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mia after heating (p = 0.011), whereas hyperaemia was 
prolonged in the presence of sildenafi l (p = 0.003). The 
increase in skin blood fl ow was largely confi ned to the 
directly heated area, suggesting that the role of heat-in-
duced activation of the axon refl ex was small.  Conclu-

sion:  NO, but not prostaglandins, histamine or an axon 
refl ex, contributes to the increase in blood fl ow on heat-
ing and NO is also a component of the resolution of MH 
after heating. 

 Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 It is increasingly being recognized that subjects at risk 
of, or exhibiting, vascular disease, for example subjects 
with an increased risk of coronary heart disease, exhibit 
microvascular abnormalities demonstrable in the skin 
microcirculation  [1] . An impaired skin maximum hyper-
aemic (MH) response to local heating has been observed 
in type 1  [2, 3] , type 2  [4] , and MODY3 diabetic subjects 
 [5]  who are highly prone to both macro- and microcircu-
lation complications. This reduced vasodilatory capacity 
predates diabetes as it is present in those at risk of devel-
oping type 2 diabetes mellitus, for example in subjects 
with fasting hyperglycaemia  [6] , in women with previous 
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  Abstract 
  Background:  Maximum skin hyperaemia (MH) induced 
by heating skin to  6 42   °   C is impaired in individuals at 
risk of diabetes and cardiovascular disease. Interpreta-
tion of these fi ndings is hampered by the lack of clarity 
of the mechanisms involved in the attainment of MH. 
 Methods:  MH was achieved by local heating of skin to 
42–43   °   C for 30 min, and assessed by laser Doppler fl ux-
imetry. Using double-blind, randomized, placebo-con-
trolled crossover study designs, the roles of prostaglan-
dins were investigated by inhibiting their production 
with aspirin and histamine, with the H 1  receptor antago-
nist cetirizine. The nitric oxide (NO) pathway was blocked 
by the NO synthase inhibitor, N G -nitro- L -arginine methyl 
esther ( L -NAME), and enhanced by sildenafi l (prevents 
breakdown of cGMP).  Results:  MH was not altered by 
aspirin, cetirizine or sildenafi l, but was reduced by  L -
NAME: median placebo 4.48 V (25th, 75th centiles: 3.71, 
4.70) versus  L -NAME 3.25 V (3.10, 3.80) (p = 0.008, Wil-
coxon signed rank test). Inhibition of NO production
( L -NAME) resulted in a more rapid reduction in hyperae-
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gestational diabetes  [7] , and in 3-month-old infants of
low birth weight  [8] . Impaired MH is also associated with 
increased cardiovascular risk and with end organ damage 
 [9] .  

 In view of these observations, the skin microvascula-
ture represents a useful model for exploring microvascu-
lar function when direct examination of the relevant vas-
cular bed is diffi cult or impossible, or as in the case of 
diabetes, where a specifi c microangiopathy is part of the 
disease complex. With the advent of commercially avail-
able equipment, identical protocols as those used above 
are being adopted by many groups worldwide. The key to 
interpreting the fi ndings of this impaired MH response in 
a disease state is an understanding of the factors/mecha-
nisms involved in inducing MH in health. There are nu-
merous control mechanisms/factors present in the vascu-
lar system, including nitric oxide (NO), prostaglandins, 
histamine and the nervous system  [10] . To date, the at-
tainment of MH by local heating was attributed to the 
axon refl ex and NO, and roles for prostaglandins or mus-
carinic receptors have been sought but could not be dem-
onstrated  [11–13] . Mechanisms involved in the reduction 
in hyperaemia on cessation of heating have not been in-
vestigated. Therefore, the present study sought to further 
elucidate the mechanisms involved in the attainment of 
MH and also to investigate the role of NO in the sustain-
ability of the hyperaemic response after heating. To dis-
sect the relative contribution of potential mechanisms, 
double-blind, randomized, placebo-controlled crossover 
studies in healthy individuals were conducted to examine 
the effects of prostaglandins, NO and histamine on the 
attainment of MH by local heating of a 0.76-cm 2  area of 
skin. The effect of local heating on blood fl ow in the sur-
rounding tissue was also assessed to investigate whether 
the heating stimulus produced an axon refl ex-mediated 
fl are. The sustainability of the hyperaemic response fol-
lowing the removal of the heat stimulus (resolution of 
MH) was investigated by attenuating the NO pathway by 
inhibiting NO synthase (NOS) and by enhancing the NO 
pathway by prolonging the action of cGMP with sildena-
fi l. 

 Subjects and Methods 

 Subjects 
 Healthy subjects were recruited from the local community by 

advertisements. Subjects who were receiving medication (other 
than the oral contraceptive pill), had a history or evidence of dia-
betes, hypertension, venous, arterial or Raynaud’s disease were ex-
cluded. Ethics approval was granted by the Local Exeter and North 

Devon Medical Research Ethics Committee, and written informed 
consent was obtained from all subjects. The studies conformed to 
the principles outlined in the declaration of Helsinki.  

 Assessment of MH 
 Subjects were supine, in a temperature-controlled microvascu-

lar laboratory (21.5–22.5   °   C) throughout the study. The area of skin 
under investigation was initially warmed to 36   °   C using warm air. 
A plastic collar, into which was fi tted a small brass heater (0.76 cm 2 ; 
Moor Instruments, Axminster, UK), was then attached to the dor-
sal surface of the foot using a double-sided adhesive disc and the 
skin was heated to maintain skin temperature at 42–43   °   C through-
out the 30-min heating period (it takes approximately 2–5 min for 
skin to reach the required temperature). Skin temperature was as-
sessed by a thermocouple underlying the heater probe. At the end 
of the heating phase, MH was either assessed using single point la-
ser Doppler fl uximetry (LDF) or laser Doppler perfusion imaging 
(LDPI). In protocol 1 (prostaglandins) and 2 (histamine action via 
H 1  receptor), single point LDF (Pf2, Perimed, Sweden) was used 
to assess skin hyperaemia on the dorsum of the foot. The laser 
 Doppler probe was fi tted into the non-centric hole of the small brass 
heater, and the heater was rotated within the adherent collar to ob-
tain eight equally spaced, 30-second measurements of directly heat-
ed skin. The mean of these eight measurements was used as the 
MH. In protocols 4 and 5, forearm skin hyperaemia was assessed 
by LDPI (Pim II, Perimed) every minute for 30 min following the 
removal of the heater. The fi rst reading taken after the heater re-
moval represented MH. The sustainability of the MH following the 
removal of the heat stimulus (the resolution of MH) was represent-
ed by the skin hyperaemia at 30 min after the removal of the heat-
er, expressed as a percentage of the MH. LDPI was used for proto-
cols 4 and 5 for two reasons: fi rstly, to remove any potential arte-
facts caused by perturbing skin blood fl ow whilst rotating the 
heater head during assessment of the skin hyperaemia with LDF. 
Although such artefacts are without effect on MH (since no further 
increase in perfusion can occur), it is important to minimize them 
during measurements of sub-maximal values. Secondly, the use of 
LDPI enabled more rapid measurements of perfusion. 

 MH is traditionally assessed on the dorsal surface of the foot. 
However, the irregular surface and underlying tissues of the foot 
made it very diffi cult to insert microdialysis probes in parallel at 
similar depths in the skin of the dorsal surface of the foot. Thus, 
the ventral aspect of the forearm was used for protocol 4. For com-
parison, protocol 5, which was also investigating NO-mediated ef-
fects, was also performed on the ventral aspect of the forearm. 

 The day-to-day intra-subject coeffi cient of variation of MH in 
3 subjects assessed on 5 separate occasion was 6.6%, and it was 
7.1% in 1 male subject assessed over a 2-year period using LDF 
(mean  8  standard deviation: 2.11  8  0.15 AU V). Day-to-day in-
tra-subject coeffi cient of variation was 12.5% in 1 subject assessed 
on 5 separate occasions (3.12  8  0.39 AU V), and 4.9% in 1 subject 
assessed over a 5-month period (2.67  8  0.13 AU V) using LDPI. 
The difference in absolute values for MH obtained by LDF and 
LDPI refl ect the different arbitrary units of the instruments rather 
than a different absolute value. The day-to-day intra-subject coef-
fi cient of variation of the resolution of MH (the percent of MH 
remaining 30 min after heating) in 1 subject assessed on 5 separate 
occasions was 18.9% (41  8  8%). 

 Historically, the MH technique, as described above, is rarely 
associated with either a fl are response or any sensation of pain or 
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discomfort either during the heating phase or following the remov-
al of the heater. After heating the skin, a clear red circle (0.76 cm 2 , 
the size of the brass heater) is evident with no other visible hyper-
aemia in surrounding areas.  

 Protocol 1: The Effect of Prostaglandins on the
Induction of MH 
 The role of prostaglandins in the induction of MH was investi-

gated by inhibition of cyclooxygenase, a crucial enzyme in the pros-
taglandin biosynthetic pathway, prior to the commencement of, 
and throughout the period of heating. Ten healthy subjects (7 
males), with a median age of 30 years (25th, 75th centiles: 24.5, 
32.3), were randomized to receive a single dose of either soluble 
aspirin (600 mg) or placebo in orange juice with a minimum of 2 
weeks washout in between. Local heating of the skin commenced 
30 min after treatment, a time which has been demonstrated to 
provide a maximal 86% inhibition of bradykinin-induced produc-
tion of prostaglandins  [14] . The position of the skin site under in-
vestigation on the fi rst visit was accurately recorded to ensure that 
the same area of skin was examined on the second visit.  

 Protocol 2: The Effect of H 1  Receptor Inhibition on the 
Induction of MH 
 Cetirizine, a selective H 1  receptor inhibitor, was used to explore 

the role of histamine via the H 1  receptor in the induction and main-
tenance of MH. Ten healthy subjects (7 males), with a mean age of 
30 years (25th, 75th centiles: 27.3, 35.3), were randomized to re-
ceive a single dose of cetirizine (10 mg) or matching placebo on 2 
occasions separated by at least 4 weeks, in a double-blind, random-
ized, placebo-controlled crossover design. The tablets were admin-
istered 6 h prior to the commencement of local heating as this cor-
responds to the time of maximal inhibition of histamine-induced 
wheal and fl are by cetirizine  [15–17] . The skin site under investiga-
tion on the fi rst visit was accurately recorded to ensure that the 
same area of skin was examined on the second visit.  

 Protocol 3: Examining the Potential Activation of an Axon 
Refl ex during the Assessment of MH 
 To explore whether heating activated the axon refl ex, as judged 

by a fl are response, skin perfusion in the skin surrounding the heat-
er (i.e. not directly heated) was assessed during local heating on the 
dorsum of the foot and under control conditions (a heater head 
probe was attached on the skin for 30 min but not heated). Prior to 
attaching the heater probe for the control assessments, the probe 
was attached to an adjacent area of skin to enable the probe to ad-
just to the subject’s skin temperature, thereby limiting any potential 
cooling effect of the brass probe. The heated and control site assess-
ments were performed in 6 healthy subjects (2 males), with a mean 
age of 33 years (25th, 75th centiles: 30, 40), in a randomized order, 
with a 30-min rest period between the assessments. To enable the 
visualization of the areas surrounding the heater, a transparent col-
lar was manufactured, thus allowing the quantifi cation of skin per-
fusion in the skin underlying the collar. Skin perfusion scans of the 
entire area were performed at baseline, at approximately 1, 5 and 
10 min into the heating period, at 30 min of heating, and following 
the removal of the heater using the LDPI. To aid the comparison 
of the effect of the heater on the surrounding skin, perfusion was 
normalized to each subject’s MH response to enable the data to be 
combined.  

 Protocol 4: The Effect of Inhibiting NO Production on the 
Induction of MH 
 The role of NO was investigated using N G -nitro- L -arginine 

methyl esther ( L -NAME), an NOS competitive inhibitor, delivered 
by microdialysis for 30 min before and throughout the heating and 
resolution periods. Nine healthy female subjects, with a mean age 
of 33 years (25th, 75th centiles: 25, 42), were recruited for this 
double-blind placebo-controlled randomized study. Linear fl ow 
microdialysis probes (cuprophane membranes) (Focus 90H Hemo-
phan Hollow Fiber Dialyzer, National Medical Care, Rockleigh, 
N.J., USA), with a 5-kDa molecular mass cut-off, internal diameter 
of 200  � m, and reinforced internally with a length of stainless steel 
wire (AISI 302, Goodfellow Cambridge Ltd., Huntingdon, UK), 
were used. A pair of probes were introduced into the dermis of the 
volar surface of the forearm, using 23-gauge guide needles under 
local anaesthesia (EMLA, Astra, Kings Langley, UK). The micro-
dialysis probes were inserted into the volar aspect of the forearm 
as it provided a more accessible skin microvascular bed for uniform 
insertion of the microdialysis probes than the dorsum of the foot, 
thus minimizing any variations in the depth of penetration of the 
probes and maximizing delivery. One of the probes was random-
ized to act as the treatment probe ( L -NAME), while the other acted 
as its paired control (saline). The probes ran parallel to the skin 
surface and to each other, at a depth of approximately 0.6 mm, and 
5 mm apart. A 22-mm length of each probe was available for mi-
crodialysis exchange with the skin interstitial space, with 10 mm of 
this length within the heated area. Previous data suggest that a 
5-mm space between the two probes minimizes the likelihood that 
the  L -NAME-perfused probe is infl uencing the data obtained from 
the placebo-perfused probe  [18, 19] . Perfusion of the microdialysis 
probes commenced 90 min after their insertion, at which time the 
effects of the EMLA anaesthesia had reversed  [19] . The perfusates 
were 5 m M   L -NAME (Clinalfa, Switzerland) and a control solution 
of 0.9% saline (MacoPharma, France), delivered at a fl ow rate of 
5  � l    �    min –1 . This concentration of  L -NAME (5 m M ) has previous-
ly been shown to signifi cantly attenuate acetylcholine, histamine, 
bradykinin and substance P-induced vasodilation, an attenuation 
which could not be further enhanced by increasing the concentra-
tion of  L -NAME  [18–20] . Perfusion was continued for 30 min pri-
or to commencement of skin heating. Skin heating was effected by 
the technique described above, with the heater placed directly over-
lying the microdialysis probes. The probes were continually per-
fused during both heating and resolution phases. Perfusion imaging 
(LDPI) was used in this protocol in order to minimize the potential 
damage to the probes caused by repeated rotation of the heater head 
for LDF used in protocols 1 and 2, during the resolution phase. Skin 
hyperaemia scans were analysed offl ine in a blinded fashion using 
LDISoft4.0 software (Perimed, Jarfalla, Sweden). Skin hyperaemia 
was measured in a 10  !  4-mm area of heated skin overlying each 
microdialysis probe.  

 Protocol 5: The Effect of Enhancing the NO Pathway on the 
Induction of MH 
 Sildenafi l, a phosphodiesterase 5 inhibitor, was used to prevent 

the breakdown of cGMP, a downstream signalling molecule of the 
NO pathway, and thus prolong its action. Eleven healthy male sub-
jects, with a mean age of 28 years (25th, 75th centiles: 21, 36), were 
randomized to a double-blind, placebo-controlled crossover study 
of a single dose of sildenafi l (100 mg oral; Pfi zer, Sandwich, UK) 
or matching placebo with a washout period of at least a week. Skin 
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heating commenced 1 h after tablet administration. To ensure that 
this study protocol was comparable with protocol 4, both of which 
were designed to investigate the involvement of NO in the MH re-
sponse, skin heating was performed on the volar aspect of the fore-
arm. The position of the skin site under investigation on the fi rst 
visit was accurately recorded to ensure that the same area of skin 
was examined on the second visit.  

 Statistical Analysis 
 All volunteers participating in the double-blind, placebo-con-

trolled studies acted as their own controls. Data are presented as 
median (25th, 75th centiles). Active therapy was compared with 
placebo data using the non-parametric paired test, Wilcoxon signed 
rank. Protocols 1 and 2 had 90% power at the 5% level to detect a 
0.13 V difference (7–9% change) in MH using LDF. Protocols 4 
and 5 had 90% power at the 5% level to detect a 0.43 V (10%) and 
0.39 V (9%) difference in MH using LDPI. 

 Results 

 Inhibition of prostaglandin synthesis did not alter MH 
compared with placebo: placebo median MH 1.46 V 
(25th, 75th centiles: 1.09, 1.88), active therapy MH 1.50 
V (1.31, 1.80) (p = 0.920, Wilcoxon signed rank test). In 
addition, H 1  receptor inhibition did not alter MH: pla-
cebo 1.87 V (1.46, 1.99) compared with active therapy 
1.90 V (1.55, 2.03) (p = 0.880).  

 There was an increase in skin perfusion in the area 
surrounding the heater ( fi g. 1 ,  2 ). However, this increase 
was very small compared with the MH elicited under the 
heater probe. Indeed, only 1.9% of the surrounding tissue 
exceeded 80% of the maximum at 30 min (ranging from 
0.1 to 0.8% of the surrounding area during the heating 
period). 

 MH was signifi cantly attenuated (28%) by the inhibi-
tion of NOS: saline site 4.48 V (3.71, 4.70) compared with 
 L -NAME site 3.25 V (3.10, 3.80) (p = 0.008) ( fi g. 3 ). The 
inhibition of NOS enhanced the resolution of MH as 
demonstrated by the signifi cant reduction in the percent-
age of MH remaining at 30 min after heating with
 L -NAME: placebo median percentage of MH remaining 
30 min after heating was 54% (31, 65) compared with ac-
tive therapy 42% (14, 55) (p = 0.011) ( fi g. 4 ).  

 Sildenafi l did not alter MH: placebo 4.43 V (3.24, 5.03) 
compared with sildenafi l 4.17 V (3.57, 5.72) (p = 0.533). 
The enhancement of the NO pathway signifi cantly at-
tenuated the resolution of MH: placebo percentage of 
MH remaining 30 min after heating 29% (25, 44) com-
pared with active therapy 77% (56, 91) (p = 0.003) 
( fi g. 5 ). 

  Fig. 1.  Normalized skin perfusion in the tissue surrounding the 
heater probe relative to skin MH (mean MH equals 100) of the 
heated and control sites in 6 healthy subjects. Markers represent 
the mean, and the error bars represent standard deviation. 
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  Fig. 2.  Example of a spectral skin perfusion graph of the heated site 
and surrounding skin following 30 min of heating and heater re-
moval in 1 subject. The position of the circular brass heater corre-
sponded directly to the markedly elevated values of perfusion.  
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 Discussion 

 This study has shown that NO, but neither prostaglan-
dins nor histamine action via the H 1  receptor, is involved 
in the attainment of skin MH in response to locally heat-
ing a 0.76-cm 2  area of skin to 42–43   °   C for 30 min in 
healthy subjects. It is also unlikely that any axon refl ex 
response is contributing to MH. In addition, it has been 
shown that NO is involved in the sustainability (the reso-
lution) of MH following the removal of the heat stim-
ulus. 

 The role of NO in skin MH was investigated by block-
ing its production prior to the start of and throughout 
heating with the use of the NOS inhibitor,  L -NAME, and 
also by enhancement of the action of NO by preventing 
the breakdown of cGMP, a downstream signalling mol-
ecule of the NO pathway, again prior to the start of and 
throughout heating using sildenafi l. The attenuation of 
MH by  L -NAME clearly demonstrates that NO is a con-
tributor to skin MH in response to local heating. This is 
in agreement with previous hyperaemic studies that heat-
ed to a similar temperature range (39–41   °   C)  [12, 13] , with 
one of the studies presenting submaximal hyperaemic re-
sponses (87% of maximum, with maximum assessed as 
hyperaemic response to 50 m M  sodium nitroprusside) 

  Fig. 3.  MH induced by local heating of the skin to 42   °   C for 30 min 
following NOS inhibition by  L -NAME or placebo administration 
delivered to the site of heating by microdialysis in 9 healthy wom-
en. MH was signifi cantly attenuated following NOS inhibition by 
 L -NAME (p = 0.008, Wilcoxon signed rank test).  

  Fig. 4.  Resolution of MH following the administration of  L -NAME 
and saline by microdialysis in 8 healthy women. In the presence of 
 L -NAME, there was a signifi cantly lower percentage of MH remain-
ing at 30 min compared with the saline site (control) (p = 0.011, 
Wilcoxon signed rank test).  

  Fig. 5.  Resolution of MH following the administration of sildenafi l 
and placebo in 11 healthy men. After the administration of silde-
nafi l, there was a signifi cantly higher percentage of MH remaining 
at 30 min compared with placebo administration (p = 0.003, Wil-
coxon signed rank test). 
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 [13] . Interestingly, the magnitude of the involvement of 
NO differs between the current maximal study and the 
previous hyperaemic studies, which show that NO is a 
major contributor to the skin hyperaemic response to lo-
cal heating. One potential but unlikely explanation for 
this discrepancy could be the effi ciency of NOS inhibi-
tion. Previous studies  [12, 13]  delivered either the same 
or a higher concentration of  L -NAME at a slower fl ow 
rate (2  � l    �    min -1 ) than the current study. Whilst these dif-
ferences may account for some of the discrepancies, our 
fi ndings that further inhibition of substance P or calcito-
nin gene-related peptide vasodilatation was not evident 
despite increasing  L -NAME concentration from 5 to 10 
and 20 m M   [19]  suggest this is not a likely explanation. 
In keeping with this conclusion, Kellogg et al.  [12]  dem-
onstrated that increasing the dose of  L -NAME from 5 to 
20 m M  did not further reduce the skin hyperaemic re-
sponse to local heating. Thus, it is likely that NOS inhibi-
tion was maximal at 5 m M  and that increasing the con-
centration of  L -NAME would not have altered the fi nd-
ings of the current study. 

 Another potential reason for the discrepancies be-
tween this study and previous studies is a gender effect. 
Previous work has predominantly used male subjects, 
e.g., Kellogg et al.  [12]  only used 1 female subject, and 
33% of the study population of Minson et al.  [13]  was fe-
male, whereas in the current  L -NAME study, all the sub-
jects were female. Gender has previously been shown to 
have a differential effect on NO both in humans and an-
imals  [21, 22] , but in those studies, NO activity was shown 
to be higher in females, which is in the opposite direction 
from what the current observations may suggest. How-
ever, the observation that the endothelium-derived hy-
perpolarizing factor plays a more important role in female 
rats and NO in male rats does support the proposal for 
gender difference being a potential explanation for the 
discrepancies between the current and previous studies 
 [23] .  

 In contrast, sildenafi l did not modulate skin MH, pro-
viding support for our previous observations that the re-
sponse to local heating to 42   °   C is indeed maximal. 

 The inhibition and enhancement of the NO pathway 
also modulated the resolution (sustainability) of skin MH 
after heating. The inhibition of the NO pathway resulted 
in a more rapid recovery to baseline fl ow, as indicated by 
the observation that the  L -NAME site had a signifi cant-
ly lower percentage of maximal blood fl ow remaining 
30 min after the cessation of heating compared with con-
trol. The administration of sildenafi l signifi cantly attenu-
ated the resolution of MH, resulting in a maintained 

blood fl ow response following the removal of the heat 
stimulus, which is represented by a higher percentage of 
MH remaining 30 min after heating compared with pla-
cebo visit. Thus, NO is also involved in the sustainability 
of skin MH after heating. This fi nding warrants further 
investigation as it may provide a novel and non-invasive 
way of assessing NO activity in the skin microcirculation, 
which may aid our understanding of vascular health and 
pathophysiology. 

 The interpretation of the fi ndings with sildenafi l are 
complex as a number of additional pathways result in the 
production of cGMP, for example carbon monoxide 
(CO). CO can be produced in endothelial cells and then 
act on the smooth muscle cells as a vasodilator. The mag-
nitude of its role and the quantity of CO in the skin mi-
crocirculation is not clear. Thus, it is possible that silde-
nafi l is potentiating the effect of an additional cGMP 
pathway, e.g., CO and not NO in the current study. None-
theless, it is known that soluble guanylate cyclase, an en-
zyme that produces cGMP, has a much greater affi nity 
for NO than it does for CO  [24] . In support of sildenafi l 
mediating its effect via NO in the vascular system, it
has been observed that the administration of the NOS in-
hibitor, N G -monomethyl- L -arginine, abolished sildenafi l 
augmentation of the forearm blood fl ow response to ace-
tylcholine in young healthy men  [25] . A further confound-
er in the interpretation of the fi ndings with systemically 
administered sildenafi l is its potential to reduce blood 
pressure. However, observations from this laboratory 
have observed no such decrease in blood pressure in ei-
ther groups of young, healthy men or in type 2 diabetic 
men [unpubl. observations], which is in agreement with 
Dundar et al.  [26] . Thus, it is unlikely that changes in 
systemic blood pressure infl uenced the fi ndings of the cur-
rent study.  

 Numerous studies have been carried out investigating 
the potential neurogenic mechanisms involved in the MH 
response to local heating. Previous studies have shown 
that the sympathetic system is not a signifi cant contribu-
tor to the skin hyperaemic response to local heating to 
39–42   °   C  [27, 28] . However, it has been proposed that the 
activation of the axon refl ex via the C fi bre nociceptors 
with the release of the neuropeptides, substance P, and 
calcitonin gene-related peptide is the pathway responsi-
ble for the induction of skin MH in response to local heat-
ing  [29] . Arguments against this proposal include the ob-
servations that acute and chronic capsaicin administra-
tion to stimulate (acute treatment) and deplete (chronic) 
substance P and calcitonin gene-related peptide release 
did not modulate MH in response to sustained local heat-
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ing  [30] . Evidence that an axon refl ex is activated during 
local heating includes the observation of a fl are response 
at an average temperature threshold of 39.4–39.6   °   C fol-
lowing short duration local heating (13.3-cm 2  area of 
skin)  [30] . In addition, during prolonged (20–40 min) lo-
cal heating (0.7-cm 2  area of skin) to 39–40   °   C, a bimodal 
response has been observed, with the initial response (fi rst 
5 min) attributed to an axon refl ex and the secondary pla-
teau phase ascribed to NO. The initial peak was shown 
to be attenuated by blocking the C fi bre nociceptors using 
EMLA cream, but this had no effect on the NO-mediated 
secondary plateau phase  [13] . The fi nding that only the 
initial peak and not the fi nal hyperaemic response follow-
ing sustained local heating is modulated by blocking the 
axon refl ex argues against the proposal that the axon re-
fl ex is responsible for the hyperaemic response to pro-
longed local heating. It has been observed by others that 
sustained heating to 42   °   C, necessary for the induction of 
MH, is associated with a brief sensation of pain in a few 
subjects, and that in these cases, the hyperaemic response 
to local heating was not affected by inhibition of NO pro-
duction by  L -NAME. It was proposed by the authors that 
this response was mediated by the release of neuropep-
tides  [12, 13]  to evoke an axon refl ex in these particular 
subjects. Historically, the MH technique used in our own 
laboratory is not associated with either a fl are response or 
a sensation of pain, and results presented in this paper 
demonstrate that there is only a small increase in perfu-
sion in skin surrounding the heater, which may possibly 
be neurogenic in nature or be a result of heat dissipation 
from the heated area, but which is unlikely to be respon-
sible for generating MH. 

 Prostaglandins are likely candidates to contribute to 
the skin hyperaemic response to local heating as they have 
previously been shown to be involved in the regulation of 
the skin microcirculation; for example, they may contrib-
ute to the skin microvascular response to acetylcholine 
 [31, 32] . However, in the current study, aspirin did not 
modulate MH, demonstrating that prostaglandins do not 
signifi cantly contribute to skin MH. This is in agreement 
with a previous hyperaemic study that heated to a similar 
temperature (41   °   C) in healthy male subjects  [11] .  

 In addition, it was shown that histamine action via the 
H 1  receptor was not involved in the induction of MH. H 1  
receptor inhibition has previously been shown to attenu-
ate the skin hyperaemic response to whole body heating 
 [33] , and to practically eliminate the wheal and fl are re-
sponse to histamine  [15–17, 34, 35] . Despite this effect, 
it is not possible to completely rule out histamine as a 
potential contributor to skin MH as its effects may be 

mediated by the H 2  receptor. This is supported by the fact 
that both H 1  and H 2  receptors have been shown to medi-
ate the effects of histamine in isolated human subcutane-
ous resistance arteries  [36]  and the skin vasodilatory re-
sponse to the iontophoretic administration of histamine 
 [37] .  

 Although this study has shown that NO contributes to 
the induction of MH, a large proportion, approximately 
two thirds, of the MH response is unaccounted for by this 
pathway alone. A potential mediator that may also be in-
volved is the endothelium-dependent hyperpolarizing 
factor, whose effect is functionally defi ned as an agonist-
induced, endothelium-dependent relaxation that is not 
blocked by the inhibitors of NOS or cyclooxygenase  [38] . 
Thus, the endothelium-dependent hyperpolarizing factor 
may be a potential contributor to skin MH in response to 
local heating. Further research is needed to clarify wheth-
er this or additional mediators/mechanisms are involved 
in the induction of skin MH.  

 In summary, this work has shown that NO is a signif-
icant but small contributor to skin MH in response to lo-
cal heating of a small area of skin, but that prostaglandins 
and histamine action via the H 1  receptor are not involved 
in this response. It is also unlikely that any axon refl ex 
response is contributing to MH. In addition, it has shown 
that NO is involved in sustaining the hyperaemic re-
sponse after heating, such that removal of NO leads to a 
faster fall in blood fl ow and that by prolonging the action 
of cGMP sustains the blood fl ow at a higher level. This 
fi nding warrants further examination as it may provide a 
novel and non-invasive method of investigating NO ac-
tivity in the skin microcirculation. These mechanistic ob-
servations may provide a platform for understanding the 
failings in microvascular function observed in diabetes, 
pre-diabetes and other vascular pathologies. 
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