsal., 2009; Kirbyet al., 2009). Nonetheless, in the
present study we did not observe a reduction in vasodilatation to exogenous ATP and this
was unaffected by AA administration, indirectly supporting previous studieatmija
minor contribution of NO to ATP-mediated vasodilatation in humans (Rosetgen

1994; Shiramotet al., 1997; Hrafnkelsdottiet al., 2001; van Ginnekee al., 2004).

63



Althoughin vitro preparations suggest a significant contribution of NO to ATP-
induced vasodilatation (Burnstock, 1990), human data is less convincing. Rongen and
colleagues were the first to demonstrate that while NOS blockade can reduce
vasodilatation to ACH infusion, it does not decrease the vasodilatory response to ATP
(Rongeret al., 1994). Following this, multiple other studies including unpublished pilot
studies from our lab indicate little role for nitric oxide in mediating the veetoahl by
ATP (Rongeret al., 1994; Shiramotet al., 1997; Hrafnkelsdottiet al., 2001; van
Ginnekenret al., 2004; Mortensest al., 2009). In actuality, clarifying the potential
downstream vasodilating factors appears to be quite complex even in young people alone
as investigators have been unable to firmly declare the mechanisms bhyA¥aesults
in smooth muscle relaxation (van Ginneletal., 2004). Most recently, one study in the
human lower limb suggested that combined blockade of NOS and cycloxygenase may
blunt some of the ATP-mediated vasodilatation in the human leg, however this study
could be interpreted differently when calculating % change in vasodilatios and i
somewhat clouded by systemic baroreflex activation (Mortegtsan 2009). On the
other hand, it's possible the different dose of ATP in these studies could explain the
contrasted findings (Stanfoetial., 2001). Additionally, keeping in mind that ATP has
dual vasomotor properties in that it not only results in potent vasodilatation but can also
blunt vasoconstrictor action; current understanding lends a small role for NO anPG'’s
the ability to override sympathetic vasoconstriction (Dinenno & Joyner, 2003, 2004).
Collectively, evidence seems to suggest that downstream signaling ahayBe more
closely related to hyperpolarizing factors rather than NO and PGs wikiatirig

vasodilatation and attenuating sympathetic vasoconstriction.

64



Ageing and Adenosine-mediated Vasodilatation

The finding that vasodilatation to ATP was not different between groups was
unexpected given the endothelium-dependence of ATP and current knowledge of ACH
responses in this population. In this context, we questioned whether ectonucleotidases
that assist in the breakdown of ATP towards adenosine are elevated in older ifglividua
thereby allowing adenosine-mediated vasodilatation to mask any truenmepato
ATP. Accordingly, evidence indicates a variety of diseased populations thahsteate
endothelial dysfunction exhibit increases in ATP-degrading ectonucleotidases
presumably as a means to offset inflammatory mediated platelet aggndgathDP
(Schetingekt al., 2007; Lunket al., 2008). In particular, ATP hydrolysis is closely
related to ox-LDL, in which aging humans typically have elevated levels oDhx-L
compared to younger adults and was observed in the present study @Dalar@007).
Therefore, in a subgroup of subjects we determined adenosine-mediated vamudilatat
older adults before and after-Receptor blockade via aminophylline. We observed that
vasodilatation to adenosine infusion was not different in older adults and that the
contribution of adenosine-mediated vasodilatation during ATP infusion was not
significant in both young and older adults. Our findings in aging humans are similar to
other observations in young adults using adenosine receptor blocking agents (@ongen
al., 1994; Mortensest al., 2009). Although ectonucleotidase activity in older adults
under these conditions is not directly known, our observations clearly indicate that
adenosine-mediated vasodilatation does not appear to mask a true decrement in

vasodilatory responsiveness to ATP administration in ageing humans.
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Experimental Considerations

A few experimental considerations should be acknowledged for the present study.
First, the ideal method to determine the contribution of ATP to basal vascular tone in
aging humans would be to use & Receptor antagonist, however the pharmacological
agents to do this safely in humans is not yet available. Next, other investigators have
demonstrated impairments to ACH-mediated vasodilatation yet no attéwaatadilator
responsiveness to different endothelium-dependent agonists in ageing individuals
(DeSouzeat al., 2002). Why this is the case is not clearly known but most likely
indicates that downstream signaling from muscarinic receptor binding isofte m
prominent age-associated impairment. Nonetheless, we clearly demohsifr#te t
vasodilatory response to ATP infusion was not blunted in the aged group and that this is
considerably different from what is observed during ACH infusion.

Because vasodilatation to ATP was not different between age groups and
evidence suggests that this population may have increased ectonucleotidase activity
(Duarteet al., 2007), we aimed to test in a subgroup of adults whether vasodilatation to
adenosine was masking a true vasodilatory responsiveness to ATP in older adults.
Therefore, we infused gfPeceptor antagonist during both adenosine and ATP infusions
and observed ~50% reduction to adenosine-mediated vasodilatation in both age groups
but a non-significant reduction in vasodilatation during ATP infusions. Despite our
attempts to uncover extraneous vasodilatation via the ATP-breakdown product adenosine,
ADP as well as AMP also results in vasodilatation (Rosenreeatr, 2008). Whether
the balance of nucleotide-mediated vasodilatation is shifted in older adultsagldié

address since ATP, ADP, and AMP all have the potential to binglrecEptors on the
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endothelium and specific pharmacological antagonists are currently ubes&olia

human use (Ralevic & Burnstock, 1998). Hence, we were unable to determine the
contribution of ADP and AMP to exogenous ATP infusion. Regardless, our data are the
first clear evidence that adenosine-mediated forearm vasodilatation mspaotad in

older adults and that vasodilatation via adenosine bindingrecEptors during ATP

infusion is minimal in both young and older adults.

Physiological Perspectives

Exogenous ATP administration can modulate vascular tone in a multifaceted
manner as a result of evoking both profound dilatation as well as having the ability to
blunt sympathetic vasoconstriction (Rosenmetiet., 2004; Gonzalez-Alonso, 2008;
Kirby et al., 2008). Thus, from a physiological standpoint, the extent to which ATP is
present and acts in circulation is of considerable interest. For manynyetstides
have been identified in circulation (Forrester, 1969), however only more recandly h
investigators begun to determine the stimuli that increase [ATP] in blood. lro¥iew
this, plasma [ATP] elevate during exercise (Gonzalez-Alehab, 2002), and specific
red blood cell release of ATP is enhanced under conditions of hypoxia, hypercapnia,
acidosis, and mechanical deformation (Spragj@a., 1996; Ellswortret al., 2009).
Despite this understanding in young adults, whether an age-associated enmpairm
circulating [ATP] exists at rest or during various stimuli is uncertaiorrddorating this
perspective is the fact that older adults typically demonstrate reduaetsexand
hypoxic vasodilatation compared to younger individuals in conditions where ATP would

be presumed to be high in concentration and resulting in active vasodilatation (&ravec
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al., 1972; Proctor & Parker, 2006; Kirlgyal., 2009). Building upon the present
observations that vasodilatory responsiveness to exogenous ATP infusion appdars intac
in ageing humans, future work should be aimed at determining whether circulathg AT

is hampered with age and how this may contribute to altered haemodynamiagegulat

Conclusions

The findings from the present investigation indicate that vasodilatory
responsiveness to exogenous ATP is not impaired in ageing humans despite the presence
of endothelial dysfunction as evidenced by attenuated ACH-mediated vadmufilata
Further, adenosine-mediated vasodilatation is intact in older adults and the dexmidat
ATP to adenosine does not appear to ‘mask’ a genuine impairment in endothelium-
dependent vasodilatation to ATP. Given the physiological relevance of cimguiaiiP
to vascular tone, it is plausible that advancing age has little impact on recegtovisg
but results in diminished endogenous release of ATP in circulation. Taken together, the
collective observations further emphasize the need to understand downstream wasodilat

signaling as it relates to endothelial dysfunction and the control of vasauéan vivo.
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Table 1: Subject Characteristics and Baseline Haenalynamics

Variable Young Older
Male:Female 8:5 8:5
Age (years) 211 66 + 3*
Body mass index (kg K 22.0+0.5 24.4 + 0.9*
Body fat (%) 17.4+2.1 28.1 +2.2*
Forearm volume (ml) 931 +77 876 + 59
Total cholesterol (mmolY) 3.4+0.2 4.4 +0.2*
LDL cholesterol (mmolt) 2.0+0.1 2.9 +0.2*
HDL cholesterol (mmol't) 1.2+0.1 1.1+0.1
Triglycerides (mmol ) 0.7+0.1 0.9+0.1
Mean arterial pressure (mmHg) 85+2 97 £ 2*
Heart rate (beats nim 56 + 2 57 +1
Forearm blood flow (ml dl FA¥min™) 22+0.3 2.0+0.2
Forearm vascular conductance

2.7+0.4 20+0.2

(ml dl FAV min™ 100 mmHg")

Data presented as mean £ SEM. LDL = low density lipoprotein; HDL = high density

lipoprotein; FAV = Forearm volume.P*< 0.05vs younger.
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Table 2 BASELINE DOSE 1 DOSE 2 DOSE 3 DOSE 4
FBF |MAP | HR | FBF [MAP | HR | FBF [MAP | HR | FBF | MAP | HR | FBF | MAP | HR
Young| 2:1% | 86+ |55%]| 6.7+ | 86+ |57+| 7.4+ | 86+ 55| 9.6+ | 87+ |55%| 14.4+| 86+ 55+
0.3 2 1 1.0 2 3 1.0 2 2 1.0 2 2 1.9 2 2
Young| 21+ | 89+ |54+]| 63 +| 89+ |54+| 82+ | 89+ |[55+|101+| 89+ |54+|13.6+| 89+ |57+
+AA | 0.2 2 2 0.7 2 1 1.0 2 2 1.1 2 2 1.5 2 2
ACH
Older | 1.9+ | 98+ |56+| 3.5+ | 99+ |57+| 46+ |100+|58+| 5.3+ | 99+ |58+| 6.3+ |100+|58+
0.1 2 1 |04t | 2 1 |03 | 2 2 o6t | 2 2 oot | 2 2
Older | 19+ |101+|56+| 6.8+ |102+|55+| 7.7+ | 103+|57+| 9.4+ | 103+|57+| 12.2+| 103 +|57 +
+AA | 01 2 2 1.1 3 2 1.1 2 2 1.2 2 2 1.9 2 1
Young| 21% | 86+ |53%)| 82+ | 87+ |55+|11.6+| 88+ |56+|14.2+| 87+ | 56+|157+| 87+ |55+
0.2 2 3 1.0 2 2 1.5 2 2 1.7 2 2 2.1 2 2
Young| 20+ | 90+ |54+| 75+ | 91+ [54+|10.1+| 91+ |55+ 125+| 90+ |56+| 15.1+| 91+ |57 +
+AA | 02 2 2 1.0 2 2 1.2 2 2 1.9 2 1 2.5 2 2
ATP
Older | 20+ | 98+ |56+| 7.9+ | 99+ |57+]| 98+ | 98+ |58+]|11.6+| 98+ |58+| 13.9+| 98+ |58+
0.2 2 1 0.9 2 2 1.0 2 2 1.6 2 2 1.7 2 2
Older | 1.9+ |100+|56+| 8.1+ |101+|56+| 10.7+|102+|57+| 12.9+|101+|58 +| 16.4+| 102 +| 58 +
+AA | 01 3 2 0.1 3 1 1.4 2 2 1.3 2 2 1.7 3 2
Young| 2:1% | 86+ |55+ 82+ | 87+ |56+|11.7+| 85+ | 56| 17.7+| 83+ |61%|21.3+| 82+ (62
0.3 2 2 1.2 2 2 1.4 2 2 1.9 2 2 2.1 2 2
Young| 21+ | 89+ [55+] 84+ | 92+ |56+|11.8+| 90+ |55+ 179+| 87+ |57+|21.5+| 85+ | 60 +
SNP +AA | 0.2 2 2 1.0 2 2 1.3 2 2 1.8 2 2 2.0 2 2
Older | 1.8+ | 98+ |57+| 7.8+ | 99+ |57+|11.1+| 96+ |58+| 156+| 94+ |50+| 19.4+| 89+ |61+
0.1 3 1 0.5 3 1 1.2 3 1 1.2 2 2 1.8 2 2
Older | 20+ |101+|56+| 88+ |103+|56+|12.0+|101+|57+| 17.0+| 96+ |58+| 206 | 93+ |61+
+AA | o2 3 2 1.1 3 2 1.6 2 2 1.6 2 2 | #1.9 2 2

FBF = forearm blood flow (ml (100 mBmin?); MAP = mean arterial pressure (mmHg); HR = heart rate (beat§;mif < 0.05vs
young; TP < 0.05vs with AA; note all absolute MAP values for older adults are significantly greaterytbang.
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BASELINE DOSE 1 DOSE 2 DOSE 3
FBF | MAP | HR | FBF | MAP | HR | FBF | MAP | HR | FBF | MAP | HR

Young | 1.7% | 91+ |60+| 45+ | 94+ |58+| 6.2+ | 95+ 59%| 7.0+ | 95+ |58+
03 | 3 |51 09| 4 | 409 | 4 | 4] 08| 5 |5

Young | 20+ | 93+ |57+| 41+ | 98+ |58+| 48+ | 97+ |57+| 56+ | 98+ |58+
+APH | 05 4 5 0.9 5 4 1.0 5 4 1.2 6 4

Older | 1.2+ | 98+ |57 %] 3.6+ | 99+ |58+] 48+ | 99+ |57 %] 5.6+ | 100+ 58 +
0.2 5 2 0.8 5 2 0.9 5 2 1.1 4 2

Older | 12+ (102+|56+] 29+ |102+|56+| 3.5+ |101+|56+| 3.9+ | 102 +| 58 +
+APH | 0.3 6 2 1.1 6 2 | 1.4+ 6 2 1.5 7 2

Table 3

ADO

Young | 18% | 92+ |59+| 58+ | 93+ |59+| 7.5+ | 93+ |58+| 9.1+ | 93+ |59+
03 | 5 | 5|12 | 4 | 5|15 | 5 | 5] 17| 5 |5

Young | 20+ | 92+ |58+| 6.2+ | 98+ |57+ 73+ | 96+ |59+| 86+ | 97+ |58 +
+APH | 0.3 5 5 1.0 5 4 1.1 5 4 1.2 5 4

Older | 13+ | 98+ |58+| 47+ | 98+ |58+| 58+ |102+|57¢| 7.4+ | 99+ |57=
02 | 3 | 2109 | 4 | 1|14 | 5 | 2|11 | 4 |2

Older | 13+| 98+ |56+| 46+ |102+|56+| 5.4+ |102+|56+| 6.5+ | 101 +|57 +
+APH | 0.2 5 1 1.0 5 2 1.1 5 2 1.0 6 2

ATP

APH = aminophylline; ADO = adenosine; FBF = forearm blood flow (ml (100" mii!); MAP = mean arterial pressure (mmHg);
HR = heart rate (beats nin
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Figure 1: Forearm Vasodilatory Responses to Acetgholine, Adenosine
Triphosphate, and Sodium Nitroprusside Infusion. Vasodilatation was significantly
impaired in older adults during muscarinic receptor agonist infusion (A; ACHhand t
was abolished during simultaneous AA administration. There was no significant age
related impairment in vasodilatation to the purinergic receptor agonist ATé {B)Xhe
NO donor SNP (C), and these responses were unaffected by RA0.05 vs young
within condition;t P <0.05 vs without AA in older adults.

79



Figure 2A. 500 -

400 -
300 -
200 -

100 A

A Forearm Vascular
Conductance (%)

—&— Young

—<0— Young + Aminophylline
—»— Older T
—4—  QOlder+ Aminophylline

to

600 -

500 -

400 -

300 -

200 -

A Forearm Vascular
Conductance (%)

100 A

Baseline 3.125 6.25 12.5
Adenosine (ug dI FAV-T min-T)

Baseline 1.25 2.5 5
Adenosine Triphosphate (ug dl Fav1 min'1)

Figure 2: Forearm Vasodilatory Responses to Adeno® Triphosphate and Adenosine
Infusion. Vasodilatation to Rreceptor agonist adenosine infusion was not significantly
impaired in older adults (A). Aminophylline significantly reduced vasoditatab adenosine
at all drug doses in both young and older adults. No significant age-relatedmepaim
vasodilatation to the purinergic receptor agonist ATP was observed and this vasodiiaas
unaffected during aminophylline infusion regardless of age {B)<0.05 vs without

aminophylline.
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Non-technical Summary

Muscle contractions activate the sympathetic nervous system to assist in lelegtgr
regulation, but also increase blood flow to muscle to support delivery oxygen to the
active tissue. A balance between these factors must exist, yet inaéter this process
of offsetting the sympathetic control of the vasculature is impaired andbenlayited
blood flow to muscle during exercise. We recently showed that a circulating ¢atled
ATP can limit the ability of the sympathetic nervous system to evoke vasoctostin
young adults, however whether this occurs ineffectively and explains the nmepdiin
exercise muscle in older adults is unknown. We demonstrate that older adults have
limited ability to increase blood flow during exercise, however this does not fresnlt

decreases in ATP to effectively offset sympathetic vasoconstriction.
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Abstract

The ability to modulate--adrenergic vasoconstriction in contracting muscle is impaired
with age. In young adults, adenosine triphosphate (ATP) has been shown to inhibit
vasoconstrictor responsiveness similar to exercise. We tested the hyptitaesi
modulation of postjunctional-adrenergic vasoconstriction to exogenous ATP is

impaired in aging humans. We measured forearm blood flow (FBF; Doppler ultrasound)
and calculated vascular conductance (FVC) to intra-arterial infusions oflppknge
(a1-agonist) and dexmedetomiding{agonist) during rhythmic handgrip exercise (15%
MVC), a control non-exercise vasodilator condition (adenosine), and ATP infusion in 7
young (22+1) and 7 older (64+3 yrs) adults. Forearm hyperemia was matchedadicros
conditions. During adenosine, forearm vasoconstrictor responses tagligtichulation

were lower in older adult\fFVC= -25+3 vs -41+5%); the responsesuestimulation

were not different (-35£6% vs -44+8%). The ability to blogpt anda,-vasoconstriction

was impaired in older adults during exerciag< 32+13 vs 74+£8%c, = 1918 vs

60£10%). In contrast, ATP reduced the vasoconstrictor responses by ~85-90% in both
age groups. We conclude that the sympatholytic effect of exogenous ATP is notireduce
with age, and thus blunted ATP release during exercise may contribute to thednpair

exercise sympatholysis in older adults.
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Abbreviation List

ADO, adenosine; ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP,
adenosine triphosphate; DEX, dexmedetomidine; DEXA, dual-energy X-ray
absorptiometry; ECG, electrocardiogram; FAV, forearm volume; FBEafar blood

flow; FVC, forearm vascular conductance; HR, heart rate; MAP, mearabpesssure;

MBYV, mean blood velocity; MVC, maximal voluntary contraction; PE, phenylephEine

receptor, purinergic-receptor.

84



Introduction

Vascular regulation within contracting muscle exhibits a fine interpédyeen
local vasodilator and sympathetic neural vasoconstrictor signals, and Ulidhatates
blood flow and oxygen delivery to the active tissue. Moreover, the competition between
these factors appears to increase with the intensity of exercise and tie afmauscle
mass engaged (Rowell, 1993; Saéiral., 1998; Saltin, 2007). Although some debate
has existed in the past, collective evidence indicates that vasoconstrictor eespons
contracting muscle are blunted compared to resting (quiescent) muscle gdrgstam
minimize a “blood flow error”, however some degree of sympathetic restraintotels
to counteract against large declines in blood pressure (Remenshgdet962; Rowell,
1997; Buckwalter & Clifford, 2001). Indeed, we and others have shown in young adult
humans that muscle contractions have the ability to blunt sympatheticallgtetedi
vasoconstriction which is graded with the level of exercise intensity isembuth the
metabolic demand of contracting skeletal muscle (Buckwetitdr, 2001; Tschakovsky
et al., 2002; Kirbyet al., 2005)

In an effort to gain insight into this control of vascular tone, investigations have
aimed at determining the factor(s) which may consist of such dual vasomototipsoper
distinctively observed within contracting skeletal muscle. While manstanbes result
in vasodilation, few have demonstrated the additional capacity to blunt sympathetic
vasoconstriction; including but not limited to adenosine, vasodilating prostaglandins,
nitric oxide, and beta-adrenergic receptor stimulation via isoproterentigl@eskyet
al., 2002; Dinenno & Joyner, 2004) Nevertheless, we and others have recently

demonstrated the ability of exogenous ATP to blxHaidrenergic vasoconstriction
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(Rosenmeieet al., 2004; Kirbyet al., 2008). Further, graded increases in arterial
concentrations of ATP that evoke moderate limb hyperemia result in graded amhdsiti
direct postjunctional alpha stimulation, such that low levels are not sympathdhgie w
as progressive reductionsdanadrenergic receptor mediated vasoconstriction are
observed with increasing [ATP] (Kirbst al., 2008). This is strikingly similar to the
intensity dependent sympatholytic nature of muscle contractions. Imgpartaese

unique responses appear specific to ATP and are not mediated by its degradation by
products (ADP, AMP, or adenosine) (Rosenmeieat., 2008).

With respect to human aging, which poses an elevated cardiovascular disease risk,
literature suggests a classic “upregulation-desensitizatiopdmsg whereby older adults
have clear elevations in muscle sympathetic nervous system activitgyeetliminished
o-adrenergic receptor responsiveness (Seals & Esler, 2000; Seals & @iA604;

Dinenno & Joyner, 2006)Although sympathetic vasoconstrictor responses differ

slightly between upper and lower limbs at rest (Dinegtrabd., 2002; Smitret al., 2007)
general consensus point towards enhanced vasoconstriction and blunted vasodilation to
imposed stimuli during muscle contractions in older adults compared to young (Seals &
Dinenno, 2004; Dinenno & Joyner, 2006; Versa@l., 2009). Therefore, it was recently
hypothesized that aging is associated with an impaired modulaticadifenergic
vasoconstriction in the vascular beds of contracting muscle (i.e. impairedhaicti
sympatholysis). Accordingly, Dinenno and colleagues demonstrated that thisvim$ac

the case and postulated that this impairment may underscore reductions in bloadlflow a
oxygen delivery in active muscle, thereby potentially limiting oxygen uptateegercise

capacity (Dinenneat al., 2005).
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Despite information in young healthy humans, to date, a coherent understanding
on the interactions of the vasodilator ATP anddrenergic vasoconstrictor stimuli in
aging humans in unclear. Therefore, we tested the hypothesis that modulation of
postjunctionabi-adrenergic vasoconstriction to exogenous ATP is impaired in aging
humans. To do so, we utilized the exact study design as previously described in young
subjects (Kirbyet al., 2008) by measuring forearm hemodynamics (Doppler ultrasound)
to intra-arterial infusions of phenylephring {agonist) and dexmedetomidinex{
agonist) during rhythmic handgrip exercise (15% MVC), a control non4seerc
vasodilator condition (adenosine), and ATP infusion in discrete groups of young and
older adults. Our findings indicate that the sympatholytic effect of exogentrRissAot
reduced with age, and thus we speculate that circulating endogenous concentrations of
ATP are reduced during exercise in older adults and may contribute to tel{ypi

observed impaired exercise sympatholysis in this population.

Methods
Subjects

With Institutional Review Board approval and after written informed consent, a
total of 7 older healthy adults (5 men, 2 women; age £ B4ears; weight = 88 5 kg;
height = 180Gt 3 cm; body mass index = 251 kg mi*; meansS.E.M) participated in the
present study. All were non-smokers, non-obese, normotensive, and not taking any
medications. Studies were performed after a 4-hour fast with the subjéotssupine

position. All studies were performed according to the Declaration of Helsinki.
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Arterial Catheterization

A 20-gauge, 7.6-cm catheter was placed in the brachial artery of the non-
dominant arm under aseptic conditions after local anesthesia (2% lidocailuegpfor
administration of study drugs. The catheter was connected to a 3-port conaaodtr a
as a pressure transducer for mean arterial pressure (MAP) nmeastieend continuously
flushed at 3 ml # with heparinized saline (Kirbst al., 2008). The two side ports were

used for infusions of vasoactive drugs.

Forearm Blood Flow and Vascular Conductance

A 4 MHz pulsed Doppler probe (Model 500V, Multigon Industries, Mt. Vernon,
NY, USA) was used to measure brachial artery mean blood velocity (MBV) veth t
probe securely fixed to the skin over the brachial artery proximal to the catiseteion
site as previously described by our laboratory (Kebgl., 2007; Kirbyet al., 2008).
The probe insonation angle relative to the skin was 45 degrees. A linear 12 MHz echo
Doppler ultrasound probe (GE Vingmed Ultrasound Vivid7, Horten, Norway) was placed
in a holder securely fixed to the skin immediately proximal to the velocity poobe
measure brachial artery diameter. Forearm blood flow was calcutated a

FBF = MBV (cm-8) * & (brachial artery diameter/2) 60, where the FBF is in
ml min?, the MBV is in cm &, the brachial diameter is in cm, and 60 is used to convert
from ml s* to ml min®. Forearm vascular conductance (FVC) was calculated as

(FBF/MAP) * 100, and expressed as ml thitD0 mmHg'.
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Rhythmic Handgrip Exercise

Maximum voluntary contraction (MVC) was determined for each subject as the
average of at least three maximal squeezes of a hadggamometer (Stoelting,
Chicago, IL, USA) that were within 3 percent of each other. For the exéiaise
weights corresponding to 15% MVC were attached to a pulley system and {§tech4
over the pulley at a duty cycle of 1 s contraction-2 s relaxation (20 contractions pe
minute) using audio and visual signals to ensure the correct timing (&igby 2008).
We chose this moderate workload because it significantly blunts, but does not abolish,
sympathetic vasoconstriction in contracting muscle (Ketal., 2005; Kirbyet al.,

2008).

Sympathetica-Adrenergic Vasoconstrictor Drugs

In male subjects, phenylephrine (a selectiv@gonist; Baxter, Irvine, CA) was
infused at 0.0625 g (dl forearm volurehin™ and dexmedetomidine (a selective
agonist; Hospira, Lake Forest, IL) was infused at 6.25 ng (dl forearm vetumie).

The doses of phenylephrine and dexmedetomidine were chosen based on our experience
at rest and during handgrip exercise. All vasoconstrictor drug infusioesadgrsted for
the hyperaemic conditions as previously described (see below) @iabhy 2008).

Given that exercise increases forearm blood flow, adenosine was infused to
elevate resting forearm blood flow to similar levels observed during sgeréVe have
previously demonstrated that exercise blunts the vasoconstrictor respodisest tq-
andog-adrenoceptor stimulation, whereas these vasoconstrictor responses aaathint

when blood flow is elevated with adenosine and hence it was used to create a “high flow”
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control state (Tschakovslgyal., 2002; Kirbyet al., 2008). In an effort to normalise the
concentration of each vasoconstricting drug in the blood perfusing the forearm, the
infusions were adjusted on the basis of forearm blood flow and forearm volume
(measured via regional analysis of whole-body DEXA scans). Variousrdositoens of
each compound were available to keep the absolute infusion rates less than 3 iml min

every trial.

Experimental Protocols
General Experimental Protocol

Figure 1 is an example of a time-line for the specific trials. In thexeymsition,
subjects performed either a bout of handgrip exercise, or received intraladenosine
(Sicor, Irvine, CA) or ATP (Sigma, USA); the total time for each triad @aminutes.
After 2 minutes of baseline measurements, exercise or vasodilator infusonitreded
and steady-state FBF was reached within 3 minutes. Between 3 and 4 minutes of
hyperaemia (minutes 5 and 6 of Figure 1) the dose af;th@ o,- agonist
(vasoconstrictor) was calculated on the basis of forearm volume and blood flow. The

vasoconstrictor infusion began at the 6-minute mark and lasted for 2 minutes.

Effects of Exogenous ATP on Postjunctionatadrenergic Vasoconstrictor
Responsiveness

The purpose of this protocol was to determine whether exogenous ATP blunts
direct postjunctionad-adrenergic responsiveness in aging humans, and whether this is

selective for- or ax-adrenoceptors. Therefore, in 7 subjects (5 men, 2 women), the
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vasoconstrictor responses to diregtando,-adrenoceptor stimulation (via
phenylephrine and dexmedetomidine, respectively) were assessed during contr
vasodilator infusion of adenosine, during moderate rhythmic handgrip exercise (15%
MVC), and during infusion of ATP. In total, there were 6 experimental trials @r ea
subject. In this protocol, the goal was to match steady-state FBF duringmndfis
adenosine or ATP with that observed during exercise. To do so, adenosine (45 nmol
100mi* min?) and ATP (5 nmol 100ritimint) were initially infused and doses were
increased to elevate FBF accordingly. The final average doses of agemusiATP

were 75+21 and 10+2 nmol 100Mmiin™, respectively.The order of the adenosine,
exercise, and ATP trials were varied across subjects. Thus, for subgasltnot
perform the exercise trial first, we had them perform 3-4 minutes of rhythamdgrip
exercise prior to any experimental trials wilagonists to determine their individual
steady-state FBF for this exercise intensity. Additionally, in 4 of thests]
vasoconstrictor responsesotpadrenoceptor stimulation were determined under each
hyperaemic condition, followed by the trials t@rreceptor stimulation. This order was

reversed in the other 3 subjects, and all subjects rested for 15 minutes betweaaleach tr

Previously Published Results from Young Adults

This experimental protocol has been previously published in young adults,
therefore any reference to young adults refers to this published expe(itibgtet al.,
2008). The protocol was exactly replicated in older adults for the present stady as i
young adults, and thus enhances the findings when determining the impact of age on the

ability of exogenous ATP to blunt direct postjunctioagddrenergic vasoconstriction.
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The exact protocol and equipment were emulated and used for data collection and
analysis. Because vasoconstrictor responsiveness is not equal betweeupgaigrest
in the forearm for a given receptor subtype (Dinegrad., 2002; Dinennat al., 2005)
we calculated the magnitude of sympatholysis as a means of determinibgithefa
exercise or ATP to blunt alpha receptor stimulation (Dinestiab,, 2005). The percent
magnitude of sympatholysis was calculated asA(PA/CeonstrictionAdenosine — %A

FVCconstrictionEXxercise)/ ¥\ FVCeonsticionAdenosine] *100.

Data Acquisition and Analysis

Data was collected and stored on computer at 250 Hz and analyzed off-line with
signal-processing software (WinDaq, DATAQ Instruments, Akron, OH, USA)anMe
arterial pressure (MAP) was determined from the arterial presgaweform. Baseline
FBF, HR, and MAP represent an average of the last minute of the resting time period, t
steady-state hyperaemic values represent an average of minutesrigiég 5-6 of
Figure 1; pre-vasoconstrictor) during exercise, adenosine, or ATP and ttie effthe
a-agonists represent an average of the final 30-seconds of drug infusion (post-
vasoconstrictor). The % reduction in FBF during vasoconstrictor admiiostiaas
calculated as:

((FBF post constrictor - FBF pre constrictor)/(FBF pre constrictoi))
We also calculated % reduction in FVC as our standard index to compare vasdoonstric
responses to the-agonists across conditions, as this appears to be the most appropriate
way to compare vasoconstrictor responsiveness under conditions where there might be

differences in vascular tone (Lautt, 1989; O'Leary, 1991; Thetas 1994). In an
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effort to be comprehensive, we have also presented absolute values of forearm

haemodynamics for all conditions in tabular form.

Statistics

All values are reported as means + S.E.M. Specific hypothesis testing gatth
of the exercise, adenosine, or ATP trials with the two diffexeagonist infusions was
performed using repeated measures ANOVA. Comparison of the hemodynamscatalue
specific time points between the exercise, adenosine, and ATP conditions were made
with unpaired t-tests, and the values within each hyperaemic condition ¢exerci

adenosine, or ATP) with paired t-tests. Significance was $&t0a05.

Results
Effects of Exogneous ATP on Postjunctionatadrenergic Vasoconstrictor
Responsiveness in Older adults

Forearm haemodynamics, HR, and MAP for are presented in Tables 2A & B.
Intra-arterial infusion of both adenosine and ATP, as well as handgrip exercise,
significantly increased FBF and FVC from baseliRe(.05). As desired by
experimental design, steady-state (pre-vasoconstrictor) FBF respor&Enosine and
ATP infusion were effectively matched to that observed during 15% MVC handgrip
exercise within both phenylephrine (Figure 2A) and dexmedetomidine conditiguseFi
2B; P=0.4 - 0.8). Infusion of phenylephrine;fagonist) significantly reduced FBF
from steady-state hyperaemia during adenosine and exd?cis@.(5), whereas FBF

was unchanged during ATRE, Figure 2A). Similarly, infusion of dexmedetomidine
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(ax-agonist) significantly reduced FBF from steady-state hyperaguniag adenosine
and exerciseR < 0.05), whereas FBF was unchanged during AN® Figure 2B).

The forearm vasoconstrictor responses to digetdrenoceptor stimulation were
blunted during steady-state exercise vs adenoaiR€€ = -15 + 2% vs -25 + 3% <
0.05), and were abolished during ATP infusion (-1 = #9%;0.8 vs zero; Figure 3A).
Similarly, vasoconstrictor responsesigreceptor stimulation were blunted during
exercise vs adenosine (-26 + 4% vs -35 + 8%:;0.05), and were abolished during ATP
infusion (-5 + 5%P = 0.3 vs zero; Figure 4A). MAP changed minimally within and
between conditions (Tables 2A and B), thus FBF responses were similar to FdE. He
rate increased in response to exercise during phenylepRrn®.05), but otherwise was

not different between or within trials and conditions (Tables 2A & B).

Magnitude of Sympatholysis: Impact of Advancing Age

A comparison between young and older adults of the vasoconstrictor
responsiveness during handgrip exercise, and intra-arterial infusions of adendsine a
ATP are presented in figures 3 & 4. The ‘magnitude of sympatholysis’ or thty &bili
blunta-adrenergic vasoconstriction during exercise was significantly blunteden ol
adults compared to young adults for each receptor subtype32% vs 74%¢, = 19%
vs 60%; respectively, Figure 3B & 4B). In contrast, exogenous ATP appeared to blunt
vasoconstriction to boti-receptor subtype independent of age<94% vs 88%i, =

88% vs 84%; respectively, Figure 3C & 4C).
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Discussion

The primary findings from the present investigation are as follows. Exogenous
ATP required to match forearm hyperemia during moderate handgrip exdrcishes
direct postjunctionad-adrenoceptor mediated vasoconstriction in older adults, and this
involves bothos- anday-receptor subtypes. The present data corroborate previous
findings that at rest in the human foreasmradrenoceptor responsiveness is blunted in
older adults compared to young whiteadrenoceptor sensitivity is relatively intact. As
expected, aged humans have enhanced vasoconstriction to direct postjuactional
adrenergic receptor stimulation during modest intensity forearm exgeticis
demonstrating a reduced magnitude of sympatholysis with exercise. Hawewvatrast
to our hypothesis, the ability of exogenous ATP to blunt postjunctieadtenergic
vasoconstriction is similar in young and older adults.

The rationale for the present study stems from the understanding that a
competition exists between local vasodilator and neural sympathetic vasctonst
signals during exercise as a means to regulate blood flow and oxygen delivaiyeto a
skeletal muscle without compromising blood pressure (Rowell, 1997; Buckwalter &
Clifford, 2001). As such, it is well recognized that vasodilatation and sympathetic
activation simultaneously occur with the degree of exercise intensity asclemmass
recruited (Rowell, 1997; Saltiet al., 1998). Although once heavily debated,
accumulating evidence appears to now indicate that exercise has thet@bilityt
sympathetic vasoconstriction within the active muscle, presumably as a ofieans
defending against a ‘blood flow error’ (Tschakovekgl., 2002; Dinenno & Joyner,

2006). This phenomenon has been termed ‘functional sympatholysis’ (Remerenyder
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al., 1962). Over the last decade, investigators have placed a substantial amount of effort
into finding the factor(s) responsible for blunting sympathetic vasoconstrictibimw

active muscle, and appear to have collectively indicated only a minimal role for the
putative vasodilator action of adenosine, nitric oxide, prostaglandins, and beta-gidrene
stimulation (Tschakovskst al., 2002; Dinenno & Joyner, 2004). Further, it does not
appear that any physical mechanical effect of muscle contractionrexpiies

phenomenon (Kirbt al., 2005). However, more recently, we and others have
demonstrated that exogenous ATP has the ability to significantly blunt symgaitiieti
mediated vasoconstriction in young adults (Rosenneegdr, 2004; Kirbyet al., 2008).

In addition, given that both circulating ATP levels as well as the ability to blunt
sympathetic vasoconstriction increase in an exercise intensity deperadergrm
(Buckwalteret al., 2001; Gonzalez-Alonset al., 2002), we had questioned whether this
response was graded with the dose of ATP infusion, such that low doses of ATP are not
sympatholytic yet higher doses of ATP produce progressive blunting of caastrict

(Kirby et al., 2008). This in fact does occur.

In relation to aging humans, it is well recognized that control of the vasculature i
altered with advancing age whereby elevations in sympathetic vasaconstctivity are
elevated and vasodilator action is diminished both at rest and during exBinsen0 &
Joyner, 2006; Kirbt al., 2009b). With specific relevance to the present study, Dinenno
and colleagues demonstrated that aged men have impaired modulation of symgpathetic
adrenergic vasoconstriction in contracting muscle (Dinehab, 2005) supporting
previous findings observed in older women (Faflal., 2004) and the leg of older men

(Kochet al., 2003). Accordingly, in the present study we questioned and hypothesized
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that the sympatholytic properties of exogenous ATP are impaired in aging humans whe
challenged with direct postjunctionaladrenergic receptor stimulation. In contrast, we
observed that the ability of exogenous ATP to blunt sympathetic vasoconstsatbect
and is similar between young and older adults. Despite these responses witloesoge
ATP, older adults still exhibited an impaired ability to modulate dueatirenergic
constriction during exercise. Collectively, we therefore speculat¢htdamnpairment in
exercise sympatholysis presumably occurs prior to vasodilator signaidg P and
may be a result of attenuated circulating ATP release during exgreigang humans.

It has been previously demonstrated that vasoconstrictor responsivetess to
adrenergic receptor stimulation in the human forearm at rest is altergignhamans
such thaty but notao, receptor sensitivity is reduced (Dinengial., 2002). Our
findings support such a concept and can be seen in Figure 3A & 4A. Regardless, itis
clear that despite reduced vasoconstrictiosy tstimulation during adenosine,
vasoconstriction was significantly blunted during exercise and abolished dur\gnAT
older adults. This discrepant observation between exercise and exogenous ATP
administration are novel and highlight the unique vasomotor properties of ATP in the
human circulation.

As a means of concisely determining the ability of either exerciseogeaous
ATP to blunta-adrenergic constriction relative to a control vasodilator (i.e. adenosine),
we calculated a % magnitude of sympatholysis. In the present study, v clea
demonstrate and support earlier findings that the magnitude of sympathaysi®icise
is significantly attenuated in older compared to young adults which are independent of

receptor subtype (Dinenrebal., 2005). However in contrast to our hypothesis, our data
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show that the magnitude of sympatholysis via exogenous ATP was similaenetw
young and older adults (~90%). Although these findings may be somewhat surprising
considering an impaired ability of exercise to blunt sympathetic comstrict aging
humans, we have recently demonstrated that aging humans have intact vasodilator
responsiveness to graded doses of exogenous ATP despite clear endothehatidysf

as evidenced by substantial reductions in vasodilation during acetylcholine infusion
(Kirby et al., 2009a). Moreover, when comparing the average dose of ATP used in the
present study (5.641g/dl FAV/min) in light with our previous findings in young adults
(6.2+1ug/dl FAV/min) (Kirby et al., 2008), no significant difference between young and

older adults is observed. Collectively, these data imply that the dual vascagtiakng

properties of ATP are maintained with advancing age in humans.

Potential Mechanisms

It is important to note that to date, “the” factor(s) directly involved in functional
sympatholysis have yet to be firmly clarified. The most promising datzosts that
ATP and UTP (both of which bind to purinergi¢ ceptors along the endothelium) are
of the few agents currently known to have sympatholytic properties (Roszmtres.,
2008); however whether these substances are obligatory to observe functional
sympatholysis during muscle contractions cannot currently be directlsedsesno
receptor antagonist is available for human use. Further, the specific downstrea
vasodilator mechanisms of ATP also appears to be fraught with unexpectedxitymple
even in young adults, as all investigations specifically in the human foreaam ha

demonstrated little to no role for the primary endothelium dependent vasodilatdrscof ni
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oxide and vasodilating prostaglandins (Rongeal., 1994; van Ginnekeet al., 2004).
In addition, it does not appear that degradation of ATP to adenosine underlies ATP-
mediated dilation in young nor older adults and fits with the current theme thatiagenos
is not sympatholytic in nature (Tschakovsdtwl., 2002; Kirbyet al., 2009a; Mortensen
et al., 2009). Studies also show that neither ADP nor AMP blunt sympathetic
vasoconstriction (Rosenmeigral., 2008). Interestingly, ATP and UTP but not
adenosine evoke endothelium-dependent spreading vasodilation/hyperpolarization that is
independent of nitric oxide yet inhibited withekchannel blockade (Winter & Dora,
2007; Dora, 2010). When integrating these findings, it is important to note that
functional sympatholysis and spreading dilation (both of which can result frojh ATP
have been implicated as crucial in optimizing oxygen delivery and blood flow ve acti
tissue (Saltiret al., 1998; Dora, 2010). Whether spreading vasodilation is a fundamental
component underscoring the phenomenon of functional sympatholysis has yet to be
determined.

Another possibility explaining the present observations relates to the endogenous
release of ATP in human circulation. Accordingly, evidence indicates tHRGAT
released in young adults in an exercise intensity-dependent manner andys elatssl
to changes in the hemoglobin oxygenation, acidosis, as well as mechanicabtieform
of erythrocytes all which occur during muscle contractions (Gonzalezsgébial .,
2002). We have most recently observed that venous plasma [ATP] and ATP release are
significantly diminished in older compared to young adults during mild to moderate
intensity forearm exercise. As such, we speculate that although both the vasodiid

sympatholytic properties of ATP are intact in older adults, the impairetlyadfili
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exercising muscle to modulate sympathetic vasoconstriction with advamg@mgay be a

result of reduced endogenous levels of circulating ATP during such a stimulus.

Experimental Considerations

It should be considered that we were unable to determine the role of endogenous
ATP in modulating directi-adrenergic stimulation during exercise as no pharmacological
antagonist for the purinergig 2eceptor is yet available for human use. In addition, we
did not measure circulating ATP levels in either group, however this was not the mai
purpose of the study and the population characteristics within the present study are
similar to our previous report involving ATP measures. Nonetheless, it is clear that
exogenous ATP has the ability to blunt sympathetic vasoconstriction in aging humans
despite an observed impairment of contracting muscle to moduéateenoceptor
stimulation.

Additionally, it is plausible that although vasoconstriction was blunted at this dose
of exogenous ATP, perhaps a reduced ability to bitedrenergic stimulation could be
observed at lower ATP doses. We have previously demonstrated that low ATP doses do
not evoke sympatholysis yet progressively increasing the ATP dose results in a
progressive ability to offset the constrictor response (Katla)., 2008). Nevertheless, in
the present study our dose of ATP was chosen to match the hyperaemic response
observed during 15% MVC, and at this exercise intensity older adults demonstrate a

clearly blunted magnitude of sympatholysis.
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Conclusions

Contracting muscle of aged humans has an impaired ability to modulate
sympathetic vasoconstriction, and this is not specific to-thgrenergic receptor
subtype. In contrast, the vasodilatory and sympatholytic properties of exoder@us
are intact in older adults, likely indicating that perhaps blunted endogenous Ag@Berel
during exercise may contribute to the impaired exercise sympatholysis iradides.
Collectively, the present findings emphasize the unique vasomotor properties of
circulating ATP and draw attention to the fact that impaired vasodilatiors éxiating

humans which may result in reduced blood flow and oxygen delivery during exercise.
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TABLE 1: Subject characteristics

Variable Young Older
Male, Female 5,2 5,2

Age (years) 22+1 64 + 2*
BMI (kg-mi?) 23+1 25+1
Body fat (%) 17+2 19+2
Forearm volume (ml) 946 + 25 1104 + 96
MVC (kg) 43 +2 42 +3
Total cholesterol (mmol) NA 4.7+0.2
LDL cholesterol (mmol ) NA 42+0.2
HDL cholesterol (mmol 1) NA 1.0+0.1
Triglycerides (mmol 1) NA 1.0+0.1

MVC = Maximum voluntary contraction, LDL = Low density lipoprotein, HDL #gH
density lipoprotein. * P<0.05 vs. young adults. Note: Young data are adapted from Kirby
et al. (Kirbyet al., 2008)
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Table 2A. Forearm and Systemic Haemodynamics in Older Adults: Phenylephrine Trials

Forearm Blood

Mean Arterial

Forearm Vascular

Heart Rate

Time Condition Flow Pressure Conductance (beats min™)
(ml min™) (mmHg) (ml min™ 100 mmHg™)
Adenosine 26+4 102 +4 25+4 58+3
Baseline Exercise 28+5 105+4 27 +5 59+4
ATP 27 +5 103 +3 26+4 58 +3
Adenosine 130 + 23* 107 +3 123+ 22* 59+3
Pre- . Exercise 147 + 16* 106 +4 142 +17%* 62+3
Phenylephrine - -
ATP 132 + 23%* 105+4 132 + 23%* 58 +3
Adenosine 98 + 17*t 108 +3 93 +16* T 60+3
Phenylephrine Exercise 126 + 14*T% 107 +4 120 + 16* 11 63 +4*
ATP 129 +21*% 104+4 126 +21*%% 57+4

Table 2B. Forearm and Systemic Haemodynamics in Older Adults: Dexmedetomidine Trials

Forearm Blood

Mean Arterial

Forearm Vascular

Heart Rate

Time Condition Flow Pressure Conductance (beats min')
(ml min™) (mmHg) (ml min™ 100 mmHg™)
Adenosine 25+3 103+4 25+3 61+3
Baseline Exercise 25+4 104 +3 24+4 61+4
ATP 28+5 104 +4 27 +5 60+3
Adenosine 132 + 22%* 105+4 127 + 22%* 60+3
Pre- - Exercise 149 + 16* 105+4 143 + 15%* 64+4
Dexmedetomidine - -
ATP 136 + 20* 104 +3 133 +21* 60+3
Adenosine 82 +10*t 107 + 4 79 +11*T 61+3
Dexmedetomidine | Exercise 110 + 10*TF 109 + 4 103 + 10*T¥ 63+4
ATP 132 +22*% 105+4 128 + 23*% 60+3

* P<0.05 vs baseline; #<0.05 vs steady-state (pre-drug)?<0.05 vs adenosine
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Figure 1: General Experimenta Trial. Each trial consisted of a 2-minute baseline period.
After this time period, subjects either began rhythmic handgrip exerciseeived intra-arterial
adenosine or adenosine triphosphate (ATP) to elevate resting forearm blooaol lbtoels
observed during exercise. During minutes 5-6 (pre-constrictor), the dosesigfdhe,-
adrenoceptor agonists (phenylephrine or dexmedetomidine, respectivelyaleetated on the
basis of steady-state hyperaemic forearm blood flow and forearm volumesqSebty, the:-
agonist was infused for 2 minutes until minute 8. An average of forearm blood flow and mea
arterial blood pressure during the final 30 secondsagjonist infusion was used to calculate the

Figure 2: Forearm blood flow at rest, during eachhyperaemic condition, and during

infusion of a-agonists in older adults. Steady-state hyperaemia was similar during rhythmic
handgrip exercise, adenosine, and ATP infusions for trials involving, thgonist phenylephrine
(A; Pre-PE) and the,-agonist dexmedetomidine (B; Pre-Dex). Forearm blood flow was reduce
significantly with botho-agonists during adenosine and exercise, but the response was attenua
during exercise. In contrastagonist infusion did not significantly reduce forearm blood flow
during ATP.* P <0.05 vs steady state (Pre-vasoconstrictor; PE/Dex) within condijt®r; 0.05

vs adenosine duringagonist infusion.

Figure 3: Forearm vascular responses ta;-adrenoceptor stimulaticn. (A) The
vasoconstrictor responses to phenylephrineagonist) were significantly blunted in older
compared with young during passive vasodilatation with adenosine, yet vasationsivas
greater in older vs young adults during exercise. In both groups, the vasoconsspmioses
during exercise were blunted compared with adenosine, and abolished during ATohir{Bisi
Calculating the ability of exercise to bluntadrenoceptor stimulation demonstrates a significant
impairment in older compared to young adults, yet (C) no age-associated ierdadirthe
sympatholytic properties of ATP was observed. Forearm vascular condustascalculated as
(forearm blood flow/mean arterial pressure) x 100. The percent magnitude otlsgtygia was
calculated as [(9% FVCconsticionAdenosine — % FVCconstriciion EXErCise)/

% A FVCeonsticionAdenosine] *100. P < 0.05 vs adenosine within age grodi? < 0.05 vs
young

Figure 4. Forearm vascular responses tay-adrenoceptor stimulaticn. (A) The
vasoconstrictor responses to dexmedetomidip@gonist) were significantly greater in older
compared with young adults during exercise. In both groups, the vasoconstrptoise=ss
during exercise were blunted, and abolished during ATP compared with adenosimamf(i)
Calculating the ability of exercise to blugtadrenoceptor stimulation demonstrates a significant
impairment in older compared to young adults, yet (C) no age-associated isrgdirrthe
sympatholytic properties of ATP was observed. Forearm vascular condust@scalculated
as (forearm blood flow/mean arterial pressure) x 100. The percent magnitudgpatisylysis
was calculated as [(% FVCconstricionAdenosine — %A FVCconstricion EXErcise)/

% A FVCeonsticionAdenosine] *100. P < 0.05 vs adenosine within age groti? < 0.05 vs
young.
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Non-technical Summary

Increasing blood flow during exercise helps to deliver appropriate amounts of ogygen t
active muscle; however older adults appear to have a limited ability to do this. A
naturally occurring substance in the circulation called ATP stimutdtes! vessels to

relax thereby facilitating increased blood flow. Normally, ATP in blood asxe during
exercise in young adults, yet whether this occurs in older adults is unknown. Our resul
show that ATP levels in the blood do not increase during exercise in aging humans and
that this relates to reductions in blood flow and oxygen delivery during exercise. This
knowledge helps to understand why exercise may be less tolerable for the aging

population.
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Abstract

Aging is associated with impaired control of skeletal muscle blood flow duringisee

In young adults, circulating adenosine triphosphate (ATP) aids in the control demusc
vascular tone during exercise. We tested the hypothesis that increasesua plasma
[ATP] and ATP release during forearm exercise are impaired in agingrisunwe
measured forearm blood flow (FBF; Doppler ultrasound) and [ATP], and calculated ATP
release (FBF x [ATP]) during 5, 15, and 25% MVC rhythmic handgrip exercise in 14
young (22+1) and 12 older (632 yrs) adults. Deapous blood samples were mixed in
stop solution to preserve [ ATP] for plasma measurement. FBF tended to be lower during
5% MVC and was lower during 15 and 25% MVC in older adults, and forearm
vasodilation was reduced at all exercise intensities in older aBgl@s05). At rest, there
were no age-group differences in [ATP] (Y=214£16; O=183+35 nm&#H0.4) or ATP
release. [ATP] increased above rest during all exercise intensiesng adults
(P<0.05); in contrast there was no significant increase in [ATP] in older adults. ATP
release increased in a graded fashion in both age groups, however this increase was
blunted ~50-60% at all exercise intensities in older adBk9.05 vs young). ATP
release was related to FBF during exercise in both grotss78). We conclude that

the increase in venous plasma [ATP] and ATP release during forearnmsexsrc
impaired in healthy older adults and relates to the observed declines in exercise

hyperemia.
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Abbreviations List

ATP, adenosine triphosphate; BMI, body mass index; Gt€C&bon dioxide content;
CtO,, oxygen content; DEXA, dual-energy X-ray absorptiometry; ECG,
electrocardiogram; FBF, forearm blood flow; D, fraction of oxyhemoglobin; FVC,
forearm vascular conductance; HCT, hematocrit; HDL, high-density lipoprafeln;
low-density lipoprotein; MAP, mean arterial pressure; MBV, mean blood velddWC,
maximal voluntary contraction; NO, nitric oxide; NOS, nitric oxide synthaS&),

partial pressure of carbon dioxide; PG, prostaglandin; p&rtial pressure of oxygen;
pHb, plasma hemoglobin; RBC, red blood cell; SNO-&thitrosohemoglobin; tHb, total

hemoglobin.
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Introduction

Metabolically active tissue requires oxygen to generate energy dngikatgely
dependent on effective convective oxygen transport. This metabolic demand for oxygen
must be finely matched with oxygen delivery occurring primarily via thd loca
modulation of vascular tone (Saleghal., 1998). With respect to skeletal muscle, local
vasodilation and blood flow increases when oxygen demand is heightened during active
muscle contractions (exercise) (Clifford & Hellsten, 2004; Saltin, 2007), and thi
response is further augmented in humans in the presence of systemic hypoatagndic
the sensitivity of blood flow regulatory mechanisms during mismatches in oxsygply
and demand (Rowedt al., 1986; Creceliust al., 2009). Various lines of evidence
suggest that innate propertigghin the vasculature and/or the extravascular tissue may
sense and produce metabolites capable of evoking vasodilation; however a complete
understanding of how these mechanisms respond to changes in oxygen requirements
within the physiological range has yet to become clear (Marshall, 199@;08h, 2000).
More recently, it has been proposed that local vascular perfusion may be coupled to
oxygen carrying capacity of the blood itself. Given that vasodilation to metaboli
stressors may be more closely related to the degree of hemoglobin satathtothan
oxygen tension (pg (Gonzalez-Alonseat al., 2001), the erythrocyte has been
investigated for its capacity to ‘sense’ oxygen requirements and subsggqakaate
vasodilators (such as nitric oxide and ATP) (Ellswetthl., 2009).

Three principal mechanisms have been proposed indicating a tight link between
blood oxygenation and vascular control: (1) the deoxygenation of hemoglobin appears to

act as a reductase where by nitrite is reduced to NO, (2) a hemoglobin bourkd NO-I|
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substance may be preserved and charioted via the RBC through the form&tion of
nitrosohemoglobin (SNO-Hb), and (3) the RBC has been shown to release ATP in
relation to the degree of hemoglobin saturation (Staehkr, 1997; Jaggeat al., 2001,
Crawfordet al., 2006). With relevance to exercising muscle, our laboratory has taken
interest in the role of ATP as a circulating vasodilator for a varietyasbres additional

to mismatches in tissue oxygenation, as acidosis and hypercapnia have also been
demonstrated to facilitate RBC ATP release (Bergfeld & Forrester, 199®0fh et al.,
1995). In addition, mechanical deformation of RBCs, as may be seen with a single
passage through a capillary network or during muscle contractions, has alshbee

to release ATP (Sprageeal., 1998; Waret al., 2008). Moreover, exercise significantly
increases blood flow increasing shear stress along endothelial cellsméwcfurther
increase circulating [ATP] and further potentiated flow-mediated vasodilaffects

(Liu et al., 2004; Yamamotet al., 2007). Collectively, a multitude of stimuli imposed
during exercise appear to readily facilitate increases in circglafli?. Accordingly,
such findings have been observed in young adults since the late 1960’s (Forigsigr &
1969).

In addition to evidence supporting the release of ATP in circulation during
exercise, other characteristics further highlight the unique role that AST&haascular
tone. Specifically, we and others have demonstrated in young adults that not only does
ATP evoke substantial vasodilation by activating purinergice2eptors, but can blunt
sympathetic vasoconstriction in a dose-dependent fashion, unlike other endothelium-
dependent vasodilators such as NO and adenosine (Dinenno & Joyner, 2003; Rosenmeier

et al., 2004; Kirbyet al., 2008). Evidence also indicates that ATP can facilitate both
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propagated ascending vasodilation and venular-arteriolar communication to aiduilh the
expression of the hyperemic response apddlivery (Hester & Hammer, 2002; Winter

& Dora, 2007). Taken together, circulating ATP not only aids in the control of muscle
vascular control at rest and exercise but is unique when measured against other
endothelium-dependent vasodilators.

Human aging is the predominant risk factor for cardiovascular disease and is
characterized by reduced vasodilatory responsiveness to endothelium-dep@emdsint s
(endothelial dysfunction via intra-arterial acetylcholine or sheasgt(€elermajeet al .,

1994; Lloyd-Jonest al., 2009). Maybe even more importantly, this decline in
endothelium-dependent vasodilation strongly relates to attenuations in muscle blood flow
commonly observed in aging humans during elevated oxygen demand situations such as
exercise(Kirbyet al., 2009b). Given the preponderance of evidene&ro indicating

the endothelium dependence of ATP-mediated vasodilation (Ralevic & Burnstock, 1998;
Winter & Dora, 2007), we recently tested the hypothesis that vasodilatory respmass

to ATP would be impaired in older adults and lend insight into impaired vascular

function during metabolic stress. To our surprise, ATP-mediated vasodilatiorowas
impaired in the aged human forearm despite confirmation of endothelial dysfunction as
evidenced by reduced acetylcholine dilator responsiveness (idby 2009a). Keeping

in mind that a change in vessel caliber can be dictated by both recepttivisgasiwell

as the concentration of the substrate stimulus, we postulated that an inaiietse
circulating [ATP] may exist in aging humans. Therefore, in the presesstigation we

tested the hypothesis that circulating plasma [ATP] and ATP reledsrirgshed during

the metabolic stress of exercise in older healthy humans and may elacdesss by
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which exercise-induced vasodilation and hyperemia are impaired with advageing o
the best of our knowledge, to date no information exists regarding circulatingaplasm

[ATP] in older healthy humans at rest or during exercise.

Methods
Subjects

With Institutional Review Board approval and after written informed consent, a
total of 14 young and 12 older healthy adult men and women participated in the present
study. All subjects were normotensive and free from overt cardiovasculaselize
assessed from casual blood pressure measurements and a medical historsubj2icks
were further evaluated for clinical evidence of cardiopulmonary dise#isa whysical
examination and resting and maximal exercise electrocardiograms. Altsuere
sedentary to moderately active, non-smokers, not taking any medications including
antioxidants, and studies were performed after a minimum of a 4-hour fasectSubj
provided written, informed consent after all potential risks and procedures were
explained. This study was approved by the Human Research Committee of Colorado

State University and was performed according to the Declaration ohkielsi

Arterial Blood Pressure and Heart Rate

Resting arterial blood pressure was measured non-invasively over the brachial
artery of the control arm after 30 minutes of supine rest before any erpéalrtrials,
and just prior to each experimental trial after the study began (Cardiocat#%; Da

Ohmeda, Louisville, CO, USA). Beat-by-beat arterial blood pressure wasuned at
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heart level by finger photoplethysmography (Finometer, FMS, Nethe)landke
middle finger of the control hand during all experimental trials. Hearivase

determined using a 3-lead ECG (Cardiocap/5, Datex-Ohmeda, Louisville, CQ, USA

Body Composition and Forearm Volume

Body composition was determined by dual-energy X-ray absorptiometry (DEXA
Hologic, Inc; Bedford, MA, USA). Total forearm volume was calculated frononegi
analysis of the experimental forearm (from the proximal to distal radiojdint) from
whole-body DEXA scans with QDR series software for normalization of indivdiuag
doses. Body mass index was calculated as bodyweight (kg) divided by heighsmeter

squared.

Forearm Blood Flow and Vascular Conductance

A 12MHz linear-array ultrasound probe (Vivid7, General Electric, Milwaukee,
WI, USA) was used to measure brachial artery mean blood velocity (MiV/bprachial
artery diameter and was placed in a holder securely fixed to the skin asiphgvi
described by our laboratory (Kirley al., 2009b). For blood velocity measurements, the
probe insonation angle was maintained at <60 degrees and the frequency used was 5
MHz. The Doppler shift frequency spectrum was analyzed via a Multigon 500V TCD
(Multigon Industries, Mt Vernon NY, USA) spectral analyzer from whichmrmesdocity
was determined as a weighted mean of the spectrum of Doppler shift frequencies

Brachial artery diameter measurements were made in triplicate iexdmolde at end-
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diastole and between contractions during steady-state conditions. Forearmdvood f
was calculated as:

FBF = MBV (cm-8) * x (brachial artery diameter/2) 60,
where the FBF is in ml mih the MBV is in cm &, the brachial diameter is in cm, and 60
is used to convert from mi*so ml min*. Forearm vascular conductance (FVC) was

calculated as (FBF/MAP) * 100, and expressed as mif ifi6i0 mmHg).

Rhythmic Handgrip Exercise

Maximum voluntary contraction (MVC) was determined for each subject as the
average of at least three maximal squeezes of a hanggamometer (Stoelting,
Chicago, IL, USA) that were within 3 percent of each other. For the dynarearfior
exercise trials, weights corresponding to 5, 15, or 25% MVC were attached teya pul
system and lifted 4-5 cm over the pulley at a duty cycle of 1 s contractioglgkation
(20 contractions per minute) using audio and visual signals to ensure the corregt timi
We chose these moderate workloads to limit the contribution of systemic haemdazb/na
to forearm vasodilator responses and to eliminate reflex increases intlsgtigpaervous
system activity, and thus isolate the local effects of muscle contractiorscmatatone

(Kirby et al., 2009b).

Venous Catheterization
An 18-gauge, 1.5-cm catheter was placed in retrograde fashion into a vein (that
appeared to drain muscle rather than skin) of the non-dominant arm for blood sampling

The catheter was connected to a 3-way stopcock with one connection to an I.V. solution
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set for continuous flushing with heparinized saline and the other to a 10 or 3cc syringe f

blood sampling.

ATP — Stop Solution/Blood Sampling

Venous blood samples were drawn through an 18 gauge catheter directly into a
pre-heparinized 10cc syringe to minimize hemolysis in which 2ml of blood was gently
and at once expelled into a test tube containing 2.7mL of an ‘ATP-stop solution’ to equal
a blood:diluent ratio of 1.35 as described by Gorman and colleagues (Gairahan
2003; Gormaret al., 2007). Briefly, the ‘ATP-stop solution’ (ethylenediaminetetraacetic
acid (EDTA), NaCl, KCl, tricine buffer, nitrobenzyl thioinosine, forskolin, and
isobutylmethylxanthine) was made as previously described and has been shownitto inhi
degradation of ATP via ectonucleotidases and ATP production from other blood sources
(such as platelets) for up to ~30 minutes (REF). The blood:diluent volume provided
sufficient volume for plasma ATP measurements in triplicate and a plasnogllobm
(pHb) measurement per sample. Blood:diluent samples were then immediately
centrifuged at 4,000 rpm for 3 minutes at 22°C. Although this “ATP-stop solution” has
been shown to maintain stable ATP values for up to ~30 minutes (Getmari2003;
Gormanet al., 2007), to minimize any potential modulation of plasma [ATP], samples
were analyzed for plasma [ATP] and plasma [Hb] directly followingrdegation. In
addition, a 2mL blood sample was also drawn into a pre-heparinized 3cc syringe for co-
oximetry blood gas parameters measured via blood gas analyzer (Siepadthsaie

Diagnostics, Deerfield, IL, USA).
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Measurement of Plasma [ATP] and [Hb]

Directly following centrifugation of blood:diluent samples,100uL of supernatant
was pipette into 3 individual microcentrifuge tubes for subsequent plasma [ATP]
determination. Plasma ATP was measured via the luciferin-luciferdsg@dqae where
light is generated by the reaction of ATP with luciferase and is dependent on
[ATP](McElroy & Deluca, 1983). First, 25uL of Msolution (44.25 mmol/L, 40
mmol/L tricine buffer, pH 7.75) was automatically injected into the plasmarsafa@i to
counteract the decrease of sampléMumpncentration by EDTA. Two seconds later,
100uL of luciferase (ATP Bioluminescence Assay Kit CLS II: Roche mbatics) was
automatically injected directly into the same 100uL plasma sample via anaaetodual
injector single tube luminometer in which relative light units (RLU) weltected
(Turner BioSystems 20/20n, Sunnyvale, CA, USA). After three seconds, cumulative
light output in RLUs was measured for ten seconds and averaged. An ATP standard
curve was created on the day of the experiment prior to all experimensahtrdalin
plasma medium from each subject studied. Specifically, a baseline blood:ddomgaie s
was obtained and 90uL plasma samples were spiked with 10uL of varying conmesitrati
of ATP standard (equating to 25, 51, 103, 206, 413, 826, 1650 nmol/L). The average
standard curvé’value was 0.996. Any ATP standard in plasma medium that provided
>10% variation in RLUs were discarded and reanalyzed. After accounting for
background RLUs from an unspiked plasma sample, RLU’s were plotted vs ATP and a
least squares linear regression line was fit to the data. Plasma [ASRhlealated as:

Final venous plasma [ATP] = (ATRod:diluent— ATPhemolysig*(1.35+1-HCT)/(1-HCT)
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To account for venous concentrations of ATP induced from hemolysis, 1mL of
supernatant from the same blood:diluent sample used for plasma [ATP] measurements
was pipette into a square 1.5mL methacrylate disposable spectrophotometer cuvett
(Cole-Parmer No. U-06343-70) and analyzed for plasma Hb via spectrophotometry
(Molecular Devices SpectraMax). Plasma Hb was calculated from ahserfmatical
density) output of 3 wavelengths (415,380,450) using the Harboe method (Harboe, 1959;
Malinauskas, 1997; Gormaahal., 2007). This plasma [Hb] reading provided an
indication of hemolysis (% Hemolysis = {(100 — HCT) * p[Hb]/t[Hb]}*100 ) and
corresponded with a certain amount of ATP (nmol/L). ATP concentration (nmol/L) was
plotted vs plasma [Hb] (range 0-25 mg/L) and data was fit with a linear regrassias |
described by Eric Feigl’s laboratory in 3 yound &R0.98; y=22.145x) and 3 older{R
=0.99; y=44.202x) subjects as previously described (Faras 2005; Gormaet al .,

2007). Further, any blood:diluent sample containing more than 0.5% hemolysis was

considered technical error and not used in the analysis of data.

Experimental Protocols
General Experimental Protocol
The purpose of this protocol was to determine endogenous plasma [ATP] and
ATP release at rest and during mild, moderate, and moderately-heagigexeryoung
and older healthy adults. Figure 1 is an example of the specific tridingmeé\fter 2
minutes of baseline measurements, subjects performed dynamic rhytimegcipa
exercise in the supine position with the non-dominant arm for a total of 15 minutes. This

15 minute trial was graded in exercise intensity whereby 5 minute segmeaitshd,
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15, and 25% MVC workloads were completed. Venous blood was sampled for blood
gases as well as plasma [ATP] and [Hb] at the end of rest and the end of eeisle exe
intensity segment. In addition, measurements for FBF calculation werdettsmined

at rest and within each exercise intensity segment.

Data Acquisition and Analysis

Data was collected and stored on a computer at 250 Hz and analyzed offfine wit
signal-processing software (WinDaq, DATAQ Instruments, Akron, OH, USA¥elBe
FBF, HR, and MAP represent an average of the last minute of the resting time period,
and the steady-state hyperaemic values represent an average of theutesoheach
exercise intensity (Kirbgt al., 2008). In an effort to be comprehensive, we have also
presented absolute values of forearm hemodynamics for all conditions in tabular form

(Table 2).

Statistics

All values are reported as means £ S.E.M. Specific hypothesis testing ot
time during exercise was performed using repeated measures AND\{Ae case of a
significant F value, Newman-Keuls method for multiple comparisons wasased t
determine where differences occurred. Statistical significaasesef priori at P<0.05.
Comparison of the outcome variables at specific time points between thesexerci
conditions were made with unpaired t-tests, and the values within each condition with

paired t-tests. Pearson Product Moment Correlation was used to determiineasigni
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association between variables. SigmaPlot 11.0 (Systat Software, Inc., 8a8A0s

USA) was used for all analysis and significance was $&t@05.

Results
Subject characteristics

The mean age difference between the young and older adults was 41 yBks (Ta
1). There were no significant age-group differences in forearm volume, MVG; HD
cholesterol, or triglycerides. Older individuals had a greater BMI, bogefaentage
and total- and

LDL-cholesterol P <0.05; Table 1), although these values were within normal levels.

Forearm and systemic hemodynamic responses at rest and during graded exercise
Forearm and systemic hemodynamics are presented in Table 2. Resting FBF,

FVC, and HR were not different with age. Although not considered hypertensive, older

adults had significantly greater MAP at rest compared to younger aeéalis05). As

expected, handgrip exercise at all intensities increased FBF and FVGdsmime in

both young and older adults and these responses were greater for each gradsel imcr

exercise intensityR<0.05). Despite increases in FBF and FVC to exercise, older

compared to young adults had a significantly lower hyperemic response at 15 and 25%

MVC exercise as well as a significant reduction in forearm vasamhlatiring all

exercise workloads (Figures 2A-B«0.05). Both young and older adults significantly

increased MAP in response to exercise and older adults continued to have a greater

127



absolute MAP compared to yourg<0.05). Heart rate increased with exercise yet was

not different between age groups.

Venous plasma [ATP] and ATP release at rest and during progressive exercise
intensity

Venous plasma [ATP] was not different at rest between young and older adults
(214+16 nmol/L vs 183+35 nmol/IP=0.4). However during exercise, older adults had
significantly lower plasma [ATP] concentrations compared to young ateitice
intensities P<0.05) and did not increase [ATP] above baseline (5% = 157124, 15% =
232431, 25% = 248+34 nmol/L; Figure 3). In contrast, young adults had significantly
greater [ATP] during all exercise intensities compared to rest condi6éths 32941,
15% = 359432, 25% = 407+39 nmol/L; FigureF3;0.05). To account for the impact
changes in FBF have on [ATP] measurements, ATP release was tealcuBamilar to
[ATP], ATP release was not different with age during rest (8+1 nmol/min vs 6x1
nmol/min). Although both young and older adults had greater ATP release during
exercise compared to rest, ATP release was significantly redudedget(5% = 357,
15% = 81411, 25% = 162423 nmol/min vs 5% = 1342, 15% = 3915, 25% = 71+10
nmol/min, respectively, Figure £<0.05). Additionally, forearm vasodilation and ATP
release were plotted against each other to better visualize the impaciroéiuea ATP
release on exercise-mediated vasodilation for both age groups (Figure 5) agovéor a

workload (Figure 6A-C).
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Effect of exercise intensity and age on blood gas measurements and RBC hasnolys
indicators

All blood gas measurements and RBC hemolysis indicators (pHb and %
hemolysis) are presented in Table 3. Briefly, the venous blood gas measurements of pH,
pO,, pCG, CtO,, CtCO, and FQHb all increased during exercise from rest in both
young and older adults, however there was no difference witlPage06). Both
indicators of RBC hemolysis were increased at 15 and 25% MVC compared to rest in
young and older adults, and a small but significant increase from rest wasgedse5%
MVC in older adults, however between age group comparisons did not reveal significant
differences at rest or any exercise intensity. As noted in the methogsesavith >
0.5% hemolysis were assumed to result from ‘handling’, discarded, and not utilized in
data analysis; this included 2 samples from the 15% and 1 sample from 25% intensity
exercise trials.

To assess the association between [ATP] and potential metabolic stimuli, data
from rest and all exercise intensities was pooled for both young and older ddults
young adults, [ATP] was significantly correlated to the Hb deoxygenatiogHB)s
well as pH (r=-0.28; r=-36, respectiveBs0.05). Conversely, these variables were not

related to [ATP] in older adults (r= 0.17; r=-0.P&0.05)

Discussion
The primary findings from the present investigation are as follows. Oldé&hpe
adults have reduced forearm skeletal muscle blood flow during mild to modeeatsity

exercise, and this is mediated by attenuations in forearm muscle vasodildghile
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venous plasma [ATP] increases during dynamic forearm exerciseingyadults, healthy
older humans do not increase plasma [ATP] and have significantly lower plasmp [ATP
than young adults at all exercise intensities. ATP release (to adooghtinges in FBF)
increases during graded intensity forearm exercise regardlage,ofet older adults have
significantly attenuated ATP release during this metabolic stiegsortantly, during
mild to moderate forearm exercise, older adults demonstrate consideraiolig e
ATP release which is associated with significant declines exendseed vasodilation.
Collectively, these data suggest that blunted endogenous ATP release may be a
mechanism by which skeletal muscle blood flow and oxygen delivery is impaitted wi
advancing age in humans.

In the present investigation we tested the hypothesis that circulatingaplasm
[ATP] and ATP release is diminished during the metabolic stress of exera&ler
healthy humans and may elucidate a means by which exercise-induced vasoalidti
hyperemia are impaired with advancing age. Our rationale for this investigas two-
fold. First, aging humans demonstrate impaired vascular control to endothelium
dependent stimuli that predisposes this population to an increased risk for adverse
cardiovascular events (Tadagial., 2001). With this in mind, we recently predicted that
ATP-mediated vasodilation would be impaired in healthy aging humans, but in tontras
found that ATP vasodilatory responsiveness was in fact unaltered compared to young
adults despite substantially blunted vasodilation to ACH(Kétla}., 2009a). Second,
muscle blood flow and oxygen delivery during exercise is closely assoewth
endothelial health and is known to decline with advancing age. In combination, previous

literature suggests that exercise increases circulating cortcamgraf the endothelium-
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dependent vasodilator ATP in young adults (Gonzalez-Alenalb, 2002). However to
the best of our knowledge, no information exists to date regarding circulating plasma
[ATP] in older healthy humans at rest or during exercise.

As expected, skeletal muscle vasodilation was reduced during exercisgjin ag
humans at all exercise intensities and forearm blood flow was reduced at 15 and 25%
exercise corroborating our recent findings. Although experiments in the liovizehave
documented blunted exercise hyperemia in aging humans, current evidence in the upper
limb is minimal regarding differing exercise workloads and is oftaitéd to post-
exercise assessment via venous occlusion plethysmography. Neverthelesga
clearly demonstrate and support previous results in the lower limb that aging humans
have impaired blood flow and oxygen delivery during mild to moderate intensity forearm
exercise that is mediated by blunted local vasodilation (Katlay., 2009Db).

Collective evidence suggests that metabolic stressors along with the neathani
stress of exercise can induce ATP release into circulation (Gonzlalegest al., 2002;
Wanet al., 2008; Ellsworttet al., 2009). Repeated muscle contractions of dynamic
exercise produce a metabolically altered milieloo&l hypoxia, hypercapnia, and
acidosis, as well as evoke increases in arteriolar wall shear stsaiamt from
hyperemia. In addition, a mechanical stimulus upon the tissue exists due tcemaneas
muscle tension developed with exercise. In the present study, we demonstr&€Rhat [
increases during exercise in young adults in a fairly graded fashion thatiieantly
greater than rest. Indeed, calculating ATP release (to account fyeshia FBF that
could dilute the concentration of ATP) in young adults even more clearly demesistrat

significant intensity dependent increase in circulating ATP compared tdmesintrast,
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older adults did not increase [ATP] from rest during exercise at any iytesrstt had
significantly blunted ATP release at each workload when compare to young adults.
Based on data indicating that RBCs release ATP in response to Hb deoxygenation,
decreases in pH, and mechanical deformation, and that endothelial cellspvetyes
release ATP during graded elevations in shear stress (Bodin & Burnkd&ék,
Yamamoteet al., 2007; Ellsworthet al., 2009), we speculate that these functional ATP
sources in young adults may be significantly impaired in older adults.

As noted previously, tissue metabolic demand for oxygen must be tightly
regulated via changes in local vascular tone as the (principal) means ofidglive
oxygen, whereby impairments in vasodilation should closely reflect tisygex
delivery assuming arterial oxygen content is quite stable in these hpafibiations
(~20 mg/dL) (Rowell, 1993). If release of and consequent concentrations of the
circulating vasodilator ATP are indeed blunted in aging humans, then one would predict
that vasodilation would be effected similarly. Therefore, we determinedi#tiemship
between forearm vascular conductance (as an index of vascular tone) and A3® rele
across exercise intensity (Figure 5) and within each workload (Figuoe byth young
and older adults. We in fact did observe a significantly diminished ATP reledmse in t
older population compared to the young, although the relationship between vasodilation
and ATP release was not different (i.e. the slope was unchanged; P > 0.05).c&8lyecifi
for a given endogenous concentration of ATP the corresponding vasodilation was simi
between populations indirectly supporting our previous findings that ATP receptor
responsiveness is not impaired in healthy aging humans. Collectively, theseayat

suggest that decrements in oxygen delivery that occur via reductions in blood flow during

132



exercise in aging humans are potentially due to a significant attenuatiorainilttyeto
sense/release ATP into circulation and effectively evoking endotheliunmdiemte

vasodilation.

Potential Mechanisms

Ellsworth and colleagues aptly demonstrated that RBCs from older hamsters ar
unable to significantly release ATP to hypoxia or acidosis (Ellsvebih, 1995).
Accordingly, our blood gas analysis comparison between young and older adults
indicates that a significant correlation exists between [ATP] and pH (P=@&064a6DHb
(P=0.037) for young adults, but not in older adults (P=0.25, P=0.26; respectively)
suggesting an impairment in the ability cells to respond to metabolic and/oamed
stress. Although in a different diseased population that also exhibits altered blood flow
responses, accumulating evidence reveals that RBCs from diabetic humaritehede a
signal transduction and consequently blunted ATP release when stimulated (®pbrague
al., 2006). Endothelial cells are also known to release ATP to a variety of stimuli that
occurs during repeated muscle contractions. Interestingly, caudal agergrgs and
isolated endothelial cells from aged rats have blunted release of ATPr{td&asét al .,
1995). Furthermore, this impairment is exacerbated with higher levels of challegte
offset by modulating the membrane fatty acid composition and with exewis@dr
(Hashimotoeet al., 1999). Despite these collective and intriguing findings, to date no
assessment of these stimuli has occurred in cells from healthy aging htimartee

mechanism underlying our observations is still unknown.
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In addition, it is plausible that the observed diminished circulating [ATP] irr olde
adults is due to an enhancement of ATP degradation enzymes. Although not directly
studied in healthy aging humans, ectonucleotidase activity is suggestededodbed:in a
variety of disease states that are closely linked with cardiovasculaseliard are
prevalent with advancing age (Duagteal., 2007; Lunket al., 2008). In particular, this
is seen in patients with elevated oxidized-LDL, which is typically observed imgmg a
population (Kirbyet al., 2009a; Kirbyet al., 2009b). In this manner, ATP would be more
rapidly degraded to its down stream by-products minimizing its robust vasodition.

In general, it is thought that ectonucleotides activity is enhanced as aoheatigating
prothrombotic signaling with disease (Schetingeal., 2007). Taken together, one may
predict that a combination of impaired extracellular ATP release and edhahibe

degradation may take place and therefore reduce circulating [ATP] in agingdiuma

Experimental Considerations

A few points should be considered in the present investigation. First, although
vasodilation is closely associated with circulating ATP during exercsehat exact
ATP contributes to vascular tone at rest and exercise is currently unknown. Agbgrdi
the use of a R receptor antagonist would be ideal to answer such questions, yet no
substance is currently available for human use. Second, with regard to venous plasma
[ATP] values in humans, an extreme degree of variation has become exisbent in t
literature ranging from as low as ~35nmol/L to upwards of ~2000nmol/L(Goehah
2007). This discrepancy may be related to how [ATP] is measured but maybe more

importantly, how blood samples are handled, preserved, and stored. However, as
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Gorman and colleagues have precisely lain out, we used an ATP “stop-solution” to
mitigate additional ATP release and ATP degradation that occurs immeydiatiig

blood sampling as well as accounted for ATP due to hemolysis, even though in the
present study we minimized hemolysis to < 0.5% (Gorebah, 2007). Nevertheless,

our results demonstrate clear differences if calculated as a clnamgeest, which would

be independent of the absolute venous plasma [ATP]. Finally, we believe the maiculat
of ATP release (FBF x [ATP]/1000) is of considerable importance as elevatibteod
flow could perhaps ‘dilute’ and confound the interpretation of [ATP] alone. Possibly,
one could argue that our findings of blunted ATP release in aging humans is due to a
reduction in blood flow, however upon closer inspection this unlikely to be the case as

[ATP] are also low despite elevations in blood flow above rest in aged humans.

Conclusions

In healthy young humans, oxygen delivery is effectively matched to chamges
oxygen demand that occur during metabolic stress, however older adults demonstrated a
altered control of the vasculature (impaired vasodilation) that may predisimse t
population to increased risk for cardiovascular disease and exercise intalerance
Specifically, the collective findings from the present investigation inglitet
significantly reduced circulating venous plasma [ATP] in older adults may be an
important mechanisms by which impaired vasodilation and attenuations in oxygen

delivery during mild to moderate intensity exercise occur with advancing age
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Table 1: Subject Characteristics

Variable Young Older
Male:Female 13:1 11:1
Age (years) 221 63 + 2*
Body mass index (kg #) 24+ 1 27 + 1*
Body fat (%) 17 +1 25 + 2%
Forearm volume (ml) 1077 £ 40 1121 £ 77
MVC (kg) 47 +3 45 + 4
Total cholesterol (mmoi?) 3.8+0.2 4.7 +0.2%
LDL cholesterol (mmolf) 3.4+0.1 4.3+0.2*
HDL cholesterol (mmol 1) 0.9+0.5 0.9+0.9
Triglycerides (mmol 1) 09+0.1 1.0+0.1

MVC = Maximum voluntary contraction, LDL = Low density lipoprotein, HDL #gHi
density lipoprotein. P<0.05 vs young adults
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Table 2. Forearm and systemic hemodynamics at reand during

exercise
FVC
Table 2 FBF (ml min™* MAP HR
' (mlmin™Y) | (100 mmHg) (mmHg) (beats min’)
)
Young 365 385 93+2 58+1
Rest
Older 33+3 34+3 99 + 2* 58+ 3
Young 98+ 9 102 £ 8 96 + 3 60x2
5% MVC
Older 82+7 777 103 + 3* 62+3
Young 220+ 16 228 £13 96 £ 2 62+2
15%
MVC
Older 175 = 14* 161 +13* 110 £ 3* 64 £ 3
Young 382 + 30 366 + 27 104 £ 3 68 2
25%
MVC
Older 299 £ 25* 260 £ 23* 116 + 3* 673

FBF = Forearm blood flow, FVC = Forearm vascular conductance, MAP = Miegialar
pressure, HR = Heart rate, MVC = Maximum voluntary contractioR<®.05 vs young

adults
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Table 3. Blood variables at rest and during exerse with age

Rest 5% MVC 15% MVC 25% MVC
Young | Older| Young| Older] Young Oldef Younlg Oldg
737+ | 738+| 735+ | 7.36+| 7.32+ | 7.32+| 728+ | 7.29+
pH 0.01 0.01 | 0.01* | 0.01* | 0.01* | 0.01* | 0.01* | 0.01*
pO, 202+ | 296+ | 212+ | 214+ 226+ | 215+ 247+ | 241+
(mmHg) 15 1.0 0.9* 1.1* 1.0* 0.8* 1.0* 0.6*
pCO; 46.7+ | 440+| 500+ | 483 +| 55,5+ | 528+| 56.1+ | 58.5 +
(mmHg) 11 0.8 0.7* 1.2 1.1* 1.5* 2.6* 2.2*
CtO, 109+ | 106+| 63+ | 6.2+ | 6.7+ | 60+ | 73+ | 69
(ml dI™ 0.9 0.5 0.4* 0.4* 0.5* 0.4* 0.5* 0.3*
CtCO; 276+ | 264+ 288+ | 28.2+| 293+ | 282+ 29.1+| 29.2+
(ml dI™ 0.5 0.6 0.5* 0.9* 0.5* 0.8* 0.7* 0.7*
FO.Hb 509+ | 521+ 30.3+| 303+ 31.7+| 299+ 340+ | 340+
(%) 3.5 2.1 1.6* 1.6 1.8* 1.8* 1.9* 1.5*
Hct 444+ | 428 | 435+ | 41.7+| 439+ | 42.1+| 443+ | 428+
(%) 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0
tHb 150+ | 145+ 154+ | 142+| 149+ | 143 +| 151+ | 146+
(g d 0.3 0.4 0.7 0.3 0.3 0.3 0.3 0.3
pHb 45+ | 44+ | 63+ | 63+ | 6.7+ | 69+ | 66 | 7.7
(mg L™ 0.6 0.6 0.7 0.7* 0.6* 0.8* 0.6* 0.9*
Hemolysis| 0.17+ | 0.17+ | 0.24+| 0.26+| 0.25+ | 0.28+| 0.25+ | 0.30
(%) 0.03 0.02 0.03 | 0.03* | 0.02* | 0.03* | 0.02* | 0.03*

All values are venous blood. PP'< 0.05vs rest
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Figure 1: Experimental Timeline. All subjects rested for two minutes prior to exercise.
Dynamic rhythmic handgrip exercise was performed in graded fashion at 5d12%5% of the
subjects’ maximum voluntary contraction using a handgrip pulley systechexdit#o an
external load. Dynamic contractions were performed over a range ofdaba duty cycle of
1 sec contraction/2 sec relaxation. Each bout of exercise intensity i@snaer for 5 minutes
totaling al5 minutes for the entire trial. At the end of rest and each progregsicise
intensity, forearm blood flow (FBF), forearm vascular conductance (FATR], and blood
gases were determined.

Figure 2A-B: Forearm vascular responses to gradeishtensity rhythmic forearm
exercise. Forearm blood flow (FBF) was greater than rest at each exercise intensit
regardless of age. Older adult had significantly reduced FBF at 15 and 25%&yintens
compared to young adults (A). Forearm vasodilation represented as foreantarvasc
conductance (FVC) increased greater than rest for both age groups atcidlecx¢ensities.
Significant age-associated reductions in FVC were observed for at ialisexatensities (B).

* P <0.05 vs youn

Figure 3: Venous [ATP] to graded intensity rhythmic handgrip exercise In young adults,
[ATP], was significantly greater than rest at all exercise intensitiresontrast, older adults did
not significantly increase [ATRJor any exercise intensity. Older adults had significantly
attenuated [ATP] compared to younger adults for all intensities, however thisotvpresent at
rest. T P <0.05 vs rest; P < 0.05 vs young.

Figure 4: [ATP] release into circulation during graded intensity rhythmic handgrip
exercise. To account for elevations in FBF that occur during exercise, ATP release was
calculated. ATP release increased from rest during all exercissitgtéor both young and
older adults. Despite this, a significant age-associated decrease inlddse igas observed

in older adults for each exercise intensityP £0.05 vs young.

Figure 5: Association between ATP release and vaditatation in young and older adults.
Progressive increases in ATP release relate significantle#iegrforearm vasodilation in

both young and older adults.

Figure 6: Relationship between ATP release and vadilatation for each exercise intensity
in young and older adults. Older adults demonstrate a lower ATP release that is related to
reduced forearm vasodilatation compared to young adults during (A) 5%, (B) 15%;) &4

MVC handgrip exercise.
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CHAPTER VI — OVERALL CONCLUSIONS

Human aging is recognized as a primary risk factor for the development of
cardiovascular disease. In particular, older adults typically demonstratgpaired
ability to increase blood flow (and oxygen delivery) in response to various stimuli
including exercise, and this is largely a result of impaired vasodilation. &g bost of
metabolic and chemical substances are known to evoke vasodilation and have been
proposed to mediate the vasodilatory response observed during muscle contréctions
spite of this, although the study of exercise hyperemia has accrued for onturg,dbe
discovery of any one obligatory factor has yet to take place thus creaticgltifivhen
trying to pinpoint a specific substance that may explain age-associat@dnmapts in
active muscle blood flow. Nonetheless, we have recently turned our attention the
postulate that circulating nucleotides have an explicit role in the controsofilaa tone
during exercise and a deficit in either the responsiveness or the circalaitemt of this
molecule may take place with advancing age.

In specific, the purine nucleotide ATP is recognized to be releasedediktiaty
from endogenous sources into the human circulation from a large host of cells. As such,
invitro evidence indicates that circulating ATP may result from deoxygenation and
mechanical strain upon endothelial cells as well as erythrocytes aneétslaathough
other cells are recognized to have this ability as well. However, how theacedidase
of ATP from these specific sources is altered with human aging is not yet knaen. E

so, for many decades, nucleotides have been recognized to reside within théairodl
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humans and to have robust vasodilator action when infused intra-arterially. More
recently, evidence indicates that ATP has powerful vasodilatory action i ¢hat
evoke elevations in blood flow similar to that observed during maximal exerzse a
results in the ability to significantly blunt (and in some instances abolish)
sympathetically-mediated vasoconstriction in a dose-response fashiom srtilat seen
with graded intensity exercise in young adults. In addition, although heawibdtas an
endothelium-dependent vasodilator, ATP appears to evoke vasodilation independent of
nitric oxide, vasodilating prostaglandins, as well as adenosine, and may chisty ca
vasodilation via spreading hyperpolarization yet unexplored in humans. limglsest
these vasomotor properties are specific to ATP and are typically not obsetivédigen
downstream adenine nucleotide, AMP, or nucleoside, adenosine.

To the best of our knowledge, the noted collection of experiments provides novel
and significant insight into the understanding of how circulating ATP assis&scular
control in aging humans. The collective findings from these studies indicate tha
alterations in the contribution of ATP to vascular tone in aging humans exist gnid ma
part be a potential mechanism by which aged adults have reductions in oxygen delivery
to active skeletal muscle. The specific key findings from the presentdbedyk are as
follows: 1) exogenous ATP has the ability to blurddrenergic vasoconstriction in
young adults similar to that observed during exercise, 2) in contrast to our tsypatihe
vasodilatory responsiveness as well as 3) the sympatholytic properiesgainous ATP
remain intact in aging humans, yet 4) older adults demonstrate reduced pkEsous
[ATP] and impaired ATP release during graded mild-to-moderate hianelggrcise

which is associated with attenuations in skeletal muscle vasodilation and blood flow
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Taken together, it is our belief that the typically observed impairments etakeluscle
vasodilation and the inability to offset sympathetic vasoconstrictor tone daxangise is
in part due to diminished endogenous levels of circulating ATP. On the whole, ATP
appears to be a significant regulator of vascular control in humans, and mayact a
potential mechanism which in part explains the typically observed reductionsetaskel
muscle blood flow and oxygen delivery to active tissue in aged humans thereby
predisposing this population to an elevated risk for cardiovascular diseasesaepb-r
declines in exercise capacity/tolerance, and an overall decline inyqpfdife in this

population.
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The Human Research Committee reviewed and approved your request to amend the
above-referenced project. The approved amendments are below.
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- to increase the number of particpants by 60 - accepted.

- to add the grant title: Aging, Endathelial Dysfunction, and ATP-mediated Vasodilation
- to change the title on the consent form to reflect both grants to: Regional Blood Flow
Control and Vascular Function: Effects of Aging and Regular Physical Activity

Investigator Responsibilities:

+ [tis the responsibility of the Pl to immediately inform the Committee of any serious
complications, unexpected risks, or injuries resulting from this research.

» ltis also the Pl's responsibility to notify the Committee of any changes in
experimental design, participant population, consent procedures or documents.
This can be done with @ memo describing the changes and submitting any altered
documnents.

+ Students serving as Co-Principal Investigators may not alter projects without first
obtaining P} approval. The Pl is ultimately responsible for the conduct of the
project.

This approval is issued under Colgrado State University's OHRP Federal Wide
Assurance 00000647,

If you have questions, please contact me at 1-1855 or janell. meldrem@colostate.edu.
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Consent to Participate in a Research Study
Colorado State University

TITLE OF STUDY: Regional Blood Flow Control and Vascular Function: Effects of
Aging and
Regular Physical Activity
PRINCIPAL INVESTIGATOR: Frank A. Dinenno, Ph.D. 491-3203
CO-PRINCIPAL INVESTIGATORS: Matt Hickey, Ph.D. 491-5727
Wyatt Voyles, M.D. 663-3107

WHY AM | BEING INVITED TO TAKE PART IN THIS RESEARCH? You are a man or
woman between the ages of 18-35 or 55-90 years. You are either 1) not exercising
vigorously and regularly, or 2) have exercised vigorously and regularly for a number of
years. Our research is looking at the effect of aging and exercise on regional blood flow
control and how your blood vessels work.

WHO IS DOING THE STUDY? This research is being performed by Frank Dinenno,
Ph.D., and Matt Hickey, Ph.D. of the Health and Exercise Science Department, and also
by Wyatt Voyles, M.D., of the Heart Center of the Rockies. Trained graduate students,
undergraduate students, research assistants, or research associates are assisting with
the research. These studies are paid for by the National Institute on Aging, a part of the
US Government.

WHAT IS THE PURPOSE OF THIS STUDY? The way in which blood flow (and oxygen
delivery) and blood vessels are regulated by local factors and nerves during exercise
and during changes in the composition of air you breathe is being studied. Importantly,
cardiovascular regulation under these conditions might change in older people, it might
be different between men and women, and it might be affected by regular physical
exercise. The purpose of the research is to understand differences in how blood vessels
work in various groups of adults, in different muscle groups (forearm, thigh, calf), as well
as in the neck. The makeup of muscle fibers is also being studied.

WHERE IS THE STUDY GOING TO TAKE PLACE AND HOW LONG WILL IT LAST?
This whole research project will take place over a period of approximately five years.
However, your part of this study will be either:
1) one or two visits over a several day period, or (your initials)
2) several visits over a few to several weeks. (your initials)

WHAT WILL | BE ASKED TO DO? This consent form applies to a large research
project. You are only being asked to participate in one part of the total project.
Depending on the part of the research project that you are involved in, you will be asked
to participate in some of the following procedures. Many potential procedures are
described in the section below. However, the procedures that you will be asked to do for
this part of the study have a check mark next to them. The check marks were put there
by one of the researchers. The time associated with each procedure reflects the amount
of time you will spend performing or undergoing the procedure, not the total time of the
study. A member of the research team will fully explain each checked procedure that
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applies to your participation and specifically how long each session (total time) in the
laboratory will be.

Health and Physical Activity Questionnaire. You will be asked to answer some
guestions about your health and exercise habits to determine if you can participate in the
study. (~20 minutes) (your initials)

Pregnancy Test. If you are female you will be required to have a sample of your
urine tested for the presence of human chronic gonadotropin (HCG), a hormone which
indicates whether you may be pregnant. This will require approximately 1 cup of your
urine. If you are pregnant or the test indicates that you are pregnant you will not be able
to participate in this study. (~10 minutes) (your initials)

Heart Rate and Blood Pressure. Heart rate will be measured by placing three
sticky electrodes on your chest and reading the electrocardiogram (ECG) signal. Blood
pressure will be measured with an automated machine that requires the placement of a
cuff around your upper arm (bicep), or a small cuff on your finger. (continuous monitoring
throughout study) (your initials)

Graded Exercise Test. If you are in the 55-90 yr-old age group, you will be
asked to perform a maximal exercise test on a treadmill under the supervision of a
physician. This test will occur in the Human Performance Clinical/Research Laboratory
in the Department of Health and Exercise Science on the CSU campus. Sticky
electrodes will be placed on your chest, and you will walk briskly or jog while the
steepness of the treadmill is increased. Your blood pressure and heart beat will be
closely measured during and immediately after the test.(~1 hour)

(your initials)

Maximal Oxygen Consumption. VO, testing will be performed on a treadmill
while you are walking or running and the steepness of the treadmill is increased until you
can’t exercise any more. You will be asked to put your mouth around a scuba-like
mouthpiece and wear a nose clip to prevent breathing through your nose. The amount
of oxygen your body uses for energy will be determined from the oxygen and carbon
dioxide you breathe in and out during the exercise. Your heart rate will be measured
using a heart rate monitor. Body mass and height will be measured on a medical beam
scale. (~30 - 45 min) (your initials)

_____Body Compoaosition. The fat, muscle, and bone in your body will be measured
using an x-ray device (dual-energy x-ray absorptiometer) that will scan you from head to
toe while you lie quietly on a special table for approximately 20 minutes. The amount of
x-ray radiation you will receive is extremely low. (~20 minutes)

(your initials)

Forearm Volume. The volume of your forearm will be measured via water displacement.
You will place your forearm in a large water-filled cylinder, and the spillover of this water
is collected in a large graduated cylinder to determine the volume. (~5 minutes)
(your initials)

Forearm Exercise. You will lay flat on a bed and squeeze your hand and
forearm muscles using a handgrip device while your hand and arm are comfortably
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secured. The intensity of the exercise will range from very easy to moderately difficult,
and you will be asked to perform this exercise for ~10 minutes several different times
throughout the study with plenty of rest in between exercise trials. (1 — 2 hours)

(your initials)

Calf Exercise. You will sit in a special chair and squeeze your calf muscles
(similar to standing on your toes) while your arms, hips, and shoulders are comfortably
secured. The intensity of the exercise will range from very easy to moderately difficult,
and you will be asked to perform this exercise for ~10 minutes several different times
throughout the study with plenty of rest in between exercise trials.

(1 — 2 hours) (your initials)

Knee Extensor Exercise. You will sit in a special chair and squeeze your thigh
muscles while your hips and shoulders are comfortably secured. Your feet will be
secured in specially designed boots and you will be asked to extend your leg against
resistance until your ankle is about at the height of your knee, relax back to a regular
seated position, and then repeat. The intensity of the exercise will range from very easy
to moderately difficult, and you will be asked to perform this exercise for ~10 minutes
several different times throughout the study with plenty of rest in between exercise trials.
(1 — 2 hours) (your initials)

Maximum Voluntary Contraction. This will consist of 3-4 trials where you will
squeeze your muscles (either forearm, calf, or thigh) and generate as much force as you
can. You will be asked to generate as much force over the course of ~3 seconds and
hold this force another 5 seconds. After a 2-3 minute rest period, you will be asked to do
this again. This is typically used to determine how heavy of exercise you perform so
everybody is exercising at similar percentages of their maximum. (~ 20 minutes)

(your initials)

Exercise Training.

Forearm: You will be instructed to exercise five times per week, for a total of four
weeks. You will be given a special exercise device and will be instructed to exercise
with your non-dominant forearm squeezing your muscles 12 times per minute at 30-35%
of your maximum until you can’t exercise any more. When you are able to exercise at
this initial workload for 30 minutes, the workload will be increased. You will need to visit
the laboratory once per week to adjust the training workload as your performance
improves. (your initials)

Calf: You will be instructed to exercise five times per week, for a total of four
weeks. You will be instructed to exercise with your calf muscles and squeeze this
muscle 12 times per minute at 30-35% of your maximum until you can't exercise any
more. You will be instructed to perform calf extension exercise in the upright position
with added weight (if necessary) to achieve the pre-determined workload. When you are
able to exercise at this initial workload for 30 minutes, the workload will be increased.
You will need to visit the laboratory once per week to adjust the training workload as
their performance improves. (your initials)

157



Knee extensor: You will be instructed to exercise 3 times per week, for a total of
eight weeks. You will be required to perform the training studies in the laboratory under
supervision. Each training session will be 60 minutes. The first two weeks will consist of
short (5-10 min) high intensity exercise bouts, whereas the second two weeks will
consist of long (15-45 min) low intensity exercise bout. This pattern of training will be
repeated to attain a total training period of eight weeks. As your exercise performance
improves, the training workload will be adjusted accordingly. (your initials)

Whole-body: You will be instructed to exercise 5 times per week, 40-50 minutes
per exercise session at 60-85% of your maximum heart rate, for a total of twelve weeks.
You will be asked to cycle, walk, jog, or run during this training period. You will be
taught how to use heart rate monitors (provided by the lab) in order to train at the proper
intensity as well as to record your exercise sessions. (your initials)

__ Ischemic Exercise. You will exercise your calf or forearm with a blood pressure
cuff on your thigh or upper arm that is inflated very tightly to temporarily block the blood
flowing to your muscle. You will be asked to perform this exercise for ~10 minutes
several different times throughout the study with plenty of rest in between exercise trials.
(20 — 30 minutes) (your initials)

Cold Pressor Test. You will place your hand or foot in ice water for 2-3 minutes
on several occasions. (~10 minutes) (your initials)

_____ Lower Body Negative Pressure. You will be placed in a sealed wooden
chamber while you are laying flat on a bed. The chamber is sealed at your waist. Using
a standard vacuum that is attached to the chamber, suction will be applied to mimic what
happens when you go from laying to standing up. This will occur several times
throughout the study for about 15 minutes at a time. (~ 1 hour)

(your initials)

_____Up-right or head-down tilting. You will be lying on a bed that is specially
designed to be tilted ~60 degrees upright, or tilted downward ~10 degrees. This mimics
what happens when you go from laying to standing up, and vice versa. (~ 1 hour)

(your initials)

__ Forearm Negative/Positive Pressure. You will place your forearm in a sealed

chamber up to your elbow. Application of suction (like a vacuum) increases blood flow

to your arm, whereas the opposite pressure reduces blood flow to your arm. (1-2 hours)
(your initials)

______ Brachial Artery Compression. A special device that is mounted to a frame
above your forearm will be placed over your brachial artery at the elbow. When this
device presses down on your arm, it will temporarily reduce the amount of blood to your
forearm. This will be performed for approximately 5 minutes at a time, and will occur
several times throughout the study. (1-2 hours) (your initials)

Breathing a low Oxygen or high Carbon Dioxide Gas Mixture. The purpose of
this test is to mimic what happens when you go up to altitude. You will be asked to
place your mouth around a scuba mouthpiece while wearing a nose clip to prevent
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breathing through your nose. The amount of oxygen or carbon dioxide you are
breathing will be changed carefully with a specially designed system, and you will
breathe this for a maximum of 20 minutes at a time. You will be asked to do this several
times throughout the study, with plenty of time in-between each trial. The amount of
oxygen that is in your blood will be measured with a light sensor on your fingertip or
earlobe. (1-1.5 hours) (your initials)

_____Venous Occlusion Plethysmography. The blood flow in your forearm or calf will
be measured by the use of blood pressure cuffs around your upper arm or thigh, and
around your wrist or ankle. These cuffs will be inflated and deflated periodically. A
sensitive gauge (similar to a rubber band) will also be placed around the maximum
circumference of your forearm or calf. (2-3 hours) (your initials)

_____ Doppler Ultrasound. The blood flow in your arm, leg, neck, or brain will be
measured using an ultrasound machine which produces sound waves to measure your
blood vessel size and the speed of your blood. This also provides information about
how elastic or stiff your blood vessels are. (2-3 ho (your initials)

_____ Reactive Hyperemia. A blood pressure cuff will be placed on your upper arm or
thigh and inflated really tight to temporarily block the blood to your forearm or calf. After
5, 10, or 15 minutes, the cuff will be released and the blood flow in your forearm or calf
will be measured. This test is a measure of how much your blood vessels can relax and
will be repeated several times throughout the study. (1- 1.5 hours)

(your initials)

_____ Flow-Mediated Vasodilation. A blood pressure cuff will be placed on your
forearm or your calf and inflated really tight to temporarily block the blood to your hand
or foot. After 5, 10, or 15 minutes, the cuff will be released and the diameter changes of
the blood vessels in your arm or leg will be measured using Doppler ultrasound. In
some cases, your hand or foot will be warmed up for 15 minutes and the changes in
blood vessel diameter will be measured. This will be repeated several times throughout
the study. (1-1.5 hours) (your initials)

______Sympathetic Nervous System Activity. The measurement of sympathetic
nervous system activity involves measuring the activity of one of your nerves on the side
of your knee. Two small microelectrodes (small needles) will be placed through your
skin. The position of one of the electrodes will be moved back and forth through your
skin while a very small electrical impulse (1-2 volts) is passed through the electrode.
This search procedure will continue until the electrode being moved causes your foot to
twitch. This procedure will take between 5-60 minutes. When a foot or hand twitch is
observed, measurement of the activity of the sympathetic nervous system will begin. (2-
3 hours) (your initials)

Blood Sample. Up to 100 ml (approximately 7 tablespoons) of your blood will be
drawn from a vein on the front of your elbow or artery in a standard fashion using a
sterilized hypodermic needle. (~15 minutes) (your initials)

** For Arterial Catherization, Venous Catheterization, or Muscle Biopsy: If you are
allergic to lidocaine or novacaine, or have had a negative reaction to medicines injected
while at the dentist, you should notify us immediately and not have any of these
procedures done.
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Venous Catheterization. Your skin will be cleaned and a catheter (plastic needle)
will then be inserted on the front side of your elbow and secured to the skin. In some
cases, a local anesthetic might be used to reduce any discomfort. (~2-4 hours)

(your initials)

______Brachial Artery Catheterization. Your skin will be cleaned and a local anesthetic
will be given with a small needle to numb the area where the catheter will be placed
(front side of your elbow). The catheter (plastic needle) will then be inserted and
secured to the skin. (~2-4 hours) (your initials)

_____Femoral Artery Catheterization. Your skin will be cleaned and a local anesthetic
will be given with a small needle to numb the area where the catheter will be placed
(about half way between your hip bone and groin on the front side of your leg). The
catheter (plastic needle) will then be inserted and secured to the skin. (~2-4 hours)

(your initials)

Drug Administration (~ 2 - 4 hours). The administration of one of more of the
following drugs might occur several times throughout the study.

Vasoconstrictors — cause temporary narrowing of the blood vessels (minutes)
____ Tyramine

__ Norepinephrine

____Phenylephrine

____ Clonidine

____ Dexmedetomidine

____L-NAME

____Aspirin

____ Ketorolac

Vasodilators — temporarily relax the blood vessels (minutes)
____Acetylcholine

____Adenosine

____Sodium Nitroprusside

____ L-Arginine

_____Phentolamine

__Adenosine Triphosphate (ATP)

No major effects
____Ascorbic Acid (Vitamin C)
____ Propranolol

(your initials)

__ Muscle Biopsy. A sample of muscle will be taken from a muscle on the outside of
your thigh. This will take place under the supervision of a medical doctor in the
Hartshorn Health Center on the CSU campus. Your skin will be temporarily numb using
lidocaine, a medicine similar to novacaine. After deadening the skin, a %2 inch incision,
or cut, is made in the skin over the muscle using a sterilized scalpel. The sample is
obtained using a sterilized sampling needle. The muscle sample obtained is usually
about Y2 the size of the eraser on the end of a pencil. You will not have to reduce your
activity afterwards, but should not perform any unusual or extremely vigorous activity for
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a few days. You will receive written instructions regarding care of the incision, and a
telephone number to contact if you have any questions. (30 - 45 minutes)
(your initials)

FUTURE USE OF BLOOD OR MUSCLE SAMPLES

It is possible that we may want to use any extra blood or muscle tissue for future research
not described in this consent form. For example, this may include determination of
certain gene expressions that relate to various measures of cardiovascular function
measured as part of this study. This information will remain private as will all of the data
collected from the study.

Only choose one of the following:

| give permission for the use of my blood or muscle tissue collected as part of the
current study only. (your initials)

| give permission for the use of my blood or muscle tissue for the current study as
well as for future studies. (your initials)

ARE THERE REASONS WHY | SHOULD NOT TAKE PART IN THIS STUDY?

If you are not 18-35 or 55-90 years of age, are pregnant, are a regular smoker, or have
any diseases that would affect our measurements or significantly increase the risks
associated with this study, we will not be able to include you in the research.

WHAT ARE THE POSSIBLE RISKS AND DISCOMFORTS?
(The procedures that apply to your proposed participation are checked)

> Health and Physical Activity Questionnaire — there are no known risks
associated with answering health questions. All information is kept strictly
confidential. (your initials)

> Graded Exercise Test — there is a risk of fatigue (temporary muscle tiredness),
muscle strain, heart beat abnormalities (arrhythmias), a 0.01% chance of death (in
people who have heart problems), a 0.02% risk of cardiac arrhythmias that would
require you to go to a hospital (in people who have heart problems), and a risk of an
increase or decrease in blood pressure. (your initials)

> Maximal Oxygen Consumption — There is the possibility of fatigue, muscle
strains, heart rhythm abnormality, and change in blood pressure. There is the
possibility of falling off of the treadmill. Incidence of myocardial infarction (Ml) is also
arisk. 1in 10,000 individuals with cardiovascular disease may die and 4 in 10,000
may have abnormal heart rhythms or chest pain. (your initials)

> Body composition (DEXA) scan — the risks associated with the DEXA are very
low. The radiation you will receive is less than 1/3000™ of the Food and Drug
Administration (FDA) limit for annual exposure. The FDA is a government
organization responsible for medical safety. In other words, you could receive 3000
DEXA scans in a single year and still not meet the FDA limit for radiation exposure.
In this study you will receive one scan. The more radiation you receive over the
course of your life, the greater the risk of having cancerous tumors or of inducing
changes in genes. The radiation in this study is not expected to greatly increase
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these risks, but the exact increase in such risks is not known. Women who are
pregnant or could be pregnant should receive no unnecessary radiation and should
not participate in this study. (your initials)

Muscle contractions (Exercise) — There is a slight risk of muscle strain and
muscle soreness resulting from brief strong muscle contractions. Soreness should
not last more than two days or affect your normal function. (your initials)

Exercise training — There is a slight risk of muscle strain and muscle soreness
resulting from brief strong muscle contractions. Soreness should not last more than
two days or affect your normal function and should get progressively less as training
continues. (your initials)

Ischemic Exercise — There is a risk of temporary discomfort and possible
cramping in the forearm or calf during and after the exercise. These symptoms will be
relieved when the exercise stops. (your initials)

Cold Pressor Test — There is a risk of temporary discomfort of the hand or foot.
In rare cases, subjects might feel light-headed or nauseous. These symptoms will be
relieved when the hand or foot is removed from the ice water and wrapped in a
blanket. (your initials)

Lower Body Negative Pressure- There is a small risk of feeling nauseous or
fainting. These symptoms will be relieved when the vacuum is turned off.
(your initials)

Up-right or Head-down Tilting — Small risk of feeling nausea or fainting during
up-right tilt. These symptoms will be relieved when the table is tilted back and the
subject is lying supine. There are no known risks for head-down tilt.

(your initials)

Forearm Positive/Negative Pressure — There is a small risk of slight discomfort
or cramping if performing forearm exercise at the same time.

(your initials)

Brachial Artery Compression — There is a risk of slight discomfort at the site of
compression (elbow). There is also a risk of slight discomfort or cramping if
performing forearm exercise at the same time. (your initials)

Breathing a low oxygen or high carbon dioxide content gas mixture- The risks
associated with this include light-headedness, headache and fainting. However, we
will be monitoring all of your vital signals and will stop the procedure if this occurs.
Symptoms will end momentarily after breathing normal room air.

(your initials)

Venous Occlusion Plethysmography- There is a risk of temporary discomfort
of the hand or foot when the blood pressure cuffs are inflated.

(your initials)
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Reactive Hyperemia/Flow-Mediated Vasodilation- There is a risk of temporary
discomfort of the upper arm or thigh when the blood pressure cuffs are inflated. The
discomfort might be greater the longer the cuffs are inflated.

(your initials)

Sympathetic Nervous System Activity — Some subjects experience a
temporary (seconds) pain and discomfort while the microelectrodes are being
inserted. After the procedure there is a small risk of numbness, pins and needles type
sensations, or pain which lasts 1-3 days. In very rare cases, numbness, pins and
needles type sensations, or pain in the leg or arm has lasted several weeks or months
(1-3in 1000). These problems can be minimized by only having experienced
individuals perform this technique. In addition, by minimizing the time to find the nerve
to less than 60 minutes, the risk of unpleasant after-effects is reduced even more.

(your initials)

Blood sample — The risks associated with blood drawing include bruising, slight
risk of infection, soreness, and fainting. These are minor risks which usually do not
last more than one day if they occur.

(your initials)

Venous Catheterization- The risk of allergic reaction to lidocaine is extremely
low. There is a risk of bruising, slight risk of infection, local soreness, and fainting.
(your initials)

Arterial Catheterization — The risk of allergic reaction to lidocaine is extremely
low. There is a risk that pain or discomfort may be experienced when the catheter is
inserted in the artery, and local soreness after the study. In about 1 in 10 cases a
small amount of bleeding under the skin will cause a bruise. There is about a 1 in
1,000 risk of infection or significant blood loss. In about 1 in 4,000 damage may occur
to the artery requiring surgery. (your initials)

Drug Administration - The risks associated with drug administration include
temporary increases or decreases in blood pressure and heart rate. In the case of
clonidine and dexmedetomidine, you might experience mild drowsiness. These
symptoms should resolve when the drug stops. With any of the vasoconstrictor
drugs, there is a slight risk that ischemia (lack of blood to the tissues) could occur.
Risks of these effects are minimized by calculating the amount of drug given relative
to the size of your forearm or leg, and not the entire body. Finally, there is a potential
risk of an allergic reaction to vasoactive drug administration. If you are allergic to
aspirin, you should not participate. (your initials)

Muscle Biopsy — The risks associated with the muscle sample procedure
include discomfort, soreness in that muscle, bruising, infection, and minor scarring.
The discomfort and localized soreness are likely, but generally last only 24-48 hours.
Temporary scarring is also expected. How wounds heal over time is different
between people. The scar will only be about %zinch long, and is usually difficult to
distinguish 8-12 months after the procedure. The risk of bruising is low, and
infections are extremely rare. (your initials)
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» Itis not possible to identify all potential risks in research procedures, but the
researcher(s) have taken reasonable safeguards to minimize any known and
potential, but unknown, risks.

WILL | BENEFIT FROM TAKING PART IN THIS STUDY? There are no direct benefits
to you for participating in this study beyond receiving information on your body
composition and cardiovascular risk factors.

DO I HAVE TO TAKE PART IN THE STUDY? Your participation in this research is
voluntary. If you decide to participate in the study, you may withdraw your consent and
stop participating at any time without penalty or loss of benefits to which you are
otherwise entitled.

WHAT WILL IT COST ME TO PARTICIPATE? There is no cost to you for participating
except that associated with your transportation to our facilities.

WHO WILL SEE THE INFORMATION THAT | GIVE? We will keep private all research
records that identify you, to the extent allowed by law. Your information will be combined
with information from other people taking part in the study. When we write about the
study to share it with other researchers, we will write about the combined information we
have gathered. You will not be identified in these written materials. We may publish the
results of this study; however, we will keep your name and other identifying information
private.

We will make every effort to prevent anyone who is not on the research team from
knowing that you gave us information, or what that information is. For example, your
name will be kept separate from your research records and these two things will be
stored in different places under lock and key. You should know, however, that there are
some circumstances in which we may have to show your information to other people. For
example, the law may require us to show your information to a court or to the Human
Research Committee at CSU.

CAN MY TAKING PART IN THE STUDY END EARLY? Your participation in the study
could end in the rare event of muscle strain, if you become pregnant, or if you miss an
excessive number of appointments.

WILL | RECEIVE ANY COMPENSATION FOR TAKING PART IN THIS STUDY? For
experiments that involve the blood sample, muscle sample, fine wire electrodes, and
arterial or venous catheterization, you will be paid $25/hour.

WHAT HAPPENS IF | AM INJURED BECAUSE OF THE RESEARCH? Please be
aware that for this study the University has made special arrangements to provide
initial medical coverage for any injuries that are directly related to your participation in
this research project. The research project will provide for the coverage of reasonable
expenses for emergency medical care related to the treatment of research-related
injuries, if necessary.

LIABILITY:

Because Colorado State University is a publicly-funded, state institution, it may have
only limited legal responsibility for injuries incurred as a result of participation in this
study under a Colorado law known as the Colorado Governmental Immunity Act
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(Colorado Revised Statutes, Section 24-10-101, et seq.). In addition, under Colorado
law, you must file any claims against the University within 180 days after the date of the

injury.

In light of these laws, you are encouraged to evaluate your own health and disability
insurance to determine whether you are covered for any physical injuries or emotional
distresses you might sustain by participating in this research, since it may be necessary
for you to rely on your individual coverage for any such injuries. Some health care
coverages will not cover research-related expenses. If you sustain injuries, which you
believe were caused by Colorado State University or its employees, we advise you to
consult an attorney.

Questions concerning treatment of subjects' rights may be directed to Celia S. Walker at
(970) 491-1563.

WHAT IF | HAVE QUESTIONS? Before you decide whether to accept this invitation to
take part in the study, please ask any questions that might come to mind now. Later, if
you have questions about the study, you can contact the principal investigator, Frank
Dinenno, Ph.D., at (970)491-3203, or via email at fdinenno@cahs.colostate.edu. If you
would like to ask a medical doctor about your participation in the study, you may contact
Wyatt Voyles, M.D. at 663-3107. If you have any questions about your rights as a
volunteer in this research, contact Celia Walker, Director of Regulatory Compliance, at
970-491-1553. We will give you a copy of this consent form to take with you.

Your signature acknowledges that you have read the information stated and willingly
sign this consent form. Your signature also acknowledges that you have received, on
the date signed, a copy of this document containing 9 pages.

Signature of person agreeing to take part in the study Date

Printed name of person agreeing to take part in the study

Name of person providing information to participant Date

Signature of Research Staff

** |ist of Contact Numbers in Case of Medical Emergency

Wyatt Voyles, M.D. Work: 970-221-1000 (24 hours a day)
Poudre Valley Hospital Emergency 970-297-6250
Frank A. Dinenno, Ph.D. Work: 970-491-3203

Home: 970-266-1719
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