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Abstract

Objective—Vigorous systemic exercise stimulates a cascade of molecular and cellular processes
that enhance central nervous system (CNS) plasticity and performance. The influence of heat
stress on CNS performance and learning is novel. We designed two experiments to determine
whether passive heat stress 1) facilitated motor cortex excitability and 2) improved motor task
acquisition compared to no heat stress.

Methods—Motor evoked potentials (MEPS) from the first dorsal interosseus (FDI) were
collected before and after 30 minutes of heat stress at 73° C. A second cohort of subjects
performed a motor learning task using the FDI either following heat or the no heat condition.

Results—Heat stress increased heart rate to 65% of age-predicted maximum. After heat, mean
resting MEP amplitude increased 48% (P < 0.05). MEP stimulus-response amplitudes did not
differ according to stimulus intensity. In the second experiment, heat stress caused a significant
decrease in absolute and variable error (p < 0.05) during a novel movement task using the FDI.

Conclusions—Passive environmental heat stress 1) increases motor cortical excitability, and 2)
enhances performance in a motor skill acquisition task.

Significance—Controlled heat stress may prime the CNS to enhance motor skill acquisition

during rehabilitation.
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Introduction

Regular physical activity plays an important role in preventing or reducing the incidence of
various chronic age-related physical impairments (Kruk, 2007). Current guidelines
recommend 5-7 days per week of exercise performed at an intensity that induces profuse
sweating (Haskell et al., 2007). However, only 27% of the adult population in the United
States engages in exercise at the recommended level that would provide protection against
chronic diseases (Stewart, 2005). As the healthcare costs of age-related chronic diseases rise,
it is logical to explore novel interventions that can supplement the benefits of exercise,
especially for those people with physical impairments that limit vigorous activity.

In animal models, moderate intensity exercise facilitates availability of brain metabolic
enzymes (Tong et al., 2001, Ding et al., 2006), long-term potentiation of hippocampal
neurons (Farmer et al., 2004), the expression of brain-derived neurotrophic factor (BDNF)
(Berchtold et al., 2005), and an increase in insulin-like growth factor-1 (IGF-1)(Trejo et al.,
2001). Synaptic facilitation is prevalent across the primary motor cortex (M1), cerebellum,
and hippocampus suggesting that systemic physiological stress in appropriate doses may
have a general priming effect for CNS performance [for reviews, see: (Vaynman et al.,
2005, Kramer et al., 2007, Smith et al., 2010)]. Indeed, neurochemical adaptations observed
with systemic exercise are associated with greater acquisition and retention of complex
learning tasks in both young and adult animals (Vaynman et al., 2004, van Praag et al.,
2005, Schweitzer et al., 2006). In humans, regular aerobic exercise has been shown to
improve fine motor tracking task accuracy of the upper extremity (Bakken et al., 2001), and
ameliorate cognitive decline in older adults (Kramer et al., 2007, Voss et al., 2010, Erickson
et al., 2011). Moreover, young highly-trained individuals showed enhanced M1
representational plasticity with exercise (Cirillo et al., 2009). Taken together, these studies
support a beneficial influence of systemic cardiovascular stress on CNS plasticity,
adaptation, and overall health benefits.

Aerobic exercise induces sweating in response to active hyperthermia up to or greater than
1° C in core body temperature. Similar to exercise, acute passive exposure to high ambient
temperatures stimulates the sympathetic nervous system (Rowell, 1990), resulting in
increased heart rate (Tei et al., 1995) and concentrations of serum catecholamines
(Kukkonen-Harjula et al., 1988, Laatikainen et al., 1988). This raises the question of
whether systemic passive heat stress, in the absence of muscular exertion, can enhance CNS
plasticity in humans. Prior findings from our laboratory have demonstrated that 30 minutes
of whole-body heat stress increased heart rate to approximately 65% of age-predicted
maximum and core temperature by 0.82° C (Iguchi et al., 2011). Serum catecholamine
hormones (norepinephrine and epinephrine) increased approximately 60% and prolactin, an
indirect marker of serotonergic neurotransmitter activity, increased nearly three-fold (Iguchi
etal., 2011, Iguchi, 2012). Functionally, acute pharmacological enhancement of
norepinephrine agonists has been associated with training-dependent increases in evoked
motor cortex excitability and motor skill acquisition in the upper extremity (Plewnia et al.,
2002, Plewnia et al., 2004). Likewise, administration of serotonin reuptake inhibitors
improved accuracy of visual tracking tasks using the hand (Loubinoux et al., 2002). From
these findings, we hypothesized that the cascade of neurochemical factors observed during
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aerobic exercise may also be regulated during passive heat stress and therefore enhance
cortical excitability and motor skill acquisition.

To test these hypotheses, we performed two separate experiments, the first investigating
cortical excitability measured via transcranial magnetic stimulation after a 30 minute dose of
passive whole-body heat stress, and the second, investigating motor skill acquisition on a
precision tracking task after a similar dose of heat stress. We specifically hypothesized that
30 minutes of passive whole-body heat stress would increase motor cortical excitability and
reduce error during a precision upper extremity tracking task.

For Experiment 1, eleven healthy right-handed individuals (5 female) with no known
cardiovascular or neurological disorders, history of seizures, implanted electrodes or
pacemaker, or non-dental metal in the head were recruited for participation. Prior to
experimental sessions, subjects completed a TMS safety inventory to screen for potential
contraindications to TMS (Keel et al., 2001). Subjects completed a control condition
(ambient temperature) and an experimental condition (heat stress) with the order being
random. For Experiment 2, twenty healthy right-handed male subjects were recruited to
assess motor learning after heat stress. Subjects were randomly assigned to a Heat (n=10) or
a Control (n=10) group. Pilot data from our laboratory showed that the learning effect of the
upper extremity tracking task was partially retained after the initial learning session,
necessitating separate subject cohorts, novel to the task, for each test condition (heat and
control). Heat and Control group subjects did not differ in activity levels as assessed by the
Marx Activity scale (Marx et al., 2001) and the Baecke physical activity questionnaire
(Baecke et al., 1982). No subjects in either experiment reported regular participation in heat
stress, or long-term skilled use of the hands such as playing of a musical instrument
(Rosenkranz et al., 2007). Subjects were instructed to refrain from exhaustive exercise and
consumption of caffeine and alcohol during the 24 hours prior to testing. All subjects gave
written informed consent in accordance with the University of lowa Human Subjects
Institutional Review Board. Descriptive statistics of patient characteristics are presented in
Table 1.

Heat Stress Intervention—Whole-body heat stress was induced in a custom-designed
environmental heat chamber (Cokato, MN). The temperature of the chamber was
thermostatically regulated to 73°C at face level (relative humidity 10%). Subjects’ body
weight was recorded 5 minutes prior to entering the chamber to quantify fluid mass lost
through dehydration. Subjects sat in the chamber for 30 minutes, though they were permitted
to exit the chamber prior to the targeted 30-minute dose if unable to tolerate the entire
duration. After exiting the chamber, subjects sat for 15 minutes at ambient room temperature
prior to cortical excitability measures or motor task performance. All subjects were given
water and drank an amount equal to their fluid loss (by weight) prior to post-heat
measurements.
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Tympanic temperature, heart rate, and thermal sensation—Tympanic temperature
was measured using a tympanic membrane infra-red sensor (ThermoScan IRT 4520 Braun,
Kronberg, Germany). The tympanic membrane shares the same blood supply with the
hypothalamus (Gray, 1977). As such, tympanic temperature may be representative of brain
temperature in the thermoregulation centers, particularly when it is expected to change
rapidly during or after the heat intervention. Temperatures were recorded prior to entering
the chamber, immediately upon exiting, and at 5 minute intervals for 15 minutes thereafter.
Heart rate was measured continuously via a thoracic Polar heart rate monitor (Polar Electro
Inc., Woodbury NY) transmitted to a wireless data recorder (MSR Electronic GmbH,
Winterthur, Switzerland) beginning 5 minutes prior to entering the heat chamber until 15
minutes after exiting. Subjects rated subjective thermal sensation on a 13-point scale (1=So
Cold I am Helpless; 7 = Comfortable; 13 = So Hot | am Sick and Nauseated) during the heat
intervention at 5 minute intervals, starting 5 minutes prior to heating until 15 minutes after
exiting the chamber (Hollies, 1977).

Transcranial Magnetic Stimulation—In Experiment 1, stimulation of the non-dominant
right motor cortex was delivered by a Magstim 2002 stimulator (Magstim Company Ltd.,
Whitland, Dyfed, UK) equipped with a 70 mm diameter figure-of-eight coil. The coil was
positioned tangentially to the skull surface at a 45° angle to the sagittal plane with the handle
oriented posterolaterally creating posterior-to-anterior current flow over the cortical surface
(Brasil-Neto et al., 1992, Werhahn et al., 1994). The coil was moved in 1 cm increments
systematically across the scalp surface to locate the site eliciting the largest MEPs (motor
“hotspot™) in response to a supra-threshold intensity pulse (~50-60% maximal stimulator
output). The experimental coil position was referenced to a 3-D head marker affixed to the
subject’s forehead that was digitized to four anatomical landmarks (ear tragi, tip of nose, and
skull vertex) and recorded by a Polaris infrared 3-D positional tracking camera (Northern
Digital, Inc., Waterloo, Ontario, Canada). Coil position during stimulation was maintained
within maximum error tolerance of 2 mm of tangential translation and 2° of planar deviation
(pitch/roll) and coil rotation (yaw).

The resting motor threshold (RMT) was determined by stimulating over the hotspot with a
supra-threshold magnetic pulse. Intensity was decreased in 1-2% increments of maximal
stimulator output (MSO) until the stimulus became sub-threshold (Rossini et al., 1994).
RMT was defined as the minimum intensity sufficient to elicit MEPs with amplitude = 50
KV on at least 4 of 8 consecutive pulses. All experimental stimulus intensities were
normalized as a percentage of each subject’s respective RMT.

Motor evoked potentials were recorded from the first dorsal interosseus (FDI) muscle of the
left hand with bipolar Ag-AgCl electrodes (8mm diameter with 20 mm inter-electrode
distance). The common ground electrode was affixed to the anterior tibia of the ipsilateral
leg. EMG signals were pre-amplified on-site by a factor of 35 before being differentially
amplified. The differential amplifier had an input impedance of 15 M(2 at 100Hz, a
frequency response of 15-1000 Hz, a common mode rejection ratio of 87 dB at 60 Hz and
gain of 500-10K times. EMG data were amplified (1-5k), filtered (20-400Hz), digitally
sampled at 2 KHz, and stored on a microcomputer. Analog EMG signals were digitized for
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offline analysis using custom software. MEPs were quantified as the peak-to-peak MEP
amplitude taken from a time window 20-50ms after the magnetic stimulus pulse onset.

MEPs from the FDI were collected over the cortical representation surrounding the motor
hotspot using the 15-point motor map previously described (Littmann et al., 2013). Five
MEPs were recorded at each map locus at a stimulus intensity equal to 120% RMT (75
MEPs total). MEP intensity curves were obtained at the motor hotspot by delivering 5 pulses
at 80, 100, 120, 140, and 160% of RMT intensity (25 MEPs total). Upon completion of the
pre-heat mapping and recruitment procedures, the FDI surface electrode, ground, and head
reference marker were removed for the heat stress intervention (or control). The electrodes
and reference marker were replaced according to skin site markings approximately 20
minutes after the subject had exited the chamber. Pilot data showed that skin temperature of
the hand decreased quickly taking less than 10 min to return to baseline temperature. Error
in head marker position relative to the digitized anatomical landmarks after replacement
averaged less than 1.01 + 0.48 mm and 1.09 + 0.61 mm for the Control and Heat conditions,
respectively. The timeline of the experimental protocol is shown in Figure 1.

Motor Acquisition Task—Subjects performed a visually-guided fine motor tracking task.
Briefly, subjects sat facing a computer screen with the left hand stabilized with palm down
on a custom metal frame. The index finger was attached by a cuff to a pulley housing a
potentiometer. A weighted lanyard resisted abduction at approximately 5% of isometric
maximum voluntary contraction force (MVC). Custom computer software (Shields et al.,
2005, Madhavan et al., 2011) generated a progressive sine wave trace across the screen that
served as the tracking target. Subjects controlled the vertical position of a cursor using the
first dorsal interossei for abduction (downward cursor displacement) and adduction (upward
displacement) of the index finger, attempting to overlay the cursor trace over the target
trace. End points of the sinusoidal target reflected approximately 15 degrees of abduction/
adduction of the metacarpal phalangeal joint (MCP). Both traces were simultaneously
generated in real time, such that subjects did not have prior visual feedback of the target
position. A numerical absolute error score was displayed on the computer screen after each
trial, providing the subject with knowledge of results. Change in absolute and variable
tracking error over 10 blocks constituted the magnitude of motor skill acquisition.

Experimental Protocol—Schematic timelines for both experiments are shown in Figure
1. In Experiment 1, 11 subjects participated in 2 sessions, separated by at least 14 days and
performed at a similar time of the day for each subject. Testing on each day began with
acquisition of MVC EMG for the FDI muscle in the motor task apparatus. After 2—3 warm-
up contractions, subjects performed three 5-second abduction MV Cs with the index finger.
Subjects were given visual feedback of the exerted torque and were verbally encouraged.
Subjects rested approximately one minute between MV Cs. The MV C producing the greatest
peak torque was used as the normalizing factor for EMG measurements (mid 200
milliseconds centered on peak). The MVVC EMG was repeated after 15 minutes of cooling
(or 15 minutes of control condition) and occurred at least 10 minutes before the testing of
the MEPs.
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The mean peak MVC torque was 1.51 + 0.21 and 1.46 + 0.19 Nm before and after the heat
stress condition (p = 0.41), respectively; while the mean peak EMG (RMS) was 2.1 + 0.28
and 2.26 mV = 0.23 before and after the heat stress condition (p = 0.32). The mean peak
MVC torque was 1.49 + 0.19 and 1.53 + 0.22 Nm before and after the control condition (p =
0.32), respectively; while the mean peak EMG (RMS) was 1.9 £ 0.26 and 2.15 mV + 0.21
after the control condition (p = 0.28). These findings are consistent with our previous reports
(lguchi et al., 2011). Extensive preliminary data also support that three MV C’s followed by
10 minutes rest do not alter MEPs (lguchi et al., 2011). In addition, pilot data from our lab
support that M waves are highly reproducible before versus after heat stress (8.12 mV versus
7.8 mV; p = 0.6). For these reasons we were confident that normalizing the MEP’s to both
the pre heat/post heat MVC EMG fully accounted for any fluctuations in skin impedance.
Subjects next underwent cortical excitability testing procedures at least 10 minutes after the
MVC testing and prior to and following a 30-minute heat stress intervention (Heat), or in the
chamber at ambient room temperature (Figure 1). Procedures were identical between the
Heat and Control condition sessions except for the temperature of the environmental heat
chamber.

In Experiment 2, twenty subjects received 30 minutes of passive heat stress (n=10) or
control conditions (n=10) and then performed 10 training blocks of the tracking task, each
comprising 5 sinusoidal movement cycles at 0.4 Hz, with one minute rest given between
trials.

Data Analysis—Three tympanic temperatures and two heart rate measures were averaged
for each time interval collected. Cortical excitability was quantified by the mean MEP
amplitude of the 15-point motor map. Five MEPs were collected at each of the 15 map loci
and averaged by map locus. MEP map amplitude represented the mean MEP amplitudes of
the 15 points. MEP amplitude was normalized to the rectified EMG signal of each subject’s
maximal voluntary contraction (MVC) and expressed as a percent of MVC for analysis. For
clarity, the MEP amplitudes were expressed as a ratio of the post-heat MEP amplitude
divided by pre-heat MEP amplitude. MEP amplitude ratios were calculated for each
intensity of the recruitment procedure.

Tracking task learning was quantified by the reduction in absolute and variable error
between Block 1 and Block 10. Absolute error represented the mean absolute value of the
difference in displacement between subject finger trace and the target trace every 100 ms of
the task. Variable error represented the standard deviation of absolute error within a trial
every 100 ms of the task. Error scores were normalized as a percentage of Block 1 error.

Statistical Analyses—One-way repeated measures analysis of variance (ANOVA) was
performed for time effects relative to baseline on temperature, heart rate, and thermal
comfort during the heat stress procedure. Student’s T tests were used to test for group
differences in age, body weight, body fat percentage, body mass index (BMI), and activity
scores. A two-way Analysis of Variance (ANOVA) with repeated measures for time and
conditions was used to test for an interaction using the normalized cortical excitability data.
A subsequent one-way Analysis of Variance was also used to demonstrate changes in the
ratio of the post/pre MEP measures. A Split-Plot repeated measures ANOVA was used to
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test for differences between the Heat and Control groups for the skill acquisition tasks in
experiment 2. Pearson correlations were performed to test the association of stress variables
(HR, temperature, thermal sensation, fluid loss), subject demographics (body weight, body
fat %) with learning success and cortical excitability. In the text, results are expressed as
mean + standard deviation (SD), whereas in the figures, the error bars represent standard
error (SE). After testing for significant interaction, main effects or simple effects analyses
were carried out as appropriate. Results of all analyses were considered significant at P <
0.05. All statistical analyses were performed using SPSS 19 for Windows software package.

Overall Responses to Heat Stress

All subjects in the Heat condition completed 30 minutes of passive heat stress. Heart rate,
tympanic temperature, and thermal sensation responses are presented in Table 2. Tympanic
temperature increased rapidly by approximately 2° C by the end of the 30 minutes of heat
stress. Mean tympanic temperature using this protocol showed subjects return near baseline
(< 0.25° C difference) by 25-30 minutes after leaving the chamber (Iguchi et al., 2011), the
approximate time of the cortical mapping and MEP recruitment procedures. HR increased to
126-128 beats/min after 30 minutes of heat, or approximately 65% of age-predicted
maximum. HR did not differ from the pre-heat baseline 15 minutes after exiting the chamber
prior to the TMS study. After sitting in the heat chamber for 30 minutes, subjects felt “hot”
to “very hot”, with mean thermal sensation rating reaching 10.8 + 0.75 (11 = very hot).
Fifteen minutes after exiting the chamber, thermal sensation did not differ from baseline,
decreasing to 7.1 + 0.38 (7 = comfortable). Males and females did not differ in maximum
tympanic temperature (p=0.37), heart rate (p=0.08), or thermal comfort (p=0.43) during the
heat stress protocol.

In Experiment 2, subjects’ tympanic temperature, HR, and thermal comfort responded
similarly to subjects in Experiment 1. After 30 minutes of heat, temperature increased from
36.7 £ 0.2 t0 38.6 + 0.51° C (1.9° C increase from control), HR from 67.0 £ 7.4 t0 126.1 +
16.0 beats/minute. Subjects rated thermal comfort sensation as hot to very hot (10.7 +£1.3).
All measures returned to baseline level 15 minutes after exiting the heat chamber.

Experiment 1: Cortical Map Excitability

The mapping and recruitment procedures commenced approximately 25 minutes after
subjects left the chamber accounting for cooling time and replacement of recording
electrodes. Representative examples of motor evoked potentials collected from a single male
subject during the TMS mapping and recruitment procedures are shown in Figure 2A and
2B. Baseline MEP amplitude of the motor map for Control sessions previously showed high
reliability (ICC = 0.80)(Littmann et al., 2013) Mean peak-to-peak MEP amplitude of the
motor map decreased slightly after people sat quietly in the chamber set at an ambient
temperature (Control condition) from 139.1 + 120.0% MVC to 115.9 + 91.6% MVC for the
pre and post measurements, respectively. Conversely, after sitting in the chamber that was
heated, the MEP increased from 111.6 + 118.9% MVC to 142.26 + 146.8% MVC. There
was a significant Group (Heat vs. Control) x Time (pre vs. post) interaction of MEP
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amplitude (F(1,10)=10.23, P = 0.01). The MEP amplitude ratio was significantly increased
after heat stress as compared to the no heat stress condition (P < 0.05). The mean MEP
amplitude ratio was 0.96 + 0.45 in the Control condition and 1.48 + 1.1 for the Heat
condition, indicating a mean 48% increase in MEP amplitude as a result of heat stress
compared to a 4% decrease from the no heat stress condition (p < 0.05) (Figure 3A).

We performed a comparison of the magnitude of change displayed by each subject between
conditions. Figure 3B displays a comparison of the magnitude of change in the Heat
condition relative to the Control condition (Ratio of Change) for each subject in the study.
Six subjects (5 male) showed greater than 49% increase in MEP amplitude with heat stress
compared to no heat stress. To assess for differential responses to heat stress between sexes,
we tested for Group (male vs. female) by Condition (Heat vs. Control) effects. Male MEP
amplitude ratios were 2.02 + 1.3 and 1.07 + 0.48 for the Heat and Control conditions,
respectively, while female MEP amplitude ratios were 0.84 + 0.43 and 0.84 + 0.35 for
Control and Heat, respectively. There was a significant Group x Condition interaction (F(y g
=5.89, P =0.038), where males showed significantly greater increase in MEP amplitude
ratio in the Heat condition (P = 0.02) but not in the control condition (P = 0.61).

For the MEP recruitment procedure, there was no significant Condition x Intensity
interaction (F(4,40) = 1.45, P = 0.47) or significant main effects of Intensity (F(4,40) = 0.617,
P =0.67) or Condition (F (1,10) = 9.63, P = 0.056) though MEP amplitude ratio showed a
trend to increase after heat stress. MEP amplitude ratio was 1.63 = 0.86 for the Heat group
and 1.04 + 0.56 for the Control group. Separate analysis of males and females revealed a
significant main effect of Condition in male subjects, (F(1 5) = 7.66, P = 0.039) wherein
MEP amplitude ratio was significantly greater after heat stress. No significant interaction or
main effect was present in female subjects.

Pre and post-heat stress coordinates of the center of gravity (CoG) of the motor map were
calculated to determine whether heat stress exerted a directional influence on the distribution
of excitability in M1. Mean CoG shift was 2.46 £ 1.2 mm and 2.68 £+ 1.2 mm for the Control
and Heat conditions, respectively. In the Control condition, reliability of the CoG was high
for the X-coordinate (ICC = 0.83) and low to moderate for the Y-coordinate (ICC =0.32). In
the Heat condition, X-coordinate reliability was high (ICC = 0.92) and moderate for the Y-
coordinate (ICC = 0.62). We have previously demonstrated high reliability of this
measurement in the current protocol with mean CoG shift of 2.79 + 1.3 mm in control
subjects (Littmann et al., 2013). There was no significant shift in CoG position following
heat stress.

Motor Skill Acquisition Task

All subjects showed rapid learning of the tracking task. Absolute error decreased by 50.1%
and 55.4% from Trial 1 to Trial 10 for the Control and Heat groups, respectively, while
variable error decreased by 33.6% and 40.8% for control and heat groups, respectively
(Figure 4). No significant Group x Block interaction was found for either absolute (F (9,199)
=0.54, P < 0.85) or variable error (F (9 199) = 1.21, P < 0.29). There was a significant main
effect for Group indicating that the absolute error (F (g 199) = 45.2, P < 0.001) and variable
error (F (9,199) = 39.14, P < 0.001) were less for the heat condition. Follow-up tests also
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showed absolute and variable error during Trials 2-10 were significantly less than Trial 1 (P
< 0.001) but did not decrease after Trial 7 for absolute error and after Trial 5 for variable
error. An analysis of covariance (ANCOVA) using baseline error measures as the covariate
supported that groups were not different at the start of the skill acquisition trial.

We hypothesized that those subjects showing the greatest sympathetic response from the
stress (HR, tympanic temperature, or thermal sensation) may show a greater change in MEP
amplitude of the motor map, MEP intensity curve, or magnitude of motor skill acquisition.
However, no significant correlations were present between the magnitude of the sympathetic
responses to stress and the magnitude of change in skill acquisition or MEP amplitude
measurements. Importantly, males did not show a greater stress response than females as
determined by HR.

Discussion

Maintaining central nervous system health and performance across the lifespan is an
important public health care goal. Low exercise compliance or limited participation in many
individuals after injury suggests the need for interventions that supplement physical activity
to achieve a desired rehabilitation outcome. Whole body heat stress may serve as an adjunct
that will assist those who are not able to exercise at a level to trigger systemic stressors to
adapt CNS responsiveness. However, additional studies are necessary to understand the
physiological responses of passive heat stress.

The primary aim of this study was to determine whether whole-body heat stress induced
acute enhancement of CNS excitability and skill acquisition. The main findings were: (1) a
single 30-minute bout of heat stress increased resting excitability of the FDI motor cortex.
Males showed significantly greater M1 excitability after heat stress than females, (2) MEP
stimulus-response amplitudes were significantly increased after heat stress, but did not differ
according to stimulus intensity between groups. Males showed significantly greater MEP
enhancement across stimulus intensities than female subjects and, (3) motor skill acquisition
was improved in subjects who experienced the heat stress condition.

Cardiovascular, Heart Rate and Subjective Response to Heat Stress

The increase in HR with heat stress in the present study was consistent with previous
findings from our laboratory using the same heat stress protocol (lguchi et al., 2011). The
increase in HR is a compensatory response to avoid a large drop in mean arterial blood
pressure, so that the cardiac output can be relatively stable even with reduced stroke volume
(Kiss et al., 1994). HR for subjects in both experiments increased to roughly 65% of age-
predicted maximum HR (220 — age), which is a HR response consistent with moderate
exercise (Gibbons et al., 1997). Tympanic temperature rose rapidly by approximately 2.0° C.
This change in temperature is roughly equivalent to a rectal temperature of 0.8° C (Iguchi et
al., 2011). By the end of the heat stress, subjects felt “very hot” on average. All three
cardiovascular indicators returned to baseline prior to subsequent testing in evoked
potentials or motor learning. Importantly, the cardiovascular and skin changes induced in the
present study are similar in magnitude to those previously demonstrated to increase serum
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concentrations of prolactin, catecholamine hormones, skin temperature, and heat shock
proteins (Iguchi et al., 2011).

Motor Cortical Excitability after Heat Stress

The mean MEP amplitude of the 15-point cortical map increased approximately 48% in
response to 30 minutes of heat exposure. This contrasts with a 4% decrease in MEP
amplitude measured during the control condition. The minimal change in mean MEP
amplitude observed in the control condition supports that excitability after heat stress was
not significantly influenced by the TMS procedures themselves; in fact, the time sitting in
the chamber at an ambient room temperature induced a reduction in cortical excitability.
MEPs after heat stress showed a global pattern of increased excitability without an obvious
directional effect on the location of the motor map CoG. The mean shift in CoG map after
heat stress was within the range of natural variability (~2.7 mm) previously established for
the mapping protocol (Littmann et al., 2013). The absence of a shift in CoG after heat stress
suggests there was no redistribution of the center of cortical excitability in response to the
intervention that might be observed if excitation and inhibition modulated differently among
adjacent M1 regions.

Somewhat unexpectedly, males showed significantly greater increase in MEP amplitude
despite no differences in mean increase of tympanic temperature, heart rate, or perceived
level of thermal sensation between sexes. Five of six male subjects showed MEP
enhancement of 49-150% after heat stress compared to the control condition. Only 1 of 5
female subjects showed similar MEP enhancement. Several factors may contribute to this
result. Kuo and colleagues (2006) reported gender differences in response to transcranial
direct current stimulation (tDCS) wherein excitability-diminishing neuroplasticity was
enhanced in female subjects (Kuo et al., 2006). The authors hypothesized that sex hormone
may contribute to the observed differences between male and female subjects.

Additionally, cerebral blood flow decreases during passive heat stress (Wilson et al., 2006,
Nelson et al., 2011); though blood flow differences have not been detected between sexes
(Nelson et al., 2011) or were established for male subjects only (Wilson et al., 2006). Ross
and colleagues recently evoked motor potentials from the vastus lateralis measured in
parallel with cerebral blood flow velocity (CBFv) during progressive passive hyperthermia
to 39° C (Ross et al., 2012). CBFv and cortical voluntary drive both decreased with core
temperatures elevated 0.5-2.0°C; however, corticospinal excitability measured by the MEP
response to TMS was unaltered. This study differed from the present investigation in that
core temperature was elevated over a period of 160 minutes (40 minutes per 0.5° C of
temperature increase). Measures were obtained in the hyperthermic state, such that brain
temperature likely differed between the studies. In our study, all subjects returned to their
baseline condition as determined by HR, thermal tolerance, and temperature; however, we
have previously shown elevation of prolactin, catecholamines, and heat shock proteins at 30
minutes post heat stress.

A novel component of the current study was that all post-heat measures of cortical
excitability and motor performance were collected at 30 minutes after the heat stress
terminated and tympanic temperature had returned to or near baseline. It has been shown in
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our laboratory and others that young females are more fatigue resistant than young males in
certain muscular fatigue tasks (Hunter et al., 2004, Martin et al., 2006, Iguchi et al., 2011).
Though subjects did not perform muscular exertion in this study, heat stress is implicated in
the development of central fatigue (Todd et al., 2005, Periard et al., 2014) wherein loss of
performance develops secondary to reduced neural output, independent of the force
generating capacity of a muscle [for review see (Gandevia, 2001)]. The onset of central
fatigue is likely influenced by the interaction of serotonin, dopamine, and norepinephrine.
We demonstrated that prolactin, an indirect marker of serotonin availability, increases nearly
three-fold in the present heat stress protocol (Iguchi et al., 2011). Thus, it is conceivable that
heat stress modulates neurotransmitters in distinct patterns based on sex.

Todd et al. reported central fatigue measured by twitch interpolation of the elbow flexors
during hyperthermia to 38.5° C (Todd et al., 2005). In the present study, cortical excitability
measures were taken at rest rather than during voluntary activation thus it is not possible to
determine whether excitability changes resulted from decreased cortical drive upstream from
the motor cortex or at the spinal level. The neurochemical responses of this protocol suggest
that serotonin would still be elevated in all subjects during testing. However in the present
study it is not possible to determine whether modulations in the MEP are due to purely
cortical or a combination of cortical and spinal circuitry changes.

Heat Stress and Motor Skill Acquisition

Movement or muscle-specific learning interventions are associated with an increase in
global excitability or localized expansion of the cortical representation of the muscles of
interest (Pascual-Leone et al., 1995, Classen et al., 1998). Facilitation of MEP amplitude
observed during task acquisition and practice is considered to be a key component of early
motor skill acquisition (Sanes et al., 2000, Muellbacher et al., 2001). The tracking task used
in the present study induced significant global potentiation of MEP amplitude in the FDI
representation during resting motor recruitment using TMS (unpublished data). For this
reason we hypothesized that increases in motor cortex excitability induced by heat stress
might translate into greater motor skill acquisition. Because we observed significantly
greater cortical excitability in males during Experiment 1, we carried out Experiment 2
using only male subjects, working under the assumption that greater cortical excitability
should enhance motor learning. In experiment 2, both Heat and Control group subjects
(males) showed motor skill learning with each trial of the visual motor task. This response
was expected. Most interesting, however, was the consistent reduction in error in the group
of subjects who experienced the heat condition. While there was no significant interaction
(indicating that the control group and heat group responded similarly), there was a
significant group main effect. When tracking error was analyzed using the non-normalized
absolute error or the normalized absolute error, the heat group showed consistently showed
higher rates of error reduction when compared to the control group. Interestingly, we
recently observed a similar trend in our laboratory while measuring a tracking task
performance task of the lower extremities following a similar heat stress condition
(unpublished data). The question arises whether the two groups had different pre-existing
capacities in the rate or degree of motor skill acquisition. Similarity between the groups in
BMI, body fat percentage and activity level (Table 1) suggest that these factors did not
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account for differences in skill acquisition. Kleim and colleagues (2006) reported a
reduction in training-dependent increases in the amplitude of MEP’s in healthy subjects with
a common single nucleotide polymorphism in the BDNF gene (Val66Met) in response to
precision motor task performance using the hand (Kleim et al., 2006). Reduced cortical
excitability has also been observed in individuals with the Val66Met polymorphism with
transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic
stimulation (rTMS) (Cheeran et al., 2008, Antal et al., 2010). A limitation of the present
study was that any potential group differences in BDNF genotype that may influence
cortical excitability was not determined.

Coupled to the enhanced skill acquisition, the potentiation of MEPs seen in males in
Experiment 1 may have important ramifications for long term retention and learning.
Positive correlations between motor learning success and the magnitude of MEP facilitation
have been reported in the upper extremity (Muellbacher et al., 2001, Ziemann et al., 2001,
Muellbacher et al., 2002, Smyth et al., 2010); with significant increases induced by ballistic
contractions using concentric biceps brachii flexion (Ziemann et al., 2001) or isometric
pinch force (Muellbacher et al., 2001). In the latter study, no relationship was found between
excitability and motor performance of graded ramp contractions using visual feedback of the
EMG signal, similar to the position feedback of the present study. At the same time, early
enhancement of MEPs is implicated in motor skill consolidation, wherein newly acquired
motor skills become resistant to contextual interference over time (Sanes et al., 2000,
Muellbacher et al., 2001, Muellbacher et al., 2002). Facilitation of MEPs due to systemic
stress during the initial stages of learning may lead to increased learning retention over time.
In fact, mild systemic stress in mice facilitates spatial learning retention over 1 week and up-
regulates BDNF gene expression in the hippocampus (Adlard et al., 2011). Future
investigations of the influence of heat stress on learning should include within subject
comparison of M1 excitability and learning success to direct comparison of heat-induced
excitability changes and the magnitude of task learning. Moreover, longitudinal studies of
heat stress and learning will provide valuable information on the nature of systemic stress
and learning after the motor consolidation period.

Conclusions

Whole body heat stress may be an effective intervention to enhance movement control and
learning. Establishing the acute effects of passive heat stress on the CNS excitability and
motor skill acquisition is an important first step to developing an effective intervention to
enhance long-term CNS health and performance. Whole-body heat stress acutely increased
motor cortex excitability globally across the cortical representation of a hand intrinsic
muscle. Future studies should examine the effect of chronic whole body heat stress training
in healthy individuals and those with CNS impairments to determine whether this novel
intervention is a plausible strategy to enhance CNS plasticity and movement control. In
addition, the modulation of heat stress response between males and females and the
influence of heat stress on neurotrophic factors warrant further examination.
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Highlights

e Heat stress may be a useful way to prime the central nervous system to enhance
movement skill acquisition.

o Heat stress increased motor cortical excitability.

e Heat stress enhanced learning during a motor skill acquisition task.
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Experiment 1

™S Heat Stress  |Cooling TMS
20 min 30 min 15 min 20 min
Experiment 2
4 Tracking
Heat Stress  |Cooling Sk
30 min 15 min 15 min

Figure 1.

Schematic timeline of the group receiving heat stress for experiment 1 (upper figure) and
experiment 2 (lower figure). In both experiments there were control conditions consisting of

=

ambient room temperature exposure.
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Control

e
---- Post

Figure 2.
Representative examples of single motor evoked potentials from transcranial magnetic

stimulation (TMS) collected from a single male subject during the control condition and the
heat condition. MEPs were recorded at the motor hotspot at a fixed intensity of 120% RMT.
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. Control
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The MEP responses to heat stress. (A) The Ratio (post/pre) of the MEP amplitude measured
after 30 minutes of no heat stress (Control) or after 30 minutes of heat stress (Heat) (p <
0.05). (B) The Ratio of the change in MEP amplitude ((Heat (post/pre)/Control (post/pre))
for each subject in the study. Six of the eleven subjects (5 male; subjects 1, 3, 4, 8, 10)
showed 49% or greater increase in MEP amplitude ratio after the heat condition compared to
the control condition. (C) The MEP amplitude ratio for each intensity assessed during the
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TMS protocol. There was an overall significant main effect for heat stress in the Heat
condition, (P = 0.05).
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Absolute Error

mmmm Control
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Variable Error
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Time
(Training Block)

(A) Absolute error, normalized as the percent of block 1 error, depicted for the Control
(black bars) and Heat (gray bars) groups showing an overall reduction in error during the
Heat condition (p < 0.05). (B) Variable error, normalized as the percent of block 1 error,
depicted by for the Control (black bars) and Heat (gray bars) groups showing an overall
reduction in error during the Heat condition (p < 0.05). Error bars are standard errors.
**indicates the first Block error that was significantly reduced from baseline (P <0.01) with
all subsequent Block error groups less than baseline (p <0.01).
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Descriptive statistics of subjects who participated in Experiment 1 and Experiment 2. Note that Experiment 2

involved two separate cohorts for the heat and control groups. The p values are presented for variables
measured between the Heat and Control subjects in Experiment 2.

Experiment 1

Experiment 2

Variable (n=11, 5 female) Heat (n = 10)
Age 252+58 26.90 +6.17
Weight (kg) ~ 75.6 £19.2 86.02 + 11.6
BMI 246+3.2 26.88 + 4.89
%Body fat 21856 21.32+£7.16
Baecke Total - 8.09 +£0.96
Work - 211+0.25
Soort - 3.03+0.61
Leisure - 2.95+0.70
Marx - 7.40 £5.00

Control (n=10)
31.00 +7.26
88.50 + 13.0
27.75+5.37
21.07 £ 8.42
8.43+1.20
2.38+0.88
2.90+0.91
3.15+0.47
7.1+5.60

P value
0.19
0.66
0.71
0.94
0.50
0.35
0.72
0.46
0.88

Data expressed as mean + standard deviation.
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