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Abstract

ATP-sensitive K (Katp) channés are metabolic sensors present in vascular (endothelial),
muscle (smooth, cardiac and skeletal), nervous and pancreatic tissues which open in response to a
decreasing ATP:ADP ratio (i.e., during exercise and/or hypoxia) ende following
pharmacologidablockade (i.e., sulphonylureas such as glibenclamide (GLI)). Comprised of four
poreforming inward rectifying K subunits surrounded by four sulphonylurea receptors, vascular
Kate channels support increased muscle blood f{@m) and microvascular oxygedelivery
(Q®2m\)-to-utilization (V©mv) matching (P@my) in exercising/contracting skeletal muscle by
hyperpolarizing smooth muscle cells viaéflux and subsequently reducing the influx of calcium
ions. There is also @ence that Krp channels limit myocardial damage following ischemia in a
sexdependent manner, via greater ventricularrpKchannel content in females. GLI is a
commonly prescribed diabetes medication that inhibits pancreatic ddannels and increases
insulin release. Unfortunately, one -tdifget consequence of GLI is inhibition of vascularK
channelmediated vasodilation which may impair exercise tolerance. Therefore, the overall aim of
this dissertation was to determine whether vascula® K€hanné function supports exercise
tolerance, and whether sex differences makchannel function exist in determining fastitch
oxidative muscl€®, andV-©y; since this musclpeis recruited at the threshold between heavy
andsevereintensity exercisén humandeading toV-©.maxand exhaustion.

In order to asses3©. andV©;in subsequent jr channel studies, our first investigation
(Chapter 2) compared the partial pressure ¢firOthe interstitial (P@s) and microvascular
(POG:my) compartments durg twitch contractions in muscles spanning the range of fiber types
and oxidative capacity. We demonstrated that a significant resistance to transcapiffary O

resides in all muscles clu that P@s is significantly lower than Pfnv (transcapillary P@=



POmvi PQis), and that this resistance was lowest in highly oxidativetf@sth muscle. This

novel finding provided the ability to estimate @& from PGis measurements in Chapt&sand

4, and estimate convective®.) and diffusive (DQ) Oz transport since the convergence®>

and DQ establishes muscle Qitilization (V©2). In the second investigation (Chapter 3), we
demonstrated that systemic GLI administration in femake neduced/©,maxand submaximal
exercise tolerance during treadmill running (critical speed (CS), metabolic threshold separating
heavyintensity exercise from sevenatensity exercise which leads t#®.max. Topical
administration of GLI via superfusiamnto fasttwitch oxidative muscle impaire®m and PQis

and subsequently lowerdd®, during twitch contractions via reduc€®, and DQ. The third
investigation further utilized male and ovariectomized female (F+OVX) rats (Chapter 4) to assess
sex difierences in vascat Katp channel function (male vs female) and the effect of ovariectomy
(female vs F+OVX; models for preand posimenopause). GLI superfusion lowerg®, via
impairedQm and Q®;, and thus Pgls, in male and female, but not F+OVX, raEarthermore,
females demonstrated impaired P@hich, in combination with impaire@©®., would help
describe or account for the greater @hdluced speeding of B3 fall during the restontraction
transient compared to males.

Collectively, the resultsherein demonstrat that vascular kp channels support
submaximal exercise tolerance in health via improved convective and diffusivanSport in
fasttwitch oxidative muscle. GLinduced Kare channel inhibition lowers the threshold separating
heavy and severdantensily exercise (i.e., CS) and ultimately leads to compromig®gmaxand
earlier onset of exhaustion. Furthermore, exercise intolerance and adverse cardiovascular events
in diabetic patients may be further exacerbated by sulphonylurea medication, espacially i

premenopausal females.
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Abstract

ATP-sensitive K (Katp) channels are metabolic sensors present in vascular (endothelial),
muscle (smooth, cardiac and skeletal), nervous and pancreatic tissues whichrepporse ta
decreasing ATP:ADP ratio (i.e., during exercise and/or hypoxia) and close following
pharmacological blockade (i.e., sulphonylureas such as glibenclamide (GLI)). Comprised of four
poreforming inward rectifying K subunits surrounded by founlphonylureareceptors, vascular
Katp channels support increased muscle blood fl@m) and microvascular oxygen delivery
(Q®2m\)-to-utilization (V©mv) matching (P@my) in exercising/contracting skeletal muscle by
hyperpolarizing smooth muscle cellgaK" efflux and subsequently reducing the influx of calcium
ions. There is also evidence thattKchannels limit myocardial damage following ischemia in a
sexdependent manner, via greater ventricularrpKchannel content in females. GLI is a
commonly prescribed diabes medication that inhibits pancreatigriKchannels and increases
insulin releaseUnfortunately, one offarget consequence of GLI is inhibition of vasculafrK
channelmediated vasodilation which may impair exercise tolerance. Therefore, the airarafl
this dissertation was to determine whether vasculai® Khannel function suppts exercise
tolerance, and whether sex differences makchannel function exist in determining fastitch
oxidative muscl€®, andV-©; since this muscligypeis recruited at the threshold between heavy
andsevereintensity exercisén humansleading tovV-©.max and exhaustion.

In order to asses3©. andV©;in subsequent jr channel studies, our first investigation
(Chapter 2) compared the partial pressure ¢firOthe interstitial (P@s) and microvascular
(POmy) compartments during twitch contractionsniuscles spanning the range of fiber types
and oxidative capacity. We demonstrated that a significant resistance to transcapiffary O

resides in all musctesuch that P&k is significantly lower than Pfnv (transcapillary P@=



POmvi PQis), andthat this resistance was lowest in highly oxidative-fagich muscle. This
novel finding provided the ability to estimate @& from PGis measurements in Chaps 3 and

4, and estimate convective®.) and diffusive (DQ) Oz transport since the convengce ofQ©>

and DQ establishes muscle Qitilization (V©2). In the second investigation (Chapter 3), we
demonstrated that systemic GLI administration in femaie reduced-©,maxand submaximal
exercise tolerance during treadmill running (criticalesp€CS), metabolic threshold separating
heavyintensity exercise from sevenatensity exercise which leads t#®.max. Topical
administration of GLI via superfion onto fastwitch oxidative muscle impaire@m and PQis

and subsequently lowerdd@®, during twitch contractions via reduc&@®, and DQ. The third
investigation further utilized male and ovariectomized female (F+OVX) rats (Chapter 4) to assess
sexdifferences in vascular &&r channel function (male vs female) and the effect of ovariectomy
(female vs F+OVX; models for preand posimenopause). GLI superfusion lowerge®, via
impairedQm and Q®;, and thus Pgls, in male and female, but not F+OV>ats. Furthermore,
females demonstrated impaired P@hich, in combination with impaire@©®., would help
describe or account for the greater @hdluced speeding of B3 fall during the restontraction
transient compared to males.

Collectively, the redis herein demonstrate that vasculari&channels support
submaximal exercise tolerance in health via improved convective and diffusien€port in
fasttwitch oxidative muscle. Gkinduced Kire channel inhibition lowers the threshold
separating heavyand severéntensity exercise (i.e., Gand ultimately leads to compromised
V©.,maxand earlier onset of exhaustion. Furthermore, exercise intolerance and adverse
cardiovascular events in diabetic patients may be further exacerbated by sulphonylurea

medication, especially in premenopausal flesa
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Chapterl-l nt roducti on

ATP-sensitive K (Katp) channels were firgtescibedin ventricular myocytes in the early
1980s(Noma 1983; Trube and Heschel&84) following studies that demonstrated hypoxia and
dinitrophenolmetabolic inhibition)ed to theshortemng of action potential§lsenberg et al. 1983;

Van der Heyden etl.al983).Since thenKarp channels have been foutittoughout the body in
pancreati, neural, muscular (cardiac, skeletal, smooth), and endothelial tlssueo, Katp
channels are opened by a decrease irrdtie of intracellular ATP:ADP and constitutene of
several transmembrane potassium chanlaskesregulating K ion efflux, and thus membrane
potential and downstreacellularCa* handling/influx(Flagg et al., 20L(Foster & Coetzee 2016;
Quayle, Nelson & Standen 199AVhile tissueddiffer in their composition of pororming
inwardly rectifying K* subunits (Kir6.1 and/or K&.2) and surrounding sulphonylurea receptors
(SUR1, SUR2A and/or SUR2B) which regulate channel opening and closing, vascular smooth
muscle Katp channels aréargdy considered to beomposed of four Kir6.1 subunits and four
SURZ2B receptor§Aziz et al. 20%4; Miki et al. 2002; Yamada et al. 199 the clinical setting,

oral sulphonylureaate channel closers such as glibenclamide (Ghhibits SUR1, SUR2A
andSUR2B) and tolbutamideare widely prescribed ttype 2diabets mellitus patientsSTDM;
Montvida et al. 2018). However, while the intended effect of GLI in diabetes is to increase insulin
release following Ktrc hann e | i nhi bi-tellspamuntoward pflarget efea of i ¢ b
GLI on vascular Krp channeldikely leads to decreaseduscleblood flow (Qm) andthusO; and
substrate deliveryBanitt et al., 1996; Bank et al., 2000;jIBira et al., 1996Holdsworth et al.

2015, 2016, 2017; Keller ell. 2004; Rocha et al. 2028aito et al., 1996 In addition whether

acting on cardiac anal vascular myocytes, sulfonylurea medications increase the risk for adverse

cardiovascular events (Abdelmoneim et al. 2016, Simpson et al. 2006, 2015), devakegin



failure (McAlister et al. 2008, Kristiansen et al. 201and alcause mortality (Sipson et al.
2015).

Aside from pharmacological intervention, increasing physical activity (i.e., exercise
rehabilitation) is recommended for patients with cardsoudar disease to slow/reverse disease
progression and, speiciélly for T2DM patients, increse insulin sensitivity and enhance blood
glucose regulation (Colberg et al. 2016). However, the potential side effect of sulphonylurea
medication impairing vascait regulation ofdm during exercise (i.eKarp channel inhiltion via
GLI leading to vasocastriction) may ultimately exacerbate exercise intolerance that is
characteristic of T2DM and other cardiovascular diseases. Importantly, maximal aerobic capacity
(V®2max= Qmax x maximala-vO. difference; wher&max represents maximal cardiac output)
islower in T2DM patients compared to ndiabetic individuals (Schneider et al. 1984; Wilkerson
et al. 2011) and is contingent on coordinated changes in pulmonary, cardiovascular, and metabolic
systems to deliver oxygeteal Hood to contracting skeletal mtle and subsequently match
metabolic demands via oxidative phosphorylation. Inability of aerobic metabolism to meet the
energetic demands of exercise leads to the utilization of glycolytic energy pathways and
subsequenproduction of fatiguerelated metabdites (Wilson et al. 1977; Hogan et al. 1992;
Richardson et al. 1998Furthermore oxygen utilization \©.) at any moment, and especially
V@©,max is established by the converging of convective (Fick Princif:= Qmx CaO2-CvO,)
and diffusive (Fik 6 s L aw o ¥V©:BD@ x ROs where PQis the driving pressure for
0O flux andDO: is the diffusive @ conductance) &xransport (Wagner 1992, 1996).

At the microvascular level where@nd substrate offloaity/exchange occurs, convective
O transport results from the spatial heterogeneity of blood vessels distributing bulk blood flow

(Qm) and the utilization of @by contracting myocytegrterialvenous Q difference, @O»-



CvO») while diffusive Q transport is dtermined in part,by the patitulate nature of blood and
the modest RB&apillary surface area available for microvascugiocyte Q flux (i.e.,
percentage of capillaries flowing, RBC flux and RBC velocity) tnu$a significant Q pressure
gradientis presentbetween RBCs and myotgs (Federspiel & Popel, 1986; Groebe & Thews,
1990; Honig & Gayeski 1993; Golub & Pittman, 2005). Utilizing these equations (Fick Principle
and Fickdéds Law of Diffusion), our | aB@matory
microvascular P¢), labeled microsphere (tissue specif)m) techniques, and arterial blood gases
to estimate convective and diffusive @nductances during twitch contractions (Behnke et al.
2003; McDonough et al. 2005). In addition, the recanitity to measurehe PO, neaest the
contracting myocyte (interstitial BOPQis) during the restontraction transient demonstrated
that a significant resistance to transcapillapyflOx exists in mixeefiber type muscle (Pgnv -
PQuis of ~16-:20 mmHg)and that DQ must increase iorder tofacilitate increasingv-©. during
contractions (i.e.Btranscapillaryw-©, = BDO> x [PO.mv- PGis]; Hirai et al. 2018). However,
skeletal muscle is comprised of varying fiber types and oxidative capacities (Delp & Duan, 1996)
which, when factoring changes in fiber composiicand mitochondrial content with aging,
disease and/or exercise training, may influence the magnitude of the transcapillary pressure
gradients and thus Ddor a given metabolic deman®d+.). Therefore thdirst aim of this
dissertation (Chapter 2) wasdescribe the magnitudes of transcapillary pressure gradients across
a continuum of fiber types and oxidative capacitas]thus allowing P@nvto be calculated
from PQis (i.e., PGmv = PQis + transcaplary PQ) andbe used to estimate convective and
diffusive G conductances in future investigations (Chapters 3 and 4).

To date, vascular &p channel function in males has been shown to support bulk skeletal

muscle blood flow®m; functional and reante hyperemia), @delivery-utilization matchingiPQG;



h Q©./\V©>), andvV-©.maxduring treadmill runningRanitt et al., 1996; Bank et al., 2000jIBira
et al., 1996Holdsworth et al. 2015, 2016, 2017; Keller et al. 2004; Lal.e2013; Rocha et al.
2020;Saito et al., 1996 Nonetheless, even though many activities of daily living are performed
at some submaximal level to avoid reachif®.maxand subsequent exhaiost, thus providing
a more clinically relevant assessmentatignt quality of life, the effect of i&p channel inhibition
via GLI on submaximal exercise tolerance has not been assessed. Notably, at the onset of
submaximal heawntensity sustainable ex@se V©: increases but reaches a steathte;
whereas in theevereintensity exercise domaM©; increases t&¥©.maxand exercise cessation.
This metabolic threshold between heawand severéntensity exercise (critical speed (CS;
running) or critichpower (CP; cycling)) has been defined in health and digeagewed by Jones
et al. 2010; Poole et al. 2016; Poole, Behnke & Musch 2020) and has been assessed via multiple
constant speed ruite-exhaustion (i.e., speeatlration relationship) in maleteaemphasizing the
recruitment of fastwitch muscles above Q&opp et al. 2010). As such, beca@mris decreased
following GLI during treadmill running at speeds below and above CS, especially within oxidative
muscles (Holdsworth et al. 2015), vascutasre channel function likely supports submaximal
exercise tolerance (CS) as wel\&®.max

Lastly, although evidence supports a greatgtpkchannel function in cardiac myocytes
protecting against ischemic damage and limiting infarct size in-aleyg®dent mannerBrown
et al., 2005; Johnson et al., 2006otential sex differences in vascular snmoatuscle Krp
channel function in skeletal muscle remainknown. Crucially, vascular smooth musclerK
channel content appears to be reduced, yetwtititional, in T2DM patients (Rajkovic et al. 2020)
while females experience a higher relative rat@adiferse cardiovascular events (heart failure,

ischaemic stroke, cardiovascular death, etc.) compared to men (Malmborg et al. 2020).



Additionally, the lowe risk for developing coronary artery disease in nondiabetic young and older
females (<60 years) isbaent with diabetic patients (Kalyani et al. 2014), suggesting that the
etiology of diabetes, or even potential interactions of diabetic medicatiors(ilighonylureas),

has a greater impact on the female vasculature.

Thus the present dissertation souight) establish the support abnvective and/or diffusive
Oqtransport mediated by vascul@kre channelswvithin contractingfasttwitch oxidative skeletal
muscle,ii) bridge the GLiImediated changes i@. transport and consequent reductions\®z,
to wholebody exercise at submaxim@CS) and maximal(V©.may intensities leading to
exhaustion(Chapter 3) andiii) determire potential sex differences gkeletal muscleascular
Katp channel functiorbetween male and female rats, and following ovésiey (female vs.

ovariectomized female; prand postmenopausal models) (Chapter 4)
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Summary

In mixed fibre type skeletal muscle transcapillary ;P@radients (POmw+PQis;
microvascular and interstitial, respectively) drive fux across the blocthyocyte interface
where the greatest resistance to thall@ resides. Herein we assessed a broad spectrum of fibre
type and oxidative capacity rat muscles actbssrestto-contractions (1 Hz, 120 s) transient to
test the novel ypotheses that: i) slowwitch PQis would be greater than fastitch, ii) muscles
with greater oxidative capacity have greateriB@an glycolytic counterparts, and iii) whether
POmMw+PQGuis at rest is maintained during contractions across all muspéstyP@Gmvand PQis
were determined via phosphorescence quenching in soleus (SOL; 91% type I+lla fibres and CSa:
~21 pmol mint g), peroneal (PER; 33% and ~20 pumol rhint), mixed (MG 9% and ~26 pumol
mint g1) and white gastrocnemius (WG; 0% andrBol mint gt) across the restontractions
transient. P@mvwas higher than P4 in each muscle (~&3 mmHg; p<0.05). SOL P area
was greater than the fastitch muscles during corgctions (p<0.05). Oxidative muscles had
greater PQs nadgir (9.4 £0.8, 7.4 £ 0.9, and 6.4 = 0.4; SOL, PER, MG respectively) than WG (3.0
+ 0.3 mmHg, p<0.05). The magnitude of AQ-PQis at rest decreased during contractions in
MG only (~11 to 7 mmHg; The x (PGmwPG;is) Interaction, p<0.05). These data support that,
since transcapillary PQradients during contractions are maintained in all muscle types, increased
O flux must occur via enhanced intracapillary diffusing conductance, which is mogsnextre

highly oxidative fastwitch muscle.
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Introduction

Sustained skeletal muscle contractile function and, thus, exercise tolerance, requires
adequate energy produmti via oxidative metabolism. Most mammalian species maintain minimal
muscle Q stores i.e., myoglobin concentration <1 mM, Reynaferje, 1962; Hickson et al. 1981,
Nemeth & Lowry, 1984; Terrados et al. 1990; Bekedam et al. 2009). Therefore, a rapid increase
of pulmonary Q uptake ¥©,) coupled to red blood cell (RB@yediated transport to muscle
tissue and existence of an appropriate driving pressure across the microvayouaige interface
is crucially important. The successful integration of these sysig@ulmonancadiovascular
metabolic) to match ©utilization with & delivery in the muscle (i.eQ©2/V-©, ratio which
establishes the partial pressure of BQ), is dependent, in part, on the transmurap Badient
and the diffusive properties dig¢ bloodmyocyteinterface.

Thus, according t o/oOFIDK &) AlharevO.adrresdondsfou si on
the @ flux across a given membrane/barrier, Bovement is dictated by changes in the O
diffusing conductance of that barrier (B Candthe pressure tference between the relevant
compar t mexn tinsskeletak AMDscle there are structural and functional barriers to
transcapillary @ flux. The particulate nature of blood combined with the modest fraction of
capillary wall that facilitaés Q flux at ary given instant results in the effective capillary surface
area being at least two orders of magnitude less than that of mitochondria (Federspiel & Popel,
1986; Groebe & Thews, 1990; Honig & Gayeski, 1993; Golub & Pittman, 2005). This will
necessitate aignificant transcapillary P© gradient (i.e., Pe@nw+PQis, microvascular and
interstitial, respectively) (Hirai et al. 2018, 2019). Importantly, there is nca@ier to facilitate
transportation from the microvascular space into thestited space tat immediately surrounds

the muscle sarcolemma (known as the cafras region, CFR) (Honig & Gayeski, 1993). Given
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that bloodmyocyte Q flux only occurs via that portion of the capillary wall in intimate
approximation to the RBC (Fedeisl & Popel, 186) there is an attendant high flux density
(i.e. flux per unit area) that increases with mud&t» during contractions. Thus, examining the
extramyocyte PQprofile from RBC to sarcolemma will provide important information regarding
the effective resistance to tramembrane anddanscompartmental @resistance.

Our laboratory has utilised the latest phosphorescence quenching techniques to reveal a
significant PQ drop in that small physical space between the microvascular andtiiisers
compartments of the mixed fibre type spmnapezius muscle (i.e., B@QAwPQGis; Hirai et al. 2018).
Thus, rapid contractiemduced increases in myocy&, incur commensurate falls in B®and
POxmy, such that increases in transcapillapflOx (V©.) must be achieved via elevated effective
DOz. However, in rat hindlimb musclepanning the fibre type continuum (skiwitch and fast
twitch) but with differential oxidative capacities it remains unknown whether, at rest or during
contractions 1) slowtwitch fibres support a greater interstitralyocyte driving pressure (B©)
conpared to fastwitch fibres, 2) muscles with greater oxidative capacity have greats thén
their predominantly glycolytic counterparts, and 3) whether.nR&PQis is maintained
throughout contractions in a similar fashion (i.e., the magnitude gh2®Qis is not different
during contractions from that at rest) across all muscle fibre types.

Therefore, given the pronounced fibre type-P@(Behnke et al. 2003;dfguson et al.
2015; McDonough et al. 2005) and vasomotor control (Behnke et al. 201dieddés in rat
hindlimb muscles, we hypothesized (Hypothesis #1) thatsR® slow-twitch muscle would be
greater at rest and during contractions demonstratingisu@&./\-©. matching (i.e., slower rate
of fall (U; time constant) and -tmtlamuscleeep onse

further hypothesized (Hypothesis #2) that, in-tagtch muscles, those with higher oxidative
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capacity would maintain gater P@st hr oughout contractions despi
and MRT) characteristic of greatep Qtilization. Lastly, by comparison with extant v data

(Behnke et al. 2003; Ferguson et al. 2015), we tested the hypothesis (Hypothesis #3) that
significant transcapillary PO gradient (P@nw+PG:s) would be maintained throughout
contractions in muscles spanning the fibypee and oxidative spectrum. This latter hypothesis, if
correct, would support a mechanistic link between oxidative potearihltranscapillary D®

within individual muscles (i.e., increased transcapillary .0® meet increasing metabolic
demands \(©,) of contractions in the absence of increasednRE&P Qs compared to rest, per

Fi ckds | awweeFDOgxi(HOmwRGis).n ,
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Methods

Ethical Approval

All procedures and protocols were approved by thadas State University Institutional
Animal Care and Use Committee (IACUC No. 3762) following guidelines established by the
National Institutes of Health. Experiments were also conducted in accordancenhevicthical
standards mandated by thdeurnal of Fhysiology (Grundy, 2015). Rats were maintained in
Association for the Assessment and Accreditation of Laboratory and Animal Care accredited

animal facilities under a 12:12 h light:dark cycle with food aaler providedad libitum

Muscles selected for Bre-type and Oxidative capacity continuum

The interstitial space PQlata presented in the current manuscript is the culmination of
multiple ongoing investigations. All data were collected with the sameedures and described
in detail below (se®hosphoescence quenching determination of-R® and P@is). Selection
of muscles in the present investigation (soleus, SOL; peroneal, PER; mixed gastrocnemius, MG;
and white gastrocnemius, WG) was based on fhe&-type composition and oxidative enzyme
capady (Delp & Duan, 1996) and muscle recruitment patterns frortéetigh intensity exercise
(SOL < PER/MG < WG). The SOL muscle is comprised principally of dleitch fibres (84%
type 1, 7% type lla and 9%ype lld/x) with a citrate synthase activity of =@mol mirnt g* (CSa;
used herein as a marker of oxidative capacity) that is utilized for posture, plantar flexion and ankle
stabilization. PER and MG muscles are comprised of predominatelyvigst fibres with a high
oxidative capacity. PER (14% typel9% type lla, 22% type lld/x and 45% type llb fibres) is an
ankle everter with a CSa of ~20 umol mig?. The MG (3% type I, 6% type lla, 34% type Ild/x

and 57% type lIb fibres) is a powerful planfxion muscle with a CSa of ~26 pmol g™
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Lastly, the WG represents fastitch glycolytic muscle (8% type lld/x and 92% type lIb fibres;
CSa: ~8 pmol mirt g?1) that is more heavily recruited at high speed/intensity (Armstrong &
Laughlin, 1985; Cop et al. 2010).

The PQmv data herein come from @vious studies within our laboratory investigating
fibre-type differences in the rat hindlimb musculature where electrically induced muscle
contractions were applied with electrodes sutured to the mustéeas (Behnke et al. 2003 and
Ferguson et al. 201With WG data collected during Ferguson et al. 2015); as was performed for

all novel PQis data.

Phosphorescence quenching determination of /¥ and PQis

In all experiments, phosphorescence quenchiag performed in young SpragDawley
rats (<7 monthk old; Charles Rivers Laboratories; Boston, MA, USA) to assess microvascular and
interstitial PQ. The composition of male and female rats are presented in Figures 1 dhd 2A
Previous data investigatinges differences in Pfls revealed no differences ithe control
condition (Craig et al. 2018, 2019b); therefore, male/femaledata were combined for any given
data set. Phosphorescence signal overlap precludes the simultaneous measurememnasfd®O
PQeisin the same muscle (Dunphy et al. 2002; Esipaived. 2011) and pharmacological protocols
assessing channel blockade following the currenisPéntrol data (blockade data not shown)
precluded the surgical exposure of hindlimb muscles for both iméhsssessment of each muscle
(i.e. SOL, PER, MG ahWG) within the same animal. Therefore, the current study reports data as
separate animals with unpaired statistical comparisons.

Surgical instrumentation. Rats were initially anesthetized with a 5% isofluréhe

mixture and maintained on ~2% isoflura@e mixture (Butler Animal Health Supply) throughout
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the surgical exposure of hindlimb muscles. Core body temperature was maintained ~38°C,
assessed via rettdnermometer, on a heating pad. Following an incision on the ventral lateral
surface of the neclhe right carotid artery was isolated and cannulatedl(®Eonnected to RE

50; IntraMedic polyethylene tubing; BD, Franklin Lakes, NJ, USA) and conneotadoressure
transducer for continuous mean arterial pressure (MAP; PowerLab/LabChart datatianquisi
system, AD Instruments) measurements and infusion of microvascular phosphorescence probes
(R2 and G2). Following an incision on the ventral surfaceefah, the caudal artery was isolated

and cannulated (REO connected to REO) for blood samplig and infusion of pentobarbital
sodium anesthesia. Arterial blood samples were collected following the final contraction protocol
of each muscle for detern@tion of Q saturation, systemic haematocrit and plasma lactate (Nova
Stat Profile M; Nova Biomedal, Waltham, MA, USA).

Following catheter placement, incisions were made to carefully remove overlying skin and
fascia to expose the biceps femoris. Thaisendinosus was separated from the biceps femoris
and the lateral saphenous vein was suturedheatahkle before reflecting the biceps femoris,
exposing MG and WG muscles. For SOL and PER measurements, the MG was reflected while
maintaining origin and irestion attachments. Rats were then transitioned to pentobarbital sodium
anesthesia (~20 mg/kg body) given arterially while concentrations of isoflurane were decreased
and subsequently discontinued. Toe pinch and palpebral reflexes were checked régularly
monitor the level of anesthesia, supplementing pentobarbital sodium as necess0y 0@ a8
diluted to 0.3 mL with heparinized saline). The left foot was braced and secured to fix the ankle
and knee joints at 90° angles. Usin@ 6ilk sutures, platum iridium wire electrodes were secured
to the proximal (cathode) and distal (anode) surfademegf each muscle. Exposed muscle tissue

was superfused with warmed (~38°C) Krétmnsleit bicarbonatbuffered solution equilibrated
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with 5% CQ-95% N> (pH 7.4). All exposed tissue surrounding the sutured electrodes were
covered with Saran Wrap (Dow Brds, Indianapolis, IN) to minimize tissue dehydration.

Experimental protocol. The microvascular phosphorescent probes Oxyphor R2 (Pd
meseotetra(4carboxyphewpl)porphyrin - dendrimer) and Oxyphor G2 tkesetetra(4-
carboxyphenybporphoryin) were infusedrially (1520 mg kg' dissolved in 0.4 mL of saline)
while the interstitial space probe Oxyphor G4 +(Resetetra(3,5-dicarboxyphenyh
tetrabenzoporphyrjnwas injected into the muscle (~10 pl/injection; 10 uM) and subsequently
covered with Saran Wrap protect the muscle from ambient air. Notably, these highly soluble
probes do not permeate biological membranes in skeletal muscle (Dunphy et al. 2082t Rbol
2004; Esipova et al. 2011) and therefore remain in the compartment of interest Jfor PO
measurements.

At least 15 min was allowed for Oxyphors R2 and G2 to bind to albumin (Lo et al. 1997;
Wilson et al. 2006) and distribute evenly in the plasmaystesnic vasculature as well as for G4
to diffuse and stabilize within the interstitial space fa@ilog microinjections (Craig et al. 2018,
2019a,b; Hirai et al. 2018; Smith et al. 2007). The muscle surface temperature was measured via
infrared surface themometer during interstitial assesssments to ensure that prepemkd U
settings of the frequency domain phosphorimeter (PMOD 5000; Oxygen Enterprises, Philadelphia,
PA) were used. The common end of the light guide was positionddmi2 superficial to th
lateral surface of exposed muscle tissue and in a field ab$datge vessels to ensure the
microvascular and interstitial regions being measured were principally of capiliargyte
interface. Importantly, the largest contributor to vascular volusneapillary volume (~85%;

Behnke et al. 2001; Poole et al. 1997).
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PO:mv (4-8 V) and PQis (6-8 V) were measured via phosphorescence quenching (see
below) at rest and during 1-200f twitch contractions (1 Hz;®s pulse duration; Grass stimulator
model S8, Quincy, MA) and recorded atintervals. Following contracths PQ was monitored
to ensure microvascular control was preserved and values returned to baseline. Following data
collection, rats were euthanized via pentobarbital sodium overdose (>glR@'riap. or > 50 mg

kgli.a.) followed by pneumothorax.

PO, Measurement and Cunwétting

The Sternvolmer relationship was used in calculating P@irect measurement of

phosphorescence lifetime yielded A the following equation:
PO:= [-JAkell UA)

Wherelgi s t he quenching constant and UA and U
absence of ®and at the ambient £Zroncentration, respectively. In tissues at 32.3°C (muscle
surface temperature: ~31°C) the parameters fow&4 as fdbws: koof 258 mmHg'stand UA
of 226 ps (Esipova et al 2011). Parameters foenQOwere utilized presuming blood to be
temperature regulated by core temperature (38°C). R2 parametersonéf® kmmHg' st and
UA: 601 Os G2parameeters wdrek273@mHg'stand UA: 251 Os ( Du
2002). Muscle temperature does not change appreciably during the contraction protocol used
herein (Craig et al. 2019), therefore the phosphorescendméfit affected exclusively by th@
partial pressure.

Data for the initial fall in PQ@(i.e. primary PQresponse) were obtained via cuffiténg
POuis data points with computer software (SigmaPlot 12.5, Systat Software, San Jose, CA) while

data regarshg secondary responses (undershadfdPQ ( 8BC,)) were calculated manually (see
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below). Using the twseomponent model below, the primary P@sponses were constrained to
t he pr i mar y) asatorwt ovetestithage magpitude and rate of fRID The following
two-component model was ustalfit data over time:
Two-component:PO; ¢y = POy gL T aPO; (1-6®™) )Y P Oxfi-e T, 4)U

Where PQ @ is the PQ at any given time point t, PQs) corresponds to preontracting
resting baselinPQ®,, 1aqm daregphe amplitudes for thiest and second component respectively,
TDiand Thar e the time del ay si:afnaardlbetimé constamsgienent ,
time to reach 63% of the final response value) for each component. Apeofitsawere
determined via: 1) the coeffent of determination, 2) sum of the squared residuals, 3) visual
inspection and analysis of the model fits to the data and the residuals. Mean response time (MRT)
is the overall kinetics of the primary responad aalculated as TD+ 1. @he secondaryesponse
( 8POp) was taken as the difference between end contractions{@énd nadir (P@nadi), where
PQ; nadirwas calculated as [P@L i qaPC;] and PQengwas a 10 s average of raw data (i.e.-112
120 s). Area under the curves (P£J were intgrated by summing each 2 s measurement across

the 120 s contraction protocol.

Statistical Analyses

Arterial blood samples were compared between groups viaWayeANOVA with
Bonferroni correction for multiple comparisons. Central haemodynamic and kif@tic
parameters were co0mpa rt-tegsls. REproflegwene assessed veadwoSt u d e
Way ANOVA (Ti me x Co mpamthoanayses.)Datave repbrtedras kneay 6 s

+ standard deviation (SD) with statistical significance acceptec &.@5.
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Results

Of the six PER P@nv measurements obtained, one animal was removed due to a
coefficient of determination greater than 2 standard deviations fhemgroup mean. The
remaining P@mvand PQis of all animals were used in making statisticamparisons between

muscles (SOL, PER, MG, and WG) and compartmentsrii®@s PQis).

Arterial Blood Samples and Central Haemodynamics

Data for arterial @ satuation, systemic hematocrit and lactate concentration fonRO
and PQis are presented inable 1. MAP was significantly higher during v measurements
compared to P& measurements in SOL (116 £ 13 vs 101 £ 14), MG (113 + 14 vs 102 + 11) and
WG (114 = 9 vs 99 £ 10 mmHg; p < 0.05 for all). Nonetheless, there is no significant effect of
MAP onPOmvu nt i | MAP falls below 70 mmHg e@®Behnke
PQuis has been shown with these MAPs (Hirai et al. 2018). Therefore, no differences in central
haemodynamic responses were expected to influengedP@parisons between the microvalsc

and interstitial compartments.

Interstitial PO.: Influence of MuscleFibre Type and Oxidative Capacity

Mean PQis profiles (Figure 1) and kinetics parameter data (Table 2) are presented for
SOL, PER, MG and WG at rest and during 120 s of twitchraotibns. Resting P4¥ was greater
in slowtwitch SOL and the postural fastitch oxidative PER muscles compared tettavitch
MG and WG muscles (SOL and PER > MG > WG; p < 0.05). Following the onset of contractions,
the postural SOL and PER muscles felPQis nadir and PQIS end levels not different from each

other (p > 0.05 for both), however SOL fell at aslowerea ( WPOsshd; mp < 02s05) . S
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al so fell at a sl ower r awiiteh MG End VG dnusMd? Twhile ¢ 0o mp &
maintaning a significantly higher interstitiahyocyte Q driving pressure throughout (i.e., R©
nadir@nd PQIS end p < 005).

Within fasttwitch fibre muscles, the more oxidative PER and MG had a greater interstitial
myocyte Q driving pressure at rest aticfoughout contractions (B gL, PQiS nadi, and PGQis
end P < 0.05 for all) than the glycolytic WG, with greatersalute and relative fall in PGB
( POisandPOgs’ U, respectively; p < 0.05 for all).
curves (Figure 1, Pyeashown in Figure 4) revealed a graded reduction in totalsRiDring
contractions when transitioning from slawitch oxidativeto fasttwitch glycolytic muscle (SOL

> PER > MG > WG; p < 0.05).

Transcapillary @ Gradients in Mustes of Differing Fibre-type and Oxidative Capacity

Mean PQmv of extant data (Behnke et al. 2003 and Ferguson et al. 2015) arsddP©
presented in Fures 2AD, along with the transcapillary pressure gradient between the
microvascular and interstitiasbmpartments (P&nwPQis). In all muscles, there was a significant
pressure gradient at rest (38 mmHg) that was maintained throughout contractiomgi(Es 2A
D, Figure 3 and Table 2: B@., PG nadi, and PQeng p < 0.05 for all). Interestingly, #ne were
no significantd f f e r e @ letvean micrgvascular and interstitial compartments (p > 0.05)
except for the locomotive faswitch oxidatve MG where there was a greater reduction iBrO
(0.7 £ 3.9 vs 7.0 £ 2.2 mmHg, p < 0.05). In additfithere was a Time x (B@wPQis)
interaction during MG contractions where the pressure gradient, and thus driving pressure for
transcapillary @flux, was reduced (Figure 2C; p < 0.001). Accordingly, Figure 4 demonstrates

that the difference in total aitable Q driving presste (PQMw+PQis POs ared during contractions
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between microvascular and interstitial compartments of MG and PER is approxihedidlyat
of their slowtwitch oxidative counterpart (i.e. SOL).

In Figure 4, the P@©areain the micovascular compartment demonstrates the significantly
greater driving pressure, and thusaailability, in the slowtwitch SOL muscle compared to the
fasttwitch fibre muscles (SOL > PER = MG = WG). This single step reduction fromtsidah
to fasttwitch fibres contrasts the graded reduction present in the interstitial space (SOL > PER >
MG > WG; all p < 0.05). The difference between R®and PQis (i.e. transcapillary P&
represents the contrasting musspecific Q pressure gradients rss the caillary wall, with
fasttwitch oxidative PER and MG muscles having -53®6 lower transcapillary driving pressure

than slowtwitch SOL and fastwitch WG.

23



Discussion

The present investigation is the first to resolve the profile of skeletalenugersitial PO,
during the restontractions transition across a broad spectrum of muscle fibre types and oxidative
capacities. Consequently, these data resalsignificant transcapillary pressure gradient(R®
PQuis) thereby revealing the presenaf a sigificant resistance to 8lux in all muscles examined
at rest and during contractions regardless of fibre type and oxidative capacity. Importantly, for
oxidative metabolism to support contractile function and exercise tolerance, the tightiynatexnt
increase in @flux across the microvascutany ocyt e i nterface and into
Law of Diffusion: V&, = DO, x  se@mito), in health, is established through an effectively
maintained microvascular BQelative to mitochondrial POduring contractionsvhilst V-©-
increases and POsubsequently decreases in all compartments. Furthermore, these data
demonstrate that: i) in oxidative muscles, skwitch fibore PQisf al | s at a sl ower
MRT) than fasttwitch fibres whilemaintaining greater ®is, ii) within fasttwitch muscles, a
higher oxidative capacity is supplied by a greater interstitigdbchondrial driving pressure (i.e.
PQuis) than for glycolytic counterparts, and iii) despite varying magnitudes of transoapillar
pressure gradients eest (POGM+PQuis ~6-13 mmHg), increasedQutilization with contractions
must be supported by effective increases in transcapillary (D€ RBC flux, velocity, and

hematocrit (Hirai et al. 2018, 2019)) as per

Slowtwitch vs. Fasttwitch Interstitial PO, (Hypothesis #1)
Slow-twitch fibres are primarily located in postural muscles and those recruited during
lower-intensity exercise (i.e. below critical speed (Copp et al. 2010)). Having a grepikary-

to-fibre ratio and greater vasoditey capacity compared to their fagtitch counterparts, slow
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twitch fibres evince a significantly longer R@v time delay and MRT during contractions
(Behnke et al. 2003, 2011; McDonough et al. 2005). Hereim@&monstrate that this behavior is
present whin the interstitial space and precedesiBfalling towards its nadir/steaeltate (Table

2; p < 0.05). Figure 3 shows that the ¥Qadir for fasttwitch muscles is also significantly lower

than the slowtwitch SOL. This greater interstitihyocyte diving pressure in slowwitch muscle

is interpreted as evidence of a betf#:.is-to-V-©.is matching at rest and through coordinated
changes in increased microvascu@®. during contractions (muscle pumpnmediate and
prolonged vasodilation (Joyner &asey, 2015; Laughlin et al. 2012; Thomas & Segal, 2004)) as
well as myoglobirmediated @ storage and P{buffering (Type | > [IA > 11X, mostly absent in

[IB fibres; Hickson 1981; Ordway & Garry, 2004). Althgluthe fibre and oxidative distribution
within and among muscles is generally more distinct in rodents compared to humans (Armstrong
& Laughlin 1984, 1985, Edgerton et al. 1975, Johnson et al. 1973), there exists a substantial
heterogeneity of fibre typesross human muscles (i.e., type | fibresegsl88% vs rectus femoris
36%) as a function of depth within a given muscle (greater proportion of type | fibres in deeper
regions; Johnson et al. 1973) and across elite athletic populations (i.e., spri@%érandBdistance
runners >70% type | fibres; Ba & Gollnick, 1983). Thus, although the more compartmentalized
(rodent) compared to mosaic (human) distribution of fibres and their oxidative capacity, and
consequent sharing of capillaries, affects energmintrol to exercise (Forbes et al. 2008 th
QOnis-to-VOis matching in rodent muscles provides context when interpreting human

experiments where gathering such data is technically infeasible at present.

25



Oxidative Capacity and Fadiwvitch Interstitial PO, (Hypothesis #2)

During voluntary exeirise in humans mean intracellular P®easured during contractions
of major locomotor muscles falls to -53mmHg (Richardson et al. 1995; Mole et al. 1999).
However, those measurements represent a mosaic eftyipes and it is known that individual
muscles with higher oxidative capacity exhibit greater microvasc@& and microvascular
myocyte driving pressures (Behnke et al. 2003; McDonough et al. 2005). The current investigation
illustrates that higher P30 are present within oxidative muscles cargd to lowoxidative WG
(Table 2 and Figure 1), and within fastitch muscles the oxidative PER and MG display faster
POiski netics (i . e. U; Tabl e 2) compaslndticst o t he
(PER/MG < WG) likely reflect a combinatn of i) higher oxidative potential/©.) compared to
WG and ii) myoglobirO; storage establishing greater #0in PER and MG at rest with
subsequent ©offloading during contractions enhancing the relatae rof PQis decline (i.e.,
aPQis/U in theinitial ~30-60 seconds. Importantly, although myoglobiediated supply of ©
for mitochondrial V©. may slow P@s kinetics upstream, the concentration of mammalian
myoglobin is minimal (<1 mM, Reynaferje, 1962; Hickson et al. 1981; Nemeth & Lowry, 1984;
Terrados et al. 1990; Bekedam et al. 2009) and the current data suggests that the magnitude of
intracellulanv©2in oxi dative tissue outstrips myg@sgl obin
decline (i.e., U an d-labkRGWG (Hdicksomp 18981 .eCaidway & Gany,0 g | o b
2004). Myoglobin is thusnticipated to enhance the amount ofa@ailable for mibchondria
during contractions whilst not contributing significantly to slowing the kinetic response as assessed
in the interstitial space.

The initial PQis decline is followed by a subsequent rise in2B®@esulting from an

elevated vascular responsecfisased®.; Behnke et al. 2011) and potentially transcapillary,DO
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(seeTranscapillary Q Diffusing Capacity on Q®zis/V®zisma t ¢ h iP@ig; SQLER/MG >

WG, Table 2). Ultimately, greater R@ that compartment nearest the contracting myocyte (i.e.

PQuis) could potentially indicate a higher intramyocyte-R@d be crucial for limiting the amount

of energy produced via glycolytic metalsoh and the subsequent increase in fatiglated

metabolites (i.e., H Pi; Wilson et al. 1977; Hogan et al. 1992 support of this notion, Richmond

et al. (1999) determined, in the mizsded s i~b2r.ed
2.9 mmHg when aerobic metabolism becomes limited and glycolytic metabolism (assessed via
NADH fluorescence) begirts increase. The WG in the present investigation reached ~3.0 mmHg

during contractions which very likely decreased intracellld#. reflecing the requisite

preservation of the interstitihyocyte driving pressure of20

Transcapillary PQ Gradient (Hypothesis #3a)

To support oxidative metabolismx@ust move from @carrying RBCs across plasma,
capillary wall, interstitial space, sarcolerantytoplasm and then across the outer mitochondrial
membrane. The pathway elements and physicaldsariiom RBCto sarcolemma are considered
to constitute the carrier free region (CFR) where B@dients are necessary to drive blood
myocyte Q flux. Extending upon previous work in mesentery and skin (Tsai et al. 1998; Cabrales
et al. 2006; Golub et aR007, 2008),Hirai and colleagues (2018) recently demonstrated a
transcapillary P@gradient in mixed fibraype skeletal muscle of moderate oxidativeaity
(48% type I+lla fibres with CSa of 14 pmol mig®; from Delp & Duan, 1996). Interestingly,
the lowest P@ls (~7 mmHg) was still greater than previously measured intramuscufadu?iag
contractions (~® mmHg; Mole et al. 1999; Richardson et 8995), highlighting a potential

intermediate step in the.Qrascade where separate microvaseul@rstitial andinterstitiak

27



myocyte pressure gradients exist. Data herein further supports the notion of an intermediate step
in the Q cascade with the Weest PQis during the restontractions transient remaining above 6
mmHg in the more oxidative muscl@sgure 1).

Importantly, maintenance of a transcapillary and potentially interstiyaicyte PQ
gradient (see Figure 5) may be influenced by the mbtatbemands of fastwitch versus slow
twitch, and highoxidative compared to lowxidative muscles, efative to tle supply of
microvascular @(Q®-my). Q®©-mvincreases immediately following the onset of contractions (<4
s) (reviewed by Joyner & Casey)15; Laughlin et al. 2012; Thomas & Segal 2004). Specifically,
RBC flux in mixed fibre muscle increas@ concertvith V©.mvwhich maintains Pénv(~4-16
s) and even P4 (~6-8 s) close to resting before falling precipitously to its nadir/stetate
levels (Behnke et al. 2001, 2002; Craig et al. 2018; Hirai et al. 2018; Kindig et al. 2002). In the
microvascular compartment across the differing muscle compositions herein-tgfdeh SOL
had a significantly longer time delay (TD) compared to-fastch muscles (Table 2). Assessing
the TD (i.e., maintaine®./V©; ratio) in microvascular P£) comparedto the intestitial
compartment, may provide insight into resting arterial saturation/extraction and RBC dynamics
(thus Q diffusing conductance) immedey following contractions onset, especially when
increases iQ®. matches immediate (Behnke et2002) or delged (Grassi, 2005; Richardson et
al. 2015) increases iN©;. Specifically, the slow twitch SOL had equivalent delays in both
compartments gigesting that @delivery into the microvascular compartme@&>m\) increased
such that @ utilization from the bbod (V©.mv, equal toQ©:is) increased in proportion t020
being utilized from the interstitial compartmeséis). Within fasttwitch oxdative muscle,
however, P@s fell before PGmvin the PER yet had a longer TD in the MG. The ability ofiBO

to be maintained close to resting longer thanm™@n the MG suggests that RBC flux (and thus
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DO: conductance) within the MG increased morediypthan the PER. Beyond the initial few
second, the MG had a significantly smaller transcapillary pressure ggradompared to rest
(Time x (PGMwPQGgis) interaction), further suggesting increased transcapillary. DO

Figures 2AD demonstrate that, enadespite the transcapillary resistance tdfl0x, the
ability for Q©. into the microvascular compartment to match the incre&&eg out of the
microvascular compartment in individual contracting muscles is paralleled in the interstitial space
regardles of muscle fibre type and oxidative capacite.(iPOmw+PQGiis is not significantly
increased). Additionally, in fadtvitch oxidative muscle, the resistance to transcapillarfiu
may be reduced (Figures 2C and 4, alsdrsasscapillary Q DiffusingCapacitybelow) therefore
revealing a greater rgportional contribution of elevated transcapillary D@ increase
transcapillary @flux during contractions. Previous studies have demonstrated augmented blood
flow and elevated P&nvutilizing exogenousitric oxide donors such as sodium nitroprusside
nitrate/nitrite supplementation in health and disease (Colburn et al. 2017, Craig et al. 2018, 2019b,
Ferguson et al. 2013a,b, 2015, 2016a,b, Ferreira et al. 2006a, Glean et al. 2015). Whether
enhancindd®mvincreases P&k to a similar degree or @ens P@QnvPQuis therefore increasing
transcapillary driving pressure and decreasing the proportional reliance on transcapilldoy DO
increasing @ flux, remains to be investigated. In studies where blbmd and Q delivery are
altered (i.e., enzymdiannel inhibition studies and/or disease), the ability to measure blood flow
and PQis simultaneously, and subsequently to estimate mus&e, will enhance our
understanding of the influence of extraceltdP, on controlling myocyt&/©. metabolismand

contractile function.
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Transcapillary @ Diffusing Capacity (Hypothesis #3b)

Compamg total PQis following the onset of contractions with respect toR@(Figure
4) provides the opportunity to assessvié©; (increased consumption decreasing intracellular
PO and Q resistance), relative 1@©: (high flux density increasing Qesidance), impacts the
pressure gradient between microvascular and infafstampartments. P@vfalls more slowly
thanPQis( i . e. gr eat ezs W) ainwitchsSRlsasddastwitahPPER of similar
oxidative capacity (~2@1 pumol mint gt; Table 2) transiently increasing the P®-PQuis
gradient (Figures 24). The greater total transcapillary driving pressdifference in SOL
(Microvasculafinterstitial PQ area Figure 4) suggests that the transient increase im2@QG;is
was consequerib faster vasodilation and hig@®.mv flux density limiting transcapilly O
diffusing conductance (Behnke et al. 20DBwson et al. 1987). Fasvitch oxidative muscles
(PER and MG) conversely exhibited lower total transcapillardi®¥ing pressure ephasizing a
proportionally greater transcapillary DGHowever, the morexidative fasttwitch MG (~26 pmol
min? gt) begns from a lower resting P43 and falls at the same rate as;R@supporting a greater
V- throughout (Table 2 and Figure 2C), effeely reducing resistance to transcapillaryfloix
immediately at contraction onset (i.e. decreaseghRPCuis). Greater transcapillary B@n the
low-oxidative WG compared to PER and@vmay mark the i) presenad# low capillary:fibre
surface area foranscapillary @flux (Anderson & Henriksson, 1977; Dawson et al. 1987; Saltin
& Gollnick, 1983) and/or ii) absence of a myoglobindibre at rest (greater ROWPOvis) which,
if presentwould be expected to deseate rapidly during contractions to swppmitochondrial
O provision and increase the relative fall ind& i . ®#Qis/ U as it facilitat
DO». Therefore, increased D@wmito of contracting myoglobudeficient fasttwitch muscle

may extend the whole path of the carrier fregion (CFR) in fastwitch glycolytic (i.e. WG) yet
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be largely localied to the narrow distance between microvascular and interstitial compartments
within its myoglobircontaining oxidative counterparts (PER an&GjVsmaller P@mvPQsis).
These interpretains extend further our mechanistic interpretation of increasedif@sing
conductance within contracting fastitch compared to slovwitch muscle using Pfnv and

blood flow measurements (Ferreira et al. 20@6Donough et al. 2005).

Implications for Exercise Training and Disease Conditions

Maximal aerobic capacityV®.max) and submaximal exercise tolerance (critical speed)
are reduced in disease (i.e., heart failure with reduced (HFrEF) and preserved XldjecEén
fraction (Craig et al. 2019a; &2zani et al. 2010, Poole et al. 2011, 2018), diabetes (Regensteiner
et al. 1995), and COPD (Chiappa et al. 2008; Neder et al. 2000a)) and aging (Neder et al. 2000b;
Ogawa et al. 1992). Specifically, B@v (Behnkeet al. 2004, 2005, 2007; Ferreira et &08a;
Padilla et al. 2007) and B®(Craig et al. 2019b) are redudedHFrEF and diabetes which lowers
intramuscular P®initiating increases in fatigueelated metabolites via increased reliance on
glycolytic meabolism (Hogan et al. 1992; Wilson et 8877). Exercise training elevates mixed
fibore PQmv (Hirai et al. 20%) and enhance®®.mv kinetics (Hirai et al. 2015; Laughlin &
Roseguini, 2008) and myoglobin content in rats (Hickson et al. 1981) in a fibre type specific
manner. These trainiAgduced adaptations to Odelivery and storage likely permit tighter
metaboic regulation of conaicting PQis and intramuscular POConsidering the reduction in
PQpis of slow-twitch, but not fastwitch glycolytic, muscle in HFrEF (Craig et al. 2019a), whether
disease or aging impairs, or exercise training enhances, transgapilla gradients (i.e.

impairs/improves the total driving pressure for transcapillarfiu®) and transcapillary D&Xi.e.,
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removes/enhances the proportional reliance on transcadi@syfor O flux) in a fibre type

specific manner warrants further gstigation.

Experimertal Considerations

The current investigation employed a large established data set of microvascular and
interstitial PQ measurements under the same anesthesiaantchction protocols that afforded
three key advantages: limitingrgical time, avoidingsignal overlap of phosphorescence probes
and reduction of animal numbers consistent with IACUC mandates. Namely, the availability of
PO measurements from separatemals in existing studies ensured that the preparations in each
instance remained fresh @nstable and were not compromised by extended elapsed time.
Specifically, PQis measurement across multiple muscles entails surgical exposure and localized
intersttial injections and blood gas sampling. To follow this with surgiceéas of opposing limb
muscles, systemic infusion of phosphorescence probesy\R@easurements and further blood
gas sampling (Hirai et al. 2018) would have extended the protocolmtatatdiovascular stability
may be compromised. In light of these smierations, the cum¢ methodology aligns best with
the IACUC mandates of both reduction and refinement.

Since interpretation of P&hanges from rest to exercise in any given compant (i.e.,
microvascular or interstitial) and among separate musecesiependent on adfosents inQ®-
andV©,, changes in intracellulaf®. during contractions could influence the measured(P©,

WG). We therefore utilized previous blood flow data (Behnke et al. 2003, McDonough et al. 2005),
capillary haematocrit at rest and during traantions (16 and 20%, respectively, Kindig et al 2002),
together with current Pfnvand Q saturation levels based on the dissociation curve (SOL.:

35/17, PER: 23/6, MG: 24/6, and WG: 19/12%, rest/contractions, respectively) in order to infer,
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to the bst of our ability, changes in musclé®, during contractions (Table 3). Calculated
increases in/©,mvfrom rest to submaximal contractions were not different amongwigsh

mu s ¢ | V@smv~7 @l @ min! 100gY), with slowtwitch SOL having thegreaest increase

( ¥9,mv~11 ml @ min? 100gY). Yet, theQO.mvV-©,mv matching during contractions was

greatest in sloviwitch SOL (1.084) versus faswitch muscles, with WG (1.058) numerically

greater compared to PER/MG (1.031). As mentioned prelyigpuh e WG | i kel y reach
PQis6 which | i mited f ur tv@.anddemonstratedahe snwmllest reductiont r a ¢
in O saturation{7% versus17-18% of the oxidative muscles). However, it is @@.mvV-©,mv

during contractioncompared to that at rest which addresses vascular adjustments in supply
(Q®my) to different levels of deman®¥.mv) between muscles. This assessment revealed that,

in addition to limited intracellulav©; (and thusv-©.m\) of the WG, this lowoxidative mwscle

al so had the s maQ&nme/g@mvEiEo2a versus0a065 iro SOL/PER/M@)
highlighting that, compared to the more oxidative muscles,irOthe WG microvascular
compartment was unable to diffuse into the interstitial space evanttw®; was available (i.e.,

low capillary:fibre ratio and surface area fof fux keeping P@Gmvand Q saturation elevated

despite very low Pgs; Anderson & Henriksson, 1977; Dawson et al. 1987, Saltin & Gollnick,

1983). Thus, these calculations supploeinterpretations to the proportional reliance on sustained
transcapillary @ driving pressures (P@OwPQuis of slowtwitch oxidative and fastwitch

glycolytic) and/or enhanced diffusive;@onductance (fagtvitch oxidative MG, and potentially

PER) ontributing to the present transcapillary Rfpadients throughout the transition to increased

metabolic demands (Figure 4).
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Conclusions

These data are the first to demonstrate a significant transmugafjr@@ient between
microvascular and interstitial compaents in muscles spanning the fibre type and oxidative
capacity continuum. The significant P@radient between red blood cell and adjacent sarcolemma
(referred to as t heredentarestis maintaihed thughoet gubroariral
twitch contractions (Hypothesis #3). Since the magnitude of the transcapillargr&éfent is
maintained in slowwitch SOL the interstitialyocyte driving pressure for2@lux (i.e. PQis) of
slow-twitch fibres is greater, and falls at a slower rate, coetptp fasttwitch muscle (Hypothesis
#1), as demonstrated previously in the microvascular compartmentwitabt muscles with
greater oxidative capacity maintain a higheriB@an their lowoxidative glycolytic counterpart
to support greater Onetabdism (Hypothesis #2). Accordingly, there is a graded reduction in total
interstitial @ driving pressure throughout the resintraction transient (PQreg from slowtwitch
oxidative to fastwitchgly col yti ¢c. As dictat ed Jflyx adfosscthed s
capillary wall /.= DO, x (POmMvi PQis)), increases in Oflux (V©2) must result from
increases in effective diffusing conductance ¢PQrimarily capillary red blood cell
haemognamics and distribution). In the case of fagitch oxidative muscle, the transcapillary
DO2 must increase further in the face of decreasegh®PQvis. Therefore, there is an apparent
interplay between the functional influence of physical propertidsmihuscles of differing fibre
composition (i.e., capdrity and vascular reactivity) and intracellular oxidative potential (i.e., high
V@qis in fasttwitch muscle or decreas&®:is in critically low O; environments) in establishing
PQuis during contrations. This dynamic interplay manifests in either @ngtg the transcapillary
O driving pressures present at rest {P@PQ:is of slowtwitch oxidative and fastwitch

glycolytic) and/or further enhancing diffusive: ©@onductance (decreasing #@+-PQC;is in fast
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twitch oxidative MG, and potentially PER) tocrease @ flux into the space nearest the

contracting myocyte.
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Table 2.1. Arterial blood samples following microvascular and intestitial PO 2 measurements

Soleus Peroneal Mixed Gastrocnemius White Gastrocnemius
POmv POuis PO.mv POu.is PO.mv POu.is PO-mv POzais
Arterial pH 7.40 £ 0.06 7.41 £ 0.05 7.38 £ 0.05 7.44 £0.04 7.42 £ 0.06 7.41+0.03 7.40%+0.08 7.42 £0.04
O2 Saturation (%) 93.6 +4.8 87.2+129 91.6+6.2 91.1+21 95.3 N 91.4+35 93.9+5.3 89.7+4.2
Systemic 354+58 31.1+4.3 345+6.1 356+1.1  36.3+6.2 34.1+4.3 40.0 A 34.1+2.9
Haematocrit (%) .
Lactate (mM) 1.4+04 1.0+ 0.5 0.9 N 24+05* 1.6+0.2 1.4+03# 1.8+0.2 14+06#

Data are mean £ SD and compared via-@f@y ANOVA with Bonferroni correction for mitiple comparisons. See Figures-PAfor
thesampl e size of eacds; gy opps §. P5 <vIHOD.9BLvs# PO < 0.05 vs

analysis was only available for one White GastrocnemiusnR.O
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Table 2.2. Microvascular and interstitial POz kinetics parameters following the onset of twitch contractions

Soleus Peroneal Mixed Gastrocnemius White Gastrocnemius
POmv POais POmv POais PO.mv POais PO.mv PO:ais
POz gL (MMHQ) 29.8 N 200+53 23.9 N 183+62 24.2 N 133x27*% 21.8 N 8.9 N 3
@aPO2 (mmHg) 9.9+27 105+3.3 12.2+32 109+ 3.8 10.7 N 7.0+22% 5.2 N ' 59+27*
TD (s) 146 +5.6 13.7+#37 9.0 N 39+3.0* 58+5.4* 81+25* 42x12*% 4.1 N
U (s) 23.6 N 168+13 141+18 * 108+26* 132+50* 127+38* 147+50* 16.9 N

MRT (s) 38.3 N 305+75 23.1 N 147+31* 19.0+65* 20.8+56* 189+6.1* 21.0+52*#
POz nadir 19.9 N 9439 11.7 N 7433 13.5 N 63+15* 16.7 N 3.0 N 1
a@PO, (mmHg) 0.6 N 1.1+0.8 1.7+19* 21+14* -0.1 N 0.8+0.6# 07¢0. 9 0.5 KN ¢
POz end (MMHQ) 20.4 N 105+42 13.4 N 95+34 13.4 N 71x17*# 17.4 N 3.5 N 1
@aP0/ U (mm 047+0. 2% 071+0.36 0.87+0.17* 105+040* 0.82 N 060+026# 0.38 N 0.35 N

POxmv, microvascular P& PQiis, interstitial PQ; PG gL, resting baseline PO 1P§» a n dPOgeamplitude of the first and second
components,epectively; TD, time del ay; U, 2dhadilowest respanse primrriociseconheRTise me a
in POy, POeng Pat t he end aRO/dgntrrad @tl ibdn B;®t@ are mean N SD and com
tests. See Figures2B f or t he sample size #sf*peadhO0OfrospSOL; p#<p0<0B. 05
MG.
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Table 2.3. Microvascular oxygen transport from rest to contractions

O2 Sat Hct Qm QO2mv VO.mv DO2mv-mito

%) ©)  (mimin1100g) (mlOamin100gY)  (mlmini100gY)  (ml OzminmmHgiio0gy oo Y OAMY
SOLRest 35 16 27 5.35 4.65 0.156 1.149
SOLEnd 17 20 85 16.83 15.52 0.761 1.084
PERRest 23 16 8 1.58 1.45 0.061 1.095
PER End 6 20 46 9.11 8.83 0.659 1.031
MG Rest 24 16 6 1.19 1.08 0.045 1.098
MG End 6 20 42 8.31 8.06 0.602 1.031
WGRest 19 16 8 1.58 1.47 0.067 1.078
WG End 12 20 45 8.91 8.42 0.484 1.058

Microvascular oxygen deliveny@®-mv), utilization (+©.mv) anddiffusing conductance (DEnvmito) at rest and at the end of 120 s

of twitch contractions. The Fick equation was used to calci@anv (i.e., V©mv = Qm x (CaO. - CvO2)) assuming the present
POxmvis analogous to venous PMcDonough et al. 2001) andy extension from the LQlissogation curve, venous blood>@ontent
(Roca et al. 1992). Thus venous é@ntents (€0,) were calculated [(1.34 mlQgHb)! x (Hct/3) x %Q Saturation) + (P@nv x
0.003)] based on the constructed rat@sociation curvavith Hill coefficient () of 2.6 to obtain @saturation (@Sat) from the present
PO:mv(see Table 2), anf arrying capacity of 1.34 mlgHb)*, haemoglobin (Hb) concentration using capillary haematocrit at rest
and during contrdmns (Kindig et al2002), and adg of 38 (the PQat which Hb is 50% saturated with)OQ®.mv (i.e., Q®mv= 0Qm

x Ca0y) andV-©.mvutilizing extant blood flow@m; Behnke et al. 2003, McDonough et al. 2005) and capillary haematocrit during rest
andcontractions (HctKindig et al. 2002). D@mvmito was defined a¥©.mvPO:mvand provides an index of diffusive.@ansport

per unit of Q driving pressureQ®.mvV-©.mv emphasizes the degree of Qelivery relative to @ utilization (i.e., higher values

suggesting grear muscle perfusion per unit of intramyocytey).
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Figure 2.1. Interstitial PO 2 from rest to contractions in muscles of differing fibre type and
oxidative cgpacity
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Note the significantly greater B® of slow-twitch oxidative soleus (SOL; circle; CSa ~21 pmol
min! g!) muscle compared to fastitch oxidative peroneal (PER; downward triangle; CSa ~20
umol mint g1) and mixed gastrocnemius (MGpuare; CSa ~26 umol ming?) muscles.
Additionally, within fasttwitch muscles, PER and MG remained greater than the glycolytic white
gastrocnemius (WG; diamond; CSa ~8 pumol tnigt). Time zero depicts the onset of twitch
contractions. Data are meanSD. Citrate synthase activity (CSa) data are from DelpugarD
(1996).
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Figures 2.2A-D. Microvascular and interstitial PO2 and transcapillary POz from rest to
contractions
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Thetranscapillary pressure gradient fof @O:mv-PQ;is) at rest is maintained throughdutitch
contractions. Accor di nyO:t DO, ¥ (POrkvPEris)]l iacreasex f
metabolic demand®.) necessitates increased diffusing conductan€)Bcross the capillary
wall during maintained, or decreased, .R@PQuis. Time zerodepicts the onset of twitch
contractions. The bolded line (RO+PGuis) is the difference between meanRRDmicrovascular
(closed circle) and interstitial (open circledmpartments. Note the reduction in R®-PGis
following the onset of contractions IMG (Time x (PGMwPGuis) Interaction), highlighting
further increases in transcapillary B0 accommodate the increased myody@. Data are mean
+ SD with the P@mv and PQis of each muscle compared across time via -Way ANOVA
(Ti me x Compar t posthoegnalyses.t h Tukeyds
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Figure 2.3. Microvascular and interstitial PO2 nadir following the onset of contractions
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Even at the lowest portion of the r&sintraction transient, interstitial (open) £® significantly

lower than the microvascular (closed) compartment in all muscles @b% Mterstitial PQ nadir

exhibits a decline transitioning from slaewitch oxidative to fastwitch glycolytic muscle. Data

are individual responses with bbtestsgpodO5Svsand c
SOL; # p < 0.0W5vsM6. PER; A p <
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Figure 2.4. Transcapillary pressure gradient for O; flux

1800 - * i
—_— _ EEE SOL
1600 O %k Xk X 1 PER
o # # B MG
1 WG
1400 - 0 o) T
- 8
@ 1200 - 0 8
(=)
1000 - o
3 g ©
§ 800 - c =
O: °
g 600 - g
400 -
o)
200 -
8 H
0
Microvascular Interstitial Microvascular-Interstitial

(i.e. Transcapillary PO,)

PO areawas determined by integrating the area under thar@@nd PQis curves throughout the
120 s of twitch contractions. The fdifence between microvascular and interstitial &denotes
the total transcapillary driving pressure fof fux (i.e. transcapillary P¢) throughout the rest
contraction transient. Note tipeofound reduction in transcapillary POf fasttwitch oxidative
PER and MG compared to sleaxidative SOL (likely driven via high £flux density) and fast
twitch glycolytic WG (via low intracapillary Dg) Dawson et al. 1987). Data are mean + SD and
commred via unpaesed. Sy upge ®wg<ODVS SQLs# pRO.05 vs
PER; A p < 0.05 vs MG.
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Figure 2.5. The flow of Oz from red blood cell to myocyte

This schematicepresents the flow of Zrom the microvasculature down into skeletal niesc

with Oz delivery Q©;)-to-utilization (V©,) matching establishingpartial pressures (RQQO,

/ V©>). Red blood cells (RBC) transport (D2 bound to haemoglobin) through the microvascular
compartment@®.m\) where, at the RBCapillary interfae, Q diffuses across the capillary wall

into the interstitium \©.m\). As there is no haenstorage for @in the interstitial space, thexO

flux into the interstitium Y{©-my) must equal @leaving the interstitium@®-is) and also @
entering the myoyte V©zis; i.e.,Q®mv> VOmv= QOzis = VOzis). Total intramyocyte/©; is

the sum ofV©.is and Q utilized from myoglobirO> stores (I > IIA> 11X, absent in 11B; Hickson

et al. 1981). The driving pressure fof fx (i.e., PQ) is the mass batee betwee®®. andV-©:

for each compartment, with transcapillary @ux at any given moment resulting from the
coordinated balance between the poes gradient (P€nwPQGuis) and diffusing conductance
(DO2) bet ween RBC and s ar Diflusiemnmnaascapilagv®, =Dxk 6 s L a
(POmv+PQOuis). With a mosaic distribution pattern of myofibres and shared capillerieso,

fibre type diffeences are depicted regarding cross sectional area (Delp & Duan, 1996) and
capillary:fibre ratio (Saltir&k Gollnick, 1983) and capillary haematocrit when transitioning from
rest to contractions (~16 t®%; Kindig et al. 2002).
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