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1. ABSTRACT

The past 10-15 years has been a time of focus on
the mechanisms of control in the human cutaneous
circulation. Methodological developments have provided
powerful means for resolving the important contributors to
the reflex control of skin blood flow (thermoregulatory
control) and also for the equally impressive effects of direct
heating and cooling of the skin (thermal control). This
review is devoted largely to that recent literature. We treat
the sympathetic vasoconstrictor system and its transmitters
and modulatory factors and the sympathetic active
vasodilator system and its abundant mysteries, with focus
on the putative transmitters and cotransmitters, the
involvement of nitric oxide and the relationship to sweating
and modulatory factors. We also deal with the current
understanding of the mechanisms of vasoconstriction and
vasodilation that accompany direct skin cooling and
heating, noting that adrenergic function, afferent nerve
function and the nitric oxide system are involved in the
vascular responses to both thermal stimuli.
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2. INTRODUCTION

The cardiovascular system undergoes a collection
of coordinated adjustments when a human is exposed to
changes in environmental temperature or changes in heat
production (1-6). Those cardiovascular responses represent
major changes in cardiac output and in the distribution of
blood flow among the various regional circulations. The
principal cardiovascular adjustment to such thermal
challenges is increases and decreases in blood flow to the
skin. Over the past ten to fifteen years, considerable
attention has been paid to improving our understanding of
the mechanisms of control of the cutaneous circulation.
That is the subject of this review, in which we consider the
evidence explaining how skin blood rises when the skin is
locally warmed and how it rises as a reflex when body
temperature increases. We also consider the evidence
regarding how skin blood flow falls when the skin is
directly cooled and how it falls as a reflex when the entire
body is subjected to cooling. It is these areas that have
benefitted considerably from the development of methods
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to address such questions. Our focus is largely on the
human cutaneous circulation; more is known about the
control of skin blood flow in humans than in any other
species. We do rely on those valuable studies in animals
and in vitro when they help answer basic questions that
arise in humans. Our focus also limits us from
considerations of all the reflexes that impinge on the skin
circulation and from the studies of the influence of disease.
Those are important considerations, but lie outside the
bounds of this review.

3. METHODOLOGY

Our understanding of the mechanisms of reflex
control of the skin circulation has been markedly
enhanced over the past twenty years. This knowledge
has been gained, in part, because of the development of
new methods and in part because the skin circulation has
become the focus of a number of very active
laboratories.

3.1. Laser Doppler flowmetry

A valuable method refined over the past
thirty years or so is laser Doppler flowmetry (7, 8).
This method relies on the Doppler shift of laser light
reflected from the moving cells in the tissue (skin), as
well as the number of Doppler shifted photons
relative to the entire intensity of reflected light. The
physical basis and instrument development for laser
Doppler flowmetry are beyond the scope of this
review. We limit our comments to noting that the
measurement agrees well with other blood flow
measurement methods, has the advantages of being
limited to the skin (9), delivering a continuous signal
with excellent characteristics in terms of frequency
response and sensitivity, and typically interrogating a
small area (Imm2) of skin (7, 10, 11).

The above characteristics make the method
nearly ideal to combine with pharmacological
interventions to elucidate mechanisms of control.
Small areas of skin can be treated with high local
levels of, for example, antagonists, but the amount
being trivial relative to the body size. Investigators
exploring control mechanisms have found that this
combination of discrete blood flow measurement with
local pharmacologic treatment can be applied at
multiple sites on the same limb, simultaneously
allowing measurements from control sites and sites
with various kinds of intervention.

As with any method, laser Doppler
flowmetry has caveats. One is motion sensitivity. It is
blood cell motion that is the basis for the method.
Stabilization to avoid artifact generation is not a
problem in resting individuals, but exercise is a
challenge. Measurement of skin blood flow from an
exercising limb by laser Doppler flowmetry is
probably not possible. A second caveat relates to the
quantification of blood flow in traditional units of
blood flow. Although some instruments display the
blood flow in such units, they are probably not
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correct. Indeed, they probably differ from actual
blood flow by a factor of 4-6. This is a conclusion
that arises, in part, from the realization that skin
blood flow in the resting forearm averages around 2
ml per 100g of forearm, or about 2 ml per 8g of skin
(2, 12). The resting skin blood flow is therefore well
above the 2-5 ml per 100g min-1 commonly
reported by these instruments.

That laser Doppler flowmetry does not
provide blood flow in conventional or absolute units
at first glance is disappointing. However, it is not
generally a limitation to the use of the method,
especially for the mechanistic studies reviewed here.
This is because there 1is a relatively wide
heterogeneity in the level of skin blood flow from 1
mm2 of skin to the next, even across the forearm
(11). That being the case, the level of blood flow at
one measurement site can hardly reflect, on an
absolute basis, the level of skin blood flow to the
entire body surface, or even in a relatively defined
area such as a limb. Thus, the high regional
specificity of the method limits its ability to make
estimates of more global absolute levels of blood
flow.

Fortunately, despite differences in the
absolute levels of blood flow among different sites,
the pattern of the response to given local or reflex
perturbations is quite similar among sites (10, 11).
For this reason, it is common to normalize the
measurement from a given site to some characteristic
for that site. In our hands, we have found that
normalization to maximal blood flow at that site to be
analytically valuable (13), especially during studies
in which skin blood flow reaches high levels. The
rationale for this normalization scheme is that, at
maximal blood flow (conductance), all sites have
zero vascular smooth muscle activity. This is a solid
reference point and can be achieved with local skin
heating to 42°C (14, 15) or by application of high
levels of sodium nitroprusside if a microdialysis
route is available (16, 17). Because the vasodilator
response to skin heating is largely nitric oxide
dependent (16, 17), local warming may not deliver
full vascular smooth muscle relaxation if the nitric
oxide system has been experimentally inhibited or
affected by pathology.

In cases of low blood flow, we find
comparison of responses among sites to be more
analytically revealing if the normalization is to
baseline. This is largely because the levels of blood
flow being analyzed are near the normalization
standard. This does not resolve question of a role of
potential baseline differences and whether that might
affect the analysis (18). For example, differing
pharmacological interventions might generate
differing baseline levels of blood flow. This is an
unanswered problem, and the best approach is to
establish original baselines before any intervention
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and base the analysis on that characteristic (e.g., see

(19)).

3.2. Pharmacological approaches

Although  normalization  remains  an
important consideration, it has not proved to be
limiting in reaching firm conclusions based on the
interventions applied. The application of
pharmacological probes to small areas of skin,
coupled with laser Doppler flowmetry, has enabled
important advances over the past decade or so. One
approach is the iontophoresis of pharmacologically
active drugs into the skin. Lindblad and colleagues
first used this as an approach, coupled with laser
Doppler flowmetry, to understand the makeup of
alpha adrenergic receptor subtypes in dorsal finger
skin and to then apply that knowledge and approach
to the discrimination of the involvement of those
subtypes in the vasomotor responses to local skin
cooling (20-22). Their use of a mild current to force
alphal and alpha2 adrenergic agonists and
antagonists into dorsal finger skin provided important
information relative to the role of that system in
humans and served as a stimulus to use that approach
to address other questions. With this technology,
bretylium, atropine, acetylcholine, nitroprusside,
among others, have been iontophoretically applied to
treat small areas of skin in order to address questions
about vasomotor control.

Key to the choice of molecules for
iontophoresis is solubility in the particular solvent
chosen, the ability to ionize and the electrical
mobility such that they carry part of the current. The
above agents are included as having those
characteristics, whereas larger and/or uncharged
molecules do not. The choice of solvent is important,
as well. In our laboratories, we use almost
exclusively propylene glycol (e.g., (23) because it is
an organic solvent, but does not itself ionize.

Ionized water is sometimes used as the
solvent, as is saline. Two considerations arise with
such choices: First, the electrical mobility and
concentration of the other ions (protons, sodium,
anions) must be considered relative to those of the
agents of interest because the amount of charge
carried by the latter, and therefore its tissue
deposition, will depend on that ratio. Second, there
may be effects of H+ or OH- on the vasomotor state.
Indeed, there is a vasodilation even with water
iontophoresis, and the degree of that vasodilation is
significantly greater at the anodal site (24). This
suggests an effect of something other than current per
se and probably relates to the local pH. It is also the
case that the passage of current through the tissues
can cause vasodilation (25). This latter effect depends
on the duration and intensity of the current. For
example, to apply enough bretylium to assure
presynaptic vasoconstrictor nerve block requires a
combination of current strength and duration that
itself causes a significant vasodilator effect that lasts
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for up to one hour (23). Such a vasodilator response
to the application of the drug has the potential for
interfering with the analysis of the drug actions. In
the case of bretylium, the drug actions last at least
several hours (23), well beyond the duration of the
current-induced hyperemia. Nevertheless, it is
important to recognize the possible encroachment of
the hyperemia from the iontophoretic procedure on
the duration of action of the agent of interest,
potentially limiting the useful period.

The limitation imposed by iontophoresis to
the useful period in drug delivery can be overcome by
a second approach to drug delivery--intradermal
microdialysis. The method (16, 26) involves
placement of a single dialysis fiber intradermally,
through which pharmacological agents with known
actions are perfused. This approach has many of the
same advantages as iontophoresis: small area of skin
treated, systemic dose too small to measure,
monitoring of skin blood flow by laser Doppler
flowmetry over the treated areas, multiple individual
measurement sites allowing for comparison among
treatments. The microdialysis method also allows for
continuous perfusion with the active agent so that
washout and duration of action are no longer issues.
For this latter reason, we replaced intradermal
injections (27, 28) with microdialysis in our studies
of sympathetic co-transmitters (29). In particular,
intradermal injection causes an initial hyperemia seen
with needle injection (30) that lasts about an hour.
During that and the subsequent hour or so, the depot
of active drug was slowly washed out, ultimately
reaching ineffective levels and limiting significantly
the experimental period. Use of a constant perfusion
with microdialysis allows the needle trauma and
associated hyperemia to resolve without depleting the
active drug to suboptimal levels.

Microdialysis not only increases the
available experimental period, but also permits the
administration of non-ionized substances. This would
include low molecular weight compounds such as
BIBP3226, VIP10-28, antagonists for nitric oxide
synthase, endothelin, angiotensin, norepinephrine,
etc. Many of the above could not be administered by
iontophoresis, and their duration of action following
intradermal injection is potentially too short to allow
meaningful experimental opportunity. Further,
intradermal microdialysis is minimally invasive; no
untoward effects have been experienced in our
laboratories, nor have any been reported.

Some variation exists among laboratories in
the use of microdialysis. These variations include the
area of skin involved (e.g., arm vs. leg) and the
nominal molecular weight cutoff of the membrane. In
some laboratories, the skin is numbed with a cold
pack. In others, no anesthetic is used. There is no
clear difference among these different approaches,
although there is clear evidence that presence of a
microdialysis fiber has some effect on the vasodilator
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Figure 1. Reflex response in skin blood to whole body cooling. Below: Pattern of blood flow accompanying a reduction in skin
temperature (Tsk). Above: Reflex arc accomplishing that pattern. Lower skin and/or internal temperature is sensed, leading to an
increased sympathetic vasoconstrictor outflow directed to the skin. Sympathetic nerves release norepinephrine and NPY, each of
which acts on cutaneous vascular smooth muscle to cause vasoconstriction.

potential in that area of skin (31). At this stage, it is
highly recommended that these characteristics
(membrane material, molecular weight cutoff, skin
pretreatment) be reported to allow clear comparison
among studies.

The effects of any procedure should be
minimized and accounted for. In the case of
microdialysis, there is the initial hyperemia from
fiber placement, which is dealt with adequately by
waiting 60-90 minutes before beginning any
experimental protocols (32). On the other hand, the
agents themselves, or their solvents, may affect
baseline blood flow. Isotonic saline or Ringers
solution are common carriers, but not all of the
pharmacological agents of interest are sufficiently
water soluble for them to carry an effective dose.
Dimethyl sulfoxide (DMSO) is a very good solvent,
but it can have vasodilator properties, itself (33, 34).
While this is not necessarily limiting, it does require
finding the lowest level of solvent adequate to
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dissolve the agent. The agent, itself can also cause
background vasodilation. Depending on the question,
control studies may require an alternate vasodilator to
mimic the background effects of the primary agent
(e.g. (35-37). Bearing these caveats in mind,
microdialysis promises to continue to be a very
powerful approach tofurther clarification of our
understanding of the mechanisms of control in the
cutaneous circulation.

4. REFLEX CONTROL OF THE CUTANEOUS
CIRCULATION

The effects of direct heating and cooling on the
skin circulation are potentially quite large, having the
capacity for maximal vasoconstriction (and the risk of
frostbite) as well as maximal vasodilation (15, 38). Reflex
mechanisms in the skin circulation have a similarly broad
range. Extreme whole body cooling can reduce skin blood
flow to very low levels, although perhaps not to zero. Body
heating and the associated increases in skin and internal
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temperatures can, in resting supine individuals, force
skin blood flow to maximal levels, even when the
elevated body temperatures are within tolerable limits
(1, 15). This ability of reflex control to cause such
large changes in blood flow 1is of particular
importance to cardiovascular control generally
because the effects are not isolated to small areas of
skin, but are broadcast over the entire body surface
area. Pressor effects from cutaneous vasoconstrictor
responses to body cooling are to be expected;
conversely, the demands for increased cardiac output
during body heating challenge the heart to pump a
high minute volume of blood without the advantage
of the muscle pump supplying energy for the return
of blood to the heart (1, 5, 6).

4.1. Vasoconstrictor mechanisms

In nonglabrous (hairy) and glabrous
(nonhairy) skin, vasoconstrictor mechanisms are
tonically active; small increases or reductions in skin
blood flow over the body surface provide the changes
in heat elimination sufficient to control body
temperature  within narrow limits without a
requirement for either sweating or shivering (3, 39-
41). Indeed, the regulation of body temperature in
humans is accomplished by those subtle changes most
of the time, most of our lives. Only when the
challenges of the environment or of increased heat
production as in exercise are significant, do other
mechanisms become involved in the regulation of
body temperature. In fact, unmeasurably subtle
changes in skin blood flow, carried out over an
extended period of time, can cause measurable
changes in internal temperature (42). For example, a
reduction in the blood flow over the entire body by
2% can cause internal temperature to increase by an
estimated 0.5°C over the period of 24 hours.

The level of tonic activity of sympathetic
vasoconstrictor  fibers is dependent on the
environmental conditions. If the environment is
warm, there may be little or no vasoconstrictor
activity, whereas a cooler environment will be
associated with significant tonic activity. One
consequence of this is that cutaneous nerve block will
cause an increased skin blood flow in the latter case,
but not in the former, providing a probable
explanation for the modest differences among
laboratories in response to such blockade (1, 43, 44).

The current working model for the
mechanisms  involved in  reflex  cutaneous
vasoconstriction are developed below and are

outlined in Figure 1. This development includes our
current understanding of the transmitters involved
and of the factors that serve to modulate
vasoconstrictor activity.

4.1.1. Transmitters

The primary transmitter for reflex cutaneous
vasoconstriction is norepinephrine. Both alpha,, and alpha,
receptor functions are demonstrable in human nonglabrous
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skin through locally applied selective blocking and agonist
studies (21), as well as through nonselective blockade (27,
45-48). Systemic alpha adrenergic blockade causes
skin temperature to increase while core temperature
falls in a dose-dependent fashion (47), indicating
inhibition of tonic  adrenergically mediated
vasoconstriction in the skin.

The question arises of whether there are
other vasoconstricting transmitters released from
sympathetic nerves to the skin. This originates from
conclusions derived from other species and other
regions, as well as from experiments in humans.
Neuropeptide Y (NPY) was found to participate in
sympathetically mediated vasoconstriction in a
variety of tissues and species (49-51) and was also
found to have a variety of other functions relative to
energy balance and feeding behavior (52, 53). With
respect to a peripheral vasoconstricting role, the
consensus is that it is colocalized in sympathetic
nerve terminals with norepinephrine and participates
in the vasoconstriction that follows nerve activation,
e.g.(51, 54, 55).

Given the history, it was important to find
whether NPY might act as a vasoconstricting co-
transmitter from sympathetic adrenergic nerves in
human skin. The fact that locally applied bretylium
completely blocks reflex vasoconstriction during
whole  body cooling indicates that such
vasoconstriction is carried out entirely by adrenergic
nerves (23). Bretylium acts presynaptically to block
all transmitter release from synaptic nerves, so its
inhibition of vasoconstriction does not discriminate
between or among the possible transmitters involved
(56). Stephens and colleagues (27-29) tested the
notion of a participation by something other than
norepinephrine in the reflex cutaneous
vasoconstrictor response to whole body cooling by
blocking adrenergic receptors (rather than transmitter
release) through the intradermal injection of
yohimbine at a level that probably did not distinguish
between alphal and alpha2 receptor subtypes. In this
original attempt, the vasoconstriction to body cooling was
reduced but not eliminated. The test for blocking efficacy,
iontophoretic application of norepinephrine, showed the
normal vasoconstrictor response to be reversed to
vasodilation by yohimbine, signaling an activation of beta
adrenergic receptors by the norepinephrine (26) and
possibly obscuring the results from reflex-mediated
vasoconstriction. The addition of the beta adrenergic
antagonist propranolol to yohimbine successfully inhibited
both vasoconstrictor and vasodilator responses to
exogenous norepinephrine and, importantly, made the
persistent reflex vasoconstriction in the areas subjected to
dual alpha- and beta- block much clearer, indicating the
participation by a vasoconstricting co-transmitter in the
vasoconstrictor response to body cooling (27).

The above results serve as good evidence for
participation by something other than norepinephrine
in sympathetically mediated reflex vasoconstriction,
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but do not identify that co-transmitter. That
identification came from a subsequent study in which
the NPY Y1 antagonist BIBP3226, applied by
microdialysis, caused a significant attenuation of the
reflex vasoconstriction (29). The combination of
BIBP3226 with yohimbine and propranolol delivered
to a single site further strengthened the conclusion
that NPY played a significant role in reflex cutaneous
vasoconstriction because that combination appeared
to block completely the reflex cutaneous vascular
response to body cold stress (29).

NPY is generally described as having three
roles in sympathetically mediated vasoconstriction: a
direct postsynaptic vasoconstriction, a postsynaptic
potentiation of the response to norepinephrine and a
presynaptic inhibition of norepinephrine release (57).
The above studies do not permit a clear
discrimination among those three actions, but the
evidence does support the first possibility. The
persistent vasoconstriction in the presence of
adrenergic blockade and its disappearance with Y1
blockade is strong evidence that NPY plays a direct
vasoconstricting function and that is its major role in
the human cutaneous circulation (29).

Similarly designed studies found that the
role for vasoconstricting sympathetic co-transmitters
in reflex cutaneous vasomotor control was subject to
modification by age and by gender. Stephens et al.
(28)found that the persistent reflex vasoconstriction
in the presence of adrenergic receptor blockade in
response to body cooling varied between menstrual
phases in young women. With elevated estrogen and
progesterone  levels, the reflex  cutaneous
vasoconstrictor response to body cooling is much the
same as with young men, about 30-40% of the
vasoconstriction is non-adrenergic. When female
steroid levels are low, however, there was no
measurable reflex vasoconstriction in the presence of
adrenergic receptor blockade.

This observation is at first enigmatic, as
most studies involving gender comparison opt to
study women in the follicular phase, based on the
reasoning that any gender differences due to acute
effects of estrogen and progesterone would be
avoided. However, estrogen priming followed by
progesterone does increase mRNA for NPY in the
hypothalamus and pituitary in rats (58). It is not
possible to say whether the same is operative in
human sympathetic cutaneous nerves, but it would
explain  the greater  non-adrenergic  reflex
vasoconstriction in women when hormone levels are
elevated. Nevertheless, it does appear that female
steroids are stimulatory in some part of the NPY
regulatory scheme. The possibility of either
adrenergic affects of progestins or the very low levels
of estrogen and progesterone in men might also
contribute to an explanation for this somewhat
unexpected parallel between the responses in women
and men (28).
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Aging also acts to modify the balance
between the roles for norepinephrine and
nonadrenergic co-transmitters in reflex cutaneous
sympathetic vasoconstriction (59). Thompson et al.
(60) verified the above non-adrenergic reflex
vasoconstrictor response to body cooling in young
men (18-25 years) but failed to find evidence for such
an occurrence in older subjects (63-78 years). In that
study, bretylium blocked completely the reflex
cutaneous vasoconstrictor response to body cooling
in both age groups, whereas the combination of
yohimbine and propranolol also completely inhibited
that vasoconstrictor response in the older group, but
only reduced it in the younger group; the persistent
vasoconstriction in the latter case indicating a role
for sympathetic co-transmitters only in the younger
group (60).

In the cases of gender and aging influences
above, there was no specific demonstration that NPY
is the co-transmitter involved. It seems likely,
however, that this was the case. In the case of age
differences, it is known that in young men YI
antagonism reduces the vasoconstrictor response to
one dependent solely on adrenergic mechanisms (29).
It stands to reason that aging (or the menstrual cycle)
leads to a loss of that co-transmitter (NPY),
mimicking the effects of pharmacological removal.

4.1.2. Modulation of cutaneous vasoconstrictor function

The most robust activation of reflex
vasoconstriction in the skin occurs with body
cooling. That response, however, is subject to

modification by influences that are not primarily
thermoregulatory in nature. For example, the phase of
the menstrual cycle has a role in determining
cutaneous vasoconstrictor function (61). In this case,
the pattern of the response to body cooling does not
differ between high and low hormone levels of the
menstrual cycle (as established through oral
contraceptives) with respect to the time of cooling,
but the vasoconstriction acts to protect the prevailing
body temperature. Thus, the higher body
temperatures of the luteal (high hormone) phase are
associated with the same degree of vasoconstriction
during cooling as are the lower body temperatures of
the follicular (low hormone) phase but do so around a
higher internal temperature; vasoconstrictor functions
‘reset’ to a higher internal temperature.

Diurnal control of the skin circulation shows
a similar pattern of modification of the control of
cutaneous vasoconstrictor activity (62). In this case,
the reflex vasoconstrictor response to whole body
skin cooling was more sensitive in the early morning
(when internal temperature is lower) than in the
evening. This indicates that the control of cutaneous
vasoconstriction is modified in the afternoon to
support the shift in internal temperatures to higher
levels. How that happens is less clear; however, there
is a possible role for melatonin, a hormone that has a
diurnal secretion profile (63). Further, the



Local and reflex control of skin blood flow

administration of melatonin usually leads to a
reduction in internal temperature under resting
conditions (63-66), suggesting reduced cutaneous
sympathetic vasoconstrictor activity and increased
skin blood flow. For the most part, differences in the
vasomotor control of skin between late afternoon and
early morning are mimicked by the ingestion of
melatonin in the afternoon (67). There is a downward

shift in the internal temperature about which
vasoconstrictor control operates and a reduced
sensitivity to whole body skin cooling, both

characteristics of the control of skin blood flow in the
early morning (67). These observations suggest that
nocturnal secretion of melatonin may have a role in
the diurnal variation in body temperature through
modulation of cutaneous sympathetic vasoconstrictor
function.

4.2. Sympathetic active vasodilation

When environmental temperature and/or
metabolic heat production exceed the ability to
control body temperature through modulation of
cutaneous vasoconstrictor activity, other powerful
systems are brought into play. The secretion of sweat
and its evaporation is an extremely efficient means of
liberating heat to the environment. At the same time,
neurogenic active vasodilation is initiated, allowing
for the transport of heat from deeper tissues to the
skin for its elimination. How this system works and
how it is controlled have attracted substantial
research interest, but much about the system remains
controversial and conjectural, including the specific
transmitters involved.

The recognition of the existence, in humans,
of a neurogenic vasodilating mechanism in skin other
than withdrawal of vasoconstrictor activity (passive
vasodilation) is generally said to originate with
observations by Lewis and Pickering (68) and Grant
and Holling (69), who noted that nerve block or
sympathectomy failed to raise skin blood flow to the
same extent as whole body heating (free of direct
influences of heating). This implied that intact
sympathetic nerves were required to achieve the high
levels of blood flow seen with body heating--an
active system was implied. That conclusion was
strengthened considerably in a classic study by
Edholm et al. (43), who applied local anesthesia to
the skin of the forearm proximal to the area of blood
flow measurement. Such application prior to heating
prevented the usual increase in blood flow and, when
applied during heat stress, cause a large reduction in
forearm skin blood flow. Again, an active system is
implied. Roddie et al. (44, 70, 71) came to similar
conclusions based on sampling of oxygen content
from deep and superficial veins. Lastly, Kellogg et
al. (3, 23) applied bretylium iontophoretically to skin
and measured the reflex vasomotor responses to body
cooling and heating. They found that the
antiadrenergic properties of bretylium blocked the
reflex vasoconstrictor response to body cooling, but
had no obvious effect on the vasodilator response to
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body heating. These data are, collectively, essential
proof of the presence of an active vasodilator system
in the skin.

The vasodilator system is quite powerful. Its
activation can cause skin blood flow to rise by
several fold. Even within tolerable limits of
hyperthermia, the active vasodilator system can cause
maximal cutaneous vasodilation (15). That level of
skin blood flow is potentially quite high. Rowell (5,
6) estimates that total skin blood flow can reach
levels on the order of 8 L-min-1 during whole body
heat stress. This would make skin second only to
active skeletal muscle in the capacity for vasodilation
in intact humans. The increase from values in
normothermia of 300-500 ml-min-1 is accomplished
almost entirely by activation of the active vasodilator
system.

The cutaneous active vasodilator system is
found in nonglabrous skin, whereas vasodilation in
glabrous skin is achieved through withdrawal of
vasoconstrictor activity (2, 4). At one time it was
held that the entire hand was limited to
vasoconstrictor control (2, 4, 72), despite the original
observations by Lewis and Pickering (68) having
been made in the fingers of patients with Raynaud’s
disease. However, the advent of the use of laser
Doppler flowmetry and the spatial resolution it
permits led to the recognition that there was
important active vasodilator function in the dorsal
hand and fingers (73). It is generally held that the
active  vasodilator control is distributed to
nonglabrous (hairy) skin, although there is some
presumption even to that generalization.

4.2.1. Mechanisms of active vasodilation

The potential capacity for the active
vasodilator system to raise skin blood flow is
unquestioned. How it does so remains a point of
current research and discussion. Here, we deal with
three elements of the mechanism(s) for a cutaneous
active vasodilation: (a) What are the
neurotransmitters? (b) What is the involvement of
nitric oxide? (c) What is the linkage to sweating?
These questions all have been the subject of
investigation over the past decade, and they are not
mutually exclusive.

The postulated mechanisms involved in the
reflex responses to body heating, with emphasis on
active vasodilation are outlined in Figure 2 and are
developed below. This development and the outline
include the role for NO and the possible
cotransmitters, which are still under discussion and
unproven

4.2.2. Neurotransmitters

The earliest attempts to identify the
neurochemical linkage between sympathetic vasodilator
nerves and cutaneous arterioles tested for the involvement
of acetylcholine. Roddie et al. (44) found that intra-arterial
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Figure 2. Reflex responses in skin blood flow to whole body heating. Below: The increase in skin blood flow occurs
in two phases. The first phase (A) is associated with increased skin temperature (Tsk) and is due to withdrawal of
any tonic vasoconstrictor activity, which causes a small vasodilation. The second phase (B) accompanies the
subsequent increase in internal temperature (Tint) and is characterized by the initiation of sweating and of a
neurogenic active vasodilator system, accounting for most of the increase in skin blood flow during body heating.
Possible mechanisms for neurogenic active cutaneous vasodilation as developed in this review are shown. In both
phases increased body (skin and internal) temperatures inhibit adrenergic vasoconstrictor activity. In the second
phase, the active vasodilator system is responsible for the majority of the vasodilation. NO is involved, perhaps from
prejunctional nerves. Acetylcholine is involved, as are one or more cholinergic cotransmitters, with evidence in
support of VIP and/or a neurokinin such as Substance P (SP). Histamine from mast cells, perhaps stimulated by VIP,
and prostanoids are also thought to have roles in the active vasodilator process. Terms in italics have yet to be
firmly established.
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atropine caused a delay in the onset of the reflex cutaneous
vasodilator response to heat stress and also reduced the
level that skin blood flow ultimately achieved. Given
after active vasodilation was established, however,
atropine was without effect on forearm skin blood
flow. Sweating was blocked completely in both
instances. These findings have been repeated by
several groups (74, 75), but create a scenario in
which the interpretation is not clear. One series that
runs counter to the above found that atropine caused
an increased skin blood flow during exercise, albeit
sweating was significantly reduced (76, 77). A
possible explanation for this observation relates to
the effects of the decreased sweating on skin
temperature and the role skin temperature plays in the
regulation of skin blood flow. An increased skin
temperature causes a central modification of the
control of blood flow by reduction in the threshold
for vasodilation (78, 79). Otherwise, this observation
is difficult to reconcile with the inhibiting influences
of cholinergic muscarinic receptor blockade in
resting conditions. It may, indeed, be an important
glimpse into the mechanisms of control of active
cutaneous vasodilation, but awaits clarification.

The role for acetylcholine appears to be
most important early in the reflex responses to body
heating (3). This conclusion is based on several
observations. In particular, Shastry et al (75) noted
that atropine given after heat stress and active
vasodilation were established, had little or no effect
on blood flow, whereas given before heating
commenced there was a delay in the onset of
vasodilation. These observations reflect those made
earlier by Roddie et al (44). Those findings found
support from a differently styled study by Shibasaki
et al (80), who gave the phosphodiesterase inhibitor
neostigmine locally to skin. In this case, they found
the inhibition of acetylcholinesterase had the
predicted effect of enhancing skin blood flow and
sweating early in heating, but not later. They also
found the effect of neostigmine early in heating to be
NO-dependent (80). These studies lead to the likely
conclusion that there is an important time element in
the roles of the transmitters involved in active
vasodilation.

An important insight into the possible role
of cholinergic mechanisms in cutaneous active
vasodilation comes from the use of botulinum toxin A
to antagonize cholinergic nerves presynaptically to
prevent the release of acetylcholine and any
associated co-transmitters from cholinergic nerves
(81, 82). The mechanism of action of botulinum
toxin, which causes botulism, appears to involve
primarily its uptake into cholinergic nerve terminals,
where it acts to cleave the proteins responsible for
neurotransmitter exocytosis, effectively blocking
synaptic function (81, 82). It is this property that
confers both the toxicity of botulinum toxin as well
as the growing number of therapeutic uses (83, 84).
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The binding to the exocytotic SNAP-25 proteins is
irreversible; new synthesis and axonal sprouting are
required for recovery of function, making the actions
long lasting. Further, the toxin binds to and disables
both cholinergic motor nerves to skeletal muscle and
autonomic cholinergic nerves.

The above characteristics led to the test of
the effect of botulinum toxin A on cutaneous active
vasodilation (74). An intradermal injection into a
small (~ 1cm2) area of skin made that area, 2-14 days
later, completely unresponsive to the reflex effects of
whole body hyperthermia. Both cutaneous active
vasodilation and sweating were completely
antagonized in the area of the botulinum toxin A
injection. Importantly, the reflex vasoconstrictor
response to whole body cooling was unimpaired. In
the same series, atropine was found to reduce but not
block active vasodilation, but to block sweating, as
had been seen by others (44, 75). The interpretation
of these data, based on the specificity of botulinum
toxin A on presynaptic cholinergic nerves (3, 81, 82,
85, 86), is that cutaneous active vasodilation is
effected by a cholinergic co-transmitter mechanism,
with acetylcholine stimulating some of the
vasodilation and some other substance(s), co-released
from cholinergic terminals, responsible for the rest.
Indeed, the co-transmitter(s) would appear to be
responsible for around 80% of the active vasodilator
response (74, 87).

An important assumption rests on the
specificity of botulinum toxin A for cholinergic nerve
terminals. That those terminals were affected is
shown by the abolition of sweating response to
hyperthermia in the treated areas, but that does not
exclude an effect on noncholinergic neurons. Any
neuron that has the appropriate receptors for uptake
of the neurotoxin and utilizes SNAP-25 protein for
exocytosis of the neurotransmitter(s) would be
subject to inhibition by botulinum toxin A. Indeed,
Morris et al. (87) found in vitro evidence that
botulinum toxin A was inhibitory to contractions of
guinea pig vena cava and uterine artery to direct
sympathetic stimulation and that SNAP-25 proteins
could be found colocalized with tyrosine hydroxylase
and NPY. Furthermore, incubation with botulinum
toxin revealed cleavage of SNAP-25. However, it
remains quite unlikely that the results from
hyperthermia in humans (74) can be explained on the
basis of involvement of noncholinergic mechanisms.
The major argument is that the levels of botulinum
toxin were without measurable effect on
adrenergically mediated vasoconstriction (74, 88,
89).

It was also observed that the in vitro
stimulation of vasodilator nerves in guinea pig
uterine arteries causes the release both of

acetylcholine and of neuropeptides, notably VIP and
CGRP (90), but that the inhibitory effects of
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botulinum toxin A on the release of acetylcholine
were more complete than on the release of the
putative co-transmitters, suggesting some differential
effect of the neurotoxin on the release of vesicles of
different sizes with different transmitters. This might
also potentially apply to in vivo human cutaneous
neurogenic active vasodilation, but in our earlier
study enough botulinum toxin was used to completely
inhibit all active neurogenic vasodilator function, so
such differential control of transmitter release was
not seen (74).

4.2.3. Cotransmitters

The results from pre- and post- synaptic
antagonism of cholinergic terminals suggesting a co-
transmitter mechanism stimulated a number of studies
designed to discover the identity of the co-transmitter
or co-transmitters. For the most part, these studies
follow a common design. Microdialysis membranes
placed in forearm skin are perfused with a solution
containing an antagonist to a particular hypothetical
vasodilating transmitter or with a control solution.
Whole body heating is then used to activate the active
vasodilator system at the same time and to the same
extent at both sites. Characteristics of the ensuing
vasodilator responses are compared, testing for an
effect of the antagonist.

4.2.3.1. VIP

VIP is known to be colocalized in
cholinergic neurons, and has significant vasodilating
properties (50, 91-94). The original findings were
made in cat submandibular glands, and the
possibility of glandular-based active vasodilation
arising from sudomotor function clearly exists in the
skin (95). Indeed, Hokfelt (49) raised the possibility
that VIP was involved as a co-released transmitter
from sympathetic cholinergic nerves in skin.

Could VIP contribute to cutaneous active
vasodilation? A test of that question came from work
by Bennett et al. (96) who applied the fragment VIP
10-28 by microdialysis. VIP 10-28 competitively
antagonizes both VPACI and VPAC2 receptors (3,
97-99). A problem with that generation of VPAC
receptor antagonist is a much lower affinity for those
receptors than for VIP, itself (100). Furthermore,
high concentrations of VIP 10-28 cause vasodilation
(96). Consequently, the window for antagonist
concentration is limited at both low and upper ends —
too little there is insufficient antagonism, too much
there is the problem of elevated baseline.

Bennett et al. (96) found a concentration of
VIP (7.3 mM) that when infused via intracutancous
microdialysis, caused a vasodilator response similar
to that occurring during heat stress. They also found
the maximum concentration of VIP 10-28 (214 mM)
that could be applied by microdialysis without
causing significant vasodilation. That concentration
of VIP 10-28 caused a 54% inhibition of the
vasodilator response to 7.3 mm VIP. The above
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concentration of VIP 10-28 also significantly
inhibited the reflex vasodilator response to body
heating, reducing the change in cutaneous vascular
conductance (CVC) relative to internal temperature
by 53% and the extent of reflex vasodilation by 42%.
Interestingly, atropine co-administered with the
antagonist did not provide further inhibition, perhaps
reflecting the temporal character of the contribution
by acetylcholine mentioned earlier.

The inhibition of the reflex vasodilator
response to body heating by the VPACI1/VPAC2
antagonist VIP 10-28 supports a role for VIP in
active cutaneous vasodilation. There are concerns
that prevent reaching a firm conclusion, however.
First, the characteristics of the antagonist are not
ideal. It could provide only partial inhibition of either
the vasodilator response to exogenous VIP or to
whole body heat stress. We cannot say from these
data whether the remaining vasodilation was due to
another co-released transmitter (in the case of
hyperthermia) or to an incomplete blockade of VIP
receptors (in both cases). Further, the VPAC2
receptor is also sensitive to PACAP (3, 101), opening
the possibility that PACAP, not VIP, is the
transmitter involved in active vasodilation. Some
doubt was expressed from the observation by others
that VIP 10-28 augmented the local vasodilator
response to exogenous VIP (102). We cannot explain
how the antagonist might enhance the response to the
agonist, but it is of interest that the use of VIP 10-28
in that study also augmented the reflex vasodilator
response to hyperthermia. This observation is in
keeping with VIP acting as the transmitter for active
vasodilation inasmuch as the effects of VIP 10-28 on
the actions of VIP paralleled those on the response to
hyperthermia..

A challenge to the idea of an important role
for VIP in cutaneous active vasodilation comes from
a series of studies involving patients with cystic
fibrosis. The first test of a role for VIP in
thermoregulatory vasodilation was reported by
Savage et al. (103), following the report that patients
with cystic fibrosis had little or no VIP in skin nerves
(104). If VIP were involved mechanistically in active
vasodilation, cystic fibrosis patients might have
attenuated skin blood flow responses to heat stress.
This was not the case; patients with cystic fibrosis
had preserved vasodilator responses to hyperthermia.
Those results suggested that VIP might not be
involved in cutaneous active vasodilation (103).

Because of the possibility of redundant
mechanisms between acetylcholine and VIP in
cutaneous active vasodilation, two additional tests of
the active vasodilator system in cystic fibrosis have
been done (105, 106). In one of these studies, the
possibility was raised that an enhanced role for
acetylcholine could replace reduced VIP function in
cystic fibrosis. This idea was tested by assessing the
effects of atropine on active vasodilation in the
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patients with cystic fibrosis. The proposal was that,
since the patient group lacked a fully functional VIP
system, blockade of the acetylcholine function would
effectively remove the reflex cutaneous vasodilator
response to body heating. However, this muscarinic
receptor antagonist had the same effect in cystic
fibrosis patients as in matched controls, hence
arguing against such a redundant mechanism (105).
In a study by Wilkins et al. (106) the possibility was
tested that augmented contributions of the NO system
compensate for reduced VIP function in cystic
fibrosis. This idea was based on observations that
exogenous VIP vasodilates, in part, through NO-
dependent mechanisms (107). Administration of the
NOS antagonist L-NAME attenuated active
vasodilation in hyperthermia equally in patients with
cystic fibrosis and control subjects, suggesting that
stimulation of the NO-dependent processes, such as
VIP-mediated vasodilation, were not altered in cystic
fibrosis (106). Thus, to date, there is no clear
explanation for how active vasodilation occurs in
cystic fibrosis, but the collection of observations in
this patient group have to be considered in any model
of active cutaneous vasodilation involving VIP.

4.2.3.2. Substance P

One of the more surprising entries onto the
list of proposed contributors to cutaneous active
vasodilation is the neurokinin Substance P (108). The
experimental design testing this possibility varied
from those employed above. In this case, the authors
noted that neurokinin receptors became desensitized
following exposure to Substance P, there being less
vasodilation in response to a second exposure to
Substance P (109). The authors reasoned that, if
Substance P has a role in the cutaneous active
vasodilator response to body heating, then prior
exposure to Substance P should reduce the
vasodilator response to heat stress. That is what they
observed. Prior exposure to Substance P reduced the
vasodilator response to body heating by 30%, in
support of a role for neurokinin receptors and perhaps
Substance P as the native agonist in active
vasodilation.

A difficulty in accepting Substance P, per
se, as having a role in active cutaneous vasodilation
is because Substance P is known to be localized to
afferent nerves and endothelial cells (110-112).
Substance P from those sources is clearly involved in
inflammatory responses. However, it is not clear how
central activation of sympathetic vasodilator
pathways would set into motion the release of
Substance P. Other tachykinins (neurokinin A,
neurokinin B) might be involved. Clearly, more work
is required to resolve this issue.

4.2.4. Nitric oxide

There is now very strong evidence that the nitric
oxide system is involved in cutaneous active vasodilation.
Simultaneous publication of studies from two laboratories
using differing approaches to nitric oxide synthase (NOS)
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inhibition showed such inhibition to limit the reflex
vasodilator response to body heating (113, 114).
Administration of the nonspecific NOS inhibitors L-
NAME via microdialysis (113) or L-NMMA via
brachial artery infusion (114) limited the reflex
vasodilator response to body heating. This
observation has been repeated several times, with the
general conclusion being that NOS blockade reduces
the vasodilator response by over 40% (75, 108, 115,
116).

The above studies all involved non-specific
NOS inhibitors. Recently, the availability of more
specific antagonists has enabled exploration of which
of the NOS isozymes is involved in active cutaneous
vasodilation. NOS 1 (neuronal NOS, nNOS)
inhibition with 7-NI reduced the sensitivity of the
vasodilator response to rising internal temperature
during body heating by 40% and the extent of the
vasodilation by a similar amount (33). That
antagonist had no effect on the vasodilator response
to local heating. This finding is in keeping with NOS
I being the source of the NO involved in active
cutaneous vasodilation but not for that involved in
the vasodilator response to local warming. Blockade
of NOS IIT (endothelial NOS, eNOS) with L-NAA
had no significant effect on the reflex vasodilation
response to whole body heating, but did significantly
inhibit the vasodilator response to local skin heating
(117). These results are also consistent with NOS 1
having an important role in reflex vasodilation, but
not in locally mediated responses.

The above requires some resolution relative
to the neurotransmitter studies discussed above. In
particular, where is the NO generated, and what is the
relationship to the putative neurotransmitters or co-
transmitters? In the studies involving Substance P
(108) and prostanoids (115), the combination of
nonspecific NOS inhibition (L-NAME) with the
antagonists caused a greater attenuation in the
vasodilator response to body heating than did the
antagonist or L-NAME alone. The effects were
essentially additive, indicating neither Substance P
nor prostanoids relied on NO for their vasodilator
effects. Similar results were obtained for VIP,
although they are more difficult to interpret given the
augmentation of vasodilation by the antagonist VIP
10-28 in that study (102). Nevertheless, these effects
were unaffected by nonspecific NOS inhibition,
indicating parallel vasodilator mechanisms for VIP
and NO, rather than an interdependence.

These findings suggest the model illustrated
in Figure 2 for a working hypothesis for the
mechanisms of vasodilation. In the model, NO is
released by nonvesicular means from presynaptic
cholinergic terminals at the same time a co-
transmitter or co-transmitters are released by a
SNAP-25 dependent vesicular mechanism. The NO
acts through a ¢cGMP mechanism in the vascular
smooth muscle, while VIP and/or other transmitters
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act in parallel via CAMP and prostanoids. Mast cell
release of histamine and endothelial Substance P may
also be involved downstream from the peptide co-
transmitters.

A critical challenge to this model is the
abolition of active cutaneous vasodilation by
interference with vesicular transport by botulinum
toxin (74). NOS 1 presumably forms NO in
presynaptic terminals from which it is released by
non-vesicular mechanisms (90). If that is the case,
how is its role in vasodilation blocked by botulinum
toxin? One possibility is that the NO system works
cooperatively with the system(s) downstream from
VIP or other co-transmitters. Studies in the rabbit ear,
a model of cutaneous vascular control having an
active vasodilator system with NOS dependence (118,
119), raise this possibility. A synthesis that
developed from those studies is that NO acts in a
permissive way with the peptide transmitters to
enhance their vasodilator effects (120, 121).
Although application of this proposal to humans has
been questioned (122), neither the proposal nor the
counter-argument can be easily dismissed. The
possible interaction among these players in cutaneous
active vasodilation deserves further study as it may
finally enlighten us as to the mechanisms for the
powerful active vasodilator system.

4.2.5. Histamine

Wong et al. (116) infused pyrilamine (H1
receptor antagonist) and cimetidine (H2 antagonist)
intradermally via microdialysis. The H1 antagonist
reduced the peak vasodilation by 26% whereas the H2
antagonist was without significant effect. The H1
effect may involve nitric oxide (116). The authors
raise the possibility that the involvement of histamine
is through VIP being released from vasodilator nerves
and acting on mast cells to cause the release of
histamine for subsequent vasodilation via vascular
H1 receptor activation. Could it be that VIP is
causing active cutaneous vasodilation through
approximately equal engagement of mast cells to
release histamine and direct actions via VPAC
receptors on the cutaneous resistance vessels? This
intriguing possibility requires further study.

4.2.6. Prostaglandins

McCord et al. (115) tested whether
prostanoids might contribute to active cutaneous
vasodilation through inhibition of cyclooxygenase
pathways with ketorolac, applied by microdialysis.
Indeed, they found ketorolac to reduce the peak
vasodilation during heat stress by about 26%. It
therefore is likely that prostanoids are involved in the
process, although it is also likely that it is a
postsynaptic role in which a transmitter activates the
cyclooxygenase enzymes. The finding of a
cyclooxygenase involvement in active cutaneous
vasodilation is supported by a recent study in which
chronic aspirin therapy was shown to limit
significantly the vasodilator response to body
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heating, probably through an inhibitory action on
active vasodilator function (123). It is important to
note that the dose (81 mg daily) is widely used as a
chronic anti-inflammatory treatment.

4.2.7. Relationship to sweating

There is a long-held hypothesis that the
sudomotor control of sweat glands is also the source
of active cutaneous vasodilation (95, 124). There is a
series of observations that support that hypothesis, as
well as a series of observations that do not (1, 5).
Active vasodilation and sweating are initiated at
about the same time during heat stress. The
congenital absence of sweat glands is associated with
the lack of an active vasodilator response to body
heating (125). Similar observations (see Fox and
Hilton (95)) led to the ‘bradykinin hypothesis,” which
described how sudomotor activation might cause
cutaneous active vasodilation.  Activation of
cholinergic sudomotor nerves supplying eccrine
sweat glands would cause those glands to release an
enzyme into the interstitial space. That enzyme would
then cause the formation of the vasodilator
bradykinin, which, in turn, would cause vasodilation
in the skin.

The bradykinin hypothesis is made up of two
major elements. The first is that sudomotor control
and active vasodilation are functionally and causally
linked. The second, related element is that bradykinin
serves as the link between those two functions. The
arguments around the first issue have been detailed
earlier (1, 5, 95), and there has been little added to
the discussion since. It remains an important
unresolved question.

The involvement of bradykinin, either as a
product of sweat gland activity or as a transmitter
itself has seen some resolution. Kellogg et al. (126)
blocked bradykinin B2 receptors in forearm skin with
the antagonist HOE-140 delivered by microdialysis.
Subsequent whole body heat stress caused equal
vasodilation at those sites and at nearby control sites.
The onset of vasodilation during heat stress did not
differ between blocked and control sites, as well.
These data effectively rule out participation in
cutaneous action vasodilation by B2 receptors. A role
for B1 receptors can also be dismissed. Both in the
study by Kellogg ef al. (126) and in a previous study
in rabbits by Warren and Loi (127), B2 receptor
blockade was sufficient to completely inhibit the
vasodilator response to exogenous bradykinin.
Further, B1 antagonism was without effect on
bradykinin stimulated vasodilation. Although the
question of a relationship between sudomotor activity
and active vasodilation is unresolved, a role for
bradykinin is unlikely.

4.2.8. Modulation of vasodilator function

An increase in internal temperature, especially,
is the major drive for the active vasodilator system. For
example, skin temperature has reflex effects, as well, but
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does so largely through shifting the relationship of
active vasodilator function to internal temperature
(78, 79). There are also non-thermoregulatory
modulators of active vasodilator function. These
include exercise and blood pressure control (88, 128,
129). The effects of dynamic exercise on the
cutaneous circulation have been extensively reviewed
(130, 131) and will not be dealt with further here.
However, the cutaneous vascular responses to
isometric exercise deserve some comment because
they have some bearing on control mechanisms for
the cutaneous active vasodilator system. Isometric
handgrip exercise does not have a measurable effect
on cutaneous vascular conductance in normothermic
conditions (132-134). This applies, at least, to
nonglabrous skin. Palmar and plantar skin show a
marked vasoconstrictor response (134). In heat stress
there is a significant vasoconstrictor response by
nonglabrous skin to isometric exercise (133, 135). It
is this latter observation that is of particular interest
relative to the unresolved debate regarding the
connection between the sudomotor control of
sweating and active cutaneous vasodilation. During
isometric handgrip exercise, there is a significant
reduction in cutaneous vascular conductance whereas
there is an increased sweat rate. The reduced
cutaneous vascular conductance occurs equally in
skin with and without adrenergic function (the latter
via bretylium blockade of transmitter release),
indicating that the reduced vascular conductance is
via inhibition of active vasodilator activity. This is
the only example to date of sweat rate and active
vasodilation being caused to change in different
directions and is one piece of evidence that these
thermoregulatory effectors are not causally related
(133, 135).

There are also more slowly developing
modulators of active vasodilator function. Similar to

the modifiers of vasoconstrictor control, daily
rhythms and, in women, changes through the
menstrual cycle also affect active vasodilator

function (42, 136-138). In the luteal phase of the
menstrual cycle, when estrogen and progesterone are
both elevated, the relationship of skin blood flow to
internal temperature is shifted to higher temperatures
relative to the follicular phase (138). This is reflected
by a higher threshold internal temperature for the
onset of cutaneous vasodilation during heat stress and
a generally parallel shift of the relationship beyond
that threshold. This shift is unaffected by removal of
vasoconstrictor function with bretylium; hence, the
shift to higher temperatures in the luteal phase of the
menstrual cycle is through a similar shift in the
control pattern of cutaneous active vasodilation (42,
137). That shift to a higher threshold for the initiation
of active vasodilation during the luteal phase reflects
combined central effects of the principal hormones,
estrogen and progesterone. When evaluated
independently, estrogen has the effect of lowering
body temperature and the threshold for vasodilation,
whereas progesterone has an opposite, more
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pronounced effect. It is likely that these hormones
affect active cutaneous vasodilator function in a
similar way, with the net increase in vasodilator
threshold and body temperature reflecting the greater
effect of progesterone (42).

There is also a daily fluctuation in internal
temperature. This diurnal rhythm in body temperature
occurs in everyone; in women it sums with that for
the menstrual cycle (139). The diurnal cycle in body
temperature is accompanied by a similar cyclic
variation in the control pattern for skin blood flow

(136). Unlike the change in pattern with the
menstrual cycle phases, diurnal changes in the
relationship of skin blood flow to internal

temperature show changes both in the threshold for
the onset of vasodilation (higher in the Ilate
afternoon) and in the sensitivity (also higher in the
late afternoon). Aoki and colleagues (136) tested for
the roles of the cutaneous vasoconstrictor and
vasodilator systems in these diurnal changes, finding
that blockade of vasoconstrictor function did not
affect the increase in vasodilator threshold seen in the
late afternoon, showing that diurnal effect to be
brought about through inhibition of active
vasodilation. However, blockade of adrenergic
function did remove the difference in sensitivity
between early morning and late afternoon, showing
that diurnal effect to be a function of vasoconstrictor
system activity.

The possibility that the diurnal modulation
of active vasodilator function was through similar
fluctuations in melatonin levels represented an
interesting possible link between the time of day and
thermoregulatory control of skin blood flow.
Evidence supportive of that possibility was gained
from daytime ingestion of melatonin, which reduced
baseline internal temperature and the threshold for
vasodilation (140). This effect of melatonin on
vasodilator threshold was not changed by removal of
vasoconstrictor system function with locally applied
bretylium, showing that melatonin lowered the
threshold through the active vasodilator system.
These observations are supportive of the notion that
melatonin, acting centrally, brings about the diurnal
changes in the control of the active vasodilator
system, although some differences in pattern exist.
Also, the levels of melatonin were probably
significantly higher than those likely from the diurnal
secretory pattern. Nevertheless, it appears likely that
melatonin has an important role in the diurnal shifts
in body temperature and its regulation, including
effects on the reflex control of skin blood flow
through the active vasodilator system.

The influence of healthy aging on
temperature regulation and the control of the
cutaneous circulation are covered in detail elsewhere
in this series. It bears mentioning here that older
healthy subjects show, relative to younger subjects, a
delay in the initiation of the active vasodilator



Local and reflex control of skin blood flow

—> Sensory_herves
Local N

: A a— Inheren},vasodilation —> initial
Cooling =

e vasoconstriction
> Alpha 2c mobilization

— eNOS— NO = sustained
/

B. Local vasoconstriction

Cooling

— > Alpha 2c¢ mobilization

Local Tsk

SkBF

% max

A B

e
-

Local Cooling

A
Y

Y

Figure 3. Cutaneous vasoconstrictor response to local skin cooling: Below: Pattern of response in skin blood flow to a rapid
reduction in local skin temperature falls into 2 phases. (A) The initial response is a sharp drop in blood flow, often interrupted by
a transient vasodilation that appears to be inherent to the vasculature but is normally inhibited by adrenergic function and by
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translocation of alpha2c receptors to the vascular cell surface and reduced NO system function via eNOS inhibition and inhibition
of steps downstream from NO formation. Above: Mechanisms involved in the steps of cutaneous vasoconstriction stimulated by
local cooling involve sensory nerves, adrenergic receptor mobilization, NO system inhibition and an inherent vasodilator
response.
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response to body heating and a reduced net
vasodilation (141). This difference disappears with
supplementation of arginine or with arginase
inhibition, both supplied by microdialysis (142).
Similarly, acute local treatment with ascorbate
normalizes the active vasodilator response in older
subjects to equal that in younger subjects whose
response to body heating was unaffected by such
antioxidant treatment (143). The suggestion from
these important studies is that oxidant stress is a
major player in the impaired active vasodilator
function with aging and that this impairment is
through limiting NOS function (144). It is impressive
that this limitation can be reversed by acute treatment
with antioxidants or inhibition of arginase,
suggesting a tonic interference with NOS function by
reactive oxygen species. This is in addition to
reducedmaximal vasodilator capacity with age, which
theoretically cannot be reversed by such acute treatments
(145, 146).

5. LOCAL THERMAL CONTROL

Cooling or heating the skin directly can have
major effects on the level of blood flow, with the
ability to reduce skin blood flow to zero and the risk
of frostbite by intense local cooling, or to maximally
vasodilate the skin with local heating within tolerable
limits (147). Over the past decade or so great strides
have been made in improving our understanding of
how the local temperature can have such large effects
on the cutaneous circulation. Those advances have
been made possible through the development of
methodology described earlier and by application to
the study of the cutaneous circulation of the large
amount of knowledge of cardiovascular control
derived from many laboratories, species, and
approaches. Local thermal control in humans by both
heating and cooling is rarely treated in a single study;
hence they are treated separately here. However,
certain common themes do arise. It is noteworthy that
both local cooling and local heating exert some of
their effects on the cutaneous vasculature through the
nitric oxide system, one inhibitory and the other
stimulatory. Both involve sensory nerve function,
although the sensory modalities and the specific
afferents involved probably differ. Both local cooling
and local heating involve the adrenergic system in
exerting their effects on the cutaneous vasculature,
although in a counter-intuitive way. Local cooling
inhibits and local warming stimulates
neurotransmitter release from adrenergic nerves, but
both require intact adrenergic function to achieve the
full vasoconstrictor and vasodilator expressions,
respectively. In both local cooling and local warming,
it is the composite of the roles of nitric oxide system
function, adrenergic function and afferent nerves that
accounts for almost the entire vasomotor response.

5.1. Local cooling
Direct local cooling of the skin has long been
known as a stimulus for vasoconstriction. The

839

vasoconstriction induced by local cooling is graded with
local temperature and can reduce skin blood flow to
essentially zero (147). The mechanisms for the vascular
response to local cooling involve the adrenergic system,
although the effect is largely post-synaptic. Local cooling
involves the nitric oxide system at more than one site, and
involves cold-sensitive afferent nerves. For our purposes
here, we will define local cooling as a reduction in skin
temperatures below 33°C. The cutaneous vascular
responses to local cooling are outlined in Figure 3 and
described in detail below.

5.1.1. Adrenergic contributions

That multiple mechanisms are involved in
the vascular response to local cooling is now quite
clear. It is also clear that a separation of the neural
control elements of the cutaneous vasculature from
the mechanisms of local control is not only arbitrary,
it is wrong. These conclusions are illustrated from the
pretreatment of a small area of skin with bretylium, a
presynaptic antagonist for transmitter release from
adrenergic nerve terminals (23, 56). Rapid cooling of
untreated skin shows an equally rapid vasoconstrictor
response at the control site, briefly interrupted by a
transient vasodilator phase (see Figure 3). At the site
pretreated with bretylium, presumably with no
adrenergic nerve function because of the blockade of
transmitter release, there is a substantial initial
vasodilator response, a lack of an obvious initial
vasoconstriction and a more slowly developing final
vasoconstriction. These  findings show an
involvement of adrenergic function in the vascular
response to local cooling. The data also show
adrenergic function is not an explanation for the
entire response (see below).

Potential points for the adrenergic
contribution to the vasoconstrictor response to local
cooling include the synthesis of norepinephrine, its
release from the nerve terminals, and the sensitivity
or number of postsynaptic receptors. Further, a role
for sympathetic non-adrenergic co-transmitters must
be considered. An examination of in vitro and in vivo
findings narrows the list of possibilities considerably.

First, a series of studies by Vanhoutte and
colleagues found that direct cooling (148) reduced
the release of norepinephrine from electrically
stimulated sympathetic nerves. A component of that
reduced transmitter release is likely from an
inhibition of the synthesis of norepinephrine by
cooling (149). Clearly, these effects of local cooling
could not account for the above adrenergic
component of the vasoconstrictor response to local
cooling.

A series of in vitro studies, begun almost
thirty years ago and continuing to the present, offers
a good explanation for the adrenergic contribution to
the vasoconstriction induced by local cooling. The
original observation was that cooling enhanced
postsynaptic receptor sensitivity, in particular by
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alpha2 receptors (150-154). This effect, which would
serve as an explanation for the adrenergic component,
was demonstrated by showing an increased
contractile responsiveness to exogenous agonists
specific to the alpha2 subtype (150-152). The
observation suggested an increased sensitivity of
alpha2 receptors to norepinephrine, but that proved
not to be the case. In an important series of in vitro
studies, the Flavahan laboratory provided evidence
strongly supportive of a scenario in which cooling
stimulated the mitochondrial production of reactive
oxygen species which, in turn, activated rho kinase.
The activated enzyme caused the translocation of
alpha 2c receptors, normally silent and associated
with the Golgi apparatus, to the plasma membrane
(155-158). This series of events raises the alpha2
sensitivity to norepinephrine through an increased
receptor number rather than through a change in the
individual receptor function. Also, the net contractile
response to cooling implies that the heightened
sensitivity accompanying the additional alpha 2c¢
receptors overcomes the effects of a reduction in the
synthesis and release of norepinephrine. However, it
also implies that transmitter release 1is, indeed,
required for this adrenergic portion of the vascular
response to cooling.

Verification of the above in vivo in humans
was recently accomplished by Thompson-Torgerson
and colleagues in a study in which the expertise of
the human-oriented Kenney laboratory group was
combined with the in vitro background of the
Flavahan laboratory (159). The investigators applied
the rho kinase inhibitor fasudil to a limited area of
skin by microdialysis. Local cooling of the skin had a
significantly reduced vasoconstrictor response at sites
treated with fasudil, and this was true for both the
immediate response to cooling as well as for the more
slowly developing vasoconstriction. Importantly, the
combination of fasudil with the post-synaptic
adrenergic receptor antagonists yohimbine and
propranolol (27) did not inhibit the cold-induced
vasoconstriction any more than did fasudil alone.
This collection of observations strongly supports the
conclusion that, in vivo, the adrenergic portion of
cold-induced vasoconstriction is linked to the rho
kinase system and, further, that the in vitro findings
involving increased mitochondrial production of
reactive oxygen species most likely applies in the in
vivo setting, as well.

5.1.2. The nitric oxide system and local cooling

The nitric oxide system plays an important role in
determining the vasoconstrictor response to local skin
cooling. In general, cooling has effects on the
functioning of enzymes and the NOS family of
enzymes is no exception. This point is dealt with
more specifically below, but serves here as a
theoretical basis, at least, for expecting cooling to
affect NOS function. That expectation is satisfied by
several key findings.
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Yamazaki et al. (160) applied the NOS
inhibitor L-NAME via microdialysis to areas of skin,
some of which had been pretreated with bretylium.
This provided a design with selective blockade of
NOS, blockade of adrenergic function, as well as
combined blockade of both NOS and adrenergic
function. Local skin cooling caused different patterns
of response among those four sites. Bretylium and L-
NAME alone caused a reduction in the net
vasoconstrictor response after forty minutes of
cooling. At the site lacking intact adrenergic function
(bretylium treatment), there was a pronounced
vasodilation at the beginning of local cooling. At the
site with both bretylium and L-NAME (neither intact
adrenergic function nor intact NOS function), that
early vasodilator response was also seen but,
importantly, there was no net vasoconstriction after
forty minutes---skin blood flow (or cutaneous
vascular conductance) did not fall below the level
that existed prior to local cooling. The importance of
this observation is that it suggests that the
vasoconstrictor response to local cooling can be
accounted for by the contribution of enhanced
adrenergic function and the inhibition of NOS
function. These observations also address, to some
extent, the transient vasodilator response seen early
in local cooling, indicating it to be normally inhibited
by adrenergic function (161) and that NOS function
has no important role in its creation or inhibition.

That transient vasodilation at the beginning
of rapid local cooling remains enigmatic as to the
mechanisms producing it. There is an antagonistic
role for the adrenergic system, but how that works is
not known. It is sensitive to the rate of local cooling
(160), being almost absent when local cooling
proceeds at 0.33°C min-1, but is quite evident at rates
of cooling of 4°C min-1.

Also, Hodges et al. (19) followed the studies
by Yamazaki et al. (160) by focusing on slow local
cooling but again employing separate and combined
blockade of NOS and adrenergic systems. The
absence of the transient vasodilation provided a clear
stable background level for demonstrating that the
combination of adrenergic and NOS blockades also
eliminates the vasoconstrictor response to local
cooling.

The interpretation of the above findings
relative to the NO system involvement in responses
to local cooling does not necessarily show NOS, per
se, to be the thermally sensitive point in the NO
system. That notion was tested directly by Hodges et
al. (19), who blocked both adrenergic function with
iontophoretically administered bretylium and NOS
function with L-NAME administered to those and to
adjacent areas by microdialysis, again showing that
the response to local cooling was a combination of
increased adrenergic function and inhibited NO
system function. Unique to Hodges ef al. (19) was the
restoration of NO to the double-blocked sites by
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administering sodium nitroprusside to those sites. In
that case, the level of cutaneous vascular conductance
was restored to baseline levels by replacing the NO
normally produced by NOS. The vasoconstrictor
response to local skin cooling was also largely
restored. Overall, these data suggest direct cooling to
suppress both NOS function and a process, or
processes, downstream from NOS. The Ilatter
involvement  is clear from the restored
vasoconstrictor response following NO replacement.
The conclusion of a role for NOS, per se, comes from
the greater effect of local cooling on sites pretreated
with bretylium (without a functional adrenergic
system, but with a functional NO system) than on
sites with bretylium, L-NAME and NO restoration
(relying solely on post-NOS inhibition). Taken
together, these data indicate that the cutaneous
vasoconstrictor response to a lowering of skin
temperature by 10°C has approximately equal
dependence on increased adrenergic function, NOS-
inhibition and effects of lowered temperature at steps
after the NOS enzyme.

The component due to NOS inhibition of the
response to local cooling is slightly at odds with
knowledge of the in vitro thermal sensitivities of the
NOS isozymes (162). In particular, nNOS and iNOS
show significant inhibition by levels of cooling
similar to those above, whereas eNOS had the least
sensitivity to its temperature. At this stage, it is not
possible to conclude from the foregoing in vivo and
in vitro findings which of the NOS isoforms are
involved in the vasoconstrictor response to local
cooling. If eNOS is involved, the mechanism by
which the enzyme is inhibited in vivo may not be via
the lower temperature, per se. For example, the
reduction in blood flow via either the adrenergic
component or via the NOS independent inhibition of
the NO system would also reduce any flow-mediated
stimulation of NOS.

5.1.3. Afferent nerves

There is a role for sensory nerves in the
vasoconstrictor responses to local skin cooling (163, 164).
This conclusion is made clear by the influence of topical
anesthesia on that response. What is most obvious is the
unmasking of an initial vasodilation at the beginning of
local cooling, similar to the vasodilation seen with pre- or
post- synaptic interference with adrenergic function (164).
It was this similarity that led to the speculation that local
cooling stimulated norepinephrine release from adrenergic
nerves through cold receptors acting through axon reflexes
(164). We now know that scenario to be incorrect. Hodges
et al. (163) directly tested that notion by combining afferent
nerve block (topical anesthesia) and presynaptic adrenergic
blockade (iontophoretic bretylium), reasoning that such
double blockade would have the same effects on the
response to local cooling as either adrenergic blockade or
sensory nerve blockade alone if those systems were acting
in series. This did not prove to be the case. With slow local
cooling there was a clear dissociation of the effects of local
anesthesia from the effects of adrenergic inhibition.
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Bretylium reduced the net vasoconstriction after thirty
minutes of local cooling, whether alone or combined with
local anesthesia. Local anesthesia did not affect the
ultimate vasoconstriction to slow local cooling but was
associated with an early, transient vasodilator response as
usually seen with more rapid cooling in untreated skin
(160, 161). Bretylium pretreatment by itself did not have
that effect with slow local cooling. This dissociation shows
the adrenergic effects to be independent of sensory nerve
function and, further, that different mechanisms are in play
at the beginning of local cooling relative to those involved
in the later stages (163).

The working model for the mechanisms involved
in the vasoconstrictor response to local cooling,
summarized in Figure 3, supports a scenario in which there
is an early vasodilator phenomenon working in the
background. This is not normally seen, except in rapid local
cooling (160, 161) because a function of sensory nerves is
to suppress that vasodilation (163). That is also a function
of adrenergic nerves (160, 161, 163). How those very
different kinds of nerve bring that inhibition about is not
clear. It is clear that removal of sensory nerves exposes that
latent vasodilation more dramatically than does adrenergic
blockade. The usual vasoconstriction at the onset of local
cooling appears largely to be a function of the adrenergic
system, in which incorporation of new alpha 2c receptors
into the plasma membrane is stimulated by a cascade in
which mitochondrial reactive oxygen species stimulate the
rho kinase system. As local cooling proceeds, the nitric
oxide synthase system (or systems) is inhibited, removing
that tonic vasodilator function.

Lastly, the origin of the latent vasodilator
process, noted above, is unknown. It appears to be neither
adrenergic nor sensory, making participation by Substance
P or CGRP unlikely. It may be a phenomenon of smooth
muscle energetics. It is tempting to ally the phenomenon to
the cold-induced vasodilation seen in the digits (2),
although it has generally been held that this latter
vasodilation is a property of arteriovenous anastomoses,
which are common in glabrous skin but not in the
nonglabrous skin of the forearm, where the former
phenomenon was observed.

5.2. Local warming

Direct warming of the skin has a vasodilator
effect (147) which goes through several phases and which
bears several mechanistic similarities to the responses to
local cooling. However, it is not clear where the effects of
local cooling and warming are through actions on the same
continuum versus being independent. That uncertainty and
the fact that very few studies have included both local
cooling and local warming of the skin lead to a separate
development here.

The onset of local warming follows a pattern of a
sharp initial transient increase in forearm skin blood flow, a
return toward baseline levels, an increase to a near steady
state plateau and, finally, a slow downward drift (“die
away”) relative to that. The mechanisms for these
characteristics have received recent attention through which
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Figure 4. Cutaneous vascular responses to local skin warming: Below: The vasodilator response to local heating is characterized
by 3 phases. (A) There is an initial transient vasodilation due to sensory nerves and an axon reflex, followed by (B) a plateau
phase which is largely due to stimulation of NOS (evidence is mixed regarding eNOS and nNOS) supported by norepinephrine
and NPY. The plateau phase is succeeded by (C) a ‘die away’ phase in which skin blood flow falls from the plateau level and is
due to norepinephrine and/or NPY. Above: Mechanisms involved in the 3 phases of the vasodilator response to local skin
warming include an axon reflex, increased NO system activity and stimulated release of norepinephrine and NPY, which support
the axon reflex and plateau vasodilation, while acting to reduce skin blood flow during the die away phase. Terms in italics have

yet to be firmly established.

substantial understanding has been gained. Figure 4 shows
the outline of the current working model of the cutaneous
vascular response to local skin warming.

5.2.1. Sensory nerves

Minson et al. (17) applied local anesthetic
cream to the skin surface and found that the initial
transient vasodilator response to local heating was
significantly attenuated, whereas the latter plateau
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was not remarkably affected, leading to the
conclusion that the early abrupt vasodilation is an
axon reflex, likely mediated by heat-sensitive
nociceptors. That conclusion was also reached by
Stephens et al. (165), who treated skin with capsaicin
and compared the vasodilation to local skin warming
there against that at untreated sites both on the basis
of equal thermal stimulation and on the basis of equal
perceived thermal stimulation. Perceived thermal
stimulation was assumed to reflect equal excitation of
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warm sensitive nociceptors-one by the combination
of chemical and thermal activation, and the other
through strictly thermal stimulation. An equal
perception of heating gave rise to an essentially equal
increase in skin blood flow, despite an 8°C difference
in the actual temperature. The result indicates the
vasodilation was more dependent on thermal receptor
activation than on the heating of the vascular smooth
muscle.

The above results (17, 165) strongly indicate
that most, if not all, of the early transient vasodilator
response to local warming is due to activation of an
axon reflex. This allows an interesting comparison
with the role of sensory nerves in the response to
local cooling because, in cooling, sensory nerves
inhibit a vasodilation whereas in warming, sensory
nerves provide the stimulus for vasodilation.

The extent to which sensory nerve activation
extends beyond the initial few minutes of local
warming is unknown. However, the available data
(17, 31) suggest that the involvement is only
transient, lasting only about five minutes. That
duration of action corresponds to some extent to the
sensitivity to the rate of change of local temperature
(31); i.e., during the transient in local temperature the
axon reflex is activated, but its level of activity soon
falls to low levels as the local temperature reaches an
elevated steady state and is no longer changing. Rate
dependency also occurs with local cooling (160), but
is apparently independent of sensory nerves.

These data do not specify what kind of warm
sensitive receptors mediate the axon reflex, but the
likelihood is that most or all of the effect is mediated
by heat-sensitive nociceptors, rather than by warm
receptors. This speculation is because the
representation of the former mixed modality receptor
is much greater in human hairy skin than is the
representation of purely warm-sensitive receptors
(166).

5.2.2. Nitric oxide function

After the initial transient vasodilation, local
warming causes skin blood flow to rise markedly to a
plateau, dependent on the level and rate of local
warming. Kellogg et al. (16) and Minson et al. (17)
tested whether this steady-state vasodilator response
to local warming is dependent on the nitric oxide
system. In both cases, a NOS inhibitor was used and,
in both cases, the level of skin blood flow reached
during the plateau phase was significantly reduced.
Administration of the nonspecific NOS antagonist L-
NAME by microdialysis when the skin was already
vasodilated by submaximal heating to 40°C, caused
an approximate 47% reduction in cutaneous vascular
conductance and in skin blood flow (16). This
reduction was restored by local administration of
sodium nitroprusside, supporting the conclusion that
NOS activation was a key part of the vasodilator
response to local skin warming. Minson et al. (17),
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who applied L-NAME by microdialysis before local
heating began, also supported that conclusion. This
inhibited the vasodilator response by about 50%, in
keeping with the conclusions from the study by
Kellogg et al. (16), but did not affect the initial
transient vasodilation (17).

Gooding et al (167) also provided evidence
for an important role for NO in the cutaneous
vasodilator response to local skin warming through
microdialysis of L-NAME. They also provided
evidence against roles for either prostaglandins or
histamine in that vasodilation because neither aspirin
nor cetirizine (histamine HI1 receptor blocker)
ingestion had a significant effect on the vasodilator
response to local heating to 42°C.

The use of L-NAME, a nonspecific NOS
antagonist showed an involvement of the NO system
in the response to local skin warming, but did not
show which of the NOS isoforms was responsible.
That question has recently become testable through
the use of more specific inhibitors, generating a pair
of independent studies that, unfortunately, gave quite
different answers (117, 168). Kellogg et al. (117)
applied NG-amino-L-arginine (L-NAA) to skin via
microdialysis. Both in vitro and in vivo studies found
L-NAA to have a reasonably high selectivity for
eNOS over nNOS (169-172); probably more selective
in vivo than with isolated NOS enzymes because
access to the nNOS enzyme is more limited in the in
vivo setting. Treatment with L-NAA significantly
reduced the vasodilator response to local skin
warming (117). The same concentration of L-NAA was
without significant effect on the reflex vasoconstrictor
response to body cooling or, importantly, on the reflex
vasodilator response to body heating. The reverse was seen
for nNOS blockade (117). These data suggest that different
NOS isoforms have different roles in the vasodilator
responses to local skin heating vs. that involved in the
reflex vasodilation to whole body heating and that that
division of responsibility is characterized by an eNOS
participation in the locally-mediated vasodilation,
whereas nNOS generates the NO involved in active
cutaneous vasodilation, described in more detail earlier in
this review.

The above construct is internally consistent,
but is counter to conclusions drawn from studies by
Stewart et al. (168). In those studies, the nNOS
antagonist No was administered by microdialysis to
the skin of the legs of both healthy subjects and
patients with orthostatic intolerance in a protocol that
involved sequential local skin heating-once before
the antagonist and, following recovery, again in the
presence of Nw. The investigators found No did not
affect the early phase of the response to local heating,
but significantly reduced (by about 50%) the later
plateau phase (168). No is reported to be an inhibitor
specific to nNOS (173, 174), which is why these
results differ importantly from those of Kellogg et al.
(117).
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At this stage, it is not possible to conclude
which of those scenarios is correct. Differences in
protocol (sequential heating vs. use of separate sites),
area of skin (leg vs. arm), and NOS antagonists all
invite speculation, but none stands out as a
compelling difference. Without isoform—specific
agonists, it is also difficult to test the adequacy and
the specificity of the NOS blockade, so this important
question will have to remain on the table for the
present.

An interesting and potentially important role
for NO is its antagonism of adrenergic function (35-
37, 89, 175, 176). This conclusion arises from a
series of important studies by Crandall and
colleagues and arose from the demonstration that NO
is a participant in the vasodilation with local heating
as well as involved in the reflex vasodilator responses
to whole body heating. In testing for an inhibition by
NO of adrenergic function, the Crandall group found
that (a) the vasoconstrictor response to
norepinephrine (applied by microdialysis) was
significantly inhibited by either local or whole body
heating (176) (b) the elevation of tissue NO levels
through the application of sodium nitroprusside
significantly inhibited the adrenergically-mediated
vasoconstrictor response to whole body cooling (175)
(c) NOS inhibition by intradermal L-NAME enhances
the vasoconstrictor response either to an orthostatic
stimulus during body heating or to whole body
cooling (89) (d) exogenous NO inhibits the cutaneous
vasoconstrictor response to exogenous norepinephrine (36)
and (e) removal of NOS function through intradermal
L-NAME also removes the inhibitory effect of local
warming on the vasoconstrictor response both to exogenous
norepinephrine and its stimulated release by tyramine
(37).

The above findings show that there is an
inhibition of adrenergic function by local or reflex
responses to heating and that inhibition is largely or
entirely manifest through NO. The studies help
explain earlier observations of  inhibited
vasoconstrictor responses to exercise initiation by
local warming (177) or to local cooling by whole
body warming (161) and also show that the NOS
system has both the functions of vasodilation and of
inhibition of vasoconstriction in the skin.

5.2.3. Adrenergic function

Sympathetic release of norepinephrine
and/or NPY has roles in both the reflex
vasoconstrictor response to whole body cooling and
in the vasoconstrictor response to local cooling.
Reduced sympathetic vasoconstrictor nerve activity
and transmitter release is the first step in the reflex
vasodilator response to whole body heating (passive
vasodilation). It has recently been shown that
adrenergic function also plays roles in the vasodilator
response to local skin heating (31, 178, 179).
Surprisingly, these roles are largely in support of the
vasodilator response.
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Houghton et al. (179) found that blockade of
transmitter release from vasoconstrictor nerves with
locally applied bretylium abolished the early axon
reflex portion of the response to local skin heating.
NOS blockade also either abolished or delayed the
axon reflex. They also found bretylium to reduce the
level of vasodilation during the subsequent plateau
phase of the wvasodilator response to local skin
warming. Hodges et al. (31) verified the existence of
a role for norepinephrine in the response to local skin
warming by showing that combined blockade of post
synaptic alpha and beta adrenergic receptors delayed
the axon reflex portion of the vasodilator response to
slow local heating and reduced the level of skin blood
flow during the subsequent plateau phase. Hodges et
al. (31) also found that blockade of Y1 receptors for
NPY also delayed the axon reflex and reduced the
vasodilation during the plateau phase. They also
noted that either adrenergic blockade with bretylium
or NOS blockade with L-NAME abolished the axon
reflex and lowered the plateau level for vasodilation.
It was noted that the lowering of the plateau
vasodilation by bretylium was not further reduced
when combined with NOS blockade, which provides
possibly an important clue for the mechanism for
adrenergic support of vasodilator responses.

The above observations are strong evidence
for an involvement of sympathetic transmitters in
local heat stimulated vasodilation. Both
norepinephrine and NPY appear to be involved and
each of the transmitters has a similar support for both
the axon reflex and the succeeding plateau phase.
How do traditional vasoconstrictor transmitters
support vasodilation? The mechanism is not revealed
by the above studies and it remains unclear. The
apparent involvement of NO in the adrenergic support
of vasodilation may, however, be an important signal.
It may be that the transmitters are stimulating
endothelial alpha2 and Y1 receptors to initiate NO
synthesis via eNOS (154, 180-182). Such would serve
as a vasodilator stimulus. Coupled with the elevated
NO production with local skin warming (16, 17)
expected to inhibit adrenergic vasoconstrictor
function (175, 176), such stimulated release of NO
could lead to a net vasodilator function for the
adrenergic transmitters.

Adrenergic function also plays a role in the
classical ‘die away’ phenomenon with local skin
heating (147, 178). Normally, after the plateau phase
of the response to local skin heating, a slow
downward drift in skin blood flow is seen: This
phenomenon begins after about thirty minutes of
submaximal local heating and proceeds for at least
the next hour, with an approximate 40% fall in blood
flow from that achieved during the preceding plateau.
In areas pretreated with bretylium, however, there is
no ‘die away’ phase (178). Instead, the plateau phase
is sustained, with the blood flow in untreated warmed
skin falling to the same level as that seen in the skin
without adrenergic function (bretylium treated). At
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this point it is unclear whether the ‘die away’
phenomenon in untreated skin is because a dilator
function is reduced or a constrictor function is being
enhanced. Nevertheless, it is another example of
adrenergic function having a necessary role in the
characteristic responses of the skin to direct local
warming.

An interesting discovery was that the local
heating stimulates the release of the norepinephrine
and NPY apparently involved in the cutaneous
vascular responses. This was shown by Hodges et al
(178), who found that at a whole body skin
temperature of 34° C there is essentially no tonic
vasoconstrictor activity in resting humans. This was
shown by the failure for bretylium, delivered to the
skin by microdialysis, to cause skin blood flow to
increase. Under those same conditions there was a
significant role for the vasoconstrictor nerve
transmitters in axon reflex vasodilation, the plateau
level of blood flow and the die away, indicating that
the heating itself served to stimulate their release.
This observation is consistent with the finding that
local cooling reduces transmitter release from
sympathetic vasoconstrictor nerves (149).

Finally, these locally stimulated responses
are modified in the elderly (144). This topic is
covered by Kenney elsewhere in this series. In brief,
the local vasodilation stimulated by sensory nerves is
reduced in older healthy subjects as assessed by a
significantly reduced response to the acute
application of capsaicin (183), suggesting the axon
reflex portion of the response to local warming would
be similarly affected by age. Indeed, this is
apparently the case both for the initial axon reflex
and the ensuing NOS-dependent vasodilation (184).
Local administration of a NOS antagonist by
microdialysis either before or during local skin
warming yielded a smaller inhibition of the response
to local warming, indicating a smaller role for NOS
in the elderly. Similarly, the initial peak response to
local heating, thought to be largely an axon reflex,
was reduced in the older subjects (> 70 years). It is of
some interest to note that the data analysis is based
on values normalized to maximal cutaneous vascular
conductance, as is often required for comparison
across the small areas of skin under inspection by
laser Doppler flowmetry. The smaller fractional
vasodilator responses by the older subjects to local
skin heating takes on additional importance in the
context of lower maximal skin blood flow in that
group (145, 146). Together, these findings imply an
even greater attenuation in the response to local
heating when considered on the basis of changes in
skin blood flow in absolute terms.

6. CONCLUSIONS

Over the past 20 years there has been
extraordinary progress in our understanding of the
mechanisms that operate to control the human
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cutaneous circulation in health, which has been the
focus of this development. In this review we have not
gone the next step — the incorporation of this
knowledge into a rational approach to how
circulatory function might be altered in certain
disease states. Some groups are already doing that,
and we apologize to them that we could not broaden
the scope of this review to include those studies, but
we do acknowledge that they are and will continue to
be important. The potential capacity for vasodilation
of the skin, when considered over the whole body
surface, is so large, that it has to be a player in the
challenges to the circulation of orthostatic
dysfunction (168, 185), heart failure (186-188) or
other pathologies that place demands on the level and
distribution of blood flow. The cutaneous circulation
is compromised in diabetes (189-191), and
understanding how altered mechanisms of control
might be part of the problem is a challenge as well as
the means to reducing the incidence of amputation.

Our basic understanding of the mechanisms of
control in health is far from complete. A consensus
regarding the transmitters and cotransmitters for active
vasodilation awaits new experimental approaches to
complement those presented here. How NO is involved in
that process and in local thermal control is not satisfactorily
answered, nor is the answer to whether the sudomotor
system is important in blood flow control. The perfect
antagonists to address these questions have yet to appear.
The metaphor of peeling the onion is appropriate — as we
learn more about the mechanisms of control at one level,
we discover there is always another level to explore. It is
the challenge and the excitement of our area of research to
devise ways to carry out that exploration.

7. ACKNOWLEDGEMENTS

The authors are grateful to their colleagues and
collaborators for their many contributions to this area of
research. The progress in our understanding of this system
is truly a global team effort. We also are thankful to our
coworkers at all levels and to the funding agencies. Work
from Dr Johnson’s laboratory was funded by HL-059166
and from Dr Kellogg’s laboratory by HL-65599.

8. REFERENCES

1. JM Johnson, DW Proppe. Cardiovascular
adjustments to heat stress. In: Handbook of
Physiology, Section 4 Environmental Physiology.
Eds: MJ Fregly, CM Blatteis Oxford University
Press, New York (1996)

2. ADM Greenfield. The circulation through the skin
In: Handbook of Physiology, Section 2 Circulation
Eds: WF Hamilton, P Dow Am Physiol Soc,
Washington, DC (1963)

3. DL Kellogg, Jr. In vivo mechanisms of cutaneous
vasodilation and vasoconstriction in humans. J Appl
Physiol, 100, 1709-1718 (2006)



Local and reflex control of skin blood flow

4. IC Roddie. Circulation to skin and adipose tissue
In:  Handbook of Physiology, Section 2 The
Cardiovascular System. Ed JT Shepherd, FM Abboud
Am Physiol Soc, Bethesda, MD (1983)

5. LB Rowell. Human cardiovascular adjustments to
exercise and thermal stress. Physiol Rev, 54, 75-159
(1974)

6. LB Rowell. Cardiovascular adjustments to thermal
stress. In.  Handbook of  Physiology. The
Cardiovascular System Eds: ] T Shepherd, F M
Abboud Am Physiol Soc, Bethesda, MD (1983)

7. PA Oberg. Laser-Doppler flowmetry.. Crit Rev
Biomed Eng, 18, 125-163 (1990)

8. MD Stern, DL Lappe, PD Bowen, JE Chimosky,
GA Holloway, HR Keiser, RL Bowman. Contiuous
measurement of tissue blood flow by laser-Doppler
spectroscopy. Am J Physiol Heart Circ Physiol, 232,
H441-H448 (1977)

9. JL Saumet, DL Kellogg, Jr, WF Taylor, JM
Johnson.  Cutaneous laser-Doppler flowmetry.
influence of underlying muscle blood flow. J Appl
Physiol, 65, 478-481 (1988)

10. JM Johnson. The cutaneous circulation. In: Laser
Doppler Blood Flowmetry Eds: AP Shepherd, PA
Oberg Kluwer Academic Publishers, Boston MA
(1990)

11. JM Johnson, WF Taylor, AP Shepherd, MK Park.
Laser-Doppler measurement of skin blood flow.
comparison with plethysmography. J Appl Physiol,
56, 798-803 (1984)

12. JM Johnson. Nonthermoregulatory control of
human skin blood flow. J App! Physiol, 61, 1613-
1622 (1986)

13. DL Kellogg, Jr, JM Johnson, WL Kenney, PE
Pérgola, WA Kosiba. Mechanisms of control of skin
blood flow during prolonged exercise in humans. 4Am
J Physiol Heart Circ Physiol, 265, H562-H568
(1993)

14. Y Tabuchi, M Nakamaru, H Rakugi, M Nagano,
H Mikami, T Ogihara. Endothelin inhibits
presynaptic neurotransmission in rat mesenteric
artery. Biochem Biophys Res Commun, 161(2), 803-
808 (1989)

15. WF Taylor, JM Johnson, D O'Leary, MK Park.
Effect of high local temperature on reflex cutaneous
vasodilation. J Appl Physiol, 57, 191-196 (1984)

16. DL Kellogg, Jr, Y Liu, IF Kosiba, D O'Donnell.
Role of nitric oxide in the vascular effects of local
warming of the skin in humans. J App! Physiol, 86,
1185-1190 (1999)

846

17. CT Minson, LT Berry, MJ Joyner. Nitric oxide
and neurally mediated regulation of skin blood flow
during local heating. J Appl Physiol, 91, 1619-1626
(2001)

18. GJ Hodges, WA Kosiba, K Zhao, GE Alvarez, IM
Johnson. The role of baseline in the cutaneous
vasoconstrictor responses during combined local and
whole body cooling in humans. Am J Physiol Heart
Circ Physiol, 293, H3187-H3192 (2007)

19. GJ Hodges, K Zhao, WA Kosiba, JM Johnson.
The involvement of nitric oxide in the cutaneous
vasoconstrictor response to local cooling in humans.
J Physiol (Lond), 573, 849-857 (2006)

20. L Ekenvall, LE Lindblad, O Norbeck , BM Etzell.
a-Adrenoceptors and cold-induced vasoconstriction
in human finger skin. Am J Physiol Heart Circ
Physiol, 255, H1000-H1003 (1988)

21. LE Lindblad, L Ekenvall. Alpha-adrenoreceptors
in the vessels of human finger skin. Acta Physiol
Scand, 128, 219-222 (1986)

22. LE Lindblad, L Ekenvall, K Ancker, H Rohman,
PA Oberg. Laser Doppler flow-meter assessment of
iontophoretically applied norepinephrine on human
finger skin circulation. J Invest Dermatol, 87, 634-
636 (1986)

23. DL Kellogg, Jr, JM Johnson, WA Kosiba.
Selective abolition of adrenergic vasoconstrictor
responses in skin by local iontophoresis of bretylium.
Am J Physiol, 257 Heart Circ Physiol, H1599-1606
(1989)

24. S Durand, B Fromy, P Bouye, JL Saumet, P
Abraham. Current-induced vasodilation during water
iontophoresis (5 min, 0.10 mA) is delayed from
current onset and involves aspirin sensitive
mechanisms. J Vasc Res, 39, 59-71 (2002)

25. M Grossmann, MJ Jamieson, DL Kellogg, WA
Kosiba, PE Pérgola, CG Crandall, AMM Shepherd.
The effect of iontophoresis on the cutaneous
vasculature: evidence for current-induced hyperemia.
Microvasc Res, 50, 444-452 (1995)

26. CG Crandall, RA Etzel, JM Johnson. Evidence of
functional Beta-adrenoceptors in the cutaneous
vasculature. Am J Physiol Heart Circ Physiol, 273,
H1038-H1043 (1997)

27. DP Stephens, K Aoki, WA Kosiba, JM Johnson.
Nonnoradrenergic mechanism of reflex cutaneous
vasoconstriction in men. Am J Physiol Heart Circ
Physiol, 280, H1496-H1504 (2001)

28. DP Stephens, LAT Bennett, K Aoki, WA Kosiba,
N  Charkoudian, JM  Johnson. Sympathetic
nonnoradrenergic cutaneous vasoconstriction in



Local and reflex control of skin blood flow

women is associated with reproductive hormone
status. Am J Physiol Heart Circ Physiol, 282, H264-
H272 (2002)

29. DP Stephens, AR Saad, LAT Bennett, WA
Kosiba, JM Johnson. Neuropeptide Y antagonism
reduces reflex cutaneous vasoconstriction in humans.
Am J Physiol Heart Circ Physiol, 287, H1401-H1409
(2004)

30. GA Holloway, Jr. Cutanecous blood flow
responses to injection trauma measured by laser-

Doppler velocimetry. J Invest Dermatol, 74, 1-4
(1980)

31. GJ Hodges, WA Kosiba, K Zhao, JM Johnson.
The involvement of norepinephrine, neuropeptide Y,
and nitric oxide in the cutaneous vasodilator response
to local heating in humans. J Appl Physiol, 105, 233-
240 (2008)

32. C Anderson, T Andersson, K Wardell. Changes in
skin circulation after insertion of a microdialysis
probe visualized by laser-Doppler perfusion imaging.
J Invest Dermatol, 102, 808-811 (1994)

33. DL Kellogg, Jr, JL Zhao,Y Wu. Neuronal nitric
oxide synthase mechanisms in the cutaneous
vasculature of humans in vivo. J Physiol (Lond), 586,
847-857 (2008)

34. S Shastry, MJ Joyner. Geldanamycin attenuates
NO-mediated dilation in human skin. 4m J Physiol
Heart Circ Physiol, 282, H232-H236 (2002)

35. DA Low, M Shibasaki, SL Davis, DM Keller, CG
Crandall. Does local heating-induced nitric oxide
production attenuate vasoconstrictor responsiveness
to lower body negative pressure in human skin? J
Appl Physiol, 102, 1839-1843 (2007)

36. M Shibasaki, DA Low, SL Davis, CG Crandall.
Nitric Oxide inhibits cutaneous vasoconstriction to
exogenous norepinephrine. J Appl Physiol, 105,
1504-1508 (2008)

37. JE Wingo, DA Low, DM Keller, RM Brothers, M
Shibasaki, CG Crandall. Effect of elevated local

temperature on cutaneous vasoconstrictor
responsiveness in humans. J Appl Physiol, 106, 571-
575 (2009)

38. JM Johnson, DS O'Leary, WF Taylor, W Kosiba.
Effect of local warming on forearm reactive
hyperaemia. Clin Physiol, 6, 337-346 (1986)

39. GL Brengelmann, MV Savage. Temperature
regulation in the neutral zone. Ann N Y Acad Sci, 813,
39-50 (1997)

40. JM Johnson, GL Brengelmann, JRS Hales, PM
Vanhoutte, CB Wenger. Regulation of the cutaneous
circulation. Fed Proc, 45, 2841-2850 (1986)

847

41. MV Savage, GL Brengelmann. Control of skin
blood flow in the neutral zone of human body
temperature regulation. J Appl Physiol, 80, 1249-
1257 (1996)

42. N Charkoudian, JM Johnson. Female reproductive
hormones and thermoregulatory control of skin blood
flow. Exerc Sport Sci Rev, 28, 108-112 (2000)

43. OG Edholm, RH Fox, R K MacPherson.
Vasomotor control of the cutaneous blood vessels in
the human forearm. J Physiol (Lond), 139, 455-465
(1957)

44. IC Roddie, JT Shepherd, RF Whelan. The
contribution of constrictor and dilator nerves to the
skin vasodilation during body heating. J Physiol
(Lond), 136, 489-497 (1957)

45. P Drummond. The effect of noradrenaline,
angiotensin II and vasopressin on blood flow and
sensitivity to heat in capsaicin-treated skin. Clin
Auton Res, 8, 87-93 (1998)

46. SM Frank, SN Raja, PK Wu, N el-Gamal. Alpha-
adrenergic mechanisms of thermoregulation in
humans. Ann N Y Acad Sci, 813, 101-110 (1997)

47. SM Frank, N el-Gamal, SN Raja, PK Wu, O Afifi.
Role of alpha-adrenoceptors in the maintenance of
core temperature in humans. Clin Sci, 89, 219-225
(1995)

48. N Shibahara, H Matsuda, K Umeno, Y Shimada,
T Itoh, K Terasawa. The responses of skin blood
flow, mean arterial pressure and R-R interval induced
by cold stimulation with cold wind and ice water. J
Auton Nerv Syst, 61, 109-115 (1996)

49. TM Hokfelt, O Johansson, A Ljungdahl, JM
Lundberg, M Schultzberg. Peptidergic neurons.
Nature, 284, 515-521 (1980)

50. JM Lundberg, A Franco-Cerecda, Y Lou, A
Modin, J Pernow. Differential release of classical
transmitters and peptides In: Molecular and Cellular
Mechanisms of Neurotransmitter Release Eds: L
Stjdrne, P Greengard, S Grillner, T Hokfelt, D
Ottoson Raven Press, Ltd, New York (1994)

51. JM Lundberg, A Rudehill, A Sollevi, G Fried, G
Wallin.  Co-release of neuropeptide Y and
noradrenaline from pig spleen in vivo: importance of
subcellular storage, nerve impulse frequency and
pattern, feedback regulation, and resupply by axonal
transport. Neuroscience, 28, 475-486 (1989)

52. E Valassi, M Scacchi, F Cavagnini.
Neuroendocrine control of food intake. Nutr Metab
Cardivasc Dis, 18, 158-168 (2008)

53. L Yang, KA Scott, ] Hyun, KL Tamashiro, N
Tray, TH Moran, S Bi. Role of dorsomedial



Local and reflex control of skin blood flow

hypothalamic neuropeptide Y in modulating food
intake and energy balance. J Neurosci, 29, 179-190
(2009)

54. J Ballesta, SR Bloom, JM Polak. Distribution and
localization of regulatory peptides. Crit Rev Clin Lab
Sci, 22, 185-218 (1985)

55. JM Lundberg, A Franco-Cereceda, JS Lacroix, J
Pernow.  Neuropeptide Y and sympathetic
neurotransmission. Ann N Y Acad Sci, 611, 166-174
(1990)

56. G Haeusler, W Haefely, A Huerlimann. On the
mechanism of the adrenergic nerve blocking action of
bretylium. Naunyn-Schmiedeberg’s Arch Pharmacol,
265, 260-277 (1979)

57. C Wahlestedt, L Grundemar, R Hakanson, M
Heilig, GH Shen, Z Zukowska-Grojec, DJ Reis.
Neuropeptide Y receptor subtypes, Y1 and Y2. Ann N
Y Acad Sci, 611, 7-26 (1990)

58. JL O'Conner, MF Wade, DW Brann, VB Mahesh.

Evidence that progesterone modulates anterior
pituitary neuropeptide Y levels during the
progesterone-induced gonadotropin surge in the

estrogen-primed intact immature female rat. J Steroid
Biochem Mol Biol, 52, 497-504 (1995)

59. CS Thompson-Torgerson, LA Holowatz, WL
Kenney. Altered mechanisms of thermoregulatory
vasoconstriction in aged human skin. Exerc Sport Sci
Rev, 36, 122-127 (2008)

60. CS Thompson, WL Kenney. Altered
neurotransmitter control of reflex vasoconstriction in
aged human skin. J Physiol (Lond), 558, 697-704
(2004)

61. N Charkoudian, JM Johnson. Reflex control of
cutaneous vasoconstrictor system is reset by
exogenous female reproductive hormones. J Appl
Physiol, 87, 381-385 (1999)

62. K Aoki, DP Stephens, AR Saad, JM Johnson.
Cutaneous vasoconstrictor response to whole body
skin cooling is altered by time of day. J App! Physiol,
94, 930-934 (2003)

63. A Cagnacci, K Kriuchi, A Wirz-Justice.
Homeostatic versus circadian effects of melatonin on
body temperature in humans. J Biol Rhythms, 12,
509-517 (1997)

64. A Cagnacci, JA Elliot, SSC Yen. Melatonin: a
major regulator of the circadian rhythm of core
temperature in humans. J Clin Endocrinol Metab, 75,
447-452 (1992)

65. SS Gilbert, CJ van den Heuvel, D Dawson.
Daytime melatonin and temezapam in young adult

848

humans. equivalent effects on sleep latency and body
temperature. J Physiol (Lond), 514, 905-914 (1999)

66. K Kriauchi, C Cajochen, A Wirz-Justice. A
relationship between heat loss and sleepiness. effects
of postural change and melatonin administration. J
Appl Physiol, 83, 134-139 (1997)

67. K Aoki, K Zhao, F Yamazaki, R Sone, GE
Alvarez, WA Kosiba, JM Johnson. Exogenous
melatonin ~ administration  modifies  cutaneous
vasoconstrictor response to whole body skin cooling
in humans. J Pineal Res, 44, 141-148 (2008)

68. T Lewis, GW Pickering. Vasodilatation in the
limbs in response to warming the body; with evidence

for sympathetic vasodilator nerves in man. Heart, 16,
33-51 (1931)

69. RT Grant, HE Holling. Further observations on
the vascular responses of the human limb to body
warming; evidence for sympathetic vasodilator nerves
in the normal subject. Clin Sci, 3, 273-285 (1938)

70. IC Roddie. Sympathetic vasodilatation in human
skin J Physiol (Lond), 548, 336-337 (2003)

71. IC Roddie, JT Shepherd, RF Whelan. The
vasomotor nerve supply of the human forearm. Clin
Sci, 16, 67-74 (1957)

72. P Gaskell. Are there sympathetic vasodilator
nerves to the vessels of the hands? J Physiol (Lond),
131, 647-656 (1956)

73. JM Johnson, PE Pérgola, FK Liao, DL Kellogg,
Jr, CG Crandall. Skin of the dorsal aspect of human
hands and fingers possesses an active vasodilator
system. J Appl Physiol, 78(3), 948-954 (1995)

74. DL Kellogg, Jr, PE Pérgola, WA Kosiba, M
Grossmann, JM  Johnson. Cutaneous active
vasodilation in humans is mediated by cholinergic
nerve co-transmission. Circ Res, 77, 1222-1228
(1995)

75. S Shastry, CT Minson, SA Wilson, NK Dietz, MJ
Joyner. Effects of atropine and L-NAME on
cutaneous blood flow during body heating in humans.
J Appl Physiol, 88, 467-472 (2000)

76. MA Kolka, LA Stephenson. Cutaneous blood
flow and local sweating after systemic atropine
administration. Pfluegers Arch, 410, 524-529 (1987)

77. MA Kolka, LA Stephenson. Atropine-induced
cutaneous  vasodilation  decreases  esophageal
temperature during exercise. Am J Physiol Regul
Integr Comp Physiol, 257, R1089-1095 (1989)

78. PE Pérgola, JM Johnson, DL Kellogg, Jr, WA
Kosiba. Control of skin blood flow by whole body



Local and reflex control of skin blood flow

and local skin cooling in exercising humans. Am J
Physiol Heart Circ Physiol 270, H208-H215 (1996)

79. PE Pérgola, DL Kellogg, Jr, JM Johnson, WA
Kosiba. Reflex control of active cutaneous
vasodilation by skin temperature in humans. Am J
Physiol Heart Circ Physiol, 266, H1979-H1984
(1994)

80. M Shibasaki, TE Wilson, J Cui, CG Crandall.
Acetylcholine released from cholinergic nerves
contributes to cutaneous vasodilation during heat
stress. J Appl Physiol, 93, 1947-1951 (2002)

81. JO Dolly, KR Aoki. The structure and mode of
action of different botulinum toxins. Eur J Neurol 13
Suppl 4, 1-9 (2006)

and
toxin.

82. LL Simpson. The origin, structure
pharmacological activity of botulinum
Pharmacol Rev, 33, 155-188 (1981)

83. J Jankovic. Botulinum toxin in clinical practice. J
Neurol Neurosurg Psychiatry, 75, 951-957 (2004)

84. WJ Schulte-Mattler. Use of botulinum toxin A in
adult neurological disorders. efficacy, tolerability and
safety. CNS Drugs, 22, 725-738 (2008)

85. MA Breidenbach, AT Brunger. New insights into
clostridial neurotoxin-SNARE interactions. Trends
Mol Med, 11, 377-381 (2005)

86. AT Brunger, R Jin, MA Breidenbach. Highly specific
interactions between botunlinum neurotoxins and synaptic
vesicle proteins. Cell Mol Life Sci, 65, 2296-2306 (2008)

87. JL Morris, P Jobling, IL Gibbins. Botulinum neurotoxin
A attenuates release of norepinephrine but not NPY from
vasoconstrictor nerves. Am J Physiol Heart Circ Physiol,
283, H2627-H2635 (2002)

88. M Shibasaki, SL Davis, J Cui, DA Low, DM Keller, S
Durand, CG Crandall. Neurally mediated vasoconstriction
is capable of decreasing skin blood flow during orthostasis
in the heat-stressed human. J Physiol (Lond), 575(3), 953-
959 (2006)

89. M Shibasaki, S Durand, SL Davis, J Cui, DA Low, DM
Keller, CG Crandall. Endogenous nitric oxide attenuates
neutrally mediated cutaneous vasoconstriction. J Physiol
(Lond), 585(2), 627-634 (2007)

90. JL Morris, P Jobling, IL Gibbins. Differential inhibition
by botulinum neurotoxin A of cotransmitters released from
autonomic vasodilator neurons. Am J Physiol Heart Circ
Physiol, 281, H2124-H2132 (2001)

91. J Lundberg. Evidence for coexistence of
vasoactive intestinal polypeptide (VIP) in neurons of
cat exocrine glands. Acta Physiol Scand, 112 (Suppl
496), 1-57 (1981)

849

92. JM Lundberg, A Anggird, J Fahrenkrug.
Complementary role of vasoactive intestinal
polypeptide (VIP) and acetylcholine for

submandibular gland blood flow and secretion. Acta
Physiol Scand, 113, 329-336 (1981)

93. JM Lundberg, A Anggird, ] Fahrenkrug, T
Hokfelt, V Mutt. Vasoactive intestinal polypeptide in
cholinergic neurons of exocrine glands. Functional
significance  of  co-existing transmitters  for
vasodilation and secretion. Proc Natl Acad Sci USA,
77, 1651-1655 (1980)

94. JM Lundberg, A Anggird, J Fahrenkrug, C
Lundgren, B Homstedt. Co-release of VIP and
acetylcholine in relation to blood flow and salivary
secretion in cat submandibular salivary gland. Acta
Physiol Scand, 115, 525-528 (1982)

95. RH Fox, OG Edholm. Nervous control of the
cutaneous circulation. Br Med Bull, 19, 110- 114
(1963)

96. LAT Bennett, JM Johnson, DP Stephens, AR
Saad, DL Kellogg. Evidence for a role for vasoactive
intestinal peptide in active vasodilation in the
cutaneous vasculature in humans. J Physiol (Lond),
552,223-232 (2003)

97. JR Grider. Identification of neurotransmitters by
selective protection of postjunctional receptors. Am J
Physiol Gastrointest Liver Physiol, 258, G103-G106
(1990)

98. RJ Henning, DR Sawmiller. Vasoactive intestinal
peptide. cardiovascular effects. Cardiovasc Res, 49,
27-37 (2001)

99. DR Sawmiller, M Ashtari, H Urueta, M
Leschinsky, RJ Henning. Mechanisms of vasoactive
intestinal pepide-elicited coronary vasodilation in the
isolated perfused rat heart. Neuropeptides, 40, 349-
355 (2006)

100. MA Summers, MS O'Dorisio, MO Cox, M Lara-
Marquez, EJ Goetzl. A lymphocyte-generated
fragment of vasointestinal peptide with VPACI
agonist activity and VPAC2 antagonist effects. J
Pharmacol Exp Ther, 306, 638-645 (2003)

101. D Roosterman, T George, SW Schneider, NW
Bunnett, M Steinhoff. Neuronal control of skin
function. the skin as a neuroendocrine organ. Physiol
Rev, 86, 1309-1379 (2006)

102. BW Wilkins, B J Wong, N J Tublitz, M G R, C
T Minson. Vasoactive intestinal peptide fragment
VIP10-28 and active vasodilation in human skin. J
App! Physiol, 99, 2284-2301 (2005)

103. MV Savage, GL Brengelmann, A M J Buchan, P
R Freund. Cystic fibrosis, vasoactive intestinal



Local and reflex control of skin blood flow

polypeptide, and active cutanecous vasodilation. J
Appl Physiol, 69, 2149-2154 (1990)

104. P Heinz-Erian, RD Dey, M Flux, SI Said.
Deficient vasoactive intestinal peptide innervation in
the sweat glands of cystic fibrosis patients. Science,
229, 1407-1408 (1985)

105. DJ Kellogg Jr, GJ Hodges, CR Orozco, TM
Phillips, JL Zhao, JM Johnson. Cholinergic
mechanisms of cutaneous active vasodilation during
heat stress in cystic fibrosis. J Appl Physiol, 103,
963-968 (2007)

106. BW Wilkins, EA Martin, SK Roberts, MJ
Joyner. Preserved reflex vasodilation in cystic
fibrosis does not include an enhanced nitric oxide-
dependent mechanism. J Appl Physiol, 102, 2301-
2306 (2007)

107. BW Wilkins, LH Chung, NJ Tublitz, BJ Wong,
CT Minson. Mechanisms of vasoactive intestinal
peptide-mediated vasodilation in human skin. J Appl
Physiol, 97, 1291-1298 (2004)

108. BJ Wong, CT Minson. Neurokinin-1 receptor
desensitization attenuates cutaneous active
vasodilatation in humans. J Physiol (Lond), 577,
1043-1051 (2006)

109. BJ Wong, NJ Tublitz, CT Minson. Neurokinin-1
receptor desensitization to consecutive microdialysis
infusions of substance P in humans. J Physiol (Lond),
568, 1047-1056 (2005)

110. S Harrison, P Geppetti. Substance P. Int J
Biochem Cell Biol, 33, 555-576 (2001)

111. P Holzer. Neurogenic vasodilatation and plasma
leakage in the skin. Gen Pharmacol, 30, 5-11 (1998)

112. P Milner, P Bodin, S Guiducci, AD Rosso, MB
Kahaleh, M  Matucci-Cerinic, G  Burnstock.
Regulation of substance P mRNA expression in
human dermal microvascular endothelial cells. Clin
Exp Rheumatol, 22 Suppl 33, S24-S27 (2004)

113. DL Kellogg, Jr, CG Crandall, Y Liu, N
Charkoudian, JM Johnson. Nitric oxide and cutaneous
active vasodilation during heat stress in humans. J
App! Physiol, 85, 824-829 (1998)

114. S Shastry, AS Reed, JR Halliwill, NM Dietz, MJ
Joyner. Effects of nitric oxide synthase inhibition on
cutaneous vasodilation during body heating in
humans. J Appl Physiol, 85, 830-834 (1998)

115. GR McCord, J-L Cracowski, CT Minson.
Prostanoids  contribute to  cutaneous active
vasodilation in humans. Am J Physiol Regul Integr
Comp Physiol, 291, R596-R602 (2006)

850

116. BJ] Wong, BW Wilkins, CT Minson. H1 but not
H2 histamine receptor activation contributes to the
rise in skin blood flow during whole body heating in
humans. J Physiol (Lond), 560, 941-948 (2004)

117. DL Kellogg, Jr, JL Zhao, Y Wu. Endothelial
nitric oxide synthase control mechanisms in the
cutaneous vasculature of humans in vivo. Am J
Physiol Heart Circ Physiol, 295, H123-129 (2008)

118. WF Taylor, VS Bishop. A role for nitric oxide in
active thermoregulatory vasodilation. Am J Physiol
Heart Circ Physiol, 264, H1355-H1359 (1993)

119. WF Taylor, SE DiCarlo, VS Bishop. Neurogenic
vasodilator control of rabbit ear blood flow. Am J
Physiol Regul Integr Comp Physiol, 262, R766-R770
(1992)

120. DM Farrell, VS Bishop. Permissive role for
nitric oxide in active thermoregulatory vasodilation
in rabbit ear. Am J Physiol Heart Circ Physiol, 269,
H1613-H1618 (1995)

121. DM Farrell, VS Bishop. The roles of cGMP and
cAMP in active thermoregulatory vasodilation. 4m J
Physiol, Regul Integr Comp Physiol, 272, R975-R981
(1997)

122. BW Wilkins, LA Holowatz, BJ Wong, CT
Minson. Nitric oxide is not permissive for cutaneous
active vasodilation in humans. J Physiol (Lond), 548,
963-969 (2003)

123. LA Holowatz, WL Kenney. Chronic low-dose
aspirin  therapy  attenuates reflex cutaneous
vasodilation in middle-aged humans. J App! Physiol,
106, 500-505 (2009)

124. RH Fox, SM Hilton. Bradykinin formation in
human skin as a factor in heat vasodilatation. J
Physiol (Lond), 142, 219-232 (1958)

125. GL Brengelmann, PR Freund, LB Rowell, JE
Olerud, KK Kraning. Absence of active vasodilation
associated with congenital absence of sweat glands in
humans. Am J Physiol Heart Circ Physiol, 240,
H571-H575 (1981)

126. DL Kellogg, Jr, Y Liu, K McAllister, C Friel,
PE Pérgola. Bradykinin does not mediate cutaneous

active vasodilation during heat stress in humans. J
Appl Physiol, 93, 1215-1221 (2002)

127. JB Warren, RK Loi. Captopril increases skin
microvascular blood flow secondary to bradykinin,
nitric oxide, and prostaglandins. FASEB J, 9, 411-418
(1995)

128. CG Crandall, JM Johnson, WA Kosiba, DL
Kellogg, Jr. Baroreceptor control of the cutaneous



Local and reflex control of skin blood flow

active vasodilator system. J Appl Physiol, 81, 2192-
2198 (1996)

129. DL Kellogg, Jr, JM Johnson, WA Kosiba.
Baroreflex control of the cutaneous active vasodilator
system in humans. Circ Res, 66, 1420-1426 (1990)

130. JM Johnson. Exercise and the cutaneous
circulation. Exerc Sport Sci Rev, 20, 59-97 (1992)

131. WL Kenney, JM Johnson. Control of skin blood
flow during exercise. Med Sci Sports Exerc, 24, 303-
312 (1992)

132. WF Taylor, JM Johnson, WA Kosiba, CM
Kwan. Cutaneous vascular responses to isometric
handgrip exercise. J Appl Physiol, 66, 1586-1592
(1989)

133. CG Crandall, J Musick, JP Hatch, DL Kellogg,
Jr, JM Johnson. Cutaneous vascular and sudomotor
responses to isometric exercise in humans. J Appl
Physiol, 79, 1946-1950 (1995)

134. AR Saad, DP Stephens, LAT Bennett, N
Charkoudian, WA Kosiba, JM Johnson. Influence of
isometric exercise on blood flow and sweating in
glabrous and nonglabrous human skin. J Appl
Physiol, 91, 2487-2492 (2001)

135. CG Crandall, DP Stephens, JM Johnson. Muscle
metaboreceptor modulation of cutaneous active
vasodilation. Med Sci Sports Exerc, 30, 490-496
(1998)

136. K Aoki, DP Stephens, JM Johnson. Diurnal
variation in cutaneous vasodilator and vasoconstrictor
systems during heat stress. Am J Physiol Regul Integr
Comp Physiol, 281, R591-R595 (2001)

137. N Charkoudian, JM Johnson. Modification of
active cutaneous vasodilation by oral contraceptive
hormones. J Appl Physiol, 83,2012-2018 (1997)

138. LA Stephenson, MA Kolka. Thermoregulation in
women. Exerc Sport Sci Rev, 21, 231-262 (1993)

139. LA Stephenson, MA Kolka. Menstrual cycle
phase and time of day alter reference signal
controlling arm blood flow and sweating. Am J
Physiol Regul Integr Comp, 249, R186-R191 (1985)

140. K Aoki, DP Stephens, K Zhao, WA Kosiba, ]M
Johnson. Modification of cutaneous vasodilator
response to heat stress by daytime exogenous
melatonin administration. Am J Physiol Regul Integr
Comp, 291, R619-R624 (20006)

141. WL Kenney, CG Tankersley, DL Newswanger,
DE Hyde, SM Puhl, NL Turner. Age and
hypohydration independently influence the peripheral

851

vascular response to heat stress. J Appl Physiol, 68,
1902-1908 (1990)

142. LA Holowatz, CS Thompson, WL Kenney. L-
Arginine supplementation or arginase inhibition
augments reflex cutaneous vasodilatation in aged
human skin. J Physiol (Lond), 574, 573-581 (2006)

143. LA Holowatz, CS Thompson, WL Kenney.
Acute ascorbate supplementation alone or combined
with arginase inhibition augments reflex cutaneous
vasodilation in aged human skin. Am J Physiol Heart
Circ Physiol, 291, H2965-H2970 (2006)

144. LA Holowatz, CS Thompson-Torgerson, WL
Kenney. Altered mechanisms of vasodilation in aged
human skin. Exercise Sports Sci Rev, 35, 119-125
(2007)

145. HL Martin, JL Loomis, WL Kenney. Maximal
skin vascular conductance in subjects aged 5-85 yr. J
Appl Physiol, 79, 297-301 (1995)

146. GA Rooke, MV Savage, GL Brengelmann.
Maximal skin blood flow is decreased in elderly men.
J Appl Physiol, 77, 11-14 (1994)

147. H Barcroft, OG Edholm. The effect of
temperature on blood flow and deep temperature in
the human forearm. J Physiol (Lond), 102, 5-20
(1943)

148. PM Vanhoutte. Physical factors of regulation. I:
Handbook  of  Physiology  Section 2.  The
Cardiovascular System Eds: DF Bohr, AP Somlyo,
HV Sparks Amer Physiol Soc, Bethesda MD (1980)

149. PJ Boels, TJ Verbeuren, PM Vanhoutte.
Moderate cooling depresses the accumulation and the
release of newly synthesized catecholamines in
isolated canine saphenous veins. Experientia, 41,
1374-1377 (1985)

150. NA Flavahan. The role of vascular alpha-2-
adrenoreceptors as cutaneous thermosensors. News
Physiol Sci, 6,251-255 (1991)

151. NA Flavahan, LE Lindblad, TJ Verbeuren, JT
Shepherd, PM Vanhoutte. Cooling and alpha 1- and
alpha 2-adrenergic responses in cutaneous veins. role
of receptor reserve. Am J Physiol Heart Circ Physiol,
249, H950-955 (1985)

152. NA Flavahan, PM Vanhoutte. Effect of cooling
on a-1 and a-2 adrenergic responses in canine
saphenous and femoral veins. J Pharmacol Exp Ther,
238, 139-147 (1986)

153. PM Vanhoutte, NA Flavahan. Effects of
temperature on alpha adrenoceptors in limb veins.
role of receptor reserve. Fed Proc, 45, 2347-2354
(1986)



Local and reflex control of skin blood flow

154. PM Vanhoutte, VM Miller.
adrenoceptors and endothelium-derived
factor. Am J Med, 87, 1S-5S (1989)

Alpha-2
relaxing

155. SR Bailey, AH Eid, S Mitra, S Flavahan, NA
Flavahan. Rho kinase mediates cold-Induced
constriction of cutaneous arteries. Circ Res, 94, 1367-
1374 (2004)

156. SR Bailey, S Mitra, S Flavahan, NA Flavahan.
Reactive oxygen species from smooth muscle
mitochondria initiate cold-induced constriction of
cutaneous arteries. Am J Physiol Heart Circ Physiol,
289, H253-H250 (2005)

157. MA Chotani, S Flavahan, S Mitra, D Daunt, NA
Flavahan. Silent alpha-2c-adrenergic receptors enable
cold-induced vasoconstriction in cutaneous arteries.
Am J Physiol Heart Circ Physiol, 278, H1075-H1083
(2000)

158. SC Jeyaraj, MA Chotani, S Mitra, HE Gregg,
NA Flavahan, KJ Morrison. Cooling evokes
redistribution of alpha2C-adrenoceptors from Golgi
to plasma membrane in transfected human embryonic
kidney 293 cells. Mol Pharmacol, 60, 1195-1200
(2001)

159. CS Thompson-Torgerson, LA Holowatz, NA
Flavahan, WL Kenney. Cold-induced cutaneous
vasoconstriction is mediated by Rho kinase in vivo in
human skin. Am J Physiol Heart Circ Physiol, 292,
H1700-H1705 (2007)

160. F Yamazaki, R Sone, K Zhao, GE Alvarez, WA
Kosiba, JM Johnson. Rate dependency and role of nitric
oxide in the vascular response to direct cooling in human
skin. J Appl Physiol, 100, 42-50 (2006)

161. PE Pérgola, DL Kellogg, Jr, JM Johnson, WA Kosiba.
Role of sympathetic nerves in the vascular effects of local
temperature in human forearm skin. Am J Physiol Heart
Circ Physiol, 265, H785-H792 (1993)

162. G Venturini, M Colasanti, E Fioravanti, A Bianchini,
P Pascenzi. Direct effect of temperature on the catalytic
activity of nitric oxide synthases types I, II and III. Nitric
Oxide, 3, 375-382 (1999)

163. GJ Hodges, JA Traeger, T Tang, WA Kosiba, K Zhao,
JM Johnson. Role of sensory nerves in the cutaneous
vasoconstrictor response to local cooling in humans. Am J
Physiol Heart Circ Physiol, 293, H784-H789 (2007)

164. JM Johnson, TC Yen, K Zhao, WA Kosiba.
Sympathetic, sensory, and nonneural contributions to the
cutaneous vasoconstrictor response to local cooling. Am J
Physiol Heart Circ Physiol, 288, 1573-1579 (2005)

165. DP Stephens, N Charkoudian, JM Benevento,
JM Johnson, JL Saumet. The influence of topical
capsaicin on the local thermal control of skin blood

852

flow in humans. Am J Physiol Regul Integr Comp
Physiol, 281, R894-R901 (2001)

166. RG Hallin, HE Torebjork, Z Wiesenfeld.
Nociceptors and warm receptors innervated by C

fibers in human skin. J Neurol Neurosurg Psychiatry,
45,313-319 (1982)

167. KM Gooding, MM Hanneman, JE Tooke, GF
Clough, AC Shore. Maximum skin hyperaemia
induced by local heating. possible mechanisms. J
Vasc Res, 43, 270-277 (2005)

168. JM Stewart, MS Medow, CT Minson, I Taneja.
Cutaneous neuronal nitric oxide is specifically
decreased in postural tachycardia syndrome. Am J
Physiol Heart Circ Physiol, 293, H2161-H2167
(2007)

169. WK Alderton, CE Cooper, RG Knowles. Nitric
oxide synthases.structure, function and inhibition.
Biochem J, 357, 593-615 (2001)

170. GR Cooper, A Barr, DJ Wolff. Neuronal nitric
oxide synthase is refractory to mechanism-based
inactivation in GH3 pituitary cells. Arch Biochem
Biophysics, 357, 195-206 (1998)

171. P K Stricklett, AK Hughes, DE Kohan.
Endothelin-1 stimulates NO production and inhibits
cAMP accumulation in rat inner medullary collecting
duct through independent pathways. Am J Physiol
Renal Physiol, 290, F1315-F1319 (2005)

172. DJ Wolff, A Lubeskie. Inactivation of nitric
oxide synthase isoforms by diaminoguanidine and
NG-amino-L-arginine. Arch Biochem Biophys, 325,
227-234 (1996)

173. EP Erdal, EA Litzinger, J Seo, Y Zhu, H Ji, RB
Silverman. Selective neuronal nitric oxide synthase
inhibitors. Curr Top Med Chem, 5, 603-624 (2005)

174. H Huang, P Martesek, LJ Roman, RB Silverman.
Synthesis and evaluation of peptidomimetics as
selective inhibitors and active site probes of nitric
oxide synthases. J Med Chem, 43, 2938-2945 (2000)

175. S Durand, SL Davis, J Cui, CG Crandall.
Exogenous nitric oxide inhibits sympathetically
mediated vasoconstriction in human skin. J Physiol
(Lond), 562, 629-634 (2005)

176. TE Wilson, J Cui, CG Crandall. Effect of whole-
body and local heating on cutaneous vasoconstrictor
responses in humans. Auton Neurosci, 97, 122-128
(2002)

177. WF Taylor, JM Johnson, D O'Leary, MK Park.
Modification of the cutaneous vascular response to
exercise by local skin temperature. J Appl Physiol,
57, 1878-1884 (1984)



Local and reflex control of skin blood flow

178. GJ Hodges, WA Kosiba, K Zhao, JM Johnson.
The involvement of heating rate and vasoconstrictor
nerves in the cutaneous vasodilator response to skin
warming. Am J Physiol Heart Circ Physiol, 296,
H51-56 (2009)

179. BL Houghton, JR Meendering, BJ Wong, CT
Minson. Nitric oxide and noradrenaline contribute to
the temperature threshold of the axon reflex response
to gradual local heating in human skin. J Physiol
(Lond), 572, 811-820 (2006)

180. JA Angus, TM Cocks, K Satoh. The alpha
adrenoceptors on endothelial cells. Fed Proc, 45,
2355-2359 (1986)

181. TM Cocks, JA Angus. Endothelium-dependent
relaxation of coronary arteries by noradrenaline and
serotonin. Nature, 305, 627-630 (1983)

182. T Nilsson, H Lind, J Brunkvall, L Edvinsson.
Vasodilation in human subcutaneous arteries induced
by neuropeptide Y is mediated by neuropeptide Y Y1
receptors and is nitric oxide dependent. Can J Physiol
Pharmacol, 78, 251-255 (2000)

183. TA Munce, WL Kenney. Age-specific
modification of local cutaneous vasodilation by
capsaicin-sensitive primary afferents. J Appl Physiol,
95, 1016-1024 (2003)

184. CT Minson, LA Holowatz, BJ Wong, WL
Kenney, BW Wilkins. Decreased nitric oxide- and
axon reflex-mediated cutaneous vasodilation with age
during local heating. J Appl Physiol, 93, 1644-1649
(2002)

185. JM Stewart, AJ Ocon, D Clarke, I Taneja, MS
Medow. Defects in cutaneous angiotensin-converting
enzyme 2 and angiotensin- (1-7) production in
postural tachycardia syndrome. Hypertension, 53,
767-774 (2009)

186. GL Brengelmann. Body temperature regulation
in heart failure. Cardiologia, 41, 1033-1043 (1996)

187. J Cui, A Arbab-Zadeh, A Prasad, S Durand, BD
Levine, CG Crandall. Effects of heat stress on
thermoregulatory responses in congestive heart
failure patients. Circulation, 112, 2286-2292 (2005)

188. DJ Green, AJ Malorana, JH Siong, V Burke, M
Erikson, CT Minson, W Bilsborough, G O'Driscoll.
Impaired skin blood flow response to environmental
heating in chronic heart failure. Eur Heart J, 27, 338-
343 (2006)

189. PG Fegan, AC Shore, D Mawson, JE Tooke, KM
MacLeod. Microvascular endothelial function in
subjects with Type 2 diabetes and the effect of lipid-
lowering therapy. Diabet Med, 22, 1670-1676 (2005)

853

190. A Koitka, P Abraham, B Bouhanick, D Sigaudo-
Roussel, C Demiot, JL Saumet. Impaired pressure-
induced vasodilation at the foot in young adults with
type I diabetes. Diabetes, 53, 721-725 (2004)

191. LA Sokolnicki, NA Strom, SK Roberts, SA
Kingsley-Berg, A Basu, N Charkoudian. Skin blood
flow during body heating in type 2 diabetes mellitus.
J Appl Physiol, 106, 566-570 (2009)

Key Words: Skin Circulation, Local Heating, Local
Cooling, Adrenergic Function, Active Vasodilation, Nitric
Oxide, Reflex Vasoconstriction, Microdialysis, Laser
Doppler Flowmetry, Human, Review

Send correspondence to: John M. Johnson, Department of
Physiology, University of Texas Health Science Center,
San Antonio, TX 78229, Tel: 210-567-4334, Fax: 210-567-
4410, E-mail: Johnson@uthscsa.edu

http://www.bioscience.org/current/vol2S.htm



