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Abstract

The autonomic nervous system is a key regulator of cardiovascular system. In this review we
focus on how sex and aging influence autonomic regulation of blood pressure in humans in an
effort to understand general issues related to how the autonomic nervous system regulates blood
pressure, and the cardiovascular system as a whole. Younger women generally have lower blood
pressure and sympathetic activity than younger men. However, both sexes show marked inter-
individual variability across age groups with significant overlap seen. Additionally, while men
across the lifespan show a clear relationship between markers of whole body sympathetic activity
and vascular resistance, such a relationship is not seen in young women. In this context, the ability
of the sympathetic nerves to evoke vasoconstriction is lower in young women likely as a result of
concurrent 3, mediated vasodilation that offsets a-adrenergic vasoconstriction. These differences
reflect both central sympatho-inhibitory effects of estrogen and also its influence on peripheral
vasodilation at the level of the vascular smooth muscle and endothelium. By contrast post-
menopausal women show a clear relationship between markers of whole body sympathetic traffic
and vascular resistance, and sympathetic activity rises progressively in both sexes with aging.
These central findings in humans are discussed in the context of differences in population-based
trends in blood pressure and orthostatic intolerance. The many areas where there is little sex-
specific data on how the autonomic nervous system participates in the regulation of the human
cardiovascular system are highlighted.
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1. INTRODUCTION AND OVERVIEW

After heart rate, arterial blood pressure is perhaps the most commonly measured vital sign in
humans. The case can also be made that blood pressure is the fundamental regulated variable
in the cardiovascular system and that by considering it, insights into the larger question of
neural control of the circulation can be gained (86). Additionally, when blood pressure is
chronically elevated it is a marker of cardiovascular disease risk that can be measured
noninvasively. Conversely, when blood pressure is low, the risk of fainting and falls is
increased. On a population basis, in the developed world, blood pressure is generally lower
in young women than men and rises slowly with age until menopause (73). After
menopause, blood pressure increases more rapidly in women than men in similar age groups
and by age 65 or 70 years more women are hypertensive than men. These trends are shown
in Figure 1. By contrast fainting and orthostatic intolerance as shown in Figure 2 are much
more common in young women than young men (3, 39, 42). These observations indicate
that, in general, there are important sex differences in human blood pressure regulation
consistent with differences in the function of the autonomic nervous system function.

Unique Issues for Human Blood Pressure Regulation

Humans are bipedal and thus spend the majority of time in the upright position. With the
head above the heart, it can be argued that blood pressure regulation in humans has an
additional challenge compared to commonly studied rodents and other quadruped models
(86). This difference is perhaps amplified because our species can go rapidly from the
supine to upright position. Additionally, unlike many species, adult human females are
normally fertile year round until menopause, and life expectancy after menopause for many
women can be on the order of 40 or more years which is approximately 50% of lifespan.
The population trends in blood pressure after menopause mentioned above are also
consistent with the general idea that sex steroid hormones influence blood pressure in
women. In this context, the widespread medicinal use of these exogenous hormones for birth
control or to modulate the symptoms of menopause might also important implications for
blood pressure control (52). Because of this unique collection of features germane to blood
pressure regulation in women, and because of our expertise in human studies, we will focus
on primary data in humans to the greatest possible extent and rely on limited data from
animal models when relevant data are not available in humans.

Scope of this Review

With the above introductory comments as a background, we want to detail four other
elements of our approach prospectively. First, the boundaries of issues related to neural
control of the circulation are potentially expansive, especially if there is a major focus on
epidemiology and pathophysiology. Thus we emphasize the role of sex differences and
neural control of the circulation in the context of blood pressure regulation (see Figure 3).
Our focus will be on healthy normotensive young and older adults with caveats from studies
that focus on hypertension and other clinical conditions. Second, almost by definition the
term “neural control” implies a dominant role for the autonomic nervous system. For
example during common non-resting conditions like mental stress or exercise, multiple
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neural factors can influence blood pressure and these influences are exerted via the
autonomic nervous system (62). Third, we will not review changes in blood pressure during
pregnancy and the associated hypertensive conditions in great detail. What is known about
autonomic control in these conditions has been reviewed by Fu (38, 40). Fourth, we also
avoid an extended discussion of the renal mechanisms that contribute to blood pressure
regulation beyond those areas that clearly intersect with the autonomic nervous system. We
have previously challenged what we view as the overly renal-centric view of blood pressure
regulation and hypertension and these arguments have been made in detail elsewhere (17,
54, 55). Thus, the scope of this review will be narrow by design. Within this scope, we seek
to address seven fundamental questions:

»  What clues or questions do temporal trends in population-based blood pressure data
provide about sex differences and neural control of the circulation?

»  Can these trends be explained in part by sex related differences in the activity of the
autonomic nervous system?

» Does aging affect sex related differences in how the autonomic nervous system
contributes blood pressure regulation at rest?

» Do differences in central autonomic outflow contribute to sex related differences in
how the autonomic nervous system contributes blood pressure regulation?

» Do differences in baroreflex responses to posture (orthostatic stress) contribute to
sex related differences in how the autonomic nervous system contributes to blood
pressure regulation?

» Do the blood pressure responses to somatic afferent stimulation or mental stress
demonstrate sex related differences in how the autonomic nervous system
contributes blood pressure regulation?

Do changes in sympathetic vasoconstrictor nerve activity evoke similar vasoconstrictor
responses in both sexes and are these responses altered by age in a sex specific manner? Can
any differences in vasoconstrictor responses be explained on the basis of adrenergic receptor
sensitivity?

The fundamental role of sex steroid hormones in these differences will be addressed for each
question. Before addressing these questions, we will first discuss how to assess the
contribution of the autonomic nervous system to blood pressure regulation in humans. We
will also discuss our fundamental observations about interindividual variability in how the
various determinants of blood pressure interact in healthy humans to generate a relatively
narrow range of blood pressure values at rest. Finally, we will try to identify areas that are
relatively unexplored and where data are generally lacking.

AUTONOMIC REGULATION OF BLOOD PRESSURE—Because we are focusing on
blood pressure to frame our discussion, we start with the classic physiologic approach
(based on Darcy’s Law) that mean arterial pressure equals cardiac output multiplied by total
peripheral resistance (11). Thus cardiac output (as determined by heart rate and stroke
volume) and vascular tone (as described by total peripheral resistance) operate together as
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determinants of blood pressure, and the equation below is essentially Darcy’s law for fluid
applied to the cardiovascular system.

MAP = CO X TPR—Of note, only blood pressure and cardiac output can be measured.
Total peripheral resistance is always calculated from the measurement of these variables.
Blood pressure is easy to measure both invasively and non-invasively but it is important to
remember that measurements of peripheral blood pressure in the limb differ from central
blood pressure in the aorta and large central blood vessels (87). Blood pressure is also highly
variable over 24 hours and can change dramatically during periods of mental and physical
stress. For example, a standard cold pressor test can evoke >20 mmHg increases in both
systolic and diastolic blood pressure in normotensive subjects at risk for future hypertension
(67). In this context, some subjects show 50% or greater increases in mean arterial pressure
in response to mental stress, handgrip, or a cold pressor test (62). By contrast, during sleep
most normotensive young people have marked falls in blood pressure. In some individuals
the reductions in blood pressure seen during sleep might be interpreted as potentially “low”
during wakefulness (68). During periods of physical stress like weight lifting, there can be
marked but temporary increases in blood pressure (>250/150 or higher) that many clinicians
would find alarming when considered out of context (64).

Cardiac output is more challenging to measure and “gold standard” techniques are invasive
and typically require access to mixed venous blood from the pulmonary artery and arterial
blood samples. Other noninvasive techniques include the uptake of foreign gases and
rebreathing techniques to measure pulmonary blood flow as a surrogate for total cardiac
output (50). These are well validated but usually require specialized equipment such as a
customized mass spectrometer to measure breath-by-breath gas uptake, and may not be
feasible for all laboratories. Simpler, non-invasive ways to estimate cardiac output include
the arterial waveform analysis and transthoracic impedance (9, 61, 82, 113). These need to
be used with care and are frequently best applied to evaluate changes within a subject during
acute interventions rather than absolute values.

In general, both the parasympathetic (vagal) and sympathetic arms of the autonomic nervous
system regulate heart rate and vascular resistance. VVagal tone predominates at rest and with
a combination of vagal withdrawal and increases in cardiac sympathetic activity causing
heart rate to increase during activities like exercise (66). By contrast, vascular resistance is
under the predominant control of the sympathetic nervous system along with adrenergic
neurotransmitters and receptors. With the exception of human sweating, there is little
evidence for sympathetic cholinergic nerves in humans (56).

Implicit in the above discussion is the idea that a given blood pressure might be generated
with a relatively high cardiac output and low total peripheral resistance, or a relatively low
cardiac output and a high peripheral resistance. Table 1 represents idealized values and
ranges at rest based on data from hundreds of younger normotensive subjects we have
studied over the past decade. These subjects have been primarily Caucasian, non-obese
(BMI less than 30), non-smokers, physically active but not involved in intensive competitive
athletic training. They have been rigorously screened for other health problems and are not
on any chronic medications except for oral contraceptives in some of the women. We have
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also included values for muscle sympathetic nerve activity (MSNA), which is a direct
measurement of efferent sympathetic activity to skeletal muscles in humans (see below).

The key points in the table include that the women are shorter and lighter than the men with
slightly lower resting blood pressure and similar heart rates. Consistent with the differences
in body size, the women also have lower cardiac outputs and smaller stroke volumes. Total
peripheral resistance is higher in the women, again due to body size, but MSNA also tends
to be lower. There is also considerable interindividual variability in both sexes, especially
for cardiac output, total peripheral resistance and MSNA. As this review progresses, the
sources of this variability and the physiological ramifications of it will be discussed in more
detail, but it is important to remember that broad based claims about sex differences in blood
pressure and blood pressure regulation need to be viewed with caution based on how
variable the determinants of blood pressure in different individuals of either sex can be. This
variability is also amplified by a number of other physiological and anthropomorphic sex
differences.

Body Size & Sex Differences

One of the most obvious sex differences is that on average women are smaller than men.
This raises issues about how best to scale the determinants of blood pressure. Arguments can
be made to support scaling per kg of body weight, on the basis of body surface area, and
perhaps on the basis of body weight to the .67—.75 power (49). There are pros and cons to
each of these approaches, and scaling typically has its greatest utility when there are vast
differences in body size, similar to that observed across the animal kingdom in so-called
mice to elephant comparisons.

Further issues related to blood pressure and body size that should be mentioned include the
general observation that blood volume is higher in men than women, but hematocrit is
typically lower in women (78). Another important consideration when comparing total
peripheral resistance between men and women are differences in body composition and
resting metabolic rate. While metabolic rate is typically similar per kg of lean tissue in men
and women, women typically have more body fat (6). Blood flow to adipose tissue is very
low, so the lower lean tissue mass (especially skeletal muscle) typically seen in women
means that there is less peripheral demand for oxygen and thus less need for oxygen delivery
to peripheral tissues. Again it should be emphasized that these concepts are based on data
from the developed world. In this context, much of the world is anemic by Western
standards, meaning that for any given blood pressure individuals with chronically low
hematocrits are likely to have higher cardiac outputs and lower total peripheral resistance in
comparison to developed world standards (30, 65, 109) .

Summary of Section 2

The physiological determinants of blood pressure are described by relationships between
standard physical and physiological variables. However, cardiac output can be difficult to
measure accurately, and total peripheral resistance is a calculated variable. Comparisons
between men and women are also confounded by differences in body size, body
composition and other variables. There is no generally accepted or universal approach to
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scaling these differences among men and women and assumptions about normal values
typically reflect measurements made at rest in more economically developed parts of the
world. However it is important to remember that blood pressure is usually the main focus of
most studies, both in terms of mechanisms of control and in terms of clinical relevance.
Although scaling can be useful in some contexts, it is the absolute values (e.g., cardiac
output) which contribute directly to blood pressure, not the scaled versions. Thus, we will
generally avoid scaling and will discuss potentially confounding issues related to body size,
composition and related factors when appropriate.

2. AGE-RELATED TRENDS IN BLOOD PRESSURE

Changes in Blood Pressure with Age and Sex

Figure 1 shows age related trends in blood pressure for the U.S (73). This figure is typical
for a developed country where physical inactivity, obesity, and high salt diets are common.
As mentioned at the outset, a key point in this figure is that blood pressure tends to rise
steadily in men over the course of adulthood. By contrast, in women, blood pressure remains
lower until middle age and then rises more rapidly after menopause. While the upward
trends in blood pressure seen in both sexes in Figure 1 are typical of developed countries,
they are not obligatory. Figure 4 shows that in cultures that might be described as less
developed from a western perspective, where physical activity is high, processed food
consumption and obesity rates are low, and dietary sodium is also low; blood pressure does
not rise as dramatically with age (48). Additionally, in individuals and populations that
follow what might be described as physical activity and dietary health guidelines the
changes in blood pressure commonly seen in Figure 1 can be blunted (7).

Arterial Stiffness

While the increased cardiovascular risk associated with hypertension is well known, recent
research has also focused on the related problem of vascular (arterial) stiffness in large
conducting arteries. Hypertension and increased arterial stiffness almost always coexist, and
increased arterial stiffness precedes the onset of hypertension (57). Furthermore, many of
the problems associated with hypertension are likely due to stiffening of the arteries. The sex
differences in blood pressure regulation, and how they are altered by aging, may further be
complicated by the increases in arterial stiffness.

With advancing age, the increase in arterial stiffness is thought to be caused by several
factors (36). There is a progressive increase in the collagen protein located in the large
conduit arteries, and a decrease in the elastin protein. The medial smooth muscle cell layer
of the artery may hypertrophy and further contribute to an increase in arterial stiffness.
Additionally, a greater deposition of advanced glycation end-products, causing protein
cross-linking within each layer of the arterial wall also contributes to the age-associated
increase in arterial stiffness. Such structural changes create a stronger, more rigid vessel and
may be viewed as adaptive to prevent large fluctuations in blood pressure from rupturing the
artery. However, this rigidity of the aorta in particular also creates resistance that the left
side of the heart must overcome to open the aortic valve to expel blood into the arterial tree,
thereby increasing systolic blood pressure.
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Tone in the conduit arteries per se does not seem to be affected by acute changes in
sympathetic nerve activity (98). However, acute elevations in sympathetic nerve activity will
increase total peripheral resistance. Depending on the method of estimating arterial stiffness,
an acute increase in sympathetic nerve activity may result in augmented measures of
systemic arterial stiffness, providing an additional mechanism affecting blood pressure
regulation. Chronically elevated sympathetic nerve activity often coincides with greater
arterial stiffness (e.g. advancing age, diabetes, hypertension, etc.) so it is difficult to
determine each variable’s contribution to blood pressure. We speculate that chronically
elevated sympathetic nerve activity may independently induce resistance vessel hypertrophy
and therefore increase arterial stiffness. Along these lines, Dinenno, et al. has shown an
association between conduit artery wall thickness in the femoral artery and sympathetic
nerve activity in healthy men (27). This suggests an additional mechanism by which
elevated sympathetic nerve activity may influence arterial stiffness and blood pressure
regulation with advancing age.

The age-associated increase in arterial stiffness appears to occur earlier in men, compared
with women (1, 2, 51, 97), similar to the pattern of change in blood pressure. However,
other studies have suggested that there are no differences in arterial stiffness (79).
Furthermore, it has also been suggested that women, when matched with men for mean
arterial pressure, have a greater age-associated increase in arterial stiffness (103). The idea
that elderly women have greater arterial stiffness compared to men has been supported by
several recent studies (23, 76, 88). Such discrepancies may be due to the variety of methods
to measure arterial stiffness, including the assessment of regional stiffness and wall motion
using ultrasonography or systemic arterial stiffness using pulse wave analysis to determine
the augmentation of the waveform, or calculating the velocity between arterial pulse sites.

Age-related changes in arterial stiffness in women and men will be affected by differences
in sex hormones. Although estrogen is thought to exert protective effects on the vasculature,
some studies suggest otherwise. For example, age-related arterial stiffening was not
accelerated by the menopausal transition (77) and remained unchanged with hormone
therapy (24), suggesting a limited effect of estrogen. The specific effects of sex hormones on
the vasculature and total peripheral resistance are discussed in greater detail in section 6.

Potential sex differences in arterial stiffness should also be cautiously interpreted because
women usually have smaller arterial diameters due to differences in body size. Therefore,
sex differences may be augmented when assessing regional arterial structure and function.
Additionally, normative data for pulse wave velocity (PWV) or augmentation index (Al) are
often separated by sex, because women have higher PWV and Al values, compared to age-
matched men (16, 92, 96, 118). In this context, these differences in estimates of arterial
stiffness are thought to be a function of the method of measurement, and not differences in
estimated cardiovascular risk.

Summary of Section 3

In the developed world, blood pressure rises with age. The patterns of increase differ
between men and women. Data from other cultures or subsets of Westerners who follow
health guidelines related to diet and exercise indicate that this increase is not obligatory. Of
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note is that many of the health consequences of hypertension may be related arterial
stiffness; this has become an increasingly important topic for blood pressure research in
recent years (69, 80).

3. ASSESSMENT OF AUTONOMIC CONTRIBUTIONS TO BLOOD
PRESSURE REGUATION

In addition to simple non-invasive measurements of HR and BP, there are a number of ways
to assess the contributions of the sympathetic and parasympathetic nervous systems to blood
pressure regulation. These include measurements of blood borne hormones, tracer
techniques to determine norepinephrine spillover, direct neural recordings of sympathetic
activity, and pharmacological agents to block or activate key autonomic neural pathways or
effector responses. Analysis of heart rate variability is also useful to assess autonomic
(especially vagal) control of heart rate.

Sympathetic Activity

Plasma Norepinephrine—There are three widely used approaches to assess the activity
of the sympathetic nervous system in humans; the first is to simply measure the
concentration of norepinephrine in venous blood. During activities associated with marked
sympathetic activation like graded exercise there can be large increases in NE. NE
concentrations also increase during less stressful activities like changes in posture
(movement from supine to upright position). In resting humans, plasma norepinephrine is
often correlated with directly measured sympathetic nerve activity (53, 91). However,
because values measured in venous blood reflect the balance of NE release, reuptake and
metabolism, it is not possible to state with certainty that the circulating values are directly
related to changes in efferent sympathetic nervous system activity over a range of activities
or conditions. An additional issue is that values obtained from a peripheral vein (e.g. the
antecubital vein) might also be overly influenced by regional sympathetic outflow (to the
forearm for example) vs. reflecting more global changes in whole body sympathetic activity.

Norepinephrine Spillover—To calculate norepinephrine spillover, radioactive tracers of
norepinephrine are infused at a known rate and specific activity. If the arterial concentration
of both labeled and unlabeled NE is known, then by obtaining either a whole body (mixed
venous) or regional venous blood sample along with an estimate of blood flow, it is possible
to estimate either whole body or regional norepinephrine release. This technique also
accounts for norepinephrine re-uptake and metabolism, which can vary under different
physiological conditions (33, 34). An advantage of NE spillover is that it can provide insight
about sympathetic activity to regions of the body where microneurography is impossible. It
is also possible to use the technique during physiological stressors like exercise. However,
the technique is invasive and technically demanding and thus is only used in a limited
number of specialized laboratories. An additional limitation is that NE spillover has a
relatively limited temporal resolution in comparison to MSNA.

Muscle Sympathetic Nerve Activity (MSNA)—MSNA measured using
microneurography is a direct measurement of the electrical activity of peripheral
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sympathetic nerves in humans. In this technique, a small tungsten microelectrode is placed
in a peripheral (usually the peroneal) nerve and it is possible to record from efferent
sympathetic vasoconstrictor nerve fibers. One advantage of MSNA is its rapid time
resolution allowing beat to beat changes in sympathetic activity to be measured.
Additionally, under resting conditions, changes in MSNA to one region typically reflect
changes to most or all of the skeletal muscles (85, 104). This means that MSNA reflects
sympathetic activity to the largest vascular bed in the body. A key question is the extent to
which MSNA is an indicator of systemic sympathetic activity, Wallin, Esler and colleagues
showed that MSNA is directly proportional to renal and cardiac sympathetic activity (in
men), as measured using norepinephrine spillover techniques, and to whole body
norepinephrine spillover (105, 107).

In general, MSNA correlates with simple measurements of plasma norepinephrine, more
detailed tracer based measurements of whole body norepinephrine spillover, and many
organ specific measurements of norepinephrine spillover. MSNA is more difficult to
measure in non-resting situations that require significant movement by the subject. Figure 5
shows two examples of correlations between plasma NE, MSNA and NE spillover.

Pharmacological Tools—Autonomic agonists and antagonists can also be used to
“pharmacodissect” how the autonomic nervous system controls the circulation. These drugs
can be given systemically or via a peripheral artery across specific vascular beds. With
systemic doses, a major potential confounding factor is that any changes in blood pressure
caused by administration of one class of drugs might cause reflex adjustments in neural
activity. Under these circumstances, effector responses not targeted by the drug being used
could occur due to the reflex adjustments, thereby potentially confounding data
interpretation. For example, high dose a-adrenergic blocking drugs could be given to
estimate the contribution of a-adrenergic tone to blood pressure regulation. However, a drop
in blood pressure (due to peripheral vasodilation) might evoke reflex-mediated increases in
heart rate that would keep blood pressure relatively normal and also alter either sympathetic
or parasympathetic tone to the heart. At first glance, one (erroneous) conclusion might be
that a-adrenergic receptors on the myocardium play a key role regulating heart rate. In this
context, care must be taking to ensure the potential reflex and other systemic effects of the
drugs are fully understood so that the data generated using systemic administration of these
drugs can be interpreted in a coherent fashion. Another issue with the use of whole body
adrenergic antagonists is that the extent of receptor blockade (partial vs. complete blockade)
will alter both direct and reflex responses.

One strategy to understand the contribution of the autonomic nervous system to blood
pressure regulation is to give either several classes of drugs (e.g. a and p blockers) at the
same time or use ganglionic blockade with drugs like trimethaphan camsylate to assess
“autonomic support” of blood pressure (53, 60). In this technique, changes in blood pressure
in the absence of any influence of the autonomic nervous system on blood pressure are used
to determine “autonomic support” of blood pressure. If blood pressure falls more in one
subject group vs. another, then the group with the largest fall in blood pressure is said to
have greater autonomic support of blood pressure. We and others have interpreted the
reductions in blood pressure during ganglionic (or multi-modal pharmacologic blockade) of
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the ANS as primary evidence that the autonomic nervous system plays a major role in long
term blood pressure regulation (4, 20, 53) . Figure 6 shows the difference in the decrease in
blood pressure, or autonomic support between young men and young women.

An additional problem with the use of whole body pharmacologic strategies including
autonomic blockade is that changes in blood pressure and heart rate, while interesting,
provide an incomplete picture of vascular resistance unless cardiac output is also measured.
This is analogous to the discussion above regarding compensatory reflex adjustments
evoked with various autonomic agonists and antagonists. However, when this approach is
used in conjunction with measures of cardiac output even more insight is possible into the
role of the autonomic nervous system in blood pressure regulation. This additional insight is
possible because with knowledge of cardiac output, the changes in vascular resistance can
be calculated giving a more complete picture of overall autonomic regulation of the
circulation.

Finally, there are a limited number of compounds available for use in humans and existing
ideas about the specificity of the drugs and the idealized role of specific receptor subtypes in
various physiological responses are not always accurate. For example, it is generally taught
that the 1 adrenergic receptor subtype is specific to cardiac control (changes in heart rate
and contractility). However, at least some of the increase in heart rate during sympathetic
stimulation is due to B, adrenergic receptors and there is also substantial post-junctional a,
adrenergic vasoconstrictor tone (10, 26, 63). Observations such as these conflict with
standard ideas and teaching about the specificity and physiological roles of adrenergic
receptor subtypes.

Autonomic agonists and antagonists can also be used across a specific vascular bed to gain
insight into the contribution of sympathetic activity and adrenergic receptor subtypes to
vascular tone. Over many years, this approach has been applied to the human forearm. This
permits large regional doses of drugs to be given to a small volume of tissue so that detailed
pharmacologic studies can be performed in humans with little or no systemic effects of the
drugs. Thus the problem of engaging cardiovascular reflexes is avoided. This technique can
also be used on conjunction with other techniques. For example, microneurography can be
used to measure sympathetic outflow to the limbs and plethysmography can be used to
measure limb blood flow. Autonomic blocking drugs can then be used to understand the
extent to which any changes in sympathetic outflow evoke changes in limb blood flow.
While these approaches are extremely useful, extrapolation of changes observed across the
forearm to the whole body is an obvious limitation. For example, in men non-selective alpha
adrenergic blockade of the forearm leads to larger increases in forearm blood flow and
reductions in forearm vascular resistance in young men compared to older men. By contrast
the effects on femoral blood flow are similar between young and older men (28). These
findings demonstrate less vasoconstrictor tone for a given level of sympathetic activity in
older men and regional differences in the two age groups. For older and younger women
there is essentially no comparable data. For both sexes across age groups, essentially no data
is available concerning these issues in visceral vascular beds. The obvious accessibility of
the limbs for study is the obvious explanation for this lack of data.
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Parasympathetic Tone

Assessment of parasympathetic tone, especially to the heart, is challenging. It is not possible
to make direct measurements of vagal nerve activity to the heart in conscious humans.
Additionally, acetylcholine, the main neurotransmitter released by the parasympathetic
nerves that influence heart rate, is short-lived and it is not possible to gain insight into
changes in parasympathetic activity via measurements of plasma acetylcholine levels. In
general, the most commonly used methods to assess vagal control of heart rate rely on the
measurement of heart rate variability or muscarinic blocking drugs like atropine. In this
context, high frequency heart rate variability is typically thought to reflect vagal influences
on the heart (46). The extent to which other indices of heart rate variability (low frequency,
low-to-high frequency ratio, etc) reflect changes sympathetic activity to the heart is
controversial (8, 29). Additionally the mechanisms responsible for the changes in vagal
nerve activity that cause high frequency HRV are uncertain.

The general idea is that vagally-mediated changes in heart rate can occur very rapidly (with
high frequency) because of two main factors: first, the vagus nerve is large and myelinated
(unlike postganglionic sympathetic nerves, which are small and unmyelinated), and
therefore neurotransmission is rapid. Second, the existence of acetylcholinesterase at the
neuro-effector junction means that “turning off” the vagal influence can occur very rapidly
as well. There is evidence suggesting that the variability reflects centrally driven vagal
outflow, changes in vagal outflow evoked by afferents in the lungs and thorax, and also
baroreflex mediated changes in HR caused by subtle breathing related changes in central
blood volume.

Parasympathetic control of heart rate can also be evaluated using muscarinic antagonists like
atropine. In general, the change in heart rate from rest to the “blocked” condition is taken as
an index of parasympathetic tone to the heart, but the many caveats noted above for whole
body drug administration apply to this technique as well.

Summary of Section 4

In this section, we have reviewed the fundamental techniques used to assess the influence of
the autonomic nervous system on blood pressure and related variables in humans. These
techniques can be used at rest or to measure the responses of the variables of interest to
physiological stressors like exercise, orthostatic challenge, or experimentally evoked
changes in blood pressure. There are positives and negatives associated with each technique
including issues of cost, complexity, and temporal resolution. Additionally, when many of
the approaches are used in isolation, they can provide an incomplete picture of the role the
autonomic nervous system in blood pressure regulation as reflex adjustments in other
elements of the system occur which mask the contribution of the system under study. Thus,
a thorough understanding of the strengths and limitations of each approach along with how
they can be used in combination with hemodynamic measurements and other interventions
is critical for their optimal application to a specific experimental question.

INTER-INDIVIDUAL DIFFERENCES IN SYMPATHETIC NEURAL AND
CARDIOVASCULAR VARIABLES—Hagbarth, Vallbo, Wallin and colleagues originally
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discovered, in the late 1960s, that peripheral sympathetic nerve activity could be directly
recorded in awake human subjects (101). As clinical neurophysiologists, these pioneers had
a goal of identifying a range of normal values, above which, for example, an individual
might be at increased risk of cardiovascular disease such as hypertension (100, 101).
Unfortunately, from the perspective of clinical predictive value, MSNA exhibits a very wide
inter-individual variation among otherwise similar, healthy, normotensive young men.
Indeed, Sundléf and Wallin (and many subsequent investigators) reported inter-individual
variation of as much as 7 to 10-fold (19, 43-45, 72, 74, 100) . Figures 7, 8, 9, and 10 shows
this inter-individual variability and also group differences for a large number of young men
and women and also middle aged and older subjects. A key point is that while the range in
high in both sexes, the average values are clearly lower in young women in comparison to
young men.

Even more surprising was the observation that this variability in MSNA was not related to
resting blood pressure in young people. Sympathetic nerves are primarily vasoconstrictor in
nature, and maneuvers which increase MSNA tend to increase blood pressure acutely.
Therefore, it was initially thought that individuals with higher MSNA would have higher
blood pressure chronically, and that MSNA that was “too high” could be predictive for
hypertension. However, among young healthy men and women, it has repeatedly been
shown that people with higher MSNA did not necessarily have higher blood pressure than
people with MSNA several fold lower (19, 43-45, 94, 100). As Figure 8 shows, there is
some relationship between MSNA and blood pressure in older subjects but it is not
particularly impressive. While mean values for MSNA are generally higher in groups of
hypertensive subjects, the range of values seen in patients has significant overlap with the
range seen in normotensive controls. These findings also demonstrate the challenges of
directly linking sympathetic activity or changes in it to changes in vascular resistance in all
circumstances across different groups of subject. In addition to the need to consider cardiac
output when considering blood pressure, the vasoconstrictor effects of sympathetic activity
may also dependent on the amount of NE released and sensitivity of targeted blood vessels
to it (25). Maneuvers that increase sympathetic activity like hypoxia might also have direct
vasodilator effects on blood vessels further confounding what is a conceptually straight-
forward relationship (108). This relationship might be further confounded by local
autoregulation via factors like the myogenic response (81). However, these responses are
difficult to study in intact humans and the influences of sex and age on these responses are
virtually unknown.

Following the initial observations of wide inter-individual variation in MSNA and lack of
relationship with blood pressure, several decades passed in which the apparent paradox
remained unexplained. One interpretation was that this was evidence against a major role of
the sympathetic nervous system in human blood pressure regulation, and/or that MSNA
might not be a good indicator of systemic sympathetic nerve activity. Another idea was that
if SNA was high to one vascular bed it might be lower to another bed. For example if
cardiac SNA was high and MSNA was low then perhaps the balance between the two
resulted in no net effect on blood pressure. However, as noted above, most indices of
sympathetic activity in different vascular beds track each other in resting healthy humans
(105, 107).
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Sympathetic Activity vs. TPR

More recent studies, including our own, have provided evidence of an integrated balance of
several key neural and hemodynamic factors, which together contribute to the maintenance
of normal blood pressure over a range of MSNA values in young healthy people. Notably
for the purpose of this review, the balance of factors appears to be different for each of the
sexes (19, 43-45). We reported in young men that MSNA at rest showed an inverse
correlation with resting cardiac output, and a positive correlation with total peripheral
resistance (TPR) (19). Thus, MSNA is an important contributor to resting TPR, and
individuals with higher MSNA (and higher TPR) have lower cardiac output. Going back to
the basic cardiovascular/ hydraulic equivalent of Ohm’s law (MAP = CO x TPR), these
relationships clearly explain the lack of relationship between MSNA and MAP in healthy
young men.

Subsequently, MSNA was shown to be inversely related to vascular adrenergic
responsiveness in a group of young healthy (mostly male) subjects (18). Individuals with
higher MSNA showed less forearm vasoconstriction during brachial artery infusions of both
norepinephrine and tyramine (which elicits endogenous norepinephrine release). This
relationship is also an important aspect of the multifactorial neural-hemodynamic balance
maintaining normal blood pressures in healthy individuals over a range of MSNA values at
rest.

As discussed in subsequent sections, the inter-individual variability in MSNA, and the
balance of neural with hemodynamic factors, show important differences between men and
women, and between women before and after menopause.

Basis of Inter-Individual Differences in MSNA

Currently the factors responsible for the large differences in MSNA seen in relatively
homogenous young healthy subjects remain obscure. Candidates include differences in
central sympathetic outflow and alterations in peripheral baroreflex function. That genetic
factors contribute to differences among people is suggested by a study showing that identical
twins have similar levels of MSNA (106). Another idea is that vasodilator tone may differ
among subjects and individuals with relatively more dilator tone would require increased
sympathetic activity to offset this tone so that blood pressure could be maintained in the
normal range. In this context, Skarphedinsson and colleagues found that MSNA was
inversely related to markers of whole body nitric oxide (NO) synthesis in a group of healthy
young men, consistent with the interpretation that individuals with robust NO-mediated
vasodilation at rest require higher levels of sympathetic activity to maintain a normal blood
pressure (94). In a study designed follow up on those observations, we found that
individuals with high levels of baseline MSNA experienced more marked increases in blood
pressure when large systemic doses of the nitric oxide synthase inhibitor L-NMMA were
administered (18). However, interpretation of these latter data were complicated by the fact
that the blood pressure increases were due to differences in cardiac output (baseline cardiac
output being lower in people with higher MSNA), and that changes in peripheral vascular
resistance (TPR) with LNMMA were similar between groups.
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Sex Differences in Inter-Individual Variability

We have conducted similar studies on relationships between blood pressure, cardiac output,
and muscle sympathetic nerve activity in young women. The overall amount of variability
appears to be similar between young men and women, although as noted above, average
values tend to be lower in women. We originally hypothesized that the basic relationships
seen in men would be observed in women, but would be shifted to lower cardiac output/
MSNA values (i.e., shifted “down and to the left”). However, we found that the positive
relationship between MSNA and TPR seen in young men was absent in young women as
seen in Figure 9. We also found that inverse relationship between MSNA and cardiac output
was absent in young women (19, 43-45).

Effects of Aging

While the relationships seen between blood pressure, cardiac output, MSNA, and TPR are
not as robust, they are generally seen in middle-aged and older men as well as younger men.
One reason for these age-related differences in men may be due to the fact that aging, even
in healthy subjects, is associated with reduced endothelial function, and this reduction in
endothelial function can be quite variable clouding the relationship between TPR and
MSNA. Additionally, older men are less responsive to a-adrenergic vasoconstriction (25,
45, 95).

Once again, when women are considered, important and unexpected sex differences were
observed. The relationships seen in younger women (or lack thereof) are reversed and older
women show a pattern of relationships between blood pressure, cardiac output, and
MSNAJ/TPR similar to those seen in younger men. The correlation between MSNA and TPR
is shown in Figure 10, and are similar to the young men shown in Figure 9.

Other Evidence that there are Sex Differences in Neural Control of the Circulation

In general, our findings related to the relationships between mean arterial pressure, cardiac
output, MSNA, and TPR are supported by studies that have given autonomic blocking drugs
to younger and older members of both sexes. Results from these studies indicate that the
effects of ganglionic blockade on blood pressure are less in young women than in young
men (53) (see Figure 6). This is also true when other pharmacological strategies are used to
disrupt the relationship between sympathetic outflow and vascular resistance in young men
and women. This general observation is consistent with the idea that MSNA and TPR are
related in young men, but unrelated in young women (90).

In older subjects of both sexes, the reductions in blood pressure during ganglionic blockade
are marked and there is a positive relationship between the fall in blood pressure during
ganglionic blockade and the baseline level of MSNA. One potential confound in comparing
younger and older subjects during autonomic blockade is that in addition to eliminating
sympathetic vasoconstrictor activity, ganglionic blockade also eliminates parasympathetic
activity. Thus, young subjects show a larger increase in heart rate during ganglionic
blockade than older subjects because aging is associated with a reduction in intrinsic heart
rate. However, the results of ganglionic blocking studies outlined above, in conjunction with
other whole body pharmacologic blockade studies, are consistent with the idea that there are
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important sex differences in the relationship between inherent sympathetic activity and total
peripheral resistance in young men and women, and that these relationships shift
dramatically in post-menopausal older women.

Interim Summary Sections 1-5

We have now outlined a number of technical issues related to studying neural control of the
circulation in humans. We have also reviewed data showing that autonomic support of blood
pressure is higher in young men than young women and that it increases in both sexes with
aging. We have discussed the importance of inter-individual variability in neural and
hemodynamic variables in men and women, and the relationships among these variables that
contribute to normal blood pressure regulation in healthy people. Importantly, the positive
relationship seen between MSNA and TPR along with the inverse relationship seen between
MSNA and cardiac output in young men are absent in young women. By contrast the
relationships seen in young men are seen in older women. With these fundamental
observations, we have answered the first two questions laid out at the beginning of this
review on how sex and age related population trends in blood pressure might reflect
differences in the activity of the autonomic nervous system. We will now explore the
physiological mechanisms behind the differences in the autonomic nervous system and
blood pressure regulation by addressing the remaining questions outlined at the outset of this
review. To put these issues in context, we will first discuss what known about the effects of
sex steroids on the variables we have discussed up to this point.

4. INFLUENCE OF SEX STEROIDS

Effects of Estrogen on Sympathetic Activity

The obvious question raised by the observations outlined showing sex differences between
young men and women and changes as women age, is to what extent are these differences
due to sex steroid hormones? In this context, there are several lines of evidence favoring the
view that estrogen is sympatho-inhibitory. First, in an analysis from several laboratories of
30 young women with normal ovarian cycles, Figure 11 shows that MSNA was inversely
correlated with estrogen levels (14). Second, as shown in Figure 12, several interventional
trials of hormone replacement therapy have been shown to reduce MSNA (99, 102, 110).
Taken together, these observations are consistent with the idea that estrogen is sympatho-
inhibitory. The influence of progesterone is less clear. In the analysis noted above, MSNA at
rest was also inversely related to the E2/P4 ratio, suggesting a potential sympatho-excitatory
role for the hormone. However, the specifics of the influence of progesterone remain to be
clearly elucidated.

There is also accumulating evidence that menstrual cycle phase and levels of sex hormones
might play a role in determining baseline levels of MSNA in young women. For
convenience, (and to facilitate comparisons between normally menstruating women and
those on oral contraceptives) most studies are made at the onset of menstruation when
hormones are low. However, recent evidence points to elevated MSNA when sex hormone
levels are high (13). These cycle dependent fluctuations in MSNA are an obvious sex
difference in younger humans.
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A key question about the effects of estrogen on sympathetic activity is the site of the
inhibitory effects. In subsequent sections several potential mechanisms that can be evaluated
in humans will be discussed. However, there are data from rodent models indicating that
estrogen acts in the central nervous system to reduce sympathetic activity by enhancing NO
mediated sympatho-inhibitory pathways and blunting the central sympatho-excitatory
effects of activating the renin angiotensin aldosterone system (21, 114 115). Estrogen also
appears to augment central sympatho-inhibitory responses to baroreflex stimulation.

Peripheral Adrenergic Sensitivity and Vascular Transduction

Our observations that MSNA is related to TPR in men and older women, but not younger
women, suggests that there are sex differences (that interact with aging effects) in how
sympathetic activity is transduced into changes in vascular resistance. For example, use of
lower body negative pressure to evoke increases in sympathetic activity typically causes
more robust vasoconstrictor responses in young men than young women (112). However,
there are limited or no data on this topic in older women. Along these lines, Hogarth et al
(47) showed that despite similar increases in MSNA, HR and blood pressure in response to a
cold pressor test in women, increases in calf vascular resistance in women were blunted vs.
men. This also suggests that how sympathetic nerve activity is transferred in vasoconstrictor
tone is different in women. (Figure 13).

Mechanisms for these differences appear to include differences in the sub-populations of
adrenergic receptors responsible for the transduction of sympathetic activity
(norepinephrine) into vasoconstriction. For example, Figure 14 shows brachial artery
infusions of norepinephrine cause more vasoconstriction for a given dose in young men and
postmenopausal women than young women (43, 59). However, when B-adrenergic blocking
drugs are co-administered, vasoconstrictor responses are similar in both sexes. This
observation suggests that a main cause of the lack of relationship between MSNA and TPR
in young women is that vasodilating B-adrenergic receptors are activated at the same time
that vasoconstricting a-adrenergic receptors are activated, thus blunting or eliminating
vasoconstriction caused by activation of the sympathetic nerves. In addition to the lack of
TPR MSNA relationships seen at rest in young women, concurrent $-adrenergic vasodilation
might also limit sympathetic vasoconstriction in young women during periods of
sympathetic activation.

Along similar lines, when young women are given high doses of systemic -adrenergic
blocking drugs, a positive relationship between MSNA and TPR emerges. Essentially, the
responses seen in young women with p-blockade mirror those seen in older women (without
B-blockade) (43) (see Figure 15). Thus, a major sex difference between men and women is a
limitation in the ability of vasoconstrictor sympathetic activity to cause increases in vascular
tone in the young women as a result of concurrent competing p-adrenergic receptor-
mediated vasodilation. Additionally, data from animals support this interpretation (70).

At least some [-adrenergic vasodilation is nitric oxide-dependent (31). In this context
estrogen augments endothelial function in humans and also limits the potentially negative
effects of dietary salt consumption on the NO mediated vasodilator component of
endothelial function (32). Thus, estrogen could operate to either increase the number of
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vascular -adrenergic receptors and/or the potency of the dilation that they cause when
activated by having a more general effect on NO-mediated endothelial function (35). Both
of these vascular responses would tend lower blood pressure.

Summary of Section 6

In humans several lines of evidence suggest that estrogen reduces sympathetic activity.
These include the observation that on average MSNA and other indices of baseline
sympathetic activity are lower in young women than young men. The effects of hormone
replacement therapy to reduce MSNA or NE spillover in older women are consistent with
this conclusion. Based on observations in animals at least some of these sex differences are
due to the central sympatho-inhibitory effects of estrogen. The effects of the estrogen
mediated changes in sympathetic activity on blood pressure are likely amplified by estrogen
mediated improvements in endothelial function and enhanced > mediated vasodilation.
These vascular changes limit the ability of sympathetic neural activity to evoke
vasoconstriction in young women and their loss during or after menopause contributes to the
rise in baseline blood pressure seen as women age. However, as is the case for all of the
responses being discussed in this review, the magnitude of interindividual variability for a
give response within a given group of subjects is typically greater than either the mean sex
or age related differences that are observed.

5. ACUTE NEURAL-HEMODYNAMIC RESPONSES

At the outset of this review, we pointed out that blood pressure is highly variable in humans
over a 24-hour period. In this context, the awake supine resting state is relatively unusual
(i.e., healthy people don’t commonly spend a lot of their time lying down, resting and
awake). Thus, there could be important sex differences in how humans respond to other
forms of sympatho-excitatory stimulation.

Acute blood pressure reactivity (the increase in blood pressure in response to a transient
sympatho-excitatory stimulus) may be predictive of risk for future chronic hypertension,
even in people who are currently normotensive. Because young women tend to have lower
blood pressure and lower risk of hypertension compared to young men, it has been of
interest to evaluate if the lower risk of hypertension in women may be related to a difference
between the sexes in neural and hemodynamic responses to acute stressors. These can be
divided into two general categories: 1) baroreflex responses to actual or simulated
orthostasis, and 2) non-baroreflex responses (mental stress and responses to somatic afferent
activation).

Orthostatic Stress

With regard to orthostatic responses, there is evidence both for (58, 93) and against (41)
attenuated MSNA responses to orthostatic stress in women compared to men. Fu and
colleagues showed that blood volume and stroke volume were important factors in
determining the MSNA responses to acute head up tilt (HUT) (41). They acutely
administered a diuretic (furosemide) to groups of healthy young men and women and
compared MSNA responses to HUT with and without the diuretic and between groups. They
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found that both the diuretic and the HUT increased MSNA acutely, but that these increases
were not different between groups. Kimmerly and Shoemaker reported smaller increases in
MSNA during postural stress in women, which appeared to be primarily due to smaller
increases in burst size (58). The reasons for differences among studies are not clear, but may
be related to (1) differences in methodology related to MSNA quantification (e.g., total
activity vs. burst counts); and/or (2) inherent biological variability in MSNA, as discussed
above.

To further investigate potential mechanisms for sex differences in sympathetic responses to
orthostatic stress, Yang et al used frequency domain analysis to evaluate if the coherence
between diastolic pressure and MSNA was different between men and women during
progressive LBNP (116). They showed that DBP-MSNA coherence was greater in men at
baseline, and that coherence increased in men (but not in women) with progressive LBNP.
These investigators also demonstrated that women had a smaller percentage of consecutive
MSNA bursts (at least two consecutive cardiac cycles with a burst) at baseline and
throughout LBNP, compared to men. These findings give further insight into differences
between men and women in the mechanisms by which sympathetic nerves participate in
blood pressure regulation during orthostatic stress.

While most of the focus on the autonomic responses to orthostatic challenges blood pressure
has centered on cardiopulmonary and arterial baroreflexes, the vestibular system can also
modulate sympathetic activity in a way that would increase MSNA during some forms of
orthostatic challenge. In young subjects there is no evidence for a major sex difference in the
responsiveness of the vestibulosympathetic reflex. However, there is evidence that it is less
responsive in aging and might contribute to age related reductions in blood pressure with
postural change (15, 83, 84).

The potential sex differences in MSNA responses to tilt aside, young women also generally
have lower LBNP tolerance (e.g the maximum negative pressure achieved before
presyncope or syncope (22, 37, 111). In addition to potential sex differences in sympathetic
and vascular responses noted above, sex differences in blood volume, venous compliance
and muscle mass might influence the responses to orthostatic stress. However, only sex
differences in muscle mass are clearly established. Additionally, there is very little
comparative data that would allow coherent conclusions to be drawn on sex differences and
orthostatic tolerance between older men and women. Finally, it is interesting to note that the
prevalence of fainting outside the laboratory, as shown in Figure 2, is much more common
in young women than in young men (42).

Arterial Baroreflexes

Potential mechanisms for sex differences in acute baroreflex responses might include
physical differences in blood pressure signal transduction due to differences in arterial
stiffness between the sexes. At this time there is no clear cut evidence that young women
have more compliant carotid arteries than young men and this is further confounded by
differences in carotid artery diameter. However, it is tempting to speculate that if there were
more distension of the barosensitive areas in the aorta and carotid sinus in young women,
then a given level of blood pressure would generate more sympatho-inhibitory afferent
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signals to the brain might be responsible for greater reflex inhibition of sympathetic outflow.
This is an idea worthy of exploration that could explain the tonic differences in MSNA at
rest. Likewise, altered peripheral baroreceptor function could also lead to greater reflex
reductions in heart rate and more vagal tone, as is the case for baroreceptor control of
MSNA little is known about potential sex differences between young men and young
women (5). Importantly, any differences in peripheral baroreceptor function on sympathetic
activity might also be augmented in young women if the central inhibitory effects of
estrogen on baroreflex function seen in rodents are also present in humans (89).

The ideas about arterial stiffness outlined above may also contribute to the changes in
MSNA associated with aging. If arterial stiffness is altering baroreflex sensitivity, this may
explain at least some of the increase in MSNA seen in older humans (71). Furthermore, if
the net increase in arterial stiffness as women age is greater (as some studies suggest), it
could account for some of the temporal patterns in blood pressure and autonomic nervous
system regulation that have been outlined previously and are exemplified in Figures 1, 8,
and 10 (76). There are data in older men showing that about 50% of the decline in baroreflex
function (at least baroreflex control of heart rate) with aging is due to reduced distensibility
of the carotid arteries and about 50% is likely due to altered central integration of afferent
signals from the baroreceptors (71). We have shown that sex differences exist in the
relationship between surrogate measures of arterial stiffness (augmentation index) and
sympathetic activity (Figure 16) (16). However, as is the case for so many of the potential
sex differences discussed in this review, there are little or no conclusive data on this topic in
older women.

Other Acute Sympatho-excitatory Responses

MSNA and blood pressure responses to non-orthostatic stimuli (e.g., isometric handgrip
exercise, mental/emotional stress and the cold pressor test) may be predictive of risk for
chronic hypertension later in life. Potential sex differences in sympathetic and vascular
responses to mental stress have proven challenging to study due to a large amount of inter-
individual variability in both sexes. Hogarth and colleagues reported that although women
had lower MSNA at rest, MSNA responses to cold pressor and isometric handgrip tests were
similar in men and women (47). Importantly, however, calf vascular resistance increased
more in the men. This is consistent with the discussion above regarding attenuated
vasoconstrictor responses in women due to the increased presence of vasodilating -
adrenergic receptors in this group, and may be an additional factor contributing to the lower
risk of hypertension in young women. Additionally, while baseline differences in MSNA are
seen in older and younger humans the absolute increases in MSNA in response to many
stressors are similar (see Figure 17) (74, 75).

In terms of sympathetic neural and hemodynamic measurements, there are often subgroups
of “responders” and “non-responders” to mental stress. In groups of mental stress
responders, Carter and Ray demonstrated that men and women showed similar MSNA
responses to mental arithmetic, but that the men had greater? blood pressure responses,
consistent with the vascular transduction ideas outlined above (14). Yang and colleagues
further evaluated sex differences in MSNA, forearm and calf blood flow responses before
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and during mental arithmetic (12, 117). They reported that men and women exhibited
similar MSNA responses to mental stress, but that women exhibited significantly greater
vasodilation in the calf, whereas men did not (and some men exhibited vasoconstriction). In
their study, MSNA in the men was inversely related to calf vascular conductance, but no
such relationship was observed in women. They conclude that sex differences in
transduction of sympathetic activity to vascular responses contribute to their results, which
are also consistent with the idea that women have a greater tendency for vasodilation.

Summary of Section 7

While it is clear that healthy young women generally have lower orthostatic tolerance than
young men, the reasons are multifactorial with differences in vascular transduction likely
playing a primary role. These differences in vascular transduction are consistent many
observations about the relationship or lack thereof between sympathetic activity and
vascular resistance in young women made throughout this review. For other sympatho-
excitatory stressors the changes in MSNA in younger and older men and women are
generally similar and it is unclear if there are any major sex differences in baroreflex control
of either sympathetic activity or heart rate. The lack of data in healthy older women is
particularly noticeable.

6. SUMMARY, UNANSWERED QUESTIONS AND CONCLUDING COMMENTS

Blood Pressure is “The” Regulated Variable

In this review we have taken the position espoused by Loring Rowell that it is “as if blood
pressure is the regulated variable” (86). Thus, by examining potential sex differences in how
the autonomic nervous system contributes to blood pressure regulation, broader insights into
sex differences and the autonomic nervous system might be gained. Using blood pressure as
a starting point, lower blood pressure values often observed in healthy non-obese young
women suggest that primary sex differences exist. This conclusion is reinforced by the way
blood pressure changes with age, especially the increases seen in peri- and post-menopausal
women.

Sex Differences in Sympathetic Activity

While these group differences in blood pressure are clear cut, we have also emphasized that
the values for key autonomic determinants of blood pressure in normotensive humans show
marked interindividual variability. For example, MSNA is ~20-25% lower on average in
healthy young women in comparison to healthy young men. However, the range of values in
each group can vary 5-10 fold, so substantial overlap is seen. Group differences in cardiac
output and TPR also exist, but less profound within-group variability is seen. Therefore, a
key question going forward is, should future research focus on individual patterns of
regulation or differences in groups? The answer to this question likely depends of the nature
of the problem being addressed, for the needs of epidemiology, public health and
personalized medicine in the 21st century will certainly be different.
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Estrogen and Sympathetic Activity

In the context of the two points above, is it possible to reconcile the group and individual
differences into a coherent story about sex differences? Based on the changes in blood
pressure around the time of menopause, it appears that estrogen has powerful sympatho-
inhibitory and blood pressure lowering effects. This view is supported by: 1) studies in
young women showing an inverse relationship between plasma estrogen levels and MSNA,
and 2) data showing that hormone replacement therapy can lower MSNA and NE spillover.
Based on animal models it seems reasonable to suggest that key sites for estrogen mediated
sympatho-inhibition lie within the brainstem.

However, estrogen also has powerful effects on the blood vessels themselves. If these
influences result in increased distensibility of the baroreceptors, a given blood pressure
might evoke more reflex sympatho-inhibition in women than in men. At this time, there is
little or no comprehensive and mechanistic data on this topic in younger and older women.
Thus, it is not possible to infer if the effects of estrogen on sympathetic activity in women
are due primarily to central sympathetic inhibition, altered peripheral baroreflex function, or
both. This conclusion also highlights a general lack of information on sex differences, the
autonomic nervous system and blood pressure in humans.

Sex Differences in Vascular Transduction

Perhaps the most striking sex difference in autonomic function is in how the relationship
between MSNA and TPR differs by sex and with age across a wide range of MSNA values
at rest. In healthy men from approximately 20 to 70 years of age, there is a clear positive
relationship between MSNA and TPR. In young women, this relationship is absent, but re-
emerges in post-menopausal women. At this time the best possible explanation for these
observations centers on 8, mediated vasodilation, which appears to offset a-adrenergic
vasoconstriction in young women but not young men. Because estrogen can have profound
effects of peripheral vascular function, a key role for estrogen in these differences is likely.
Loss of the estrogen-mediated effect on B-receptors and vascular smooth muscle also
explains why the relationship between MSNA and TPR becomes positive in post-
menopausal women. Parenthetically, individuals with high baseline MSNA might also be at
risk for hypertension as they age or accumulate risk factors that result in endothelial
dysfunction permitting unopposed vasoconstriction to drive blood pressure higher (Figure
18).

The differences and physiological mechanisms behind the MSNA-TPR relationship in
young men and women also offers important clues regarding sex differences in acute blood
pressure regulation and the responsiveness to acute sympatho-excitatory maneuvers. It
appears that young women and young men typically show similar increases in sympathetic
activity during orthostatic challenge and maneuvers like handgripping, but the changes in
MSNA typically cause either less vasoconstriction and smaller increases in blood pressure in
the young women than in the young men. This blunted transduction of sympathetic activity
into vasoconstriction is likely an important contributor to the reduced orthostatic tolerance
and increased fainting seen in young women. At this time, there is little or no comprehensive
and mechanistic data on the topic of vascular transduction during sympatho-excitation in
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older women. However, both older men and women do show robust increases in MSNA
during sympatho-excitatory stressors like handgripping.

Autonomic Support of Blood Pressure

Consistent with the way sex and age affect MSNA, TPR and vascular transduction, there are
differing effects of ganglionic and other forms of autonomic blockade on blood pressure.
There are smaller reductions in blood pressure during ganglionic blockade in young women
compared to young men (20); older women show reductions that are similar to younger men
(4, 53). In addition, the magnitude of the drop in blood pressure is related to sympathetic
nerve activity in men (53) and women (4) as shown in Figure 19.

Context Specific Conclusions and Questions?

Several places in this review, we have emphasized that most of the data we are synthesizing
come from subjects who are likely relatively affluent and educated subjects of European
descent, living in industrialized countries. Figure 3 shows that the age related trends in BP
do not hold in all societies. This leads us to wonder if our conclusions would be similar if
more observations were made in humans who lived in high physical activity low social
stress environments that included what might be described as “healthy” diets? How
generalizable are our conclusions and are the effects of sex and aging, even in healthy
“Western” subjects, obligatory? Do they represent primary biological destiny or complex
interactions among biology, behavior and the cultural environment that surrounds, and
sometimes engulfs us?
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Figure 1.
Prevalence of hypertension from 2003-2006 by sex and age in the United States. These data

shows that blood pressure increases with age in wealthy, industrialized countries with low
levels of physical activity, food abundance, and the social stresses of urbanization. It also
shows that blood pressure is generally lower in young women than young men but that the
rate of change in blood pressure is higher for women especially in the perimenopausal
period (Figure adapted from ref NCHS, (73).
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Figure 2.
The prevalence of syncope in young women (grey bars) is higher than young men (black

bars) between the ages of 7-21 years. Figure adapted from (42).
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Identified & Potential Sites For Sex Differences
in Autonomic Control of Blood Pressure

AT N
Arterial Stiffness N £ Central
N +7-| Sympathoinhibitory
Baroreceptors -—= _Effects of Estrogen
Peripheral Baroreflex \‘ Cardiovascular Control
Sensitivity? / Centers

Muscle Sympathetic
Nerve Activity &
Other Markers of

Sympathetic Activity

Vascular Transduction: \954 | ‘
NO & B2 contributions NE i

Peripheral vessels

NE

Figure 3.
This illustrates the sites for sex differences in autonomic control of blood pressure discussed

in this review. NE=norepinephrine NO=nitric oxide; o= po-adrenergic receptor.
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Figure 4.
Age and sex-related trends in blood pressure vary by cultural and environmental factors. The

top panel shows blood pressure (BP) with age among isolated island Kuna Indian inhabitants
and Kuna residing in the urban environment of Panama City. The bottom panel shows the
prevalence of hypertension amount these communities. Note that the blood pressure trends
typically observed in industrialized areas is not present in rural island dweller, indicating
that age-related changes in blood pressure are not an obligatory feature of human biology.
Figure adapted from ref (48).
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Figure 5.

The relationship between baseline muscle sympathetic nerve activity (MSNA) and plasma
norepinephrine levels (PNE) is shown in panel A (Figure adapted from) (74). Panel B shows
the relationship between MSNA and renal norepinephrine (noradrenaline) spillover. Figure
adapted from (1097). These data highlight the general agreement between several commonly
used indices of sympathetic activity in humans. In these studies only a limited number or no
women were included.
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Figure 6.
The autonomic support of blood pressure is estimated by the blood pressure response after

ganglionic blockade, where both sympathetic and parasympathetic nerve activity is
abolished. The change in mean arterial pressure (MAP) in response to ganglionic blockade
is greater in young men compared with young women, indicating greater autonomic support
of blood pressure in young men. Figure adapted from (20).
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Figure 7.
Mean levels of muscle sympathetic nerve activity (MSNA) are lower in young women (YW)

compared with young men (YM) but rise similarly with age. Note the sex differences remain
between older women (OW) and older men (OM). *p<0.05 for pairwise comparisons. Figure
adapted from (74).
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Figure 8.

The relationship between muscle sympathetic nerve activity (MSNA) and mean arterial
blood pressure (MAP) in large cohort of healthy humans is shown. All four panels show the
marked variability in MSNA seen in normal humans. The top panels show that for young
men and women there is no relationship between MSNA and MAP. The bottom panels show
that a weak relationship emerges in men over 40 and that this relationship is stronger in
women. Data from (72).
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Mean arterial pressure is determined by total peripheral resistance (TPR) and cardiac output
(CO). The relationship between muscle sympathetic nerve activity (MSNA) and TPR or CO
is only apparent in young men (left panels). The positive correlation between MSNA and
TPR, and the inverse correlation between MSNA and CO in young men balances the effect
of MSNA so that higher MSNA does not translate to higher MAP. However, these
relationships are not present in young women which suggest that young women regulate
blood pressure differently than young men. In addition, it suggests that the transduction of
sympathetic activity to vasoconstrictor responses differs between young men and women.
Data compiled from several studies from our laboratory (19, 43-45).
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Figure 10.
The relationship between muscle sympathetic nerve activity (MSNA) and total peripheral

resistance (TPR) also exists in healthy postmenopausal women. This pattern is similar
between young men (Figure 9) and postmenopausal women, but not young women suggests
a role for sex hormones in blood pressure regulation. Data from (43).
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Figure 11.

Sex hormones vary throughout the ovarian cycle in young women. The change between
mid-luteal and early follicular phases in estradiol (top panel) and in the ratio estradiol/
progesterone (bottom panel) was inversely associated with the change in muscle sympathetic
nerve activity (MSNA). This suggests that higher estrogen in mid luteal phases may be
sympatho-inhibitory. Data adapted from (13).
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Figure 12.
Sex hormones and specifically estrogen has been shown to affect neural outflow.

Administration of transdermal estrogen for 8 weeks in postmenopausal women reduces
muscle sympathetic nerve activity. *p<0.05. Data adapted from (102).
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Figure 13.
The left panel shows that the rise in MSNA is similar in young men and women during a

cold pressor test. The right panel shows that the rise in calf vascular resistance is lower in
the women. These data are consistent with the idea that the transduction of sympathetic
activity to vascular tone is lower in young women than men. Data from (48).
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Figure 14.
Effects of brachial artery administration of norepinephrine (noradrenaline, NA) on forearm

vascular conductance before and after local administration of the non-selective -blocker
propranolol (BB). In young women (panel A) increasing doses of NA did not evoke marked
vasoconstriction at rest. However, marked vasoconstriction is seen after administration of
propranolol. In postmenopausal women propranolol had no effect and the constriction
caused by administration of NA caused more marked vasoconstriction. In men, -blockade
has little effect on these responses (not shown). The responses indicate that concurrent f3-
adrenergic vasodilation limits a-adrenergic vasoconstriction in young women. This sex
difference might explain many of the findings highlighted in Figures 7, 8, and 9. Data from
(43).
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Figure 15.
The is no association between muscle sympathetic nerve activity (MSNA) and total

peripheral resistance (TPR) in young women, however, there is a significant positive
association in young men (not shown) and in postmenopausal women (left panels). After
systemic f-blockade, where B-adrenergic vasodilation is attenuated, a positive association
between MSNA and TPR emerges in young women (right panel). This suggests that p-
adrenergic vasodilation blunts vascular transduction of the sympathetic nerves. Data from
(43).
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Figure 16.
Augmentation index (Alx%) is a pulse wave characteristic that is affected by increases in

central arterial stiffness. Individuals with greater arterial stiffness typically demonstrate
higher values of Alx. In young men, higher muscle sympathetic nerve activity (MSNA) is
associated with greater Alx and presumably, higher arterial stiffness (left panel). However,
this association is inverse in young women, highlighting the important differences in
neurovascular regulation. Data from (16).
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Figure 17.
An example of age differences in acute sympatho-excitatory maneuvers. In this study,

isometric handgrip was performed and then the forearm was occluded. Note the absolute
change in MSNA during these maneuvers was similar in both age groups. Data from. (75).
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Figure 18.
Summary figure illustrating vascular transduction and how this influences sex differences in

blood pressure. Specifically the effect on the vasculature appears to be dependent on
estrogen, as young women are different than young men and older women. a=a-adrenergic
receptors; =P —adrenergic receptors; CO=cardiac output; MAP=mean arterial pressure;
NA=noradrenaline; OM=older men; OW=older women; PMW:postmenopausal women;
SNA=sympathetic nerve activity; TPR=total peripheral resistance; VSMC=vascular smooth
muscle YM=young men; YW=young women.
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Figure 19.

In women, both muscle sympathetic nerve activity (MSNA) and plasma norepinephrine
(NE) is associated with the change in mean arterial pressure (MAP) after ganglionic
blockade. Young women are shown in black squares and older women are shown in white
squares. Note that older women demonstrate a greater reduction in MAP after ganglionic
blockade. Figure adapted from (4).
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Representative normative values for healthy, 25-yr old adults

Men  Women
Height, m 18 1.7
Weight, kg 80 65
BMI, kg/m? 25 23
Heart rate, bpm 60 60
MAP, mmHg 90 90
Stroke volume, mL 100 85
Cardiac output, L 6 5
TPR, mmHg/L/min 15 18
MSNA burst frequency, bursts/min 24 18
MSNA burst incidence, bursts/100 hb 38 31

Table 1

Page 48

Data are estimated averages based on our laboratory studies over the past two decades plus data from the literature (19, 43, 45, 72). BMI: body

mass index; MAP: mean arterial pressure; TPR: total peripheral resistance; MSNA: muscle sympathetic nerve activity.
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