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Abstract
Purpose Sympathetic nerve activity towards muscle (MSNA) and skin (SSNA) regulates various physiological parameters. 
MSNA primarily functions in blood pressure and flow, while SSNA operates in thermoregulation. Physical and cognitive 
stressors have been shown to have effects on both types of sympathetic activity, but there are inconsistencies as to what 
these effects are. This article aims to address the discrepancies in the literature and compare MSNA and SSNA responses.
Methods Microelectrode recordings were taken from the common peroneal nerve in 29 participants: MSNA (n = 21), SSNA 
(n = 16) and both MSNA and SSNA (n = 8). Participants were subjected to four different 2-min stressors: two physical (iso-
metric handgrip task, cold pressor test) and two cognitive (mental arithmetic task, Stroop colour–word conflict test), the 
latter of which saw participants separated into responders and non-responders to the stressors. It was hypothesised that the 
physical stressors would have a greater effect on MSNA than SSNA, while the cognitive stressors would operate conversely.
Results Peristimulus time histogram (PSTH) analysis showed the mental arithmetic task to significantly increase both MSNA 
and SSNA; the isometric handgrip task and cold pressor test to increase MSNA, but not SSNA; and Stroop test to have no 
significant effects on changing MSNA or SSNA from baseline. Additionally, stress responses did not differ between MSNA 
and SSNA in participants who had both sets of data recorded.
Conclusions This study has provided evidence to support the literature which claims cognitive stressors increase sympathetic 
activity, and provides much needed SSNA data in response to stressors.
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Introduction

Sympathetic nerve activity to muscle and skin can be 
recorded directly in humans via a tungsten microelectrode 
inserted percutaneously into an accessible peripheral nerve 
(microneurography). Muscle sympathetic nerve activity 

(MSNA) consists of spontaneous bursts of action potentials 
generated by unmyelinated postganglionic vasoconstrictor 
axons. This nerve activity contributes to the beat-to-beat 
control of blood pressure through its actions on total periph-
eral resistance [1]. Skin sympathetic nerve activity (SSNA), 
on the other hand, is composed of spontaneous bursts of 
action potentials generated by unmyelinated postganglionic 
sympathetic axons supplying blood vessels, sweat glands 
and the hairs. As such, SSNA is primarily involved in ther-
moregulation and emotional responses [1].

Certain stressors have long been used as methods of 
experimentally inducing changes in MSNA and SSNA. The 
physical stressors have a wealth of literature supporting their 
capacity to influence sympathetic nerve activity. Isometric 
handgrip tasks are known to induce increases in both MSNA 
and SSNA [2–4] and are easily reproducible methods of 
initiating increases in blood pressure, which proves useful 
in autonomic testing [5]. The cold pressor test, however, 
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has been shown to increase MSNA whilst leaving SSNA 
unaltered [6, 7] and, similar to the handgrip test, is used 
clinically to assess autonomic and cardiovascular disorders 
through sympathetic vasomotor processes [8]. Cognitive 
stressors, on the contrary, are somewhat more ambiguous 
in efficacy under these conditions. For instance, the Stroop 
colour–word test is commonly used clinically and experi-
mentally to evaluate one’s capacity to inhibit cognitive inter-
ference [2]. While this task does not frequently see usage in 
autonomic evaluation and its ability to modulate sympathetic 
nerve activity is contentious [5, 6], it does, however, have 
notable validity as a cognitive stressor—influencing sym-
pathetic factors such as heart rate, blood pressure and sweat 
release [9, 10]. Moreover, mental arithmetic tasks have been 
shown to increase MSNA and SSNA [11, 12] as well as 
blood pressure, just as isometric handgrip tasks are used for 
autonomic testing [13]. With this being said, other studies 
have shown that mental arithmetic can decrease activity [14, 
15] or leave it unaltered [16–20]. The capacity for MSNA 
and SSNA to respond differently from each other under dif-
ferent stress conditions is due to their respective properties. 
As touched on above, MSNA is tightly coupled to changes in 
blood pressure, while SSNA is dependent upon thermoregu-
latory and emotional stimuli [1]. As such, different stressors 
and, indeed, disease states [21] will affect MSNA and SSNA 
differentially according to the outcomes of the stressor.

We sought to evaluate the effects of each of the above 
stressors on MSNA and SSNA at four time points—before, 
at the beginning, at the end, and after the stressors—in order 
to determine the efficacy of each stressor (both physical 
and cognitive) on altering sympathetic activity. This stems 
from the inconsistencies in the literature as to the effects 
of the cognitive stressors, as well as the relative lack of 
studies analysing the effects of stressors on SSNA. These 
inconsistent findings can be attributed, in part, to highly 
variable inter-individual responses to stressors. In order to 
account for this, we split participants into those who showed 
a sympathetic response to the cognitive stressors and those 
who did not. Additionally, rather than relying solely on the 
standard metrics for reporting sympathetic nerve activity 
(bursts/minute and bursts/100 heart beats), we used a more 
sensitive measure: electrocardiogram (ECG) R-wave-
triggered sympathetic spike counts. In analysing data using 
these peristimulus time histograms (PSTH) referenced to 
the cardiac cycle, the effects of heart rate are removed and 
MSNA and SSNA can be more fairly compared between 
stressors—differences in activity could be almost solely 
attributed to the stressors themselves [22]. In addition, our 
sample included subjects from which we were able to obtain 
both MSNA and SSNA recordings on separate occasions. 
PSTHs are capable of facilitating a comparison of MSNA 
and SSNA within participants during stressors—a parameter 
that, to the best of our knowledge, has not been evaluated 

as of yet. With these aims in mind, we hypothesised that 
the physical stressors would have more effects on MSNA 
than SSNA, while the cognitive stressors would operate in 
the opposite manner, given the known properties of these 
stressors.

Methods

Subjects and ethics

Thirty-seven sets of data were obtained (21 MSNA; 16 
SSNA) from 29  healthy volunteers—eight volunteers 
elected to participate again in order to obtain both MSNA 
and SSNA recordings. In the case of repeated participants, 
an interval of approximately 1–4 months elapsed between 
visits. The generally accepted practice is to wait at least 
4 weeks between sessions when recording from the same 
nerve in order to reduce the risk of nerve inflammation 
[1]. This practice is of little consequence as it has been 
shown that intra-individual sympathetic nerve activity is 
highly stable over the time course of years [23]. MSNA 
data comprised recordings taken from 11 male and 10 
female participants (age 21–40  years, mean ± standard 
deviation (SD) 25.4 ± 5.6  years; height 155–193  cm, 
170.3 ± 10.9 cm; weight 50–91 kg, 66.3 ± 11.1 kg), while 
SSNA data comprised recordings taken from 10 male and 
six female participants (age 20–35 years, 24.3 ± 4.8 years; 
height 155–186  cm, 170.3 ± 8.8  cm; weight 52–81  kg, 
67.7 ± 9.5 kg). Each data set was obtained specifically for 
this study and, as such, has not been previously reported. 
The study was approved by the Human Research Ethics 
Committee of the Alfred Hospital (HREC approval 467/19), 
endorsed by Governance of the Baker Heart and Diabetes 
Institute and conformed to the Declaration of Helsinki, 
with all participants providing informed written consent. 
Each participant was instructed to refrain from digestion of 
caffeinated food and beverages and the intake of nicotine 
on the morning of the experiment, as these are known to 
influence sympathetic activity [21, 24].

Recording procedures

Microneurography was conducted on all participants in order 
to obtain MSNA or SSNA recordings via the right (n = 36) 
or left (n = 2) common peroneal nerve around the fibular 
head. For a detailed description of the microneurography 
methods, we refer the reader to Sesa-Ashton et al. [25] for 
MSNA and Wong et al. [26] for SSNA. As described in 
detail previously [1], while intraneural electrical stimulation 
identified the fascicle as supplying muscle or skin, this was 
confirmed by testing the responses to muscle stretch or 
tendon percussion as well as light stroking over the skin of 
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the innervation territory. Sustained increases in spontaneous 
cardiac-locked bursts of MSNA but not SSNA during a 
maximal inspiratory capacity apnoea, and an arousal burst 
of SSNA but not MSNA to an unexpected loud auditory 
stimulus, were used to differentiate between the two types 
of sympathetic outflow. In addition to microneurography, 
continuous ECG recordings were sampled at 2 kHz via three 
35-mm Ag/AgCl surface electrodes (Covidien, Ireland) 
placed on the chest and continuous non-invasive blood 
pressure recordings were obtained from two finger cuffs, 
sampled at 400 Hz and calibrated to a sphygmomanometer 
cuff on the contralateral arm (NOVA, Finapres Medical 
System BV, the Netherlands).

Stress procedures

Participants were subjected to four different stress 
conditions: an isometric handgrip task in which subjects 
grasped a grip force transducer (ADInstruments, Australia) 
at 30–35% of their maximal voluntary contraction (MVC) 
force (determined prior to the beginning of the task); a cold 
pressor task in which subjects submerged their dominant 
hand into a bucket of ice water; a mental arithmetic task in 
which participants were instructed to perform continuous 
arithmetical subtraction of seven from a randomly chosen 
three-digit number whilst being subjected to negative verbal 
treatment in a loud and distracting environment; and a Stroop 
colour–word conflict test task. Each stressor lasted for 2 min, 
with the exception of the Stroop test which participants were 
instructed to finish as fast as possible. Upon conclusion of 
each stress task, participants were instructed to report their 
perceived level of stress on a scale of 0 to 10, with 0 being 
not at all stressful and 10 being the worst stress imaginable. 
Technical difficulties such as poor signal-to-noise ratio and 
loss of recording site due to leg movement prevented some 
participants from undertaking every stressor. This resulted 
in sample sizes of 21 MSNA and 16 SSNA for handgrip, 
18 MSNA and 14 SSNA for cold pressor, 16 MSNA and 12 
SSNA for mental arithmetic, and 20 MSNA and 16 SSNA 
for the Stroop test. Stressors were delivered in randomised 
order and an approximately 5-min rest interval was provided 
between stressors.

Data analysis

In order to ensure that the data were not misrepresented by 
positive-going spikes from myelinated axons or single motor 
units [27], the primary analysis was conducted on the raw, 
negative-going MSNA and SSNA spikes. These negative-
going spikes (defined with a half width of 0.2–0.5 ms), as 
well as R-waves of the ECG were detected using window 
discriminator software on LabChart 7 (Spike Histogram 
for Macintosh, v2.5.1, ADInstruments, Australia). The 

same software was also used to generate autocorrelation 
histograms of the nerve activity and cross-correlation 
histograms of activity referenced to the cardiac cycle. In 
each, an average burst of activity was represented and 
displayed with a peak at time  0, with prior and future 
average activity displayed in negative and positive time 
values, respectively.

Furthermore, PSTHs were generated from which the 
primary results were obtained. The average burst referenced 
to the R-waves of the ECG across the entire data file was 
first determined in each participant and used as a primer 
for the duration of bursts in each subsequent analysis—that 
being a selection of 50 R-waves taken from time points 
immediately before, at the start, at the end and after each 
stressor. The corresponding nerve activity during each of 
these times was computed from those bins of the histogram 
encompassing the start and end of the average sympathetic 
burst and recorded as spikes per 50 R-waves.

These spikes were then compared within each stressor 
through a statistical and graphical analysis program 
(Prism 9 for Macintosh, v9.1.2, GraphPad Software, USA). 
D’Agostino and Pearson normality tests were utilised to 
ascertain normality—a repeated measures one-way analysis 
of variance (RM one-way ANOVA) followed by a Tukey’s 
multiple comparisons test or a Friedman test followed by a 
Dunn’s multiple comparisons test were used for data which 
passed or failed normality, respectively. Further analysis 
of the cognitive stressors required data to be separated 
into groups of responders and non-responders. This was 
chosen on the basis of PSTH sympathetic spike count at 
the last 50 R-wave time period ≥ 10% or < 10% increased 
from the baseline period, respectively. Given the reduced 
sample size, responder data were tested for normality 
using a Shapiro–Wilk normality test, before undergoing 
further analysis as described above. Additionally, data were 
compared at the same time points relative to the stressors 
within the eight participants who yielded both MSNA and 
SSNA recordings. Here, a mixed-effects analysis with a 
Šidák’s multiple comparisons test was used to analyse and 
compare grouped data.

Standard measures of multi-unit sympathetic nerve 
activity—burst frequency (bursts/minute), burst incidence 
(bursts/100 heart beats) and total burst activity (cumulative 
burst amplitude in 1  min)—were obtained at rest and 
during each manoeuvre from the root-mean square (RMS)-
processed nerve signal (200 ms moving average). Data 
were split into time periods of 2  min before and after 
each stressor as well as into the first and second half of 
each stressor. Heart rate and systolic and diastolic blood 
pressure were analysed in the same time periods. Technical 
issues prevented the recording of blood pressure during the 
handgrip and cold pressor tasks for one participant in the 
SSNA data set, reducing the sample for those tasks by one. 
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All these data were tested for normality and significance in 
the same manner as the PSTH data described above. In all 
analyses, data are presented as mean ± SD; differences were 
considered significant if they attained a P value of less than 
0.05.

Results

Successful recordings of sympathetic nerve activity were 
taken from 29 participants, eight of whom were studied on 
a second occasion (to record SSNA if MSNA was recorded 
in the first session, and vice versa), resulting in 37 data sets: 

21 MSNA and 16 SSNA. Raw, negative-going sympathetic 
spikes were analysed using PSTHs referenced to time blocks 
of 50 R-waves. Each participant was subjected to at least 
two of the four following stressors (technical difficulties 
prevented all four stressors from being conducted in some 
experiments): a handgrip task, a cold pressor test, a mental 
arithmetic task and a Stroop colour–word conflict challenge. 
Standard metrics of MSNA and SSNA—burst frequency, 
burst incidence and total burst activity at rest and during the 
manoeuvres—are provided in Tables 1 and 2, along with 
significant changes from baseline. Values for the standard 
metrics were taken from a 2-min period before and after 

Table 1  RMS-processed MSNA metrics during each stressor

The standard metrics for MSNA—burst frequency (taken as bursts per minute), burst incidence (taken as bursts per 100  heart beats) and 
cumulative burst amplitude—are displayed during a time period before, during the first half, during the second half and after each stressor. Time 
points which were found to be significantly different from the baseline during each stressor are denoted with an asterisk (*P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001). Data are presented as mean ± SD

Handgrip Cold pressor Mental arithmetic Stroop test

Burst frequency (bursts/min) Baseline 21.2 ± 5.0 21.4 ± 5.4 21.2 ± 3.6 20.3 ± 4.5
First half of stressor 21.0 ± 5.6 22.7 ± 6.4 18.8 ± 4.4* 19.2 ± 4.6
Second half of stressor 23.1 ± 6.5 23.2 ± 9.9 20.1 ± 3.6 19.2 ± 4.8
Recovery 21.7 ± 5.0 23.4 ± 7.0 22.6 ± 4.7 21.1 ± 4.1

Burst incidence (bursts/100 heart beats) Baseline 31.1 ± 7.7 31.2 ± 7.6 31.7 ± 5.6 30.4 ± 7.9
First half of stressor 28.3 ± 8.3 29.6 ± 8.7 23.4 ± 5.5**** 27.0 ± 6.8
Second half of stressor 29.6 ± 9.5 35.3 ± 14.7 26.3 ± 5.2 26.8 ± 7.6
Recovery 31.3 ± 8.6 35.8 ± 11.8 31.6 ± 5.4 31.0 ± 6.8

Cumulative burst amplitude (µV) Baseline 10.1 ± 6.8 10.1 ± 8.0 8.1 ± 7.1 10.9 ± 7.2
First half of stressor 10.9 ± 7.5 14.8 ± 13.3 10.8 ± 7.6 8.9 ± 7.9*
Second half of stressor 15.4 ± 10.7** 17.9 ± 16.0*** 11.7 ± 7.2* 8.9 ± 7.8
Recovery 10.9 ± 6.9 13.3 ± 10.6 10.6 ± 7.9* 9.9 ± 7.2

Table 2  RMS-processed SSNA metrics during each stressor

The standard metrics for SSNA—burst frequency (taken as bursts per minute), burst incidence (taken as bursts per 100  heart beats) and 
cumulative burst amplitude—are displayed during a time period before, during the first half, during the second half and after each stressor. Time 
points which were found to be significantly different from the baseline during each stressor are denoted with an asterisk (*P < 0.05; **P < 0.01). 
Data are presented as mean ± SD

Handgrip Cold pressor Mental arithmetic Stroop test

Burst frequency (bursts/min) Baseline 10.6 ± 9.3 12.1 ± 11.3 11.5 ± 10.1 10.8 ± 8.8
First half of stressor 16.3 ± 11.7 17.1 ± 13.0 14.8 ± 12.5 12.6 ± 10.6
Second half of stressor 20.9 ± 15.2* 9.2 ± 10.1 14.7 ± 14.5 12.0 ± 12.9
Recovery 8.9 ± 8.1 10.0 ± 9.4 11.2 ± 12.2 10.3 ± 10.3

Burst incidence (bursts/100 heart beats) Baseline 14.0 ± 11.3 15.7 ± 14.6 14.5 ± 9.9 14.2 ± 11.4
First half of stressor 19.6 ± 13.1 19.3 ± 14.5 18.1 ± 15.2 16.8 ± 13.2
Second half of stressor 22.7 ± 13.7 11.6 ± 13.6 18.2 ± 17.8 15.7 ± 15.9
Recovery 11.9 ± 10.2 13.1 ± 11.6 13.8 ± 13.6 14.3 ± 14.3

Cumulative burst amplitude (µV) Baseline 4.9 ± 5.1 6.0 ± 7.6 4.7 ± 4.5 5.1 ± 5.6
First half of stressor 8.1 ± 7.2 8.6 ± 8.3 6.8 ± 6.4 6.2 ± 7.0
Second half of stressor 10.4 ± 8.4** 5.1 ± 7.8 6.1 ± 6.7 5.8 ± 8.3
Recovery 4.7 ± 5.3 4.4 ± 4.6 4.9 ± 5.4 4.8 ± 7.1
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each stressor as well as during the first half and second half 
of each stressor.

Furthermore, hemodynamic data—heart rate, systolic 
and diastolic blood pressures at rest and during the 
manoeuvres—are provided in Tables 3 and 4. Data were 
generated from the same time points as the standard metrics 
and significant changes from baseline are noted.

PSTH analysis of MSNA

Peristimulus time histogram (PSTH) analysis of MSNA dur-
ing and around the handgrip task (n = 21) showed signifi-
cant differences across time points. When compared to the 

last 50 R-waves of the stressor, MSNA spikes for both the 
baseline period (P = 0.0092) and the first 50 R-waves of the 
stressor (P = 0.0138) were found to be significantly lower 
in count (Table 5; Fig. 1a). Similarly, MSNA during the 
last 50 R-waves of the stressor was significantly higher than 
baseline during the cold pressor test (P = 0.0488; n = 18). 
The two stressors differed, however, in that the recovery 
period for the cold pressor test was also found to be signifi-
cantly higher in activity than baseline (P = 0.0221) (Table 5; 
Fig. 1b).

An increase in R-wave-triggered spikes was found dur-
ing the mental arithmetic task (n = 16) when comparing all 
three time points to baseline: the first 50 R-waves of the 

Table 3  Hemodynamic data from MSNA recordings during each stressor

Heart rate, systolic blood pressure and diastolic blood pressure were calculated before, during the first half, during the second half and after each 
stressor. Time points that were significantly different from the baseline during each stressor are denoted with an asterisk (*P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001). Data are presented as mean ± SD

Handgrip Cold pressor Mental arithmetic Stroop test

Heart rate (beats/min) Baseline 68.8 ± 8.2 69.1 ± 8.6 67.8 ± 10.2 68.1 ± 7.4
First half of stressor 75.6 ± 10.5*** 77.6 ± 7.6*** 81.2 ± 10.5**** 71.7 ± 7.6
Second half of stressor 80.4 ± 12.5**** 74.0 ± 8.0 77.2 ± 9.4** 72.4 ± 7.8**
Recovery 68.5 ± 8.6 66.8 ± 9.7 69.0 ± 9.7 69.2 ± 7.8

Systolic blood pressure (mmHg) Baseline 124.1 ± 15.6 127.2 ± 26.7 127.1 ± 12.0 125.2 ± 13.0
First half of stressor 135.3 ± 14.5**** 141.2 ± 26.9* 138.5 ± 14.5*** 132.2 ± 12.9***
Second half of stressor 146.0 ± 14.8**** 152.5 ± 28.9**** 140.0 ± 15.3* 134.5 ± 12.7***
Recovery 128.5 ± 10.9 130.5 ± 10.8 126.4 ± 12.1 126.4 ± 11.7

Diastolic blood pressure (mmHg) Baseline 72.3 ± 9.6 76.4 ± 16.4 73.8 ± 6.9 75.2 ± 6.6
First half of stressor 80.4 ± 8.3*** 89.5 ± 15.5*** 82.6 ± 7.7** 78.3 ± 7.3****
Second half of stressor 91.1 ± 10.2**** 96.3 ± 18.2**** 86.8 ± 8.3**** 79.8 ± 7.6****
Recovery 75.1 ± 8.5 79.2 ± 8.2 76.7 ± 7.9 75.0 ± 7.8

Table 4  Hemodynamic data from SSNA recordings during each stressor

Heart rate, systolic blood pressure and diastolic blood pressure were calculated before, during the first half, during the second half and after 
each stressor. Time points which were found to be significantly different from the baseline during each stressor are denoted with an asterisk 
(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Data are presented as mean ± SD. Technical issues required the removal of one data set 
from the systolic and diastolic blood pressure data during the handgrip and cold pressor tasks

Handgrip Cold pressor Mental arithmetic Stroop test

Heart rate (beats/min) Baseline 72.8 ± 13.4 73.0 ± 12.4 73.7 ± 12.8 72.1 ± 13.1
First half of stressor 81.1 ± 17.2** 88.1 ± 16.6*** 86.8 ± 19.4*** 74.1 ± 14.6
Second half of stressor 86.1 ± 15.6**** 82.2 ± 13.1 85.4 ± 18.3**** 74.2 ± 13.2
Recovery 71.8 ± 13.2 71.7 ± 13.6 75.1 ± 15.2 72.4 ± 11.7

Systolic blood pressure (mmHg) Baseline 116.2 ± 11.3 123.6 ± 14.4 116.1 ± 23.0 128.4 ± 14.6
First half of stressor 131.7 ± 18.6** 138.2 ± 12.9 132.0 ± 12.7 134.3 ± 12.8*
Second half of stressor 144.7 ± 17.6**** 154.4 ± 18.3**** 136.4 ± 11.5*** 130.8 ± 13.1
Recovery 125.3 ± 11.8* 134.7 ± 10.3 127.2 ± 10.4 124.6 ± 9.8

Diastolic blood pressure (mmHg) Baseline 69.2 ± 10.6 70.6 ± 11.2 75.6 ± 7.6 77.7 ± 5.9
First half of stressor 79.2 ± 17.8** 86.4 ± 10.3*** 82.3 ± 6.3* 80.6 ± 5.4
Second half of stressor 90.5 ± 12.5**** 95.9 ± 9.8**** 85.5 ± 6.4*** 80.4 ± 6.0
Recovery 72.0 ± 6.7 78.8 ± 4.7 76.3 ± 5.4 75.7 ± 5.2
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stressor (P = 0.0099); the last 50 R-waves of the stressor 
(P = 0.0059); and the recovery period (P = 0.0096) (Table 5; 
Fig. 1c). On the contrary, unlike the aforementioned stress-
ors, analysis of the Stroop test (n = 20) revealed no signifi-
cant differences between any time points (P > 0.05) (Table 5; 
Fig. 1d).

Standard metrics analysis of MSNA

MSNA burst frequency (taken as bursts/minute; Table 1) 
saw no significant differences between any of the time 
points during the handgrip, cold pressor and Stroop tasks 
(P > 0.05). However, during mental arithmetic, the first half 
of the stressor was found to have a significantly lower burst 
frequency than both the baseline (P = 0.0370) and recovery 
(P = 0.0013) periods.

In a similar vein to the above, MSNA burst incidence 
(taken as bursts/100 heart beats; Table 1) saw no significant 
difference between any time points during the cold pressor 
and Stroop tests (P > 0.05). Unlike burst frequency, though, 
the handgrip task revealed that the first half of the stressor 
had significantly less burst incidence than the recovery 
period (P = 0.0430). Significant differences were also found 
during the mental arithmetic task, with the first half of the 
stressor significantly lower than the baseline (P < 0.0001) 
and recovery (P < 0.0001) periods. The same was true for 
the second half of the stressor—incidence was significantly 
lower than the baseline (P = 0.0115) and recovery 
(P = 0.0270) periods.

Each of the stressors saw significant differences in cumu-
lative burst amplitude (Table 1). During the handgrip task, 
the second half of the stressor was significantly higher in 
cumulative burst amplitude than all the other time points: the 
baseline (P = 0.0038), first half of the stressor (P = 0.0019) 
and recovery (P = 0.0049) periods. The second half of the 
stressor was also significantly higher than the baseline 
(P = 0.0004) and recovery (P = 0.0402) periods during the 
cold pressor test. During mental arithmetic, the baseline 
period had significantly lower cumulative burst amplitude 
than both the second half of the stressor (P = 0.0217) and the 
recovery (P = 0.0134) period. Finally, the Stroop test had a 

significantly lower value during the first half of the stressor 
when compared to baseline (P = 0.0291).

PSTH analysis of SSNA

R-wave-triggered spike analysis of SSNA during the static 
handgrip exercise (n = 16) showed that the recovery period 
was significantly lower in SSNA than the last 50 R-wave 
period of the stressor (P = 0.0022) (Table 6; Fig. 2a). Unlike 
MSNA during the cold pressor test (n = 14), SSNA failed to 
reach statistical significance in comparisons between time 
points (P > 0.05) (Table 6; Fig. 2b).

Similar to the above, SSNA multiple-comparisons 
analysis did not reveal any statistically significant differences 
between time points (P > 0.05) during mental arithmetic 
(n = 12) (Table 6; Fig. 2c). Finally, the total number of 
spikes during the recovery period of the Stroop test (n = 16) 
was significantly lower than the first 50 R-waves of the 
stressor (P = 0.0011) and the last 50 R-waves of the stressor 
(P = 0.0405) (Table 6; Fig. 2d).

Standard metrics analysis of SSNA

In somewhat of an inverse manner as seen with MSNA burst 
frequency, SSNA burst frequency (Table 2) was not found to 
have significant differences during the mental arithmetic and 
Stroop tasks (P > 0.05). Significant differences were found, 
however, during the handgrip task in which the second 
half of the stressor was significantly higher in frequency 
than the baseline (P = 0.0300) and recovery (P = 0.0029) 
periods. The first half of the stressor was also significantly 
higher in frequency than the recovery period (P = 0.0455). 
Additionally, the cold pressor test saw significantly increased 
burst frequency during the first half of the stressor when 
compared to both the second half (P = 0.0205) and the 
recovery (P = 0.0020) periods.

Similar results to the SSNA burst frequency were seen in 
SSNA burst incidence (Table 2). No significant differences 
were found during the mental arithmetic or Stoop tasks 
(P > 0.05), but there were differences during the handgrip 
and cold pressor tasks. During handgrip, the recovery period 
was significantly lower in burst incidence than the first half 

Table 5  MSNA spikes during 
each stressor

The average number of MSNA spikes, as revealed through PSTH analysis, during a 50 R-wave time 
period before, at the start, at the end and after each stressor is displayed. Time points which were found 
to be significantly different from the baseline during each stressor are denoted with an asterisk (*P < 0.05; 
**P < 0.01). Data are presented as mean ± SD

Handgrip Cold pressor Mental arithmetic Stroop test

Baseline 212.4 ± 179.9 163.0 ± 113.2 153.5 ± 59.9 166.0 ± 100.2
First 50 R-waves of stressor 177.9 ± 110.4 177.1 ± 104.9 253.2 ± 157.8** 210.6 ± 106.6
Last 50 R-waves of stressor 217.4 ± 137.7** 224.4 ± 163.3* 365.6 ± 253.1** 175.2 ± 119.6
Recovery 118.4 ± 73.1 172.7 ± 137.9* 225.2 ± 166.0** 122.8 ± 77.8
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of the stressor (P = 0.0455), as well as the second half of 
the stressor (P = 0.0124). During the cold pressor task, 
the recovery period was only significantly lower in burst 
incidence than the first half of the stressor (P = 0.0325).

Cumulative burst amplitude analysis of SSNA (Table 2) 
saw more or less the same results as burst frequency and 
incidence. No significant differences were found during the 

mental arithmetic task (P > 0.05), but this time a difference 
was seen during the Stroop task: the recovery period was 
significantly lower in amplitude than the first half of the 
stressor (P = 0.0370). As with burst frequency, cumulative 
burst amplitude saw the second half of the stressor signifi-
cantly increased from both the baseline (P = 0.0077) and 
recovery (P = 0.0029) periods during the handgrip task. Also 

Fig. 1  MSNA spikes during 
each stressor. MSNA spikes, as 
revealed through PSTH analy-
sis, are shown for 50 R-wave 
time periods before, at the start, 
at the end and after a the hand-
grip task (n = 21), b the cold 
pressor test (n = 18), c the men-
tal arithmetic task (n = 16) and 
d the Stroop colour–word test 
conflict (n = 20). Significant dif-
ferences between time periods 
are indicated with an asterisk 
(*P < 0.05; **P < 0.01). Results 
are presented as mean ± SD
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similar to burst frequency, cumulative burst amplitude dur-
ing the cold pressor task saw the first half of the stressor sig-
nificantly higher in value than the second half of the stressor 
(P = 0.0259) and the recovery period (P = 0.0015).

Cognitive stressor responders

As it is known that some individuals have a negative 
sympathetic response to cognitive stressors, subjects were 
separated into responders and non-responders. MSNA 
mental arithmetic (n = 13) saw similar results to the pooled 
data in that baseline was significantly different to each other 
time point (first 50 R-waves, P = 0.0208; last 50 R-waves, 
P = 0.0034; recovery, P = 0.0034) (Table 7). A different 
result was found, however, in that the last 50 R-wave time 
period was now significantly greater in spike count than the 
first 50 R-wave time period (P = 0.0373), too (Table 7). Once 
the responders (n = 6) were identified for the MSNA Stroop 
test, a significant difference between the last 50 R-waves 
time point and the recovery period (P = 0.0046) was found 
as well (Table 7). SSNA mental arithmetic (n = 9) saw an 
increase at the last 50 R-wave time period from baseline 
(P = 0.0061) (Table 7). The same significant comparisons 
were found for the SSNA Stroop test as the pooled data, 
once responders (n = 6) had been split from non-responders 
(Table 7), but here, again, the level of significance was 
changed (P = 0.0478 for the last 50 R-waves vs recovery 
and no significant difference (P > 0.05) between the first 50 
R-waves and recovery).

The same participants identified as responders during 
PSTH analysis were analysed using the standard metrics as 
well. The MSNA mental arithmetic task saw the same results 
as the grouped cohort in each of the metrics. The first half 
of the stressor had lower burst frequency than the baseline 
(P = 0.0022) and recovery (P = 0.0107) periods, as well as 
lower burst incidence than the baseline (P < 0.0001) and 
recovery (P < 0.0001) periods. Cumulative burst amplitude 
analysis also revealed the baseline period to be significantly 
lower than the second half of the stressor (P = 0.0002) and 
the recovery (P = 0.0050) period. Different results were seen 
in regards to the MSNA Stroop test, however. Here, burst 
frequency analysis showed the second half of the stressor 

to be significantly lower in activity than the recovery period 
(P = 0.0476). Burst incidence analysis revealed the first 
half of the stressor to be significantly lower in activity than 
the recovery period (P = 0.0268). Finally, cumulative burst 
amplitude analysis showed no significant differences across 
time points (P > 0.05). Also similar to the pooled responders 
and non-responders data, SSNA analysis of the responders 
during the cognitive stressors revealed no significant differ-
ences (P > 0.05), even in the Stroop test which yielded one 
significantly different result before.

Muscle vs skin sympathetic nerve activity 
within participants

Having obtained both MSNA and SSNA data from eight 
participants on different days, analysis comparing the two 
types of sympathetic activity was performed during each 
stressor. In comparing mean activity at each time point 
during the handgrip (n = 8), cold pressor (n = 6), mental 
arithmetic (n = 4) and Stroop test (n = 8) tasks, no significant 
differences were found (P > 0.05). Similarly, once data had 
been normalised to baseline in order to obtain a percentage 
change at each time point, no significant differences were 
found (P > 0.05).

Discussion

While the majority of studies that have quantified 
sympathetic nerve activity to muscle and skin have analysed 
the standard metrics for multi-unit activity, obtained from 
the RMS-processed or integrated neurogram, we have used 
a more sensitive measure that simply counts the number of 
sympathetic spikes in an R-wave-triggered histogram—a 
form of PSTH. This approach facilitates the comparison 
of MSNA and SSNA data at the inter-individual level by 
eliminating heart rate as a variable. Furthermore, as PSTH 
analysis uses raw sympathetic spikes, baseline shifts in the 
RMS signal associated with electromyographic noise or 
muscle spindle activity are mitigated. Total spikes generated 
during blocks of 50 R-waves were computed at baseline 
(immediately before the onset of the manoeuvre), during 50 

Table 6  SSNA spikes during 
each stressor

The average number of SSNA spikes, as revealed through PSTH analysis, during a 50 R-wave time period 
before, at the start, at the end and after each stressor is displayed. No time points during each stressor 
were found to be significantly different from their corresponding baseline values. Data are presented as 
mean ± SD

Handgrip Cold pressor Mental arithmetic Stroop test

Baseline 185.2 ± 144.9 170.3 ± 112.1 162.7 ± 54.9 178.1 ± 92.6
First 50 R-waves of stressor 175.3 ± 97.5 168.4 ± 106.3 270.3 ± 162.2 212.5 ± 111.9
Last 50 R-waves of stressor 232.6 ± 135.3 203.6 ± 151.0 387.3 ± 252.6 170.3 ± 126.2
Recovery 133.3 ± 84.5 160.6 ± 132.6 209.7 ± 120.6 125.3 ± 79.9
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R-waves at the start of the manoeuvre, during the final 50 
R-waves of the manoeuvre, and during the first 50 R-waves 
of recovery.

Effects of stressors on MSNA

Our isometric handgrip and cold pressor tasks increased 
MSNA from baseline to a statistically significant extent by 

the last 50 R-wave time period. This was not an unexpected 
result, as a wealth of literature exists verifying the efficacy 
of these tasks in positively modulating MSNA [4, 23, 28–30] 
and our own cumulative burst amplitude analysis corrobo-
rated these results. Moreover, the cold pressor task saw a sus-
tained increase from baseline during the 50 R-wave recovery 
period, which was not reflected in the handgrip task. As 
such, these results suggest that the isometric handgrip task 

Fig. 2  SSNA spikes during 
each stressor. SSNA spikes, 
as revealed through PSTH 
analysis, are shown for 50 
R-wave time periods before, at 
the start, at the end and after a 
the handgrip task (n = 16), b the 
cold pressor test (n = 14), c the 
mental arithmetic task (n = 12) 
and d the Stroop colour–word 
conflict test (n = 16). Signifi-
cant differences between time 
periods are indicated with 
an asterisk (*P < 0.05; **P 
< 0.01). Results are presented as 
mean ± SD
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is capable of producing a robust, but more quickly resolving, 
increase in MSNA—the immediate relaxation reflecting the 
immediate cessation of central command. The increase in 
MSNA seen during the cold pressor test developed slowly 
but continued into the immediate recovery period. These 
PSTH results are incongruent with the results obtained from 
the standard metrics (Table 1), however. The cold pressor 
test did not see an increase in burst frequency or incidence, 
which is somewhat unexpected given the widely cited effects 
of this stressor on MSNA [23, 30]. One possible explana-
tion for this comes back to the properties of PSTH analysis 
and the nature of the cold pressor test. During this stressor, 
participants had a tendency to tense up as a result of pain 
and discomfort—often leading to extraneous signals in the 
microneurographic recording. This inevitably led to mess-
ier data for use in standard metric reporting, while PSTH 
analysis filtered out this signal disturbance and, hence, led 
to results more in line with the current literature.

Mental arithmetic, just as with the isometric handgrip 
and cold pressor tasks, increased MSNA from baseline to 
a statistically significant extent by the last 50 R-wave time 
period, but was the only stressor to produce a significant 
increase in spike count within the first 50 R-waves, indi-
cating a more rapid influence of this stressor on sympa-
thetic outflow to the muscle vascular bed. The efficacy of 
the mental arithmetic task was further exemplified when 
the data was separated into responder and non-responder 
groups, given the evidence that mental stressors can induce 
positive or, indeed, negative influences on MSNA on an 
individual basis [31, 32]. An additional difference was 
identified between the two time points during the stressor. 
Results such as these are supported by Wang et al.’s study 
[33] in which they reported that various cardiovascular 
responses had rapid increases during the first 150 s of men-
tal arithmetic before plateauing. As our own mental arith-
metic protocol was conducted for only 120 s, it is reason-
able to assume subjects were still within the rapid increase 
period. While the consistency of the task at increasing 
MSNA is contentious, our results and experimental design 

differ from two of the more commonly cited papers dis-
playing its inhibitory properties. Firstly, Matsukawa et al. 
[15] used the tibial nerve at the popliteal fossa for their 
microneurographic recordings. As they themselves state, 
another group [11] demonstrated discrepancies in levels 
of MSNA during mental arithmetic based on the recorded 
nerve. Furthermore, Delius et al. [14] had a sample size 
of only four for their mental arithmetic task and did not 
account for what we now know to be inter-individual vari-
ability in cognitive stressor response (i.e. responders and 
non-responders). Other studies which suggest that mental 
arithmetic does not increase MSNA [16–20] also do not 
separate responders and non-responders, resulting in an 
averaged response in which the increase in MSNA in the 
responders and decrease in the non-responders essentially 
cancel each other out. With this being said, our own data 
on the standard metrics (i.e. burst frequency, burst inci-
dence and cumulative burst amplitude) aligns with these 
studies—that is, our mental arithmetic protocol saw a 
decrease in MSNA from baseline. As such, sympathoin-
hibition associated with mental arithmetic is no doubt real. 
Additionally, we identified a lack of a response during the 
Stroop colour–word conflict test in the PSTH pooled data 
group. Thus, participants were subsequently separated into 
responders and non-responders. Through this analysis it 
was found that the last 50 R-wave time period significantly 
differed from the recovery period, but still no significant 
changes were found from baseline. In a possible explana-
tion for this, Callister et al. [34] proposed that MSNA fluc-
tuations during mental stress tests are directly correlated to 
the perceived level of stress during the test. As our MSNA 
participants reported a relatively low average stress rating 
of 3.1 ± 1.7 arbitrary units out of 10 (obtained from 20 
of the 21 participants), this would appear to be expected. 
The six responders had a similar stress rating of 3.2 ± 1.7. 
However, the accuracy of the  conclusion offered by Cal-
lister et al. [34] is yet to be further proven, with studies 
such as the one produced by Carter et al. [16] contradicting 
the original hypothesis.

Table 7  Sympathetic activity 
of responders during cognitive 
stressors

The average number of MSNA and SSNA spikes, as revealed through PSTH analysis, during a 50 R-wave 
time period before, at the start, at the end and after each cognitive stressor is displayed for participants who 
showed a ≥ 10% increase in sympathetic activity from baseline by the last 50 R-waves time point. Time 
points which were found to be significantly different from the baseline during each stressor are denoted 
with an asterisk (*P < 0.05; **P < 0.01). Data are presented as mean ± SD

MSNA SSNA

Mental arithmetic Stroop test Mental arithmetic Stroop test

Baseline 121.1 ± 63.8 151.7 ± 82.7 148.3 ± 55.4 156.8 ± 108.5
First 50 R-waves of stressor 193.7 ± 93.2* 196.7 ± 77.5 271.3 ± 174.2 264.8 ± 139.3
Last 50 R-waves of stressor 405.6 ± 223.9** 240.0 ± 73.3 458.6 ± 254.5** 270.8 ± 152.1
Recovery 265.6 ± 101.6** 170.5 ± 51.7 237.7 ± 128.3 178.2 ± 108.3
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Effects of stressors on SSNA

The results obtained from the SSNA data set are somewhat 
less supported by the current body of literature, though 
SSNA has been far less studied than MSNA. The cold 
pressor test did not induce any significant increase in spike 
counts, as one might expect from prior work [6]. Moreover, 
there were no differences in direct comparison of their 
efficacy in altering SSNA from baseline. More surprisingly, 
however, handgrip also did not increase SSNA from baseline 
to a significant extent. This result is incongruent with prior 
works showing isometric handgrip tasks to have profound 
effects on SSNA [28, 35, 36]. Each of these studies used 
a relatively similar handgrip and nerve recording protocol 
to our own—the primary discrepancy lies in the method 
chosen to analyse SSNA data: using the integrated nerve 
signal or using the PSTH approach we used herein. Analysis 
conducted on the cold pressor and handgrip manoeuvres 
using the RMS-processed nerve signal, however, did indicate 
increases in SSNA during the stressors when compared to 
their baseline and recovery periods.

The lack of significant differences from baseline found in 
the physical stressors using PSTH analysis also carried over 
to the cognitive stressors. As SSNA is tied to an individual’s 
emotions [37, 38], this may be expected of the Stroop test 
(with the low average stress rating of 3.5 ± 2.0 arbitrary 
units out of 10), but mental arithmetic is known to have 
profound effects on SSNA in both healthy and diseased 
states [12, 39, 40]. Once the cognitive stressors had been 
separated into responders and non-responders, though, 
mental arithmetic showed an increase in SSNA by the last 
50 R-wave time period. Therefore, it can be concluded that 
the non-responders dampened the results in the pooled data, 
leading to the lack of a significant increase. Granted, Muller 
et al. [12] identified increases in SSNA immediately upon 
commencement of the stressor, but given the lack of reports 
on mental arithmetic and SSNA of healthy controls with 
respect to time, further investigation is needed to corroborate 
these results. Furthermore, the Stroop test still did not reveal 
significant changes from baseline post-data separation. What 
it did reveal was a change in SSNA between the last 50 
R-waves of the stressor and the recovery period. Alongside 
the fact that the first 50 R-waves of the stressor no longer 
had a statistically significant difference with the recovery 
period, it may be likely that the small sample size of six 
diminished the power of the results. This would therefore 
lead to the lack of significant differences between baseline 
and the stress condition. The one difference found between 
the stressor and non-stressor time points is consistent with 
what one would expect from SSNA (i.e. stress increases 
SSNA), as discussed by Carter and Goldstein [18], so it may 
be reasonably assumed that a larger sample of cognitive-
stress responders would have led to expected data.

Effects of stressors on MSNA and SSNA in the same 
participants

No differences of statistical significance were found 
between any two corresponding time points in the eight 
participants from which we were able to gather both 
MSNA and SSNA data. It has been previously shown 
that sympathetic nerve activity does not vary to a great 
extent within an individual over the course of months 
to even years [6] in the absence of disease. From this 
knowledge it may be safe to assume our data were not 
skewed by the time interval of approximately 1–4 months 
between visits. Our data suggests that each of the stressors 
has the same level of impact on both MSNA and SSNA 
within individuals. That is, an individual will react in the 
same manner regarding muscle and skin response when 
subjected to stress.

Limitations

One of the primary limitations of this study involved 
the inability to conduct each stress procedure on every 
participant, reducing the sample sizes for the experiment. 
Overall, this was not a great issue, with sample sizes 
reflecting and, in some cases, exceeding prior work; 
however, this became a more pronounced limitation in 
the comparison of MSNA and SSNA within participants. 
Here, the sample size was only eight and further reduced 
for three of the four stressors. As such, this served to 
undermine the accuracy of the results for this section of 
the analysis—especially since the cognitive stressors could 
not be separated into responders and non-responders. 
Additionally, with regards to the sample, experiments 
were conducted on a young, healthy cohort. While this 
does mean the results presented are representative of the 
healthy population, they do not reflect stress responses 
in the elderly or in disease states, which may warrant 
further investigation. It may also be worth noting that 
the menstrual cycle of the female participants was not 
accounted for. There are differing results in the literature 
as to its effects on sympathetic nerve activity, with some 
studies reporting no changes during rest and cognitive 
stressors, and other studies showing profound increases in 
resting MSNA depending on the stage of the cycle [31, 41]. 
Nevertheless, there is a possibility it may have impacted 
our results. Furthermore, our experiments were conducted 
in a thermoneutral environment (room temperature 22 °C), 
yet past studies have gone a step further and implemented 
the use of a customised tube-lined suit to maintain neutral 
skin temperature [12, 36]. Experimenting in such a way 
would perhaps account for some of the discrepancies in 
our SSNA results.
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Conclusions

Our results have shown physical stressor effects on MSNA 
and SSNA primarily consistent with the literature. From 
this, a baseline could be established to verify the efficacy 
of PSTH as an analysis tool—one that could be applied 
to compare MSNA and SSNA. This was done as such in 
participants from whom both types of sympathetic activity 
were recorded. The data showed that stress responses do 
not vary between MSNA and SSNA on an individual 
basis. In further applying PSTH analysis to the cognitive 
stressors, the present study has provided support for the 
contentious notion that cognitive stress tasks are capable of 
increasing MSNA and SSNA. This statement would seem 
to be more applicable for the mental arithmetic task than 
the Stroop colour–word conflict test, possibly as a result 
of the level of perceived stress. However, cognitive stress 
responses are a subject that requires further investigation, 
especially with regards to SSNA. Our own hypothesis 
that the cognitive stressors would be more efficacious at 
altering SSNA than the physical stressors would seem to 
be true, yet mental arithmetic elicited the greatest changes 
in MSNA, despite our initial conjectures. Standardisation 
of the facts surrounding sympathetic responses to various 
stress conditions is needed to advance the field.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions. This work did not receive funding.

Data availability The data are available upon reasonable request.

Declarations 

Conflict of interest The authors declare that there are no conflicts of 
interest, financial or otherwise.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Macefield VG (2021) Recording and quantifying sympathetic 
outflow to muscle and skin in humans: methods, caveats and 
challenges. Clin Auton Res 31(1):59–75

 2. Scarpina F, Tagini S (2017) The Stroop colour and word test. 
Front Psychol 8:557

 3. Seals DR (1990) Sympathetic activation during the cold pressor 
test: influence of stimulus area. Clin Physiol 10(2):123–129

 4. Teixeira AL, Vianna LC (2022) The exercise pressor reflex: an 
update. Clin Auton Res 32(4):271–290

 5. Khurana RK, Setty A (1996) The value of the isometric hand-
grip test – studies in various autonomic disorders. Clin Auton 
Res 6(4):211–218

 6. Fagius J, Karhuvaara S, Sundlöf G (1989) The cold pressor test: 
effects on sympathetic nerve activity in human muscle and skin 
nerve fascicles. Acta Physiol Scand 137(3):325–334

 7. Grassi G, Colombo M, Seravalle G, Spaziani D, Mancia G 
(1998) Dissociation between muscle and skin sympathetic nerve 
activity in essential hypertension, obesity, and congestive heart 
failure. Hypertension 31(1):64–67

 8. Lamotte G, Boes CJ, Low PA, Coon EA (2021) The expand-
ing role of the cold pressor test: a brief history. Clin Auton Res 
31(2):153–155

 9. Eisenmann NA, Pearson AG, Howery AJ, Corkery AT, Miller 
KB, Barnes JN (2022) Muscle sympathetic nerve activity and 
cerebrovascular responses to mental stress. FASEB J. https:// doi. 
org/ 10. 1096/ fasebj. 2022. 36. S1. R2401

 10. Šiška E (2002) The Stroop colour-word test in psychology and 
biomedicine. Acta Univ Palacki Olomuc, Gymn 32(1):45–51

 11. Anderson EA, Wallin BG, Mark AL (1987) Dissociation of sym-
pathetic nerve activity in arm and leg muscle during mental stress. 
Hypertension 9(6):III114–III19

 12. Muller MD, Sauder CL, Ray CA (2013) Mental stress elicits 
sustained and reproducible increases in skin sympathetic nerve 
activity. Physiol Rep. https:// doi. org/ 10. 1002/ phy2.2

 13. Steptoe A, Vogele C (1991) Methodology of mental stress testing 
in cardiovascular research. Circulation 83(4):II14–II24

 14. Delius W, Hagbarth KE, Hongell A, Wallin BG (1972) Manoeu-
vres affecting sympathetic outflow in human muscle nerves. Acta 
Physiol Scand 84(1):82–94

 15. Matsukawa T, Gotoh E, Uneda S, Miyajima E, Shionoiri H, Tochi-
kubo O, Ishii M (1991) Augmented sympathetic nerve activity in 
response to stressors in young borderline hypertensive men. Acta 
Physiol Scand 141(2):157–165

 16. Carter JR, Durocher JJ, Kern RP (2008) Neural and cardiovascu-
lar responses to emotional stress in humans. Am J Physiol Regul 
Integr Comp Physiol 295(6):R1898–R1903

 17. Carter JR, Kupiers NT, Ray CA (2005) Neurovascular responses 
to mental stress. J Physiol 564(1):321–327

 18. Carter JR, Goldstein DS (2015) Sympathoneural and adrenomed-
ullary responses to mental stress. Compr Physiol 5:119–146

 19. Carter JR, Ray CA (2009) Sympathetic neural responses to men-
tal stress: responders, nonresponders and sex differences. Am J 
Physiol Heart Circ Physiol 296(3):H847–H853

 20. Wasmund WL, Westerholm EC, Watenpaugh DE, Wasmund SL, 
Smith ML (2002) Interactive effects of mental and physical stress 
on cardiovascular control. J Appl Physiol 92(5):1828–1834

 21. Grassi G, Seravalle G, Calhoun DA, Bolla GB, Giannattasio C, 
Marabini M, Mancia G (1994) Mechanisms responsible for sym-
pathetic activation by cigarette smoking in humans. Circulation 
90(1):248–253

 22. Boulton D, Taylor CE, Green S, Macefield VG (2018) The 
metaboreflex does not contribute to the increase in muscle sym-
pathetic nerve activity to contracting muscle during static exercise 
in humans. J Physiol 596(6):1091–1102

 23. Fagius J, Wallin BG (1993) Long-term variability and reproduc-
ibility of resting human muscle nerve sympathetic activity at rest, 
as reassessed after a decade. Clin Auton Res 3:201–205

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1096/fasebj.2022.36.S1.R2401
https://doi.org/10.1096/fasebj.2022.36.S1.R2401
https://doi.org/10.1002/phy2.2


189Clinical Autonomic Research (2024) 34:177–189 

 24. Papadelis C, Kourtidou-Papadeli C, Vlachogiannis E, Skepas-
tianos P, Bamidis P, Maglaveras N, Pappas K (2003) Effects 
of mental workload and caffeine on catecholamines and blood 
pressure compared to performance variations. Brain Cogn 
51(1):143–154

 25. Sesa-Ashton G, Wong R, McCarthy B, Datta S, Henderson LA, 
Dawood T, Macefield VG (2022) Stimulation of the dorsolateral 
prefrontal cortex modulates muscle sympathetic nerve activity and 
blood pressure in humans. Cereb Cortex Commun 3(2):tgac017

 26. Wong R, Sesa-Ashton G, Datta S, McCarthy B, Henderson LA, 
Dawood T, Macefield VG (2023) The role of the dorsolateral 
prefrontal cortex in control of skin sympathetic nerve activity in 
humans. Cereb Cortex 33(13):8265–8272

 27. Macefield VG, James C (2016) Superentrainment of muscle sym-
pathetic nerve activity during sinusoidal galvanic vestibular stimu-
lation. J Neurophys 116(6):2689–2694

 28. Saito M, Naito M, Mano T (1990) Different responses in skin and 
muscle sympathetic nerve activity to static muscle contraction. J 
Appl Physiol 69(6):2085–2090

 29. Sander M, Macefield VG, Henderson LA (2010) Cortical and brain 
stem changes in neural activity during static handgrip and postex-
ercise ischemia in humans. J Appl Physiol 108(6):1691–1700

 30. Victor RG, Leimbach WN Jr, Seals DR, Wallin BG, Mark AL 
(1987) Effects of the cold pressor test on muscle sympathetic 
nerve activity in humans. Hypertension 9(5):429–436

 31. Carter JR, Lawrence JE (2007) Effects of the menstrual cycle on 
sympathetic neural responses to mental stress in humans. J Physil 
585(2):635–641

 32. El Sayed K, Macefield VG, Hissen SL, Joyner MJ, Taylor CE 
(2018) Blood pressure reactivity at onset of mental stress deter-
mines sympathetic vascular response in young adults. Physiol Rep 
6(24):e13944

 33. Wang X, Liu B, Xie L, Yu X, Li M, Zhang J (2016) Cerebral and 
neural regulation of cardiovascular activity during mental stress. 
Biomed Eng Online 15:335–347

 34. Callister R, Suwarno NO, Seals DR (1992) Sympathetic activity 
is influenced by task difficulty and stress perception during mental 
challenge in humans. J Physiol 454(1):373–387

 35. Ray CA, Wilson TE (2004) Comparison of skin sympathetic 
nerve responses to isometric arm and leg exercise. J Appl Physiol 
97(1):160–164

 36. Wilson TE, Dyckman DJ, Ray CA (2006) Determinants of skin 
sympathetic nerve responses to isometric exercise. J Appl Physiol 
100(3):1043–1048

 37. Brown R, James C, Henderson LA, Macefield VG (2012) Auto-
nomic markers of emotional processing: skin sympathetic nerve 
activity in humans during exposure to emotionally charged 
images. Front Physiol 3(394):1–6

 38. Wallin BG, Charkoudian N (2007) Sympathetic neural control of 
integrated cardiovascular function: Insights from measurement of 
human sympathetic nerve activity. Muscle Nerve 36(5):595–614

 39. Shindo K, Iida H, Watanabe H, Ohta E, Nagasaka T, Shiozawa 
Z (2008) Sympathetic sudomotor and vasoconstrictive neural 
function in patients with Parkinson’s disease. Parkinsonism Relat 
Disord 14(7):548–552

 40. Yamamoto K, Sobue G, Iwase S, Nagamatsu M, Mano T, Mitsuma 
T (1997) Skin sympathetic nerve activity in Guillain-Barre syn-
drome: a microneurographic study. J Neurol Neurosurg Psychiatry 
63(4):537–540

 41. Minson CT, Halliwill JR, Young TM, Joyner MJ (2000) Influence 
of the menstrual cycle on sympathetic activity, baroreflex sen-
sitivity, and vascular transduction in young women. Circulation 
101(8):862–868

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Differential control of sympathetic outflow to muscle and skin during physical and cognitive stressors
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Subjects and ethics
	Recording procedures
	Stress procedures
	Data analysis

	Results
	PSTH analysis of MSNA
	Standard metrics analysis of MSNA
	PSTH analysis of SSNA
	Standard metrics analysis of SSNA
	Cognitive stressor responders
	Muscle vs skin sympathetic nerve activity within participants

	Discussion
	Effects of stressors on MSNA
	Effects of stressors on SSNA
	Effects of stressors on MSNA and SSNA in the same participants
	Limitations

	Conclusions
	References




