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Abstract

Thermal tolerance is improved in burn survivors following 7 days of exercise heat acclimation. It
is unknown whether post-junctional sudomotor and/or cutaneous vascular adaptations in non-
injured skin contribute to this improvement. Thirty-three burn survivors were stratified into
moderately (17-40% BSA grafted, n = 19) and highly (>40% BSA grafted, n = 14) skin grafted
groups. Nine non-burned subjects served as controls. All subjects underwent a 7 day heat
acclimation protocol, which improved thermal tolerance in all groups. Before and after this heat
acclimation protocol, post-junctional cutaneous vascular responses were assessed by administering
increasing doses of sodium nitroprusside (SNP) and methacholine (MCh) using intradermal
microdialysis in non-injured skin. MCh infusion was also used to assess post-junctional responses
in sudomotor function in non-injured skin. Cutaneous vascular responses to SNP and MCh were
not different between pre and post heat acclimation in either group of burn survivors (both P >
0.05). The maximal sweating rate to MCh increased post acclimation in the control group
(0.410.20 to 0.54+0.21 mg.min~1.cm™1; P = 0.016) but was unchanged in both groups of burn
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survivors (both P > 0.05). The number of sweat glands activated during the highest dose of MCh
was elevated in the >40% BSA grafted group (49+16 to 56+18 glands.cm?; P = 0.005) but was
unchanged in control subjects and the <40% BSA grafted group (both P > 0.05). Given that post-
junctional administration of MCh and SNP did not alter sweating or skin blood flow from non-
injured skin of burn survivors, improved thermal tolerance in these individuals following heat
acclimation is more likely a result of either an increased sweating efficiency and/or an increased
neural drive for sweating.

Introduction

In the last 10 years, approximately 200,000 civilians in the United States were hospitalized
for burn related injuries 1 and approximately 16% of burn survivors experience burns
covering at least 20% of their body surface area (BSA) 2. Burn survivors display evidence of
heat intolerance 2 and an elevated risk of hyperthermia and thus related illnesses 4. This is
evident by a greater increase in internal body temperature during exercise in a hot
environment in burn survivors with grafted skin relative to unburned individuals 7. Split
thickness grafting is commonly used to treat areas of burned skin. This procedure results in
an initial physical disruption between the nerves governing skin blood flow and the
vasculature in the grafted tissue, while sweat glands are typically absent in grafted skin 8-10,
It is notable that in these areas of grafted skin the capacity to increase skin blood flow and
sweating is significantly reduced and often absent in response to a thermal provocation such
as whole-body heat stress 1113, This reduced/absent skin blood flow and sweating
responsiveness likely contributes to the impaired heat dissipation in burn survivors 14,

In uninjured subjects, heat acclimation is associated with an improved heat tolerance 1516
owing to greater levels of skin blood flow 17-22 and sweating 17:19.20.22-24 \yhich ultimately
translate into greater whole-body heat loss 2°. Up-regulation of these two thermoregulatory
pathways occurs through both central and peripheral (i.e. post-junctional) cutaneous and
sudomotor adaptations. In particular, a number of studies have shown that the post-
junctional sensitivity of the sweat glands and cutaneous vasculature is increased in uninjured
subjects following various heat acclimation regimens!/:23.26-31 That said, nothing is known
about the effects of heat acclimation on post-junctional sensitivity of the sweat glands and
cutaneous vasculature in the non-injured, non-donor skin of burn survivors.

It is noteworthy that a 7 day exercise heat acclimation regimen can improve heat tolerance
and dissipation in burn survivors 32, Whether this observation is due to central and/or
peripheral thermoregulatory adaptations remains unknown. Therefore, the aim of this study
was to examine if peripheral adaptations in the sweat glands and cutaneous vasculature of
non-injured skin contribute to the increased thermal tolerance observed in burn victims
following heat acclimation. Specifically, we tested the hypothesis that post-junctional
sudomotor and cutaneous vascular responsiveness to a 7 day exercise heat acclimation
regimen would be improved in the non-injured (non-donor) skin of burn survivors.
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Thirty-three otherwise healthy burn survivors with grafted skin covering at least 17% of their
BSA and nine non-burned control subjects completed this study. The burn survivors were
stratified into two groups based upon the relative amount of BSA grafted: 17-40% (n=19)
and >40% (n=14). The subject characteristics are listed in Table 1. Total BSA grafted was
calculated by using the rule of nines. All subjects were free of any known cardiovascular,
metabolic, neurological, or psychological diseases. Subjects taking cardiovascular acting
medications, or other medications influencing heat dissipation mechanisms were excluded.
Each subject was fully informed of the experimental procedures and possible risks before
giving informed, written consent. This protocol and informed consent were approved by the
Institutional Review Boards at the University of Texas Southwestern Medical Center at
Dallas and Texas Health Presbyterian Hospital of Dallas. The present data were collected
simultaneously with data previously published that addressed unique hypotheses 732,

Instrumentation

Subjects visited the laboratory on two separate occasions, both before and after a 7 day heat
acclimation regimen as described previously in detail 7-32. Briefly the heat acclimation
regimen involved 7 days of exercise in a 39.6 £ 1.1°C temperature, 31 + 3% relative
humidity environment. Within 2 days both before and after the heat acclimation regimen,
subjects arrived at the laboratory having refrained from strenuous exercise (24 hours),
alcohol and caffeine (12 hours). Testing was completed in the northern hemisphere (Dallas,
Texas, USA) during the fall, winter, and spring months.

The post-junctional sensitivity of sweat glands to a cholinergic agonist, and of the cutaneous
vasculature to vasoactive substances, were assessed before and after the heat acclimation
regimen using intradermal microdialysis. Four microdialysis membranes were inserted into
unanesthetized non-injured/non-grafted skin by advancing a 25-guage needle approximately
15 to 20mm through the dermal layer, followed by threading the microdialysis probe
through the lumen of the needle and finally withdrawing the needle. In all subjects the
microdialysis membranes were positioned in the same location between pre and post heat
acclimation trials. In non-injured controls the forearm was used to assess sweating rate while
in burn survivors this was not always possible due to the site of the burn injury; in these
cases non-forearm sites were used. Each microdialysis membrane consisted of two
reinforced sections of polyimide tubing connected to a 1-cm dialysis membrane (Bio-
analytical Systems, West Lafayette, IN). Initially, microdialysis probes were perfused with
lactated ringers solution (Baxter, Deerfield, IL) at a rate of 2 pl/min as controlled by an
infusion pump (Harvard Apparatus, Holliston, MA) for a minimum of 90 minutes to allow
for the hyperemia associated with the insertion of microdialysis membranes to subside.

Experimental Protocol

In all groups post-junctional sweating responses were assessed by infusing methacholine
(Sigma-Aldrich, MO, USA\) in progressively increasing doses (MCh; 1 x 10~/ Mto 1 M in
10 fold increments) through two microdialysis membranes inserted into unanesthetized non-
injured/non-grafted skin. Methacholine is a non-selective muscarinic receptor agonist and an
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analog of acetylcholine, which is a neurotransmitter released from sympathetic cholinergic
nerves. Stimulation of muscarinic receptors induces eccrine sweat gland stimulation and
endothelial dependent cutaneous vasodilation. Unlike acetylcholine though, MCh is not
degraded by acetylcholinesterase. Each dose of MCh was initially perfused through at a rate
of 102 ul/min for 1 minute, to accelerate the time for the new dose to be presented at the
membrane, and then 2 pl/min for an additional 5 minutes.

Two custom built capsules (2.54 cm? surface area on the skin) were attached to the skin
directly above each microdialysis membrane using adhesive rings (3M, Saint Paul, MN).
Local sweat rate (SR; mg.min~1.cm2) was measured via capacitance hygrometry (Vaisala,
Woburn, WA, USA) with the capsules perfused with 100% nitrogen at a flow rate of 300 ml/
min. Each capsule also housed a laser Doppler probe (Moor Instruments, Devon, UK)
allowing simultaneous measurement of local skin blood flow and sweat rate over each
microdialysis membrane. Skin blood flow, sweating rate and blood pressure (Brachial artery
auscultation; Tango, SunTech Medical Instruments, Raleigh, NC) were assessed in the final
30 seconds of the 5 minute perfusion period of each dose of MCh. The duration of MCh
administration for the final dose persisted until a plateau in skin blood flow and sweating
were observed, after which the capsules were removed and the areas were completely dried.
This was followed by application of iodine permeated paper as previously reported 33:34 to
obtain a measure of the number of activated sweat glands to the highest dose of MCh.
Uniform exposure was ensured by attaching the iodine paper to a hard and smooth plastic
surface prior to application on the skin. The duration of contact between the skin and iodine
paper was adjusted to obtain the clearest image of activated sweat glands on the iodine
paper. After removal of the iodine paper, the paper was scanned at high resolution and stored
for subsequent analysis using the commercially available Image J program for image
processing and analysis 2° as previously described 34. The number of active sweat glands
was counted using the Image J software.

Post-junctional endothelial independent cutaneous vasodilation was assessed at the
remaining 2 microdialysis membranes through intradermal administration of increasing
doses of sodium nitroprusside (Hospira, IL, USA) (SNP; 5 x 108 to 5 x 1072 M at 10 fold
increments). Each dose of SNP was initially perfused through the microdialysis membrane
at a rate of 102 pl /min for 1 minute and then 2 ul /min for an additional 5 minutes. Skin
blood flow was assessed directly above each microdialysis membrane as previously
described throughout the administration of SNP. Blood pressure measurements were
likewise obtained during the final 30 seconds of each dose of SNP. The highest dose of SNP
continued until a plateau in skin blood flow was observed.

Data and Statistical Analysis

Skin blood flow and sweat rate were collected continuously via a data-acquisition system,
(Biopac System, Santa Barbara, CA). Responses from paired membranes were averaged at
baseline and during each dose of SNP and MCh. Skin blood flow is expressed as cutaneous
vascular conductance (CVC; arbitrary units (AU)-mmHg) which is calculated as laser
Doppler flux divided by mean arterial pressure. Maximal cutaneous vascular conductance
was calculated from maximal skin blood flow during MCh or SNP infusion. Maximal sweat

J Burn Care Res. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pearson et al.

Results

Page 5

rate was recorded after a plateau in sweat rate was observed during the largest dose of MCh
administered. This value was subsequently divided by the number of active sweat glands to
provide peak sweat output per gland (ul.min™1 per gland). The dose of MCh and SNP that
resulted in half of the maximal response (i.e., EC50) was calculated using commercially
available software (Prism version 6, GraphPad Software, Inc., La Jolla, CA, USA) and taken
as a measure of post-junctional responsiveness.

Subject characteristics were analyzed using one-way analysis of variance (ANOVA). Post-
junctional sweating (SR) and cutaneous vascular (CVC) responsiveness to SNP and MCh
were compared between subject groups from pre- to post- heat acclimation using a two way
mixed model ANOVA (main effects: group x heat acclimation). To examine whether the
maximal sweating and skin blood flow responses were different within each group after heat
acclimation, the maximal SR and CVC in response to MCh and SNP respectively were
compared within groups from pre- to post- heat acclimation using a paired t-test. With the
exception of EC50 identification, all data were analyzed using a commercially available
statistical package (SPSS v20, IBM, NY, USA).

Post-junctional sweating responses to MCh infusion

Sweat rate increased with MCh infusion in all groups for both pre and post heat acclimation
trials (Main effect for drug dose; P < 0.001; Fig. 1). The increase in sweat rate was not
different between pre and post heat acclimation trials in either grafted group (both P > 0.05;
Fig. 1A and 1B). However, in the control group increases in sweat rate during MCh infusion
were greater post heat acclimation (Main Effect P = 0.05; Fig. 1C).

Post-junctional cutaneous vascular response to SNP and MCh infusion

Cutaneous vascular conductance increased with SNP and MCh infusions in all groups, both
pre and post heat acclimation (Main Effect for drug dose; P < 0.001 for both SNP and MCh
infusion; Figs. 2 and 3). However, the increase in cutaneous vascular conductance to these
drugs was not different between pre and post heat acclimation in any group (all P > 0.05;
Figs. 2 and 3).

Maximal post-junctional sweating rate and skin blood flow

Maximal sweat rate was not different from pre to post heat acclimation after collapsing all
groups together, although it approached significance (Main effect P = 0.062). Maximal
sweat rate was higher post heat acclimation in the control group (P = 0.016; Table 2). This
was accompanied by a greater sweat output per gland after acclimation (P = 0.017), while
the number of active sweat glands was unchanged (P = 0.378). However, in both grafted
groups, the maximal sweat rate and sweat output per gland were not different from pre to
post heat acclimation (all P > 0.05). There was an increase in the number of activated sweat
glands post heat acclimation for the >40% BSA grafted group (P = 0.005) but not in the <
40% BSA grafted group (P = 0.090). Maximal cutaneous vascular conductance was not
different between pre and post heat acclimation within any group (Table 3; all group P >
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0.05), although it approached significance with MCh infusion in the > 40% BSA grafted
group (P =0.077).

Post-junctional responsiveness (EC50)

The dosage of MCh necessary to elicit the EC50 sweating response was not different
between pre and post heat acclimation in any group (Table 2; all P > 0.05), although it did
approach significance in the control group (Pre: —1.12+0.13 vs. Post: —1.34+0.30 log molar
concentration; P = 0.060). Furthermore for both SNP and MCh, the dose required to elicit
half of the maximal cutaneous vascular response (EC50) was not different between pre and
post heat acclimation in any group (Table 3; all P > 0.05).

Discussion

We recently showed that burn survivors improve heat tolerance following a heat acclimation
regimen 32, The objective of the present project was to identify whether post-junctional
sudomotor and cutaneous vascular adaptations in the non-injured, non-donor skin of these
individuals contribute to this improvement. In contrast to our hypothesis, post-junctional
adaptations to heat acclimation in non-injured/non-donor skin of burn survivors were
generally small or absent.

Sudomotor adaptations

An improved thermal tolerance is associated with various adaptations in sudomotor function,
including both central and peripheral (i.e. post-junctional) components. Post-junctional
sudomotor adaptations proposed to contribute to an improved thermal tolerance, include
increased post-junctional sensitivity of the sweat glands to cholinergic agonists 17:23.26,
increased number of active sweat glands 27, an increased efficiency of sweat evaporation 36,
sweat gland hypertrophy 23:2% and/or an increased output of sweat per active gland 2830,

While we did not observe a statistical difference in maximal sweating rate following heat
acclimation in either group of burn survivors, this response approached significance when
collapsed across all groups (P = 0.062), a finding that is similar with previous studies
showing increased sweating rates 17:19.20.22-24 and sweat sensitivity 32 to heat acclimation.
Overall though, the observed findings indicate that heat acclimation was associated with
minimal post-junctional sudomotor adaptations, at best, in the non-injured skin of burn
survivors. That is, the sweat rate at the maximal dose of MCh, the volume of sweat output
per gland, and the post-junctional sensitivity of the sweat glands were not increased post
heat acclimation in burn survivors. However, the number of active sweat glands at the
highest dose of MCh was increased after heat acclimation only in the larger BSA grafted
group (i.e., > 40% BSA grafted group). Heat acclimation did not change the number of
activated sweat glands at the highest dose of MCh yet maximal sweating rate increased in
this group likely due to an increased sweat output per gland (Table. 2).

An increase in the number of active sweat glands in non-injured skin may provide burn

survivors with an increased potential to control internal body temperatures during exercise
and/or exposure to a hot environment. Prior to heat acclimation, both burn survivor groups
displayed evidence of a reduced number of active sweat glands, but a similar sweating rate,
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relative to control subjects, at the highest dose of MCh. Logically, this is suggestive of an
increased sweat output per active gland in burn survivors. In burn survivors, the reliance on
fewer active sweat glands in non-injured skin prior to heat acclimation may be a contributing
factor predisposing these individuals to impaired heat dissipation and thermal

intolerance °7, although such a maladaptation would pale in comparison to the reduced
amount of skin available for sweating 14. Following heat acclimation, the increased number
of active sweat glands in non-injured skin may help improve thermal tolerance on the basis
that a greater number of active skin glands may result in a larger wetted area of the skin and
therefore a larger surface area able to participate in evaporative cooling. This may be more
frequently observed during exercise, for example, where sweating rates are higher than in
the present study. Greater increases in sweat rate during exercise are due to greater increases
in internal temperatures and accompanying increased neural drive for sweating, coupled
with the release of co-transmitters from sudomotor nerves that are known to sensitize sweat
glands 37:38, Differing responses between stimulating sweat glands exogenously with drugs,
relative to that which occurs during either a passive or exercise heat stress, may explain why
there was an increased sweat sensitivity in the burn survivors during exercise post heat
acclimation, as previously reported 32, but not when post-junctional sudomotor sensitivity
was assessed via intradermal infusion of MCh.

Cutaneous vascular adaptations

Limitations

Post-junctional alterations in cutaneous vascular function following a heat acclimation
regimen include an increased sensitivity of the cutaneous vasculature to vasoactive

stimuli 17:23.26.31 and structural changes enabling an increased maximal cutaneous
vasodilation 31. Herein, we assessed the sensitivity of the cutaneous vasculature to the
endothelial independent (SNP) and dependent (MCh) vasodilators. Despite the
aforementioned finding in non-burned individuals 17:23.26.31 we did not observe any changes
in cutaneous vascular responsiveness to progressively increasing or maximal doses of SNP
and MCh in burn survivors after heat acclimation (Figs. 2 and 3), though some differences in
control subjects were observed (Table 3). While not statistically significant, the > 40% BSA
grafted group displayed a slightly higher absolute cutaneous vascular conductance with SNP
infusion after heat acclimation (main effect: P = 0.057; Fig. 2a). We cannot rule out the
possibility that a high level of variability in the skin blood flow responses prevented
statistical differences between both burn survivors and healthy controls, as well as from pre
to post heat acclimation within groups.

Mechanisms responsible for cutaneous vascular and sudomotor responses to stimuli, such as
increased environmental temperatures and exercise, are multifactorial involving integrated
responses between central and peripheral effectors. Here, we used intradermal microdialysis
to assess changes in post-junctional sweating and skin blood flow responsiveness following
a 7 day heat acclimation protocol. While microdialysis is a powerful methodological tool, it
does not allow the examination of any adaptations resulting from altered central drive and/or
integrated responses to perturbations such as exercise and heat stress. Moreover, exogenous
administration of such agents does not simultaneously release co-transmitter neuropeptides
that augment sweating responsiveness 37:38. Using the microdialysis method, therefore, we
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are unable to replicate the larger increase in sweating rates that are associated with an
exercise heat stress. Thus, interpretation of the data is limited to changes in post-junctional
sudomotor and cutaneous vascular responsiveness with heat acclimation, which is likely a
different local environment from what occurs during exercise or heat stress. While the
complete list of the neurotransmitters which modulate cutaneous vascular responses is
unknown, the interpretation of cutaneous vascular responses to MCh and SNP must be
viewed with the understanding that the responsiveness of these drugs may be different
relative to the actual neurotransmitters responsible for active cutaneous vasodilation during
exercise heat stress. That said, these drugs can be beneficial to evaluate possible post-
junctional adaptations to conditions such as heat acclimation.

Often the location of skin blood flow and sweating assessment were different between non-
injured controls and burn survivors. In non-injured controls, the forearm was always used to
assess these responses, while in burn survivors this was not possible as forearm skin was
frequently burned; in these cases non-forearm sites were used. While the measurement site
was always at the same location between pre and post heat acclimation trials, it is possible
that post junctional adaptations to heat acclimation are not uniform between the limbs and
the trunk. For example, after heat acclimation sweating from the limbs increases more than
other body regions and thereby limb sweating accounts for a greater amount of the total
body sweating3?-43. Such a variable response may have contributed to the absence of an
overall increase in sweating, and possibly cutaneous vascular, responsiveness post-
acclimation in burn survivors. Similarly, the heterogeneity of the cutaneous vasculature in
uninjured skin for all groups is also of consideration given that there were likely small
variations in the exact placement of the microdialysis membranes within an anatomical
region between trials. Skin blood flow can vary appreciably between measurement sites in
close proximity 44 owing to the spatial distribution of the microvascular network 4546
Consequently, the release of MCh and SNP from the microdialysis membranes may have
influenced a different number of blood vessels between pre and post heat acclimation trials.
Therefore factors associated with subtle variations in the positioning of the microdialysis
membranes may have contributed to the absence in the cutaneous vascular response to heat
acclimation.

Perspectives and significance

Both control subjects and burn survivors displayed increased thermal tolerance and heat
dissipation following heat acclimation 32. This is the first study to examine whether such
responses are due, in part, to improvements in post-junctional sweating and cutaneous
vascular responses from non-injured, non-donor skin in burn survivors. Interestingly, the
increase in core temperature during exercise, and therefore the stimulus for adaptation to
heat acclimation, was greater in burn survivors relative to healthy uninjured subjects 7:32.
Given this, it was reasonable to hypothesize that the heat acclimation regimen would provide
a sufficient stimulus for post-junctional adaptations in the healthy non-injured/non-donor
skin of burn survivors. However, despite burn survivors showing improved thermal tolerance
and heat dissipation after heat acclimation 32, minimal to no improvements in post-
junctional sudomotor/cutaneous vasodilator responsiveness were observed in the current
study. This observation suggests that improvements in thermal tolerance of burn survivors
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during exercise may, in part, be due to an increased neural activation of sweat glands. This
adaptation would be important for burn survivors as it would provide an increased potential
for heat dissipation, especially during exercise when the neural drive is greatly elevated and
sweat rate is appreciably higher than that achieved using the intradermal microdialysis
approach. Together, these data are important as they suggest that improvements in heat
dissipation and thermal tolerance in both burn survivors and healthy individuals alike, may
be due to an increased neural drive for sweating, increased sweating efficiency (i.e., an
increased evaporative heat loss per mg of sweat) 3¢ and/or an increased sensitivity to the
neural component of sweating (inclusive of co-transmitters) 2°. Regardless of the
mechanism(s), improved heat tolerance will reduce the risk of hyperthermia and heat related
injuries in burn survivors, a group more susceptible to heat intolerance and related

iliness 4714,

Conclusion

The current study evaluated changes in the post-junctional sensitivity of sweat glands and
the cutaneous vasculature in non-injured, non-donor skin following a 7 day heat acclimation
regimen in healthy burn survivors. The main findings indicate that post junctional cutaneous
vascular and sudomotor adaptations to the applied heat acclimation regimen in burn
survivors are small to non-existent. Therefore, we propose that increased heat tolerance
following heat acclimation in these individuals is more likely due to an increased neural
drive for sweating, increased sweating efficiency and/or an increased sensitivity to the neural
component of sweating (inclusive of co-transmitters).
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Figure 1. Sweat rate responsiveness to heat acclimation
Sudomotor responsiveness, expressed as sweating rate, to methacholine (MCh) infusion for

>40% BSA grafted (A), <40% body surface area (BSA) grafted (B) and control (C) groups
before and after the 7 day heat acclimation regimen. * Main effect of heat acclimation within
group (P = 0.05). Data are mean + SD
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Cutaneous vascular responsiveness to sodium nitroprusside (SNP) infusion for >40% body
surface area (BSA) grafted (A), <40% BSA grafted (B) and control (C) groups before and
after the 7 day heat acclimation regimen. Data are mean + SD.
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Figure 3. Endothelial dependent skin blood flow responsiveness before and after heat acclimation
Cutaneous vascular responsiveness to methacholine (MCh) infusion for >40% body surface

area (BSA) grafted (A), <40% BSA grafted (B) and control (C) groups before and after the 7
day heat acclimation regimen. Data are mean + SD
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Subject characteristics (mean + SD).

Table 1

Burn survivorswith grafted skin

17-40% BSA Grafted >40% BSA Grafted Control
Number of subjects (male/female) 19 (12/7) 14 (8/6) 9 (4/5)
Years post burn injury 20.8+15.8 1224+ 9_4¢ n/a
Percentage of BSA Grafted (%) 307 53+ gi n/a

2
Absolute BSA Grafted (m?) 0.59+0.17 100 + 0.20;‘ n/a
2

Absolute BSA Ungrafted (m?) 136 +021 092 + 0_221'* 1.87+0.16
Weight (kg) 82.9+14.6 78.7+155 75.0+12.1
Height (cm) 170+ 13 172+38 172+7
Age (y) 40+ 12 34+£11 32+10

BSA, Body surface area

t

different from 17-40% group (P<0.059)

*
different from control (P<0.001
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