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NEW & NOTEWORTHY This study has identified that sympathetically mediated blood pressure
regulation is reduced following ascent to high altitude. Additionally, we show that high altitude
Andean natives have reduced blood pressure responsiveness to SNA outflow compared to
Nepalese Sherpa. However, basal sympathetic activity is inversely related to the magnitude of
SNA-mediated fluctuations in blood pressure regardless of population or condition. These data
set a foundation to explore more precise mechanisms of blood pressure control under

conditions of persistent sympathetic activation and hypoxia.
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ABSTRACT:

High-altitude (>2500m) exposure results in increased muscle sympathetic nervous activity
(MSNA) in acclimatizing lowlanders. However, little is known about how altitude affects MSNA in
indigenous high-altitude populations. Additionally, the relationship between MSNA and blood
pressure regulation (i.e., neurovascular transduction) at high-altitude is unclear. We sought to
determine 1) how high-altitude effects neuro-cardiovascular transduction and 2) whether
differences exist in neuro-cardiovascular transduction between low and high-altitude
populations. Measurements of MSNA (microneurography), mean arterial blood pressure (MAP;
finger photoplethysmography), and heart rate (electrocardiogram) were collected in: |)
lowlanders (n=14) at low (344m) and high-altitude (5050m), 1) Sherpa highlanders (n=8;
5050m), and IIl) Andean (with and without excessive erythrocytosis) highlanders (n=15;
4300m). Cardiovascular responses to MSNA burst sequences (i.e. singlet, couplet, triplet, and
quadruplets) were quantified using custom software (coded in MATLAB, v2015b). Slopes were
generated for each individual based on peak responses and normalized total MSNA. High
altitude reduced neuro-cardiovascular transduction in lowlanders (MAP slope: high-altitude,
0.0075£0.0060 vs low-altitude, 0.0134+0.080; p=0.03). Transduction was elevated in Sherpa
(MAP slope, 0.012+0.007) compared to Andeans (0.0031£0.002; p=0.001). MAP transduction
was not statistically different between acclimatizing lowlanders and Sherpa (MAP slope, p=0.08)
or Andeans (MAP slope, p=0.07). When accounting for resting MSNA (ANCOVA), transduction
was inversely related to basal MSNA (bursts/min) independent of population (RRI, r= 0.578
p<0.001; MAP, r=-0.627 p<0.0001). Our results demonstrate transduction is blunted in
individuals with higher basal MSNA, suggesting blunted neuro-cardiovascular transduction is a
physiological adaptation to elevated MSNA rather than an effect or adaptation specific to

chronic hypoxic exposure.



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Phenotypic differences in neuro-cardiovascular transduction

INTRODUCTION:

Sympathetic nervous system activity (SNA) has been shown to increase following exposure to
high altitude in lowlanders (12, 17, 22, 26, 28, 39). The mechanism(s) governing persistent
sympatho-excitation during hypoxic exposure remain unclear, but have previously been
attributed to an increase in peripheral chemoreceptor drive (26, 31), elevated intracranial
pressure (27), increased pulmonary artery pressure (29), or a combination of these factors.
While heightened sympathetic outflow at altitude signals for global vascular constriction, mean
arterial pressure (MAP) and total peripheral resistance (TPR) are maintained near sea level
values during acclimatization (4, 28). This shift in communication between the nervous system
and the vasculature (i.e., neurovascular transduction), indicates that there may be a reduction in
the efficacy of SNA to effect vascular tone under conditions of prolonged hypoxia. The causes
and consequences of this uncoupling remain poorly understood.

Of further interest are populations indigenous to high altitude, such as the Tibetan
(Sherpa) and Peruvian (Andean) highlanders, who have been exposed to hypobaric hypoxia for
millennia. Although there is considerable debate regarding specific durations at altitude, it is
generally accepted that the Old World Plateaux (Ethiopian and Tibetan) have been settled for
longer than the Altiplano in the New World (Andes) (1-3, 25, 43). This is suggestive that
duration at altitude may play a role in the respective patterns of adaptation between high altitude
populations. We have previously observed that Tibetan Sherpa show an overall lower degree of
sympathetic activation compared to acclimatizing lowlanders, while having similar resting
arterial pressure and similar or lower reactivity to heightened sympathetic stress (7, 28). In
contrast, high altitude populations in the Andes exhibit a high reported incidence of excessive
erythrocytosis (EE; defined as having a [Hb] >21g/dL in males, >19g/dL in females), which has
been linked with vascular dysfunction and increased risk of cardiovascular disease (21, 35, 38).
Interestingly, EE is extremely rare in Tibetan high altitude natives (38), suggesting distinct

differences in the patterns of adaptation between these two high altitude populations.
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Differential adaption to long term hypoxic exposure between these two groups necessitates
further investigation into mechanisms of cardiovascular control.

Although SNA and arterial pressure has been previously documented at altitude in both
low and high altitude populations (3, 5, 7, 17, 22, 28), there is limited work that has investigated
the transduction of sympathetic outflow to the integrated control of blood pressure in response
to hypoxic exposure. Furthermore, there are no studies that have attempted to identify whether
population-based differences exist in this aspect of sympathetic control. Thus, we aimed to
characterize the relationship between spontaneous fluctuations in SNA to cardiovascular
responses in North American and European lowlanders, Tibetan Sherpa, and Peruvian
Andeans (both with EE+ and without EE). While renal adaptation and a shift in blood volume at
high altitude also contribute to the integrated control of blood pressure, this study focuses on
neuro-cardiovascular mechanisms. To address this, we analyzed muscle sympathetic nervous
activity (MSNA) and simultaneous hemodynamic data collected during two previous high
altitude research expeditions (Nepal 2016, and Peru 2018) to assess the impact of SNA on
blood pressure regulation at rest. Our hypotheses were twofold: first, we hypothesized that
lowlanders would show a blunted neuro-cardiovascular transduction response at high altitude
compared to sea level. Second, we hypothesized that Sherpa would show a greater neuro-
cardiovascular transduction response compared Andeans and acclimatizing lowlanders, due to

previously observed (7, 28) lower reactivity to sympathetic stress.
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METHODS:

Data for the current investigation was collected over two previous research expeditions to Nepal
(UBC-Nepal Expedition; (42) and Peru (Global REACH 2018; (36). We have previously
published on basal MSNA (28), and reactivity to exercise and breath-holding in the Sherpa (7).
However, the analyses performed as part of this investigation address a specific novel
hypothesis and report data not previously published. Specifically, the current study focuses on
novel analyses related to the transduction of spontaneous fluctuations in SNA to mean arterial
pressure (MAP) and heart rate (R-R Interval) responses over a ~10 minute baseline period.
Although participants took part in a number of independent investigations during the above
mentioned expeditions, care was taken to ensure that there was no overlap between studies,

and each study addressed distinct a priori research questions.

Study Participants

Participants were comprised of lowlanders (n=14; 27+1yrs; 2 female), Nepalese Sherpa (n=8;
3215yrs) and Peruvian Andeans (n=15; 42+3yrs). Note, the Andean group included 7 healthy
(i.e. non-EE) and 8 EE men. Data were grouped for the healthy and EE Andeans since no
differences in neuro-cardiovascular transduction were observed (details below). While
demographics, resting hemodynamic function and basal metrics of MSNA have been published
previously, these values are reported in Table 1 for completeness and context. Lowlanders,
Sherpa, and Andean participants were free of any known respiratory, cardiovascular, metabolic,
and neurological disorders as determined by a self-reported health history questionnaire. No
participants were taking any medication at the time of testing. Lowlander participants were
members of a larger expedition to Nepal in 2016 (42), and the Sherpa highlanders were
recruited during the same expedition from the Khumbu Valley in Nepal. Pre-expedition testing of
lowlanders was performed at 344 m (Kelowna, Canada), and then traveled to Nepal and

ascended over 9-10 days to 5050m. Sherpa were not on any medication and were tested on

4
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days 1-3 following arrival at 5050m, while Lowlanders were tested between days 1-10. Refer to
Willie et al 2018 (39) for a more detailed description of ascent profiles.

Andean participants were recruited and tested as part of a second expedition (Global
REACH 2018) (34) to Cerro de Pasco, Peru in 2018 (4300 m). Andeans with EE were
diagnosed prior to being contacted and recruited using an existing local database (venous [Hb]
concentration 22.5+0.91 g/dL). All Andeans were born above 3250m and were permanent
residents of Cerro de Pasco.

High altitude residents provided informed written consent in their native language, with
procedures explained in the local dialect as needed. Local Ethical approval was obtained for
both expeditions by the University of Alberta Biomedical Research Ethics Board (Pro00064195
and Pro00077330), Nepal Health Research Council, and Universidad Peruana Cayetano

Heredia (#101686)

Data Collection

All participants were tested in the supine position. All data were recorded and synced using
Labchart (ADInstruments, Chart Pro v8.3.1, Australia). Heart rate (Electrocardiogram lead II),
and the non-invasive arterial blood pressure waveforms (finger photoplethysmography;
Finometer Pro, Finapres Medical Systems, Netherlands) were collected continuously at 1 KHz
(ADInstruments, Chart Pro v8.3.1, Australia). Heart rate (HR) was calculated from the ECG R-R
interval. Beat-by-beat mean arterial pressure (MAP), systolic (SBP) and diastolic (DBP)
pressures were calculated from the arterial pressure waveform that was calibrated against
manual sphygmomanometry (averaged from three separate readings) during rest. Beat-by-beat
cardiac output (CO) was also calculated using the Model Flow algorithm and used to calculate
total peripheral resistance (TPR = MAP/CO) and conductance (TPC = CO/MAP).
Microneurography was used to directly measure muscle sympathetic nerve activity (MSNA). A

tungsten microelectrode (200um diameter, 35 mm long, tapered to a 1-5 ym uninsulated tip)

5
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was inserted percutaneous into the peroneal (common fibular) nerve, with an additional
uncoated tungsten reference electrode inserted subcutaneously 1-3 cm from the recording site.
The recording electrode was manipulated until a pulse-synchronous bursting pattern was
identifiable in response to apnea but not a loud noise (16). The raw MSNA signal was acquired
(Neuroamp EX headstage, ADInstruments; model 662C-3, lowa University Bioengineering,
USA), amplified (1000x pre-amplifier and 100x variable gain isolated amplifier), band pass
filtered (700-2,000Hz), rectified, and integrated (decay constant 0.1s) to obtain a mean voltage
neurogram. The Neuroamp was used to collect MSNA data during the 2018 Global REACH
expedition; the model 662C-3 was used for MSNA data collection during the 2016 UBC-Nepal
Expedition (at both low and high altitude). Both raw and integrated signals were sampled at 10

KHz (ADInstruments, Chart Pro v8.3.1; Australia).

Data Analysis

MSNA bursts were identified using a semi-automated detection algorithm (Chart Pro 8.3.1) and
confirmed by a trained observer (SAB/CDS) based on a pulse-synchronous pattern observed
from both raw and integrated MSNA neurograms. Baseline MSNA was quantified as burst
frequency (bursts/min) and incidence (bursts/100 heart beats). MSNA, peripheral oxygen
satruation, and other cardiovascular metrics were extracted on a beat-by-beat basis for each
individual over 11 £ 5 minutes during baseline conditions at low altitude (lowlanders; 334m) and
high altitude (lowlanders; 5050m, Sherpa; 5050m, Andeans; 4300m).

MSNA and hemodynamic variables for each individual were saved to Excel
spreadsheets and read into custom software written in MATLAB (MATLAB 2015b; The
MathWorks, Natick, Massachusetts) (32) to quantify the effect of neuro-cardiovascular
transduction on measured hemodynamic parameters. The software identified MSNA burst
locations via LabChart comment markers. Once identified, bursts were aligned with respect to

the beat-by-beat data. Once aligned, MSNA was filtered to determine the position of all

6
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recorded burst sequences consisting of single or consecutive groups of bursts separated on
each side by 1 cardiac cycle without MSNA. Sequences consisting of singlet, couplet, triplet, or
quadruplet (4 or more) bursts were grouped together for analysis (as per Steinback et al 2019)
(32). Following the last burst in each sequence, the change in blood pressure, R-R interval and
associated Finometer derived changes in cardiac output were tracked over the subsequent 15
cardiac cycles, similar to the method described in previous studies (14, 15, 32). MAP, R-R
interval and cardiac output data were used for analysis in order to comprehensively characterize
systemic transduction. The mean change in MAP, R-R interval and cardiac output for different
sequences was calculated by the software for each participant and saved to spreadsheets along
with the standard deviation and number of burst sequences recorded. Peak changes in MAP, R-
R interval and cardiac output were identified for each sequence type were subsequently
grouped and overlaid to obtain a mean transduction for each participant (Figure 1) (32).
Sequences of “non-bursts” were analyzed in a similar manner, with MAP, R-R interval and
cardiac output indexed to sequences of cardiac cycles without bursts. To identify whether
changes in R-R interval and cardiac output were directly associated with changes in MAP, we
conducted a time to peak analysis for measures of MAP, R-R interval, and cardiac output.
Additionally, bursts were grouped into a quartile range (Q1-Q4) within each sequence,
with Q1 representing the smallest summed amplitude of bursts, and Q4 being the largest
summed amplitude within a given sequence. To account for individual differences in mean burst
amplitude, burst amplitude was normalized to the mean summed amplitude within singlet Q1
sequences (SQ1) which was set to 100% for each individual. All subsequent amplitudes for all
quartiles were calculated as a percentage of SQ1. This normalization allowed for the
comparison of quartile data between subjects and across groups. A mean transduction
response for each individual was calculated as the slope of the peak responses in outcome
plotted against the 16 normalized burst amplitude quartiles (i.e. 4 sequence types x 4 amplitude
quartiles). Slopes were weighted (IBM SPSS statistics 25, United States, 2017) to account for

7
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the number of occurrences (proportion) of quartiles within each sequence. Two Andean
participants were excluded from the quartile analysis due to lack of data (<6 data points as
opposed to 16; 4 sequences x 4 quartiles). The relationship between total normalized burst
amplitude (per quartile) and physiological outcome (peak physiological response) is depicted in
Figure 1. Individual slopes were then used to obtain a mean transduction response per group.
As an additional analysis, we assessed the relationship between previously reported baroreflex

gain data (28, 30) and the generated transduction slope.

Statistical Analyses

Comparisons were made between 1) lowlanders at low- and high-altitude, and 2) Sherpa,
Andeans, and acclimatizing lowlanders. The dynamic relationship of transduction across cardiac
cycles was compared within a given group using one-way ANOVAs. Holm-Sidak post-hoc
analyses were conducted where main effect of group was identified. To assess the influence of
changes in R-R interval on the MAP response, ANCOVA analyses were used, incorporating R-
R interval as covariate. Between-group comparisons for lowlanders from low -to high-altitude
were assessed using pre-planned contrasts (paired T-tests), with an adjusted alpha (a’) value
corrected for multiple comparisons (c). This was performed by adjusting the a priori alpha (q,
0.05) using the experiment-wise error rate (a.) (6, 18):

— ac

a =—

c
a.=1—(1-a)°

Alpha for comparisons between lowlanders at low and high altitude was corrected to p<0.046.
Relationships between variables were evaluated using Pearson correlations and linear

regression. To account for effect of resting MSNA on mean transduction responses, an

ANCOVA analysis was run incorporating basal burst frequency as a covariate. Data are

expressed as mean t standard deviation (SD) unless otherwise indicated. All statistical
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analyses performed using SigmaStat v14.0 (Systat Software). A p-value of <0.05 was

considered statistically significant.
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RESULTS

Participant demographics and baseline metrics. Participant demographics, baseline
cardiovascular and MSNA metrics are reported in Table 1. Although lowlander and Tibetan
Sherpa data have been reported elsewhere (6, 28), they are included in this novel analysis to
enable comparison with Peruvian Andeans.

Andeans were older compared to lowlanders (p=0.001) but not different to Sherpa.
(p=0.065). Andeans also had significantly elevated body mass index (kg/m?; BMI) compared to
lowlanders and Sherpa (p=0.002 and p=0.027, respectively). There were no significant
differences in SBP, DBP or MAP in lowlanders at high and low altitude (p=0.07, p=0.15, p=0.26,
respectively). There were no significant differences between high altitude groups in SBP, DBP
or MAP (main effects of p=0.871, p=0.154, p=0.773, respectively). Resting MAP was not
significantly different between EE and non-EE Andeans (85+2 vs 8918 mmHg, respectively;
p=0.24). Although Andean participants without EE appeared to have elevated burst frequency
compared to Andeans with EE (44114 vs 37111 bursts/min, respectively), these differences
were not statistically significant (unpaired t-test; p=0.36). Additionally, the mean transduction
slopes for both MAP and RRI were not different between EE and non-EE Andean groups
(p=0.35 and p=0.60, respectively). Therefore, EE and non-EE participants were grouped
together as Andeans for the subsequent analyses.

Representative burst patterns for all groups are shown in Figures 2. At high altitude,
lowlanders had significantly elevated MSNA burst incidence and frequency (p<0.001) compared
to low altitude. Despite Sherpa being tested at a higher altitude than Andeans (5050m vs
4330m), Sherpa had significantly lower burst frequency than Andeans (p=0.006), as well as
lower burst incidence compared to both lowlanders and Andeans (p=0.036 and p=0.001,
respectively). Elevated burst frequency was associated with a lower proportion of single burst
sequences and an elevated proportion of multiple burst sequences in both lowlanders at high

altitude and Andeans (Figure 3). Conversely, lower burst frequency corresponded with a higher

10
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proportion of singlet sequences and lower proportion of multiple burst sequences in lowlanders

at low altitude and Sherpa (Figure 3).

The impact of high altitude on neuro-cardiovascular transduction in lowlanders

Cardiac and pressor response to burst sequences. Changes in MAP following MSNA
sequences were greater at low compared to high altitude in lowlanders for both singlet (2.2 £1.1
vs 0.83 +0.58 mmHg; p<0.001) and couplet (4.2+2.0 vs 1.8+1.6 mmHg; p=0.005) sequences,
but not different for triplet and quadruplet sequences (p=0.699; p=0.547, respectively).
However, the nadir in MAP following triplet and quad non-burst sequences was greater in
lowlanders at high altitude (p=0.041 and p=0.001; Figure 4).

Following SNA bursts, there was an acute cardio-acceleration (decrease in R-R interval)
occurring within 5 cardiac cycles. There were no significant differences between lowlanders at
low and high altitude in decrease in R-R Interval across any burst sequence (singlets, p=0.575;
couplets, p=0.69; triplets, p=0.56; quad, p=0.30). Following non-burst sequences, there was an
acute cardio-deceleration (increase in RR interval). There were no differences between
lowlanders at low versus high altitude in the R-R interval response to non-burst sequences
(Figure 5).

Mean Transduction Slope. Mean transduction slope was greater in lowlanders at low
altitude for R-R interval (low altitude, 0.00017 + 0.00014; high altitude, 0.00007 + 0.00008;
p=0.032). The transduction slope for MAP was blunted at high altitude (MAP slope,
0.0075£0.0060 at high altitude versus 0.0134 £0.0080 at low altitude; p=0.03). To examine the
influence of altered basal SNA on transduction, an ANCOVA was run including resting MSNA
(burst frequency) as a covariate. This analysis subsequently indicated no difference between
low and high altitude for R-R interval or MAP slopes (p=0.718 and p=0.278; ANCOVA).
Differences in neuro-cardiovascular transduction between Sherpa, Andeans, and

acclimatizing lowlanders

11
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Cardiac and pressor response to burst sequences. Following bursts of MSNA,
Sherpa showed a greater MAP response compared to Andeans (p<0.001) and lowlanders at
high altitude (p=0.010) across all sequence types (main effect of group, p<0.001; Figure 4).
Acclimatizing lowlanders showed a greater MAP response to MSNA bursts compared to
Andeans (p<0.001). The drop in MAP (nadir) following non-burst sequences was greatest in
lowlanders at high altitude (main effect of group, p=0.017; Figure 4). Subsequent post hoc
analyses indicated that the overall fall in pressure following non-burst sequences appeared
greater, but was not statistically different between lowlanders and Sherpa (p=0.152) but was
greater in lowlanders compared to Andeans (p=0.017) (Figure 4).

The decrease in R-R interval following burst sequences was different between groups
(main effect of group, p<0.001; Figure 5). Sherpa showed a greater drop in R-R interval
compared to Andeans (p=0.003) but this was not statistically different to lowlanders (p=0.051).
However, lowlanders exhibited a greater decrease in R-R interval compared to Andeans
(p<0.001) across all burst sequences. The cardio-deceleration (decrease in R-R interval) was
not difference between groups following non-burst sequences (p=0.129) (Figure 5).

Mean Transduction Slope. Using quartiles data, a main effect of group was identified
for both MAP and R-R interval mean transduction slopes (p=0.04; p=0.006, respectively; Figure
6 & 7). Sherpa had a significantly greater slope for both MAP (0.012 + 0.007) and R-R interval
compared to Andeans (MAP, 0.0031 = 0.0024; R-R Interval, 0.00003 + 0.00004) (p=0.003 and
p=0.005) and a greater R-R interval slope compared to lowlanders (p=0.046). While Sherpa
tended to have a greater MAP transduction slope compared to lowlanders this was not
statistically significant (p=0.08). Lowlanders were not different from Andeans for R-R interval
slope (p=0.201) or MAP slope (p=0.07).

The peak transduction in MAP was inversely related to prevailing degree of sympathetic
activity, independent of group (r= -0.627, p<0.001; Figure 6). Peak transduction in R-R Interval

was also inversely related to prevailing sympathetic activity independent of group (r=0.578;
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p<0.001). Subsequent analysis indicated that mean transduction slopes were no longer
significantly different between groups for either MAP or R-R interval slopes (p=0.160; p=0.203,
respectively) when concurrent SNA burst frequency was taken into account as a covariate
(ANCOVA).

Time to peak responses

Time to peak in lowlanders. Time to peak was assessed in all groups for cardiac
output (CO), MAP, and R-R Interval. At low altitude, changes in MAP occurred 5.6 + 1.9s
following burst sequences; changes in R-R Interval occurred 2.1 £ 1.0s following bursts;
changes in CO occurred 2.4 + 1.0s following bursts. Peak MAP responses followed both peak
R-R interval (p<0.001) and peak changes in CO (p<0.001). Time to peak in R-R Interval and CO
were similar (p=0.46). At high altitude, peak changes in MAP (4 * 2s) also followed peak
changes in both R-R Interval (1.9 + 1.1s) and CO (2.9 + 1.1s) (p<0.001). Again, time to peak
changes in R-R Interval and CO were similar (p=0.23).

Time to peak in Sherpa and Andeans. In Sherpa, time to peak change in MAP (4.6
2.5s) followed peak changes in both CO (2.4 + 1.3s) and R-R interval (2.1 £ 1.5) (p<0.001).
Time to peak for CO and R-R interval were similar (p=0.56). In Andeans, time to peak changes
in MAP (3.1 £ 2.5s) also followed peak changes in CO (1.8 £ 1.0s) and R-R interval (1.3 + 1.0)

(p<0.01). Time to peak was similar between CO and R-R interval (p=0.17).
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Discussion

The purpose of the current investigation was to characterize the transduction of spontaneous
bursts of MSNA to cardiovascular outcomes in low and high-altitude populations. The main
findings were: 1) lowlanders exhibited a blunted neuro-cardiovascular transduction slope at high
altitude compared to sea level, but had a greater drop in blood pressure during non-burst
sequences; 2) Tibetan Sherpa showed an elevated transduction response compared to
Andeans, who had consistently blunted neuro-cardiovascular transduction; 3) the increase in
blood pressure following bursts of sympathetic activity was inversely related to prevailing levels
of MSNA independent of population (ANCOVA, p<0.001). Andeans (EE+ and EE-), who had the
highest resting values for burst frequency and incidence, consistently demonstrated a blunted
pressure (MAP) and heart rate (R-R interval) response to burst sequences compared to other
groups (Figures 4 & 5). Conversely, Sherpa showed greater vascular (MAP) and cardiac (R-R
interval) responses to burst sequences despite significantly lower resting SNA, indicating an
elevated transduction (Figures 4 & 5). These findings imply that neuro-cardiovascular
transduction is an inverse function of resting sympathetic activity, and thus may be
representative of a broader physiological adaptation to maintain normotensive pressure.
Alternatively, alterations (elevation or decrease) in the level of sympathetic signaling may be
required to compensate for blunted or heightened vascular responsiveness to vasoconstrictor

signals. Further interventional studies are required to delineate these mechanisms.

The impact of high altitude on neuro-cardiovascular transduction in lowlanders

Our findings demonstrate that transduction was blunted in lowlanders at high altitude.
This may be attributable to specific physiological changes which occur in response to hypoxic
exposure. Exposure to acute hypoxia is associated with a vasodilatory response (9, 23) which
may be balanced by the concomitant sympatho-excitatory response (20). The dilatory influence

of hypoxia may be reflected as the greater fall in pressure in non-burst sequences. The current

14



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

Phenotypic differences in neuro-cardiovascular transduction

findings demonstrate that the nadir pressor response (MAP) following non-burst sequences was
greater in lowlanders at high altitude (specifically for triplets and quadruplets+; Figure 4),
supporting the idea that an opposing dilatory response offsets the vasoconstrictor effects of
sympathetic activity following sympathetic bursts. This is supported by previous literature
documenting the influence of vasodilatory pathways on vascular function in lowlanders (9), and
concurs with the notion that the increase in sympathetic nervous system in response to hypoxia
may mask a greater hypoxic vasodilation (23). Additionally, it could be interpreted that the
elevation in SNA in acclimatizing lowlanders occurs to offset the influence of hypoxia mediated
vasodilation and hence act to preserve arterial pressure. Furthermore, a shift to a greater
proportion of larger burst sequences (Figure 3) may be beneficial in offsetting hypoxic
vasodilation. Maintaining oxygen delivery in conditions of hypoxic stress while modulating
sympathetic outflow to defend against hypotension represents a complex homeostatic

interaction in the control of blood pressure.

Differences in neuro-cardiovascular transduction between Sherpa, Andeans, and
acclimatizing lowlanders

Our results indicate that neuro-cardiovascular transduction is greatest in Sherpa
whereas transduction was overall blunted in the Andeans, with acclimatizing lowlanders falling
in the middle of these two populations. Despite differences in resting MSNA between groups,
(with Sherpa exhibiting low activity and Andeans exhibiting highest levels of activity), all groups
displayed similar values for blood pressure. Taken together, these findings indicate that the
inverse relationship between neuro-cardiovascular transduction and sympathetic activity is likely
an adaptive mechanism to maintain normal blood pressure. Previous work in patients with
obstructive sleep apnea showed that higher resting sympathetic outflow in the absence of
blunted transduction resulted in an elevation in blood pressure, suggesting that unaltered

vascular transduction may contribute to the development of hypertension (33). Conversely, we

15



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

Phenotypic differences in neuro-cardiovascular transduction

have demonstrated a blunted transduction during healthy pregnancies that appears to offset
sympathetic hyperactivity and maintain blood pressure (32). This supports our interpretation that
an adaptive resetting of neuro-cardiovascular transduction is an important response to maintain
normotensive pressure.

It has been previously reported that transduction is inversely related to sympathetic
baroreflex gain in young males (19).We have previously shown that there is an upward resetting
of the baroreflex upon ascent to high altitude, while Sherpa appear to have a lower baroreflex
operating point compared to acclimatizing lowlanders (28). Additionally, baroreflex operating
point has been reported to be similar between EE+ and EE- Andeans (30). Considering the
interaction between blood pressure control of SNA (baroreflex) and SNA control of blood
pressure (transduction), it is possible that baroreflex sensitivity may be an important regulatory
factor in the capacity of the cardiovascular system to buffer fluctuations in SNA. However, in a
subsequent analysis of our data we did not observe a relationship between previously reported
baroreflex gain values (28, 30) and transduction slope in the groups studied (lowlanders 344m,
r=-0.02; lowlanders 5050m, r= -0.2; Sherpa, r= 0.7; Andeans, r= -0.2). The incongruity between
our findings and those previously published by Hissen et al (2019) may arise due to differences
in methodological quantification of transduction. However, based on our current analyses,
sympathetic baroreflex gain does not appear to be related to the transduction response.

While renal adaptation and shift in blood volume over time at altitude may contribute to
control of blood pressure, our analyses focus specifically on acute neuro-cardiovascular control.
The mechanism(s) by which transduction is altered between high altitude groups remains
unclear. There may be a change in alpha adrenergic sensitivity or density to account for level of
MSNA in order to mitigate the magnitude of changes in pressure. Under resting conditions, tonic
sympathetic control over vascular tone is mediated primarily by noradrenaline binding to alpha 1
and 2 adrenergic receptors (10, 13). Changes in this distribution (i.e., changes in sensitivity or

receptor density) over time at high altitude may account for differences in neuro-cardiovascular
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transduction. This is supported by studies documenting a blunted vasoconstrictor response to
direct adrenergic stimulation in conscious rats following 4 weeks of hypoxic exposure (11, 24).
Although vascular sensitivity was not assessed in the current study, it has been previously
reported that healthy individuals at sea-level with higher resting MSNA demonstrate lower
vascular responsiveness to adrenergic stimulation, indicating that there is an offsetting of MSNA
at the level of the vasculature (8). Reduction in vascular sensitivity to MSNA could explain
blunted transduction in Andeans, who exhibited the highest resting sympathetic activity despite
having similar blood pressure to other groups. Reduced vascular sensitivity may be a
physiological adaptation to higher resting sympathetic outflow. Alternatively, it could be
interpreted that sympathetic outflow increases to account for low vascular sensitivity.
Additionally, differences in noradrenaline release, uptake, or degradation at the level of the
nerve terminal could contribute to the observed differences in the blood pressure response to
sympathetic outflow. The precise mechanisms underlying blunted (or elevated) transduction
have yet to be explored.

While our results indicate that the blunting (or elevation) in neuro-cardiovascular
transduction is related to prevailing sympathetic activity, phenotypic differences may in turn
drive the variation in resting sympathetic activity. Sherpa have been previously characterized as
having lower basal sympathetic activity but a greater vascular responsiveness to sympathetic
vasomotor drive compared to acclimatizing lowlanders (28). Thus, elevated transduction may be
a physiological mechanism acting in concert with lower resting sympathetic activity to maintain
vascular tone. Conversely, certain high altitude Andean populations have been characterized to
exhibit impaired endothelial function (34, 38). It has previously been suggested that heightened
sympathetic nerve activity may contribute to endothelial dysfunction (37); whether the systemic
vascular dysfunction is related to elevated MSNA in the Andeans is not clear, but possible
(although there are other factors that have been identified as a potential driver of impaired

vascular function, such as EE) (35). (34, 38). Poor endothelial functional and/or lowered nitric
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oxide (NO) bioavailability may contribute to a differential regulation of blood pressure in this
group. However, the absence (or reduction) of a vasodilatory signal to offset transduction would
likely result in a larger, rather than smaller, transduction response. In the current study, the
Andean group demonstrated a consistently blunted transduction response, suggesting that
decreased endothelial function and mechanisms of transduction are acting independently of
each other. Further work is needed to elucidate the relationship between vascular function, SNA
and neuro-cardiovascular transduction in these populations.

Although some form of sympathetic pathology related to vascular dysfunction may be
expected to be more prevalent in Andeans with EE as opposed to non-EE, we did not observe
any differences in our initial analysis of transduction (for both MAP and R-R interval) between
these groups, indicating that both groups have blunted transduction despite notable
hematological differences. While non-EE participants appeared to have elevated burst
frequency compared to EE participants, these differences were not statistically significant
(p=0.36). However, this may be attributable to low sample size within the current data set
(participants with EE, n=8; non-EE, n=7). Post hoc power analysis revealed low power for burst
frequency (0.3). Based on calculated effect size for the current analysis (0.56), 41 participants
would be required in each group to detect significant differences in MSNA burst frequency.
Future studies should aim to include a larger cohort in order to specifically characterize

pathology and neuro-cardiovascular transduction between EE and non-EE individuals.

CONSIDERATIONS

There are several considerations that should be recognized when interpreting our findings. First,
due to differences in basal MSNA, the proportion of single versus multiple bursts was different
across groups (Figure 3), resulting in a reduced sample size across burst sequences in groups
with lower resting MSNA (specifically for triplet and quad+ sequences). However, a transduction

slope was generated for each individual and scaled to the individual’'s SQ1 (Figure 1), and the
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generated relationships were linear regardless of dropout in higher (i.e., triplet, quad+) quartiles.
Additionally, each individual slope was weighted to account for the number of occurrences for
each sequence. Therefore, we believe our data are still representative of transduction across
individuals.

While we interpreted transduction to be an inverse relationship to resting sympathetic
activity, there remains a possibility that a ceiling effect of MSNA exists, in which elevated
bursting may not allow for vascular relaxation between bursts or groups of bursts (32). Lack of
vascular relaxation between burst sequences could result in pressure remaining elevated
following bursts, leading to an interpretation of apparent loss of transduction in groups with
higher resting burst incidence (31). However, as previously discussed, vascular adrenergic
sensitivity has been shown to be inversely related to resting MSNA (8); this strengthens our
interpretation that populations who exhibit higher MSNA have an adaptive reduction in vascular
sensitivity to, and thus a true blunting in their neuro-cardiovascular transduction rather than a
limitation of our analysis.

We recognize that the use of local or total vascular conductance would be highly
relevant in characterizing the effect of SNA on cardiovascular tone. However, there are some
methodological considerations and limitations in incorporating these measurements. Firstly,
there are methodological limitations of collecting continuous vascular flow data during the field
studies. We were unable to collect sufficient continuous flow data in all locations or participants
to make meaningful comparisons of local vascular conductance. Second, cardiac output
variations calculated from ModelFlow have not be validated in the populations or conditions
(prolonged hypoxia) of interest. We also recognize that in the current analysis we cannot
discern how differences in blood volume, contractility, afterload, stroke volume, and cardiac
output may affect the observed transduction (pressor) response. However, previous studies on
neuro-cardiovascular transduction have assessed blood pressure as a key cardiovascular

outcome using similar methodology to ourselves (14, 15, 32, 41). In these studies, using mean
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arterial pressure as an index of vascular tone did not influence the interpretation of differences
in neuro-cardiovascular transduction between groups or conditions. Thus, we believe that our
analysis of changes in mean arterial pressure (MAP) are still relevant in determining how a
given sympathetic stimulus affects cardiovascular function.

Our analysis of changes in R-R interval following burst sequences hinges on the
assumption that cardiac sympathetic activity is related to peripheral MSNA. Additionally, acute
alterations in heart rate could be interpreted as vagal withdrawal. However, the relationship
between burst sequences and the R-R interval response are consistent with what would be
expected for increases in sympathetic activity, i.e. R-R interval decreases (heart rate increases)
following bursts of sympathetic activity in an apparent dose (increasing sequence length and
burst amplitude; Figure 1) dependent manner. Additionally, in attempt to address whether
sympathetically mediated effects on heart rate corresponded to concurrent changes in cardiac
output, we conducted time to peak analyses in each group for measures of MAP, R-R interval,
and finometer derived cardiac output (CO). This analysis revealed that peak changes in BP
followed (by ~2-3s) the peak changes in both CO and R-R interval in all groups, while time to
peak between CO and R-R interval were similar. This finding suggests that changes in heart
rate are associated with concurrent changes in cardiac output. However, the dissociation of the
time to peak between heart rate (and cardiac output) and blood pressure also confirms the
distinct vascular influence of SNA on the observed BP response.

In this study, the Andean participants were significantly older compared to lowlanders;
this could be a contributor to higher prevailing MSNA, as MSNA has been previously reported to
be elevated in older populations (40). Additionally, Andean participants had a greater BMI
compared to both Sherpa and lowlanders. However, the novel finding of this study is that SNA is
inversely correlated with transduction; therefore, although age and/or BMI may account for
higher resting SNA, our findings remain relevant in understanding blood pressure control across

populations exhibiting sympathetic hyperactivity. Additional ANCOVA analyses revealed that
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when both age and BMI were taken into account, burst frequency remained significant (p=0.013

and p=0.034, respectively) as was mean transduction slope (age, p=0.005; BMI, p=0.005).

PERSPECTIVES

In the current study we have demonstrated that sympathetic neuro-cardiovascular
transduction is inversely related to resting levels of MSNA. Our data indicates that there is a
downregulation (or upregulation) of vascular sensitivity to MSNA based on the prevailing level of
signaling. Thus, we suggest that although there are adaptive differences between populations,
blood pressure responsiveness to sympathetic outflow is representative of a broader
physiological adaptation to maintain control of blood pressure, rather than a consequence
specific to hypoxic exposure. Alternatively, MSNA could be increased in order to maintain
vascular resistance and therefore blood pressure in cases of blunted vascular responsiveness.
Future analysis should incorporate direct adrenergic stimulation or blockade in order to isolate
whether this adapted response is mediated by the vasculature (i.e., down-regulation of
sensitivity) or neural outflow (i.e., increased MSNA to account for level of sensitivity).
Additionally, experimental studies should directly assess the influence of heightened SNA on

transduction over time.

21



565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

Phenotypic differences in neuro-cardiovascular transduction

AUTHOR CONTRIBUTIONS

LFB and CDS contributed to the conception of the study. GMF and CDS contributed to
conception and development of the analytical approach. GMF wrote the analysis software.
CKW, MMT, VF, PNA, MS, JPM and CDS contributed to the design and conduct of the
experiments carried out as part of the 2016 and 2018 expeditions. LFB, LLS, ERV, SAB, ARS,
VLM, JSL, RJF, GAV, CG, MS, JPM and CDS contributed to the acquisition and or analysis of data.
LFB, GMF, LLS, ERV, SAB, ARS, VLM, JSL, RIF, GAV, FV, CG, MMT, PNA, MS, JPM, and CDS
contributed to the interpretation of data and the writing and critical revision of the manuscript.
All authors approved the final version of the manuscript submitted for publication and agree to
be accountable for all aspects of the work. All persons included as an author qualify for

authorship, and all those who qualify for authorship are listed.

COMPETING INTERESTS

None

SOURCES OF FUNDING

This research has been funded by the Natural Sciences and Engineering Research Council of
Canada (NSERC; GMF RGPIN 05205, CDS RGPIN 06637, PNA RGPIN 0821-01), The Physiological
Society research grant scheme (MS), Santander Mobility fund (LLS, MS, JPM) and Gilchrist
Educational Trust (LLS, JPM, MS). CDS is funded by a Heart and Stroke Foundation of Canada

Joint National and Alberta New Investigator Award (HSFC NNIA Steinback). PNA is a Tier I

Canada Research Chair in Cerebrovascular Physiology (950-230970).

ACKNOWLEDGMENTS
We would like to thank the Sherpa and Andean participants for their time and participation in

these research protocols.

22



588

Phenotypic differences in neuro-cardiovascular transduction

23



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

Phenotypic differences in neuro-cardiovascular transduction

REFERENCES

1.

10.

Aldenderfer M. Clearing the (high) air. Science (80-. ). 365 American Association for the
Advancement of Science: 541-542, 2019.

Beall CM. Andean, Tibetan, and Ethiopian patterns of adaptation to high-altitude hypoxia.
Integr Comp Biol 46: 18-24, 2006.

Beall CM. Two routes to functional adaptation: Tibetan and andean high-altitude natives.
Light Evol. 1: 239-255, 2007.

Bernardi L, Passino C, Spadacini G, Calciati A, Robergs R, Greene R, Martignoni E,
Anand |, Appenzeller O. Cardiovascular autonomic modulation and activity of carotid
baroreceptors at altitude. Clin Sci 95: 565-573, 1998.

Bhandari S, Cavalleri GL. Population History and Altitude-Related Adaptation in the
Sherpa. Front Physiol 10: 1-12, 2019.

Busch SA, Davies H, Van Diepen S, Simpson LL, Sobierajski F, Riske L,
Stembridge M, Ainslie PN, Willie CK, Hoiland R, Moore JP, Steinback CD.
Chemoreflex mediated arrhythmia during apnea at 5,050 m in low- but not high-altitude
natives. J. Appl. Physiol. 124: 930-937, 2018.

Busch SA, Simpson LL, Sobierajski F, Riske L, Ainslie PN, Willie CK, Stembridge
M, Moore JP, Steinback CD. Muscle Sympathetic Reactivity to Apneic and Exercise
Stress in High-Altitude Sherpa. Am. J. Physiol. Integr. Comp. Physiol. ( January 8, 2020).
doi: 10.1152/ajpregu.00119.2019.

Charkoudian N, Joyner MJ, Sokolnicki LA, Johnson CP, Eisenach JH, Dietz NM,
Curry TB, Wallin BG. Vascular adrenergic responsiveness is inversely related to tonic
activity of sympathetic vasoconstrictor nerves in humans. J Physiol 572: 821-827, 2006.
Dinenno FA. Skeletal muscle vasodilation during systemic hypoxia in humans. J Appl
Physiol 120: 216-225, 2016.

Dinenno FA, Joyner MJ, Halliwill JR. Failure of Systemic Hypoxia to Blunt a-Adrenergic

24



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

Phenotypic differences in neuro-cardiovascular transduction

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Vasoconstriction in the Human Forearm. J Physiol 549: 985-994, 2003.

Doyle MP, Walker BR. Attentuation of systemic vasoreactivity in chronically hypoxic rats.
Am J Physiol 260: R1114-22, 1991.

Duplain H, Vollenweider L, Delabays A, Nicod P, Bartsch P, Scherrer U. Augmented
sympathetic activation during short-term hypoxia and high- altitude exposure in subjects
susceptible to high-altitude pulmonary edema. Circulation 99: 1713-1718, 1999.

Fairfax ST, Holwerda SW, Credeur DP, Zuidema MY, Medley JH, Dyke PC, Wray DW,
Davis MJ, Fadel PJ. The role of a-adrenergic receptors in mediating beat-by-beat
sympathetic vascular transduction in the forearm of resting man. J Physiol 591: 3637—-
3649, 2013.

Fairfax ST, Padilla J, Vianna LC, Davis MJ, Fadel PJ. Spontaneous bursts of muscle
sympathetic nerve activity decrease leg vascular conductance in resting humans. Am. J.
Physiol. - Hear. Circ. Physiol. 304: 2013.

Gunnar Wallin B, Nerhed C. Relationship between spontaneous variations of muscle
sympathetic activity and succeeding changes of blood pressure in man. J Auton Nerv
Syst 6: 293-302, 1982.

Hagbarth K-E, Vallbo AB. Pulse and Respiratory Grouping of Sympathetic Impulses in
Human Muscle Nerves. Acta Physiol Scand 74: 96—-108, 1968.

Hansen J, Sander M. Sympathetic neural overactivity in healthy humans after prolonged
exposure to hypobaric hypoxia. J Physiol 546: 921-929, 2003.

Hinkle DE, Wiersma W, Jurs SG. Multiple Comparison Procedures. [Online].
https://trove.nla.gov.au/work/7755336# [14 May 2020].

Hissen SL, Macefield VG, Brown R, Taylor CE. Sympathetic baroreflex sensitivity is
inversely related to vascular transduction in men but not women. Am J Physiol - Hear
Circ Physiol 317: H1203-H1209, 2019.

Joyner MJ, Casey DP. Muscle blood flow, hypoxia, and hypoperfusion. J. Appl. Physiol.

25



Phenotypic differences in neuro-cardiovascular transduction

641 116 American Physiological Society: 852—-857, 2014.

642 21. Leébn-Velarde F, Maggiorini M, Reeves JT, Aldashev A, Asmus |, Bernardi L, Ge RL,

643 Hackett P, Kobayashi T, Moore LG, Penaloza D, Richalet JP, Roach R, Wu T, Vargas
644 E, Zubieta-Castillo G, Zubieta-Calleja G. Consensus statement on chronic and
645 subacute high altitude diseases. High Alt. Med. Biol. 6: 147—157, 2005.

646 22. Lundby C, Calbet J, van Hall G, Saltin B, Sander M. Sustained sympathetic activity in
647 altitude acclimatizing lowlanders and high-altitude natives. Scand J Med Sci Sport 28:
648 854-861, 2018.

649 23. Markwald RR, Kirby BS, Crecelius AR, Carlson RE, Voyles WF, Dinenno FA.

650 Combined inhibition of nitric oxide and vasodilating prostaglandins abolishes forearm
651 vasodilatation to systemic hypoxia in healthy humans. J Physiol 589: 1979-1990, 2011.
652 24. Marshall JM. Interactions between local dilator and sympathetic vasoconstrictor

653 influences in skeletal muscle in acute and chronic hypoxia. Exp Physiol 100: 1400-1411,
654 2015.

655 25. Ossendorf G, Groos AR, Bromm T, Tekelemariam MG, Glaser B, Lesur J, Schmidt

656 J, Akcgar N, Bekele T, Beldados A, Demissew S, Kahsay TH, Nash BP, Nauss T,
657 Negash A, Nemomissa S, Veit H, Vogelsang R, Woldu Z, Zech W, Opgenoorth L,
658 Miehe G. Middle Stone Age foragers resided in high elevations of the glaciated Bale
659 Mountains, Ethiopia. Science (80- ) 365: 583-587, 2019.

660 26. Sander M. Does the Sympathetic Nervous System Adapt to Chronic Altitude Exposure?
661 375-393, 2016.

662 27. Schmidt EA, Despas F, Traon AP Le, Czosnyka Z, Pickard JD, Rahmouni K, Pathak
663 A, Senard JM. Intracranial pressure is a determinant of sympathetic activity. Front

664 Physiol 9, 2018.

665 28. Simpson LL, Busch SA, Oliver SJ, Ainslie PN, Stembridge M, Steinback CD, Moore

666 JP. Baroreflex control of sympathetic vasomotor activity and resting arterial pressure at

26



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

Phenotypic differences in neuro-cardiovascular transduction

29.

30.

31.

32.

33.

34.

high altitude: insight from Lowlanders and Sherpa. J Physiol 597: 2379-2390, 2019.
Simpson LL, Meah VL, Steele A, Thapamagar S, Gasho C, Anholm JD, Drane AL,
Dawkins TG, Busch SA, Oliver SJ, Lawley JS, Tymko MM, Ainslie PN, Steinback
CD, Stembridge M, Moore JP. Evidence for a physiological role of pulmonary arterial
baroreceptors in sympathetic neural activation in healthy humans. J. Physiol. ( January
24, 2020). doi: 10.1113/JP278731.

Simpson LL, Meah VL, Steele AR, Gasho C, Howe CA, Dawkins TG, Busch SA,
Oliver SJ, Moralez G, Lawley JS, Tymko MM, Vizcardo-Galindo GA, Figueroa-Mujica
RJ, Villafuerte FC, Ainslie PN, Stembridge M, Steinback CD, Moore JP. Global
REACH: Andean highlanders, chronic mountain sickness and the integrative regulation of
resting blood pressure. Exp. Physiol. ( April 9, 2020). doi: 10.1113/EP088473.

Somers VK, Mark AL, Zavala DC, Abboud FM. Contrasting effects of hypoxia and
hypercapnia on ventilation and sympathetic activity in humans. J Appl Physiol 67: 2101—
2106, 1989.

Steinback CD, Fraser GM, Usselman CW, Reyes LM, Julian CG, Stickland MK, Chari
RS, Khurana R, Davidge ST, Davenport MH. Blunted sympathetic neurovascular
transduction during normotensive pregnancy. J Physiol 597: 3687-3696, 2019.

Tamisier R, Tan CO, Pepin J-L, Levy P, Taylor JA. Blood Pressure Increases in OSA
due to Maintained Neurovascular Sympathetic Transduction: Impact of CPAP. Sleep 38:
1973-1980, 2015.

Tremblay JC, Coombs GB, Howe CA, Vizcardo-Galindo G, Figueroa-Mujica RJ,
Bermudez D, Tymko MM, Villafuerte FC, Ainslie PN, Pyke KE. GLOBAL REACH
2018: REDUCED FLOW-MEDIATED DILATION STIMULATED BY SUSTAINED
INCREASES IN SHEAR STRESS IN HIGH-ALTITUDE EXCESSIVE
ERYTHROCYTOSIS. Am. J. Physiol. Circ. Physiol. ( August 23, 2019). doi:

10.1152/ajpheart.00316.2019.
27



693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

Phenotypic differences in neuro-cardiovascular transduction

35.

36.

37.

38.

39.

40.

41.

Tremblay JC, Hoiland RL, Howe CA, Coombs GB, Vizcardo-Galindo GA, Figueroa-
Mujica RJ, Bermudez D, Gibbons TD, Stacey BS, Bailey DM, Tymko MM, MacLeod
DB, Gasho C, Villafuerte FC, Pyke KE, Ainslie PN. Global REACH 2018: High Blood
Viscosity and Hemoglobin Concentration Contribute to Reduced Flow-Mediated Dilation
in High-Altitude Excessive Erythrocytosis. Hypertens (Dallas, Tex 1979) 73: 1327—1335,
2019.

Tymko MM, Hoiland RL, Tremblay JC, Stembridge M, Dawkins T, Coombs GB,
Patrician A, Howe CA, Gibbons TD, Moore JP, Simpson LL, Steinback CD, Meah
VL, Stacey BS, Bailey DM, MacLeod D, Gasho C, Anholm J, Bain A, Lawley JS,
Villafuerte F, Vizcardo G, Ainslie PN. The 2018 Global Research Expedition on
Altitude-Related Chronic Health (REACH) to Cerro de Pasco, Peru: An experimental
overview. Exp. Physiol. ( April 1, 2020). doi: 10.1113/ep088350.

Tymko MM, Tremblay JC, Bailey DM, Green DJ, Ainslie PN. The impact of
hypoxaemia on vascular function in lowlanders and high altitude indigenous populations.
J. Physiol. (2019). doi: 10.1113/JP277191.

Tymko MM, Tremblay JC, Bailey DM, Green DJ, Ainslie PN. The impact of
hypoxaemia on vascular function in lowlanders and high altitude indigenous populations.
J. Physiol. ( November 2, 2019). doi: 10.1113/JP277191.

Tymko MM, Tremblay JC, Steinback CD, Moore JP, Hansen AB, Patrician A, Howe
CA, Hoiland RL, Green DJ, Ainslie PN. UBC-Nepal Expedition: acute alterations in
sympathetic nervous activity do not influence brachial artery endothelial function at sea
level and high altitude. J Appl Physiol 123: 1386-1396, 2017.

Vianna LC, Hart EC, Fairfax ST, Charkoudian N, Joyner MJ, Fadel PJ. Influence of
age and sex on the pressor response following a spontaneous burst of muscle
sympathetic nerve activity. Am J Physiol - Hear Circ Physiol 302, 2012.

Vranish JR, Holwerda SW, Young BE, Credeur DP, Patik JC, Barbosa TC, Keller

28



719

720

721

722

723

724

725

726

727

728

729

730

731

Phenotypic differences in neuro-cardiovascular transduction

42.

43.

DM, Fadel PJ. Exaggerated Vasoconstriction to Spontaneous Bursts of Muscle
Sympathetic Nerve Activity in Healthy Young Black Men. Hypertension 71: 192—-198,
2018.

Willie CK, Stembridge M, Hoiland RL, Tymko MM, Tremblay JC, Patrician A,
Steinback C, Moore J, Anholm J, Subedi P, Niroula S, McNeil CJ, McManus A,
MacLeod DB, Ainslie PN. UBC-Nepal Expedition: An experimental overview of the 2016
University of British Columbia Scientific Expedition to Nepal Himalaya. PLoS One 13,
2018.

Zhang W, Jiao L, Liu R, Zhang Y, Ji Q, Zhang H, Gao X, Ma Y, Ning Shi H. The effect
of exposure to high altitude and low oxygen on intestinal microbial communities in mice.

(2018). doi: 10.1371/journal.pone.0203701.

29



732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

Phenotypic differences in neuro-cardiovascular transduction

FIGURE CAPTIONS

Figure 1. Example figure of quartile data. Representative bursts for a given quartile (Q1, Q2,
Q3, Q4) within each burst sequence type (singlets, couplets, triplets, quad+). Bursts are scaled
(LabChart) to mean burst amplitude for each participant. Burst size (i.e., normalized amplitude)
and number of bursts (i.e., sequence) increases linearly with the magnitude of the physiological
(outcome variable) response. Peak responses (Y axis) to burst sequences were identified within
the 15 cardiac cycles (X axis) following a sequence. This quantification of transduction is
indicative of how varying levels of neural activity influence the pressor response. This
relationship was assessed in each individual participant and then used to obtain a mean
transduction slope per group.

Figure 2. Integrated muscle sympathetic nerve activity signal over 30 seconds of baseline.
Bursts are scaled (LabChart) to mean burst amplitude for each participant. Individual signal is
representative of each group. A: Lowlander at low altitude (344m); B, same lowlander
participant at high altitude (5050m); C, Sherpa (5050m); D, Andeans (4380m). Average burst
frequency (bursts/min), burst incidence (bursts/100 heart beats), MAP (mmHg), HR (bpm),
represented for each individual.

Figure 3. Percentage of total activity within a given sequence (singlet, couplet, triplet, quad+)
per group. Data are represented as mean * SD. A: Lowlanders at low altitude (singlets, n=14;
couplets, n=14; triplets, n=8; quad+, n=6). B: Lowlanders at high altitude (singlets, couplets,
triplets, n=14; quad+, n=13). C: Sherpa at 5050m (singlets, couplets, triplets, n=8; quad+, n=5).
D, Andeans at 4380m (singlets, n=15; couplets, triplets, quad+, n=14). Andeans with diagnosis
of excessive erythrocytosis (EE) are depicted by gray circles.

Figure 4. Change mean arterial pressure (MAP; mmHg) following burst sequences (Panel A)
and non-burst sequences (Panel B). Data are represented as mean + SD. Panel A: Lowlanders
at low altitude (singlets, couplets, n=14; triplets, n=8; quad+, n=6), Lowlanders at high altitude
(singlets, couplets, triplets, n=14; quad+, n=13), Sherpa (singlets, couplets, triplets, n=8; quad+,
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n=5), Andeans (singlets, n=15; couplets, triplets, quad+, n=14). Panel B: Lowlanders at low
altitude (singlets, couplets, triplets, n=13; quad+, n=14), Lowlanders at high altitude (singlets,
couplets, quad+, n=14; triplets, n=13), Sherpa (n=8), Andeans (singlets, n=15; couplets, n=13;
triplets, n=11; quad+, n=9). Andeans with diagnosis of excessive erythrocytosis (EE) are
depicted by gray circles. Sherpa showed significantly elevated pressor response following burst
sequences compared to lowlanders at high altitude (p=0.010) and Andeans (p<0.001) (Panel
A). Lowlanders at high altitude had a significantly greater drop in pressure following non burst
sequences compared to at low altitude (p<0.001) and compared to Andeans (p=0.017) (Panel
B).

Figure 5. Change R-R interval (RRI; s) following burst sequences (Panel A) and non-burst
sequences (Panel B). Data are represented as mean = SD. Panel A: Lowlanders at low altitude
(singlets, couplets, n=14; triplets, n=8; quad+, n=6), Lowlanders at high altitude (singlets,
couplets, triplets, n=14; quad+, n=13), Sherpa (singlets, couplets, triplets, n=8; quad+, n=5),
Andeans (singlets, n=15; couplets, triplets, quad+, n=14). Panel B: Lowlanders at low altitude
(singlets, couplets, triplet, n=13; quad+, n=14), Lowlanders at high altitude (singlets, couplets,
quad+, n=14; triplets, n=13), Sherpa (n=8), Andeans (singlets, n=15; couplets, n=13 triplets,
n=11; quad+, n=9). Andeans with diagnosis of excessive erythrocytosis (EE) are depicted by
gray circles. Lowlanders and Sherpa had a greater drop in R-R Interval following burst
sequences compared to Andeans (p<0.01; p=0.02) (Panel A).

Figure 6. Mean transduction slope for arterial pressure (MAP; mmHg) plotted against burst
frequency (bursts/min). Individual slopes are weighted in order to account for proportions of
bursts within each sequence. Panel A, Lowlanders at low (344m) altitude (n=13), r= -0.67; B,
Lowlanders at high (5050m) altitude (n=14), r=-0.65; C, Sherpa at high (5050m) altitude (n=8),
r=-0.53; D, Andeans at high (4300m) altitude (n=13), r= -0.69. Andeans with diagnosis of

excessive erythrocytosis (EE) are depicted by gray circles. Data fitted to linear regression
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model; 95% confidence interval. Pearson correlation coefficient (r), R squared () and p value
are reported for each group.

Figure 7. Mean transduction slope for R-R interval (s) plotted against burst frequency. Individual
slopes are weighted in order to account for proportions of bursts within each sequence. Panel A,
Lowlanders at low (344m) altitude (n=14); B, Lowlanders at high (5050m) altitude (n=14); C,
Sherpa at high (5050m) altitude (n=8); D, Andeans at high (4300m) altitude (n=13). Andeans
with diagnosis of excessive erythrocytosis (EE) are depicted by gray circles. Data fitted to

exponential decay function for regression.
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Table 1: Participant demographics and physiological characteristics

LOW ALTITUDE NATIVES HIGH ALTITUDE NATIVES
High Tibetan Main
Low Altitude Altitude Sherpa Andean Effect of Paired Ttest
(344m) (5050m) (5050m) (4380m) Group (Low to High)
(n=14; 12 (n=15; 15

(n=14; 12 M) M) (n=8; 8 M) M) p value p value
Age (yrs) 27+1 27+1 32+5 42+3 0.001 -
Height (cm) 177 +£2 177 £2 168 +3 161 1 <0.001 -
Weight (kg) 72+3 69 +2 64+4 70+3 0.396 -
BMI (kg/m?) 23 +1 22+1 23+1 27+1 0.002 -
Heart Rate (bpm) 53+3 64+4 68=+5 68+3 0.625 0.03
R-R Interval (sec) 1.2+0.10 0.97+0.05 0.93+0.11 0.9+£0.04 0.655 0.025
Mean Arterial Pressure (mmHg) 84+2 86+3 83+3 86+2 0.773 0.638
MAP Delta Mean (mmHg) 1.1+£0.1 1.3+0.1 1.2+0.1 0.87+0.1 0.009 0.26
Systolic Arterial Pressure (mmHg) 118 £3 112+£3 110+3 110+2 0.871 0.072
Diastolic Arterial Pressure (mmHg) 67+2 70+3 65+3 72+1 0.154 0.146
Cardiac Output (L/min) 53403 53+£03 6=+0.6 6+0.3 0.441 1
Total Peripheral Resistance
(mmHg/L/min) 171 17+1 16 +£2 15+1 0.463 0.595
Total Peripheral Conductance 0.063 £
(L/mmHg/min) 0.063 +0.003 0.003 0.07 £ 0.01 0.068 + 0.004 0.218 0.612
Peripheral Oxygen Saturation (%) - 82+1 82+ 1 81+1 0.595 -
Burst Incidence (bursts/100 heart beats) 22+3 47+ 4 30+5 57+4 0.002 <0.001
Burst Frequency
(bursts/min) 11+1 30+2 23+4 39+3 0.006 <0.001

BMI, Body Mass Index; Cardiac output, total peripheral resistance and total peripheral conductance calculated from finger
photoplethysmography. One-way ANOVA used to determine differences between high altitude groups; paired, two tailed t-tests used to
compare lowlanders from low to high altitude. Values are mean +/- SE.
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A Lowlanders LA (344m) B Lowlanders HA (5050m)

8 bursts/min
21 bursts/100HB
MAP: 84 £ 2
HR:53+3

it M

27 bursts/min
39 bursts/100HB
MAP: 86 £ 3
HR:64 + 4

C Sherpa HA (5050m)

19 bursts/min
28 bursts/100HB
MAP:83+3
HR:68 £ 5

D Andeans HA (4300m)

47 bursts/min
60 bursts/100HB
MAP: 86 + 2
HR:68 +3

10 sec
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