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Abstract

Rationale: Chronic exposure to hypoxia is associated with elevated sympathetic nervous activity 

(SNA) and reduced vascular function in lowlanders, and Andean highlanders suffering from 

excessive erythrocytosis (EE); however, the mechanistic-link between chronically elevated SNA 

and hypoxia-induced vascular dysfunction has not been determined.

Objective: To determine the impact of heightened SNA on resistance artery endothelial-

dependent dilation (EDD), and endothelial-independent dilation (EID), in lowlanders and Andean 

highlanders with and without EE.
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Methods and Results: We tested healthy lowlanders (n=9) at sea-level (344m) and following 

14–21 days at high-altitude (4300 m), and permanent Andean highlanders with (n=6) and without 

(n=9) EE at high-altitude. Vascular function was assessed using intra-arterial infusions (three 

progressive doses) of acetylcholine (ACh; EDD) and sodium nitroprusside (SNP; EID) before and 

after local α+β adrenergic receptor blockade (phentolamine and propranolol). Intra-arterial blood 

pressure, heart rate, and simultaneous brachial artery diameter and blood velocity were recorded at 

rest and during drug infusion. Changes in forearm vascular conductance (ΔFVC) were calculated. 

The main findings were: 1) chronic hypoxia reduced EDD in lowlanders (ΔFVC from sea-level: 

ACh1: −52.7±19.6%, ACh2: −25.4±38.7%, ACh3: −35.1±34.7%, all P≤0.02); and in Andeans 

with EE compared to non-EE (ΔFVC at ACh3: −36.4%, P=0.007). Adrenergic blockade fully 

restored EDD in lowlanders at high-altitude, and normalized EDD between EE and non-EE 

Andeans. 2) Chronic hypoxia had no effect on EID in lowlanders, and no differences were 

detected between EE and non-EE Andeans; however, EID was increased in the non-EE Andeans 

after adrenergic blockade (P=0.012), but this effect was not observed in the EE Andeans.

Conclusions: These data indicate that chronic hypoxia reduces EDD via heightened α-

adrenergic signaling in lowlanders and in Andeans with EE. These vascular mechanisms have 

important implications for understanding the physiological consequences of acute and chronic 

high-altitude adaptation.

Graphical Abstract

Brachial artery vascular function was quantified at sea level, and after acclimatization to high 

altitude (4300 m; Cerro de Pasco, Peru), using forearm intra-arterial infusions of vasoactive drugs 

(acetylcholine, endothelial-dependent vasodilation; sodium nitroprusside, endothelial-independent 
vasodilation) before and after forearm adrenergic blockade (phentolamine, non-selective α-

adrenergic blockade; propranolol, non-selective β-adrenergic blockade). The primary main finding 

was that high altitude exposure elevated muscle sympathetic nervous activity and reduced 

endothelial-dependent function, which was fully restored after adrenergic blockade in lowlanders 

(n=9). The same protocol was repeated in Andean highlanders with (n=6) and without (n=9) 

excessive erythrocytosis (defined as hemoglobin >21 g/dl in males). Andeans with excessive 

erythrocytosis had elevated muscle sympathetic nervous activity and reduced endothelial-

dependent function compared to their healthy counterparts, but vascular function was normalized 

between groups after forearm adrenergic blockade. These data establish the direct-link between 

heightened neural activity and reduced endothelial-dependent function at high altitude.
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INTRODUCTION

Exposure to acute hypoxia induces several vascular and autonomic-related adjustments 

resulting in increased signaling of local vasodilatory substances1, 2, and increased 

sympathetic nervous activity3, 4. Local vasodilatory signaling including the production of 

nitric oxide and prostaglandins5, ATP6, 7, and the activation of inwardly-rectifying 

potassium channels8, serve to increase blood flow and oxygen delivery to metabolically 

active tissues. At the same time, the dramatic rise in sympathetic nervous system activity 

counteracts and restrains the local vasodilatory response to hypoxia. The complex interplay 

between local vasodilatory signaling and sympathetic nervous activity signalling results in 

mild systemic vasodilation that serves to ensure proper blood flow and oxygen delivery to 

peripheral tissues. However, chronic exposure to severe hypoxia (e.g. high altitude, >3000 

m) results in sustained increases in sympathetic nervous activity9–11, reduced conduit artery 

endothelial-dependent dilation10, 12, 13, and reduced conduit artery endothelial-independent 
dilation12. Importantly, exaggerated sympathetic nervous activity and impaired endothelial 

function are primary pathophysiological characteristics of many cardiopulmonary diseases 

characterized by sustained or intermittent hypoxia, such as: heart failure14, chronic 

obstructive pulmonary disease15, and sleep apnea16.

The key mechanism(s) responsible for the development of arterial dysfunction with long-

term exposure to severe hypoxia are not well understood, but is likely multifactorial and 

includes elevated oxidative stress17–19, changes in hemodynamics such as shear stress and 

blood pressure13, 20, 21, and elevations in sympathetic nervous activity22. Investigations on 
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the mechanism(s) of chronic hypoxemia induced arterial dysfunction have been conducted 

almost exclusively in large elastic arteries which serve as structural conduits for blood flow, 

as opposed to resistance arteries which are most directly responsible for sensing alterations 

in oxygen availability and sympathetic vasoconstrictor signaling23, 24. To date, limited 

evidence indicates that acute increases in sympathetic nervous activity are associated with 

reduced conduit artery endothelial-dependent dilation at sea level22, 25, 26; however, the 

mechanistic link between chronically elevated sympathetic nervous activity and endothelial-

dependent dilation in lowlanders exposed to chronic hypoxemia, and in highlander residents, 

remains uncertain.

Considerably less is known regarding the impact of permanent living at high altitude on 

vascular function, but it is well established that indigenous populations (e.g. Tibetans, 

Peruvians, Ethiopians) are at risk of developing high altitude illness. The Andean plateau 

has been populated for at least 7,000 years27, 28, and up to ~30% of long-term high altitude 

male residents in the Cerro de Pasco region, Peru, are prone to suffering from chronic 

mountain sickness29, 30. Although chronic mountain sickness is prevalent within other high 

altitude populations such as Han Chinese, a recent meta-analysis demonstrated that Andean 

highlanders have consistently higher concentrations of hemoglobin and hematocrit31. 

Chronic mountain sickness is characterized by an excessive production of red blood cells 

[i.e. excessive erythrocytosis (i.e. EE)], which potentially leads to more severe hypoxemia 

and greater cardiovascular disease risk32, 33. A previous investigation conducted in Andean 

highlanders demonstrated that Andeans with EE have impaired conduit artery endothelial-

dependent dilation (i.e. reduced brachial artery flow-mediated dilation) compared to healthy 

Andean highlanders, despite preserved endothelial-independent dilation (assessed via 

sublingual nitroglycerin)34. However, no studies have examined the underlying 

mechanism(s) related to microvascular endothelial-dependent dilation in Andeans with and 

without EE. Interestingly, Andean highlanders with EE have exaggerated plasma 

norepinephrine compared to non-EE Andeans – indicating that sympathetic nervous activity 

is elevated compared to their healthy counterparts35, but this has yet to be confirmed via 

microneurography (i.e. direct recording of muscle sympathetic nervous activity). It is 

currently unknown whether the observed reductions in endothelial-dependent dilation in EE 

Andean highlanders are mediated via exaggerated sympathetic nervous activity.

The primary purpose of the current investigation was to determine if vascular dysfunction 

induced by chronic hypoxemia is due to heightened adrenergic signalling in lowlanders, and 

in Andean highlanders with EE. We hypothesized that: 1) resistance artery endothelial-

dependent dilation, would be reduced at high altitude in lowlanders compared to sea level, 

and Andean highlanders with EE compared to healthy Andeans, and this impairment would 

be ameliorated after forearm adrenergic blockade; and 2) resistance artery endothelial-

independent dilation would be reduced in lowlanders at high altitude compared to sea level, 

and there would be no differences observed between EE and non-EE Andeans. To test these 

hypotheses, we administered graded intra-arterial infusions of acetylcholine (ACh; 

endothelium-dependent vasodilator) and sodium nitroprusside (SNP; endothelium-

independent vasodilator) before and after local forearm adrenergic blockade (phentolamine 

and propranolol).
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METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Ethical approval.

The Clinical Research Ethics Board at the University of British Columbia (ethics H17–

02687 and H18–01404), and the Universidad Peruana Cayetano Heredia Comité de Ética 

(ethics #101686) approved all experimental procedures and protocols in adherence with the 

principles of the Declaration of Helsinki (except registration in a database). All participants 

provided written informed consent before participation in this study. Andean participants 

were provided with a translated consent form and a Spanish translator thoroughly explained 

the experimental protocol prior to consent. This investigation was part of a larger research 

expedition conducted between March and July 2018. Therefore, all participants underwent 

extensive physiological assessments at the Unviersity of British Columbia (Kelowna, British 

Columbia; 344 m) and during ~three weeks at a high altitude laboratory located in Cerro de 

Pasco, Peru (4300 m), but at least eight hours of recovery (and total drug washout if 

applicable; i.e. five half-lives) from other assessments was required prior to participation in 

this study.

Participants.

Lowlander participants (n=11; all male) were normotensive (systolic blood pressure <140 

and diastolic blood pressure <90 mmHg) at rest, and were asked to complete a medical 

history questionnaire. Because female research volunteers were prioritized for participation 

in separate studies focused on sex differences and altitude acclimatization, and chronic 

mountain sickness preferentially affects Andean males32, all participants in this investigation 

were male. Participants with history of smoking, cardiovascular, cerebrovascular, or 

respiratory disease were avoided. One lowlander participant was excluded from data analysis 

due to equipment malfunction at sea level, and a second lowlander declined to participate in 

the experiment at high altitude. All lowlander participants arrived in Cerro de Pasco, Peru 

(4300 m) within a three-day period, and were tested between 14–21 days after arrival. Upon 

ascent, all participants refrained from prophylactic use of oral acetazolamide (i.e., Diamox); 

however, medical personnel instructed two participants to take acetazolamide briefly for the 

treatment of acute mountain illness symptoms within the first week of arrival in Cerro de 

Pasco. In these two cases, experimentation was completed outside of the drug elimination 

time of acetazolamide. In addition, participants were asked to avoid using aspirin, non-

steroidal anti-inflammatory, and phosphodiesterase-5 inhibitors (e.g. sildenafil) for at least 

24 hours prior to experimentation, and no participants in this study were administered 

corticosteroids (e.g. dexamethasone). Andean participants who were born, permanently 

living in the Cerro de Pasco region, and have no history of working in the mining industry 

were recruited for the study using a pre-existing database. Andean participants (n=15; 6 

diagnosed with EE) were not taking any medications, and after consent was obtained, a 

venous blood sample was utilized to diagnose EE, which was defined as having a 

hemoglobin [Hb] >21.0 g/dl. Chronic mountain sickness was determined using the Qinghai 

chronic mountain sickness score36. A score of zero (i.e. absent), to three (i.e. severe), was 
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assigned for the following signs and symptoms: breathlessness/palpitations, sleep 

disturbance, cyanosis, venodilation, paresthesia, headache, and tinnitus. The sum of the 

score for each symptom and EE defines chronic mountain sickness severity as absent (0–5), 

mild (6–10), moderate (11–14), and severe (≥ 15)36. Blood pressure data during the intra-

arterial ACh and SNP infusion was absent in two Andean participants (one EE, and one non-

EE) due to equipment malfunction; therefore, an estimation of the blood pressure response 

within these two individuals to ACh and SNP was calculated based on the group mean 

average. Interpolating these data points did not alter our study findings.

Experimental design.

To address our research questions, we conducted two protocols: Protocol A: lowlanders at 

sea level vs. high altitude, and Protocol B: healthy Andean highlanders vs. Andeans with EE 

(see figure 1). Prior to each experiment, all participants avoided alcohol, caffeine, and tea 

(e.g. regular and coca tea) for at least 12-hours. Additionally, participants were asked to 

consume a light meal at least two-hours prior to experimentation.

General procedures.

After local anesthesia (2% lidocaine), a 20-gauge, 7.6 cm catheter (Arrow International, 

Reading, PA) was inserted retrograde into the brachial artery using ultrasound guidance and 

a modified Seldinger technique. The catheter was connected to an arterial blood sampling kit 

(VAMP Adult, Edwards Lifescience, Irvine, CA), for repeated blood sampling and flushing 

with 0.9% saline. The VAMP blood sampling kit was connected to a blood pressure 

amplifier (ADInstruments, FE117, Colorado Springs, USA), and was calibrated (i.e. zeroed) 

at the level of the fourth intercostal space for continuous blood pressure recording. 

Participants were also instrumented with a three-lead electrocardiogram connected to an 

amplifier to calculate heart rate (i.e. HR; ADInstruments, FE231, Colorado Springs, USA). 

Resting arterial blood samples (~1.5 ml) were collected in preheparanized syringes 

(safePICO syringes, Radiometer, Copenhagen, Denmark), and blood analysis (PaO2, PaCO2, 

SaO2) was performed within 30 minutes of blood sampling using an analyzer (ABL90 

FLEX, Radiometer). The blood analyzer was calibrated at a minimum of every eight hours 

using manufacturer’s standard internal quality checks. Participants were resting in a semi-

recumbent position throughout testing, and after brachial artery catheterization, ~30 minutes 

of quiet rest was completed to ensure any positional related shifts in blood volume were 

complete prior to experimentation.

Microneurography.

Muscle sympathetic nerve activity was obtained in the radial nerve by inserting a Tungsten 

microelectrode into a muscle nerve fascicle of a sympathetic nerve bundle, and a reference 

electrode subcutaneously 2–3 cm from the recording electrode37. This technique was 

conducted by the same experienced microneurographer (G.M.). Neural signals were 

collected using commercially available recording systems (Neuro AMP EX FE185, 

ADInstruments, Colorado Springs, CO, USA). The nerve signals were amplified (gain 70 

000–160 000), band-pass filtered (700–2000 Hz), full-wave rectified, and integrated with a 

resistance-capacitance circuit (time constant 0.1 s). Criteria for adequate Muscle 

sympathetic nerve activity recording included: (1) pulse synchrony, (2) facilitation during 

Tymko et al. Page 6

Circ Res. Author manuscript; available in PMC 2021 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the hypotensive phase of the Valsalva maneuver, and suppression during the hypertensive 

overshoot after release, (3) increases in response to breath holding, and (4) insensitivity to a 

gentle skin touch or a loud shout38. Earphones were used during microneurography 

searching to reduce distraction related to ambient noise. High-quality microneurography 

signals were obtained in seven lowlanders at sea level and high altitude (same participants at 

each time-point), nine non-EE Andean highlanders, and five EE Andean highlanders.

Vasoactive drug infusion.

Heart rate, blood pressure, and brachial artery diameter and blood velocity were measured at 

rest and during graded intra-arterial infusions of either ACh (to assess endothelial-dependent 
dilation) or SNP (to assess endothelial-independent dilation; see the Major Resources Table 

in the Supplemental Materials for information on these drugs). The infusions were 

counterbalanced across subjects and administered for three-minutes at three separate doses 

using 60 cc syringes secured onto a syringe pump (Harvard apparatus, PHD Ultra, Holliston, 

MA, USA). In lowlanders (i.e. protocol A), ACh was infused at 4.0, 8.0, 16.0 μg/100 ml of 

forearm tissue/min, and SNP at 1.0, 2.0, 4.0 μg/100 ml forearm tissue/min. In Andean 

highlanders (i.e. protocol B) ACh was infused at 8.0, 16.0, 32.0 μg/100 ml of forearm tissue/

min, and SNP at 2.0, 4.0, 8.0 μg/100 ml forearm tissue/min (see figure 1). Participants had a 

15-minute recovery period for drug washout between ACh and SNP trials. After the ACh 

and SNP trials were completed, phentolamine and propranolol [1000 μg over 5-minutes 

(loading dose), and 50 μg/min for 10-minutes (maintenance dose)] were infused to achieve 

local forearm adrenergic blockade. Heightened β-adrenergic activity was not expected to 

impair endothelial function or contribute dramatically to ACh/SNP mediated vasodilation, 

but was eliminated to avoid norepinephrine-mediated β-adrenergic vasodilation39, 40.

Experimental measurements.

Forearm blood flow and conductance.: The participants left arm was extended 

perpendicular and was fixed into position on a table at the level of the heart. Brachial artery 

image acquisition was obtained using a linear array probe attached to a high-resolution 

ultrasound machine (Vivid 7, General Electric, Milwaukee, WI, USA) to determine brachial 

artery mean blood velocity and diameter as previously described41. All brachial artery 

images were collected by the same experienced ultrasonographer42–44 (C.M.H; intra-

observer coefficient of variability <3%), and all analysis was performed off-line and the 

conditions were blinded to the observer. The probe insonation angle was maintained at <60 

degrees and frequency was set at five MHz. Brachial artery diameter was measured in 

triplicate during end-diastole during the last 30 seconds of each drug stage. Forearm blood 

flow was calculated as: forearm blood flow (ml/min) = mean blood velocity (cm/s) × π 
[brachial artery diameter (cm) / 2]^2 × 60. Forearm vascular conductance was calculated as 

[forearm blood flow (ml/min) / mean arterial pressure (MAP)] × 100, and expressed as 

ml/min/100 mmHg.

Statistics.: All statistical analyses were performed using SigmaStat V13 (Systat, Chicago, 

IL) and were reported as means ± SD. Statistical significance was set at P<0.05. Data 

normality was confirmed using a Shapiro-Wilks test. Paired and un-paired t-tests were used 

to detect changes in resting variables in lowlanders (sea level vs. high altitude) and 
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highlanders (non-EE vs EE; see table 1 and figure 2), respectively. Two-way repeated 

measures (lowlanders: Drug dose x Pre/Post blockade, and Drug dose x Altitude) and two-

way mixed (highlanders: Drug dose x Pre/Post blockade, and Drug dose x EE/non-EE) 

analysis of variance were used to detect any differences in systemic and forearm 

hemodynamics (see tables 2 and 3, and figures 3 and 4). Two separate two-way analysis of 

variance designs were utilized for both lowlanders and highlanders due to the large shift in 

resting forearm blood flow after adrenergic blockade. An analysis of covariance was utilized 

to assess whether the significant differences in body mass index between Andeans with and 

without EE influenced the forearm conductance response to ACh. When significant F-ratios 

were detected, post-hoc comparisons were made using a Tukey test. Appropriate adjustment 

for multiple comparisons was only conducted for within-test models.

RESULTS

Participants.

Lowlander and Andean highlander participant characteristics are presented in table 1. In 

lowlanders, PaO2, PaCO2, and SaO2 were reduced, and [Hb] was elevated at high altitude 

compared to sea level (all P<0.001). Between EE and non-EE Andean highlanders, there 

were no differences in age (P=0.92) or PaO2 (P=0.65); however, Andeans with EE were 

taller (P=0.03), had a higher body mass index (P<0.01), had a lower forearm volume 

(P=0.02), and were heavier (P=0.01). Andeans with EE also had reduced SaO2 (P=0.02), 

higher PaCO2 (P=0.06), elevated [Hb] (22.5 vs 18.7 g/dl; P<0.001), and elevated chronic 

mountain sickness scores (P<0.001).

Protocol A: Lowlanders

Systemic hemodynamic and neural responses.: During the higher doses of SNP (SNP2 

and SNP3) there was a mild, but consistent decrease in MAP, which was associated with an 

increase in HR – these effects were observed at both sea level and high altitude (table 2). 

During the ACh infusion both MAP and HR stayed relatively constant at both sea level and 

high altitude (table 2). These hemodynamic responses are similar in magnitude to previous 

investigations45. In lowlanders, both muscle sympathetic nerve burst frequency and burst 

incidence were elevated at high altitude compared to sea level (both P<0.001; Figure 2A and 

B).

Resistance artery endothelial-dependent and -independent dilation in lowlanders: As 

expected, during both SNP and ACh infusion protocols forearm blood flow (see 

supplemental data), and forearm vascular conductance increased from rest in a stepwise 

manner (Figure 3A and C). After 14–21 days of exposure to chronic hypoxia, resistance 

artery endothelial-dependent dilation was reduced compared to sea level at ACh1 (−52.7 ± 

19.6%; P=0.003), ACh2 (−25.4 ± 38.7%; P=0.020), and ACh3 (−35.1 ± 34.7%; P<0.001). 

There was no effect of adrenergic blockade on the forearm vascular conductance response to 

ACh at sea level (P=0.228); however, it was increased following adrenergic blockade at high 

altitude ACh1 (P=0.015), and ACh3 (P<0.001), and was no longer different from sea level 

(main effect: P=0.988 sea level blockade vs. high altitude blockade; Figure 3B). There was 

no effect of high altitude on resistance artery endothelial-independent dilation (main effect 
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P=0.397). Adrenergic blockade increased the Δ forearm vascular conductance response at 

SNP2 (P=0.004), and SNP3 at sea level (P<0.001). The same trend towards increased 

resistance artery endothelial-independent dilation during adrenergic blockade was apparent 

at high altitude but did not reach statistical significance (main effect: P=0.069; Figure 3D).

Protocol B: Highlanders

Systemic hemodynamic and neural responses: In EE and non-EE Andean highlanders, 

there was a consistent decrease in MAP and an associated increase in HR during the SNP 

infusion trials. In contrast, during the ACh infusion, MAP and HR stayed relatively stable in 

both EE and non-EE participants (table 3). Andean highlanders with EE had elevated muscle 

sympathetic nerve burst frequency and burst incidence (P=0.047 and P=0.027, respectively), 

compared to non-EE Andeans (Figure 2C and D).

Resistance artery endothelial-dependent and –independent dilation in Andean 
highlanders: In both EE and non-EE Andean highlanders SNP and ACh infusion increased 

forearm blood flow (see supplemental data), and forearm vascular conductance increased in 

a stepwise manner (figure 4A and B). Andean highlanders with EE had reduced forearm 

vascular conductance at ACh3 (−36.4%; P=0.007), compared to non-EE Andean 

highlanders, which persisted after accounting for body mass index as a covariate (P=0.007). 

After adrenergic blockade, there was no difference in the absolute forearm vascular response 

during ACh infusion between EE and non-EE Andean highlanders (main effect: P=0.971; 

see figure 4A). Adrenergic blockade yielded no changes in the forearm vascular response to 

ACh within EE (main effect: P=0.251), and non-EE Andean highlanders (main effect: 

P=0.145; see figure 4B). No differences in absolute forearm vascular conductance in 

response to SNP were detected between non-EE and EE Andeans before (P=0.085), and 

after blockade (P=0.326; see figure 4C). Forearm vascular conductance in response to SNP 

was elevated in non-EE Andeans after adrenergic blockade at SNP1 (P=0.047), SNP2 

(P<0.001), and SNP3 (P=0.002; see figure 4D). In contrast, adrenergic blockade had no 

effect on the forearm vascular conductance response to SNP in EE Andeans (main effect: 

P=0.276).

DISCUSSION

The primary novel findings were the following: 1) lowlanders exposed to chronic hypoxia, 

and Andean highlanders with EE compared to non-EE, have impaired resistance artery 

endothelial-dependent dilation that was improved after local adrenergic blockade; and 2) 

chronic hypoxia had no effect on endothelial-independent dilation in lowlanders, and no 

differences were detected between EE and non-EE Andean highlanders. Furthermore, 

despite administering a two-fold greater dose of ACh in the Andean highlanders, non-EE 

Andeans had a similar, and EE Andeans had a reduced, forearm vascular conductance 

response compared to lowlanders prior to adrenergic blockade (i.e. control trial).

Effect of chronic hypoxia on vascular function in lowlanders.

Previous reports investigating the effects of chronic hypoxia on endothelial function in 

lowlanders are inconsistent and often limited by methodological challenges and 
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considerations that preclude direct comparison of investigations. For example, conduit artery 

endothelial-dependent dilation has been shown to be unaltered at altitude in some [ascent to 

3842 m via cable car46; ascent via automobile to 3800 m47, 48], and reduced in others [ascent 

to 3700 m49, 4371 m13, and 5050 m by trekking10, 12, 13]. Of note, one study investigated the 

effects of different altitude exposure on conduit artery endothelial-dependent dilation (3440 

m, 4371m, and 5050 m) in healthy lowlanders, and demonstrated that brachial artery flow-

mediated dilation was not reduced at 3440 m, but was reduced at 4371 m and 5050 m13. 

Collectively, these previous reports indicate that there is an altitude threshold of ~3500–4000 

m where vascular function becomes impaired. It is noteworthy, however, that all of these 

previous studies were conducted using non-invasive flow-mediated dilation as an index of 

conduit artery endothelial function10, 12, 13, 46–49, and only one of these studies investigated 

smooth muscle function via sublingual nitroglycerin12.

A strength of the current study is the use of direct pharmacological assessment of both 

endothelial-dependent dilation (via ACh) and endothelial-independent dilation (via SNP) 

microvascular function in a step-wise controlled manner in order to definitively isolate the 

effects of chronic hypoxia on endothelial function per se. The data in the current study 

confirmed previous reports that muscle sympathetic nervous activity is elevated9–11, and 

resistance artery endothelial-dependent dilation is impaired, in lowlanders >4000 m. 

However, in opposition to previous findings12, chronic hypoxia did not impact resistance 

artery endothelial-independent dilation in lowlanders. These findings indicate that the 

observed reduction in resistance artery endothelial-dependent dilation at 4300m in 

lowlanders is specifically due to endothelial-dependent dilation. The disparity between these 

two studies is likely attributable to the differences in methodologies employed to assess 

vascular function (conduit vs. resistance arteries), and/or the difference in altitude severity 

(5050 m vs 4300 m).

Furthermore, the results from this investigation are the first to mechanistically link 

exaggerated adrenergic signaling with impaired resistance artery endothelial-dependent 
dilation after acclimatization to chronic hypoxia. Under resting conditions, tonic 

sympathetic nervous activity actively restraints skeletal muscle blood flow and vasodilatory 

signaling via α-adrenergic mechanisms40. Interestingly, at sea level, adrenergic blockade 

had little impact on ACh-mediated vasodilation, whereas SNP-mediated dilation was 

significantly increased (Figure 3B and D). This is likely related to the signalling mechanisms 

between endothelium-dependent and -independent vasodilators. Specifically, previous 

investigations in animals and humans have demonstrated a unique resistance of endothelial-

dependent dilation to sympathetic restraint, while nitric oxide-mediated endothelial-

independent dilation is typically more susceptible to modulation by sympathetic nervous 

activity under normal conditions42, 50–52. However, basal restraint of SNP-mediated 

signaling was not altered at high altitude in lowlanders (P=0.069), indicating that tonic 

restraint of endothelial-independent dilation by sympathetic signaling that is not consistently 

affected by chronic hypoxia.

In contrast, the impairment in resistance artery endothelial-dependent dilation was strikingly 

improved after adrenergic blockade at high altitude (see figure 3B), highlighting the 

interaction between chronic adrenergic signaling and endothelial-dependent dilation during 
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exposure to chronic hypoxia. In animal models, acute activation of α-adrenergic activity 

significantly reduces the microvascular vasodilatory response to ACh by attenuating 

endothelial-derived hyperpolarization and subsequent conducted vasodilation53. In addition, 

endogenous nitric oxide bioavailability may be lower in chronic hypoxia due to reduced 

endothelial-derived nitric oxide synthase expression or activity54, and elevated oxidative 

stress12, while leaving the vascular response to exogenous nitric oxide unaltered. Further 

research is needed to identify the precise vasodilatory mechanisms that are attenuated by 

persistent α-adrenergic vasoconstrictor signaling.

Effect of chronic hypoxia on vascular function in Andean highlanders.

In the town of Cerro de Pasco, Peru, chronic mountain sickness is a severe health crisis that 

occurs in young and aging males. The disease is characterized by EE, exacerbated 

hypoxemia, pulmonary hypertension, elevated 24-hour blood pressure33, increased arterial 

stiffness and intima-media thickness34, which can contribute to the development of 

cardiovascular disease (e.g. heart failure)32. Interestingly, Andeans with and without EE 

share similar relative maximum oxygen uptake during exercise55, suggesting that although 

several markers of cardiovascular disease are elevated, exercise performance is maintained. 

Surprisingly, only few investigations have assessed vascular function in Andean highlanders 

with EE compared to healthy Andean highlanders18, 34, 56. Each of these studies 

demonstrated that conduit artery endothelial function, assessed via non-invasive flow-

mediated dilation, was impaired in Andeans diagnosed with EE. These studies, however, 

were unable to account for differences in blood viscosity between the healthy and non-

healthy Andean cohorts, which directly impacts the flow-mediated dilation response through 

differences in shear stress. Therefore, it remains unclear if differences in endothelial 

function between EE and non-EE Andeans exist due to impaired endothelial-dependent 
dilation related signaling mechanisms, or are related to alterations in shear stress. A recent 

study demonstrated that endothelial-dependent dilation (assessed via brachial artery flow-

mediated dilation) was improved after hemodilution in Andean highlanders with EE57; 

however, the Andeans with EE were not compared against a control group of healthy 

Andeans, and sympathetic nervous activity was not assessed, thus, cannot be ruled out as 

mechanism contributing to endothelial dysfunction. The present study directly measured 

sympathetic nervous activity via radial nerve microneurography (see figure 2), and 

demonstrated that muscle sympathetic nerve burst frequency and incidence were elevated in 

Andeans with EE compared to non-EE. However, these data should be cautiously interpreted 

due to our small sample size, and since radial nerve SNA may not be an accurate 

representative of global SNA in this population.

In the current study, resistance artery endothelial-dependent dilation was impaired in 

Andeans with EE compared to non-EE at the highest dose of ACh, and this impairment was 

no longer present after administration of local adrenergic blockade. These data indicate that 

adrenergic signaling contributes to endothelial-dependent dilation dysfunction in Andeans 

with EE, but it is likely not the primary contributor to the magnitude of observed endothelial 

dysfunction since endothelial-dependent dilation was not completely restored. Although not 

a primary research objective due to the age difference (~15–20 years) between lowlander 

and Andean participants, Andean highlanders (EE and non-EE) had similar vascular 
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conductance responses to ACh despite receiving a two-fold higher drug dose. This 

observation indicates that Andean highlanders have impaired endothelial-dependent dilation 

function compared to lowlanders, likely due to the combination of aging and vascular 

alterations that occur with lifelong exposure to hypoxia58. The inability of adrenergic 

blockade to normalize the resistance artery endothelial-dependent dilation between EE and 

non-EE Andeans indicates that other chronic signalling mechanisms in addition to 

adrenergic signaling, such as reactive oxygen species related nitric oxide scavenging59, 

endothelin-1 signaling, or angiotensin receptor signalling, may also contribute to endothelial 

impairment in the Andeans suffering from EE. An unexpected finding was that non-EE 

Andeans had increased endothelial-independent dilation after adrenergic blockade, similar to 

lowlanders. These results indicate that normal sympathetic nervous activity mediated 

vascular restraint of exogenous nitric oxide mediated vasodilation in lowlanders and healthy 

Andeans is absent in Andeans with EE. This may reflect pathological alterations in neural 

and vascular signaling mechanisms in Andeans with EE; however, more investigations are 

needed to confirm these findings.

Methodological considerations.

There are some methodological considerations that warrant further comment. First, in 

lowlanders the doses for ACh, SNP, and local adrenergic blockade (i.e. phentolamine and 

propranolol) were kept the same between sea level and high altitude. It is unknown if the 

drug efficacy of these substances are similar between altitudes, however, in a subset of 

subjects the efficacy of the blockade was challenged with intra-arterial infusion of 

phenylephrine (α1-adrenergic agonist) with similar efficacy noted at sea level and high 

altitude (>90% effective blockade).

Second, the Andean highlanders had a greater (i.e. double) drug dosage of ACh and SNP 

compared to the lowlanders. The experimental rationale for this approach was two-fold: 1) 

we anticipated an older Andean cohort compared to the recruited lowlanders; therefore, 

direct comparison between lowlander and highlander groups was not a primary research 

objective; 2) due to the effect of aging on endothelial function58, and on previous research 

conducted in Andean highlanders18, 34, we expected to observe reduced endothelial function 

in the Andeans compared to lowlanders; therefore, the drug doses were increased in order to 

avoid a “basement” effect; 3) conversely, healthy lowlanders would likely show robust 

vasodilatory responses to ACh and SNP in control conditions that would likely reach a 

“ceiling” effect when performed in addition to the ~3x increase in blood flow expected with 

local adrenergic blockade.

Third, forearm volume was not measured at high altitude in lowlander participants. 

Although very high altitude exposure (>5000 m) results in muscle wasting60, it is unlikely 

that substantial muscle wasting occurred within 14–21 days at altitude (especially in Cerro 

de Pasco where there is high food availability). Hypothetically, if forearm volume was 

reduced at altitude, it would potentially result in a greater relative drug dose, and would 

underestimate the impact of chronic hypoxia on endothelial function. Despite this, we still 

observed profound endothelial dysfunction that was abolished after local adrenergic 

blockade in lowlanders.
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Fourth, Andeans with EE have been shown to have a higher prevalence of sleep disordered 

breathing compared to their healthy counterparts61, which is associated with heightened 

SNA, vascular dysfunction, and elevated oxidative stress. Unfortunately, we were not 

equipped to perform sleep studies to confirm the presence or absence of sleep disordered 

breathing in lowlander and Andean highlander participants. Caution is warranted in this 

regard when interpreting our data.

Lastly, although it would have been valuable to additionally test other mechanism(s) related 

to vascular health such as the role of nitric oxide and prostaglandins5, ATP6, 7, and 

asymmetric dimethylarginine62, it was not feasible due to the technical demands and 

restraints imposed by high altitude field research. The current investigation focused on well-

defined hypotheses related to heightened adrenergic signaling and endothelial dysfunction.

Significance and Perspective.

Our data demonstrates that that chronic severe hypoxia exposure results in endothelial 

dysfunction in lowlanders that is mediated through heightened adrenergic vasoconstrictor 

signaling. In addition, Andean highlanders with excessive erythrocytosis have reduced 

endothelial function compared to healthy highlanders and, similar to lowlanders, this 

impairment was also mediated in part through adrenergic vasoconstrictor signaling. 

Collectively, our data provides the direct mechanistic link between altitude-mediated 

sympatho-excitation and endothelial impairment.
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Nonstandard Abbreviations and Acronyms:

ACh acetylcholine

EE excessive erythrocytosis

Hb hemoglobin

HR heart rate
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MAP mean arterial pressure

PaCO2 partial pressure of arterial oxygen

PaO2 partial pressure of arterial oxygen

SaO2 arterial saturation of oxyhemoglobin

SNP sodium nitroprusside
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NOVELTY AND SIGNIFICANCE

What Is Known?

• The complex interplay between local vasodilatory signaling and sympathetic 

nervous activity signalling results in mild systemic vasodilation that serves to 

ensure proper blood flow and oxygen delivery to peripheral tissues.

• However, chronic exposure to severe hypoxia (e.g. high altitude, >3000 m) 

results in sustained increases in sympathetic nervous activity and reduced 

endothelial-independent dilation and may be associated with many 

cardiopulmonary diseases characterized by sustained or intermittent hypoxia, 

such as: heart failure and sleep apnea

• In lowlanders, hypoxemia results in reduced endothelial-dependent function.

• Andean highlanders, whom have life-long exposure to hypobaric hypoxia, are 

prone to suffering from excessive erythrocytosis, which has been shown to 

have been associated with reduced endothelial-dependent function.

• Elevated sympathetic nervous activity is proposed as a key pathway 

responsible for reduced endothelial-dependent function at high altitude, but 

this has not been tested.

What New Information Does This Article Contribute?

• In lowlanders, ~14 days of acclimatization to 4300 m resulted in a reduction 

in brachial artery endothelial-dependent function, which was abolished after 

administration of adrenergic blockade.

• Andean highlanders suffering from excessive erythrocytosis had reduced 

brachial artery endothelial-dependent function compared to their healthy 

counterparts; however, endothelial-dependent function was normalized 

between groups after adrenergic blockade.

• These data are the first to directly-link heightened sympathetic nervous 

activity and reduced endothelial-dependent function at high altitude.

Tymko et al. Page 18

Circ Res. Author manuscript; available in PMC 2021 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Schematic of experimental design.
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Figure 2: Muscle sympathetic nervous activity in lowlanders at sea level and high altitude, and 
Andean highlanders at high altitude.
Individual and mean data displaying the impact of high altitude on resting muscle 

sympathetic burst frequency and incidence in lowlanders are presented on panels A and B. 

Individual and mean data comparing resting muscle sympathetic nerve burst frequency and 

incidence between EE and non-EE Andeans are presented on panels C and D. P-values are 

displayed on each figure panel. Paired and un-paired t-tests were used to detect changes in 

resting variables in lowlanders (sea level vs. high altitude) and highlanders (non-EE vs EE).
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Figure 3: Resistance artery endothelial-dependent and -independent dilation in lowlanders at sea 
level and high altitude.
Individual and mean data displaying the impact of adrenergic blockade at sea level and high 

altitude on forearm vascular conductance during acetylcholine (ACh) infusion (panel A), 

and sodium nitroprusside (SNP) infusion (panel C). Mean summary data (±SD) highlighting 

the impact of adrenergic blockade on forearm vascular conductance at sea level and high 

altitude in response to ACh (panel B), and SNP (panel D). Forearm vascular conductance in 

response to ACh was reduced at high altitude compared to sea level in lowlanders (panel A). 

Adrenergic blockade increased forearm vascular conductance to ACh at high altitude in 

lowlanders (panel B). Adrenergic blockade increased forearm vascular conductance to SNP 

at sea level in lowlanders (panel C). P-values are displayed on each figure panel. Two-way 

repeated measures (lowlanders: Drug dose x Pre/Post blockade, and Drug dose x Altitude) 

analysis of variance were used to detect any differences in systemic and forearm 

hemodynamics.
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Figure 4: Resistance artery endothelial-dependent and -independent dilation in Andean 
highlanders at high altitude.
Individual and mean data displaying the impact of adrenergic blockade on forearm vascular 

conductance during acetylcholine (ACh) infusion (panel A), and sodium nitroprusside (SNP) 

infusion (panel C) in Andeans with and without EE. Mean summary data (±SD) highlighting 

the impact of adrenergic blockade on forearm vascular conductance in response to ACh 

(panel B), and SNP (panel D), in Andeans with and without EE. Forearm vascular 

conductance to ACh was reduced in Andeans with EE compared to non-EE Andeans (panel 

A). Adrenergic blockade increased forearm vascular conductance to SNP in non-EE 

Andeans (Panel D). P-values are displayed on each figure panel. Two-way mixed 

(highlanders: Drug dose x Pre/Post blockade, and Drug dose x EE/non-EE) analysis of 

variance were used to detect any differences in systemic and forearm hemodynamics.

Tymko et al. Page 22

Circ Res. Author manuscript; available in PMC 2021 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tymko et al. Page 23

Table 1:

Lowlander and highlander participant characteristics

LL Sea level (n=9) LL High altitude (n=9) Non-EE Highlanders (n=9) EE Highlanders (n=6)

Age (yrs) 26.3 ± 2.9 - 43.8 ± 15.3 47.0 ± 7.8

Height (cm) 177.3 ± 6.1 - 158.8 ± 4.4 164.2 ± 3.4┼

Weight (kg) 76.0 ± 9.2 - 62.2 ± 6.8 80.2 ± 7.0┼

Body mass index (kg/m2) 24.1 ± 1.9 - 24.7 ± 2.9 29.8 ± 2.5┼

Forearm volume (ml) 871.4 ± 158.9 - 791.0 ± 146.8 1040.8 ± 118.3┼

Hb (g/dl) 15.1 ± 0.8 17.8 ± 0.6* 18.7 ± 1.5 22.5 ± 1.2┼

PaO2 (mmHg) 96.6 ± 5.4 56.1 ± 5.0* 48.0 ± 7.4 46.0 ± 2.4

PaCO2 (mmHg) 37.8 ± 1.8 27.0 ± 3.6* 29.2 ± 3.9 32.3 ± 1.0

SaO2 (%) 98.0 ± 0.4 89.7 ± 2.2* 86.0 ± 3.5 81.3 ± 2.3┼

CMS Score - - 1.6 ± 1.0 6.0 ± 1.8┼

List of Abbreviations: cm, centimeters; CMS, chronic mountain sickness; dl, deciliter; EE, excessive erythrocytosis; g, grams; kg, kilograms; LL, 
lowlander; ml, milliliter; mmHg, millimeters of mercury; PaCO2, partial pressure of arterial carbon dioxide; PaO2, partial pressure of arterial 

oxygen; SaO2, arterial hemoglobin saturation of oxygen; yrs, years.

*
P<0.05, high altitude vs. sea-level.

┼
P<0.05, EE vs. non-EE. Paired and un-paired t-tests were used to detect changes in resting variables in lowlanders (sea level vs. high altitude) 

and highlanders (non-EE vs EE)
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Table 2:

Systemic hemodynamics in lowlanders at sea level and high altitude.

Control Adrenergic Blockade

Rest SNP1 SNP2 SNP3 Rest SNP1 SNP2 SNP3

LL Sea 
level

MAP 
(mmHg)

89.3 ± 
11.8

86.1 ± 9.6 85.0 ± 

9.1*
81.5 ± 

7.8*
89.9 ± 8.5 88.2 ± 

10.6
85.9 ± 

10.7*
82.2 ± 11.8*

HR (bpm) 64.9 ± 
11.2

66.0 ± 
12.7

67.5 ± 
12.0

69.3 ± 

10.9*
55.2 ± 

9.1┼
57.4 ± 

10.3┼
57.4 ± 

12.2┼
63.5 ± 

10.8┼*

LL High 
Altitude

MAP 
(mmHg)

94.1 ± 
9.2 89.7 ± 9.2 90.4± 8.2

87.8 ± 

7.7*
92.3 ± 
13.9

93.5 ± 
12.1

92.3 ± 
11.3 91.8 ± 9.4

HR (bpm) 75.2 ± 
12.7

75.9 ± 
15.0

75.3 ± 
14.2

76.8 ± 
12.4

66.3 ± 

8.9┼
69.5 ± 

9.4┼
71.2 ± 

10.2┼
68.9 ± 

13.6┼

Rest ACH1 ACH2 ACH3 Rest ACH1 ACH2 ACH3

LL Sea 
level

MAP 
(mmHg)

88.8 ± 
9.1

87.2 ± 8.0 88.2 ± 8.5 87.2 ± 8.3 88.8 ± 8.8 87.3 ± 9.8 86.8± 8.3 86.6 ± 9.1

HR (bpm) 66.0 ± 
12.7

67.5 ± 
12.7

67.8 ± 
11.5

70.4 ± 

11.3*
55.3 ± 

12.8┼
55.9 ± 

12.2┼
55.8 ± 

11.4┼
59.9 ± 

9.5┼*

LL High 
Altitude

MAP 
(mmHg)

94.1 ± 
9.0

93.2 ± 9.3 91.7 ± 7.8 89.6 ± 

8.2*
91.8 ± 
12.3

90.0 ± 
13.9

92.2 ± 
11.9

89.5 ± 11.6*

HR (bpm) 78.6 ± 
7.5

78.3 ± 
12.4

81.2 ± 
15.4

79.9 ± 
10.3

66.1 ± 

8.7┼
63.7 ± 

9.1┼
67.6 ± 

11.8┼
69.7 ± 9.0┼

List of Abbreviations: ACH, acetylcholine; HR, heart rate; LL, lowlander; MAP, mean arterial pressure; SNP, sodium nitroprusside.

*
P<0.05, vs Rest.

┼
P<0.05, vs control. Two-way repeated measures (lowlanders: Drug dose x Pre/Post blockade, and Drug dose x Altitude) analysis of variance 

were used to detect any differences in systemic and forearm hemodynamics.
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Table 3:

Systemic hemodynamics in highlanders at high altitude.

Control Adrenergic Blockade

Rest SNP1 SNP2 SNP3 Rest SNP1 SNP2 SNP3

EE MAP 
(mmHg)

91.4 ± 
4.5

87.8 ± 5.0 83.0 ± 

4.0*
76.5 ± 4.4* 87.5 ± 10.4 83.2 ± 7.7 83.6 ± 6.6 82.5 ± 7.0

HR (bpm) 81.0 ± 
13.5

80.9 ± 
14.4

86.3 ± 

12.4*
91.3 ± 9.0* 71.9 ± 

11.8┼
75.1 ± 

11.5┼
82.2 ± 

10.0┼*
84.0 ± 

8.5┼*

Non-
EE

MAP 
(mmHg)

95.5 ± 
12.3

91.2 ± 

9.6*
88.0 ± 

11.4*
85.4 ± 8.1* 95.9 ± 12.1 91.3 ± 11.9* 88.3 ± 11.0* 84.9 ± 10.7*

HR (bpm) 79.6 ± 
11.3

81.3 ± 
12.1

85.0 ± 

11.2*
87.5 ± 

11.9*
69.1 ± 

12.5┼
70.4 ± 

11.1┼
76.6 ± 

14.2┼*
78.8 ± 

15.1┼*

Rest ACH1 ACH2 ACH3 Rest ACH1 ACH2 ACH3

EE MAP 
(mmHg)

91.5 ± 
3.8

90.9 ± 4.6 91.6 ± 3.0 90.0 ± 2.9 86.0 ± 9.6 89.1 ± 10.1 88.0 ± 10.5 88.3 ± 10.1

HR (bpm) 81.6 ± 
10.7

81.0 ± 
10.4

79.9 ± 
11.3

78.6 ± 

10.6*
70.6 ± 

9.0┼
73.1 ± 

9.9┼*
72.1 ± 

10.6┼
71.1 ± 

12.1┼

Non-
EE

MAP 
(mmHg)

96.3 ± 
12.6

95.1 ± 
12.9

95.3 ± 
13.6

94.2 ± 10.1 96.3 ± 11.9 96.1 ± 12.9 95.7 ± 12.3 96.5 ± 11.5

HR (bpm) 82.1 ± 
11.2

78.4 ± 

10.9*
80.6 ± 

10.4*
79.3 ± 

10.2*
70.8 ± 

10.7┼
69.9 ± 

11.1┼*
68.0 ± 

10.8┼*
68.0 ± 

11.4┼*

List of Abbreviations: : ACH, acetylcholine; EE, Excessive erythrocytosis; HR, heart rate; MAP, mean arterial pressure; SNP, sodium nitroprusside.

*
P<0.05, vs Rest.

┼
P<0.05, vs control. Two-way mixed (highlanders: Drug dose x Pre/Post blockade, and Drug dose x EE/non-EE) analysis of variance were used to 

detect any differences in systemic and forearm hemodynamics.
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