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Abstract

This concept-based review provides historical perspectives and updates about sympathetic 

noradrenergic and sympathetic adrenergic responses to mental stress. The topic of this review has 

incited perennial debate, because of disagreements over definitions, controversial inferences, and 

limited availability of relevant measurement tools. The discussion begins appropriately with 

Cannon's "homeostasis" and his pioneering work in the area. This is followed by mental stress as a 

scientific idea and the relatively new notions of allostasis and allostatic load. Experimental models 

of mental stress in rodents and humans are discussed, with particular attention to ethical 

constraints in humans. Sections follow on sympathoneural to mental stress, reactivity of 

catecholamine systems, clinical pathophysiologic states, and the cardiovascular reactivity 

hypothesis. Future advancement of the field will require integrative approaches and coordinated 

efforts between physiologists and psychologists on this interdisciplinary topic.
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INTRODUCTION

The topic of this review has incited perennial debate. Before delving into the scientific 

literature, it is necessary and appropriate to summarize briefly what the issues have been that 

have rendered sympathoneural and adrenomedullary responses to mental stress so 

contentious and challenging.

The first is definitions. For instance, should one split the "sympathoadrenal system" into 

sympathoneural and adrenomedullary components? In some stressful situations, the 

sympathoneural and adrenomedullary components of the autonomic nervous system seem to 

respond as a unit, as proposed originally by Walter B. Cannon in the early 20th century. In 
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others, however, sympathoneural and adrenomedullary activities change differentially or 

even in opposite directions. In addition, how should stress, mental stress, emotional stress, 

and distress be defined and distinguished, if they are not synonymous? What is meant by 

"sympathoneural," when changes in sympathetic nerve traffic occur heterogeneously in the 

body? What are "responses" in the context of emotional stress? Are they evoked changes in 

nerve traffic, transmitter release, delivery of released transmitter to receptors, intra-cellular 

mechanisms in effector cells, or some complex combination?

A second issue is inferences that may be unjustified. From acute effects of emotional stress 

inferences have often been drawn about chronic effects. From responses of skeletal muscle 

sympathetic nerve traffic, inferences have been drawn about overall sympathoneural 

cardiovascular "tone." From results of laboratory experiments, inferences have been drawn 

about responses to emotional stress in real life.

A third issue is limited availability of relevant measurement tools. For instance, although all 

would agree that adrenaline (synonymous with epinephrine) secretion is a key determinant 

of responses to emotional stress, circulating levels of the hormone are below the detection 

limits of most available assays under baseline conditions, and relatively few studies have 

described adrenaline responses. Although it is likely that mental stress involves important 

responses in sympathoneural outflow to the kidneys, measuring these responses requires 

highly sophisticated techniques not available at most institutions; and no technique has been 

developed that can be used to assess sympathoneural responses to splanchnic organs. A 

preponderance of recent literature has been based on measures of sympathetic nerve traffic 

in accessible organs such as skeletal muscle and skin.

We are not listing these concerns here simply to acknowledge and then dismiss them and 

move on. Instead, we will return to them repeatedly when relevant in this review, so that 

readers stay apprised not only of the wealth of recent experimental and observational 

information but also of what remains controversial, poorly understood, or frankly unknown.

HISTORICAL PERSPECTIVE

Walter B. Cannon is widely credited for extending Claude Bernard’s 19th century concept of 

the “milieu interieur,” the internal environment that remains remarkably constant despite the 

ever-changing external environmental conditions and is maintained by compensatory body 

processes [1, 2]. Cannon invented and popularized the term, “homeostasis.” He also 

pioneered the study of the effects of physical and psychological threats on adrenal gland 

secretion [2, 3]. To Cannon, adrenal secretion was essential for the cardiovascular and 

metabolic changes that prepare an organism for “fight-or-flight” (a phrase that Cannon 

coined) [2, 3].

Cannon theorized that the sympathetic nervous system and the adrenal gland work together 

as a functional unit in emergencies—possibly the first proposal of a "neuroendocrine" 

system. Cannon went so far as to suggest that the sympathetic nervous system releases the 

same chemical messenger as the adrenal gland--adrenaline [4]. Given the option of 

supporting the concept that sympathetic nerves release a substance other than adrenaline or 
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that adrenaline is converted to a different substance in the target cells, he chose the latter 

view. In 1946, a year after Cannon died, U.S. von Euler correctly identified norepinephrine 

(synonymous with noradrenaline) as the main sympathetic neurotransmitter in 

cardiovascular regulation [5].

Hans Selye popularized stress as a scientific idea [6]. In a famous letter to Nature in 1936 [7] 

he described for the first time what he came to refer to as the "syndrome of just being sick." 

He injected an ovarian extract in rats for several months and found that the treatment 

resulted in peptic ulceration, enlargement of the adrenal glands, and atrophy of the thymico-

lymphatic apparatus. Rats that received injections of placebo also developed this pathologic 

triad. Throughout the experiment, the rats often avoided injection attempts or wriggled free 

and had to be chased around the laboratory with a broom. We now recognize that both the 

experimental and control animals underwent stress, which Selye proposed as a novel 

concept. Selye and his students later provided evidence that stress responses are related to 

the hypothalamic-pituitary-adrenocortical (HPA) axis [6, 8]. According to Selye's "doctrine 

of non-specificity," stress is the non-specific response of the body to any demand imposed 

upon it [6]. John Mason, a well-known psychiatrist, who also made pioneering contributions 

to the psychological stress field [9, 10], argued against Selye's concept [11]. The doctrine of 

non-specificity was not actually tested experimentally for about a half century, and it was 

refuted [12]. Nevertheless, Selye's notion of stress as non-specific syndrome persists and 

remains widely used today, as evidenced by extremely frequent references to "the stress 

response" on the internet.

Stress, Allostasis, and Allostatic Load

Current concepts view stress as a sensed threat to homeostasis [13, 14], with the responses 

having a degree of specificity, depending among other things on the particular challenge and 

on the organism’s perception of and perceived ability to cope with the stressor [15].

After adequately sensitive assay methods of plasma levels of norepinephrine and 

epinephrine became available, evidence rapidly accumulated for different noradrenergic vs. 

adrenergic responses in different situations. A new concept began to emerge, in which 

sympathetic nervous noradrenergic outflows play key roles in appropriate distribution of 

blood volume and regulation of blood pressure and blood delivery to the brain. The meaning 

of "appropriate" varies with the setting, such as orthostasis, cold exposure, mild blood loss, 

locomotion, exercise, altered salt intake, and water immersion [12, 16]. Sympathetic 

adrenergic system activity responds to more global or metabolic threats, such as 

hypoglycemia, hemorrhagic hypotension, exercise beyond an anerobic threshold, 

asphyxiation, distress, and shock. Evidence has also accumulated for an association between 

norepinephrine and active escape, avoidance, or attack and an association between 

epinephrine and passive, immobile fear.

Thus, in contrast with Selye’s doctrine of non-specificity, according to the allostatic concept 

of stress responses, activities of effector systems are coordinated in relatively specific 

patterns, including neuroendocrine patterns. These patterns serve different needs, and the 

sympathetic noradrenergic and adrenergic systems play important roles in many of them.
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Although the idea of homeostasis might suggest a set of “goal” values for certain variables, 

ranges of acceptable values are now recognized to be decidedly inconstant. There are diurnal 

variations in body temperature, heart rate, and blood pressure. In addition, adaptations to 

different stressors include alterations in acceptable levels for monitored variables. Sterling 

and Eyer introduced the term, “allostasis,” to describe the attainment of stability by natural 

alterations within acceptable ranges of variables attending the adjustments of the 

cardiovascular system during rest and activity [17]. The brain is the site at which effects of 

most stressors are sensed and appropriate coordinated behavioral and neuroendocrine 

responses initiated. Adaptations involving allostasis to cope with real, simulated, or 

imagined challenges are determined by genetic, developmental, and experiential factors. The 

low grade fever attending viral infections is an example of an allostatic change.

While they may be effective for a short interval, over time allostatic alterations may have 

cumulative adverse effects, via wear and tear on the effectors. For instance, chronic elevation 

of blood pressure to ensure adequate blood flow to the brain might eventually lead to 

atherosclerosis and stroke or coronary occlusion. The term, “allostatic load,” has been used 

to denote adverse effects of cumulative wear and tear.

According to one systems concept of stress, the body possesses homeostatic comparators, 

called “homeostats” [15]. Each homeostat compares information supplied by a sensor with a 

setpoint for responding, determined by a regulator or set of regulator mechanisms. A 

sufficiently large sensed discrepancy between afferent information about the level of the 

monitored variable and the setpoint for responding elicits altered activities of effectors, the 

actions of which decrease the discrepancy in the monitored variable [18]. Whether 

comparator homeostats are actually required for allostatic adjustments may be questioned, 

and this has not yet been formally addressed. The reader is referred to a number of reviews 

on the topic of principles by which human physiologic homeostatic systems operate [15, 18].

Our conception of "distress" is that it is a form of stress with additional characteristics—

consciousness, aversiveness, instinctively communicated signs, and adrenal stimulation [15, 

18]. This definition avoids the circularity inherent in defining distress by a pathologic 

pattern. Because of these characteristics, distress is tantamount to emotional distress. On the 

other hand, "mental" stress may or may not be distressing.

EXPERIMENTAL MODELS OF MENTAL STRESS

Rodent Models

Advantages of rodent experimental models include: (1) more invasive techniques that in 

some instances allow for continuous recording of key variables, (2) highly controlled and 

standardized environments, (3) controlled and chronic mental stressors that cannot be 

applied ethically in humans, and (4) the shorter lifespan of rodents allowing for a more cost-

effective approach to examining chronic stress.

Table 1 lists some laboratory manipulations that have been used as acute mental stressors in 

rodents. Some of these bear further comment. A commonly used method is air-jet stress. 

Air-jet stress protocols typically direct ~20 psi of compressed air to the head or face, from as 

Carter and Goldstein Page 4

Compr Physiol. Author manuscript; available in PMC 2017 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



little as a second to as much as several minutes, typically with the animals unrestrained. 

Exposure to air-jet stress consistently increases heart rate, blood pressure, and both renal and 

lumbar sympathetic nerve traffic [19–22].

In rodents, restraint or immobilization evokes marked increases in sympathetic nerve traffic 

and plasma catecholamine levels [23, 24]. During tube restraint, the animal is permitted to 

move the limbs and head freely but is not able to move forward or backward or to turn 

around. During immobilization, the animal’s limbs are kept immobile with paws or limbs 

taped or plastered to a surface, and only the head can move freely.

Transferring a mouse to a dirty cage occupied previously by a different mouse increases the 

heart rate and blood pressure and induces neuronal activation in several central autonomic 

regulatory areas including the nucleus of the solitary tract (NTS), the rostral ventrolateral 

medulla (RVLM), and the paraventricular nucleus of the hypothalamus (PVN) [25].

Acute shaking typically utilizes a cage attached to a shaking platform. As for airjet exposure, 

an advantage of this approach is that the stressor can be delivered without physical contact 

with an investigator prior to the test. Other rodent models of acute stress include electric 

shock to the tail or foot [26], forced swimming [27], sleep deprivation [28], noise [29], and 

cold exposure [30]. These generally evoke tachycardia, increased blood pressure, and 

sympathoneural activation.

In recent years, the use of acute laboratory stressors in rodents as a means to model 

autonomic effects of emotional stress in humans has been questioned. While all of the above 

models involve robust physiological alterations with pathophysiological consequences, it has 

been argued that they have limited generalizability to stressors encountered in a rodent’s 

natural environment. Recently there has been an increase in the number of studies utilizing 

manipulations of the social situation. One such manipulation is the resident-intruder, in the 

social defeat test. This involves introduction of an experimental rodent in the territory of a 

dominant male, typically of the same species [31]. The dominant rodent aggressively attacks 

the intruder within a minute. In most experiments, the social interaction is terminated by the 

investigator when the intruder demonstrates signs of submission. The two animals are then 

separated by a wire mesh screen that allows them to see, hear, and smell each other. 

Depending on the experimental design, the social defeat can be acute (minutes to hours) or 

chronic (days to weeks). Acute social defeat elicits robust increases in heart rate, blood 

pressure, catecholamines, and glucocorticoids and can even evoke cardiac arrhythmias [32]. 

Chronic social defeat is associated with lasting autonomic and endocrine responses. Chronic 

social defeat also disrupts circadian modulation of measures of autonomic outflows [33].

Non-Human Primate Models

Although rodent models enable controlled and standardized environments, one may question 

the applicability of laboratory rodent models to mental stress in humans, because of the roles 

of higher cortical processing and complex psychological processes in primates. On the other 

hand, primate research involving laboratory mental stressors such as a controlled social 

defeat involve well known ethical concerns. Sapolsky and colleagues have studied primates 

in their natural environments [8]—e.g., wild baboons in Kenya. The research has revealed 
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that social hierarchy importantly influences neuroendocrine function, with “low rank” 

demonstrating a profile that typically includes elevated glucocorticoids, higher blood 

pressure, tachycardia, immunosuppression, and reduced levels of gonadal hormones [34]. 

Previously “dominant” baboons that transition to lower rank during social reorganization 

also evince physiological indices of psychosocial stress. Unfortunately, the line of research 

about social stress in primates studied in naturalistic settings has so far not adequately 

explored sympathoneural and adrenomedullary association with the physiological responses.

Human Models of Acute Laboratory Mental Stress

Table 2 highlights some of the more commonly used acute laboratory approaches in humans 

for assessing sympathoneural or adrenomedullary effects of emotional stress.

Mental arithmetic requires a subject to perform a series of additions or subtractions. The 

Stroop color-word conflict test involves verbal or nonverbal identification of a color that is 

embedded in the name of either a similar or different color (i.e., the word, "red," displayed in 

green font). These tests often are done in the context of other experimental factors such as 

time pressure, harassment by the experimenter, or monetary incentive. Much of the 

sympathoneural and adrenomedullary data related to acute mental stress have utilized one of 

these two experimental approaches. Sympathetic neural responsiveness does not seem to 

differ between mental arithmetic and Stroop testing [35].

In addition to mental arithmetic and Stroop testing, speech tasks and delayed auditory 

feedback have been used to elicit acute laboratory mental stress. During a speech task the 

subject is given a controversial topic and asked to give a 5–10 minute speech on the topic. 

Subjects typically are provided 5–15 minutes to prepare for the speech, and both the speech 

preparation and actual speech are analyzed, because both are associated with robust 

autonomic responses. Most studies that have utilized a speech task in conjunction with the 

Stroop test or mental arithmetic have found that the speech task yields greater reactivity 

[36]; however, reproducibility of the various responses is a problem (discussed in a later 

section).

Delayed auditory feedback is a less commonly used mental stressor that has been shown to 

elicit sympathoneural excitation [37]. Delayed auditory feedback is conducted by having 

subjects rapidly and accurately read a book aloud for 5–10 min while listening to their own 

voices with a 200 ms delay.

In recent years, several studies have used the International Affective Picture System (IAPS) 

to elicit a mental stress. In the IAPS test subjects view neutral or emotionally charged 

images, the latter being "positively charged" (e.g., erotica) or "negatively" charged (e.g., 

depictions of mutilation). Whereas hemodynamic responses to IAPS have been widely 

reported, sympathoneural responses to IAPS been studied only relatively recently. Carter et 

al. [38] reported that mental arithmetic increased skeletal muscle sympathetic nerve activity 

while negatively charged pictures did not; and Brown et al. [39] found that both negatively 

and positively charged IAPS pictures increased skin sympathetic nerve activity. An 

advantage of the IAPS approach is that it poses a reproducible stressor, as opposed to mental 
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arithmetic, the Stroop test, or speech tasks that involve emotional, cognitive, and social 

psychological aspects.

Some have suggested that various exercise tests, cold pressor test, and third molar extracts 

represent approaches that provides insight into mental stress. In the cold pressor test, a 

subject’s hand is immersed in a bucket of ice water for about 2 minutes. Perceived pain 

ratings during the cold pressor test are associated with blood pressure reactivity. Moreover, 

there is evidence suggesting that cardiovascular reactivity to cold pressor is augmented when 

subjects are forewarned by the investigator of the task difficulty and expected pain [36]. 

Most investigators, however, classify cold pressor test as more of a physical or thermal stress 

than a mental stressor. Cardiovascular reactivity to other laboratory mental stressors and to 

the cold pressor test are not consistently related [36].

Exercise testing can take various forms (e.g., isometric handgrip, lower body, whole body). 

Most investigators agree that data collected during exercise stress are too complex to use as 

an experimental model of mental stress. Autonomic indices immediately before exercise 

(i.e., anticipation) represent a potential model for examining mental stress or central 

command, although very little research has been done to assess intra-individual reliability of 

such an approach [36].

Third molar extraction has been utilized as a model of mental stress [40, 41] that is real-life, 

planned, and ethical. Various cardiovascular measures and plasma levels of catecholamines 

and other compounds can be assessed before, during, and after the procedures. Moreover, 

responses to extractions on one side using one experimental manipulation can be compared 

to responses on the other side using a different experimental manipulation on a different day. 

Responses to distress, physical trauma, and pain are complex in this setting, but to some 

extent they can be assessed differentially, e.g., by conscious sedation used a benzodiazepine 

during one session. This type of study is rare in mental stress literature but relatively 

common in pain literature.

Human Models of Sudden, Unexpected Mental Stress

Noninvasive monitoring of heart rate and in some cases blood pressure has occasionally 

been done at the time of exposure to sudden, unexpected mental stressors such as 

earthquakes. Obtaining more direct assessments in these situations is either impractical or in 

some cases impossible with currently available methodologies. Relationships of the 

physiological changes to sympathoneural or adrenomedullary activities are unclear [42].

Imposing sudden and unexpected mental stress in a laboratory setting is possible through 

deception techniques, but such approaches are considered unethical. This was not always the 

case. A review by Roddie [43] highlights some of the controversial mental stress studies 

performed in the 1950–60’s in which the primary aim was to assess blood flow 

responsiveness during a “hoax” protocol. In one of the more infamous studies the 

experimenters injected a harmless saline injection into subjects but claimed that a potentially 

fatal drug had been injected [44]. Another hoax involved experimenters whispering loud 

enough for subjects to hear about unintended blood loss from the brachial artery and 

disagreement about whether or not to stop the experiment [45]. There was even a study in 
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which an individual ran into the laboratory and exclaimed that there was a fire in the 

subject’s office [46].

Human Models of Chronic Mental Stress

Imposing chronic mental stress experimentally in humans is unethical, but natural, chronic, 

presumed mental stressors have been studied. Examples are socioeconomic stress, job strain, 

caregiver stress, panic disorder, and post-traumatic stress disorder. Several studies have 

attempted to explore aspects of autonomic activities in these situations; however, the primary 

dependent measures have been non-specific and indirect, such as heart rate or blood pressure 

[47–50]. Naturalistic chronic mental stress study designs are complex and difficult to 

conduct, they rarely take into account factors such as habituation and resilience, and they 

involve inherent potential for subject self-selection bias. For instance, a study of adverse 

health outcomes in air traffic controllers did not take into account the possibility that people 

with particular atrisk personalities become air traffic controllers [51].

SYMPATHETIC NEURAL REACTIVITY TO MENTAL STRESS

Sympathetic Microneurography

Microneurography is a means to assess sympathetic nerve traffic directly. The technique 

involves insertion of a tungsten microelectrode into an available peripheral nerve. It is the 

only method available for direct recording of post-ganglionic sympathetic traffic in humans. 

Both skin sympathetic nerve activity (SSNA) and muscle sympathetic nerve activity 

(MSNA) can be recorded from accessible nerves in the upper (i.e., radial, medial, ulnar 

nerves) and lower (i.e., peroneal, tibial nerves) limbs [52]. Internal organs are not accessible 

to this technique in humans. Regional norepinephrine spillover (discussed in the next 

section) and microneurography have been viewed as complementary techniques [53].

Early Studies of MSNA Responsiveness to Laboratory-Based Mental Stress

The first recordings of MSNA during mental stress were reported in 1972. Delius et al. [54] 

examined arterial blood pressure and MSNA responses to mental stress during 6 sessions in 

4 subjects. They reported an increase of arterial blood pressure and decrease of MSNA in 5 

of the 6 sessions (one session demonstrated no change of MSNA). Wallin et al. [55] 

extended this work by examining MSNA responses to mental stress during 15 sessions in 9 

subjects and reported inconsistent results. In nearly all the trials, blood pressure increased 

regardless of MSNA responses. Figure 1 depicts original recordings by Wallin and 

colleagues [55].

For nearly 15 years afterward there was a paucity of research examining MSNA during 

mental stress. This was revived by findings of Anderson et al. [56] about divergent MSNA 

responses to mental stress in the arm and leg. Simultaneous microneurographic recording 

demonstrated an increase of MSNA in the leg but not in the arm. Since the findings of 

Anderson et al. [56], there have been numerous studies examining MSNA responses to 

mental stress. Table 3 provides a summary of 55 studies so far that have used 

microneurographic techniques to investigate sympathetic neural responsiveness to acute 
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laboratory-based mental stress. The remainder of this section discusses some of these 

studies.

MSNA Variability to Laboratory-Based Mental Stress

Sympathetic neural reactivity studies routinely include a variety of non-pharmacologic 

“sympathoexcitatory” maneuvers. Depending on the study rationale and disease of interest, 

investigators utilize the cold pressor test, isometric handgrip exercise, post-exercise 

ischemia, voluntary apnea, head-up tilt, lower body negative pressure, the Valsalva 

maneuver, or other tests. Compared to these sympathoexcitatory maneuvers, mental stress is 

associated with tremendous variability in MSNA responses. Whereas disease states and most 

of the sympathoexcitatory maneuvers elicit robust and reproducible increases of MSNA, 

MSNA can increase, decrease, or remain unchanged in response to mental stress. This 

variability was observed in the early studies by Wallin et al. [55] and continues to be found 

to this day [57]. There has not been a single test-retest study about MSNA responsiveness to 

mental stress.

These findings lead to two questions. First, what is the rationale for studying MSNA 

responsiveness to mental stress? Second, what does the tremendous amount of inter-

individual variability of MSNA during mental stress mean when it comes to human health 

and disease? Investigators who have studied MSNA responses to mental stress have used 

three justifications.

The most common rationale focuses on the potential mechanistic implications as related to 

the well-published cardiovascular reactivity hypothesis, which receives attention later in this 

review. It is widely acknowledged that MSNA, governed by the baroreflex, is a modulator of 

acute arterial blood pressure regulation; however, during exposure to a stressor other reflexes 

such as the chemoreflex and central command substantially influence MSNA and 

consequently blood pressure. Mental stress can override baroreflex restraint of MSNA [58], 

as evidence by concurrently increased blood pressure and MSNA during baroreceptor 

stimulation evoked by phenylephrine. While it seems reasonable to suggest MSNA 

responsiveness to mental stress influences cardiovascular reactivity, there is little evidence to 

support this notion. The early work of Wallin et al. [55] reported increases in arterial blood 

pressure when MSNA increased, decreased, or did not change. More recently, Carter and 

Ray [57] reviewed data from 82 subjects across several studies and reported that changes in 

arterial blood pressure were not correlated with changes in MSNA (Figure 2).

The second justification for examining MSNA responses to mental stress is potential 

elucidation of mechanisms of emotion-induced hemodynamic changes. Halliwill et al. [59] 

reported a reduction of forearm MSNA during mental stress that was tightly correlated to 

reductions of forearm vascular resistance, suggesting MSNA as a contributor to the classic 

forearm vasodilation observed during mental stress; however, the authors also demonstrated 

β-adrenergic vasodilation during mental stress [59], and this could reflect concurrent 

adrenomedullary activation [60]. Given the heterogeneous MSNA responses reported by 

Anderson et al. [61] in the leg vs. arm, Carter et al. [62] examined forearm MSNA, leg 

MSNA, forearm blood flow, and calf blood flow responses to mental stress. Figure 3 shows 

that mental stress did not alter MSNA in either the forearm or leg but did elicit forearm 
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vasodilation [62], which was not correlated with changes in forearm MSNA [62]. MSNA 

withdrawal is therefore not obligatory for forearm vasodilation during mental stress.

The third justification for examining MSNA responses to mental stress relates to 

catastrophic cardiovascular events such as sudden cardiac death, stroke, and myocardial 

ischemia. This rationale relies heavily on the assumption that peripheral MSNA (either from 

the leg or arm) translates to sympathoexcitation in other tissues and organs such as the heart 

that cannot be easily accessed via microneurography. There is some evidence to support 

such a concept [63, 64]; however, changes in MSNA are unrelated to changes in cardiac 

norepinephrine spillover during mental stress [63], and there is no literature about 

simultaneous MSNA and adrenomedullary responses in this type of situation.

For many years it was assumed that perceived stress was a primary driver of MSNA 

variability during mental stress. More recent studies have not observed a correlation between 

perceived stress and MSNA responses to mental stress [38, 57]. All three studies examining 

this issue have used the same perceived stress scale [35, 38, 57]—a simple 0–4 scale that did 

not probe into particular types of stress.

Regulation of arterial blood pressure is notoriously complex, and given increasing 

appreciation of scientific integrative medicine [65], it is no longer acceptable to maintain 

that MSNA and arterial blood pressure are coupled in any simple way during mental stress. 

Yang et al. [66] recently reported that calf vasodilation during mental stress was negatively 

correlated with MSNA reactivity in men but not in women. This suggests that the 

transduction of MSNA to the vasculature during mental stress may be gender-related. 

Another motivation for increased attention to MSNA and vascular coupling is the divergent 

and unresolved MSNA responsiveness to mental stress between the arm and leg [56, 59, 62]. 

We do not yet understand the physiological significance of this divergence, and the role of 

forearm MSNA in the classic forearm vasodilation associated with mental stress remains 

unclear due to limited data [56, 59, 62].

Future studies should incorporate adrenoceptor responsiveness and hormonal and autocrine 

factors that may interact importantly with sympathoneural activity in mediating 

hemodynamic responses to mental stress. There is a clear need to examine MSNA and 

vascular responsiveness to mental stress simultaneously with other key regulatory 

mechanisms, as difficult and complex as that might be. Such additional measurements might 

include circulating catecholamines, nitric oxide, endothelin, and other modulators of 

vascular reactivity. Very few studies have taken this approach, but the studies that have done 

so have been very informative. The simultaneous recording of cardiac norepinephrine 

spillover and MSNA by Wallin et al. [63] serves as an example. Another insightful study 

was conducted by Hjemdahl et al. [67], who reported that MSNA correlated strongly with 

femoral venous plasma norepinephrine concentrations and spillover at rest but not during 

mental stress (Figure 4).

MSNA Recovery to Mental Stress

In contrast to highly variable responses of MSNA during mental stress, responses after 
mental stress seem to be quite consistent. Several studies by multiple groups have shown 
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that MSNA is elevated after mental stress when compared to resting baseline [35, 56, 62, 

68–70]. Few studies have highlighted the post-recovery sympathoexcitation associated with 

acute laboratory mental stress, but this may be relevant given a meta-analysis of Chida and 

Steptoe [71] that suggests a role of cardiovascular recovery as a marker of cardiovascular 

risk. Post-mental stress increases in MSNA are observed in both the arm and the leg, despite 

a dissociation of arm vs. leg MSNA during mental stress [56]. The finding of robust 

increases of MSNA after mental stress in both limbs was replicated by Carter et al. [62], 

despite no changes of arm or leg MSNA during mental stress.

It is unclear how long sympathetic activation persists after cessation of mental stress. MSNA 

has been shown to be significantly elevated for up to 10 min of recovery [35]. Moreover, 

post-stress elevation of MSNA is associated with a reduction of heart rate compared to pre-

stress levels [35]. Not all studies demonstrate post-mental stress bradycardia, but nearly all 

studies note a rapid reduction of heart rate back to pre-stress baseline levels during recovery 

[62]. The sympathoexcitation after mental stress might have cardiovascular prognostic 

implications, but this has not been sufficiently explored.

SSNA during Laboratory-Based Mental Stress

Despite well-known pallor and piloerection attending terror and SSNA being highly 

responsive to emotional stimulation [72], few studies have examined SSNA responses during 

mental stress. In 1997, two studies were performed in which SSNA was quantified during 

acute laboratory mental stress in individuals with Guillain-Barre syndrome [73] or 

palmoplantar hyperhidrosis [74]. Patients with Guillain-Barre syndrome had exaggerated 

SSNA burst frequency responses to mental arithmetic during the acute phase, but not during 

remission phase, compared to healthy controls. These differences were no longer present 

when SSNA was analyzed as a percent change response, which is the more acceptable 

approach to analyzing SSNA [73]. In patients with palmoplantar hyperhidrosis (Figure 5), 

divergent SSNA responses were dependent upon the recorded nerve fascicle [74].

Recently, Muller et al. [75] examined SSNA responses to mental stress in healthy men and 

women using a test-retest experimental paradigm. The authors reported that SSNA reactivity 

to mental stress within the same day (separated by 45 min) and across days (separated by ~1 

week) did not differ across trials. Moreover, intra-class correlation demonstrated test-retest 

reliability [75]. A strength of this study was the well-controlled thermal environment that 

included a tube-lined suit perfused at 34–35°C to ensure consistent normothermic conditions 

across the three mental stress trials. The authors chose to record peroneal SSNA [75]; given 

the divergent tibial and peroneal SSNA reported by Iwase et al. [74], it may be important to 

establish reproducibility with tibial SSNA.

While the majority of SSNA-mental stress studies have utilized mental arithmetic to elicit 

stress, Brown et al. [39] recently reported SSNA responsiveness to neutral and emotionally-

charged images from the International Affective Picture System (IAPS; Figure 6). In 

contrast to mental arithmetic, the IAPS elicits what is believed to be a more isolated 

emotional stress, although even with this approach there are several dimensions of 

‘emotional’ stress to consider. Brown et al. [39] reported a significant increase of SSNA in 

response to both positive images (erotica) and negative images (mutilation) when compared 
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to neutral images. The augmentation of SSNA with IAPS [39] was not observed with MSNA 

[38]. Collectively, these studies [38, 39] confirm the prominent role that emotional stress 

plays in SSNA regulation and suggest that IAPS-induced emotional stress has a differential 

influence on SSNA and MSNA. Effects of IAPS-induced emotional stress on 

adrenomedullary activity have not been studied.

MSNA, Noradrenaline Spillover, and Chronic Mental Stress

Most mental stress studies using combined MSNA and regional norepinephrine spillover 

approaches have been performed in a controlled laboratory setting using a standard 

laboratory stressor (e.g., mental arithmetic). Using panic disorder as a model of chronic 

stress, Wilkinson et al. [76] and Lambert et al. [77] reported that multiunit MSNA is not 

different between panic patients and healthy controls. As depicted in Figure 7, the authors 

did note that in panic disorder MSNA firing was often in a “multiple spike” pattern [77]. The 

physiological significance of this pattern remains unclear, but a more recent study suggests 

that aberrant single unit firing patterns are associated with increased cardiac noradrenaline 

spillover [78]. Evidence to date points to minimal influence of anxiety or panic disorder on 

MSNA; moreover, one may query whether panic disorder patients provide a model of 

chronic mental stress.

There has been a tendency to assume that sympathetic neural responses observed during 

acute laboratory mental stress reflect those during chronic mental stress. There is no 

published evidence to support such a claim. We still do not have consensus on lab-to-life 

generalizability.

CATECHOLAMINE REACTIVITY TO MENTAL STRESS

Overview of Endogenous Catecholamines

The human body possesses three endogenous catecholamines – dopamine (DA), 

norepinephrine (NE, synonymous with noradrenaline), and adrenaline (synonymous with 

epinephrine, EPI). DA is well known to be a central neurotransmitter. Nigrostriatal DA 

depletion is a neurochemical hallmark of Parkinson disease (PD) [79, 80]. DA in the brain is 

also well known to play key roles in psychological phenomena such as reward [81, 82], drug 

addiction [83], and mood [84]. Perhaps less well known, DA in the periphery acts as an 

autocrine-paracrine substance [85]. In humans, all of the DA in urine is derived from uptake 

of circulating DOPA [86]. DA exiting the proximal tubular cells acts on the same or nearby 

cells to augment sodium excretion [87]. Most of the DA synthesized in the body is formed in 

non-neuronal cells in splanchnic organs, not the brain or sympathetic nervous system [88]. 

DA in plasma has a complex origin from dietary sources and sympathetic nerves [89].

NE is the main sympathetic neurotransmitter in circulatory regulation. Because of the crucial 

role of NE in reflexive, sympathetically mediated vasoconstriction during orthostasis, failure 

to synthesize NE due to DA-beta-hydroxylase deficiency invariably produces profound 

orthostatic hypotension [90], which can be effectively reversed by treatment with the NE 

precursor L-threo-dihydroxyphenylserine [91]. NE is also a central neurotransmitter thought 
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to be involved in vigilance and attention [92], memory of distressing events [93–96], 

nociception [97–99], and panic/anxiety [100].

Ever since Cannon’s classic description about a century ago of a substance released from the 

adrenal gland of a cat exposed to a barking dog [101], EPI has been viewed as the “fight or 

flight” hormone, released in emergencies to maintain homeostasis (a word than Cannon 

coined). As such, we have focused the majority of our discussion on EPI responses to acute 

and chronic mental stress.

Challenges in Studying Catecholamine Reactivity to Mental Stress

EPI is a remarkably powerful hormone. In healthy adult humans, EPI infused at 3 ng/min/dL 

into the brachial artery (corresponding to an estimated increment in the arterial plasma 

concentration of about 3 nM) more than doubles forearm blood flow [102]. As one would 

expect, under resting conditions arm venous plasma EPI levels are extremely low, with a 

wide normal range from about 4 to 80 pg/mL (0.02–0.44 nM). A major challenge in 

studying sympathetic adrenergic reactivity to mental stress is that arm venous EPI levels 

strain the limits of detection of most assay methods. Due to extraction of arterial EPI in 

passage through forearm tissues, arm venous EPI is about one-half of arterial EPI [103]; 

however, arterial plasma EPI is rarely measured in laboratory studies of effects of mental 

stress [104].

A second challenge is the experimental setting. Because of the ethics of informed consent, 

assurance of safety of research participants, and self-selection bias, laboratory psychological 

challenges may not reproduce the catecholamine reactivity that occurs in real-life mental 

stress. For instance, as depicted in Figure 8, playing a video game does not alter arterial or 

venous EPI levels [104], whereas exposure to the stress of third molar extraction increases 

venous EPI levels substantially [40]. Even third molar extraction is an anticipated distressing 

situation, and one may reasonably expect that EPI responses to real-life, unexpected, 

distressing situations would be even larger.

A third challenge is that the relationship between acute responses to single stressors and 

chronic responses to repeated stressors is modulated by factors such as habituation, 

dishabituation, classic conditioning, resilience, and allostatic load [16, 105–108].

Classic Research on Catecholamine Reactivity to Mental Stress

Experiments by Walter B. Cannon in the early 20th century demonstrated for the first time 

that a substance is secreted by the adrenal glands into the bloodstream during emotional 

stress. In 1911 he reported an experiment in which an instrumented cat was exposed to a 

barking dog. Blood taken from the vena cava of the stressed cat relaxed a rhythmically 

contracting intestinal strip in a bioassay preparation, and this relaxation was not observed in 

adrenalectomized cats.

Several years later, Cannon perfected a denervated heart preparation and used heart rate 

responses as a measure of the extent of adrenal secretion [109]. In studies spanning two 

decades he reported that a variety of severe stressors increase heart rate in this preparation 

and that bilateral adrenalectomies blunt or prevent the effect (Figure 9). He concluded that 
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both “fight” and “flight” are associated with increased adrenomedullary secretion [2, 3, 110, 

111].

As noted previously, Cannon considered the adrenal medulla and sympathetic nervous 

system to function as a unit to maintain homeostasis in emergencies. After the discovery by 

von Euler that NE and not EPI is the chemical messenger of the sympathetic nerves (an 

exception is that sympathetic cholinergic nerves mediate sweating [112]), assay methods 

were introduced that enabled separate assessments of noradrenergic and adrenergic 

reactivity to different stressors. The first chemical method for detecting catecholamines was 

colorimetric [113], based on the unusual susceptibility of catecholamines to oxidize to form 

a brownish solution, "adrenochrome." In 1949, von Euler and Hamberg introduced a 

colorimetric method to assay catecholamines in which adrenochrome is converted 

chemically to 1-methyl-3,5,6-trihydroxyindole [114]. Trihydroxyindole has characteristic 

fluorescent properties, and detection of the fluorescence provided the basis for several 

methods that proved adequate to measure catecholamine concentrations in tissues [115]. 

Another type of fluorimetric assay was based on the condensation of oxidized 

catecholamines with ethylenediamine [116, 117], and this enabled separate measurement of 

NE and EPI in urine [118] and plasma [119].

Studies in the 1960s at the Walter Reed Army Institute of Research reported on effects of 

72-hour electric footshock avoidance sessions or conditioned emotional responses to shock 

in monkeys [120–122]. During regularly repeated sessions, increases in NE excretion were 

observed without concurrent increases in EPI excretion; however, when free shock variation 

was substituted for earned shocks, then both NE and EPI were markedly increased. These 

studies provided the first evidence that simple alterations of reinforcement contingencies can 

influence the pattern of endocrine responses to emotional stressors. The same group also 

evaluated catecholaminergic effects of classically conditioned responses in human subjects 

who had previously acquired conditioned avoidance responses, with the same punishment, 

electric shock to the calf [123]. There was evidence for classically conditioned increases in 

heart rate and blood pressure and decreases in skin electrical resistance, coupled with 

increases in urinary excretion of 17-hydroxycorticosteroids, NE, and EPI.

In contrast with predictions from Cannon’s notion of “fight” and “flight,” patterns of NE and 

EPI responses provide evidence for a catecholaminergic distinction between rage and terror. 

Ax [124] and Funkenstein [125] linked EPI with fear or anxiety and NE with anger or 

aggression. In professional hockey players and in neuropsychiatric patients, selective 

increases in NE excretion were found to accompany aggressive, active emotional displays; 

whereas selective increases in urinary EPI excretion were accompanied tense and anxious 

but passive emotional behaviors [126].

Norepinephrine Spillover

The plasma NE spillover technique is a means to quantify the rate of entry of NE into the 

venous drainage of an organ such as the heart. 3H-NE is infused i.v. to a steady state, which 

is attained rapidly because of the short half-time for disappearance of circulating NE --about 

1.5 minutes. Endogenously released NE decreases the specific activity of the 3H-

norepinephrine, and the extent of decrease in specific activity between the arterial plasma 
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and the venous plasma is a measure of NE spillover. "Total body" NE spillover has been 

estimated from the specific activity of 3H-NE in arterial plasma. Regional NE spillover has 

been measured in a variety of organs, including the heart, kidneys, splanchnic organs, brain, 

and limbs [127–130].

Measurement of regional NE spillover takes into account the regional clearance of NE from 

the plasma as a determinant of the arteriovenous difference in plasma NE levels. On the 

other hand, it does not separate NE release from neuronal reuptake via the cell membrane 

NE transporter (Figure 10). One means to assess separately NE reuptake is by concurrent 

measurement of the specific activity of 3,4-dihydroxyphenylglycol (DHPG), the main 

neuronal metabolite of NE. Briefly, if there were no neuronal reuptake of endogenously 

released NE, NE spillover would overestimate NE release. In this situation, however, the 

specific activity of 3H-DHPG would be the same in the arterial and venous plasma. 

Concurrent measurements of endogenous and tracer-labeled catechols therefore provide a 

more accurate assessment of regional sympathetic nerve activity than measurement of NE 

spillover alone [131, 132]. To our knowledge, regional sympathetic nerve traffic and NE 

release estimated by measurements of endogenous and tracer-labeled catechols have not 

been assessed during mental stress.

Disorders Involving Catecholamine Reactivity to Mental Stress

It is very difficult to evaluate catecholamine reactivity to mental stress in a manner that (1) is 

independent of physical activity, which would be expected to increase sympathetic 

noradrenergic outflows and plasma NE levels differentially with respect to sympathetic 

adrenergic outflows and plasma EPI levels [133, 134]; (2) involves real-life distress, as 

opposed to laboratory challenges that are not particularly distressing [104]; (3) includes 

baseline measures prior to the stress [40]; and (4) takes into account factors such as systemic 

hemodynamics [135], posture [136], room temperature [137], meal ingestion [138, 139], the 

state of glycemia [140, 141], which differentially affects sympathetic adrenergic outflow, 

and medications [142, 143]. With these limitations in mind, the following discussion 

highlights particular areas in which catecholamine reactivity to mental stress may play a role 

in the pathogenesis of a variety of disorders.

Takotsubo cardiomyopathy—Takotsubo cardiomyopathy is a relatively recently 

recognized acute, reversible form of heart failure that is characterized by hypokinesia of the 

left ventricular apical myocardium [144]. Contraction of the basal myocardium during 

systole gives the heart the appearance of a takotsubo, a Japanese ceramic pot used for 

trapping octopus. The condition is especially common in post-menopausal, acutely 

distressed women [145].

Takotsubo cardiomyopathy is associated with drastically increased plasma levels of 

catecholamines—especially EPI [146]. High circulating levels also of NE and of 3,4-

dihydroxyphenylglycol, the main neuronal metabolite of NE, indicate substantially increased 

sympathetic noradrenergic outflows [147].

Patients with takotsubo cardiomyopathy have decreased “uptake” and accelerated “washout” 

of 123I-metaiodobenzylguanidine-derived radioactivity in the affected myocardium [148–
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151]. This pattern might reflect increased cardiac sympathetic outflow, with high local NE 

and EPI concentrations competing with 123I-metaiodobenzylguanidine for neuronal uptake 

via the cell membrane NE transporter [152] or decreased ability of intra-neuronal vesicles to 

take up and retain 123I-metaiodobenzylguanidine. Increased cardiac sympathetic outflow, 

decreased neuronal reuptake, and excessive net leakage of NE from vesicular stores can 

explain augmented arterial-coronary sinus increments of plasma NE levels in takotsubo 
cardiomyopathy [153].

Why would high circulating EPI concentrations cause or contribute to the myocardial 

stunning attending takotsubo cardiomyopathy? According to one proposal [154], when EPI 

levels at myocardial beta-2 adrenoceptors exceed a certain threshold, the mechanism of 

intracellular signal trafficking in the ventricular cardiomyocytes switches from the 

stimulatory Gs protein to the inhibitory Gi protein. In support of this notion, an in vivo rat 

model was reported recently by the same group [155] in which bolus i.v. injection of EPI 

produced reversible apical hypokinesia and basal hypercontractility found clinically, with the 

effect prevented by Gi inactivation by pertussis toxin. On the other hand, Gi inactivation 

increased mortality in the rat model. The authors have suggested that EPI-specific beta-2 

adrenoceptor-mediated Gi signaling may have evolved to limit catecholamine-induced 

myocardial toxicity during acute stress [155]. Figure 11 provides a concept diagram 

depicting proposed mechanisms of takotsubo cardiopathy.

Ventricular arrhythmias—Mental stress has long been thought to be associated with 

acute myocardial ischemia [156], myocardial infarction [157], and sudden cardiac death 

from ventricular arrhythmias [158, 159]. The sympathetic noradrenergic system has been 

implicated as a factor linking mental stress with these morbid outcomes [160, 161].

The recent description of catecholaminergic polymorphic tachycardia (CPVT) helps solidify 

this link. CPVT is an inherited arrhythmia syndrome that often manifests as episodes of 

syncope in the first or second decade of life and predisposes to unexplained sudden cardiac 

death in young adulthood. Mutations of the gene encoding the ryanodine receptor RYR2 

account for about 70% of CPVT cases and cause the autosomal dominant form of the 

disease [162, 163]. The mutations lead to disruption of intracellular cAMP-induced aberrant 

Ca++ release from the sarcoplasmic reticulum into the cytoplasm. Beta-adrenoceptor 

activation, which increases cAMP generation, may therefore precipitate a pathogenic 

positive feedback loop in which a ventricular arrhythmia rapidly increases cardiac 

sympathetic and adrenomedullary hormonal system outflows, in turn exacerbating aberrant 

Ca++ release.

A case report illustrates the risk of mental stress evoking morbid manifestations of CPVT 

[164]. A 14-year-old boy suffered a cardiopulmonary arrest after attempting to invite a girl 

to the school dance. The presenting cardiac rhythm, induction of ventricular arrhythmias 

during an exercise stress test, and genetic testing confirmed the diagnosis of CPVT.

Beta-adrenoceptor blockers are a mainstay of treatment for CPVT but can be ineffective in 

preventing cardiac events [165]. An automated defibrillator may have to be implanted. 

Treatment for CPVT also includes left cardiac sympathectomy [166–168]. Plasma levels of 
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catecholamines have not yet been assessed in CPVT, with or without therapeutic cardiac 

denervation. Compared to exercise testing, i.v. EPI infusion testing is specific but insensitive 

in diagnostic evaluation of CPVT [169].

Sympathoadrenal imbalance and fainting—Fainting reactions (vasovagal syncope 

[170, 171], vasodepressor syncope [172, 173], neurocardiogenic syncope [174], reflex 

syncope) constitute the most common cause of transient loss of consciousness in adults. 

Emotional stress may be an important contributor to syncope.

Fainting reactions can occur in the absence of cardiac innervation, such as after cardiac 

transplantation [171, 175–177], indicating that they do not necessarily depend on altered 

cardiac sympathetic or vagal outflow or on “collapse firing” of intra-cardiac baroreceptors in 

the setting of hyper-contractility and low cardiac filling volume [178]. Although there is 

often prominent bradycardia or even asystole at the time of loss of consciousness, 

hypotension often precedes the bradycardia [179].

There is substantial but inconsistent literature about whether fainting reactions are associated 

with decreased [180–184] or unchanged [185] skeletal muscle sympathetic outflow as 

measured by peroneal microneurography.

In stark contrast, all studies about plasma EPI have reported high EPI levels associating with 

fainting [60, 173, 186–195]. As outlined in Figure 12, these findings fit with the concept of 

“sympathoadrenal imbalance” before neurocardiogenic syncope [60]. According to this 

concept, EPI, via stimulation of beta-2 adrenoceptors in skeletal muscle arteriolar walls, 

decreases skeletal muscle vascular resistance, effectively shunting blood to the limbs at the 

expense of brainstem perfusion. Normally, reflexive increases in sympathetic noradrenergic 

outflow counter this effect; however, in fainting there is restraint of sympathetic 

noradrenergic outflow. This may be related to vasopressin [196–199] or inhibition of NE 

release for a given amount of skeletal muscle sympathetic nerve traffic [188, 200]—perhaps 

related to occupation of muscarinic receptors on sympathetic nerves [201, 202], nitric oxide 

[203], or endogenous opiates [188]. When the patient begins to feel distress, this evokes 

further EPI release and triggers a neurocirculatory positive feedback loop that leads rapidly 

to circulatory collapse. Figure 13 provides a concept diagram for shifts in blood flow 

distribution associated with tilt-induced syncope.

Hypertension—Inter-relationships among mental stress, catecholamines, and hypertension 

have long occupied the attention of researchers [204–206]. Because clinical hypertension is 

highly heterogeneous, it is likely that mental stress, via excessive catecholaminergic 

reactivity, participates only indirectly in the pathogenesis of hypertension [207]. Although 

neurochemical and neuropharmacologic testing can help identify patients with an augmented 

catecholaminergic contribution [208–211], this sort of profiling is rarely done in current 

clinical management of hypertensive patients.

A number of longitudinal studies in Finland have provided unique information about 

whether sympathetic noradrenergic or adrenergic hyperactivity predicts later development of 

essential hypertension. A 1982 study reported that middle-aged men with untreated, 
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sustained essential hypertension had elevated plasma levels of both EPI and NE [212]. 

Almost a quarter century later, the same group reported that among young men who were 

unaware of their blood pressure status, resting pressure reflected both variation in resting 

arterial plasma NE and EPI and variation in cardiovascular and sympathetic responses to 

mental stress [213]. Moreover, an 18-year follow-up study provided evidence that plasma 

NE and EPI responses to stress predicted future blood pressure [214].

Patients with essential hypertension have been reported to have increased rates of entry of 

NE into the venous drainage (“spillover”) in the heart, kidneys, cerebrovascular circulation, 

and body as a whole [128, 215–221]. The increases are most noticeable in relatively young 

(<45 years old) patients. Increased NE spillover may have other determinants in addition to 

increased sympathetic nerve traffic, including decreased reuptake of release NE via the cell 

membrane NE transporter, stimulation of beta-2 adrenoceptors on sympathetic nerves by 

elevated circulating EPI levels, and increased sympathetic nerve density [221].

The above findings rationalized development of renal sympathetic ablation by catheter-based 

radiofrequency ablation in the treatment of patients with refractory essential hypertension 

[222, 223]. Small clinical trials of this new treatment yielded remarkably positive results 

[224, 225], with substantial and sustained blood pressure reduction and no serious adverse 

events; however, in January, 2014, a prospective, randomized clinical trial was halted by the 

study sponsor for lack of efficacy.

Post-traumatic stress disorder—Post-traumatic stress disorder (PTSD) is associated 

with increased plasma NE [226], elevated urinary excretion rates of NE and EPI [227] and 

exaggerated catecholamine responses to yohimbine [228]. Indices of activity of the 

hypothalamic-pituitary-adrenocortical axis have been reported to be if anything decreased 

[229].

In a prospective study of civilian survivors of traumatic events, trauma survivors with and 

without PTSD had similar initial levels of plasma NE, urinary NE excretion, and NE:cortisol 

ratio in the emergency room [230]. Based on plasma and saliva cortisol, hourly urinary 

excretion of cortisol, plasma levels of adrenocorticotropin (ACTH), and leukocyte 

glucocorticoid receptor density, PTSD is not preceded by abnormal levels of any of these 

indices of hypothalamic-pituitary-adrenocortical axis function [231].

Future research in this area might benefit from movement away from the notion of a unitary 

“stress syndrome” and more attention specifically to the sympathetic adrenergic system. No 

study to date has assessed whether initial levels of EPI in plasma or urine predict later 

development of PTSD in survivors of traumatic events.

THE CARDIOVASCULAR REACTIVITY HYPOTHESIS

Exaggerated Reactivity and Cardiovascular Disease

The cardiovascular reactivity (CVR) hypothesis has been the subject of extensive research 

over more than 80 years. In 1932, Hines and Brown [232] reported a robust increase of 

blood pressure when a patient’s hand was placed in a bucket of ice water--the cold pressor 
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test. Hines and Brown first suggested that CVR to the cold pressor test might predict later 

development of hypertension. In a subsequent study in 1934 [233], they reported CVR to 

cold pressor testing in 300 children and adolescents between the ages of 7 and 17 years. Two 

subsequent studies were performed in a subset of the original 300 subjects in 1961 and 1979 

[234, 235]. On all three visits, subjects were classified as “hyperreactors” when the cold 

pressor test increased systolic blood pressure by 25 mmHg or more or diastolic blood 

pressure by 20 mmHg or more. Among individuals classified as hyperreactors in 1934 and 

1961, 71% were hypertensive at the 45 year follow up, while only 19% of normoreactors 

became hypertensive [235].

Several prospective epidemiologic studies have supported the concept of CVR as a risk 

factor for hypertension. A meta-analysis by Chida and Steptoe [71] provides perhaps the 

strongest evidence to date supporting the CVR hypothesis. The analysis reviewed data from 

36 prospective studies about CVR to laboratory mental stress, delayed cardiovascular 

recovery, and future cardiovascular disease. As indicated in Figure 14, heightened CVR to 

acute laboratory mental stress was found to be associated with adverse cardiovascular 

outcomes, particularly hypertension [71]. According to this meta-analysis, blood pressure 

reactivity tends to be more predictive than heart rate reactivity. Cognitive stressors such as 

mental arithmetic and the Stroop color-word conflict test tend to have greater predictability 

than stress interviews, public speaking, emotional induction, or combined stressors. While 

CVR may be predictive of hypertension, it does not appear to predict coronary calcification 

or carotid intimal-medial thickness.

A novel aspect of this meta-analysis was the relationship between mental stress recovery and 

cardiovascular disease predictability. As depicted in Figure 15, delayed recovery of 

cardiovascular variables after mental stress seems to be predictive of cardiovascular disease. 

Delayed cardiovascular recovery is predictive not only with respect to blood pressure but 

also carotid intimal-medial thickness. Both the CVR and recovery effects reported in this 

meta-analysis remained significant when more conservative aggregated analyses were 

performed.

Some have proposed that CVR is more than simply a predictor and that exaggerated CVR is 

causally related to the development of hypertension and other cardiovascular diseases. This 

version of the CVR hypothesis posits that repeated bouts of acute mental stress and the 

consequent short-term tachycardia and hypertension have cumulative effects. A review by 

Schwartz et al. [236] suggests that the evidence is insufficient to support a causal role. Of 

particular concern to the authors are the issues of generalizability, lack of attention to 

environmental conditions and psychological predispositions, and highly variable durations 

and coping strategies. A more recent review [237] shares some of these concerns but also 

offers a more optimistic view regarding generalizability and strategies to overcome various 

limitations. The following sections focus on the concepts of reliability, generalizability, and 

ecological validity that are important for the CVR hypothesis and autonomic adjustments to 

mental stress.
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Reproducibility and Aggregation

The reproducibility of blood pressure and heart rate reactivity to mental stress is an obvious 

and important question. In general, studies have largely supported the view that CVR is 

reproducible, but the level of reproducibility is widely variable [36]. In an important meta-

analysis, Swain and Suls [238] demonstrated reproducibility for both heart rate and blood 

pressure reactivity to various laboratory stressors, with the strongest reproducibility being 

observed for heart rate reactivity. Most test-retest paradigms have retested after one week or 

one month; reproducibility across longer intervals is less well established.

The meta-analysis by Swain and Suls [238] also revealed that aggregation of data across 

multiple stressors within a single laboratory session increased reproducibility across 

laboratory sessions. More recently, several reviews have emphasized the importance of 

aggregation in CVR reproducibility and suggested that aggregation of data improves 

reproducibility. Kamarack and Lovallo [36] highlight how test-retest reliability, with 

aggregated data across multiple sessions (i.e., multiple days), can explain up to an additional 

15% of variance (~66% to ~81% variance) when compared to aggregated data across tasks 

from a single session.

In an 18-year follow-up study, Hassellund et al. [239] noted correlations ranging from 0.6–

0.8 between cardiovascular and EPI responses during mental stress. The entry/follow-up 

correlation of systolic blood pressure during mental stress was significantly higher than 

during the cold pressor test. This important study suggested that cardiovascular and 

adrenomedullary responsiveness to mental stress are relatively stable individual 

characteristics.

Kamarack and Lovallo [36] caution that care should be taken when interpreting 

psychological stressors (i.e., mental arithmetic, Stroop color word conflict test, public 

speaking) and physical stressors (i.e., cold pressor test, acute exercise), citing limited or 

inconsistent evidence for associations between psychological and physical stressors. A 

fundamental assumption of the “aggregation” theory of CVR is that by using multiple tasks 

and sessions, the error variance is reduced. Increasing the diversity of the stress challenge 

might offer better modeling of complex real-life stressors. Prospective studies have reported 

that both mental stress and the cold pressor test have predictive value with regard to future 

risk of cardiovascular disease [71].

There is a paucity of prospective studies that have examined how variability across tasks 

plays into future risk of cardiovascular disease, particularly hypertension. An exception is a 

study by Flaa et al. [214], who found that arterial catecholamine concentrations during rest 

and exposure to laboratory stressor (mental arithmetic and the cold pressor test) 

independently predicted blood pressure at 18 years of follow-up. After adjusting for initial 

resting blood pressure, family history, body mass index, and systolic blood pressure during 

the stress test in a multiple regression analysis, the NE and EPI concentrations during mental 

arithmetic explained 12.7% of the variation of future systolic blood pressure.

In summary, the available literature generally supports the concept that CVR is reproducible 

and that aggregation across tasks or sessions enhances this reproducibility. While the 
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evidence suggests that aggregation across a similar content domain (i.e., psychological 

stress) produces the greatest reproducibility, we would argue that inclusion of other content 

domains (e.g., the cold pressor test) might model better the complexity of real-life stressors. 

The next section will discuss generalizability, and the important role of aggregation in 

generalizability. There may be valuable inferences to be drawn from intra-individual 

variability between acute laboratory stressors across content domains.

Generalizability and Ecological Validity

Generalizability refers to the consistency between acute laboratory stressors (e.g., mental 

arithmetic, the Stroop color-word conflict test) and naturalistic stressors (e.g., public 

speaking, job strain, caregiving stress). Generalizability would suggest that individuals with 

high CVR to an acute laboratory mental stress would also be high reactors to real world 

ambulatory stress. Evidence for such generalizability remains controversial and is the 

primary impediment to the strongest interpretation of the CVR hypothesis (i.e., causal role).

In 1990, Pickering and Gerin [240] assessed the state of the CVR hypothesis. At that time 

there were only a limited number of studies that assessed CVR generalizability, and the 

authors questioned lab-to-life generalizability and suggested a need for further research. 

Between 1990 and 2003 a number of studies were led to an update of the generalizability of 

CVR [236]. After an extensive literature review, Schwartz et al. [236] concluded there is a 

lack of lab-to-life generalizability and suggested that CVR offers a poor methodology to 

study responses to real-world stressors. The authors acknowledged that aggregation led to 

modest improvements in generalizability [236]. They also suggested that attention to 

anticipatory and recovery responses to stress might also improve generalizability. Schwartz 

et al. [236] advocated for a shift towards naturalistic and environmental stressors, including 

job strain and socioeconomic status. We agree that the field would benefit from such a shift 

and suggest that caregiving, job strain, and social hierarchy be considered further. Such 

stressors have their own limitations. We are not yet prepared to yield that acute laboratory 

stressors are incapable of lab-to-life generalizability, and two recent reviews [36, 237] 

provide some new and relevant insights in this debate.

While many of the attempts to refute CVR generalizability have focused on the lack of 

laboratory generalizability with ambulatory measurements, Kamarack and Lovallo [36] 

suggest that a multilevel approach that accounts for within-subject variability of ambulatory 

measurements is important. In one study, Kamarack et al. [241] examined how self-report 

measurements of task demand and decisional control were associated with each ambulatory 

blood pressure recording taken over approximately one week. Both activity levels and 

posture were included as covariates in the analysis. The authors reported that laboratory 

CVR was unrelated to non-specific ambulatory blood pressure [241]. Individuals with 

exaggerated laboratory CVR did demonstrate larger increases of ambulatory blood pressure 

during periods of high task demand and low decisional control. In other words, high 

laboratory reactors had high ambulatory blood pressure but only during high task demand or 

low decisional control, suggesting that CVR generalizability may be facilitated by focusing 

on stressful naturalistic episodes. Kamarck and Lovallo [36] supported the concept that 
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aggregation can improve generalizability and highlighted that many studies refuting the 

concept of generalizability have relied upon single-task comparisons.

Consistent with Kamarck and Lovallo [36], a recent review suggests that methodological 

issues may be contributing to the lack of lab-to-life generalizability reported in some studies. 

Zanstra and Johnston [237] critiqued the endpoints used to classify CVR in real life and 

highlighted that technological advances over the past decade are allowing more accurate 

assessment of naturalistic reactivity. The collection of 24-hour ambulatory heart rate or 

blood pressure data, in conjunction with data on self-perceived episodic stress levels, has 

been made easier by the proliferation of smartphones and other miniaturized handheld 

devices. Use of continuous, ambulatory finger plethysmography (i.e., Portapres) is readily 

available to provide even more accuracy on beat-to-beat blood pressure and self-reported 

stress. Of particular relevance, Johnston et al. [242] compared laboratory CVR with 

ambulatory CVR and accounted for self-reported negative emotions during the ambulatory 

recordings. They reported that laboratory CVR was associated with heart rate increases to 

negative emotions, even after controlling for physical activity and posture. These findings 

are consistent with Kamarack et al. [241] and demonstrate the need to account for the 

emotional ambulatory state when attempting to relate laboratory CVR with ambulatory 

measurements.

In sum, lab-to-life generalizability remains controversial. Using more modern technologies, 

evidence is emerging to suggest lab-to-life generalizability during episodic ambulatory 

stress. Aggregation and attention to recovery responses can enhance generalizability [36, 

236, 237]. Recent technological advances in simultaneously obtaining ambulatory 

measurements with self-perceived stress may shed new light in the ongoing debate.

FUTURE DIRECTIONS

In this review we have presented historical perspective and a modern overview of 

sympathetic neural and adrenomedullary adjustments to mental stress. The primary focus 

has been on direct measures of sympathetic activity in humans (e.g., catecholamines, 

sympathetic nerve activity, NE spillover) and implications for a variety of clinical disorders. 

We have critiqued current methodologies and study designs. Laboratory-based approaches 

may be convenient and cost-effective, but some assumptions based on this format may be 

misguided.

This review has emphasized the longstanding and still controversial CVR hypothesis, which 

continues to be a primary rationale for many studies. While the CVR field has been tested in 

a much more detailed and rigorous fashion, psychologists driving this field have tended to 

oversimplify indices of autonomic activity, or ignore underlying autonomic mechanisms 

altogether. Likewise, autonomic physiologists seem to have failed to appreciate the 

psychological complexities and have used overly simplistic psychological tests [35, 57].

Moving forward, there needs to be much greater emphasis on drawing upon expertise in 

these two fields. Sympathetic adjustments to mental stress embody the interdisciplinary field 

of psychophysiology, yet the vast majority of published work on sympathetic adjustments to 
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mental stress is by a cadre of investigators with expertise in only one of these two domains. 

Moreover, autonomic responsiveness to mental stress, and particularly sympathetic neural 

reactivity to acute laboratory mental stress, needs to undergo the same rigorous testing to 

which the CVR hypothesis has been subjected.

We acknowledge the difficulty associated with procedures such as microneurography or the 

cardiac NE spillover technique compared to simple measurements of heart rate and blood 

pressure reactivity. Nevertheless, given that there have been 55 published studies on MSNA 

reactivity to acute laboratory-based mental stress (the majority published within the last 15–

20 years), a deficiency has been the absence of test-retest studies on MSNA responsiveness 

to mental stress. In contrast, there have been numerous studies examining test-retest of CVR 

to acute laboratory mental stress [36]. The issue of whether MSNA responses to acute 

laboratory mental stress are reproducible seems particularly timely, given NIH Director 

Francis Collins’s recent call for increased attention to reproducibility to ensure careful 

investment of our nation’s medical research funding [243].

Other issues for future attention are lab-to-life generalizability and ecological validity as 

they pertain to sympathetic neural reactivity to mental stress. This will shift the field to 

consider novel approaches to assessing autonomic adjustments to sudden, unexpected mental 

stress and natural chronic mental stress. This review has provided examples of how we 

might approach such lab-to-life generalizability studies.

In parallel with proposed reproducibility and validity studies, it seems important and 

clinically relevant to expand our understanding of the inter- and intra-variability observed 

during acute mental stress. As outlined previously [244], is it reasonable to conclude that 

MSNA variability to mental stress provides a unique window of insight into hypertension or 

other cardiovascular diseases? More research attention to psychological states and traits 

appears warranted. For example, well established questionnaires such as the State-Trait 

Anxiety Inventory (STAI) can be incorporated immediately following the informed consent 

process [245]. Another questionnaire that we recommend for consideration would be the 

Positive and Negative Affect Schedule (PANAS-X), which provides indices of hostility, 

depression, and neuroticism among other psychological traits [246]. As outlined above in the 

discussion of the CVR hypothesis, recent research suggests that coping strategies can 

influence CVR to mental stress. Questionnaires assessing coping strategies or resilience 

would be particularly useful for autonomic physiologists.

Technical difficulties in measuring adrenomedullary activity by plasma EPI levels were 

surmounted three decades ago, yet studies in the area of autonomic responses to mental 

stress have not incorporated this component adequately. Future research would benefit from 

measurements of MSNA and plasma EPI in the same subjects. For instance, although 

MSNA is increased substantially in takotsubo cardiopathy [247], it may be that even more 

profound adrenomedullary activation [146] drives the cardiovascular abnormalities. As 

indicated in Figure 16, across a variety of stressors adrenomedullary responses seem to be 

linked at least as closely to responses of the hypothalamic-pituitary-adrenocortical system 

than of the sympathetic noradrenergic system [134].
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We have tried to emphasize the value of integrated physiological approaches such as the 

concept of scientific integrative medicine [65]. We suggest increased attention to negative 

feedback loops, compensatory activation, and effector sharing. Moreover, when it comes to 

mental stress, we need to consider these complex mechanisms in the context of 

psychological perceptions and experiences.

Finally, there is a need to examine sympathetic neural and adrenomedullary adjustments to 

mental stress in the context of health disparities. While there has been a recent increase in 

autonomic mental stress research focused on sex differences, there has been very limited 

attention to racial, ethnic, and socioeconomic disparities in the field.
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Figure 1. 
Original recordings of muscle sympathetic nerve activity (MSNA) and beat-to-beat arterial 

blood pressure during acute, laboratory-based mental stress. Taken with permission from 

Wallin et al. [55].

Carter and Goldstein Page 37

Compr Physiol. Author manuscript; available in PMC 2017 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Muscle sympathetic nerve activity (MSNA) responsiveness to mental stress was not 

correlated to arterial blood pressure responsiveness; DAP, diastolic arterial pressure. Taken 

with permission from Carter & Ray [57].
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Figure 3. 
Mental stress increases forearm vascular conductance (FVC) without any change in forearm 

muscle sympathetic nerve activity (MSNA); VOP, venous occlusion plethysmography; 

DOPPLER, Doppler ultrasound technique; B, baseline; R, recovery. Modified with 

permission from Carter et al. [62].
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Figure 4. 
Muscle sympathetic nerve activity correlates strongly with femoral venous (FV) plasma 

norepinephrine (NE) concentrations and spillover at rest, but not during mental stress 

elicited via Stroop’s color word conflict test (CWT). Taken with permission from Hjemdahl 

et al. [67].
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Figure 5. 
Skin sympathetic nerve activity (SSNA) responsiveness to mental stress was divergent in the 

tibial (T) and peroneal (P) nerves of hyperhidrosis patients. Taken with permission from 

Iwase et al. [74].
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Figure 6. 
Skin sympathetic nerve activity (SSNA) responses to emotionally-charged images from the 

International Affective Picture System (IAPS). Taken with permission from Brown et al. 

[39].
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Figure 7. 
Panic disorder (PD) patient peripheral sympathetic neurons fire more often in a ‘multiple 

spike’ pattern when compared to health controls. Taken with permission from Lambert et al. 

[77].
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Figure 8. Hemodynamic and catecholamine responses to mental challenge (playing a video game) 
in healthy humans
There are increases in heart rate (HR), blood pressure (BP), and forearm blood flow (FBF) 

and concurrent increases in total body and forearm norepinephrine spillover (TB NE SO and 

FA NE SO), yet arterial and arm venous concentrations of epinephrine ([EPI]) remain 

unchanged. This pattern exemplifies active attention without distress.
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Figure 9. Cannon's denervated heart model demonstrating distress-induced adrenal secretion
The rate of the denervated heart in a caged cat was recorded upon exposure of the animal to 

a dog, before and after bilateral adrenal inactivation. The virtual absence of tachycardia in 

the setting of inactivated adrenals indicated distress-evoked adrenal release of a hormone 

into the bloodstream. Taken with permission from Cannon [2].
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Figure 10. Estimates of rates of norepinephrine synthesis, vesicular recycling, release, neuronal 
and extraneuronal uptake, and metabolism in cardiac sympathetic nerves in healthy humans and 
patients with congestive heart failure
Note that under resting conditions most of the turnover of norepinephrine is from net 

vesicular leakage, not release escaping reuptake. Cardiac norepinephrine spillover is 

influenced by both exocytotic release and neuronal reuptake.
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Figure 11. Concept diagram depicting proposed mechanisms of takotsubo cardiopathy (stress 
cardiopathy)
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Figure 12. Plasma epinephrine (EPI), norepinephrine (NE), forearm vascular resistance (FVR), 
and mean arterial pressure (MAP) responses to tilt table testing in a patient with 
neurocardiogenic syncope
Note progressive decrease in FVR and increase in EPI prior to hypotension and syncope. 

Divergence of EPI from NE responses indicates sympathoadrenal imbalance.
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Figure 13. Concept diagram for shifts in blood flow distribution associated with tilt-induced 
syncope
The normal response to head-up tilting includes sympathetically mediated skeletal muscle 

vasoconstriction, which counters decreased cardiac output and helps preserve cerebral blood 

flow. Skeletal muscle vasodilation combined with decreased cardiac output decreases 

brainstem perfusion, evoking syncope.
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Figure 14. 
Meta-analysis from of prospective studies examining cardiovascular reactivity to stress and 

subsequent cardiovascular status. Taken with permission from Chida & Steptoe [71].
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Figure 15. 
Meta-analysis from of prospective studies examining cardiovascular recovery from stress 

and subsequent cardiovascular status. Taken with permission Chida & Steptoe [71].
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Figure 16. Adrenaline and ACTH responses to different stressors in humans, from a meta-
analysis of the literature
There is excellent agreement between adrenomedullary and adrenocortical activation. For 

instance, exposure to cold exerts little or no adrenomedullary or adrenocortical activation, 

whereas insulin-induced hypoglycemia evokes large-magnitude adrenomedullary and 

adrenocortical activation.
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Table 1

Laboratory manipulations for acute mental stress in rodents.

Air-jet stress

Restraint or immobilization

Dirty cage switch

Shaking platform

Electric shock of tail or foot

Forced swimming

Sleep deprivation

Noise exposure

Cold exposure

Resident-intruder/social-defeat
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Table 2

Laboratory manipulations to evoke acute mental stress in humans.

Mental arithmetic

Stroop color word conflict test

Speech task

Delayed auditory feedback

International Affective Picture System

Exercise anticipation

3rd molar extract anticipation
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