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1. ABSTRACT

Human exposure to cold and heat stimulates
cutaneous vasoconstriction and vasodilation via distinct
sympathetic reflex and locally mediated pathways. The
mechanisms mediating cutaneous vasoconstriction and
vasodilation are impaired with primary aging, rendering the
aged more vulnerable to hypothermia and cardiovascular
complications from heat-related illness, respectively. This
paper highlights recent findings discussing how age-related
decrements in sympathetic neurotransmission contribute
directly to thermoregulatory impairments, whereas changes
in local intracellular signaling suggest a more generalized
age-associated vascular dysfunction.
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2. CUTANEOUS VASOCONSTRICTION

2.1. Introduction

Cutaneous  vasoconstriction is the initial
thermoregulatory response to cold exposure, minimizing
convective heat loss to the environment through distinct
reflex and local pathways that work both independently and
cooperatively to maximize vasoconstriction. Whole-body
cooling evokes sympathetic reflex constriction, which is
dependent on the release of norepinephrine (NE) and co-
transmitters from perivascular sympathetic adrenergic
nerve terminals (1, 2). In contrast, localized cooling of the
cutaneous blood vessels and surrounding tissue engages
local (i.e., non-reflex) cold-induced vasoconstriction that is
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mediated primarily by NE at a,-adrenoceptors (3-6) and by
Rho kinase (7), along with a passive increase in constrictor
tone via nitric oxide withdrawal (8).

Cutaneous vasoconstrictor responses to cold
exposure are impaired in aged skin, leading to higher skin
blood flows during cold exposure and rendering older
humans more susceptible to excessive heat loss and,
ultimately, hypothermia (9-12). Indeed, recent statistics
indicate that people over the age of 65 account for fully
half of all cold-exposure deaths each year (13-15). Over
the past several years, researchers have systematically
explored the mechanisms through which this heat-
conserving response becomes impaired with aging,
culminating in a working model that suggests that
decrements in sympathetic neurotransmission contribute
directly to thermoregulatory impairment, while changes in
intracellular signaling indicate a more generalized age-
associated vascular dysfunction (16).

2.2. Reflex Vasoconstriction

2.2.1. Young
Human cutaneous blood vessels are innervated by
sympathetic adrenergic vasoconstrictor nerves that

participate in the reflex vasoconstrictor response. The 19"-
century French physiologist Claude Bernard, well-known
for his study of vasomotor nerves, originally pioneered the
notion of sympathetic innervation of the thermoregulatory
vasculature (17). His conclusions laid the groundwork for
later in vivo human research, which confirmed that reflex
sympathetic outflow is responsible for not only resting
vessel tone but also the pronounced cutaneous
vasoconstriction observed during cooling of the skin (18,
19).

Cutaneous reflex vasoconstriction in humans
occurs most often when mean skin temperature decreases
below a thermoneutral point (~ 34°C) due to either
convective (cold air) or conductive (cold wet clothes, cold
surfaces) heat transfer to the environment. A decrease in

core temperature can also bring about reflex
vasoconstriction, although core cooling in the absence of
skin cooling only occurs under special medical

circumstances, such as surgical anesthesia and cardiac
surgery (20-22). Reflex constriction is a graded response,
where the intensity of the response mirrors the intensity of
the whole-body cold stimulus (quantified by whole-body
mean skin temperature) until blood flow reaches a
basement plateau, after which further cooling will not
induce further constriction. In controlled laboratory
experiments, the effects of whole-body cooling (reflex
vasoconstriction) are isolated from any confounding effects
of localized changes in skin temperature (locally mediated
vasconstriction) at the site of skin blood flow measurement.
Skin blood flow is recorded at a site where local skin
temperature has been artificially maintained at 34°C; thus,
any constriction that occurs at those warmed sites could
only be attributed to sympathetic reflex pathways, because
local mechanisms would not be engaged.

Sympathetic reflex vasoconstriction is mediated
by autonomic sympathetic efferent nerve signals traveling
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to cutaneous sympathetic axon terminals, stimulating the
release of NE (the primary neurotransmitter in sympathetic
adrenergic nerves) and co-transmitters from perivascular
nerve endings. NE is synthesized in the cell body of
noradrenergic neurons from the amino acid precursor L-
tyrosine, with the help of the rate-limiting enzyme tyrosine
hydroxylase and its essential cofactor, tetrahydrobiopterin
(BHy) (23, 24). Although BH, is particularly prone to
deactivation by oxidation (via reactive oxygen species)
(25), NE synthesis is rarely disrupted in healthy, young
individuals due to a healthy balance of oxidant production
vs. antioxidant activity.

Localized intradermal applications of bretylium
tosylate, yohimbine, and propranolol (antagonists of pre-
synaptic neurotransmitter release, a-adrenoceptors, and f3-
adrenoceptors, respectively) have revealed that while the
vasoconstrictor response to whole-body cooling is entirely
dependent on the release of sympathetic transmitters, only
60% of constriction is mediated by NE (1, 2, 11, 26).
These findings provide in vivo evidence supporting the
participation of sympathetic co-transmitter(s) in cutaneous
reflex vasoconstriction to cold. Both neuropeptide Y
(NPY) and adenosine triphosphate (ATP) act as
sympathetic co-transmitters with NE in perivascular nerve
endings in several vascular beds, acting post-junctionally
through Y, and P,x receptors, respectively (27-32). In
skin-specific work, Stephens and colleagues (2004)
confirmed that NPY operates as a sympathetic co-
transmitter in the cutaneous circulation in response to
whole-body cooling; further work is required to determine
whether ATP also participates in this response in the
cutaneous vasculature.

The effect of female reproductive hormones on
the mechanisms driving reflex cutaneous vasoconstriction
to cold remains unclear. There is evidence that women in
the high-hormone phase of oral contraceptives exhibit the
same ratio of NE-to-co-transmitter-mediated constriction
that men do, while women in the low-hormone placebo
phase of the pill tend to rely almost entirely on NE to effect
the same magnitude of constriction (2). However, when
normally menstruating women were tested under a similar
protocol during the early follicular phase (low hormone
state), there was no difference in either the magnitude of
vasoconstriction or the individual contributions of
sympathetic transmitters (11). This disparity might be
attributed to the presence/absence of exogenous
reproductive hormones, since oral contraceptive use can
alter thermoregulatory function (33).  Further work is
warranted to fully clarify the effects of exogenous vs.

endogenous  reproductive  hormones  on  reflex
vasoconstriction.
2.2.2. Aging

In 1977, thermoregulatory researcher K.J. Collins
and colleagues noted that hypothermia was an increasingly
common medical concern among the elderly: “[A]ccidental
hypothermia is now recognised as one of the natural
hazards of old age. The problem is not simply one of
unintentional accidental hypothermia resulting from a fall
or accident at home and subsequent immobilisation and
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Figure 1. Schematic representation of sites of age-associated impairment in the sympathetic reflex thermoregulatory
vasoconstriction response to cold. (4) Efferent skin sympathetic nerve activity (SSNA) is reduced, resulting in decreased
perivascular nerve stimulation. (B) A decrease in axonal tetrahydrobiopterin (BH4) bioavailability may contribute to the
documented decrease in neuronal synthesis and release of norepinephrine (NE). (C) Reduced synthesis and/or release of
neuropeptide Y (NPY) and potentially adenosine triphosphate (ATP) may contribute to the documented complete loss of
sympathetic co-transmitter function. (D) The end-organ vasoconstrictor response mediated by post-junctional a-adrenergic, Y,
and P,y receptors (for NE, NPY, and ATP, respectively) is reduced, although it is unclear whether this loss of sensitivity is due to
changes in receptor population, intracellular second-messenger signaling pathways, or a combination of the two. Copyright
permission obtained from Wolters Kluwer Health.

exposure, nor one entirely associated with researchers have identified elements of both neural and
concurrent illness; spontaneous hypothermia also occurs vascular dysfunction that likely mediate age-associated
among apparently fit elderly people” (9). Their thermoregulatory  failure. Cutaneous  sympathetic
longitudinal study investigating the aging process as it constriction is compromised in aged skin due to impaired
specifically pertained to thermoregulation concluded that function at multiple points along the efferent arm of the
cutaneous vasoconstriction in response to cooling is reflex (see Figure 1): 1) the sympathetic autonomic nerve
impaired in older humans, predisposing them to signal preceding constriction, 2) transmitter synthesis and
hypothermia (9). Subsequent thermoregulatory studies not release from the axon, and 3) post-junctional end-organ
only confirmed these findings, but also characterized and responsiveness (see Figure 1).
documented this decrement in vasoconstrictor function in
greater detail (10-12, 34-36). The cumulative finding of 2.2.2.1. Sympathetic autonomic dysfunction
these studies and many others—that reflex cutaneous Sympathetic efferent outflow in response to a
vasoconstriction is markedly impaired in aged skin, cold stimulus is decreased with aging, resulting in a
regardless of how the cold stress is induced or how skin dampened signal triggering the onset of cutaneous
blood flow is measured—suggests that pronounced vasoconstriction. When skin sympathetic nerve activity
cutaneous vasomotor dysfunction is wide-spread in older was recorded in young (18-29 yrs), middle-aged (38-51
populations. yrs), and elderly subjects (65-81 yrs), the cold-induced

increase in vasomotor nerve activity (bursts/min) was

Building on this evidence of compromised depressed by approximately 60% in the elderly group

thermoregulatory vasoconstriction in aged populations, compared to the other two groups (37). Thus, the
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sympathetic efferent signal for cold-induced cutaneous
vasoconstriction is significantly weaker in aged skin.

2.2.2.2. Impaired transmitter synthesis/release

In addition to the sympathetic stimulation of
perivascular nerves and subsequent release of sympathetic
transmitters, the vasoconstrictor contributions of these
transmitters is also impaired with aging. Reflex
constriction in young skin is mediated by both NE (60%)
and co-transmitters (40%). However, the co-transmitter
portion of constriction is abolished in aged skin, indicating
that older subjects rely entirely on NE to effect the reflex
vascular response to cold; furthermore, this lone NE
component of constriction is also blunted in aged skin (11).
The decrements in NE- and co-transmitter-mediated
constriction are due, in part, to age-related decreases in
transmitter synthesis and/or release (36, 38, 39).

Although there are scant data available
explaining the mechanisms driving the decrease in co-
transmitter synthesis/release, recent research focusing on
the vascular role of BH, in the context of human aging has
forwarded a plausible mechanism to explain the decrease in
NE synthesis/release. Human aging is associated with a
systemic net increase in reactive oxygen species (ROS) due
to both increased production and decreased clearance (40),
which leads to oxidant damage and various attendant
pathologies. Because both de novo synthesis and recycling
pathways for BH, are particularly vulnerable to oxidation,
BH, bioavailability can be altered depending on the current
redox state of the cell; thus, the pro-oxidant cellular
environment associated with human aging likely reduces
BH, bioavailability (41, 42). This decrease in BH,
bioavailability may, in turn, decrease the tyrosine
hydroxylase activity driving catecholamine synthesis,
resulting in depressed NE synthesis in aged skin. In aging
models, BH; supplementation has markedly improved age-
associated cutaneous vasodilatory dysfunction (where BH,
serves as an essential co-factor in nitric oxide (NO)
synthesis) by increasing BH, bioavaibility in the vascular
endothelium (42-44). It is equally likely that BH,
supplementation may also augment NE synthesis and
cutaneous vasoconstriction in aged populations by
increasing BH, bioavailability in sympathetic neurons.

2.2.2.3. Blunted end-organ responsiveness

In addition to a muted sympathetic signal and
reduced NE/co-transmitter synthesis and release, the end-
organ vasoconstrictor response is also attenuated in aged
skin (11, 36, 45-48). By using direct administration of NE,
NPY, and ATP (often in graded doses) under thermoneutral
conditions, the upstream changes in sympathetic nerve
activity and transmitter synthesis are bypassed, permitting
direct evaluation of vasoconstriction to a given
pharmacological stimulus. NE-mediated constriction is
significantly impaired in aged skin, with elderly subjects
exhibiting a blunted constrictor response to both
physiologic and maximal doses of NE (11, 48). NPY-
mediated vasoconstriction undergoes a similar reduction in
older subjects (46), and ATP-mediated constriction in
isolated rat arterioles is also profoundly depressed in
vessels from aged rats (45).
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Cumulatively, these findings suggest that the age-

associated  decrement in  thermoregulatory  reflex
vasoconstriction is attributable to several factors: 1) reduced
efferent sympathetic signal, 2) reduced sympathetic

synthesis/release of NE (through a putative ROS-mediated
decrease in BH4 bioavailability), 3) a complete loss of
sympathetic co-transmitters function, and 4) a significant loss
of both end-organ sensitivity and maximal response to NE and
putative sympathetic co-transmitters (see Figure 1). It is
unclear how second-messenger signaling pathways may be
affected by aging, warranting further research to determine the
intracellular ~ mechanism(s) of  blunted  end-organ
responsiveness in the cutaneous circulation.

2.2.3. Clinical Populations

Although the risk of hypothermia is increased in
the very young and very old, there are certainly clinical
conditions which also can also predispose individuals to
hypothermia by exacerbating heat loss or inhibiting heat
production on the cold. The ability to minimize skin blood
flow through reflex sympathetic vasoconstriction is
essential for thermoregulation in the cold, and clinical
populations characterized by peripheral neuropathies
(spinal cord injury, diabetes) are at greater risk for
excessive heat loss due to inadequate vasoconstriction (49-
51). Additionally, motion sickness can also pre-dispose
individuals to excessive heat loss by altering patterns of
neurally mediated cutaneous vasoconstriction and shivering
in the cold (52), while alcohol consumption may
particularly predispose the elderly to hypothermia by
reducing oxygen consumption and metabolic rate (53).

2.3. Local vasoconstriction
2.3.1. Young

In contrast to reflex vasoconstriction that is
elicited by whole-body cooling, localized cooling of the
cutaneous blood vessels and surrounding tissue engages
local constrictor mechanisms, independent of efferent
sympathetic reflex activity (3, 4). During the early phase of
localized skin cooling (0-10 min), vasoconstriction is
dependent on NE (possibly from basal sympathetic
activity) acting at oy-adrenoceptors (3).  Early-phase
constriction also appears to be dependent on intact sensory
nerves (54), although the signaling pathway for this effect
is still unclear. If localized cooling persists (> 15 min),
maintenance constriction is primarily mediated by non-
adrenergic, non-neuronal mechanisms, suggesting that
cooling may alter signaling pathways within the vascular
smooth muscle, including a downregulation of the
endothelial nitric oxide synthase (eNOS) pathway (4, 6, 8).

In vitro models of direct cutaneous vessel cooling
have implicated Rho kinase (ROCK) as a key intracellular
mediator of cold-induced vasoconstriction.  Localized
cutaneous vessel cooling stimulates the production of ROS
(particularly mitochondrial superoxide), which upregulates
the RhoA/ROCK pathway (55). ROS-activated ROCK, in
turn, can augment constriction through two distinct
mechanisms: 1) inhibition of myosin light chain
phosphatase (MLCP), passively permitting phosphorylation
of myosin light chain in the absence of a Ca*" influx (also
referred to as “Ca’" sensitivity”); and 2) cyclic AMP-
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Figure 2. Schematic model of the role of Rho kinase in local cold-induced vasoconstriction. Localized cooling of cutaneous
vessels and surrounding tissue stimulates the production of mitochondrial superoxide. Superoxide (O,) activates RhoA and Rho
kinase, which can stimulate vasoconstriction through 2 distinct pathways: 1) Translocation of a,c-adrenoceptors from
intracellular storage to the cell membrane, joining a,s- and o,-adrenoceptors to bind norepinephrine (NE), which leads to
increased intracellular [Ca*"] and Ca®'-dependent vasoconstriction through phosphorylation of myosin light chain (MLC) by
myosin light chain kinase (MLCK); and 2) Inhibition of myosin light chain phosphatase (MLCP) permits extant MLC

phosphorylation to remain, thereby stimulating constriction in the absence of an increase in intracellular [Ca>"]. --- = inhibitory
effects; — = stimulatory/activation effects. Copyright permission obtained from Wolters Kluwer Health.
mediated translocation of ayc-adrenoceptors from the Golgi dilator and constrictor influences in the vasculature (see
to the surface of the cell, leading to 5-fold increase in the Figure 3). A cold-mediated increase in ROS production
adrenoceptor population available to bind with NE during and ROCK activity would likely decrease NO production,
cutaneous tissue cooling (55-59). further upregulating ROCK, thereby strengthening the
effectiveness of cold-mediated constriction. However, the
Recent in vivo work based on these in vitro intricate interplay between these two signaling pathways in
findings has confirmed that ROCK participates in both the cutaneous vascular response to cold requires further
adrenergic and non-adrenergic phases of locally mediated investigation.
cutaneous  vasoconstriction,  likely  through  oyc
translocation and Ca*" sensitivity, respectively (7, 60). Interestingly, localized skin cooling can also
This finding also provides additional support for the elicit a paradoxical transient vasodilation if sensory or
putative cold-mediated downregulation of the eNOS constrictor adrenergic pathways are blocked, thus
pathway (8). The Rho/ROCK and eNOS pathways are unmasking underlying dilatory mechanisms that may have
mutually inhibitory; c¢GMP-dependent protein kinase been activated by cold (6-8, 54). Although it is unclear
(PKG, a downstream product of NO metabolism) inhibits what mechanisms may be driving this response, recent in
Rho activation and ROCK phosphorylation of MLCP, vitro evidence suggests that cold-induced vasodilation may
while Rho and ROCK downregulate eNOS expression and be unmasked when constrictor pathways are blocked and
activity (61, 62), maintaining a necessary balance between attributed to the cold-mediated production of mitochondrial
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Figure 3. Pathway schematic of endothelial nitric oxide synthase (eNOS)-mediated vasodilation and RhoA/Rho kinase (ROCK)-
mediated vasoconstriction in cutaneous vessels and the putative interactions between the two pathways. (4) eNOS-mediated
vasodilation and ROCK-mediated vasoconstriction outlined as independent pathways. (B) The pro-dilator/anti-constrictor
interactions of the two pathways that predominate in young, healthy skin under thermoneutral conditions. (C) The pro-
constrictor/anti-dilator interactions of the two pathways that predominate during localized skin cooling and that are augmented in
aged skin. --- = inhibitory effects; — = stimulatory effects. Copyright permission obtained from Wolters Kluwer Health.
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ROS—a mechanism common to cold-induced
ROCK activation and subsequent vasoconstriction (55).
ROS stimulate the localized and transient release of Ca®*
sparks from the sarcoplasmic reticulum in vascular smooth
muscle cells, which in turn can activate Ca>-activated K
channels, leading to vascular smooth muscle relaxation
(63).  Although this elegant signaling cascade would
confirm a vascular thermosensor (mitochondrial ROS) that
contributes to cold-induced vasodilation and
vasoconstriction, it requires further testing to confirm
whether the transient dilation observed during localized
skin cooling is, in fact, mediated by these mechanisms
(64).

2.3.2. Aging

In contrast to the marked decrement in reflex
cutaneous vasoconstriction that accompanies aging, the
magnitude of local cold-induced constriction remains
unaffected by age (47, 65). However, the balance of the
underlying mechanisms that drive this response shifts with
age, becoming less adrenergic and more dependent on
ROCK signaling. The depressed cutaneous adrenergic
response to a local cold stimulus in aged skin parallels
similar findings in reflex vasoconstriction (whole-body
cold stimulus) and exogenously administered NE (11, 48),
while the overall local constrictor response to cold remains
functionally unchanged due an apparent compensatory
increase in ROCK-mediated constriction (47, 65).

Although the magnitude of local
thermoregulatory responses to cold does not undergo
significant change with aging, this increased dependence on
Rho/ROCK signaling in a healthy aged population provides
insight into the signaling changes that arise in conjunction
with the development of cardiovascular disease in older
humans. Greater dependence on the Rho/ROCK pathway
with aging parallels the upregulation of the Rho/ROCK
pathway that is seen in several age-associated vascular
pathologies, including atherosclerosis, systemic
hypertension, pulmonary hypertension, vascular
remodeling, coronary and cerebral vasospasm, erectile
dysfunction, and diabetes (61). These similar findings in
healthy aged and clinical populations suggest that
augmented Rho kinase-mediated vasoconstriction may be,
at least in part, a function of aging per se rather than the
diseases associated with aging. Thus, while advancing age
does not affect the local cooling response from a
thermoregulatory standpoint (i.e., magnitude of cutaneous
constrictor activity is maintained in the face of cold stress),
it is associated with pre-clinical pro-constrictor changes in
signaling, suggesting that aging may serve as a prelude to
more serious clinical vascular pathologies.

In addition to using local skin cooling as a
thermoregulatory stimulus, it is likely that cutaneous
vascular responses to local cooling may also be useful as an
indirect measure of vascular (particularly endothelial)
health. Because the Rho/ROCK and eNOS pathways are
mutually inhibitory, a disruption of the healthy balance
between the two systems can result in disproportionate
dilation or constriction. In Figure 3A, the independent
pathways for NO-mediated vasodilation and ROCK-
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mediated vasoconstriction are illustrated. Dilation occurs
through eNOS activation, which catalyzes the conversion
of L-arginine into NO. NO then binds to soluble guanylyl
cyclase (GC) and increases cyclic GMP and cyclic GMP-
dependent protein kinase (PKG) activity, ultimately
resulting in cutaneous smooth muscle relaxation. Although
arginase could potentially reduce nitric oxide production
because it competes with eNOS for its substrate, arginase
activity is negligible in young healthy vessels. Constriction
through the RhoA/ROCK pathway occurs through
RhoA/ROCK activation, which leads to 1) a decrease in
myosin light chain (MLC) phosphatase (MLCP) activity,
and 2) an increase in Ca**-mediated MLC kinase (MLCK)
activity via opc-adrenoceptor translocation and
norepinephrine binding (this pathway appears to be only
active under cold conditions). Either the decrease in MLCP
activity or the increase in MLCK activity leads to a net
increase in MLC phosphorylation, ultimately resulting in
smooth muscle contraction.

The interaction between  dilation and
vasoconstriction in young, healthy vasculature results in a
balance that is slightly skewed in favor of NO-mediated
dilation, indicating the presence of a healthy functional
endothelium (see Figure 3B). When eNOS activity
predominates in these cutaneous vessels, NO drives dilation
via its conventional pathway as well as through the anti-
constrictor effects of PKG: directly deactivating RhoA and
acting on both MLCP and MLCK to decrease the
phosphorylation state of MLC.

The interaction between dilation and constriction
in the context of human aging is biased towards
constriction, indicating a loss of endothelial dilation and an
increase in ROCK-mediated vasoconstriction (see Figure
3C). Age- and cold-induced increases in ROS likely both
contribute to the activatation of RhoA/ROCK and lead to
prolonged cutaneous constriction, which is mediated
through ROCK’s established effects on MLCP and o, c
translocation and possibly through its anti-dilator effects on
the eNOS pathway. RhoA/ROCK can decrease NO
bioavailability by decreasing eNOS transcription,
translation, and activity and by activating arginase. It is
likely that increased ROS production may also quench NO
before it can bind with soluble GC.

Thus, age- and cold-induced increases in ROS
production and RhoA/ROCK activity and decreases in NO
production may perpetuate a cycle of pro-constrictor
activity by stimulating RhoA/ROCK and removing NO-
mediated inhibition, respectively. In particular, age-
associated increases in ROS (which can both directly
activate Rho and quench NO) and arginase activity (which
limits NO production by preferentially metabolizing L-
arginine, the substrate for eNOS) cumulatively result in
reduced NO bioavailability (66); see Figure 3). The
consequent reduction in NO metabolism and PKG activity
may sufficiently disinhibit Rho and ROCK so as to create
an ideal signaling environment for unchecked
vasoconstriction.  Although these interactions between
eNOS and Rho/ROCK pathways require further testing in
vivo, it is likely that age-related decrements in endothelial
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function may be reflected in Rho/ROCK contributions to
local cold-mediated vasoconstriction.

2.3.3. Clinical populations

Raynaud’s phenomenon is a vascular disorder in
which cutaneous arterioles, particularly those in the fingers
and toes (and less commonly in the nose, lips, and ears),
undergo painful vasospasm in response to acute cold
exposure—an abnormally intense version of a normal
physiological response. Raynaud’s phenomenon can be of
idiopathic origin (primary Raynaud’s) or can occur in
response to mechanical, immunologic, or chemical stress in
cutaneous blood vessels (secondary Raynaud’s) (61).

The putative mechanisms that mediate Raynaud’s
phenomenon have been investigated for decades, but the
underlying  pathophysiology is still incompletely
understood; however, researchers postulate that the
mechanisms involved in the normal vascular response to
local cooling may also participate in Raynaud’s
phenomenon, only with higher sensitivity and/or greater
responsiveness (61). Because women of childbearing age
and postmenopausal women taking estrogen replacement
therapy (but not combined estrogen and progesterone)
exhibit the highest incidence of Raynaud’s (58, 59), it is
likely that female sex hormones may also participate in the
ctiology of the disease. Studies investigating sex
differences in the normal response to localized cooling
indicate that women rely more heavily on a,-adrenoceptors
to achieve local cold-induced vasoconstriction compared to
men (5). A recent study by Eid ef al. (59) ties this
observation into the sex difference observed with
Raynaud’s incidence: estrogen, in the absence of cold, is a
potent activator of a,c-adrenoceptor expression in vascular
smooth muscle cells, and estrogen exposure during
cutaneous vessel cooling further augments cold-induced
vasoconstriction. Thus, estrogen may play a significant
role in the etiology of Raynaud’s phenomenon in at-risk
female populations. Certainly the notion of an estrogen-
dependent augmentation of cold-induced o,c-adrenoceptor-
mediated constriction complements current medical
epidemiology and provides insight into potential
therapeutic strategies, including the use of selective Rho
kinase inhibitors or statins (which also inhibit the Rho
kinase pathway) (61).

Contrary to the pronounced sex differences in
Raynaud’s prevalence (arguably the most important factor
in defining at-risk populations), the association of
advancing age with incidence rates is less clearly defined,
when it is studied at all. In the limited data available, aging
does not appear to increase the prevalence or severity of
Raynaud’s among women; once estrogen levels are
accounted for (menarche, child-bearing years, menopause),
age is no longer a significant predictor. In contrast, in men
who suffer from Raynaud’s (incidence is lower but not
altogether absent in men), older age is considered to be a
risk factor for the onset of the disease (59).

2.4. Conclusions
Healthy human aging leads to compromised

vascular thermoregulatory vasoconstriction to cold,
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predisposing older humans to hypothermia. This impaired
response is predominately due to changes in sympathetic
reflex vasoconstriction, where the efferent sympathetic
signal, neural synthesis/release of NE,
synthesis/contribution of co-transmitters, and vascular
smooth muscle sensitivity are all significantly attenuated
with aging. Additionally, it is possible that adrenoceptor-
mediated effects are blunted due to changes in intracellular
signaling pathways, although this hypothesis requires
further investigation both in vitro and in vivo. The effects
of aging on locally driven vasoconstriction responses to
skin cooling are more subtle; the absolute magnitude of the
response remains unchanged in healthy aged populations,
while the mechanisms driving the response become
increasingly dependent on intracellular pathways that are
associated with vascular disease. In this context, aging
itself is associated with pre-clinical pro-constrictor changes
in signaling, suggesting that aging may serve as a prelude
to more serious clinical vascular pathologies. Further
research is warranted to explore the interaction between
decreased NO bioavailability and increased ROCK-
mediated vasoconstriction to more fully characterize the
development of age-associated microvascular dysfunction.

3. REFLEX VASODILATION

3.1. Introduction

The human cardiovascular system has a
tremendous capacity to increase skin blood flow (SkBF) in
response to core and skin heating through an increase in
cardiac output and a redistribution of blood flow from renal
and splanchnic vascular beds (67). The significant increase
in skin blood flow and sweating with increased body core
temperature provide effective avenues of heat loss through
convective and evaporative mechanisms, respectively.
Reflex cutaneous vasodilation is neurogenically mediated
by sympathetic cholinergic nerves that co-release
acetylcholine and an unidentified cotransmitter(s) (68).
Putative cholinergic neurotransmitters include vasoactive
intestinal peptide (VIP) (69-71), substance P (72),
calcitonin gene related peptide (CGRP) (71), and histamine
and neurokinin receptor activation (70, 73, 74), which in-
part mediate vasodilation through the activation of
downstream second messenger pathway including nitric
oxide (NO)- and cyclooxygenase (COX)-dependent
mechanisms (70, 72, 73).

Human aging in the absence of overt pathology is
associated with attenuated cutaneous vasodilation during
thermal stress (66, 75-78) rendering aged humans more
susceptible to heat-related cardiovascular complications
with hyperthermia (79). This impaired vasodilatory
response is apparent even when subjects are matched for
fitness level (78) (VO,max), acclimation (80), and
hydration status (81), suggesting that this is a primary aging
phenomenon that is peripheral in origin (82). On average,
healthy aged humans display 25-50% attenuation in SkBF
during whole body (core) heating. Over the past several
years, researchers have systematically explored the
mechanisms underlying age-related impairments in reflex
cutaneous vasodilation. Mechanisms mediating reduced
NO bioavailability in the aged vasculature have been



Aging and the control of human skin blood flow

Cardiac
Output

' 4,800
) mL/min

Splanchni:c\“'_;r

700/

mL/min /

s inp S o

4 A Seentoe _EASOCO\ISTRICTION

Kidneys
300 mL/min
5,800
mL/min

OLDER
(64-81 y.0.)
Cardiac
Output
2,000
mL/min
Splanchnic :
500
mL/min /|
ONSTRICTION
Kidneys
200 mL/min 2,700
mL/min

Figure 4. During whole-body heating, cardiac output increases and blood flow to splanchnic and renal vascular beds decreases,
redirecting flow to the cutaneous circulation. When healthy young men (left panel) were heated to the limit of their individual
thermal tolerance using water-perfused suits, cardiac output essentially doubled and an additional liter of flow was redirected
from visceral circulations, allowing skin blood flow to increase by 5.8 L/min. On average, healthy older men (right panel)
responded with a much smaller increase in cardiac output coupled with a smaller decrease in flow from the combined visceral
beds, providing only a 2.7 L/min increase in skin blood flow. These age differences in the integrated cardiovascular response to
passive heating occurred despite similar increases in core temperature and decreases in central venous pressure.

central to these investigations including 1) decreased NO
synthesis through age-related decreases in functional L-
arginine and BH,; availability and 2) increased NO
degradation through oxidant stress.

3.1.1. Aging and the integrated cardiovascular response
to heat stress

Age-related alterations in the control so skin
blood flow occur presynaptically, postsynaptically, and in
intracellular signaling pathways. However, it is important
to recall that an integrated response of the entire
cardiovascular system determines the available blood flow
supply characteristics of the system, especially during
passive hyperthermia, when SkBF can approach 8 L/min.
While reflex and/or local skin vasodilation in response to
whole-body or local heating is determined by those
mechanisms detailed later in this chapter, the blood supply
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originates from (1) an increased cardiac output coupled
with (2) redistribution of flow from other vascular beds.
Perhaps not surprisingly, the supply side of this response,
like the neurovascular mechanisms, is altered with aging.

Minson et al. (1997) were the first to quantify the
difference in SkBF between older (64-81 yrs) and young
(19-28 yr) men by measuring cardiac output as well as its
distribution to the major vascular beds (Figure 7) during
prolonged passive heating. During supine rest, subjects
were heated to the limit of their individual thermal
tolerance using hot water perfused suits. Figure 4 displays
the separate contributions of increased cardiac output and
decreased splanchnic and renal blood flows to the total
increase in SkBF from a thermoneutral baseline to the
tolerated limit of passive heating. The young men
increased SkBF by an average of 5.8 L/min, compared to
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an average increase of only 2.7 L/min by the older men.
(Although the calculated increase in SkBF in these young
subjects is lower than the mean increase reported by
Rowell and colleagues, all subjects were well within their
range of 3-11 L/min.)

However, a major finding of this investigation
was that the orchestrated cardiovascular response to direct
passive heating was altered as a function of age of the
subject. Specifically, the increase in cardiac output was
significantly smaller in the older men despite similar
increases in skin and core temperatures. A lower stroke
volume, most likely due to an attenuated B-adrenergic
responsiveness, was the primary factor for the lower
cardiac output observed in the older men. This age-
difference in the stroke volume response occurred despite a
similar fall in central venous pressure in all subjects. While
the young men were able to maintain stroke volume fairly
well despite the falling central venous pressure, stroke
volume fell progressively in the older men. Both age
groups had similar increases in HR during the heating
protocol. However, when expressed as a percent of
maximal HR, the older men responded with a lower
%HRmax response, i.e., they relied on a greater proportion
of their chronotropic reserve.

Secondly, the older subjects redistributed less
blood flow from the combined splanchnic and renal
circulations to the skin. While the young men decreased
flow to these two circulations by 1 L/min, only 700 ml was
redistributed in the older subjects. As inactive muscle flow
does not change under these circumstances (supine passive
heating), all of this additional flow was shunted to the skin.

When exercise is performed in hot environments,
the need to deliver oxygenated blood to working muscle is
added to the need to increase SkBF for heat dissipation, and
these two circulations compete for a limited cardiac output.
Similar to passive heating, during exercise in hot
environments the smaller rise in SkBF in the aged is
accompanied by a lower cardiac output (83). The
combined decrease in splanchnic and renal flows — all of
which is redirected to the skin — was some 35-40% less at
age 65 than at age 25 (83) during work at 60% VO,max in
the heat.

3.2. Reflex vasodilation
3.2.1. Young

Cutaneous active vasodilation is purportedly
mediated by the co-transmission of acetycholine and an
unknown neurotransmitter(s) from sympathetic cholinergic
active vasodilator nerves, where acetylcholine primarily
mediates the sweating response and the unknown
neurotransmitter(s) co-released with acetylcholine mediates
cutaneous vasodilation (Figure 5(79)). In support of this
hypothesis, muscarinic receptor antagonism abolishes
sweating and attenuates the initial rise in SKBF with rising
Tc, while pre-synaptic blockade of cholinergic nerves with
botulinum toxin abolishes both sweating and active
vasodilation (68). However, the specific identity of the
unknown neurotransmitter(s) mediating active vasodilation
remains elusive with putative neurotransmitter candidates
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including the vasoactive neuropeptides: vasoactive
intestinal peptide (VIP), substance P, and calcitonin gene-
related peptide (CGRP). Immunoreactivity to these
peptides has been demonstrated in human cutaneous nerves
(85), and VIP (69), histamine receptor 1 (H1) (73), and
neurokinin 1 (NK1) (72) receptor activation have all been
shown to contribute to active vasodilation.

Functional nitric oxide (NO) is required for full
expression of active vasodilation (86) through activation of
soluble  guanalate  cyclase-dependent  mechanisms.
Inhibition of NO-synthase (NOS) reduces active
vasodilation by approximately 30-40% in young healthy
skin. NO synthesis during active vasodilation may be
stimulated from a variety of sources including direct
stimulation from the putative neurotransmitters involved in
active vasodilation. Acetylcholine (87), VIP (70), and
substance P (72) partially mediate cutaneous vasodilation
through NO-dependent mechanisms.  Additionally, the
contribution of each of these putative neurotransmitters to
the different phases of the SkBF response during rising T,
creates to the potential for a great deal of redundancy in
active vasodilation, especially with respect to NO
mechanisms. For example, prolonged active vasodilation is
insensitive to muscarinic receptor antagonism (88), but
muscarinic receptor antagonisms inhibits ~30% of the
initial rise in SkBF during hyperthermia. In addition
acetylcholinesterase inhibition augments the initial rise in
SkBF through NO-dependent mechanisms. Collectively
these data suggest that acetylcholine is capable of
modulating the initial rise in active vasodilation (T,
<0.5°C) through NO-dependent mechanisms(87) but not in
the established plateau phase (T, >0.6°C). Additionally,
activation of histamine 1 (H1) receptors also contributes to
the rise in SkBF through NO pathways, which has been
linked to VIP signaling (73), but VIP also has an NO-
dependent component which is independent of H1 receptor
activation (70). One putative source of VIP-induced
histamine and NO is the degranulation of cutaneous mast
cells (Figure 4). However, the precise source and potential
interplay among VIP, histamine and NO signaling and their
contribution to the initial vs. late phases of active
vasodilation remain unclear.

In addition to NO, cyclooxygenase (COX)-
dependent second messenger systems also contribute to
active  vasodilation (89). Whether COX-derived
vasodilators are independent of or interact with the NO
pathway remains unclear, but combined inhibition of COX
and NOS, which attenuates active vasodilation in an
additive fashion, suggesting independent mechanisms. One
potential stimulus for COX-derived vasodilator synthesis is
through acetylcholine mechanisms. Acetylcholine-
mediated vasodilation has significant prostanoid and NO
components. In the context of active vasodilation,
prostanoid  production through acetylcholine may
contribute to the early phase of AVD (90) and further
prostanoid production in the later phases of AVD may be
the result of shear stress mechanisms (89). An alternative
stimulus for COX-derived vasodilators is through NKI1
receptor activation increasing endothelial intracellular
calcium and activating both NOS and COX pathways (72).
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Collectively, the putative neurotransmitters(s) mediate the
synthesis of COX-derived vasodilators and NO which both
contribute to active vasodilation.

3.2.2. Aging

Human aging in the absence of overt pathology is
associated with attenuated cutaneous vasodilation during
thermal stress (78). The origins of the age-related
reduction in SkBF during hyperthermia appear to be of
peripheral origin due to decreased sensitivity of the active
vasodilator system and not age-related alteration in
noradrenergic mechanisms (82). Although, noradrenergic
mechanisms are clearly altered with primary aging (11),
augmented vasoconstriction with increasing body core
temperature is not responsible for attenuated SkBF with
body core heating (82). Similar to VC mechanisms (11),
the direct contribution of cholinergic active VD co-
transmitters to reflex VD is functionally absent in aged skin
(75) and instead the aged rely primarily on impaired NO-
dependent mechanisms to increase SkBF during
hyperthermia. = Because of these alterations in co-
transmitter and second messenger mechanisms, aged
humans require a much greater increase in T, (A T, >0.9°C)
to stimulate significant functional contributions from non-
NO-dependent pathways compared to young subjects (A T,
>0.6°C). Although, NO-dependent vasodilation in aged
cutaneous vessels was reduced overall (91) and the NO
contribution to reflex vasodilation is reduced with mild
increases in T, (A T. 0.3-0.6°C) compared to young
subjects, NO plays a significant role in reflex vasodilation
in aged skin especially with moderate increase in T, (A T,
0.6°C-0.9°C). Because (1) many of the putative
cholinergic neurotransmitter(s) induce VD in part through
NO- and COX-dependent mechanisms, and (2) the
documented system wide impairments in NO
bioavailability with primary human aging (92), the both of
these pathways has been important molecular targets for
investigating the mechanisms underlying the age-related
attenuation in SkBF.

3.2.2.1. Acetycholine

Because acetylcholine is capable of modulating
the initial rise in SkBF in the early phase of active
vasodilation, and aged subjects display reduced SkBF in
this T, range, one potential mechanism to explain the
impaired SkBF is decreased sensitivity of aged cutaneous
vessels to acetylcholine or alterations in acetylcholine-
mediated second messenger signaling. Acute exogenous
infusion of acetylcholine at dosages inducing an increase in
SkBF similar in magnitude to that observed during the
initial phase of reflex vasodilation have been used to
examine potential downstream impairments in NO and
COX signaling with aging.  Contrary to what was
hypothesized, exogenous acetylcholine infusion in aged
skin caused similar absolute increases in SKBF compared to
young skin, however the contributions of the downstream
second messenger systems were altered. Specifically,
COX-dependent vasodilation was attenuated (90) and
endothelium-derived hyperpolarization factor- (EDHF)
dependent vasodilation was augmented. Interestingly, NO
pathways did not directly contribute to the total
vasodilation produced by this exogenous dose of
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acetylcholine in either age group. Collectively, these data
suggest that altered acetylcholine-mediated prostanoid-
dependent vasodilation may contribute to reduced reflex
vasodilation in aged cutaneous vasculature, but the precise
contributions of COX-dependent and EDHF pathways
during reflex vasodilation in aged skin are still unclear.

3.2.2.2. NO-dependent mechanisms

NO production depends on adequate substrate (L-
arginine) availability and the intracellular localization of
NOS in relation to the L-arginine subdomains(93). One
potential mechanism limiting L-arginine for NO synthesis
and full expression of reflex cutaneous vasodilation in the
aged is through upregulation of wvascular arginase.
Arginase is the last enzyme of the urea cycle catalyzing the
conversion of L-arginine to L-ornithine and urea, which are
important precursors for polyamine and collagen synthesis.
In the vasculature arginase preferentially utilizes the
common NOS substrate, L-arginine, limiting substrate
availability for NO synthesis through NOS. Arginase is
upregulated in several animal models of endothelial
dysfunction including aging, atherosclerosis, and
hypertension however the mechanisms underlying the
arginase upregulation are pathology-specific. In line with
these animal models, acute arginase inhibition or direct L-
arginine supplementation to the cutaneous vasculature
significantly augments reflex vasodilation in aged human
subjects (66). Interestingly, arginase inhibition, L-arginine
supplementation or both increased SkBF similarly (~45
%SkBF ax) » suggesting that the intracellular concentration
of L-arginine allowed the L-arg-NOS pathway to operate
near Vo, and /or the cutaneous vessels were maximally
vasodilated for the given degree of hyperthermic stress,
approaching a so called “ceiling effect”. Collectively, these
results suggest that L-arginine deficiency through
upregulated arginase limits NO production, and increasing
L-arginine availability for NO synthesis can augment reflex
vasodilation in aged skin.

Another potential mechanism contributing to
reduced NO bioavailability with human aging is an increase
in oxidant stress (see Figure 5) contributing to an increase
in NO breakdown. In aged human skin, maximal
cutaneous vasodilation to an exogenous NO donor is
attenuated in aged skin, suggesting either an impaired
ability of vascular smooth muscle to respond to NO
through cyclic GMP mechanisms, or that NO may be
rapidly degraded by reactive oxygen species possibly
forming pro-constrictor oxidants (Figure 6). Endogenous
reactive oxygen species increase with aging and are capable
of readily reacting with NO to form peroxynitrite (ONOO™"
), which limit NO-dependent vasodilation and may
potentially serve as a vasoconstrictor stimulus (94).

In humans, high dose non-specific antioxidant
supplementation (ascorbate) is commonly used to examine
effects of oxidant stress on NO-dependent vasodilation
without affecting NOS activity. In aged human subjects
localized high-dose ascorbate supplementation through
intradermal microdialysis modestly increases SKBF during
the secondary plateau phase of heat stress (AT >0.7°C),
however when ascorbate supplementation is combined with
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Figure 5. Schematic representation of the putative mechanism of active vasodilation with relevant age-related alterations. The
co-transmitter hypothesis, in which acetylcholine is co-released with an unknown neurotransmitter from sympathetic cholinergic
nerves, is illustrated. Acetylcholine mediates the sweating response and may modulate the initial rise in active vasodilation
through NO and COX-dependent prostanoid synthesis. In this schematic the unknown neurotransmitter and receptor (?) mediates
vasodilation through adenylate cyclase mechanisms and may also increase NO synthesis through inositol triphosphate (IP;)-
mediated increases in intracellular calcium. Histamine also contributes to active vasodilation through NO-dependent and NO-
independent mechanisms. Putative neurotransmitters involved in active vasodilation include vasoactive intestinal peptide (VIP),
substance P, and calcitonin gene related peptide (CGRP) which may induce histamine release through the degranulation of
cutaneous mast cells. With aging there is a reduction in both the functional neurotransmitter and NO contributions. NO-
dependent vasodilation is decreased by an age-related upregulation of arginase activity and increased oxidant stress. Copyright
permission obtained from Wolters Kluwer Health.

acute arginase inhibition there is a further increase in SkBF essential cofactors (tetrahydrobiopterin (BH,)) are limited,
above what is observed with ascorbate alone(95). NOS can uncouple to produce superoxide instead of
Localized ascorbate and/or arginase inhibition do not alter NO(94). In this deleterious cycle, NO reacts with
reflex vasodilation in young subjects. Collectively, these superoxide forming peroxynitrite which then quickly
results suggest that 1) increased oxidant stress and oxidizes the critical NOS cofactor BH,; potentiating
upregulated arginase activity both limit NO bioavailability superoxide  production through uncoupled NOS.
in aged skin and 2) reflex vasodilation can be augmented Ascorbate is capable of increasing NO bioavailability by
with ascorbate supplementation and acute arginase acting directly as an antioxidant and scavenging
inhibition. Furthermore, these mechanisms may be superoxide, and by stabilizing BH,. Because of the non-
functionally linked through the uncoupling of NO-synthase specific mechanism of action of ascorbate it is impossible
(NOS). Under circumstances where L-arginine and/or to delineate whether the increase in NO-dependent
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vasodilation was through an antioxidant effect or through
the corrections BH4 NOS uncoupling mechanisms. Future
studies examining the relations between arginase, L-
arginine and BH4 availability are necessary to more fully
understand how NOS uncoupling may affect age-related
reductions in cutaneous NO-dependent vasodilation.

3.2.2.3. Vessel structural alterations
Maximal cutaneous blood flow decreases linearly
with age (96). This age-associated attenuation is observed in

both absolute forearm maximal cutancous vascular
conductance (CVC) assessed with venous occlusion
plethysmography and relative laser-Doppler flowmetry

measures of SkBF. The reduction in maximal CVC with age
presumably reflects structural changes to the vessel properties
including 1) vascular smooth muscle hypertrophy and 2) a
reduction in capillary density associated with flattening of the
underside of the epidermis and reduction cutaneous
microcirculatory capillary loops (97). While there are likely
many signaling factors stimulating cutaneous microvascular
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smooth muscle hypertrophy and inward vessel remodeling, the
candidate pathways include arginase (98) through the increase
in polyamine and proline synthesis, Rho-kinase, and via
constrictor factors produced through COX (99). Chronic
activation of these pathways induces functional alterations in
microvascular anatomy, which likely contributes to age-related
cutaneous vessel structure alterations.

3.2.3. Clinical Populations

Healthy aged humans rely predominantly on
compromised NO function to increase SkBF during
hyperthermia, due to a reduced functional cotransmitter
contribution (66, 75). Increasing NO bioavailability through a
variety of mechanisms functionally augments reflex
vasodilation in this healthy population. However, with
endothelial dysfunction, vessel wall abnormalities, autonomic
neuropathy and/or combinations of these neurovascular
impairments that are manifested in a variety of clinically
significant diseases which increase in frequency and
severity concomitantly with aging.
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3.2.3.1. Essential Hypertension

Essential hypertensive human subject exhibit an
attenuated rise in skin blood flow during hyperthermia
resulting in a functional reduction in heat transfer during
exercise in the heat (100). While essential hypertension is
associated with a significant increase in sympathetic
activity the reduction in skin blood flow during
hyperthermia is not due to an increase in sympathetic
adrenergic vasoconstriction (101). Essential hypertensive
humans exhibit a significant reductions in cutaneous NO-
dependent vasodilation (102) and maximal cutaneous
vasodilation reflecting endothelial dysfunction and inward
vessel remodeling, respectively (102-104). Similar to
primary aging, increased arginase activity and oxidant
stress mechanisms contribute to reduced NO bioavailability
in essential hypertensive cutaneous vasculature. In contrast
the stimulus activating arginase and the intracellular
regulation of NO substrate pools including impairments in
cationic amino acid transporters (105) are different between
essential hypertensive and primary aged humans (66, 76,
102, 104).

3.2.3.2. Type 2 Diabetes Mellitus

Type 2 diabetics also exhibit deficits in the reflex
control of skin blood flow during whole body heat stress.
Type 2 diabetics have an attenuated absolute reflex
cutaneous vasodilator response reflecting a decreased
sympathetic ~ cholinergic  neural  stimulus  (106).
Additionally, the relative contribution of NO to the total
lower skin blood flow response in type 2 diabetics is not
different compared to age-matched control subjects (106).
Together these findings indicate that in reflex cholinergic
neural control, endothelial dysfunction, and inward vessel
remodeling limit cutaneous vasodilator capacity during
hyperthermia.

3.2.3.3. Congestive Heart Failure

The integrated cardiovascular response to
hyperthermia includes an increase in skin blood flow that is
facilitated by an increase in cardiac output coupled with a
redistribution of blood flow from renal and splanchnic
vascular beds. Congestive heart failure (CHF) patients
have significant thermoregulatory challenges in the heat
because of 1) central limitations to increase cardiac output
and 2) impairments in microvascular function including
substantial endothelial dysfunction. Patients with CHF
have an attenuated cutaneous vasodilator response to both
whole-body (107) and local heating (108). The later
reflects both a reduction in NO-dependent vasodilation
along with a reduction in maximal vasodilator capacity
indicative of hypertrophic inward vessel remodeling.
Interestingly, sweating responses are not different between
CHF patients and age-matched controls, suggesting normal
cholinergic skin sympathetic activity but a reduction in
vascular end-organ responsiveness. The reduction in skin
blood flow may serve as a counter-regulatory response to
defend blood pressure regulation during heat exposure in
subjects with cardiac insufficiency (107). Aspirin: In
addition to microvascular pathology, commonly used
pharmacological agents also affect reflex cutaneous
vasodilator mechanisms. For example, chronic low-dose
aspirin therapy (81mg daily) consistently and significantly
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attenuates reflex cutaneous vasodilation in middle-aged
(58+3 years) human skin (109) which is unexpected
considering the half-life and mechanisms of action on low-
dose aspirin (Figure 7). While aspirin is an irreversible
inhibitor of platelet and vascular COX I and II, at low
doses aspirin acetylates platelet COX-1 in the presystemic
(portal) circulation (110) inhibiting platelet production
thromboxane A, (TXA,) while sparing vascular endothelial
production of COX-derived vasodilators. While precise
mechanisms underlying attenuated reflex vasodilation in
humans engaging in aspirin therapy are unclear several
possibilities exist including: 1) platelet activation during
hyperthermia may release substances that directly stimulate
cutaneous vasodilator pathways, and/or 2) aspirin-induced
differences in whole blood viscoelasticity may reduce
shear-mediated cutaneous vasodilation. Considering the
widespread use of low-dose aspirin and the unexpected
potential for this therapy to impair thermoregulatory
cutaneous vasodilation, further research examining the
underlying neurovascular signaling mechanisms and
potential functional consequences is necessary.

3.3. Local vasodilation
3.3.1. Young

Local heating the skin to temperatures below the
pain threshold (~43°C) produces a temperature-dependent
(up to 42°C) increase in SkBF that is mechanistically
distinct from the reflex mechanisms that increase SkBF in
response to increased Tc (68). Skin heating induces a
biphasic increase in SkBF that is mediated by two
independent mechanisms (111). The initial rapid increase in
SkBF is caused by a sensory axon reflex. The initial
increase in SkBF is followed by a brief nadir, and then the
secondary phase consists of a more slowly developing rise
to a stable plateau in SkBF that is predominantly dependent
on NO mechanisms (111) (Figure 8).

The initial axon reflex phase of the local heating
response is thought to be mediated by temperature-induced
activation of C-fiber afferent neurons that release substance
P and calcitonin gene related peptide (GCRP). Both of
these vasoactive peptides are localized in sensory nerve
terminals in human skin and are hypothesized to interact to
modulate the amplitude and duration of cutaneous
vasodilation; however, their precise role in the local heating
response has not been established. NO also contributes
modestly to the initial rise in SkBF with local heating.
Heat sensitive vanilliod type 1 receptor (VR1) activation on
sensory afferent nerves is also implicated in the initial axon
reflex response to local heating. Sensitization of these
receptors with capsaicin causes a dose-dependent leftward
shift (toward lower temperatures) in the temperature at
which the axon reflex is initiated (112).

NO mediates approximately 70% of the
secondary prolonged plateau phase of the local heating
response. Elevated temperature augments endothelial NOS
(eNOS) mRNA expression and activity and increases
synthesis of the eNOS molecular chaperone heat shock
protein 90 (HSP90) which potentiates eNOS activity.
Inhibition of HSP90 with geldanamyacin (specific to
eNOS) decreased the plateau phase of the local heating
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response by ~20% (113), indicating that 1) eNOS appears
to be the specific NOS isoform activated during local
heating and 2) there is potential for other second messenger
pathways to be involved in the response.  Studies
examining COX-dependent pathways suggest that COX
products are not involved (89). The precise mechanisms
mediating NO production and the other potential
vasodilators contributing to the local heating response
remain unclear.

3.3.2. Aging

When standardized local heating is performed in
aged humans, they display attenuated vasodilation due to a
decreased axon reflex contribution to the initial peak (91).
The reduction in the axon reflex mediating the initial peak
in aged skin is not due to a decrease in the modest NO-
contribution to the initial rise in SkBF(91). These findings
suggests that there is either 1) a decreased sensory
component to the change in temperature, 2) a reduction in
the release of neurotransmitter(s) from the sensory nerves
mediating the axon reflex, and/or 3) a reduced vascular
responsiveness to the neurotransmitter(s). Topical
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capsaicin pretreatment of the skin desensitizes the heat
sensitive nociceptors (VR1) in cutaneous primary afferents
and has been utilized to elucidate a possible sensory
component contributing to the reduced axon reflex
response in aged subjects. In aged skin capsaicin
pretreatment does not alter the response to rapid non-
painful local heating; however in young skin capsaicin
pretreatment decreased the initial rise in SkBF during
heating compared to control (non-capsaicin) conditions.
These data suggesting that there is an age-related decrease
in the capsaicin-sensitive primary afferents contribution to
the initial axon with rapid local heating (114). Because the
neurotransmitter(s) that mediate the axon reflex remains
elusive, there is currently no evidence for reduced
neurotransmitter(s) release or vascular responsiveness from
sensory afferents.

In addition to an attenuated axon reflex, there is
also a reduction in the NO-dependent plateau phase of the
local heating response. Although the precise mechanisms
mediating this reduction during local heating have not been
systematically explored, upregulated arginase activity and
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Figure 8. Schematic representation of the putative mechanism of local heating-induced vasodilation with relevant age-related
alterations. The initial vasodilation in response to local heating is mediated by a sensory axon reflex. Activation of valliniod
type 1 receptors (VR1) has been implicated in the sensory nerve stimulation of the axon reflex. Putative neurtotransmitters (?)
mediating the axon reflex include substance P and calcitonin gene related peptide (CGRP). The secondary (neurally
independent) phase of local heating is predominantly (~70%) dependent on NO. Temperature-induced endothelial NOS (eNOS)
activation and increased heat shock protein 90 have been implicated in the plateau phase. Aging-related alterations in the
mechanism include a decreased axon reflex with a reduction in the capsaicin-sensitive primary afferent contribution. The NO-
dependent plateau is also significantly reduced in aged skin. Copyright permission obtained from Wolters Kluwer Health.

an increase in oxidant stress may reduce the NO- the cutaneous circulation (102, 104, 120, 121), and may
contribution to the local heating response in aged skin. mirror generalized systemic vascular dysfunction in
These mechanisms contribute to attenuated reflex magnitude and underlying mechanisms (116, 117, 119,
cutaneous vasodilation with whole body heating and may 122). Further, minimally-invasive skin-specific
also contribute to the age-related attenuation in SkBF methodologies including local heating makes the cutaneous
during local heating. Furthermore, the NO-dependent circulation a useful translational model for investigating
plateau phase of the local heating response in aged skin can mechanisms of vascular disease and providing preclinical
be augmented with exercise intervention strategies (115). data about the state of microcirculatory function in high
risk populations. To date, the skin has been utilized as a
3.3.3. Clinical Populations model circulation to investigate vascular mechanisms in a
In recent years the cutaneous circulation has variety of disease states, including: hypercholesterolemia
emerged as an accessible and potentially representative (123), hypertension (121, 124), hyperhomocysteinemia
vascular bed to examine the mechanisms of (125), renal disease (119), Type II diabetes (126),
microcirculatory function and dysfunction (116-119). peripheral vascular disease (127), atherosclerotic coronary
Pathology-induced  vascular  dysfunction (including artery disease (128), heart failure (107, 108), and systemic
impaired endothelium-dependent vasodilation) is evident in sclerosis (129).
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3.4. Conclusions

In summary, the age-related attenuation in SkBF
during whole body heating is due to impairments in the
active vasodilator system. Aged humans have a reduced
non-NO-dependent contribution to active vasodilation and
rely primarily on impaired NO-dependent mechanisms to
induce cutaneous vasodilation. Alterations in downstream
acetylcholine-mediated vasodilation through COX may
contribute to the reduced initial rise in SkBF in aged skin.
NO-dependent vasodilation is limited in aged cutaneous
vessels through upregulated arginase activity and an
increase in oxidant stress limiting NO synthesis and
increasing NO degradation, respectively. Cutaneous
microvessel structural alterations including inward vessel
remodeling also play a role in attenuated reflex
vasodilation. Several clinical populations including
essential hypertensives type 2 diabetics, and CHF patients
are further at risk from suffering the consequences of
attenuated reflex vasodilation due to pathology-,
pharmacologic- and primary aged-related impairments in
reflex vasodilator mechanisms.

In terms of the local heating response, both the
axon reflex and the NO-dependent plateau phase of the
local heating response are attenuated in aged skin. Because
the SkBF response to local heating is predominately NO-
dependent, local heating may be of value to non-invasively
assess cutaneous vascular function and endothelium-
dependent vasodilation in preclinical populations.
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