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Abstract

Aging is associated with dysfunction of the main inspiratory muscle, the diaphragm,
which predisposes the elderly to pulmonary complications and respiratory failure; severely
reducing their quality of life. To mitigate the prevalence of these complications, it is crucial to
elucidate the mechanistic bases for aging-induced diaphragm dysfunction. Diaphragm contractile
function is contingent on the responsiveness of small resistance blood vessels (i.e., arterioles) to
facilitate the delivery and distribution of blood flow to match O, delivery (QO)-to-O, demand
(VOy). Although structural and functional vasculature alterations have been identified as primary
mechanisms for age-related reductions in blood flow capacity, QO2, and contractile function in
locomotory skeletal muscle, the effect of aging on diaphragm blood flow regulation remains
unknown. In this sequence of experiments outlined in my dissertation, using a rat model of
aging, we quantify diaphragm blood flow during a 1Hz contractile protocol and identify
vasomotor pathways associated with age-related vascular dysfunction in diaphragm arterioles. In
the studies presented below, we found that aging compromises diaphragm perfusion, vasculature
structure, and arteriolar vasoreactivity. In the first study (Ch. 2), we found that aging decreased
diaphragm hyperemia and altered regional diaphragm blood flow distribution with 1Hz
contractions. A reduced hyperemic response signifies decrements in vascular structure and/or
vasodilation and the altered regional diaphragm perfusion indicates potential deficits in
vasoconstrictor responsiveness. In the second study (Ch. 3), we found that aging induced arterial
rarefaction (i.e., decreased number of feed arteries), impaired endothelium-dependent nitric
oxide (NO")-mediated vasodilation, and blunted myogenic constriction in diaphragm arterioles.
NO" is critical to endothelial function and its bioavailability is reduced in the presence of

elevated levels of reactive oxygen species (ROS). The myogenic response is modulated by a host



of pressure sensitive ion channels, such as potassium (K*) channels, which are altered with
aging. In the third study (Ch. 4), we confirmed the age-related impairment in NO*-mediated
vasodilation and found that aging increased the reliance on ROS-mediated endothelial signaling
and decreased myogenic constriction via a voltage-gated K* (Kv) channel-dependent mechanism.
In toto these studies provide evidence of, and mechanisms for, age-related diaphragm vascular
dysfunction and demonstrate that diaphragm vasomotor control is distinctly different from that of

other striated muscles.
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Abstract

Aging is associated with dysfunction of the main inspiratory muscle, the diaphragm,
which predisposes the elderly to pulmonary complications and respiratory failure; severely
reducing their quality of life. To mitigate the prevalence of these complications, it is crucial to
elucidate the mechanistic bases for aging-induced diaphragm dysfunction. Diaphragm contractile
function is contingent on the responsiveness of small resistance blood vessels (i.e., arterioles) to
facilitate the delivery and distribution of blood flow to match O, delivery (QO)-to-O, demand
(VOy). Although structural and functional vasculature alterations have been identified as primary
mechanisms for age-related reductions in blood flow capacity, QO2, and contractile function in
locomotory skeletal muscle, the effect of aging on diaphragm blood flow regulation remains
unknown. In this sequence of experiments outlined in my dissertation, using a rat model of
aging, we quantify diaphragm blood flow during a 1Hz contractile protocol and identify
vasomotor pathways associated with age-related vascular dysfunction in diaphragm arterioles. In
the studies presented below, we found that aging compromises diaphragm perfusion, vasculature
structure, and arteriolar vasoreactivity. In the first study (Ch. 2), we found that aging decreased
diaphragm hyperemia and altered regional diaphragm blood flow distribution with 1Hz
contractions. A reduced hyperemic response signifies decrements in vascular structure and/or
vasodilation and the altered regional diaphragm perfusion indicates potential deficits in
vasoconstrictor responsiveness. In the second study (Ch. 3), we found that aging induced arterial
rarefaction (i.e., decreased number of feed arteries), impaired endothelium-dependent nitric
oxide (NO")-mediated vasodilation, and blunted myogenic constriction in diaphragm arterioles.
NO" is critical to endothelial function and its bioavailability is reduced in the presence of

elevated levels of reactive oxygen species (ROS). The myogenic response is modulated by a host



of pressure sensitive ion channels, such as potassium (K*) channels, which are altered with
aging. In the third study (Ch. 4), we confirmed the age-related impairment in NO*-mediated
vasodilation and found that aging increased the reliance on ROS-mediated endothelial signaling
and decreased myogenic constriction via a voltage-gated K* (Kyv) channel-dependent mechanism.
In toto these studies provide evidence of, and mechanisms for, age-related diaphragm vascular
dysfunction and demonstrate that diaphragm vasomotor control is distinctly different from that of

other striated muscles.
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Chapter 1 - Literature review

As the primary inspiratory muscle, sufficient diaphragm function is indispensable for
mammalian survival. Aging is associated with diaphragm contractile dysfunction that hinders the
ability to perform exercise, decreases quality of life and increases morbidity and mortality in the
elderly. Given that aging is a ubiquitous human experience, elucidating the mechanistic bases for
age-related diaphragm dysfunction is crucial to reducing the burden of respiratory muscle failure.
Accordingly, any perturbation in diaphragm hemodynamics would precipitate age-associated
diaphragm muscle failure; however, the impact of aging on diaphragm blood flow regulation and
vasomotor control remains unexplored. Therefore, this knowledge gap forms the scientific
rationale for the experimental design within this dissertation work.

This literature review, accompanied by appropriate historical perspectives, will briefly
summarize our current understanding of skeletal muscle blood flow regulation. The resistance
vasculature will then be described, followed by skeletal muscle vascular function in advanced
age, the diaphragm, and lastly, age-related changes in diaphragm function will be described.

Peripheral Circulation

The peripheral vasculature serves to maintain mean arterial pressure (MAP) and facilitate
the distribution of blood to the capillary beds of tissue. Together these two physiological
variables determine vascular resistance; the force that must be overcome for blood to flow
through the circulation. The sections below will focus on the arterial side of the peripheral
vasculature, and specifically, the local control of skeletal muscle hemodynamics.

Local Control of Skeletal Muscle Blood Flow
The coordinated matching of blood flow to metabolism is requisite for practically all

living tissues and, as such, metabolic activity is the main regulator of tissue specific blood flow



(1-5). In healthy mammals, the remarkable increase in skeletal muscle blood flow from rest to
exercise may be regarded as one of the greatest stressors imposed on the cardiovascular system.
Importantly, a normal feature of this increase in perfusion is a nonuniform distribution among
and within skeletal muscles (6, 7). To sustain skeletal muscle metabolic and contractile function
there must be precise coupling of oxygen delivery (QO2) to oxygen demand (VO2), which is
accomplished by a rapid (<1 second) and robust increase in blood flow (8-13). This increase in
blood flow is referred to as ‘functional hyperemia’, or the ‘hyperemic response’ and occurs in
direct proportion to the increased muscle metabolic demand (14-16). Although neural control
mechanisms of the hyperemic response have been suggested (17), exercise-induced increases in
blood flow have been demonstrated in the presence of ganglionic blockade (18-21) and lumbar
sympathectomy (22, 23). Thus, the hyperemic response represents a local vascular control
phenomenon (24) and reflects the vasodilation of the resistance vasculature (i.e., arterioles).
Skeletal Muscle Resistance Vasculature

Much of what is known regarding the mechanisms of vasomotor control comes from
studying single isolated and cannulated arterioles in vitro under isobaric pressure conditions
(Figure 1.1). Duling and colleagues (25) published the earliest use of this technique over 40
years ago in arterioles from the hamster cheek pouch retractor muscle. This methodology has
allowed for the highly controlled study of blood vessel function under physiologically relevant
conditions and remains a staple in the field of vascular biology.
Structure and Function of Arterioles

Feed arteries perforate the skeletal muscle and branch sequentially into intramuscular
arterioles (typically < 200 um inner diameter) which are further classified by branch order and

intraluminal diameter (Figure 1.1). The arteriolar wall is are comprised primarily of vascular



smooth muscle which physically modulates vessel diameter through contraction and relaxation
via extracellular and/or intrinsic signaling mechanisms. Endothelial cells line the lumen of
arterioles to form the endothelium, the interface between the vascular wall and intraluminal
blood flow.

Arterioles represent the primary site of vascular resistance, blood pressure regulation,
cardiac output distribution, and capillary perfusion rate adjustments, exerting this control via
vasodilation and vasoconstriction. Small distal arterioles (i.e., terminal arterioles) appear to
potentiate vasodilation through propagated or ‘ascending’ signaling (26-29). Larger proximal
arterioles, and specifically first-order (1LA) arterioles, play a prominent role in the control of
muscle perfusion and regulate the magnitude of the hyperemic response with contractile activity
(30, 31)(Figure 1.1). The section below will focus on two primary vascular mechanisms that
underpin skeletal muscle hyperemia and blood flow distribution: endothelium-mediated and
myogenic vascular control. Although these control mechanisms occur to some degree at every
level of the arterial tree (32-34), the arterioles serve as the sentinel of vascular resistance

modulation.

Skeletal muscle

Venules

Capillary bed

Figure 1.1. The microcirculation (left) is comprised of arterioles, capillaries, and venules. FA,
feed artery; 1A-3A & TA, first, second, third order, and terminal arterioles; CV, collecting venule.
A pressurized first-order arteriole (right) with a maximal diameter of ~150 pm at 10x
magnification.



Endothelium-mediated Vasomotor Control

The endothelium plays an essential role in augmenting skeletal muscle perfusion via
arteriolar vascular smooth muscle vasorelaxation (35-37). Endothelium-dependent vasodilation
reflects the responsiveness of the endothelium to synthesize and release autacoids, originally
termed ‘endothelial-derived relaxing factor(s)’ or ‘EDRF(s)’ (i.e., nitric oxide (NO"),
prostacyclin (PGI)) as well as endothelial hyperpolarizing factor(s) (EDHF) in response to
physiological (e.g., shear-stress) or pharmacological (e.g., acetylcholine) stimulation. NO" is
mainly produced by the constitutive nitric oxide synthase (NOS) isoform, endothelial nitric oxide
synthase (eNOS, NOSIII) (38-40) and PGls are generated via arachidonic acid (AA) breakdown
by the cyclooxygenase (COX) enzyme (41). Bioactive NO" diffuses from endothelial cells and
activates soluble guanylate cyclase (SGC) in the vascular smooth muscle cell. sGC then catalyzes
guanosine triphosphate (GTP) into cyclic guanosine monophosphate (cGMP) to induce
vasorelaxation (Figure 1.2.). PGIs bind to and activate the prostacyclin receptor (IPr) on the
vascular smooth muscle membrane which stimulates adenylate cyclase (AC) to catalyze
adenosine triphosphate (ATP) into cyclic adenosine monophosphate (CAMP) which then elicits
vasorelaxation (Figure 1.2.). EDHFs activate intermediate-conductance calcium-activated
potassium (K™) (IK) and small-conductance calcium-activated K™ (SK) channels in endothelial
cells which facilitate K* ion efflux to induce vasodilation via vascular smooth muscle
hyperpolarization (Figure 1.2.) (45). NO" and PGI synthesis represent distinct pathways of
endothelium-mediated relaxation. As such, appropriate pharmacological blockade using NOS
and COX inhibitors (e.g., N®-nitro-L-arginine methyl ester (L-Name) and indomethacin) must be
employed to delineate the mechanisms of endothelium-dependent vasodilation in experimental

preparations.



Myogenic Vascular Control
The ability of tissue to maintain relatively consistent blood flow during constant

metabolic demand, despite alterations in perfusion pressure, is referred to as ‘autoregulation.’ In
1902, the ‘Bayliss effect” was discovered by English physiologist Sir William Bayliss, who
manipulated the intraluminal pressure in the canine carotid artery; when the pressure was raised
““...a powerful contraction took place, in which the artery appeared to writhe like a worm (42).”
In contemporary science, this inherent property of vascular smooth muscle to constrict with
increased intravascular pressure is known as the ‘myogenic response.” The autoregulation of
skeletal muscle blood flow is highly dependent on the myogenic reactivity of the resistance
vasculature to respond to transmural pressure swings (43-45). Although discovered over a
century ago, the underlying signaling mechanisms are complex and remain unclear. Currently,
the myogenic response appears to be mediated by an array of receptors and ion channels, such as
G-protein couple receptors (GPCR), voltage-gated calcium (VGCC), K*, and transient receptor
potential (TRP) channels (45) which ultimately regulate the voltage-dependent calcium channel
(Cavi2) and calcium influx to activate the contractile machinery (Figure 1.2.). The opening of
large-conductance calcium-activated K* channels (BKca) regulate myogenic constriction in a
negative-feedback fashion by inducing membrane hyperpolarization via the generation of

spontaneous transient outward currents (STOCSs) (Figure 1.2.) (45).



Figure 1.2. Schematic representation of the signaling pathways involved in endothelium-
mediated vasodilation (A) and myogenic vasoconstriction (B).
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AA, arachidonic acid; AC, adenylate cyclase; ATP, adenosine triphosphate; BHa,
tetrahydrobiopterin; BKca, large-conductance Ca?*-activated K* channels; Cavi ., voltage-
dependent Ca?* channel 1.2; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine
monophosphate; COX, cyclooxygenase; EDHF, endothelial hyperpolarizing factor; EC,
endothelial cell; eNOS, endothelial nitric oxide synthase; GPCR, G-protein couple receptor;
GTP, guanosine triphosphate; IK, intermediate-conductance Ca?*-activated K* channel; IPg,
prostacyclin receptor; Ky, voltage-gated K* channel; NO", nitric oxide; PGI, prostacyclin; sGC,
soluble guanylate cyclase; SK, small-conductance Ca?*-activated K* channel; STOCs,
spontaneous transient outward currents; TRP, transient receptor potential channel; VGCC,
voltage-gated Ca?* channel; VSMC, vascular smooth muscle cell; Ca?*, calcium ion; K*,
potassium ion; Na*, sodium ion.



Aging and Skeletal Muscle Vascular Function

Skeletal muscle function and exercise capacity decline with advanced age (46, 47). In
1974, Wahren and colleagues (48) presented the first evidence of age-related skeletal muscle
blood flow deficits in humans during exercise. In peripheral skeletal muscle, advanced age blunts
the hyperemic response (49-56) and shifts the normal distribution of blood flow away from
highly oxidative muscle (e.g., red gastrocnemius, soleus) toward highly glycolytic muscle (e.g.,
white gastrocnemius) (57, 58). Together, these altered hemodynamics compromise the temporal
and spatial matching of QO2-to-VO; and precipitate skeletal muscle fatigue (55, 56, 59). The
breadth of literature has posited adaptations in the resistance vasculature as the mechanistic bases
for age associated impairments in hemodynamics and contractile function. Specifically, a decline
in endothelial and myogenic function manifest with advanced age (13, 60-67).
Aging and Endothelial Dysfunction

Impaired NO" bioavailability is responsible for the age-related decline in endothelium-
dependent vasodilation (63, 64, 68-72) and strong evidence indicates that this is mediated by the
increased formation of highly reactive oxygen species (ROS); molecules containing oxygen with
an unpaired electron in their outer orbit that readily react with and quench bioactive NO* (68, 69,
73, 74). Specifically, superoxide anion (O>"), peroxynitrite (ONOOQO") and hydroxyl radical (HO")
are ROS most often implicated in age-related reductions in NO® bioavailability and NO*-
mediated vasodilation (75, 76). Although these ROS certainly induce endothelial dysfunction,
0O, and Oy -derived ROS, such as ONOO" and hydrogen peroxide (H202), possess vasoactive
properties (75, 77). Albeit less efficient than authentic NO’, current evidence provides a role for
ROS-mediated vasodilatory signals that can compensate for age-related declines in NO*

signaling (75, 78, 79).



Aging and Impaired Myogenic Constriction

Aging diminishes myogenic reactivity which contributes to the dysregulation of skeletal
muscle blood flow distribution (61, 66, 67). BKca and voltage-gated K* channels (Kv) are
involved in the negative feedback regulation of myogenic constriction. In response to
depolarizing signals from TRP channels, both BKca and Kv channels act as a “brake” to oppose
excessive constriction at higher intravascular pressures by facilitating K* efflux and subsequent
membrane hyperpolarization (80-85) which lowers the activity of VGCCs. Elevated vascular
BKca and Kv channel activity as well as increased endothelium-derived vasodilator molecules
are key age-related changes that contribute to the blunted myogenic response in skeletal muscle
vasculature (66, 67).

The Diaphragm

Possessing a post-pulmonary muscularized diaphragm is one of the defining
characteristics of mammals. Across the mammalian kingdom, diaphragm morphology is
strikingly similar (86); consisting of striated muscle fibers that radiate outward from the central
tendon (Figure 1.3). Given its central physiological role (i.e., facilitating gas exchange) and the
catastrophic consequences of its failure (i.e., death), the diaphragm is conceivably the most
important skeletal muscle.

Anatomically, the diaphragm is classified as an elliptical cylindroid (muscle portion)
capped by a quasi-flat dome (central tendon) (Figure 1.3). Structurally, the diaphragm is
comprised of two distinct domains that typically act in synchrony: the costal and crural
diaphragm. The costal diaphragm performs the majority of the work of breathing, while the
crural diaphragm serves more as an “anchor;” and aids in swallowing and emesis (87, 88).

Although the fiber type distribution of the diaphragm is homogenous (89), considerable regional



heterogeneity exists in muscle thickness, contractile work, and blood flow distribution (90-97)
such that the costal diaphragm is further divided into three specific regions: ventral, medial, and
dorsal (Figure 1.3); with the medial costal region being paramount to overall diaphragm
performance (93, 98, 99). Several arterial sources vascularize the diaphragm, such as the phrenic,
internal mammary, and intercostal arteries (100, 101). The right and left phrenic feed arteries
emanate bilaterally at the crural domain and serve as the primary arterial inflow source for the
costal diaphragm (102) (Figure 1.3).

The diaphragm’s maximal achievable blood flow, capillary bed characteristics (e.qg.,
countercurrent capillary flow, capillarity) and ability to utilize O (i.e., mitochondrial volume,
oxidative enzyme capacity) exceeds that found in most other skeletal muscles (92, 96, 103-108).
Despite these unique adaptations, the diaphragm can become fatigued with exercise (109) or
diseases where diaphragmatic work is elevated (99, 110-112). Across several pathologies that
compromise diaphragm function, little is known regarding the plasticity of the diaphragm
vasculature. The hyperemic capacity of the diaphragm is compromised with heart failure (113),
pulmonary hypertension (97), and diaphragm unloading (i.e., prolonged mechanical ventilation
(MV) (95). Although the impact of heart failure on diaphragm resistance vessel function is still
unknown, both pulmonary hypertension and prolonged MV induce vasomotor dysfunction in
diaphragm arterioles (114-116). Currently, the literature suggests that the diaphragm and its

vasculature undergo distinct pathophysiological adaptations.
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Aging and diaphragm function

It has been known since the mid-1960s that maximal inspiratory pressure (MIP)
generation, a marker of diaphragm strength, decreases with advancing age (117). Work in
humans and animal models in the following decades has revealed an age-related decline in
diaphragm force generation (i.e., maximal transdiaphragmatic pressure (Pdimax)), fatigue
resistance, and maximal specific force (108, 118-125). Given the dependence of diaphragm
contractile function on sufficient perfusion and oxygenation (93, 126, 127), one may surmise that
aging compromises diaphragm hemodynamics; however, the few investigations in rat models
report that bulk diaphragm blood flow is not impeded by old age at rest (128) or during
submaximal exercise (129). How aging impacts the regional distribution of blood flow and

vascular function in the diaphragm represents a significant knowledge in the literature.
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Chapter 2 - Aging and diaphragm hemodynamics

Abstract

Aging is associated with inspiratory muscle dysfunction, however, the impact of aging on
diaphragm blood flow (BF) regulation, and whether sex-differences exist, is unknown. We
tested the hypotheses in young animals, that diaphragm BF and vascular conductance (VC)
would be greater in females and that aging would decrease the diaphragm’s ability to increase
BF with contractions. Young (4-6 months) and old (22-24 months) Fischer-344 rats were divided
into four groups: Young Female (YF, n=7), Young Male (YM, n=8), Old Female (OF, n=9), and
Old Male (OM, n=9). Diaphragm BF (ml/min/100g) and VC (ml/mmHg/min/100g) were
determined, via fluorescent microspheres, at rest and during 1Hz contractions. In YF versus OF,
aging blunted the increase in medial costal diaphragm BF (44 + 5% vs. 16 + 12%; P < 0.05) and
VC (43 £ 7% vs. 21 £ 12%; P < 0.05). Similarly, in YM versus OM, aging blunted the increase
in medial costal diaphragm BF (43 £ 6% vs. 24 £ 12%; P < 0.05) and VC (50 + 6% vs. 34 +
10%; P < 0.05). Compared to young, dorsal costal diaphragm BF was increased in OF while
crural diaphragm BF was increased in OM (P < 0.05). Compared to age-matched females,
dorsal costal diaphragm BF was lower in YM and OM (P < 0.05). Aging results in an inability to
augment medial costal diaphragm BF and alters regional diaphragm BF distribution in response
to muscular contractions. Further, sex differences in regional diaphragm BF are present in young

and old animals.
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Introduction

Aging is associated with a decline in skeletal muscle function and exercise capacity (1,
2), due in part to structural and functional changes within the vasculature resulting in inadequate
perfusion and decreased vascular conductance (VC) (3-11). These age-related impairments in
blood flow (BF) regulation play a central role in the inability to match oxygen delivery (QO2) to
the increased metabolic demand (VO>) of skeletal muscle during exercise and consequently
hasten fatigue (12-14). While there is considerable data on the effect of aging on locomotory
skeletal muscle perfusion, and the underlying vascular mechanisms, the impact of aging on
inspiratory muscle (i.e. diaphragm) BF capacity and/or vascular control mechanisms has
received scant attention.

In this regard, advanced age is associated with inspiratory muscle dysfunction which
increases morbidity and diminishes quality of life (15, 16). The diaphragm is the principle
inspiratory muscle and the only skeletal muscle that is continually active throughout the
mammalian lifespan. Akin to locomotory muscles, diaphragm contractile function is highly
dependent on adequate perfusion as reductions in BF, and thus QO,, promote diaphragmatic
fatigue (17-20). Previous investigations demonstrate that diaphragm strength (e.g., maximal
inspiratory and transdiaphragmatic pressure generation (21-23)) and contractile function (i.e.,
force generating capacity, fatigue resistance (24-29)) decline with old age. While the precise
mechanistic bases for aging-induced diaphragm dysfunction remain unclear, age-related changes

in diaphragm hyperemia, BF distribution and/or VC may play a central role.

Aging alters BF distribution within active skeletal muscle and compromises the matching
of BF to metabolic demand (13, 30). Similar to large locomotory muscles (e.g., gastrocnemius

(31, 32)), there is considerable regional heterogeneity in diaphragm BF distribution at rest and

27



during maximal exercise (19, 33-39). Specifically, within the costal diaphragm, the medial
costal region sustains the highest relative perfusion and performs the greatest proportion of
inspiratory work (19, 33-39). Although resting bulk diaphragm BF is not different between
young and aged rats (40), the distribution of BF within the aged diaphragm is not known.
Moreover, in skeletal muscles that exhibit a fiber type composition (i.e., spinotrapezius) and
oxidative capacity (i.e., red gastrocnemius) akin to the diaphragm, aging blunts the hyperemic
response to contractions (30, 41-43). Thus, it is plausible that old age alters regional BF
distribution and/or diminishes the intrinsic capacity of the diaphragm to augment BF with
increased metabolic demand. If such an age-related hyperemic impairment exists in the

diaphragm, it would mechanistically underpin the diaphragmatic fatigue associated with aging.

Differences in skeletal muscle BF and vascular function may play a key role in the
dichotomy of skeletal muscle fatigue between biological sexes (12). In young adults, previous
investigations suggest that the diaphragm is more fatigue-resistant in females compared to male
counterparts (44). Intriguingly, these sex differences in diaphragm performance are absent in
aged animals (45). These data suggest that in young animals there may be sex differences in the
hyperemic response and/or BF distribution within the diaphragm that are abolished with
advanced age. Currently, the effect of biological sex on diaphragm BF control in young and old

animals is unknown.

Therefore, the overall objective of this study was to investigate the effects of aging and
biological sex on diaphragmatic hyperemia and BF distribution during electrically-induced
contractions in an established animal model. Specifically, we tested the following hypotheses in
young and old rats of both sexes: 1) aging will compromise the ability to increase diaphragm BF

and VC, 2) aging will alter the regional distribution of diaphragm BF, 3) diaphragm BF and VC
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will be greater in young females versus young males, and 4) there will be no sex differences in

diaphragm BF or VVC in old rats.
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Methods

Animals

A total of 42 young (4-6 months) and old (22-24 months) Fischer 344 rats (National
Institutes on Aging Colony) were used for this investigation. Of the 42 animals used, 9 were
excluded due to poor microsphere mixing (described below, Fluorescent Microsphere Injection).
Animals were divided into two experimental groups (n=33): 1) Young (n=15) and 2) Old (n=18).
For sex comparisons, young and old groups were subdivided into four experimental groups: 1)
Young Female (YF; n=7), 2) Young Male (YM; n=8), 3) Old Female (OF; n=9), and 4) Old
Male (OM; n=9). For age comparisons, power analyses revealed that a minimum of 11 rats per
group would be needed for adequate statistical power, and the sample sizes for young (n=15) and
old (n=18) yielded a power of 0.94. All procedures were approved by the Kansas State
University Institutional Animal Care and Use Committee and complied with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Upon arrival, animals
were housed and maintained in a temperature-controlled (23 + 2°C) room with a 12:12-h light-
dark cycle with water and rat chow provided ad libitum.
Surgical Preparation

All surgical procedures were performed using aseptic techniques. Rats were initially
anesthetized with a 5% isoflurane-O, mixture (isoflurane vaporizer; Harvard Apparatus,
Cambridge, MA) and subsequently maintained on 2-3% isoflurane-O.. Body temperature was
maintained at 37 + 1°C (measured via rectal thermometer) by use of a water-recirculating heating
blanket. An incision was made on the ventral side of the neck and the right carotid artery was
isolated and cannulated with PE-10 connected to PE-50 (Intra-Medic polyethylene tubing; Clay

Adams Brand, Becton, Dickinson, Sparks, MD) for measurements of mean arterial pressure
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(MAP; Digi-Med BPA, Micro-Med Inc., Louisville, KY) and infusion of fluorescent
microspheres (see below). A second catheter (PE-10 connected to PE-50) was inserted into the
caudal artery for the infusion of pentobarbital sodium anesthesia and reference sampling for BF
determination. Rats were then transitioned to pentobarbital sodium anesthesia (20 mg/kg body
wt) given intra-arterially (total volume per injection ~0.2 ml of fluid) while concentrations of
isoflurane were decreased and subsequently discontinued over ~30 min. The level of anesthesia
was regularly monitored via toe pinch and palpebral reflex, with pentobarbital anesthesia
supplemented (3.5-7.0 mg/kg) as necessary.
Diaphragm Contractions

Following carotid and caudal artery catheterization, animals were tracheotomized, and
mechanically ventilated with PEEP set at 1 cmH20 (Kent Scientific PhysioSuite, Torrington,
CT) for the duration of the experimental protocol (<30 min) to enhance survival and render the
diaphragm inactive to minimize the interference of spontaneous diaphragm contractions. All
experiments were performed with the animal in the supine position, which has been
demonstrated to have no effect on the distribution of costal diaphragm blood flow (46). The
diaphragm was exposed as previously described (36, 39, 47, 48), and kept moist with warm
saline. Following diaphragm exposure, stainless steel electrodes were sutured to the left ventral
costal (cathode) and the left dorsal costal (anode) diaphragm. After a 10 min recovery period,
and prior to contractions, fluorescent microspheres were infused (described below, Fluorescent
Microsphere Injection) to assess baseline diaphragmatic BF. Thereafter, electrically stimulated
twitch contractions were induced at 1 Hz (3-6 V, 2-ms pulse duration) with a Grass S88
stimulator (Quincy, MA) for 180s. At 180s of stimulation, fluorescent microspheres were infused

to assess the contracting steady-state diaphragm hyperemia.
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Fluorescent Microsphere Injection

The fluorescent microsphere technique, as previously described (37-39, 49), was used to
quantify tissue BF in each experimental group. Fluorescent microspheres were infused at two
different time points: 1) Rest (baseline; 10 min post-electrode placement and prior to
contractions) and 2) 180s of electrical stimulation. For each measure, a reference blood sample
was taken from the caudal artery catheter, using a Harvard withdrawal pump (model 907,
Cambridge, MA) that was initiated thirty seconds prior to microsphere infusion at a withdrawal
rate of 0.25 ml/min and 2.0-2.5 x 10° fluorescent microspheres (randomized colors: red, scarlet,
or blue-green; 15.5 um diameter, Invitrogen FluoSpheres, Carlsbad, CA) were infused into the
aortic arch via the carotid artery catheter. In each animal, adequate mixing of microspheres prior
to injection was determined by <20% difference in left and right kidney or left and right soleus
muscle BFs at each time point. Following the final microsphere infusion, rats were euthanized
with pentobarbital sodium overdose (>50 mg/kg 1.A.) and the thorax was opened to confirm
proper placement of the carotid artery catheter into the aortic arch before tissues were identified
and excised. Thereafter, tissues (diaphragm, soleus, and kidneys) were harvested, weighed, and
placed in 15 ml screw cap polypropylene conical tubes and then placed in a -80°C freezer for
later BF analysis. The diaphragm was sectioned into costal (ventral, medial, and dorsal) and
crural portions (Figure 2.1) to determine regional distribution of diaphragmatic BF, whereas the
sum of these portions was used to calculate total diaphragm flow (37-39).
Calculation of BF and VC

The fluorescent microsphere assay was performed according to Deveci and Egginton
(49). Chemically digested tissues samples were placed into a 96 well plate, with each sample

analyzed in quadruplicate. After measuring the fluorescence intensity of each tissue and
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reference blood sample, using a Spectramax i3 plate reader (Molecular Devices, Sunnyvale, CA),
tissue BF was calculated as follows (49):

Q =[(At/ Ab) X (s/w)] x 100
where Q is BF (ml/min/100g), A: is the individual tissue sample intensity, Ay is the reference
blood sample intensity, s is the withdrawal rate (0.25 ml/min) of the reference blood sample, and
w is the tissue weight (g). VC was calculated as:

VC =0 /MAP

where VC is vascular conductance (ml/mmHg/min/100g), O is BF (ml/min/100g), and MAP is

the mean arterial pressure (mmHg), recorded immediately before microsphere infusion.
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Data Analysis

Data were analyzed using GraphPad Prism10 (GraphPad Software, San Diego, CA).
Body mass (g), diaphragm mass (mg), diaphragm-to-body mass ratio (mg/g), and MAP (mmHg)
were analyzed using a one-way ANOVA. Tissue VC and BF at rest and during 1Hz contractions
were analyzed using a mixed-effects two-way RM ANOVA. Age-related and biological sex
comparisons were analyzed with separate mixed-effects two-way RM ANOVAs. A Grubb’s
outlier test was performed on the data set before statistical analysis and resulted in one outlier
and subsequent removal from the data set; this procedure did not alter the statistical inferences or
resultant conclusions, thereby supporting the robustness of the data presented herein. Post hoc
analyses were performed using a Holm-Sidak test. All data are presented as mean + SE and

statistical significance was established at P < 0.05.
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Results

Body mass and diaphragm mass were greater in old animals compared to their respective
young counterparts (body mass: P < 0.05; diaphragm mass: P < 0.05; Table 2.1). In young and
old animals, body and diaphragm mass were greater in males versus females (all P < 0.05; Table
2.2). However, diaphragm-to-body mass ratio was not different between young and old or female
and male animals (P > 0.05; Tables 2.1, 2.2), suggesting diaphragm atrophy was not present in
aged animals. MAP was lower during 1Hz contractions compared to rest in both young and old
animals (Young: P < 0.05; Old: P < 0.05; Table 2.2). There were no age-related or sex
differences in MAP at rest or during 1Hz contractions (P > 0.05; Tables 2.1, 2.2).

Age-related differences in diaphragm hemodynamics

In both young and old animals total diaphragm VC and BF increased from rest to
contractions (P < 0.05; Figure 2.2). Total diaphragm VC and BF at rest and during 1Hz
contractions were not different between young and old animals (P > 0.05; Figure 2.2). In both
young and old animals, medial costal diaphragm VC and BF increased from rest to contractions
(Young VC & BF: P < 0.05; Old VC: P < 0.05; Old BF: P < 0.05; Figure 2.4). However,
medial costal diaphragm VC and BF were higher during 1Hz contractions in young versus old
(VC: P <0.05; BF: P < 0.05; Figure 2.4). There were no age-related differences in kidney BF
(439 £ 45 vs. 413 + 40 ml/min/100g; P > 0.05) or soleus BF (22 + 2 vs. 25 + 3 ml/min/100g; P >

0.05).

Differences in diaphragm hemodynamics between biological sexes: young and old

In young and old groups, there were no sex differences in resting or contracting total
diaphragm VC nor BF (P > 0.05; Figure 2.3). Medial costal diaphragm VC and BF were not

different between sexes in both young and old animals (P > 0.05; Figure 2.5). There were no
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differences between biological sexes in ventral costal or crural diaphragm BF during 1Hz
contractions in both young and old animals (P > 0.05; Figure 2.6). However, contracting dorsal
costal diaphragm BF was significantly higher in YF and OF compared to their age matched male

counterparts (YF vs YM: P < 0.05; OF vs OM: P < 0.05; Figure 2.6).

Sex-specific differences in diaphragm hemodynamics with aging

Compared to YF, contracting dorsal costal diaphragm BF was greater in OF (P < 0.05;
Figure 2.6). In the ventral costal and crural diaphragm, there were no significant differences in
BF during 1Hz contractions between YF and OF (P > 0.05; Figure 2.6). In males, contracting
crural diaphragm BF was greater in OM versus YM (P < 0.05; Figure 2.6). There were no age-
related differences in contracting BF in the ventral or dorsal costal diaphragm in males (P >

0.05; Figure 2.6).
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Discussion

Several novel findings emerge from this investigation in young and old rats: 1) regional
diaphragm BF distribution was altered with advanced age, 2) aging decreased the ability to
augment BF and VC in the medial costal diaphragm, and 3) sex differences in regional
diaphragm perfusion are present in both young and old rats. These data support the notion that,
similar to locomotory skeletal muscle, the diaphragm vasculature undergoes age-related changes
that compromise diaphragm BF regulation and likely contribute to inspiratory muscle
dysfunction in older individuals.
Aging and diaphragm BF regulation

In spontaneously breathing rats, bulk diaphragm BF is not different between young and
old rats (40). The diaphragm contraction protocol utilized herein produces a contractile stimulus
analogous to spontaneous breathing (36, 39, 48) and has been used previously to study the
hyperemic response in non-respiratory skeletal muscle(s) of young and old animals (41, 50, 51).
Further, this contractile stimulus elicited diaphragm blood flows that are similar to the conscious,
spontaneously breathing rat diaphragm (35). Accordingly, the present data agrees with that of
Delp and colleagues (40), as total diaphragm BF and VVC were not different between young and
old rats during contractions (Figure 2.2). These data alone would suggest that aging has no
impact on the local control of diaphragm BF; however, within active skeletal muscle, aging
induces a redistribution of BF away from highly oxidative (e.g. soleus, red gastrocnemius) to
highly glycolytic skeletal muscle (e.g. white gastrocnemius) (30). Given the heterogenous
oxidative capacity (52) and BF pattern within the diaphragm (19, 33-39), measurement of total
diaphragm hemodynamics alone may belie any age-related alterations in regional diaphragm

perfusion that would represent significant changes in diaphragm BF regulation. Therefore,
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investigating regional diaphragm hemodynamics is requisite to delineate the effects of aging on
the local control of diaphragm BF.

The diaphragm is comprised of two distinct muscle regions: the costal (ventral, medial,
dorsal) and crural diaphragm (Figure 2.1). Importantly, the medial costal diaphragm sustains the
greatest proportion of inspiratory work (19) demanding the highest relative perfusion within the
costal diaphragm (34-39) and therefore may be more susceptible to aging-induced aberrations in
vascular function. In the present investigation, young animals demonstrated a robust increase in
medial costal diaphragm BF and VVC with contractions, however, these increases in BF and VC
were blunted in old animals (Figure 2.4). In addition, there was an age-related redistribution of
regional diaphragm BF during increased contractile activity (Figure 2.6). Specifically, in old
males, BF was increased in the crural diaphragm, which possesses the lowest oxidative capacity
within the diaphragm (52). On the other hand, in old females, the redistribution of diaphragm
BF was confined to the dorsal costal diaphragm. These data support the notion that aging: 1)
impairs diaphragmatic hyperemia, specifically in the medial costal diaphragm, and 2) alters the
distribution of diaphragm BF during contractions. Although aging results in alterations in chest
wall compliance and pulmonary mechanics (53), it is unknown whether these changes
significantly impact regional diaphragm mechanical work and/or perfusion. Notwithstanding
this, the altered diaphragm BF distribution and diminished medial costal hyperemic response in
the aged diaphragm would result in a poor matching of QO,-to-VO;, via suboptimal O delivery,
and promote diaphragmatic fatigue (13, 18, 20).

Mechanistic bases for the reduced medial costal diaphragm hyperemic response in old age

The inability to augment medial costal diaphragm BF and VC in old rats suggests that

aging compromises vasomotor function and/or induces structural alterations in the diaphragm
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vasculature. While there is a preponderance of data regarding age-related vascular dysfunction
in peripheral skeletal muscle (for rev. (54)), to our knowledge, there are no studies investigating
the effects of aging on diaphragm vasomotor function. Based on the evidence from locomotory
skeletal muscle, diaphragm vascular dysfunction with advanced age may be related to
diminished endothelial-mediated vasodilation (i.e., decreased nitric oxide (NO") bioavailability,
eNOS uncoupling) (5, 8, 10, 55, 56), reduced myogenic responsiveness (6), and/or structural
modifications (9) (i.e. vascular wall remodeling); all of which would act in concert to limit
medial costal diaphragm hyperemia. It is important to note that in locomotory skeletal muscle,
vascular smooth muscle relaxation is preserved in old age (5). However, due to the unique
physiological characteristics (e.g., high BF capacity, counter-current capillary flow, differential
vasomotor function (35, 57, 58)) and lifelong activity of the diaphragm, aging may differentially
impact the diaphragm vasculature. Therefore, identifying the vasomotor pathways (i.e.,
endothelial-dependent, -independent) and the associated mechanisms involved in age-related
diaphragm vascular dysfunction is worthy of further investigation.
Diaphragm BF distribution and biological sex

Sex differences in skeletal muscle fatigue may be related to differences in muscle
perfusion (12, 59). Previous work in young adults indicates that in females the diaphragm may
be more fatigue resistant compared to males (44). Contrary to our hypotheses, there were no sex
differences in total or medial costal diaphragm BF nor VVC during contractions in young animals
(Figure 2.3, 2.5). However, dorsal costal BF was greater during contractions in young females
versus young males (Figure 2.6) and this sex difference in regional diaphragm perfusion
persisted in old age (Figure 2.6). This may be related to differences in diaphragm recruitment

between females and males. Specifically, the higher contracting dorsal costal blood flow may
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reflect a greater reliance on the dorsal costal diaphragm, and thus a higher metabolic demand,
than males to sustain the same ventilatory workload. Given that the medial and dorsal costal
diaphragm have similar oxidative capacities (52), the higher dorsal costal BF in young females
may explain, in part, the greater diaphragm fatigue resistance reported in females (44). In support
of this notion, sex differences in peripheral skeletal muscle fatigue are abolished during ischemia
(12). Although dorsal costal BF was greater in old females than old males, aging was associated
with reduced medial costal diaphragm perfusion to a similar degree in old animals (Figure 2.5,
2.6). Further, age-related decrements in diaphragm function are not different between male and
female rats (45). This suggests that the higher dorsal costal BF in old females may not be
sufficient to compensate for the blunted medial costal hyperemic response. Therefore, despite
the higher dorsal costal diaphragm BF in old females, the diminished medial costal hyperemia in
old animals of both sexes could mechanistically contribute to the absence of sex differences in
diaphragm dysfunction with old age.
Experimental considerations

It is possible that the redistribution of diaphragm BF in aged rats could be related to
increases in sympathetic activation or changes in local sympathetic activity, such as impaired
sympatholysis, associated with old age (60, 61). In the present study, muscle sympathetic
activity was not measured, however, we found no differences in MAP or renal BF between
young and old, which suggests any potential age-related changes in local sympathetic activation
had little impact on the results herein. Further, age-related reductions in VC and muscle BF are
independent of sympathetic influence on local vascular tone (62). It is important to note that
compared to rest, MAP was lower during contractions in each experimental group. It has been

demonstrated previously that phrenic artery blood flow is well regulated at arterial pressures of
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90-120 mmHg (63), and given that MAP was not different between groups, and in all instances
above 90 mmHg, the lower MAP during contractions likely had little influence on the results
herein. In addition, the estrous cycle was not tracked in these animals; however, in rats,
diaphragm BF is not impacted by estrous cycle stage (64) and previous literature demonstrates
that 100% of female rats have irregular cycling at 18 months of age and 75% of female rats are
acyclic at 24 months of age (65). Given the vasodilatory influence and vasoprotective role of
estrogen (66, 67), it is possible that sex differences exist in the specific mechanisms that regulate
diaphragm vasomotor function, however, this remains to be determined. Regardless, the data
herein are novel as sex differences in diaphragm BF distribution in both young and aged animals
have not been reported in the literature.
Implications

Adequate perfusion, and thus resistance vessel function, is a major determinate of
diaphragm contractile function (17, 18). The compromised diaphragm hemodynamics during
increased contractile activity in old animals suggests that aging induces functional and/or
structural deficits in the diaphragm vasculature. Interestingly, in old mice, 14 days of dietary
nitrate (NaNO3) supplementation, which enhances skeletal muscle vascular control and O
delivery (68), improves in vitro diaphragm contractile function (69). These data, in addition to
the present investigation, support the notion that age-related deficits in diaphragm BF and
vasomotor control may contribute to the diaphragm dysfunction associated with old age. Further,
elderly patients are at a greater risk of weaning complications with prolonged mechanical
ventilation (MV) (70, 71), which in-and-of itself diminishes diaphragm BF and vasomotor

function (36-38, 72, 73). Therefore, in pathologies that compromise diaphragm function, age-
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related decrements in diaphragm blood flow regulation may exacerbate diaphragm dysfunction
and contribute to poor clinical outcomes in elderly patients.
Perspectives & Significance

Diaphragm vascular control is an area of limited research (74) and despite being
chronically active, the diaphragm vasculature and hyperemic capacity are surprisingly vulnerable
(36, 39, 72, 73, 75). The present findings suggest that aging may impair diaphragm vascular
control within the medial costal diaphragm vasculature. Further, the data herein is the first
evidence, to our knowledge, of sex differences in regional diaphragm blood flow distribution in
young and old rats. This investigation builds upon our previous work on diaphragm BF
regulation in health and disease (36, 39, 72, 73, 75) and represents a key advancement in our
understanding of the impact of aging on inspiratory muscle function and cardiovascular control.
The next steps in this line of work would be to identify the specific vascular mechanisms
contributing to age-related alterations in diaphragm BF control to develop therapeutic
approaches that may serve as viable strategies to improve diaphragm perfusion and potentially

mitigate ageing-induced diaphragm dysfunction.
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Conclusions

Old age, independent of biological sex, impaired the hyperemic response in the medial
costal diaphragm and altered regional diaphragm BF distribution with contractions. Further, sex
differences in regional diaphragm BF are present in young and old animals. Specifically,
contracting dorsal costal diaphragm BF was greater in young and old females compared to age-
matched males. These data support the notion that age-related changes in diaphragm BF
regulation may contribute to the diaphragm contractile dysfunction associated with old age.
Future studies are needed to identify the underlying vasomotor pathways involved in the

diminished medial costal diaphragm BF response in advanced age.
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Table 2.1. Body mass, diaphragm mass, diaphragm-to-body mass ratio, and mean arterial
pressure in young and old animals.

Young Old
Animal characteristics (n=15) (n=18)
Body mass (g) 265 + 22 340 + 21t
Diaphragm mass (mg) 745 + 59 952 + 53t
Diaphragm/Body Mass (mg/g) 2.85+ 0.06 2.89 + 0.07
MAP (mmHg), rest 117+2 122+ 4
MAP (mmHg), 1Hz 105 + 3* 112+ 3*

Data are mean + SE. Data were analyzed using a one-way ANOVA and Post Hoc analyses were
performed using a Holm-Sidak test. n, number of rats; MAP, mean arterial pressure; g, grams;
mg, milligrams; mmHg, millimeters of mercury. TSignificant (P < 0.05) vs. Young. *Significant

(P < 0.05) difference vs. MAP at rest.
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Table 2.2. Body mass, diaphragm mass, diaphragm-to-body mass ratio, and mean arterial
pressure in young and old animals of both sexes.

YF OF YM oM
Animal characteristics (n=7) (n=9) (n=8) (n=9)
Body mass (Q) 179+2 250 + 5*# 339 + 10*# 421 +5
Diaphragm mass (mg) 528 +9 747 + 21*# 935 + 40*# 1148 + 28
Diaphragm/Body mass (mg/q) 2.95+0.05 3.00£0.12 2.76 £0.09 2.77£0.04
MAP (mmHg), rest 116+ 2 124 +5 119+ 4 121+6
MAP (mmHg), 1Hz 106 + 3¥ 114 + 4¥ 105 + 6¥ 109 + 5%

Data are mean + SE. Data were analyzed using a one-way ANOVA and Post Hoc analyses were
performed using a Holm-Sidak test. n, number of rats; YF, young female; OF, old female; YM,
young male; OM, old male; MAP, mean arterial pressure; g, grams; mg, milligrams; mmHg,
millimeters of mercury. *Significant (P < 0.05) difference vs. YF. *Significant (P < 0.05)

difference vs. OM. *Significant (P < 0.05) difference vs. MAP at rest.
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Figure 2.1. Inferior aspect of the rodent diaphragm.

Excised rat diaphragm (left) and schematic representation of the regional diaphragm sections
(right). Black lines denote the left and right phrenic feed arteries. VC, ventral costal; MC, medial

costal; DC, dorsal costal; CR, crural.
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Figure 2.2. The effect of aging on bulk diaphragm hemodynamics at rest and during 1Hz

contractions.
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old (n=17) rats at rest and during 1Hz contractions. Data were analyzed using a mixed-effects

two-way RM ANOVA and Post-Hoc analyses were performed using a Holm-Sidak test.

*Significant (P < 0.05) difference vs. Rest.
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Figure 2.3. The effect of biological sex on bulk diaphragm hemodynamics at rest and during 1Hz
contractions in young and old rats.
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Total diaphragm vascular conductance (VC) and blood flow (BF) in young rats of both sexes (A,
C) and old rats of both sexes (B, D) at rest and during 1Hz contractions. YF, young female
(n=7); OF, old female (n=8); YM, young male (n=8); OM, old male (n=8). Data were analyzed
using a mixed-effects two-way RM ANOVA and Post-Hoc analyses were performed using a

Holm-Sidak test. *Significant (P < 0.05) difference vs. Rest.
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Figure 2.4. The effect of aging on medial costal diaphragm hemodynamics at rest and during
1Hz contractions.
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Medial costal diaphragm vascular conductance (VC) (A) and blood flow (BF) (B) in young
(n=15) and old (n=18) rats at rest and during 1Hz contractions. Data were analyzed using a
mixed-effects two-way RM ANOVA and Post-Hoc analyses were performed using a Holm-

Sidak test. *Significant (P < 0.05) vs. Rest. TSignificant (P < 0.05) difference vs. Young.
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Figure 2.5. The effect of biological sex on medial costal diaphragm hemodynamics at rest and
during 1Hz contractions in young and old rats.
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Medial costal diaphragm vascular conductance (VC) and blood flow (BF) in young rats of both
sexes (A, C) and old rats of both sexes (B, D) at rest and during 1Hz contractions. YF, young
female (n=7); OF, old female (n=8); YM, young male (n=8); OM, old male (n=9). Data were
analyzed using a mixed-effects two-way RM ANOVA and Post-Hoc analyses were performed

using a Holm-Sidak test. *Significant (P < 0.05) difference vs. Rest.
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Figure 2.6. Effects of aging and biological sex on regional diaphragm blood flow distribution
during 1Hz contractions.
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Age-related and sex differences in regional diaphragm blood flow (BF) during 1Hz contractions
in young and old rats. YF, young female (n=7); OF, old female (n=8); YM, young male (n=8);
OM, old male (n=9). Data comparisons for YF vs. OF, YM vs. OM, YF vs. YM, and OF vs. OM
were analyzed separately using a mixed-effects two-way RM ANOVA and Post-Hoc analyses
were performed using a Holm-Sidak test. TSignificant (P < 0.05) difference vs. YF medial.
TtSignificant (P < 0.05) vs. YM medial. **Significant (P < 0.05) difference vs. YM dorsal.
¥Significant (P < 0.05) vs. OM dorsal. *Significant (P < 0.05) vs. YF dorsal. *Significant (P <

0.05) difference vs. YM crural.
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Chapter 3 - Aging impairs diaphragm vasomotor function and alters

diaphragm vascular structure

Abstract

Old age blunts diaphragm hyperemia and alters regional blood flow distribution which may be
related to diminished vasomotor function and altered vascular structure. We hypothesized that, in
the medial costal diaphragm, aging would decrease the number of feed arteries and impair
vasomotor function in first-order (1A) arterioles. In young (Y) and old (O) Fischer-344 rats, the
number of feed arteries perforating the medial costal diaphragm were quantified and 1A
arterioles (113-218 um) were isolated, cannulated, and pressurized via hydrostatic reservoirs.
Endothelium-dependent (via acetylcholine (ACh)) and -independent (via sodium nitroprusside
(SNP)) vasodilatory responses and vasoconstrictor (myogenic and potassium chloride (KCI)-
induced) responses were assessed. In medial costal 1As, aging reduced ACh-mediated
vasodilation (O: 68 + 11% vs. Y: 80 + 10%; P < 0.05) while SNP-mediated vasodilation was
unaltered (O: 82 + 10% vs. Y: 89 + 9%; P < 0.05). Myogenic constriction to increasing
intraluminal pressure was blunted (P < 0.05) and KCI-induced constriction was decreased in
medial costal 1As from old versus young rats (45 + 8% vs. 57 + 7%; P < 0.05). Aging decreased
the average number of medial costal feed arteries by ~34% (1.8 £ 0.6 vs. 2.7 £ 0.6 vessels
muscle’?; P < 0.05). We conclude that advanced age impairs endothelium-dependent
vasodilation and pressure-induced vasoconstriction in medial costal 1A arterioles. Additionally,
these results suggest that aging induces arterial rarefaction in the medial costal diaphragm. These
vascular alterations provide a mechanistic basis for the blunted diaphragm hyperemia and altered

perfusion distribution associated with old age.
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Introduction

Advanced age is associated with inspiratory muscle dysfunction, which increases
morbidity and reduces the quality of life in senescent individuals (1, 2). The diaphragm is the
primary inspiratory muscle and the only skeletal muscle continually active over the mammalian
lifespan. Despite such chronic activity, indices of diaphragm strength (e.g., maximal inspiratory
and transdiaphragmatic pressure generation (3-5)) and contractile function (i.e., force generating
capacity, fatigue resistance (6-11)) decline with old age. These decrements in diaphragm
function hamper airway clearance (i.e., coughing) and predispose the elderly to pulmonary
complications and respiratory failure. To reduce the prevalence of such complications, it is
necessary to elucidate the mechanistic bases for aging-induced diaphragm dysfunction. In
locomotory skeletal muscle structural and functional changes within the vasculature, that
culminate to reduce blood flow capacity, alter distribution of perfusion, and compromise O>
delivery, play a central role in age-related muscular dysfunction (12-23). Thus, it is plausible that
alterations in the local control of diaphragm blood flow may contribute to and/or serve as a
harbinger of diaphragm dysfunction with old age.

Importantly, diaphragm contractile function is highly dependent on adequate blood flow
and O delivery and any diminution in diaphragm perfusion promotes diaphragmatic fatigue (24-
26). The medial costal diaphragm sustains the greatest inspiratory work and highest perfusion
within the costal diaphragm (26-28) and is particularly vulnerable to pathological alterations of
blood flow and vascular control in animal models of disease (e.g., emphysema, pulmonary
hypertension, prolonged mechanical ventilation) (29-34). Aging impairs medial costal diaphragm
hyperemia and alters regional diaphragm blood flow distribution with increased contractile

activity (35), potentially consequent to structural (i.e., arterial rarefaction) and/or functional (i.e.,
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endothelial dysfunction, impaired vasoconstrictor responsiveness) changes in the diaphragm
resistance vasculature.

Old age diminishes the vasodilatory capacity (14, 21, 22) and compromises nitric oxide
(NO")-mediated signaling (14, 18, 36) in skeletal muscle arterioles. Interestingly, endothelium-
independent vasodilation (i.e., vascular smooth relaxation) is generally preserved with aging (14,
18, 19, 37-39) suggesting that these decrements in vasodilatory responsiveness are specific to the
endothelium and nitroxidergic signaling mechanisms. In addition, age-induced adaptations in
vascular smooth muscle contractile function play a key role in the altered distribution of skeletal
muscle blood flow. Specifically, the ability of skeletal muscle arterioles to regulate intraluminal
diameter with increased transmural pressure (i.e., myogenic constriction) is blunted with old age
(15, 40, 41). Further, in skeletal muscles that exhibit either a similar oxidative capacity (i.e., red
gastrocnemius) or fiber type composition (i.e., spinotrapezius) as the diaphragm, aging results in
arterial rarefaction and decreased capillarity (21, 42). While these vasomotor pathways and
changes in vascular structure are implicated in the age-related hemodynamic alterations in
locomotory skeletal muscle, it is unknown if aging impacts the diaphragm through similar
vasomotor pathways.

Therefore, the purpose of this investigation was to determine if age-related arterial
rarefaction and resistance vessel dysfunction is present in the diaphragm. We tested the
hypotheses that old age will: 1) decrease the number of feed arteries perforating the medial costal
diaphragm, and 2) impair vasomotor responsiveness of first-order (1A) arterioles in the medial
costal diaphragm. In 1A arterioles we specifically hypothesized that old age will: 1) reduce
endothelium-dependent but not endothelium-independent vasodilation, 2) impair the myogenic

response to increased intraluminal pressures, and 3) have no effect on receptor-independent
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vasoconstriction (i.e., potassium chloride (KCI)) or the passive diameter responses to increased
intraluminal pressures. Results from these studies will provide potential mechanisms for the
blunted diaphragmatic hyperemic response with old age as well as pathways for intervention to

address age-associated diaphragm fatigue.
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Methods

Animals

A total of 78 young (n=36; 4-6 months) and old (n=42; 22-24 months) Fischer 344 rats of
both sexes were used for this investigation. Animals were obtained from the National Institutes
on Aging Colony and all procedures were approved by the Kansas State University Institutional
Animal Care and Use Committee (Protocol #4630) and complied with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Upon arrival, animals were housed
and maintained in a temperature-controlled (23 + 2°C) room with a 12:12-h light-dark cycle with
water and rat chow provided ad libitum.
Microvessel preparation

Animals were anesthetized (isoflurane 5%-0O balance) and euthanized via cardiac
excision. The diaphragm was carefully excised and placed in cold (2°C) physiological saline
solution (PSS; pH=7.4) buffer containing 145 mM NaCl, 4.7 mM KCI, 2.0 mM CaCly, 1.17 mM
MgSOg, 1.2 mM NaH2PO4, 5.0 mM glucose, 2.0 mM pyruvate, 0.02 mM EDTA, 3.0 mM MOPS
buffer, and 1 g/100 ml bovine serum albumin (BSA). In a subset of 28 animals, with the aid of a
dissecting stereomicroscope (Olympus SVH10), the number feed arteries (defined as any vessel
emanating from the crural origin of the phrenic artery that entered the medial costal diaphragm)
perforating the medial costal diaphragm were identified, counted, and recorded prior to arteriole
dissection and isolation. First-order (1A) arterioles (0.5-1.0 mm in length, 113-218 um
intraluminal diameter) from the medial costal diaphragm (Figure 3.1) were isolated and removed
from the surrounding muscle tissue as previously described (43, 44) and studied in vitro to
remove potentially confounding metabolic, humoral, and neural influences. Once isolated and

extracted, arterioles were transferred to a Poly(methyl methacrylate) chamber containing
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albumin-supplemented PSS buffer equilibrated with room air. Each end of the arteriole was
cannulated with glass micropipettes and secured with nylon suture (11-0, ophthalmic suture,
Alcon Laboratories, INC, Texas) (Figure 3.1). Following cannulation, the microvessel chamber
was transferred to the stage of an inverted microscope (Olympus IX70) equipped with a video
camera (Panasonic BP310) and video caliper (Colorado Video 307A) for intraluminal diameter
measurement. Arterioles were pressurized to 90 cmH»O with two independent hydrostatic
pressure reservoirs. Leaks were detected by closing the valves to the reservoirs and verifying that
intraluminal diameter remained constant. Arterioles that exhibited leaks were discarded.
Acrterioles that were free from leaks were warmed to 37 °C and allowed to develop initial
spontaneous tone during a 60 min equilibration period. Endothelium dependent (via
acetylcholine (ACh)) and -independent (via sodium nitroprusside (SNP)) vasodilatory responses
as well as myogenic (active and passive pressure responses) and receptor-independent
vasoconstrictor responses with potassium chloride (KCI) were assessed as described below.
Vasodilator Reponses
Endothelium-dependent vasodilation

Upon displaying a steady level of spontaneous tone, arterioles were exposed to increasing
concentrations of ACh (10 to 10 M) at 2 min intervals to assess endothelium-dependent
vasodilation. Intraluminal diameter was measured at the end of each 2 min interval. Thereafter,
the contributions of nitric oxide synthase (NOS) and nitric oxide (NO") were determined in the
same manner following a 20 min incubation with 10> M of the eNOS inhibitor NC-nitro-L-
arginine methyl ester (L-NAME). In a subset of arterioles, the same vessel underwent the
protocol described above followed by a 20 min incubation period with 10°> M L-NAME plus 10°

M of indomethacin (INDO) to determine the contribution of cyclooxygenase (COX) signaling
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pathways. After each ACh concentration responses, arterioles were washed with warm PSS and
allowed to develop spontaneous tone. Any vessel that did not develop 20% tone after each ACh
concentration response was discarded. Time control experiments were performed in a cohort of
animals which verified that the reactivity to ACh is not altered during the time frame of the
experimental protocol (data not shown).
Endothelium-independent vasodilation

To determine vascular smooth muscle relaxation independent of endothelium-derived
vasoactive factors, arterioles were exposed to increasing concentrations of the exogenous NO*
donor SNP (10 to 10 M), which acts directly on smooth muscle through NO*-cyclic guanosine
monophosphate (cGMP) activation to elicit vasodilation. SNP concentration responses were
assessed in the same manner as detailed above for ACh.
Vasoconstrictor Responses
Active and passive myogenic responses

Active myogenic responses were assessed by increasing intraluminal pressure by 20
cmH20 increments in a stepwise fashion from 0 to 140 cmH20 at 3 min intervals in the absence
of flow. Intraluminal diameter was recorded at the end of 3 min at each pressure step. Thereafter,
to assess the passive response, vessels were incubated in Ca?* -free PSS for 60 min (bath
changed every 20 minutes) at 90 cmH.0. Following equilibration in Ca?* -free PSS, intraluminal
pressure was again increased by 20 cmH2O increments in a stepwise fashion from 0 to 140
c¢cmH20 at 3 min intervals and intraluminal diameter was recorded at the end of 3 min interval.
Receptor-independent vasoconstriction

To evaluate receptor-independent vasoconstriction at an isobaric pressure of 90 cmH20, a

potassium chloride (KCI) concentration-response curve was generated using isotonic PSS
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solutions with increasing concentrations of KCI (10-100 mM) substituted for Na* at 3 min
intervals. Internal diameter was measured and recorded at the end of each 3 min interval.

After completion of the final concentration-response or passive pressure-response,
vessels were incubated with Ca?* -free PSS for 60 min at 90 cmH20. Thereafter, vessels were
exposed to one 40 pl (10 M) dose of SNP to ensure complete relaxation and maximal
intraluminal diameters and wall thicknesses were recorded.

Biochemical analysis
Western blot

In a subset of animals, medial costal diaphragm samples were lysed in radio-immune
precipitation assay (RIPA) buffer (Sigma-Aldrich) with protease and phosphatase inhibitor
(Pierce Protease and Phosphatase Inhibitor Mini Tablet, ThermoFisher Scientific) prepared
according to manufacturer guidelines. Lysate protein concentrations were determined using the
Qubit 4 Fluorometer with Protein Broad Range Assay kit (ThermoFisher Scientific). Protein
quantification in medial costal diaphragm lysates was completed with Jess Simple Western
(ProteinSimple) automated western blot analysis with primary antibody for vascular endothelial
growth factor A (VEGF; NB100-664, Novus Biologicals, Centennial, CO: RRID: AB 10001947;
1:10 dilution) which detects isoforms 121, 165, and 189. Lysate protein concentrations were
equalized (1 mg/mL). Lysate protein concentrations were equalized prior to protein
quantification and each target protein was assessed in a single trial to ensure equivalent primary
antibody exposure, thus, removing the need for a housekeeping protein. Protein expression was

quantified with Compass for Simple Western software.
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Data Analysis

Development of spontaneous tone (%) was determined as the percent constriction relative

to maximal diameter and calculated as follows:
Spontaneous tone (%) = [(IDm — IDp) / IDm] x 100
where 1D represents the maximal inner diameter recorded at 90 cmH-0O in Ca?* -free PSS, and
IDy represents the baseline inner diameter following the initial 60 min equilibration period before
exposure to any drug or pressure change. Diaphragm arteriole wall: lumen ratio (%) was
calculated according to the following equation:
[((WTy+ WT2+WT3)/3)/1Dm] x 100
where WT1, WT2, and WT3 are wall thicknesses measured at three independent points of the
vessel wall, and 1Dy, is the maximal inner diameter, with each of these measured recorded at 90
cmH.0 during Ca?* -free conditions. Vasodilation responses to ACh and SNP are expressed as
percent relaxation and were calculated according to the formula:
Relaxation (%) = [(IDs — IDp) / (IDm— 1Dp)] x 100

where 1D;s is the steady-state inner diameter recorded after each addition of the drug, IDy is the
initial baseline inner diameter recorded immediately before the first addition of the vasodilatory
agent, and 1Dn is the maximal inner diameter recorded at 90 cmH,0 in Ca?* -free PSS. The half-
maximal effective concentration (ECso) for vasodilatory responses was calculated with a linear
fit model using the two points flanking the estimated half-maximal dilation.

Active myogenic and passive diameter responses to incremental changes in intraluminal
pressure from 0 to 140 cmH20 were normalized as follows:

Normalized diameter = (IDs / IDm)
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where 1D;s is the steady-state inner diameter measured after each incremental pressure change and
IDnm is the maximal inner diameter recorded at 90 cmH,0 in Ca?* -free PSS. Vasoconstriction
responses to KCI are expressed as percent constriction as calculated by:

Constriction (%) = [(IDy — IDs) / 1Dp] x 100
where 1Dy is the baseline diameter immediately prior to the addition of the first dose of KCI, IDs

is the steady-state diameter measured after the addition of each concentration.
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Statistical analyses

Data were analyzed using GraphPad Prism10 (GraphPad Software, San Diego, CA).
Body mass (g), spontaneous tone (%), maximal intraluminal diameters (um), wall thicknesses
(um), and wall: lumen ratio (%) were analyzed with two-tailed Student’s t-test for age-related
comparisons and a one-way ANOVA was used for biological sex comparisons. Vasomotor
responses were evaluated by Two-way RM ANOVA to detect differences between (Young vs
Old, Female vs Male) or within (concentration, pressure, inhibitor treatment, etc.) factors. Post-
hoc analyses were performed using a Tukey’s test. All data are presented as mean + SD.

Significance was established at P < 0.05.
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Results

Body mass was significantly greater with old age (P < 0.05). Young rats weighed 254 +
77 g and old rats weighed 327 = 87 g. In both young and old groups, males were significantly
heavier than females (Old: 402 + 39 vs. 239 + 10 g; Young: 330 + 38 vs 189 + 12 g; both P <
0.05).
Biological Sex Comparisons

There were no sex differences in vessel characteristics, maximal responses, or half-
maximal effective concentration (ECso) of medial costal diaphragm 1A arterioles in young or old
animals (P > 0.05; Table 3.1). Endothelium-dependent and -independent vasodilation responses
were not different between females and males in either the young or old groups (P > 0.05;
Figure 3.2). No sex differences were present in the vasoconstrictor responses to increased
intraluminal pressure or KCI in either young or old animals (P > 0.05; Figure 3.3).
Age Comparisons
Vessel Characteristics

The data from Table 3.1 was grouped by age and is represented in Table 3.2. “Young”
and “Old” groups reflect both female and male vessel characteristics and maximal responses.
Spontaneous tone development of medial costal 1As was not different between young and old (P
> 0.05; Table 3.2). Compared to young, both maximal diameter (P < 0.05) and wall thickness (P
< 0.05) were increased and wall: lumen ratio was decreased (P < 0.05) with aging (Table 3.2).
Maximal endothelial-dependent vasodilation to ACh was significantly blunted (P < 0.05) while
maximal endothelial-independent vasodilation to SNP was not different (P > 0.05) in old vessels

compared to young vessels (Table 3.2). Maximal vasoconstriction to KCI was reduced in old
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versus young medial costal 1As (P < 0.05; Table 3.2). Aging had no effect on the ECsg with
ACh (P > 0.05) or SNP (P > 0.05) (Table 3.2).
Effects of age on vasodilatory responses

ACh-mediated vasodilation was significantly blunted in medial costal 1As from old rats
as compared to 1As from young rats (P < 0.05; Figure 3.4). Blockade of NOS with L-NAME
eliminated the age-related differences in ACh-mediated vasodilation (Figure 3.4; P > 0.05),
however, there were no differences between the L-NAME and L-NAME + INDO conditions (P
>0.05). Vascular smooth muscle relaxation concentration responses to the direct NO donor SNP
were preserved in medial costal 1As from old compared to young rats (P > 0.05; Figure 3.5).
Effects of age on vasoconstrictor responses

The active myogenic response to increasing intraluminal pressure was blunted in old
versus young medial costal 1As (P < 0.05; Figure 3.6) while the passive pressure diameter
responses to increasing pressure were not different between young and old (P > 0.05; Figure
3.6). Compared to young, receptor-independent vasoconstriction to KCI was significantly
reduced in medial costal 1As from old rats (P < 0.05; Figure 3.7).
Feed artery number and VEGF

As illustrated in Figure 3.8, on average there was approximately one less feed artery
perforating the medial costal diaphragm of old (1.8 + 0.58 vessels muscle™) versus young (2.7 +
0.61 vessels muscle?) rats (P < 0.05). VEGF protein expression in the medial costal diaphragm

was significantly lower in old as compared to young rats (P < 0.05; Figure 3.8).
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Discussion

This investigation addressed whether aging blunts the intrinsic vasodilatory and
vasoconstrictor responsiveness in the diaphragm resistance vasculature. Novel findings in the
medial costal diaphragm of old versus young rats include: 1) reduced number of perforating feed
arteries, and within first-order (1A) arterioles, 2) impaired endothelium-dependent vasodilation,
and 3) reduced myogenic and KCI-mediated constriction. Notably, sex differences were wholly
absent in both young and old animals (Figure 3.2, 3.3).
Reduced Endothelium-Dependent Vasodilation

Old age is known to specifically blunt endothelium-dependent vasodilation in arterioles
from locomotory skeletal muscle and the heart (14, 18, 45-48). Herein, we demonstrate for the
first time that age-related endothelial dysfunction is also present in the diaphragm vasculature. In
the presence of L-NAME, age-related differences in ACh-mediated vasodilation were abolished
(Figure 3.4), supporting that reduced NO" bioavailability contributes overwhelmingly to the
diminished vasodilation in diaphragm arterioles with advanced age. Moreover, ACh-mediated
vasodilation with L-NAME and indomethacin incubation was not different from L-NAME alone
(Figure 3.4). These data reveal that vasoactive prostanoids (e.g., PGI2) do not significantly
contribute to ACh-induced vasodilation in diaphragm 1A arterioles. In addition, the similarity of
vasodilatory responses to SNP between young and old animals (Figure 3.5) indicates that the
sensitivity of diaphragm arteriolar smooth muscle to NO*/cGMP mediated vasorelaxation is
preserved with old age; as found in arterioles from locomotory skeletal muscle (14, 18, 19, 37,
38). Thus, our findings indicate a significant role of diminished NO" bioavailability and/or eNOS

function in the age-related decrements in the vasodilatory capacity of diaphragm arterioles.
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In large arteries and skeletal muscle arterioles, eNOS expression is increased with old age
(18, 49, 50). Thus, any reduction in NO" bioavailability and signaling may be consequent to
decrements in eNOS activation, limited availability of essential substrates/cofactors (e.g.,
tetrahydrobiopterin (BHa)), and/or enhanced NO" degradation. Several age-related mechanisms
may contribute to this scenario. For instance, vascular oxidative stress is elevated with aging and
contributes significantly to age-related endothelial dysfunction (50, 51). Increased superoxide
anion (O2") production decreases bioactive NO" by scavenging NO' to form the free radical
peroxynitrite (ONOO") (52), which can uncouple eNOS directly (53) or via BH4 oxidation (54,
55). Further, old age decreases BH4 content in soleus arterioles (22) and in the presence of
insufficient levels of BH4, eNOS produces O,™ rather than vasoactive NO® (56-58). Thus, an age-
related increase of diaphragm vascular ROS production would have the capability to modulate
NO® production and/or NO" bioavailability and may play a crucial role in the diminished
endothelium-dependent nitroxidergic vasodilation demonstrated herein.
Reduced myogenic and KCl-mediated vasoconstriction

In skeletal muscle arterioles, old age has been shown to blunt the vasoconstrictor
response to increased transmural pressure (i.e., the myogenic response) (15, 40, 41). However,
the vasoconstriction responses to changes in membrane potential (e.g., KCI) remain intact (15).
In the present investigation, aging reduced myogenic constriction in medial costal diaphragm 1A
arterioles (Figure 3.6) in the absence of any passive mechanical changes akin to locomotory
muscle arterioles (15). Contrary to our hypothesis, old age decreased KCI-mediated
vasoconstriction (Figure 3.7). Myogenic tone is mediated by voltage gated Ca?* channels
(VGCC), which increase intracellular Ca?* and induce vascular smooth muscle contraction.

Vascular potassium (K*) channels such as large-conductance Ca?*activated K* (BKca) and
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voltage-gated K* (Kv) channels play a key role in the negative-feedback regulation of myogenic
constriction (59-64). Importantly, age-related modulation of BKca and Ky channel function has
been implicated mechanistically in the reduced myogenic constriction of skeletal muscle
arterioles (40). Potassium-induced constriction is also reduced in coronary arterioles with age
(65, 66). Thus, the reduced myogenic and KCI-mediated constriction of diaphragm 1A arterioles
herein may be related to age-induced changes in the activity and/or contribution of K* channels
to myogenic tone. Additionally, vasodilatory factors released from the endothelium may also
contribute to the age-related myogenic impairment of diaphragm arterioles (41, 65). Further
experiments are warranted to determine the potential role of the endothelium, alterations in
vascular smooth muscle membrane depolarization, Ca?* signaling, and/or K* channel function in
diaphragm arterioles with old age.

It is interesting that old age blunted both myogenic and KCI-mediated constriction in
diaphragm arterioles in contrast to locomotory muscle whereas the latter is preserved (15). In
young healthy rats, diaphragm arterioles are less responsive to vasoconstrictor stimuli compared
to arterioles from other highly oxidative skeletal muscle (e.g., red gastrocnemius (43)), which
may render the diaphragm vasculature more susceptible to age-related decrements in
vasocontractile function. Notably, the aging-related reduction in both myogenic and KCI
responsiveness of diaphragm arterioles is similar to the age-induced alterations in
vasoconstriction found in the coronary microvasculature (65, 66). Therefore, it is possible that
aging may impact the signaling mechanisms involved in myogenic constriction in a muscle
activity-specific fashion.

Age-related diaphragm vascular remodeling
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With advanced age, there are fewer feed arteries supplying highly oxidative skeletal
muscle (e.g., red gastrocnemius, soleus) (21). Herein it is demonstrated that old animals
possessed ~1 less feed artery (i.e., 34% reduction) perforating the medial costal diaphragm
(Figure 3.8), supporting that old age induces vascular rarefaction in the diaphragm. In addition to
increased vascular oxidative stress (50, 67), reduced VEGF protein expression has been
implicated in age-related decreases in skeletal muscle vascularization (i.e., capillaries (68, 69))
and the present investigation found reduced medial costal diaphragm VEGF expression (Figure
3.8). Collectively, these data support that: 1) aging-induced arterial rarefaction may be related to
decreased diaphragm VEGF protein expression, and 2) old age may decrease diaphragm
capillary density. Given that age-related arterial rarefaction in locomotory muscle is postulated to
arise from reduced spontaneous locomotion and thus lower muscle hyperemic requirements (21),
it is possible that a decreased cage activity in old rats, and thus less need to increase ventilatory
work and perfusion, could act as a mechanism for rarifying the diaphragm microvasculature
despite the chronic activation of the diaphragm.

Age-related arteriole vascular wall remodeling is muscle- and fiber-type dependent (14,
21). Specifically, whilst maximal intraluminal diameter of soleus arterioles is unchanged, that of
gastrocnemius arterioles increases with age (14). Somewhat differently, aging increases wall
thickness and wall: lumen ratio in soleus arterioles with no effect on the wall thickness of
arterioles from the gastrocnemius (14). In medial costal 1A arterioles from the present
investigation, maximal intraluminal diameter and wall thicknesses were increased and wall:
lumen ratio was decreased with old age (Table 3.2). Similar to locomotory muscle (21), the
increased maximal diameter may be a compensatory mechanism to maintain bulk diaphragm

perfusion. These data suggest that, with aging, the vascular wall of diaphragm arterioles becomes
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relatively thinner, and this may be evidence of age-related structural adaptations that are specific
to the diaphragm vasculature. Thus, in addition to the diminished vasomotor function
demonstrated herein, age-associated changes in vascular geometry and structure likely contribute
to the blunted diaphragm hyperemia, altered blood flow distribution, and compromised ability to
precisely match O delivery-to-O> demand during increased contractile activity.
Implications

Sufficient blood flow, and therefore resistance vessel function, largely governs
diaphragm contractile performance via the precision, or not, of matching O delivery-to-O»
demand (24-26, 29). Despite the diaphragm’s central physiological importance, diaphragm
vascular control has been relatively ignored (70). In the present investigation, aging structurally
altered the medial costal diaphragm vascular network and impaired vasomotor function of 1A
arterioles. This vasomotor dysfunction provides a putative mechanism for the diminished
hyperemic response and altered blood flow distribution in the diaphragm with old age (35).
Additionally, in pathologies that compromise diaphragm function, such as pulmonary
hypertension (PH) and prolonged mechanical ventilation (MV), a growing body of evidence
suggests that the etiology of diaphragm dysfunction is related to decrements in local diaphragm
blood flow control (30-34). The data herein support the notion that aging induces diaphragm
vascular dysfunction, albeit via different vascular control mechanisms than PH and prolonged
MV, and such diaphragm vascular decay likely contributes to the age-related perturbations in
diaphragm blood flow regulation which, in turn, predicates contractile dysfunction.
Experimental Considerations

The estrous cycle was not tracked in these animals, however, in rats, diaphragm blood

flow is not impacted by estrous cycle stage (71) and previous literature demonstrates that 100%
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of female rats have irregular cycling at 18 months of age and 75% of female rats are acyclic at 24
months of age (72). Further, we recently demonstrated that medial costal diaphragm blood flow
is not different between females and males at rest or during contractions (35). Nevertheless, it is
possible that sex differences exist in the underlying mechanisms regulating eNOS function and
myogenic constriction in the diaphragm vasculature. In the present study, we did not investigate
receptor-mediated vasoconstrictor responses to agonists such as noradrenaline (NA),
phenylephrine (PE), and endothelin (ET). In 1A arterioles from oxidative muscle (e.g., soleus),
vascular smooth muscle contractile responses to NA, PE, or ET are not different with old age
(15, 73, 74). However, given the differential vasomotor responsiveness of the diaphragm
vasculature to a-adrenergic stimuli (43), and potentially ET, it is acknowledged that these

vasoconstrictor pathways could be altered in advanced age.
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Conclusions

Aging induces medial costal diaphragm arterial rarefaction, impairs endothelium-
dependent vasodilation, and blunts myogenic constriction in medial costal diaphragm 1A
arterioles. Whereas these decrements in vascular geometry and vasomotor control are not
different across sexes they do provide a putative mechanistic basis for the impaired hyperemia,
altered regional blood flow distribution and contractile dysfunction in the diaphragm with old
age in both sexes. Future studies will usefully identify the role of oxidative stress and altered K*

channel function/distribution in the diaphragm resistance vasculature with advanced age.
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Table 3.1. Medial costal 1A vessel characteristics and maximal responses in young and old

animals of both biological sexes.

YF OF YM OM
Vessel Characteristics (n=18) (n=20) (n=18) (n=22)
Spontaneous tone (%) 36+6 33+8 33+8 32+7
Maximal diameter (um) 156 + 17 169 + 197 162 + 20 184 + 18tt
Wall thickness (um) 16.9+ 1.45 17.7+1.28 175+ 1.32 18.7+1.03
Wall: lumen ratio (%) 11.1+0.98 10.5+0.897 11.0+1.21 10.3 £ 0.9971
Maximal responses
ACh (%) 81 + 9(n=9) 71 + 7T(n=10) 80 + 10(n=9) 64 + 12T (=11
ACh+L-NAME (%) 16 £ 16*(n=9) 15 + 9*(n=10) 14 + 11*(n=9) 12 + 7*n=11)
ACh+L-NAME+INDO (%) 8 + 8*(n=5) 9 + 6*(n=5) 10 £ 3*(n=5) 8 + 5*(n=5)
SNP (%) 88 + 8(n=10) 83 + 11(n=10) 87 + 11(n=s) 81 + 9(n=11)
KCI (%) 56 + 6(n=9) 46 + 8T(n=9) 59 + 8(n=9) 43 + 8T(n=g)
ECso [log M]
ACh -6.8+0.4 -6.8+0.5 -6.8+0.5 -6.5+0.4
SNP -7.8+1.0 -7.4+£0.5 -8.0+0.9 -7.5+0.5

Data are mean + SD. n, number of rats; ACh, acetylcholine; SNP, sodium nitroprusside; KCI,

potassium chloride; L-NAME, N®-nitro-L-arginine methyl ester; INDO, indomethacin; ECsq,

half maximal effective concentration. YF, young female; OF, old female; YM, young male; OM,

old male. TSignificant (P < 0.05) vs. YF. TTSignificant (P < 0.05) vs. YM. *Significant (P <

0.05) vs. ACh.
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Table 3.2. Medial costal 1A vessel characteristics and maximal responses in young and old

animals.
Young Old
Vessel Characteristics (total n=36) (total n=42)
Spontaneous tone (%) 34+7 32+7
Maximal diameter (um) 158 + 18 177 + 207
Wall thickness (um) 17.3+1.4 18.3 +1.37
Wall: lumen ratio (%) 11.1+1.07 10.5 + 0.907

Maximal responses
ACh (%)
ACh+L-NAME (%)

80 + 10 (n=18)
15 + 13 (n=18)*

68 + 11 (n=21)f
13 + 8 (n=21)*

ACh+L-NAME+INDO (%) 9 + 6 (n=10)* 7 £ 5 (n=10)*

SNP (%) 88 £ 9 (n=18) 82 + 10 (n=21)

KCI (%) 57 £ 7 (n=17) 45 + 8 (n=17)T
ECso [Iog |V|]

ACh -6.79 £0.43 -6.64 £ 0.45

SNP -7.87 £0.94 -7.42 £ 0.46

Data are mean = SD. n, number of rats; ACh, acetylcholine; SNP, sodium nitroprusside; KCl,
potassium chloride; L-NAME, N®-nitro-L-arginine methyl ester; INDO, indomethacin; ECsq,

half maximal effective concentration. TSignificant (P < 0.05) vs. Young. *Significant (P < 0.05)

vs. ACh.
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Figure 3.1. Regional anatomy and the resistance vasculature of the rodent diaphragm.

B.

A: Schematic representation of the regional muscle divisions (VC, ventral costal; MC, medial
costal; DC, dorsal costal; CR, crural), B: inferior (abdominal) view of the rodent diaphragm, C:
medial costal diaphragm resistance vasculature under 15x magnification (white arrows denote
first-order (1A) arterioles, black arrow denotes primary medial costal diaphragm feed artery,
dashed black line denotes the central), and D: an isolated and pressurized 1A arteriole (~150 um

diameter) from the medial costal diaphragm at 4x magnification.
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Figure 3.2. Absence of biological sex differences in diaphragm arteriole vasodilatory
responsiveness.
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Acetylcholine (ACh) and sodium nitroprusside (SNP) concentration-response relationship of
medial costal diaphragm first-order (1A) arterioles from young (A, B) and old (C, D) animals of
both sexes. YF, young female; YM, young male; OF, old female; OM, old male. There were no
significant differences between sexes in ACh or SNP concentration-responses in young or old

groups (P > 0.05).
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Figure 3.3. Absence of biological sex differences in diaphragm arteriole vasoconstrictor
responsiveness.
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vasoconstrictor responses of medial costal diaphragm first-order (1LA) arterioles from young (A,

B) and old (C, D) animals of both sexes. YF, young female; YM, young male; OF, old female;

OM, old male. There were no significant differences between sexes in active or passive

responses nor KCI-mediated vasoconstriction in either young or old groups (P > 0.05).

*Significant (P < 0.05) vs. respective Active responses.
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Figure 3.4. Aging impairs endothelium-dependent vasodilation and nitric oxide bioavailability

in diaphragm arterioles.
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Acetylcholine (ACh) concentration-response relationship of medial costal diaphragm first-order

(1A) arterioles from young and old animals with the nitric oxide synthase (NOS) inhibitor N°-

nitro-L-arginine methyl ester (L-NAME) (A) and combined blockade of NOS and

cyclooxygenase inhibitor indomethacin (INDO) in the same vessels (B). Y, young; O, old.

TSignificant (P < 0.05) vs. Y. *Significant (P < 0.05) vs. Y and O ACh concentration-response.
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Figure 3.5. Vascular smooth muscle relaxation is preserved in diaphragm arterioles with old
age.
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Sodium nitroprusside (SNP) concentration-response relationship of medial costal diaphragm

first-order (1A) arterioles from young and old animals. Y, young; O, old. Aging had no effect on

vascular smooth muscle relaxation (P = 0.288).
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Figure 3.6. Aging attenuates the autoregulatory capacity of diaphragm arterioles.
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Figure 3.7. Aging compromises potassium-induced vasoconstriction of diaphragm arterioles.
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Figure 3.8. Aging induces arterial rarefaction and decreases vascular endothelial growth factor
(VEGF) protein expression in the medial costal diaphragm.
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Representative images of the medial costal diaphragm vasculature in a young and old diaphragm
at 15x magnification (A), a violin plot of the number of medial costal diaphragm feed arteries
(FA) (B) and medial costal diaphragm VEGF expression (C) in young and old animals. Dashed
line denotes regional diaphragm sections, dotted line denotes the central tendon boundary, and
black arrows denote feed arteries. VC, ventral costal; MC, medial costal; DC, dorsal costal; CT,

central tendon. TSignificant (P < 0.05) vs. Young.
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Chapter 4 - Age-related diaphragm vasomotor dysfunction: the role

of oxidative stress and potassium channels

Abstract

Aging diminishes endothelium-dependent vasodilation and myogenic reactivity in diaphragm
arterioles. Evidence suggests that age-related diaphragm vasomotor dysfunction may be related
to decreased nitric oxide (NO") bioavailability, augmented reactive oxygen species (ROS)
generation, and increased potassium (K*) channel modulation of myogenic constriction. We
hypothesized that old age would increase the reliance on ROS-mediated endothelium-dependent
vasodilation and increase K* channel modulation of myogenic tone in first-order (1A) arterioles
from the medial costal diaphragm. In young (6 mo old) and old (24 mo old) Fischer-344 rats, 1A
arterioles (119-219 um) were isolated, cannulated, and pressurized via hydrostatic reservoirs.
Endothelium-dependent vasodilation (via acetylcholine (ACh)) was assessed before and after
treatment with the superoxide dismutase mimetic Tempol (100 uM) and Tempol plus the H20>
scavenger catalase (100 U/mL). Myogenic responses were evaluated in the presence and absence
of the BKca channel blocker iberiotoxin (IBX; 30 nM) and combined treatment with IBX and the
Kv channel inhibitor 4-aminopyiridine (4-AP; 5 mM). Tempol decreased ACh-mediated
vasodilation of medial costal 1As from young (63 = 17% vs. control: 78 £ 12%; P < 0.05) and
old rats (32 + 11% vs. control: 58 + 15%; P < 0.05) but did not eliminate age-related differences
(P < 0.05). Tempol plus catalase further decreased ACh-mediated vasodilation in old (~33%
reduction; P < 0.05) but not young vessels. IBX increased myogenic constriction to the same
extent in young and old medial costal 1As whereas combined IBX plus 4-AP abolished the age-
related differences in myogenic reactivity. Collectively, these data indicate that aging: 1) reduces

NO’-mediated signaling and increases the reliance on ROS-signaling for endothelial-dependent
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vasodilation and 2) depresses myogenic reactivity via a Ky channel-dependent mechanism in
diaphragm arterioles. These changes in vasomotor signaling provide a mechanistic bases for age-

related vasomotor dysfunction in the diaphragm.
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Introduction

Inspiratory muscle function declines with old age, which contributes to increased
morbidity and a lower quality of life in the elderly population (1, 2). Age-associated functional
deficits in the principle inspiratory muscle, the diaphragm, are characterized by reductions in
diaphragmatic strength (e.g., maximal inspiratory and transdiaphragmatic pressure generation (3-
5)) decreased force generating capacity and increased fatiguability (6-11)). These diaphragm
contractile deficits predispose the elderly to pulmonary complications and respiratory failure. To
mitigate such complications, it is critical to identify the mechanistic bases for age-associated
diaphragm dysfunction. Given the cardinal role of vascular function in ensuring adequate
perfusion and O- delivery to support diaphragm contractile performance (12-14), it is likely that
decrements in diaphragm vascular function play a central role in age-related diaphragm
contractile impairments.

Historically, it is assumed that diaphragm blood flow and O delivery are not impacted by
advanced age (15, 16), however recent evidence challenges this notion. Specifically, old age
blunts diaphragmatic hyperemia and alters regional blood flow distribution with increased
contractile activity (17), which appears to be due, in part, to diminished local vascular structure
and vasomotor control (18). For instance, aging induces arterial rarefaction in the medial costal
diaphragm and impairs endothelium-dependent vasodilation and myogenic responsiveness of
first-order (1A) arterioles (18). Although the mechanisms for age-associated vascular
impairments in locomotory skeletal muscle are well documented (19-30), the specific vascular
control mechanisms impacted by old age in a specialized and chronically active skeletal muscle

like the diaphragm are unknown.
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Excess reactive oxygen species (ROS) formation plays a key role in the development of
age-related endothelial dysfunction in the coronary (31-35), skeletal muscle (21, 25, 26, 29, 30,
36), and mesenteric (37) vascular beds by diminishing nitric oxide (NO") bioavailability and
nitroxidergic signaling (31, 37-42). NO" bioavailability is also dependent on the presence of
cellular superoxide (O>™) which reacts readily with NO" to produce peroxynitrite (ONOQO") (43-
46). Both O,™ and O, -derived ROS, such as ONOO" and hydrogen peroxide (H20-), have been
shown to exhibit a vasodilatory role in skeletal muscle and coronary arterioles in young animals
(34, 35, 47). Such ROS- and H.O>-mediated arteriolar vasodilation increases in aged skeletal
muscle (47) while endothelial dependent H.O-signaling declines in coronary arterioles with
aging (34, 35). However, the involvement of ROS and/or H.O> signaling in diaphragm vascular
function and how the contribution of these molecules to endothelium-dependent vasodilation
changes with old age is unknown.

Peripheral vascular resistance and tissue-specific perfusion are largely governed by the
autoregulatory capacity of arterioles to constrict or dilate in response to alterations in transmural
pressure (i.e., myogenic response (48, 49)). With advanced age, the myogenic response is
blunted in locomotory skeletal muscle arterioles (22, 50, 51) and appears to be related to changes
in the negative feedback control of myogenic tone (50, 51); however, the mechanisms (e.g.,
potassium (K*) channels) that contribute to this depressed myogenic reactivity are fiber type
dependent (50). Specifically, in soleus arterioles, aging increases large-conductance Ca?*
activated K™ (BKca) and voltage-gated K* (Kv) channel modulation of myogenic tone (50). In
contrast, in gastrocnemius arterioles, only Ky channel modulation increases with old age (50).
Given that the vasomotor responsiveness of diaphragm arterioles cannot be predicted based on

oxidative capacity or fiber type alone (52, 53), the myogenic control mechanisms involved in the
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blunted myogenic response of diaphragm arterioles with old age likely differ from that in other
skeletal muscles.

Therefore, the purpose of the present investigation was to determine the role of O,™ -
derived ROS and K* channels in vasomotor function of the diaphragm in young and old rats. In
medial costal diaphragm first-order (1A) arterioles, we tested the hypotheses that: 1) O, and/or
O,"-derived ROS are involved in endothelium-dependent dilation in young animals, 2) old age
would increase the reliance on O, and/or O,"-derived ROS-mediated endothelial-dependent
vasodilation, and 3) aging would increase K* channel modulation of myogenic constriction.
Results from these studies will provide novel insights into the control mechanisms that are
specific to the diaphragm vasculature as well as identify potential therapeutic targets within the

vasculature to ameliorate age-associated diaphragmatic fatigue.
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Methods
Animals
A total of 49 young (n=24; 4-6 months) and old (n=25; 22-24 months) Fischer 344 rats of both
sexes were used for this investigation. Animals were obtained from the National Institutes on
Aging Colony and all procedures were approved by the Kansas State University Institutional
Animal Care and Use Committee (Protocol #4630) and complied with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Upon arrival, animals were housed
and maintained in a temperature-controlled (23 + 2°C) room with a 12:12-h light-dark cycle with
water and rat chow provided ad libitum.
Microvessel preparation

Animals were anesthetized (isoflurane 5%-0O balance) and euthanized via cardiac

excision. The diaphragm was carefully excised and placed in cold (2°C) physiological saline
solution (PSS; pH=7.4) buffer containing 145 mM NaCl, 4.7 mM KCI, 2.0 mM CaCly, 1.17 mM
MgSOg, 1.2 mM NaH2PO4, 5.0 mM glucose, 2.0 mM pyruvate, 0.02 mM EDTA, 3.0 mM MOPS
buffer, and 1 g/100 ml bovine serum albumin (BSA). With the aid of a dissecting
stereomicroscope (Olympus SVH10), first-order (1A) arterioles (0.5-1.0 mm in length, 119-219
um maximal intraluminal diameter) were isolated from the surrounding muscle tissue as
previously described (52, 53) and studied in vitro to remove potentially confounding metabolic,
humoral, and neural influences. Once isolated, arterioles were transferred to a static flow
Poly(methyl methacrylate) chamber containing albumin-supplemented PSS buffer equilibrated
with room air. Each end of the arteriole was cannulated with glass micropipettes and secured
with nylon suture (11-0, ophthalmic suture, Alcon Laboratories, INC, Texas) (Figure 3.1).

Following cannulation, the microvessel chamber was transferred to the stage of an inverted
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microscope (Olympus 1X70) equipped with a video camera (Panasonic BP310) and video caliper
(Colorado Video 307A) for intraluminal diameter measurement. Arterioles were pressurized to
90 cmH20 with two independent hydrostatic pressure reservoirs. Leaks were detected by closing
the valves to the reservoirs and verifying that intraluminal diameter remained constant.
Arterioles that exhibited leaks were discarded. Arterioles that were free from leaks were warmed
to 37 °C and allowed to develop initial spontaneous tone during a 60 min equilibration period.
Endothelium-dependent (via acetylcholine (ACh)) vasodilatory responses and myogenic (active
and passive pressure responses) vasoconstrictor responses were assessed as described below.
Vasodilator Reponses
Endothelium-dependent vasodilation

Upon displaying a steady level of spontaneous tone, arterioles were exposed to increasing
concentrations of ACh (10° to 10 M) at 2 min intervals to assess endothelium-dependent
vasodilation as previously described (54, 55). Steady-state intraluminal diameter was measured
using video calipers and recorded at the end of each 2 min interval. Following the control ACh
response, arterioles were washed with warm albumin-supplemented PSS and incubated with the
SOD mimetic Tempol (100 uM; TCI America) for 20 min and ACh concentration responses
were repeated. Thereafter, the same vessel was washed with warm PSS and incubated with both
Tempol (100 uM) and polyethylene glycol labeled catalase (PEG-Catalase; 100 U/ml; Nanocs
Inc.) for 20 min and the final ACh concentration response was performed. Any vessel that did
not develop >20% tone after each ACh concentration response was discarded. Time control
experiments were performed in a cohort of animals which verified that the reactivity to ACh is

not altered during the time frame of the experimental protocol (data not shown).
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Vasoconstrictor Responses
Active and passive responses to pressure

Active myogenic responses were assessed by increasing intraluminal pressure by 20
cmH0 increments from 0 to 140 cmH20 at 3 min intervals in the absence of flow. Steady-state
intraluminal diameter was measured using video calipers and recorded at the end of each 3 min
pressure step. Following the control active myogenic response, vessels were washed with warm
albumin-supplemented PSS and the same vessel was incubated with the BKca channel inhibitor,
iberiotoxin (IBX; 30 nM; Tocris Biosciences) for 20 min and the active myogenic protocol
described above was repeated. Thereafter, the bath was washed with warm PSS and the same
vessel was incubated with IBX (30 nM) and the Kv channel inhibitor, 4-aminopyridine (4-AP; 5
mM; Thermo Scientific) for 20 min and the active myogenic protocol was performed again.
Thereafter, to assess the passive response, the bath was washed with Ca?* -free PSS and vessels
were incubated in Ca?* -free PSS for 60 min (bath changed every 20 minutes) at 90 cmH:0.
Thereafter, intraluminal pressure was again increased in 20 cmH20 increments from 0 to 140
cmH0 at 3 min intervals in the absence of flow and extracellular Ca?*. Intraluminal diameter
was measured using video calipers and recorded at the end of each 3 min at each pressure step.
Any vessel that did not develop 20% tone after each active pressure response was discarded. The
difference in sample size with IBX and 4-AP (n=15) is due to one vessel that did not recover to
>20% tone following the active response with IBX in both young and old groups. Time control
experiments were performed in a cohort of animals which verified that myogenic reactivity is not
altered during the time frame of the experimental protocol (data not shown).

After completion of the final concentration-curve or passive pressure-response, vessels

were incubated with Ca?* -free PSS (pH = 7.4) at 90 cmH-0O for 30 min. To ensure complete
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relaxation, at the end of the 30 min normalization period vessels were exposed to one 40 ul (107
M) dose of sodium nitroprusside (SNP) and maximal intraluminal diameters and wall thicknesses
were recorded.
Biochemical analysis
Western blot

In a subset of young (n=12) and old (n=12) female and male animals, 20 mg portions of
medial costal diaphragm samples were homogenized with a Dounce homogenizer in ice-cold
radio-immune precipitation assay (RIPA) buffer (Sigma-Aldrich) with protease and phosphatase
inhibitor (Pierce Protease and Phosphatase Inhibitor Mini Tablet, ThermoFisher Scientific)
prepared according to manufacturer guidelines. Lysate protein concentrations were determined
using the Qubit 4 Fluorometer with Protein Broad Range Assay kit (ThermoFisher Scientific).
Protein quantification in medial costal diaphragm lysates was completed with Jess Simple
Western (ProteinSimple) automated western blot analysis with primary antibody for superoxide
dismutase 1 (SOD1; NBP1-90186, Novus Biologicals, Centennial, CO), superoxide dismutase 2
(SOD2; AF3419, R&D Systems, Minneapolis, MN), and catalase (ab209211, Abcam, Waltham,
MA). Lysate protein concentrations were equalized (1 mg/mL) prior to protein quantification and
each target protein was assessed in a single trial to ensure equivalent primary antibody exposure,
thus, removing the need for a housekeeping protein. Protein expression was quantified with

Compass for Simple Western software.
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Data Analysis
Development of spontaneous tone (%) was determined as the percent constriction relative
to maximal diameter and calculated as follows:
Spontaneous tone (%) = [(IDm — IDp) / IDm] x 100
where 1D represents the maximal inner diameter recorded at 90 cmH-0O in Ca?* -free PSS, and
IDy represents the baseline inner diameter following the initial 60 min equilibration period before
exposure to any drug or pressure change. VVasodilation responses to ACh are expressed as
percent relaxation and were calculated according to the formula:
Relaxation (%) = [(IDs — IDp) / (IDm— 1Dp)] x 100
where ID;s is the steady-state inner diameter recorded after each addition of the drug, 1Dy is the
initial baseline inner diameter recorded immediately before the first addition of the vasodilatory
agent, and 1D is the maximal inner diameter recorded at 90 cmH,0 in Ca?* -free PSS. Active
myogenic and passive diameter responses to incremental changes in intraluminal pressure from 0
to 140 cmH»0 were normalized as follows:
Normalized diameter = (IDs / IDm)
where 1D;s is the steady-state inner diameter measured after each incremental pressure change and
IDm is the maximal inner diameter recorded at 90 cmH,0 in Ca?* -free PSS at the end of the

experiment (see above).

111



Statistical analyses

Data were analyzed using GraphPad Prism10 (GraphPad Software, San Diego, CA).
Body mass (g), spontaneous tone (%), maximal intraluminal diameters (um), and wall
thicknesses (um) were analyzed with two-tailed Student’s t-test for age-related comparisons and
a one-way ANOVA was used for biological sex comparisons. Vasomotor responses were
evaluated by Two-way RM ANOVA to detect differences between (Young vs Old, Female vs
Male) or within (concentration, pressure, inhibitor treatment, etc.) factors. Post-hoc analyses
were performed using a Tukey’s test. All data are presented as mean + SD. Significance was

established at P < 0.05.
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Results

Body mass increased significantly with age (P < 0.05). Young rats weighed 267 + 61 g
and old rats weighed 310 + 84 g. In both young and old groups, males were significantly heavier
than females (Old: 397 + 41 vs. 242 + 16 g; Young: 314 £+ 23 vs 201 + 18 g; respectively, both P
< 0.05).
Biological Sex Comparisons
Vessel Characteristics and maximal responses

There were no sex differences in vessel characteristics or maximal responses of medial
costal diaphragm 1A arterioles in young animals (P > 0.05; Table 4.1). In old animals, there
were no sex differences in maximal responses with ACh (P > 0.05; Table 4.1). Maximal
diameters (P < 0.05) and wall thicknesses (P < 0.05) were greater in medial costal 1As from old
males versus old females (Table 4.1). ACh-mediated vasodilation (control, +Tempol, and
+Tempol +PEG-Catalase) response curves were not different between females and males in
either the young or old groups (P > 0.05; Figure 4.1, 4.2). No sex differences were present in the
vasoconstrictor responses to increased intraluminal pressure (control, +1BX, or +IBX +4-AP) in
young or old animals (P > 0.05; Figure 4.3, 4.4).
Age Comparisons
Vessel Characteristics and maximal responses

The data from Table 4.1 was grouped by age and is represented in Table 4.2. “Young”
and “Old” groups reflect both female and male vessel characteristics and maximal responses.
Spontaneous tone development of medial costal 1As was not different between young and old (P
> 0.05; Table 4.2). Compared to young, both maximal diameter (P < 0.05) and wall thickness (P

< 0.05) were increased with aging (Table 4.2). Maximal endothelial-dependent vasodilation to
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ACh was significantly lower in old vs young medial costal 1As (P < 0.05; Table 4.2). Tempol
incubation decreased maximal vasodilation to ACh in both young and old groups (P < 0.05;
Table 4.2). Compared to Tempol alone, combined incubation with Tempol and PEG-catalase had
no effect on maximal ACh-mediated dilation in young vessels (P > 0.05; Table 4.2). In medial
costal 1As from old rats, maximal dilation was further decreased with Tempol plus PEG-catalase
compared to the Tempol only condition (P < 0.05; Table 4.2).
Effects of age on endothelium-dependent dilation

ACh concentration curves were significantly blunted in medial costal 1As from aged rats
compared to young rats (P < 0.05; Figure 4.5). ROS scavenging with Tempol as well as
combined ROS and H20> scavenging with PEG-catalase reduced ACh-mediated vasodilation in
vessels from both young and old rats (P < 0.05; Figure 4.6, 4.7). However, in medial costal 1As
from young rats, there were no differences in the ACh response curves between the Tempol and
Tempol plus PEG-catalase conditions (P > 0.05; Figure 4.6, 4.7). In vessels from old rats,
Tempol plus PEG-catalase further decreased endothelial-dependent vasodilation compared to
Tempol alone (P < 0.05; Figure 4.6, 4.7). Neither Tempol nor Tempol + PEG-catalase treatment
abolished the age-related differences in ACh responses medial costal 1As (P < 0.05; Figure 4.7).
Effect of age on antioxidant protein expression

As illustrated in Figure 4.8, medial costal diaphragm SOD1 protein expression was not
different with old age (P > 0.05). Medial costal diaphragm SOD2 protein expression was
significantly increased (P < 0.05) while catalase protein expression was unchanged (P > 0.05) in

old compared to young rats (Figure 4.8).
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Effects of age on K™ modulation of myogenic constriction

The active myogenic response to increasing intraluminal pressure was blunted in old
versus young medial costal 1As (P < 0.05) while the passive pressure diameter responses were
not different between young and old (P > 0.05; Figure 4.5). BKca channel inhibition enhanced
myogenic tone development in medial costal LAs from young and old animals (P < 0.05; Figure
4.9, 4.10); however, age-related differences in myogenic constriction were still present (P <
0.05; Figure 4.9, 4.10). In medial costal 1As from young rats, the myogenic response during
combined BKca and Kv channel blockade with IBX and 4-AP was not different compared to the
IBX only condition (P > 0.05; Figure 4.9). In old vessels, combined IBX and 4-AP treatment
enhanced myogenic tone to a greater degree versus IBX only (P < 0.05; Figure 4.9). Combined
blockade of BKca and Ky with IBX and 4-AP eliminated the age-related differences in myogenic

constriction (P > 0.05; Figure 4.10).
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Discussion

The purpose of this investigation in diaphragm arterioles was two-fold: 1) to determine
the contributions of O,/ O,"-derived ROS signaling to age-associated endothelial dysfunction
and 2) to determine the role of K* channels in modulating myogenic constriction and whether K*
channel function is altered with advanced age. The data herein confirm previous reports (17, 18)
that aging blunts endothelium-dependent vasodilation and myogenic constriction in diaphragm
resistance arterioles (Figure 4.5). Novel findings from the present study in medial costal
diaphragm first-order (1A) arterioles from young and old rats include: 1) ROS are essential
mediators of endothelium-dependent vasodilation, 2) aging increases the reliance on ROS-
mediated signaling and induces a compensatory role of H>O2-signaling in endothelium-
dependent dilation, and 3) aging increases Kv channel modulation of myogenic constriction. We
have previously reported an absence of biological sex differences in diaphragm vasomotor
function (i.e., no differences in endothelium-dependent or -independent vasodilation nor
myogenic constriction (17, 18)), similarly herein we found no evidence of sex differences in
ROS-mediated endothelium-dependent dilation or K* channel modulation of myogenic
constriction in young or old rats (Figures 4.1- 4.4).
ROS, H>02, and Endothelium-Dependent Vasodilation

A large body of evidence demonstrates that aging, and the associated vascular oxidative
stress, induces endothelial dysfunction and diminishes NO*-mediated signaling in the vasculature
of locomotory and cardiac muscle (21, 25, 26, 29-35, 56). Only recently has it been identified
that aging impairs endothelium-dependent vasodilation and nitroxidergic signaling in the
diaphragm resistance vasculature (18), which is consistent with the impaired diaphragm

hemodynamics associated with old age (17). Although excessive ROS production clearly induces
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endothelial dysfunction, previous work indicates that O™/ O,"-derived ROS (e.g., ONOO,
H>0>) can compensate for the diminished NO" signaling associated with advanced age in skeletal
muscle arterioles (57). In the present study, O>™ scavenging with Tempol decreased ACh-
mediated vasodilation in diaphragm arterioles from young and old rats; however, age-related
differences in ACh-mediated vasodilation remained (Figure 4.7). These data suggest that O,™
/ONOO" and/or H20> signaling contributes to endothelial-dependent vasodilation in young and
old rats, and that the reliance on ROS signaling increases with old age. To delineate the relative
contributions of O,"/ONOO"™ and H20, signaling, we administered exogenous catalase to Tempol
treated vessels, which further reduced ACh-mediated dilation in old diaphragm arterioles but had
no effect in young vessels (Figure 4.6, 4.7). These findings suggest that H>O> signaling
participates in endothelium-dependent vasodilation in medial costal 1As from old rats, and
contrary to our hypothesis, the contribution of H.O to endothelium-dependent vasodilation is
negligible in young rats. These data differ from findings in locomotory and cardiac muscle,
where a physiological role exists for both 0>/ ONOO™ and H202-signaling in normal
endothelium-dependent dilation (34, 35, 47). Specifically, age-related differences are abolished
during O>™ scavenging, but the dependence on H20. -mediated endothelial-dependent dilation
increases in soleus arterioles with old age (47) while H20- signaling declines in coronary
microvessels and contributes to age-related endothelial dysfunction (34, 35). Our data in
diaphragm resistance arterioles indicate that O,™ and/or ONOQO™ are involved in normal
endothelial-dependent vasodilation in young rats with an increasingly significant role in
advanced age. On the other hand, there appears to be a compensatory role for H20> -signaling as

a mediator of endothelium-dependent vasodilation in the diaphragm vasculature with old age.
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It has been postulated that aging alters the redox status of the endothelium in various
vascular beds (e.g., skeletal muscle, coronary, skin) such that NO® production is no longer the
primary mediator of endothelium-dependent vasodilation (57). In contrast, recent findings
suggest that NO" is the predominant vasodilator of diaphragm 1As in young and old rats (18).
Specifically, NOS blockade with L-NAME decreases ACh-mediated vasodilation by ~80% and
abolishes age-related differences in endothelial-dependent dilation (18); however, L-NAME
would also block any vasoactive O, derived from NOS. While the data herein from young rats
confirm NO" as the primary vasodilator molecule and indicate a physiological role for O,™ and/or
ONOO signaling, a large proportion of endothelial signaling in the diaphragm vasculature with
old age appears to be mediated by both O,/ ONOO™ and H.Ox. Since medial costal 1As from old
rats still exhibited a vasodilatory response to ACh in the presence of Tempol and exogenous
catalase (Figure 4.6, 4.7), it is likely that the remaining endothelial-dependent vasodilation
reflects authentic NOS-derived NO’-signaling. Thus, our findings demonstrate that aging impairs
endothelial-dependent vasodilation and likely alters the endothelial redox status in the diaphragm
vasculature. Based on our previous work demonstrating that L-NAME treatment in diaphragm
arterioles eliminates the age-related differences in endothelial-dependent vasodilation (18), it is
possible that the increased endothelial-dependent O,"- and H20--signaling with old age is
contingent on upstream eNOS and/or eNOS-derived NO*. However, future experiments are
required to confirm this hypothesis.

K™ channel modulation of myogenic constriction

Aging blunts the myogenic response in skeletal muscle and coronary arterioles (22, 50,

51, 58, 59); however, age-related alterations in the mechanisms that govern myogenic

constriction (i.e., voltage-gated calcium channels, K* channels) are vascular bed dependent.
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Specifically, with old age, K*-induced constriction is diminished in coronary arterioles (58, 59)
and preserved in skeletal muscle arterioles (22). Recent evidence demonstrates that aging
attenuates both the myogenic response and K*-induced constriction in diaphragm arterioles (18),
suggesting that age-associated changes in myogenic control mechanisms in the diaphragm
vasculature may differ from other striated muscles. In the present investigation, we focused on
the contribution of K* channels to the age-related decline in myogenic constriction of diaphragm
arterioles. Large conductance calcium activated K* channels (BKca) and voltage-gated K*
channels (Kv) play a key role in the negative feedback regulation of myogenic constriction by
suppressing excessive constriction with increased transmural pressure (60-65). Herein, blockade
of BKca channels with IBX enhanced myogenic tone in medial costal 1As to the same extent in
both young and old rats (Figure 4.9) while combined blockade of BKca and Ky channels with
IBX and 4-AP abolished the age-related differences in myogenic constriction (Figure 4.10).
These data, coupled with the lack of differences in the passive pressure responses (Figure 4.5)
and wall: lumen ratio (Table 4.2), suggest that age-associated structural alterations do not
contribute significantly to the blunted myogenic response in diaphragm arterioles. Thus, our
findings indicate that in medial costal 1As: 1) old age does not alter BKca channel modulation of
myogenic constriction, and 2) the age-associated reduction in myogenic responsiveness is due, in
part, to increased Ky channel modulation of myogenic reactivity.

Interestingly, these findings in the diaphragm vasculature of young and old rats contrast
with previous reports in skeletal muscle. BKca and Ky channels are negative feedback controllers
of myogenic constriction in locomotory skeletal muscle arterioles, however, aging alters the
contribution of these K* channels in a fiber type specific manner. For instance, in arterioles from

oxidative muscle (e.g., soleus), increased BKca and Kv channel activity contributes
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mechanistically to the age-related reduction in myogenic tone (50, 51). In arterioles from
glycolytic muscle (e.g., white gastrocnemius), increased Ky channel modulation alone
contributes to the blunted myogenic constriction with advanced age (50). Herein, IBX
administration increased myogenic tone in medial costal 1As from young rats; however, the
addition of 4-AP had no additive effect on myogenic constriction (Figure 4.9, 4.10). These data
suggest that in contrast to locomotory skeletal muscle arterioles, Ky channels do not play a
mechanistic role in modulating diaphragm arteriolar myogenic constriction in young rats.
Age-related changes in ROS signaling and endothelial-dependent vasodilation: potential
mechanisms

Superoxide dismutase (e.g., SOD1, SOD2) combats oxidative stress by catalyzing O,™
into H202; however, in the presence of catalytic transition metals, SOD can rapidly form the
highly cytotoxic hydroxyl radical (HO") (66). Importantly, increased HO® formation is considered
a central mechanism contributing to age-related endothelial dysfunction in skeletal muscle and
coronary arterioles (34, 47). Elevated HO' production may be due to several age-associated
mechanisms: 1) decreased catalase and/or peroxidase activity in the endothelium, 2) increased
activity of SOD isoforms, or 3) increased non-heme iron (Fe?*) accumulation within the
endothelium (57). In the present study, we found no age-related differences in SOD1 or catalase
protein expression; however, medial costal diaphragm SOD2 expression was increased with old
age (Figure 4.8). These data suggest that O™ dismutation and H>O- generation is elevated in the
aged diaphragm vasculature. In the presence of increased Fe?*, H,02 can form HO" via the
Fenton reaction: H.02 + Fe?* = Fe3* + HO" + OH". Aging has been shown to increase
endothelial Fe?* concentration in skeletal muscle (47, 67) and coronary arterioles (34), and if

present in the diaphragm vasculature, SOD-mediated overproduction of H,O without a

120



commensurate increase in H>O> buffering by catalase and/or peroxidases, would drive HO*
generation and induce endothelial damage. Therefore, increased HO® formation may play a key
role in age-related diaphragm vascular dysfunction. Future studies using iron chelators and HO*
inhibitors such as deferoxamine are needed fully elucidate this possibility.
Age-related Kv channel modulation in diaphragm arterioles: potential mechanisms

Previous studies indicate that, in young healthy animals, the endothelium does not
influence the myogenic reactivity of arterioles (51, 58, 68, 69); however, in old rats, increased
endothelial signaling contributes to age-related reduction in myogenic reactivity. Specifically,
removal of the endothelium via denudation enhances myogenic constriction in soleus and
coronary arterioles from old rats (51, 58), suggesting a modulatory role of endothelium-derived
vasodilator factors in decreasing myogenic reactivity. Pertinent to the current investigation, Ky
channel blockade with 4-AP eliminated age-related differences in diaphragm arteriole myogenic
constriction. Importantly, 4-AP is a non-selective Ky channel blocker and inhibits Kv1-Kv4
channels (70). Previous work in soleus arterioles with correolide, a specific blocker of Kyv1
channels, demonstrates that increased Ky1 channel activity with old age alters both endothelial
and vascular smooth muscle reactivity to increased transmural pressure (51). Further, H20-
induces vascular smooth muscle hyperpolarization and subsequent vasodilation in mesenteric
arteries via Ky and BKca channels (71, 72). The current data demonstrate that endothelial-
dependent H20> signaling is increased in diaphragm arterioles from old rats and while the
modulatory role of BKca channels does not appear to be altered, elevations in endothelial H20>
signaling in the diaphragm vasculature may activate Kv or Ky1 channels to oppose myogenic
constriction. Therefore, it is possible that endothelium-derived vasoactive factors contribute to

the age-related reduction in myogenic reactivity of diaphragm arterioles. Future studies in
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denuded and intact vessels would be useful in delineating the role of the endothelium in the
diminished myogenic reactivity of diaphragm arterioles with advanced age.

Implications

Diaphragm contractile function is dictated by appropriate resistance vessel reactivity and
the precise matching of O delivery-to-O> demand (12-14, 73). Despite numerous investigations
mechanistically linking alterations in perfusion and vascular dysfunction to downstream
contractile impairment in peripheral skeletal muscle, diaphragm vascular control has been
relatively ignored. A growing body of evidence indicates that impaired diaphragm
hemodynamics and vascular decay contribute significantly to diaphragm contractile impairment
in several pathologies (e.g., mechanical ventilation, pulmonary hypertension) (54, 55, 74-76). In
the present investigation, aging impairs NO'-mediated vasodilation and alters endothelial ROS-
signaling. Further, aging diminishes myogenic constriction in diaphragm arterioles via a Ky
channel dependent mechanism. These data provide a mechanistic bases for the vasomotor
dysfunction (18) and impaired hemodynamics (17) in the diaphragm with old age. Such age-
related changes in diaphragm vascular control likely portend, and contribute significantly to, age-
associated diaphragm contractile dysfunction. Our findings also indicate that although aging
produces similar vasomotor alterations in diaphragm arterioles (i.e., diminished endothelial-
dependent vasodilation, blunted myogenic constriction), the underlying vascular control
mechanisms altered by aging are distinctly different from previous findings in locomotory and
cardiac muscle resistance vessels. Notably, diaphragm vasomotor function cannot be predicted
based on fiber type and oxidative capacity alone (52, 53). The data herein reinforce this notion
within the context of age-related mechanisms and demonstrate vascular bed specificity of the

diaphragm versus other striated and chronically active muscle.
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Experimental considerations

The estrous cycle was not tracked in female rats herein as previous studies support that
exercising bulk diaphragm blood flow is not impacted by the estrous cycle stage in rats (77).
Further, estrous cycle does not alter the vascular reactivity of coronary arterioles from either
young or old female Fischer 344 rats (33). Recent reports, as well as the current investigation,
show a lack of biological sex or sex-specific differences in medial costal diaphragm perfusion,
vascular conductance, and isolated vasomotor function (17, 18). Moreover, previous literature
demonstrates that 100% of female rats have irregular cycling at 18 months of age and 75% of
female rats are acyclic at 24 months of age (78). Therefore, circulating estrogen levels and/or the
lack thereof, likely had minimal impact on the data presented herein. Nevertheless, it is possible
that biological sex differences exist in the molecular mechanisms regulating ROS generation and
K* channel activity in the diaphragm vasculature. Lastly, we quantified protein expression in
medial costal diaphragm muscle homogenates, therefore, we are unable to differentiate between
the muscle and vascular (i.e., endothelium, smooth muscle) origins of the SOD1, SOD2, or

catalase protein presented herein.
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Conclusions

Endothelial-dependent vasodilation and myogenic constriction are diminished in
diaphragm arterioles with old age. In addition, aging increased the reliance on ROS- and H.O:-
mediated vasodilatory signaling and augmented Ky channel modulation of myogenic constriction
in the diaphragm vasculature. Lastly, diaphragm vascular control mechanisms in young and old
rats are distinctly different from locomotory and cardiac muscle arterioles. Future studies should
focus on identifying the specific mechanisms regulating production and signaling of ROS,

antioxidant enzyme expression, and K* channel activity in the aged diaphragm vasculature.
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Table 4.1. Medial costal 1A vessel characteristic and maximal responses in young and old
animals of both biological sexes.

YF OF YM OM
Vessel Characteristics (n=10) (n=14) (n=14) (n=11)
Spontaneous tone (%) 34+7 30+8 33+7 31+6
Maximal diameter (um) 149 + 147  165+12 154 +177fT 191 +20*
Wall thickness (um) 16.9+1.3" 17.8+1.2 17.9+1.0"" 19.7 +0.7*
Wall: Lumen ratio (%) 11.4+0.7 11.2+0.8 11.2+1.1 10.7+1.0
Maximal vasodilatory responses
ACh (%) 79 + 7tn=8) 55+ 11n=8) 78 + 15%Tn=8) 60 + 18n=9)
ACh +Tempol (%) 59 + 15T#n=8) 35 + 10#n=8) 69 + 16TT#n=8) 30 + 12%#n=8)

ACh +Tempol+PEG-Catalase (%) 61 + 12T#n=8) 26 + 11#n=8) 68 + 111T#n=8) 20 + 12#n=8)
Data were analyzed using a One-Way RM ANOVA and are represented as mean + SD. n, total

number of rats; ACh, acetylcholine; PEG, polyethylene glycol labeled. YF, young female; OF,
old female; YM, young male; OM, old male. TSignificant (P < 0.05) vs. OF. TSignificant (P <

0.05) vs. OM. *Significant (P < 0.05) vs. OF. *Significant (P < 0.05) vs. ACh.
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Table 4.2. Medial costal 1A vessel characteristics and maximal responses in young and old
animals.

Young Old
Vessel Characteristics (total n=24) (total n=25)
Spontaneous tone (%) 33+7 307
Maximal diameter (um) 152 + 16 176 + 2171
Wall thickness (um) 175+1.1 18.7 + 1.47
Wall: Lumen ratio (%) 11.3+0.9 11.0+£0.9
Maximal vasodilatory responses
ACh (%) 78 + 11 (n=16) 58 + 15 (n=16)t
ACh +Tempol (%) 63 + 17 (n=16)* 32 + 11 (n=16)T*
ACh +Tempol +PEG-Catalase (%) 64 £ 12 (n=16)* 22 + 10 (n=16)t**

Data are mean + SD. n, number of rats; ACh, acetylcholine; PEG, polyethylene glycol

labeled. *Significant (P < 0.05) vs. Young. *Significant (P < 0.05) vs. ACh. *Significant (P <

0.05) vs. Old ACh +Tempol.
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Figure 4.1. Effects of biological sex and ROS scavenging on endothelium-dependent
vasodilation of medial costal 1As from young animals.
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Acetylcholine (ACh)-mediated dilation in medial costal diaphragm first-order (1A) arterioles
from young rats of both sexes. YF, young female; YM, young male. There were no significant
differences between sexes in control (A), with Tempol (B), or Tempol + polyethylene glycol
labeled (PEG)-Catalase (C). The addition of PEG-catalase had no significant effect on ACh-

mediated dilation in females or males (D) (P > 0.05). *Significant (P < 0.05) vs. control.
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Figure 4.2. Effects of biological sex and ROS scavenging on endothelium-dependent
vasodilation of medial costal 1As from old animals.
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Acetylcholine (ACh)-mediated dilation in medial costal diaphragm first-order (1A) arterioles
from old rats of both sexes. OF, old female; OM, old male. There were no significant differences
between sexes in control (A), with Tempol (B), or Tempol + polyethylene glycol labeled (PEG)-
Catalase (C). The addition of PEG-catalase further reduced ACh-mediated dilation in females

and males (D). *Sigificant (P < 0.05) vs. Control. *Significant (P < 0.05) vs. Tempol.
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Figure 4.3. Effects of biological sex and K* channel inhibition on the myogenic response of
medial costal diaphragm 1As from young animals.
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Potassium channel (K*) modulation of myogenic responsiveness in medial costal diaphragm 1A

arterioles from young animals of both sexes. YF, young female; YM, young male.There were no

differences between sexes in control myogenic constriction (A), during large conductance

calcium activated K* channel (BKca) blockade with iberiotoxin (IBX) (B) or combined blockade

of BKca and voltage-gated K* channels (Kv) with IBX and 4-aminopyridine (4-AP) (C). The

addition of 4-AP has no significant effect on myogenic constriction in females or males (D).

*Significant (P < 0.05) vs. respective Active responses
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Figure 4.4. Effects of biological sex and K* channel inhibition on the myogenic response of
medial costal diaphragm 1As from old animals.
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differences between sexes in control myogenic constriction (A), during large conductance

calcium activated K* channel (BKca) blockade with iberiotoxin (IBX) (B) or combined blockade

of BKca and voltage-gated K* channels (Kv) with IBX and 4-aminopyridine (4-AP) (C). The

addition of 4-AP significant significantly enhanced myogenic constriction in females and males

(D). *Significant (P < 0.05) vs. respective Active responses. **Significant (P < 0.05) vs.

respective Active +IBX response.
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Figure 4.5. Aging impairs endothelium-dependent vasodilation and myogenic responsiveness in

medial costal diaphragm 1As.
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of medial costal diaphragm first-order (1A) arterioles from young and old animals. TSignificant

(P < 0.05) vs. Young. *Significant (P < 0.05) vs. respective Active response.
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Figure 4.6. Physiological role of ROS in endothelium-dependent vasodilatory signaling in
medial costal diaphragm 1As from young and old animals.
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Acetylcholine (ACh)-mediated dilation in medial costal diaphragm first-order (1A) arterioles
from young and old rats following treatment with reactive oxygen species (ROS) scavenger
Tempol (A) and Tempol + polyethylene glycol labeled (PEG) catalase (B). *Significant (P <

0.05) vs. control. *Sigificant (P < 0.05) vs. Old + Tempol.
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Figure 4.7. Effects of aging on endothelial ROS signaling in medial costal diaphragm 1As.
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concentration responses with Tempol + PEG-Catalase treatment were not different versus
Tempol alone (C). In old vessels, Tempol + PEG-Catalase treatment reduced ACh-mediated
dilation further compared to Tempol treatment alone (C). *Significant (P < 0.05) vs. Control.

tSignificant (P < 0.05) vs. Young. *Significant (P < 0.05) vs. Old + Tempol.
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Figure 4.8. Antioxidant protein expression in the medial costal diaphragm of young and old rats.
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Medial costal diaphragm superoxide dismutase 1 (SOD1) (A), SOD2 (B), and catalase (C)

protein expression in young and old rats. TSignificant (P < 0.05) vs. Young.
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Figure 4.9. Physiological role of K* channels in myogenic constriction negative feedback
control of medial costal diaphragm 1As from young and old animals.
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Potassium channel (K*) modulation of myogenic responsiveness in medial costal diaphragm
first-order (1A) arterioles from young (A) and old (B) rats. Large conductance calcium activated
K* channel (BKca) blockade with iberiotoxin (IBX) enhanced myogenic constriction in both
young and old vessels. Combined blockade of BKca and voltage-gated K* channels (Kv) with
IBX and 4-aminopyridine (4-AP) elicit a greater increase in myogenic constriction in old vessels

only. *Significant (P < 0.05) vs. Active. *Significant (P < 0.05) vs. Active + IBX.
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Figure 4.10. Effects of aging on BKca and Kv channel modulation of myogenic constriction in
medial costal diaphragm 1As.
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Myogenic responsiveness in iberiotoxin (IBX) (A, B) and IBX + 4-aminopyridine (4-AP) (C, D)
treated medial costal first-order (1A) arterioles from young and old rats. Combined blockade of
large conductance calcium activated K* channels (BKca) with IBX and voltage-gated K*
channels (Kv) with 4-AP eliminated the age-related differences in myogenic constriction in
medial costal 1As. *Significant (P < 0.05) vs. age-matched active control response. TSignificant

(P < 0.05) versus Young + IBX.
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Chapter 5 - Conclusion

The overall aim of the studies presented in this dissertation was to determine the impact of aging
on diaphragm blood flow regulation and the associated vascular control mechanisms in a rat
model of aging. In Chapter 2, we found that old age compromised diaphragm hyperemia and
altered regional diaphragm blood flow distribution. In Chapter 3, we found that aging resulted in
arterial rarefaction and impaired vasodilatory and vasoconstrictor reactivity of diaphragm first-
order (1A) arterioles in the medial costal diaphragm. We established that age-related
vasodilatory dysfunction occurred via endothelium- and nitric oxide (NO*)-dependent
mechanisms. The age-related reduction in myogenic constriction appeared to be related to
alterations in voltage-gated calcium channel (VGCC) activation and/or potassium (K*)-mediated
signaling. In Chapter 4, we identified the vascular control mechanisms and signaling pathways
impacted by old age in the diaphragm resistance vasculature. Aging diminished NO’-mediated
signaling via increased reactive oxygen species (ROS) formation and increased the reliance on
ROS-signaling for endothelium-dependent vasodilation. Further, we established that aging
reduced myogenic constriction via a voltage-gated K* (Kv) channel-dependent mechanism. Our
findings also indicate that in young and old rats, diaphragm vascular control is distinctly
different from previous findings in locomotory skeletal muscle arterioles, likely due to the
constantly high metabolic demands of the diaphragm muscle. Together these data provide
preclinical evidence that aging impairs diaphragm blood flow and vascular control, and this may
serve as a mechanistic cause of age-related diaphragm contractile failure. These findings provide
the vasculature as a potential therapeutic target to ameliorate diaphragm dysfunction in old age

and improve the health span of the aging population.
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