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Arterial blood pressure (BP) dysregulation is associated with increased future 

risk of cardiovascular disease, the leading cause of death among adults in the United 

States. Indices of BP dysregulation include 1) high resting BP (i.e., hypertension), 2) 

high BP variability, and 3) exaggerated BP responses during exercise. Hypohydration 

is common among adults in daily life, is associated with future cardiovascular disease 

risk, and has greater incidence during aging. However, it is unknown whether 

hypohydration is a causative factor for BP dysregulation. Therefore, we sought to 

determine if acute hypohydration causes BP dysregulation. In randomized crossover 

fashion, 45 non-obese and non-hypertensive adults (35 young & 10 old adults with 

similar body mass index values and habitual physical activity levels) completed: 1) a 

normally hydrated control condition (CON) via a three-day protocol with prescribed 

water intake, and 2) a water deprivation condition (WD) via a stepwise reduction in 

water intake over three-days concluded with a 16-hour water abstention period. All 

experimental visits were separated by at least one week. No participants were currently 

taking any anti-hypertensive medications (inclusive of diuretics). Participants collected 

their urine and underwent ambulatory BP measurements throughout the 24-hour period 

preceding each experimental visit. On the day of the experimental visit we measured 

hydration biomarkers and brachial BP (automated oscillometric device). While 

participants lie quietly in the supine position, we continuously assessed heart rate 

(single-lead ECG), beat-to-beat BP (photoplethysmography), muscle sympathetic nerve 

activity (peroneal microneurography; 23 paired recordings), and common femoral 
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artery blood flow (sonography) at rest and two minutes of isometric handgrip exercise. 

WD elicited mild hypohydration as evidenced by elevated plasma osmolality, urine 

osmolality and specific gravity, and thirst rating similarly among young and old adults. 

Despite mild hypohydration, WD did not increase: 1) resting or ambulatory daytime BP 

values, 2) resting or ambulatory BP variability, or 3) sympathetic or BP responses 

during handgrip exercise or the cold pressor test in either young or old adults.  Together, 

our findings suggest that this model of acute mild hypohydration does not alter resting 

or reflex BP regulation in healthy young and old adults.



 

 1 

LITERATURE REVIEW 

1.1 Blood Pressure Dysregulation is a Primary Risk Factor for Cardiovascular 

Disease 

1.1.1 The predictive value of blood pressure dysregulation at rest and during 

daily living 

Cardiovascular disease is the leading cause of death among adults in the United 

States (316). According to the World Health Organization, high resting arterial blood 

pressure (BP) is a primary risk factor for cardiovascular disease development. Although 

there is conflicting evidence that suggests BP variability does not substantially increase 

predictive value of cardiovascular risk prediction (29) or target organ damage (300) 

better than resting systolic BP alone, high BP variability is also independently linked to 

increased risk for atrial fibrillation (233), and increased mortality in non-hypertensive 

(120, 166, 194) and hypertensive populations (184, 226, 285). BP variability also 

predicts risk for cerebral small vessel disease in asymptomatic hypertensives (94). 

1.1.2 The predictive value of blood pressure dysregulation during 

sympathoexcitatory stimuli 

High arterial blood pressure (BP) responses to mental stress (95, 190), the cold 

pressor test (293, 321), static exercise (190), and dynamic exercise (89, 138, 143, 161, 

196, 202, 219, 255, 296, 320) have been demonstrated be associated with increased 

future risk for hypertension, a major risk factor for cardiovascular disease. The 

prediction power from dynamic exercise testing is improved when considering the 
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absolute workload (138). High BP during exercise is also associated with greater arterial 

stiffness and endothelial dysfunction (288). With every 10 mmHg increase in exercise 

systolic BP, there is an 18 cm/s increase in brachial artery pulse wave velocity, 

highlighting a mechanism that may contribute to exaggerated BP responses during 

exercise in non-hypertensive individuals (282). Interestingly, even BP responses from 

seated-rest to resting pre-exercise position have utility in predicting future risk of 

hypertension (144). Finally, during exercise systolic BP variability is associated with 

future risk of developing hypertension (24).  

In summary, high resting BP, high BP variability, and high BP responses during 

sympathoexcitatory stimuli are high clinically relevant predictors for cardiovascular 

disease development. Thus, there is a critical need to determine the factors that 

contribute to BP dysregulation. 

1.2 Blood Pressure Dysregulation in Cardiovascular Disease States 

1.2.1 Blood pressure dysregulation at rest and during daily living in 

cardiovascular disease states 

Rats and humans have similar interindividual variability, so studying the 

pathogenesis of hypertension in rats provides great insight into prevention and treatment 

strategies for humans (54). Arginine vasopressin has been shown to modulate baroreflex 

function in spontaneously hypertensive but not Wistar-Kyoto rats (246). Hypertension 

is associated with chronic sympathoexcitation as a result of alterations in central nervous 

system signalling in the paraventricular nucleus and rostral ventrolateral medulla 

(RVLM) (105). Additional support comes from experiments using spinal cord 

transection to demonstrate that elevated sympathetic outflow contributes to the 

pathogenesis of high blood pressure development in spontaneously-hypertensive rats 
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(253). Studies also suggest that high-NaCl causes synaptic plasticity in the brainstem 

and increases the risk for salt-sensitive hypertension (40). In humans, greater resting 

muscle sympathetic nerve activity (MSNA) and impaired sympathetic baroreflex 

function is associated with higher resting BP (260). Hypertension is associated with 

marked increases in sympathetic activity and may be related to hyperactive renin-

angiotensin-aldosterone system and oxidative stress in cardiovascular control centers 

(i.e., rostral ventrolateral medulla (129). Individuals with resistant hypertension are in a 

state of marked sympathetic overdrive and have impaired baroreflex mechanisms (111). 

In addition, non-hypertensive adults with a family history of hypertension have reduced 

resting cardiac vagal baroreflex sensitivity (284). This is a potential mechanism that 

predisposes them to altered BP control. Heart failure is characterized by increased 

resting sympathetic outflow, altered arterial baroreflex regulation of MSNA, and 

attenuated cardiopulmonary reflex modulation of MSNA (96).  

1.2.2 Blood pressure dysregulation during sympathoexcitatory stimuli in 

cardiovascular disease states 

Exaggerated sympathetic and pressor responses in hypertensive individuals can 

be observed just 10 seconds into static handgrip exercise (112). Hypertensive 

individuals demonstrate delayed heart rate recovery following metaboreflex activation 

(231). Augmented BP responses to the cold pressor test have also been demonstrated in 

hypertensive individuals (88, 134), and those with a family history of hypertension (88). 

It has been demonstrated that those with more mild forms of hypertension have 

exaggerated BP responses during mental stress (arithmetic task) and head-up tilt (80), 

as well as during the cold pressor test and isometric handgrip exercise (51). Related, 

augmented BP responses during dynamic exercise is associated with masked 
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hypertension (160). β-blockers attenuate BP responses during dynamic exercise in 

hypertensive individuals (214). Interestingly, antagonizing mineralocorticoid receptors 

in spontaneously hypertensive rats may attenuate exercise pressor reflex overactivity 

(78) and provides new potential treatment target for overactivity exhibited in humans 

affected by hypertension. Along these lines, heart failure patients also have augmented 

sympathetic responses during sympathoexcitatory stimuli (96, 191, 256).  In summary 

several cardiovascular disease states are characterized by BP dysregulation, and better 

understanding this area is of critical importance. 

1.3 The Incidence and Clinical Relevance of Human Hypohydration 

Hypohydration is defined as a body water deficit caused by acute or chronic 

dehydration (193). Adults in the United States are not meeting recommendations for 

proper water consumption (224). Underhydration (159) and blood hypertonicity 

increases with age (278) and is associated with increased morbidity (151, 243), mortality 

(309), and health care expenditures (228, 309). In fact, studies have reported that nearly 

half of emergency room visits in older adults are related to chronic hypohydration (23) 

and can be avoided (261). Even mild hypohydration is a proposed pathogenic factor for 

many diseases (186). Finally, acute hypohydration impairs endothelial function in 

healthy young adults (15) and chronic hypohydration is predictive of future incidence 

of cardiovascular disease (52). Thus, there is a critical need to determine if 

hypohydration directly influences risk factors for cardiovascular disease, such as BP 

regulation. 
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1.3.1 Mechanisms that maintain body water homeostasis  

Salt and water appetite, salt and water excretion, and arginine vasopressin 

release are the primary regulatory mechanisms that maintain body fluid and electrolyte 

balance. These mechanisms and their actions are depicted below in Figure 1.1.  

 

Figure 1.1 Basic Mechanisms of Osmoregulation. Changes in extracellular fluid 

osmolality modulate homeostatic responses that affect the Na+ balance (left) and 

the water balance (right) to promote homeostasis according to the principle of 

negative feedback. Hypertonic and hypotonic conditions lead to proportional 

changes in the intake or excretion of water and sodium to maintain extracellular 

fluid osmolality near a constant set point. Dashed lines represent potential 

homeostatic responses for which experimental data is presently unavailable (32). 

Healthy young adults have active thirst mechanisms, tightly controlled hormonal 

regulation, and ideal organ (e.g. kidney) function to maintain proper body water balance. 

Small increases in blood sodium concentrations (e.g., ~2-3%) and larger decreases in 

plasma volume (e.g., ~10%) equally stimulate thirst sensations in healthy young adults. 
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Hyperosmolality is sensed via mechanical-stretch sensitive transient receptor potential 

vanilloid channels and subsequently initiate thirst mechanisms to higher brain centers 

and cause arginine vasopressin release from the posterior pituitary gland to reduce solute 

(particularly Na+) concentrations (Figure 1.2). Recently, there is evidence that Nax 

channels expressed in specific glial cells in the organum vasculosum of the lamina 

terminalis (OVLT) act as sensors of increased blood sodium concentrations in body 

fluids (217). Interestingly, water ingestion restores plasma volume before interstitial and 

intracellular fluid stores (269).  

 

Figure 1.2 Osmoreceptor functions of the organum vasculosum laminae terminalis 

nuclei and supraoptic nuclei control thirst and vasopressin release. In response to 

hyperosmolar-induced cell shrinkage, specialized mechanical-stretch transient 

receptor potential vanilloid cation channels are activated, allowing the influx of 

positive charges and consequent cell depolarization, provoking action potentials that 

stimulate thirst and vasopressin release. Conversely, hypo-osmolar cell swelling 

deactivates these channels, leading to cell hyperpolarization, extinguishing thirst 

and vasopressin release. Although the exact role of the TRPV channel remains under 

investigation, its presence is critical in this mechanism. (70). See reference (217) 

above for recent findings related to these mechanisms.    
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1.3.2 The effect of age on body water homeostasis  

Results from rodent studies demonstrate an altered relation between plasma 

osmolality and arginine vasopressin release with increasing age (287). Hypohydration 

increases arginine vasopressin release more in aged rats and impairs renal urine-

concentrating ability, potentially a result of increased Aquaporin 2 messenger-

ribonucleic acids expression observed in the old rats (286). These data in animals 

suggest altered arginine vasopressin release and renal function. 

In humans, healthy aging is associated with hypohydration because of attenuated 

plasma arginine vasopressin release, reduced kidney function, and importantly, declines 

in thirst sensations (46, 92, 164, 179, 252, 262). Old adults have lower total body water 

than their young counterparts because of a lower set-point and because of water loss 

related to medication usage (16, 175, 266), and this is independent of body composition 

(71). The osmotic threshold for thirst is also shifted towards higher plasma osmolality 

during water deprivation (WD) in older adults, and the relation between plasma 

osmolality and thirst is attenuated (181).  

The National Resident Assessment Instrument policy (102) is one example of a 

policy aimed to increase awareness for hypohydration and to improve prevention and 

treatment strategies for hypohydration (45, 195). Strategies include frequent 

encouragement for drinking (as opposed to infrequent consumption of large amounts of 

fluid), adaptation of the environment to accommodate proper hydration, and 

modification of medications to limit potential hypohydration-inducing side effects (93). 

While there is clear evidence of altered control of body water in aging, it is unclear what 

the implications are for BP regulation. 
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1.3.3 The effect of body fluid and electrolyte manipulations on orthostatic 

tolerance 

Moderate hypohydration augments changes in MSNA and total peripheral 

resistance during orthostasis to compensate for decrements in stroke volume and  

cardiac output (168), without a change in heart rate responses (57). Specifically, burst 

amplitude but not burst frequency has been shown to mediate increases in MSNA during 

progressive central hypovolemia (167). However, tolerance to central hypovolemia does 

not appear to be related to resting MSNA or sympathetic baroreflex sensitivity (135). 

Rehydration attenuates arginine vasopressin release, plasma renin activity, and 

symptoms of overt hypotension during 45 minutes of 70° head-up tilt, suggesting a role 

for neurohormones and the renin-angiotensin-aldosterone axis in BP maintenance 

during head-up tilt when hypohydrated (122). Arginine vasopressin release was similar 

between cardiac-innervated and cardiac-denervated humans during head-down tilt, with 

plasma volume expansion but no change in plasma osmolality, suggesting that cardiac 

volume receptors are not the only mechanism for arginine vasopressin release during 

acute volume shifts (65). Following gastric emptying (via metoclopramide), old adults 

demonstrated reduced arginine vasopressin responsiveness to standing, despite greater 

arginine vasopressin release than young adults. This is thought to occur because of 

increased arginine vasopressin sensitivity to counteract reduced cardiac vagal baroreflex 

sensitivity (cBRS) in aging (26). This highlights the clinically-relevant role of hydration 

status in mediating BP regulation during orthostasis. 

1.3.4 The effect of hypohydration on mental and physical performance 

Mild hypohydration has been demonstrated to deteriorate mental performance 

in humans (315). Water intake following light exercise has been demonstrated to 

improve judgement and decision-making performance in healthy adults (229). A study 
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in healthy young female adults found hypohydration to impair visual and working 

memory, as well as executive function. Further, drinking water corrected these 

impairments, suggesting a role for hypohydration per se impairing cognitive function in 

a young healthy cohort (272). Also, during mild hypohydration, young female adults 

were found to have disrupted mood and concentration (11). While some work has been 

done on the effect of hypohydration on mental performance, there is a much larger body 

of research on how hypohydration affects physical performance. 

For exercise performance and safety concerns, the American College of Sports 

Medicine suggests drinking adequate amounts of water before, during, and after 

physical activity in order to prevent 2% loss in body mass (9). There is evidence that 

hypohydration impairs exercise performance (248), which is mostly attributed to 

reductions in stroke volume (110), increased heart rate (6, 106), and impaired 

thermoregulation (108, 251). These decrements in performance occur independent of 

thirst (2) and even modest levels of hypohydration can impair performance (212). 

Further, exercise performance is impaired during hypohydration, even when blinded to 

hydration condition (intragastric rehydration or no rehydration) (146). Hypovolemic-

hyperosmolality increases heat storage because of reduced sweat rate (evaporative heat 

transfer) and reduced cutaneous blood flow (dry heat transfer) (250). Hyperosmolality 

also elevates the threshold for both vasodilation and sweating (1, 12), independent of 

changes in plasma volume (99). Further, hypohydration increases the internal 

temperature threshold for cutaneous vasodilation during dynamic exercise in a 

thermoneutral environment, but once vasodilation occurs the slope of forearm blood 

flow is not different than euhydration (213). Accordingly, hypohydration-induced 

hyperosmolality attenuates vasodilation in the cutaneous circulation despite high core 
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temperature (109, 141), likely from increased net filtration in the capillaries (162). 

These studies provide a link between hypohydration and impaired exercise 

performance, and increased peripheral (cutaneous) vascular resistance. 

1.3.5 Interactions between age, hypohydration, and blood pressure regulation 

Results from early experiments administrating intravenous Angiotensin II in 

baroreceptor intact and denervated dogs suggest that a rise in BP suppresses thirst (171). 

Additional support for this observation comes from studies conducted in rodents, that 

observed acute hypertension to inhibit thirst sensations (stimulated by Angiotensin II, 

hyperosmolality, or hypovolemia) (275) and observed that the arterial baroreceptors 

mediate the inhibitory effects of acute hypertension on thirst sensations (276). This is 

problematic as higher resting BP contributes to thirst detriments in older adults (319). 

Older adults have presented to the hospital with clinical symptoms of severe 

hypohydration without reporting feelings of thirst (116). Indeed, when young and old 

adults were matched for body mass loss, old adults had greater increases in plasma 

osmolality and serum sodium concentrations, but had lower thirst sensations and drank 

less water (238). During hypertonic saline infusion, old adults have larger increases in 

plasma osmolality and drink half as much water as young adults, suggesting impaired 

osmoregulation and thirst sensations (81). In contrast, one study using hypertonic saline 

infusion, demonstrated that old adults had similar thirst and renal osmoregulatory 

responses to that of young adults (271). Thus, the responses to acute salt loading remain 

under debate, however, the influence on age in these responses to acute hyperosmolality 

are of great importance because of their potential implications for BP regulation. 

In humans, when young and old adults were dehydrated and matched for body 

mass loss, old adults had greater increases in plasma osmolality, serum sodium 
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concentrations, and plasma arginine vasopressin concentrations, but had lower urine 

osmolality and thirst sensations. There is also evidence of older adults having reduced 

sensing of solutes in the extracellular fluid  (237).  Additionally, old adults had increased 

sensitivity of osmoreceptors during hypohydration (238). A study using a water loading 

protocol demonstrated reduced glomerular filtration rate in older adults because of 

changes in water excretion after normalizing to creatinine clearance (68). Gastric 

emptying (via metoclopramide) increased arginine vasopressin release in both younger 

and older adults, but older adults had reduced arginine vasopressin responsiveness 

during standing (26). In contrast to this suggestion, hypertonic saline infusion elicited 

similar renal osmoregulatory responses in older compared to younger adults in another 

investigation (271). More studies are needed to better understand the role of 

hyperosmolality, arginine vasopressin, and water balance during aging given their 

influences on BP regulation. 

1.4 Resting Blood Pressure Regulation and Potential Effects of Hypernatremia 

and Hypohydration 

Body fluid regulation is an important contributor to BP regulation. The key 

regulators of blood volume include the renin-angiotensin-aldosterone axis and arginine 

vasopressin. Both the baroreceptors and the sympathetic nervous system are responsible 

for BP regulation. Below Figure 1.3 depicts the organum vasculosum lamina terminalis 

and key forebrain areas involved in the control of the endocrine, autonomic, and 

behavior systems that participate in body fluid regulation (150).  
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Figure 1.3 Key Brain Areas for Endocrine, Autonomic, and Behavioral Function. 

Organization of structures of the lamina terminalis region (midsagittal 

representation) and projections from the lamina terminalis to key forebrain area 

involved in the control of the endocrine, autonomic, and behavioral systems that 

participate in body fluid regulation. The subfornical organ (SFO), organum 

vasculosum of the lamina terminalis (OVLT), the median preoptic nucleus, and 

anterior commissure are adjacent to the lamina terminalis and can be referred to as 

the structures of the lamina terminalis. CRF, corticotropin-releasing factor; ACTH, 

adrenocorticotropic hormone; PVN, paraventricular nucleus (150). Independent of 

the SFO, the area postrema is thought to be responsible for the hypertensive effect 

during prolonged water deprivation (WD) (60). 

The following sections will describe the specific roles of the renin-angiotensin-

aldosterone system, arginine vasopressin, the neural and peripheral arcs of the arterial 

baroreflex, and the cardiopulmonary baroreflex on resting BP regulation. 
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1.4.1 The renin angiotensin aldosterone system 

Blood or plasma volume contraction and hyponatremia stimulate the renin-

angiotensin-aldosterone axis to increase sodium and water retention. During volume 

depletion via 48-hour WD in male rabbits, BP maintenance was predominated by 

humoral pressor systems (e.g. arginine vasopressin, angiotensin II), rather than the 

sympathetic nervous system (292), suggesting the renin-angiotensin aldosterone system 

might play an active role during human hypohydration. In rats, hypohydration has been 

demonstrated to increase plasma renin activity, even during renal denervation and 

adrenal demedullation, suggesting sympathoadrenomedullary independent plasma renin 

activity release to support BP (27). When plasma renin activity is released during 

hypohydration, angiotensin type-1 receptors in the  paraventricular nucleus and rostral 

ventrolateral medulla become more sensitive (101), suggesting altered renin-

angiotensin-aldosterone-mediated BP control. Also in humans, endogenous 

Angiotensin II is thought to be responsible for greater sympathoexcitation during the 

modified oxford (242). Thus, there is a body of evidence suggesting that blood volume 

status and hypohydration affects BP regulation via renin-angiotensin-aldosterone axis 

related mechanisms. 

1.4.2 Arginine vasopressin 

Blood or plasma volume contraction and hyperosmolality stimulate arginine 

vasopressin release from the posterior pituitary to target water retention in the kidneys. 

Excessive arginine vasopressin release has been suggested to play a role in the 

development of human hypertension (152). Arginine vasopressin is released via actions 

of the forebrain and midbrain (97), and supports BP by increasing lumbar sympathetic 

outflow and heart rate (257), independent of involvement of the subfornical organ (60) 
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during hypohydration. Rodent models using intravenous arginine vasopressin 

antagonism demonstrate attenuated pressor and bradycardic effects of α1-adrenergic 

receptor agonists (e.g., methoxamine, phenylephrine) (136). Arginine vasopressin 

antagonism in dogs attenuates the depressor and tachycardic effects of system nitric 

oxide mediated vasodilation (via sodium nitroprusside), with no additive effect of 

Angiotensin II antagonism, suggesting arginine vasopressin plays a primary role in BP 

control during potentially hypotensive periods (38). Further, arginine vasopressin 

blockade during WD causes a significant drop in BP, suggesting its’ actions are 

necessary for BP support during WD (10, 295). Another study in rats built on this notion 

by demonstrating that administration of intravenous synthetic arginine vasopressin 

increases BP following WD. Further, they demonstrated that arginine vasopressin 

blockade lowers BP via reductions in peripheral vascular resistance (7), and this occurs 

independent of cardiac vagal or arterial baroreceptor input (254). In contrast, another 

study found that after 24 or 48 hours of WD, arginine vasopressin did not significantly 

contribute to BP maintenance (91). Though there are some conflicting results, when 

taken together these studies suggest that arginine vasopressin has an active, if not 

primary, role in BP regulation and support during WD. However, much of this work has 

been conducted in animal models, thus more work in humans is warranted. 

1.4.3 The neural arc of the arterial baroreflex 

The arterial baroreceptors, located in the carotid sinuses and aortic arch, are high 

pressure stretch receptors responsible for providing input to the hindbrain to modulate 

sympathetic outflow to maintain BP (97). The sympathetic nervous system is an 

important regulator of both short-term and long-term BP control (153). Sympathetic 

nervous system activity in humans can be assessed using microneurography, a term 
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from leading Swedish neurophysiologist Yngve Zotterman. This technique to record 

efferent sympathetic outflow in vivo was developed in Uppsala, Sweden in 1965 by Drs. 

Hagbarth and Vallbo (298). The peroneal nerve is a common site for assessing 

sympathetic outflow, with efferent sympathetic fibers being grouped in bundles ranging 

from 1-44 axons in each of the ~30 nerve fascicles in the common peroneal nerve bundle 

(290). Healthy adults have a wide range of resting burst frequencies and taller 

individuals have a longer burst latency (electrocardiogram R-wave time to MSNA peak 

time) (281). While resting burst frequency varies between healthy individuals, it is 

reproducible within individuals (69). Interestingly, those with greater resting MSNA 

have reduced cardiac output, suggesting a compensation response (56). It was 

demonstrated as early as 1978 that changes in burst frequency and burst amplitude are 

greater following decreases in BP compared to increases in BP (281).  

The earliest work to report an inverse relation between BP and efferent 

sympathetic outflow was in 1974 (307). In this study, they identified a reverse sigmoid 

relation between diastolic BP and MSNA in two patients with atrial fibrillation. Later, 

results from 16 participants demonstrated no correlation between systolic BP and 

MSNA, a strong correlation between pulse pressure and MSNA, and strong inverse 

correlations between mean BP/diastolic BP and MSNA (281). Their explanation for 

these findings were informed by early observations that baroreceptor firing is greatest 

during systole and silent during diastole (37). Thus, because afferent baroreceptor input 

completely inhibits MSNA during systole and the duration of baroreceptor silence (i.e., 

when MSNA is unconstrained) is longer when diastolic BP is lower, the strong inverse 

relation between diastolic BP and MSNA is physiologically plausible. Indeed, their own 

past work (47) demonstrated that falls in diastolic BP produce a greater likelihood of 
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burst occurrence. As a result of these experiments and others summarized by Drs. 

Eckberg and Sleight (84), we now understand the physiology underlying baroreflex 

control of MSNA. The following section will discuss the role of hypovolemia and 

hyperosmolality in affecting the arterial baroreflex. 

During water deprivation in rats, blood hyperosmolality (i.e., elevated blood 

osmolality values) was found to influence sympathetic outflow and BP, independent of 

changes in plasma arginine vasopressin concentrations and blood volume (257). This is 

likely due to greater sensitivity of the paraventricular nucleus during times of blood 

hyperosmolality, demonstrated through studies using injections of γ-Aminobutyric acid 

agonists and glutamate antagonists (101) and studies investigating changes to the 

intrinsic properties of RVLM neurons (3). In support of these past reports, hypohydrated 

rats were demonstrated to maintain BP via paraventricular nucleus-driven increases in 

splanchnic sympathetic outflow that is not synchronized to changes in respiration or 

heart rate (137). This is thought to occur from central hyperosmolality exciting discrete 

populations of neurons in the RVLM that increase sympathetic outflow and BP through 

increased sensitivity of glutamate neurotransmission (274). Importantly, alterations in 

sympathetic outflow and BP during central hyperosmolality are related to NaCl 

concentrations per se, as eqiu-osmotic sorbitol/mannitol does not produce same OVLT 

neuronal discharge frequency (169). Additionally, these OVLT neurons sense and 

respond to increases in extracellular NaCl concentrations (i.e., a body fluid that can be 

more easily assessed in humans) by increasing sympathetic outflow and BP (35). Other 

animal studies suggest that activator protein-1 transcription factors are responsible for 

switching thoracic sympathetic outflow control from the hypothalamus to the 

commissural nucleus tractus solitarius (NTS) following WD (61). In rats, high salt 
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feeding to increase peripheral blood sodium concentrations increased BP variability, but 

not absolute mean BP (267). There is conflicting evidence in the literature suggesting 

that plasma osmolality does not play a role in altering renal sympathetic outflow during 

WD and rehydration (258) or in altering cBRS or sympathetic baroreflex sensitivity 

(sBRS) (292) in animals. While there is a large body of work regarding high elevations 

in plasma osmolality and blood sodium concentrations may affect BP regulation in 

animals, there is much less known about the effects of such interventions, such as WD, 

in humans. 

In humans, acute hyperosmolality (via 2,400mg sodium meal) has been 

demonstrated to increase systolic BP 2 mmHg for every 1 mmol/L increase in blood 

sodium concentrations (280). Additionally, acute blood hyperosmolality has been 

shown to increase MSNA at rest (90, 113, 242). Hypertonic saline infusion in humans 

increases sympathetic baroreflex sensitivity (53, 310), independent of estimated 

changes in plasma volume (i.e., matched for hematocrit) (310), suggesting 

hyperosmolality per se appears to have a role in altering BP regulation. Additional 

insight comes from Saitoh et al, who described a bell curve-like relationship between 

blood volume and baroreflex sensitivity, suggesting similar but opposite changes in 

baroreflex sensitivity for a given change in blood volume (sensitivity increases with 

hypervolemia and decreases with hypovolemia) (244). CBRS has been shown to be 

reduced following exercise-induced hypohydration (55) in young adults. However, the 

effects of a WD-induced hypohydration on resting BP regulation in humans has not yet 

been explored. Given both hyperosmolality and hypovolemia appear to increase 

baroreflex sensitivity, we could speculate that WD, characterized by plasma volume 

contraction and blood hyperosmolality, would increase baroreflex sensitivity. 
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1.4.4 Sympathetic vascular transduction 

The functional effects of MSNA bursts on the vasculature to change blood flow 

and BP is termed sympathetic vascular transduction. Briefly, a spike-triggered 

averaging methodology developed and described by Dr. Fadel’s group has recently been 

used to assess beat-to-beat sympathetic vascular transduction (86). Changes in absolute 

mean BP and limb vascular conductance is determined at the time of each MSNA burst, 

referred to as cardiac cycle 0, and followed for 10 subsequent cardiac cycles. This time 

frame was chosen based on the original work of Wallin and Nerhed (308) demonstrating 

that the peak increase in mean BP occurs ~5.5 seconds following a burst of MSNA, thus 

10 cardiac cycles at a normal basal heart (60 beats/minute) would provide ample time 

to observe the peak vascular respond to a spontaneous MSNA burst. In addition, work 

from Dr. Fadel’s laboratory using phentolamine to block α-adrenergic receptors has 

demonstrated the sympathetic origin of the responses and that this window appropriately 

captures the time course and nadir changes in mean BP and vascular resistance 

following spontaneous MSNA bursts (87). 

1.4.5 The cardiopulmonary baroreflex 

Iso-osmotic hypovolemia via furosemide has been demonstrated to increase the 

gain of the cardiopulmonary baroreflex (i.e., larger increase in vascular resistance for a 

given decrease in central venous pressure) (289). During graded central hypovolemia 

(5, 10, 15, 20 Torr of lower-body negative pressure for 5 minutes each) the heart rate 

response range (the difference between the minimal and maximal responses) tended to 

be less in the old versus young adults, suggesting blunted responsiveness to graded 

central hypovolemia with aging. Further, 15 Torr lower-body negative pressure has been 

shown to increase the gain of carotid-heart rate and carotid-mean BP baroreflexes in 
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young adults but did not affect the gain of the arterial baroreflex in old adults, suggesting 

unloading the cardiopulmonary baroreceptors is not related to arterial baroreflex 

function in healthy older adults (263). Old adults were also found to have blunted 

increases in forearm vascular resistance during 10 to 40 Torr lower-body negative 

pressure, as well as blunted heart rate increases, but augmented systolic and mean BP 

increases during 30 and 40 Torr lower-body negative pressure. Additionally, old adults 

had a greater relation between changes in MSNA and changes in peripheral venous 

pressure/forearm vascular resistance during 5 to 40 Torr lower-body negative pressure 

(72). Together, these studies provide evidence that aging is associated with alterations 

in cardiovascular responses during mild to severe hypovolemia. Given that 

hypohydration can impose a mild level of hypovolemia, it is important to keep the role 

of the cardiopulmonary baroreflex in mind when interpreting data from perturbations 

that cause reductions in plasma volume. 

Regarding BP regulation during exercise pressor reflex activation, there is 

evidence that the cardiopulmonary baroreflex does not modulate (inhibit) sympathetic 

outflow during handgrip exercise at 30% maximal voluntary contraction (259) or during 

post-exercise ischemia (247). However, recently, post-exercise ischemia following 

handgrip exercise at 20% and 30% maximal voluntary contraction was demonstrated 

not to inhibit MSNA during cardiopulmonary baroreceptor loading, whereas post-

exercise ischemia following handgrip exercise at 40% maximal voluntary contraction 

was found to attenuate cardiopulmonary baroreflex-mediated inhibition of MSNA 

(156). Thus, there remains conflicting evidence for the role of central hypovolemia in 

modulating cardiovascular adjustments to exercise pressor reflex activation. 
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1.4.6 The effects of sex and age on resting blood pressure regulation 

Young female adults maintain optimal (<120/80) basal BP via β-receptor 

mediated vasodilation that offsets α-receptor vasoconstriction (125), which is altered 

following menopause (124, 125, 127, 128). Young male adults have slightly higher BP 

than age-matched female adults due to slightly greater sympathetic outflow and total 

peripheral resistance, as well as the absence of β-receptor mediated vasodilation (125). 

Throughout the menstrual cycle in female adults, the high estrogen and progesterone 

(mid-luteal) phase stimulates renin-angiotensin-aldosterone axis and increases sodium 

retention and expands plasma volume (270). Also, the high-estrogen (late follicular) 

phase reduces renal arginine vasopressin sensitivity, leading to reduced water retention 

(270). In young healthy female adults, menstrual cycle status did not influence cBRS or 

sympathetic vascular transduction, but resting MSNA, plasma norepinephrine 

concentrations, and sBRS were higher during the midluteal compared to the early 

follicular phase (201). While oral contraceptive use is associated with increased BP, it 

does not appear to affect resting MSNA, total peripheral resistance, or cardiac output 

(127). Although young healthy females have estrogen and progesterone expanding 

plasma and shifting the osmotic operating point to the left at different points throughout 

the menstrual cycle, it has only a minor effect on body water balance (311). Mixed 

findings in the literature suggest that sex hormone fluctuations throughout the menstrual 

cycle do (49, 50, 103, 148, 176) and do not (197) alter resting and reflex BP regulation. 

During aging, resting sympathetic outflow increases and at least partially 

contributes to increases in resting BP (123). Also, aging has been shown to be associated 

with impaired arginine vasopressin release during a protocol that included acute 

dehydration then rehydration (236). Old adults also have a larger increase in BP for a 

given change in sympathetic nerve activity (i.e., greater sensitivity) (123). This likely 
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contributes to higher BP variability observed in older adults (59). Further, old adults 

have delayed heart rate responses to changes in BP, with longer delays observed in old 

female adults compared to old male adults (198). Old adults have blunted transduction 

and require greater resting sympathetic outflow to maintain BP (302), partially due to 

reduced total body water (215). More specifically, old males have a larger drop in BP 

for each heart beat without a MSNA burst (302), necessitating greater burst frequency 

to maintain vascular resistance and BP compared to their female counterparts (302). 

Increased sympathetic vascular transduction in old female adults is likely a result of β-

adrenergic receptor involvement during menopause (124, 125, 127, 128).  Finally, 

resting sBRS is thought to be similar between healthy young and old adults (73, 82, 187, 

232), but resting cBRS is reduced in healthy aging (82, 147, 173, 187). One study 

reported that healthy old adults have reductions in the mechanical component of the 

arterial baroreflex, but because of compensatory mechanisms in the neural component, 

overall sBRS function is maintained in healthy aging (279). When taken together, these 

past studies suggest preserved baroreflex control of MSNA but not heart rate. It is 

currently unclear if mild hypohydration will affect resting baroreflex function in healthy 

young or old adults. 

1.5 Reflex Blood Pressure Regulation 

In order to meet the metabolic demands of perturbations, such as exercise, 

increases in blood flow and BP are needed, however the effect of WD on these responses 

in humans is not well understood. Studies in rodents demonstrate that the hindbrain is 

responsible for mediating autonomic cardiovascular reflexes during hypovolemia to 

maintain BP (97). Hyperosmolality has been demonstrated to enhance 

sympathoexcitatory and sympathoinhibitory reflexes evoked from the RVLM (5, 267, 



 

 22 

277). Brooks et al, demonstrated that WD increases excitatory amino acids in the RVLM 

to support BP (39) via elevations in lumbar sympathetic outflow (41). Arginine 

vasopressin, a hormone released in response to hypovolemia, works through α2 

adrenoceptor dependent mechanisms in the NTS to modulate cardiopulmonary 

baroreflex function and shift the arterial baroreflex operating point to lower pressures, 

thus enhancing sympathoinhibitory responses and blunting sympathoexcitatory 

responses (130). Further, arginine vasopressin-V1 antagonism has been shown to blunt 

the pressor effects of central osmolality in dogs (222). These studies suggest arginine 

vasopressin has a role in BP regulation during WD-induced hypovolemia. The section 

below describes the integrative cardiovascular responses that occur during acute 

exercise, the cold pressor test, and voluntary end-expiratory apnea. 

1.5.1 Cardiovascular responses during acute exercise 

One of the first observations of a BP increasing reflex arising from voluntary 

contracting muscles in humans was reported in 1937 (8). After many years of research, 

we now know the sympathetic nervous system to play a role in increasing BP during 

exercise, and that the increase in BP and MSNA are tightly coupled to the onset of 

muscular fatigue (142, 256). Specifically, burst amplitude (i.e., efferent sympathetic 

activity signal strength) increases in an intensity dependent manner throughout 

increasing levels of exercise (31). The three primary systems responsible for 

maintaining BP and providing blood flow to active skeletal muscle tissue during 

exercise are: central command, the arterial baroreflex, and the exercise pressor reflex 

(142, 256). Below, Figure 1.4 depicts these three primary mechanisms (256).  
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Figure 1.4 Neural Control of the Circulation During Exercise. Neural signals 

originating from the brain (central command), the aorta and carotid arteries (arterial 

baroreflex), and skeletal muscle (exercise pressor reflex) are known to modulate 

sympathetic and parasympathetic nerve activity during exercise. The alterations in 

autonomic outflow induce changes in heart rate and contractility, changes in the 

diameter of resistance and capacitance vessels within peripheral tissue beds and 

release of adrenaline from the medulla of the adrenal gland. As a result, changes in 

heart rate, stroke volume and systemic vascular resistance mediate alterations in 

mean arterial pressure appropriate for the intensity and modality of exercise. ACh, 

acetylcholine; NA, noradrenaline (256).  
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MSNA during exercise is thought to be uniformly distributed throughout 

skeletal muscle nerves and is well correlated to plasma norepinephrine concentrations 

and BP levels, while inversely correlated to limb vascular conductance (i.e., increasing 

MSNA reduces limb vascular conductance) (69). Heat and exercise-induced 

hypohydration has been shown to attenuate BP responses (mainly resulting from 

reductions in cardiac output) and accentuate increases in vascular resistance and plasma 

norepinephrine concentrations, suggesting greater activation of the sympathetic nervous 

system (109). Another study demonstrated hypohydration to increase heart rate and 

plasma arginine vasopressin concentrations in response to cycling exercise (192). 

Regarding age differences, young and old adults have been demonstrated to have similar 

sympathetic nervous system responses during static exercise (215), and these responses 

appear to be independent of relative workload (174). In contrast, however, there is 

evidence that old compared to young adults have greater BP responses during static 

exercise (199), dynamic exercise (34), and even dynamic exercise when matched for 

relative workloads (28). Further, there is one report of old adults have delayed BP 

recovery from exercise (34). More recent data suggests potentially sex differences with 

aging, with reports that old female, but not male, adults, have augmented BP responses 

during handgrip exercise compared to young adults (294). Given the conflicting results 

about the effects of sex and age on affecting these responses, it is important to determine 

what populations may have augmented exercise pressor exercise given the prognostic 

information gained from such results. 

1.5.1.1 Central command 

In 1972, central command was first described as a feed forward mechanism to 

control cardiovascular responses derived from the motor cortex (104), specifically in 
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the anterior cingulate and insular cortices (314). Direct evidence of the involvement of 

the anterior cingulate region in central command-induced alterations in cardiovascular 

responses was published in 2018 (107). During neuromuscular blockade to inhibit 

muscular force production, central command activation increases in MSNA and heart 

rate (304). It is thought that central command only has a weak influence during isometric 

exercise in smaller muscle tissues (69). There is evidence that hypohydration reduces 

resistance exercise performance by, at least in part, attenuating central drive (155). 

There is a paucity of knowledge of the central command’s role in BP regulation during 

hypohydration, thus work in this area is warranted. 

1.5.1.2 The arterial baroreflex 

The arterial baroreceptors, located in the carotid sinuses and aortic arch, provide 

short-term control of BP during exercise by providing input to the brainstem on a beat-

to-beat basis. In turn, they assist in modulating sympathetic outflow and heart rate to 

maintain BP during exercise. During exercise, the baroreceptors actively reset upward 

to defend higher BP’s as exercise intensity increases (62, 142). It is thought that Group 

III/IV afferent nerve signals are required for resetting of the carotid baroreflex operating 

points independent of central command (139). Fatiguing handgrip exercise reduces 

cBRS and post-exercise ischemia (PEI) increases cBRS, but the baroreflex rhythms are 

not abolished (83). It is unclear if hypohydration would alter arterial baroreflex function 

during static exercise in humans. 

1.5.1.3 The exercise pressor reflex 

Activation of afferent Group III and Group IV nerve fibers provide feedback to 

the brainstem to increase blood flow to active muscle beds. Group III afferent fiber 
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activation occurs via stretch and pressure, and has been shown to increase sympathetic 

outflow and BP (131, 157, 158, 273, 313). Group IV afferent nerve fiber activation 

occurs via local metabolite build up, and also increases sympathetic outflow and BP 

(131, 158). Early work by Kaufman et al., demonstrated group III afferent fibers to be 

more sensitive to the mechanical effects of muscle contraction (i.e., physical distortion) 

whereas group IV afferent fibers are more sensitive to the metabolic byproducts of 

muscular contraction (i.e., hydrogen ion concentrations, potassium ion concentrations, 

lactate concentrations, bradykinin concentrations, arachidonic acid concentrations, and 

adenosine concentrations) in a cat model (157, 158), with later reports suggesting a role 

for gluconeogenesis to activate IV afferent fibers (69). The exercise pressor reflex can 

work to increase blood flow and BP independent of central command, as afferent nerve 

signals can be transmitted to the RVLM and NTS to increase sympathetic outflow and 

heart rate in decerebrate (i.e., without an intact motor cortex) animals (235, 256). 

Isometric exercise causes heart rate to increase after a few respiratory cycles, but BP 

does not increase until ~30 seconds into exercise (297). Because ascorbic acid does not 

alter sympathetic responses during rhythmic handgrip exercise, reactive oxygen species 

are not thought to be involved in mechanoreflex feedback mechanisms (211). MSNA 

and BP responses during metaboreflex isolation are blunted when blood flow is 

increased via forearm suction (154). In contrast to earlier findings suggesting systemic 

increases in MSNA during metaboreflex activation (33, 69), recent work suggests 

MSNA distribution is non-uniform between active and inactive muscle tissues, with 

reports of no observed increases in MSNA to the contracting ipsilateral muscle (30).  

Regarding the potential role of WD-induced hyperosmolality, blood 

hyperosmolality via high-NaCl feeding has been shown to augment lumbar sympathetic 
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outflow and BP responses during exercise pressor reflex activation in rodents, as well 

as to increases vascular resistance (318). Regarding the potential effects of age, old 

adults have greater increases in cardiac output during moderate intensity plantar flexion 

exercise. Old adults have been found to have similar cardiovascular responses and 

similar sympathetic baroreflex function during post-exercise ischemia as young adults, 

suggesting preserved neural regulation of metaboreflex isolation in healthy aging (114). 

Further, when another acute sympathoexcitatory stimulus (whole body cooling via skin 

temperature ~34°C) was superimposed on isometric handgrip exercise, old male and 

female adults have augmented MSNA at rest but similar responses to isometric handgrip 

exercise as their young counterparts (115). However, recently it has been reported that 

old female adults have augmented BP responses during isometric handgrip exercise, 

potentially due to an inability to properly lower systemic vascular resistance (294). 

More work is needed to determine the role of WD and age in altering cardiovascular 

responses during exercise pressor reflex activation. 

1.5.2 The cold pressor test 

In 1936, Hines et al., demonstrated that placing one’s hand into ice-cold water 

had a BP raising effect through increases in both heart rate and cardiac output (134). 

MSNA begins to increase 30 seconds into a cold pressor test, around the same time as 

heart rate responses peak (303). The researchers also observed increases in MSNA to 

be well correlated to increases in BP (and to a smaller degree venous blood 

norepinephrine concentrations as well) (303). Later work demonstrated a plateau in 

MSNA 90 seconds into the cold pressor test, though total peripheral resistance and BP 

continued to rise throughout the full two minute duration (317). Importantly, this test 

was found to be reproducible within participants (98). Young and old adults were found 
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to have similar sympathetic responses during the cold pressor test (215), but more work 

in this area is needed regarding the effects of hydration status and aging given the 

divergent results that exist from other sympathoexcitatory stimuli such as exercise. 

1.5.3 Voluntary end-expiratory apnea 

Hypercapnia and hypoxia increase MSNA (121, 177, 206, 268) by acting on 

medullary surface central chemoreceptors (43) and carotid body peripheral receptors 

(180, 306), respectively. Isocapnic hypoxia-induced peripheral chemoreceptor 

activation resets the baroreflex operating point to a higher BP without changing 

baroreflex sensitivity (149). Hyperosmolality, via hypertonic saline infusion, increases 

absolute MSNA during apnea but does not appear to increase responsiveness (i.e., 

change in MSNA from baseline (113). More work is needed to examine the effects of 

age and hydration status on these responses. 

1.6 The Potential Role of Exercise Training Status and Habitual Physical Activity 

for Modulating Hypohydration-Induced Changes in Blood Pressure 

Regulation 

Evidence suggests that hyperosmolality is a driving factor for neurally-mediated 

increases in resting BP variability and cardiovascular reactivity to sympathoexcitatory 

stimuli (209). This section will describe the role of habitual exercise and physical 

activity induced increases in plasma volume and decreases in cardiovascular reactivity, 

as a potential protective mechanism of hypohydration-induced impairments in 

cardiovascular homeostasis. 
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1.6.1 The potential for attenuated plasma volume loss during hypohydration in 

highly physically active individuals 

Following exercise training, individuals attain a higher basal plasma volume (21, 

64, 264) and should have a smaller relative reduction in plasma volume if given a similar 

reduction in water intake as an untrained/inactive individual. It is thought that plasma 

volume expansion accounts for most hypervolemia during the two to four-week training 

adaptation period before equal increases occur in red blood cell volume (66). Part of the 

mechanism thought to contribute to plasma volume expansion is reduced urine output 

via increased aldosterone production and sensitivity (63, 264). Plasma renin activity and 

serum aldosterone concentrations increase following exercise training and are correlated 

to sodium retention and to leg volume (edema) (200). Increases in plasma albumin 

concentrations following exercise training improve the H2O binding capacity, leading 

to greater red cell volume (64). Accordingly, exercise-induced increases in plasma 

volume has been shown to improve orthostatic tolerance and to prevent syncopal 

symptoms and episodes (208). Additionally, a group of individuals with high BP 

responses to exercise completed 12 weeks of aerobic exercise training and later were 

found to have attenuated increases in BP and blood norepinephrine concentrations 

during a submaximal exercise test (203). Blood volume correlates to VO2peak in post-

menopausal female adults, with runners demonstrating the highest blood volumes, 

followed by swimmers, with both of these groups having greater blood volume values 

then their inactive counterparts (227). Six months of endurance training in old adults 

has been shown to increase plasma and blood volume values without any changes in 

hormones involved in volume regulation, suggesting a resetting of volume receptor 

thresholds (48). In summary, there is evidence that high levels of exercise training and 

physical activity may increase plasma volume and protect against WD-induced 
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reductions in plasma volume contraction. Along the lines of our hypothesis, we would 

expect this to potentially partially compensate for the hypohydration-induced alterations 

in BP regulation. 

1.6.2 The potential for attenuated cardiovascular responses in highly physically 

active individuals 

There is evidence that wheel-running versus sedentary rats have blunted 

centrally-mediated increases in sympathetic outflow and BP during rostral ventrolateral 

medulla neuronal activation, baroreceptor unloading, and vascular α-1 activation (216). 

A follow up study found GABAergic inhibition in the RVLM enhances BP, but not 

lumbar sympathetic outflow, responses to glutamate-mediated pressor effects (210). A 

later study confirmed that  active versus sedentary rats have adaptations that attenuate 

sympathoinhibitory and sympathoexcitatory cardiovascular response mechanisms in the 

RVLM (77). Additionally, chronic training of anaerobic energy systems in humans may 

blunt cardiovascular responses during metaboreflex isolation (145). In summary, there 

is evidence that high habitual physical activity may attenuate cardiovascular responses 

to sympathoexcitatory stimuli. Whether or not physical activity prevents 

hypohydration-induced changes in BP regulation in humans remains to be determined. 

1.7 Conclusions 

Underhydration remains widespread in the United States (100, 132, 163), and is 

a public health concern, particularly in older adults (252, 278). This is due to reduced 

thirst sensations (238) and diminished fluid regulation (175, 237) experienced during 

aging. Hypohydration causes plasma volume contraction and increases plasma 

osmolality, which may increase resting BP variability and augment cardiovascular 

reflexes (90, 113, 274). Increased resting BP variability and augmented cardiovascular 
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reactivity are independent predictors for future risk of adverse cardiovascular events 

(172, 255, 296). While many studies in humans have added to our knowledge of the 

thermoregulatory and cardiovascular effects of moderate to severe hypohydration (155, 

162, 234), many have confounding effects due to the use of exercise and/or heat 

chambers. We do know that mild hypohydration causes decrements in cognitive 

function, physical function, and thermoregulation (19, 58, 251), but there are less 

appreciated changes in resting and reflex BP regulation that may occur. Thus, there is a 

critical need to determine how mild hypohydration and age impact resting and reflex 

BP regulation. 
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THE EFFECT OF MILD HYPOHYDRATION ON BLOOD PRESSURE 

VARIABILITY IN YOUNG ADULTS 

2.1 Introduction 

High arterial blood pressure variability (BPV) is associated with cardiovascular 

morbidities such as cerebral small vessel disease (94), increased carotid artery intima-

media thickness (183), target organ damage (182, 285), hypertensive status (223),  and 

is associated with cardiovascular  mortality (185, 241). Water deprivation (WD) causes 

plasma volume contraction and concentrates electrolytes, causing plasma 

hypernatremia. High dietary sodium-induced blood hypernatremia increases BPV in 

rodents (267), however, it remains unknown if hypernatremia affects BPV in humans. 

This is a clinically relevant issue given that underhydration (defined as chronically low 

water intake (159)) and is highly prevalent and predictive of future incidence of 

cardiovascular disease (52). Importantly, underhydration is associated with low water 

intake but normal plasma osmolality values (not above 290mOsm) (159) but acute 

reductions in water intake can elicit increases in plasma osmolality (283). Therefore, 

we sought to determine if acute WD-induced blood hypernatremia alters BPV in 

humans, which could contribute to future development of cardiovascular disease. 

Blood hypernatremia is detected by neurons in forebrain circumventricular 

organs such as the organum vasculosum of the lamina terminalis (OVLT) and 

subfornical organ (SFO) in the hypothalamus (35). These structures polysynaptically 

 



 

 33 

project to bulbospinal neurons in the rostral ventrolateral medulla (RVLM) to regulate 

sympathetic outflow and arterial blood pressure (BP) (118). In rodents, WD-induced 

hyperosmolality has been demonstrated to increase excitatory amino acid 

neurotransmission in the RVLM to elevate sympathetic outflow and support BP (39, 

41). Additionally, high salt feeding-induced hypernatremia in rodents has been 

demonstrated to increase BPV (267). Based on these published results in animal models, 

we hypothesized that WD-induced hypernatremia would augment BPV in humans. To 

test this hypothesis, healthy young adults completed a normal hydration control 

condition (CON) and a WD condition in randomized crossover fashion. In the 

laboratory, we assessed resting beat-to-beat BP and a subset of participants underwent 

ambulatory BP monitoring for the final 24 hours of each hydration condition. 

Hypernatremia is proposed to affect central sympathetic circuits involved in BP 

regulation, thus, we assessed muscle sympathetic nerve activity (MSNA) for 

determination of spontaneous sympathetic baroreflex function, in addition to cardiac 

vagal baroreflex function. Further, baroreflex function has been reported to be altered 

after 11 days of hypertonic cerebroventricular NaCl infusion in rodents, suggesting 

central actions of NaCl (44) and after five to seven days of high NaCl feeding in humans 

(17, 67), we speculated that WD-induced hyperosmolality/hypernatremia would also 

alter baroreflex function. Apart from the central mechanisms, the peripheral arc of BP 

regulation (i.e., sympathetic vascular transduction defined as vasoconstrictor responses 

following spontaneous MSNA bursts) also mediates BPV (18, 305). It has been shown 

that augmented sympathetic vascular transduction is associated with augmented BPV 

(18). We speculated that WD would augment sympathetic vascular transduction due to 

previous findings that hypohydration impairs endothelial-dependent dilation (15) and 
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endothelial-dependent vasodilatory signaling blunts α1-adrenergic vasoconstriction 

(133), the primary mediator of sympathetic vascular transduction (87).  To accomplish 

this, we employed a signal-averaging method previously described by our laboratory 

(18).  and others (86). In summary, we sought to determine if WD augments BPV, which 

may contribute to the link between underhydration and cardiovascular disease 

incidence. We also assessed sympathetic and cardiovagal baroreflex sensitivity and 

sympathetic vascular transduction as these physiological measures contribute to BPV. 

2.2 Methods 

2.2.1 Participants.  

The Institutional Review Board at the University of Delaware approved this 

protocol (IRB #1097747) and the study conformed with the most recent version of the 

Declaration of Helsinki. The data reported here are part of an ongoing registered 

protocol (ClinicalTrials.gov Identifier: NCT03560869). All participants provided 

verbal and written consent prior to enrollment in the study. During the initial screening 

visit, participants completed a physical activity readiness questionnaire, medical history 

questionnaire, and underwent measurements of height and weight. Resting brachial BP 

measurements were performed in triplicate with participants in the seated position 

following five minutes of quiet rest (Dash 2000; GE Medical Systems, Milwaukee, WI). 

Inclusion criteria for this study included: age between 20-40 yrs, resting systolic BP 

<140 mmHg, resting diastolic BP <90 mmHg, and body mass index <30 kg/m2 at 

screening. Study participants were also non-smokers free of any known cardiovascular 

disease, and had no evidence of metabolic, neurological, renal, or pulmonary disease.  
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2.2.2 Hydration conditions.  

Participants completed two three-day-long hydration conditions separated by at 

least one week in random order. Female participants were tested in the early follicular 

phase of the menstrual cycle or placebo phase of oral contraceptives (self-reported). 

Pilot studies allowed for determination of water intake requirements necessary to 

observe modest increases in serum sodium concentrations and plasma osmolality. 

During CON, participants were asked to consume 23mL H2O/kg body weight/day for 

days one through three and to consume 250mL H2O before arriving to the laboratory 

for testing on day four. The WD condition required participants to consume 23mL 

H2O/kg body weight on day one, 17mL H2O/kg body weight on day two, and 10mL 

H2O/kg body weight on day three, followed by a 16-hour water abstention period prior 

to testing on day four. Participants were asked to refrain from caffeine, alcohol, vigorous 

exercise, or moderate exercise in the heat on days two and three during both three-day 

hydration protocols. Participants were given guidance on estimating food portion sizes 

and keeping a diet log to maintain recommended daily sodium intake (2300mg/day). 

They were also instructed to consume the same foods during the second three-day 

hydration condition as reported in their diet log during the first three-day hydration 

condition. Participants collected their urine in a sterile collection container for 24 hours 

preceding in-lab testing and reported to the laboratory for testing on the fourth day of 

each condition after fasting for at least four hours. 

2.2.3 Experimental visit.  

Upon arrival to the laboratory, participants provided a spot urine sample, were 

weighed (Tanita Body Composition Analyzer, Model TBF-300A; Arlington Heights, 

IL), and provided a subjective rating of their thirst and dryness of their mouth using a 
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Likert scale. Participants laid in the supine position for ≥20 minutes before an 

intravenous catheter was placed in the antecubital space of the dominant arm for blood 

sampling. Participants were then outfitted with the required equipment for measurement 

of MSNA, beat-to-beat BP, brachial BP, heart rate (HR), leg blood flow (described 

below), and respiratory excursions (via a strain-gauge pneumograph). Data were 

collected during a 10-minute baseline period as participants rested quietly in a dimly lit, 

temperature-controlled room (22-24°C). 

2.2.4 Blood & urine analysis.  

Venous blood samples and the 24-hour urine samples were analyzed for serum 

and urine electrolyte concentrations (EasyElectrolyte Analyzer; Medica, Beford, MA, 

USA), and plasma and urine osmolality (3D3 Osmometer; Advanced Instruments, 

Norwood, MA). Venous blood samples were also analyzed for Hb (Hb 201+; Hemocue, 

Lake Forest, CA, USA) and Hct (Pre-calibrated Clay Adams, Readacrit Centrifuge; 

Becton Dickinson, Sparks, MD, USA). Change in plasma volume (expressed as a 

percentage) was calculated using the following equation (76): 

Plasma volume (%) = ((100×( HbCON HbWD⁄ ))×(1- (HctWD 100)⁄ ) (1- HctCON 100))-100⁄⁄  

Additionally, urine specific gravity was determined for the spot and 24-hour 

urine samples. Female participants spot urine samples were also used to confirm that 

they were not pregnant (hCG cassettes, Moore Medical). 

2.2.5 Muscle sympathetic nerve activity.  

MSNA was directly assessed via microneurography (n=18 pairs of recordings) 

as previously described by our laboratory (36, 112, 188). Briefly, a tungsten recording 

microelectrode was inserted percutaneously near the fibular head or in the popliteal 
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fossa and a reference microelectrode was inserted ≤3 cm from the recording electrode. 

The nerve recording was amplified (80-90,000x), bandpass filtered (700-2,000 Hz), 

rectified, and integrated (time constant 0.1s) using a nerve traffic analyzer (Nerve 

Traffic Analyzer, model 662c-4; University of Iowa, Bioengineering, Iowa City, IA, 

USA). An adequate nerve recording was confirmed prior to the experimental protocols 

using the following criteria: absence of afferent nerve activity during light skin stroking, 

increased efferent nerve activity during voluntary end-expiratory apnea, and pulse 

synchronous efferent nerve bursts with ≥3 to 1 signal-to-noise ratio. 

2.2.6 Arterial blood pressure assessment.  

Beat-to-beat BP was measured at the finger of participants’ non-dominant hand 

using photoplethysmography (Finometer; Finapres Medical Systems, the Netherlands) 

and calibrated to brachial BP according to the manufacturer’s recommended calibration 

procedures (117). Brachial BP was measured using an automated osillometric 

sphygmomanometer (Dash 2000; GE Medical Systems, WI, USA) and used to verify 

absolute beat-to-beat BP values. Simultaneously, HR was continuously recorded using 

standard single-lead ECG (Dash 2000; GE Medical Systems, WI, USA). Respiratory 

excursions were recorded via a strain gauge pneumograph (Pneumotrace; UFI, CA, 

USA) placed around the abdomen.  

2.2.7 Arterial blood pressure variability.  

BP variability was calculated using standard deviation of BP values and using 

the average real variability (ARV) index. The ARV index calculates the average of the 

absolute differences between consecutive BP measurements and is thought to provide 

further prognostic value compared to traditional measures such as standard deviation of 
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BP (29, 194). BP variability was assessed during 10 minutes of quiet rest using the beat-

to-beat BP signal derived from the Finometer (described above). Additionally, 

ambulatory BP was assessed in a subset of participants (n=23) during the 24-hour 

periods preceding each experimental visit. Oscar 2 with Sphygmacor, SunTech 

Medical). The monitor measured BP on the non-dominant arm every 20 minutes from 

0601-2200 hours and every 30 minutes from 2201-0600 hours. Participants self-

reported sleep and wake times in the laboratory to note the start of ‘daytime’ and 

‘nighttime’ for the BP values. Data were only included for if participants had at least 15 

measurements during the daytime and at least 8 measurements during the nighttime 

(218). 

2.2.8 Femoral artery blood flow.  

Continuous measures of common femoral artery (CFA) diameter and velocity 

were obtained via duplex Doppler ultrasound (GE Logiq P5) as previously described 

(18, 86). Briefly, a 10- or 12-MHz linear array transducer was selected for optimal 

image quality and positioned at the CFA via a custom-designed clamp, approximately 

two to three centimeters proximal to the bifurcation of the superficial and deep femoral 

arteries. Blood velocity was simultaneously obtained with diameter in pulsed-wave 

mode at an insonation angle of ≤60° and operating at a linear frequency of 5 MHz. The 

sample volume encompassed the entire vessel lumen without extending beyond the 

walls. 

2.2.9 Hemodynamic data analysis. 

 Data were collected continuously at a sampling rate of 1000 Hz using LabChart 

(LabChart 8.0 Pro, ADInstruments, Colorado Springs, CO, USA). CFA diameter and 
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blood velocity were analyzed and synchronized with beat-to-beat ECG, BP, and MSNA 

signals using custom LabVIEW programs. Femoral blood flow was determined via the 

continuous recordings of CFA diameter and blood velocity and calculated as: 

π×(diameter/2)2×mean blood velocity×60. Limb vascular conductance (LVC) was 

determined by dividing femoral blood flow by mean BP, which was calculated as the 

integral of the BP waveform. Due to technical difficulties, paired LVC was obtained in 

14 of the participants (i.e., during four of the 36 visits where MSNA was collected, the 

leg blood flow data was not satisfactory for analysis).  

The sympathetic neurogram was analyzed on a beat-to-beat basis to determine 

the presence/absence of MSNA bursts using custom LabView software and visually 

inspected by a lab member blinded to condition and trained in MSNA data analysis and 

processing (JCW). Bursts were identified in accordance with recent guidelines (265, 

312) via the following criteria: (1) >3:1 signal-to-noise ratio, (2) burst morphology 

consistent with MSNA bursts, and (3) a pulse-synchronous signal. MSNA was 

quantified as burst frequency (bursts • minute-1), burst incidence (bursts • 100 heart 

beats-1), and total activity ([(burst frequency • burst amplitude) • minute-1], AU • minute-

1) were determined as indices of MSNA. To quantify indices of sympathetic vascular 

transduction (i.e. the functional effect of individual bursts of MSNA on BP and blood 

flow), a spike-triggered averaging methodology was used that has been previously 

described (18, 86). Briefly, each cardiac cycle containing a burst of MSNA was 

identified and set as cardiac cycle 0 whether or not the burst was a singlet (bursts directly 

bordered by >1 heartbeat lacking MSNA) or part of a cluster (bursts adjacent to other 

burst(s) of MSNA). Both mean BP and LVC of cardiac cycle 0 were determined and 

followed for 10 subsequent cardiac cycles. The absolute change in mean BP and percent 
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change in LVC was determined in each of these 10 cardiac cycles. These methods 

reliably quantify beat-to-beat changes in BP and blood flow induced spontaneous 

MSNA bursts. 

2.2.10 Sympathetic baroreflex sensitivity analysis.  

Sympathetic baroreflex sensitivity was assessed using in the resting state during 

spontaneous BP oscillations as previously described (114, 189, 281). This method 

quantifies baroreflex sensitivity around the operating point and is well correlated to the 

modified Oxford technique (126). Briefly, each cardiac cycle was assigned to a bin 

(3mmHg) based on diastolic BP on the corresponding cardiac cycle. Burst incidence 

and total activity were regressed over diastolic BP bins. All data were weighted to 

account for the number of cardiac cycles within each bin (114, 189). Bins without 

MSNA bursts were included in the analysis. Slopes of the linear regressions were used 

as an index of sympathetic baroreflex sensitivity if they had an r≥0.5 (114, 189, 221).  

2.2.11 Cardiac vagal baroreflex sensitivity analysis. 

 Beat-to-beat time series of systolic BP and R-R interval were analyzed using 

the sequence method for estimating spontaneous cardiac vagal baroreflex sensitivity 

(HemoLab version 8.9, Harald Stauss Scientific, Iowa City, IA). A detailed description 

of this method has been published previously (25). As previously done in our laboratory 

(17), sequences of four or more consecutive cardiac cycles in which systolic BP and R-

R interval change in the same direction were identified as baroreflex sequences. 

Sequences were detected only when the variation in R-R interval was >0.5 ms and SBP 

changes were >1 mmHg. A linear regression was applied to each individual sequence, 

and only those sequences in which R2 was >0.80 were accepted. Values of cardiac vagal 
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baroreflex sensitivity were accepted when the number of sequences was ≥3 for both up 

and down sequences. The slopes of those individual linear regressions were then 

calculated and averaged for a measure of spontaneous cardiac vagal baroreflex 

sensitivity. Cardiac vagal baroreflex sensitivity was determined for all sequences 

combined and separately for up (increase in both SBP and R-R interval) and down 

(decrease in both SBP and R-R interval) sequences. 

2.2.12 Statistical analysis. 

 Biochemical, MSNA, hemodynamic, and BP variability parameters were 

compared between the hydration conditions using paired, two-tailed, t-tests. The effects 

of hydration condition on sympathetic vascular transduction were compared using two-

way repeated measures ANOVAs (condition x cardiac cycle number following 

spontaneous MSNA bursts). Tukey's HSD were used to correct for multiple 

comparisons (post-hoc analyses for repeated measures ANOVAs). Additionally, peak 

changes in mean BP and LVC were compared between the hydration conditions using 

paired, two-tailed, t-tests. All data are presented as means ± SD. All data were analyzed 

using GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA) and significance was 

set a priori at p < 0.05.  

2.3 Results 

All 35 participants were non-hypertensive and non-obese (Table 2.1). Despite 

significant changes in several blood and urine hydration markers during WD, all resting 

hemodynamic measures were not different between conditions (Table 2.2). Plasma 

volume, estimated by changes in Hb (CON: 13.5±1.5 vs. WD: 13.7±1.4 g • dL-1, p=0.11) 

and Hct (CON: 40.5±4.0 vs. WD: 40.9±4.1 %, p=0.84), declined (-1.1±8.2%) during 
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WD. Dietary sodium consumption was similar during each three-day condition (CON: 

2151±372 vs. WD: 2184±400 mg • day-1, p=0.72). Modelflow-derived estimates of 

cardiac output (CON: 5.1±1.0 vs. WD: 5.3±0.9 L • min-1, p=0.28) and total peripheral 

resistance (CON: 1614±389 vs. WD: 1512±373 dynes • s • cm-5, p=0.27) were not 

different between conditions. We did not observe reductions in body mass during WD 

compared to CON (CON: 68.5±13.5 vs. WD: 67.8±13.1 kg, p=0.84).   

Resting beat-to-beat and ambulatory daytime systolic BPV (assessed via ARV 

and SD) was not different between conditions (Figure 2.1). Similarly, we did not 

observe differences in beat-to-beat diastolic BP ARV (CON: 1.5±0.6 vs. WD: 1.5±0.6 

mmHg, p=0.76) and SD (CON: 3.9±1.2 vs. WD: 3.7±1.2 mmHg, p=0.58) or ambulatory 

daytime diastolic BP ARV (CON: 8.9±2.5 vs. WD: 8.1±1.7 mmHg, p=0.19). 

Ambulatory daytime diastolic BP SD was higher during CON (CON: 10.5±3.4 vs. WD: 

9.0±2.3 mmHg, p=0.04). All indices of nighttime BPV were not different between 

conditions (p>0.12 for all systolic and diastolic BP ARV and SD values). Twenty-four-

hour, daytime, and nighttime BP, and heart rate during ambulatory monitoring were not 

different between conditions. BP dipping patterns were also similar between 

experimental conditions (Table 2.3).  

Resting sympathetic baroreflex sensitivity (assessed as changes in both burst 

incidence and total activity) were not different between conditions (Figure 2.2). For 

cardiac vagal baroreflex sensitivity, overall gain (CON: 24±8 vs. WD: 27±12 ms • 

mmHg-1, p=0.43), gain from up sequences (CON: 26±13 vs. WD: 27±14 ms • mmHg-1, 

p=0.74), and gain from down sequences (CON: 23±9 vs. WD: 27±11 ms • mmHg-1, 

p=0.46) were not different between experimental conditions. 
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Mean BP changes and LVC percent changes over the 10 cardiac cycles 

following spontaneous MSNA bursts were not different between conditions. 

Additionally, peak mean BP and peak LVC changes following spontaneous MSNA 

bursts were not different between conditions (Figure 2.3). We observed significant 

correlations between peak mean BP changes attained over the 10 cardiac cycles 

following spontaneous MSNA bursts and beat-to-beat mean BP ARV within the CON 

condition (r=0.50, p=0.04) and within the WD condition (r=0.47, p=0.047). However, 

there was little to no relation between changes in sympathetic vascular transduction of 

mean BP following spontaneous MSNA bursts (WD-CON) and changes in beat-to-beat 

mean BP ARV (WD-CON) (r=0.03, p=0.91).  

2.4 Discussion 

The primary novel finding of this study was that short-term WD did not affect 

resting beat-to-beat or daytime ambulatory systolic BPV. Similarly, no differences were 

observed between conditions for sympathetic vascular transduction following 

spontaneous MSNA bursts. Finally, spontaneous sympathetic and cardiac vagal 

baroreflex sensitivities were unaffected by short-term WD. Together, these findings 

suggest that short-term WD elicits mild hypohydration with relative 

hypernatremia/hyperosmolality, but may not adversely affect resting BP regulation in 

healthy young adults. 

Our strategy to achieve mild – not severe – hypohydration in humans involved 

short-term WD. These data demonstrate that we were successful in experimentally 

causing modest increases in plasma osmolality, serum sodium concentrations, urine 

osmolality, thirst, and urine specific gravity. The increases in pOsm (~4 mOsm/kg H2O) 

represent physiologically relevant changes and are similar to those observed in previous 
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studies examining the physiological effects of mild hypohydration (55, 272). Based on 

published reference values for hydration biomarkers in humans, plasma osmolality and 

24-hour urine volume values in the present study suggest participants were “well-

hydrated/euhydrated” during CON and “slightly dehydrated” during WD (14). The 

change in hydration status achieved here increases relevance to the general public, as 

mild hypohydration is a contributing factor in numerous acute and chronic diseases 

(186), with underhydration predicting future incidence of diabetes (243) and heart 

disease (52). Other investigations have demonstrated that mild hypohydration affects 

cerebrovascular responses during the cold pressor test (234), impairs exercise 

performance (212), reduces overall cognitive performance (315) and executive function 

(272). Our focus to examine the effect of mild hypohydration on BPV is highly 

clinically-relevant given that high BPV is predictive of several disease states and 

mortality in humans (182, 183, 185, 223, 241, 285). 

Our hypothesis was developed, in part, by prior observations from rodent studies 

suggesting that hypernatremia induced by high salt feeding increases BPV (267) and 

that 48 hours of WD increases excitatory amino acid neurotransmission in the RVLM 

to elevate sympathetic outflow and BP (39, 41). Additionally, one study in rodents 

reported that sympathetic blockade (via α1- and β1- adrenergic receptor antagonists) 

significantly attenuated the increases in BP brought about by 48 hours of WD (299), 

suggesting changes in BP following WD could be mediated by the sympathetic nervous 

system. We reasoned that short-term WD in humans would augment BPV, and that this 

may be partially attributed to alterations in sympathetic vascular transduction and/or 

arterial baroreflex function. A key difference between the high salt feeding study and 

the WD protocol employed in the present study is time of exposure to 
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hypernatremia/hyperosmolality. Therefore, the lack of differences in the current 

experiment may simply reflect too short a time frame for any increases in serum sodium 

concentrations and plasma osmolality to sensitize central sympathetic networks. While 

a study design including 48 hours of WD in humans (to match rodent studies) could 

potentially explain such discrepancies, it would be not be tolerable to complete or ethical 

to impose in human subjects. 

While changes in BPV were not observed in the present study, our findings are 

consistent with a previous study in humans that reported no change in the power spectral 

density of mean BP, a measure of BPV in the frequency domain, following a 

furosemide-induced hypohydration protocol (220). However, a key difference is that in 

the present study WD increased plasma osmolality (~4 mOsm/kg H2O) but barely 

changed plasma volume (-1% reduction during WD), whereas in the previous study 

there was reports of plasma osmolality or blood electrolyte concentrations but there 

were reports of moderate plasma volume contraction (-10% following furosemide 

administration) (220).  Thus, because furosemide normally elicits iso-osmotic 

hypovolemia, the previous study does not necessarily inform our primary hypothesis 

regarding WD-induced blood hypernatremia/hyperosmolality and BPV. 

The Fadel laboratory has described the methodology for quantification of mean 

BP and LVC changes following spontaneous MSNA bursts and prospectively applied it 

to gain additional insight into the peripheral arc of the arterial baroreflex (86, 87, 305). 

Our group recently observed reductions in sympathetic vascular transduction following 

a low-sodium (1000mg/day) diet compared to a recommended-sodium (2300mg/day) 

diet (18).  Hypohydration has been demonstrated to impair endothelial-dependent 

dilation (15). Endothelial-dependent vasodilatory signaling has been reported to blunt 
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α1-adrenergic vasoconstriction to skeletal muscle beds (133). Therefore, because 

sympathetic vascular transduction is primarily α1-adrenergic-mediated (87), we 

reasoned that mild hypohydration would augment sympathetic vascular transduction as 

a result of reduced vasodilatory signaling. During CON, we observed a significant 

relation between sympathetic vascular transduction of mean BP changes following 

spontaneous MSNA bursts and beat-to-beat mean BP ARV. This is in agreement with 

previous reports from Dr. Fadel’s group (305) and our group (18). Therefore, we would 

have expected any increase in beat-to-beat mean BP ARV to be associated with an 

increase in peak mean BP changes following spontaneous MSNA bursts. Consistent 

with the lack of change in BPV between conditions, we observed no change in 

sympathetic vascular transduction of spontaneous MSNA bursts between conditions.  

While changes in arterial baroreflex function were not observed in the present 

study, our findings are consistent with a previous study in humans that reported no 

change in sympathetic baroreflex sensitivity following a water-restriction protocol 

(242). However, a key difference is that in the present study WD increased plasma 

osmolality (~4 mOsm/kg H2O), whereas in the previous study there was no observed 

change in plasma osmolality (euhydration: 286±1 vs. dehydration: 286±1 mOsm/kg 

H2O). This is likely because in the previous study, fluid intake was limited to 10mL 

fluid/kg body weight for the 24-hour period preceding the dehydrated visit, whereas in 

the present study participants reduced their water intake over three days and then 

completed a 16-hour water abstention prior to testing. As discussed above, the relatively 

shorter timeframe of hypernatremia or the difference in magnitude of changes in blood 

sodium concentrations may explain why no changes in sympathetic baroreflex 

sensitivity were observed in the present study. Another study investigating the effects 
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of dehydration on baroreflex function noted a trend for lower sympathetic baroreflex 

gain following dehydration induced by 90 minutes of acute aerobic exercise compared 

to intravenous rehydration ~30 minutes later (55). While insightful, these data could 

have potentially been influenced by the prior bout of exercise (about one to two hours 

post exercise). A consideration in the present study design was to impose mild 

hypohydration without the potential confounding effects of heat stress and/or exercise 

as performed other previous studies (55, 240).  

2.5 Limitations 

The primary objective of this study was to determine if mild hypohydration-

induced hypernatremia/hyperosmolality affects BP variability in young adults. First, 

this study provides insight into how mild, but not severe hypohydration affects BP 

variability on a beat-to-beat basis in a controlled laboratory setting and during activities 

of daily living. While plasma osmolality and 24-hour urine volume values suggest 

participants were “slightly dehydrated” during WD, urine osmolality and specific 

gravity values indicate suggest participants were “well-hydrated/euhydrated” during 

WD (14). Nevertheless, there were clear differences in hydration status between the two 

conditions among these participants. Second, while future studies may be warranted to 

explore potential sex differences in resting BP regulation during mild hypohydration, 

preliminary analyses within this dataset suggest no sex differences are present in any of 

the measures reported here. Third, our conclusions are restricted to healthy young 

adults, and it is possible WD in older adults would elicit alterations in BP variability 

(and overall resting BP regulation). Specifically, postmenopausal females lose the 

protective effects of estrogen and MSNA increases with age, with resting MSNA 

becoming more tightly coupled to BP (125). Thus, a future study comparing the effects 
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of mild hypohydration on BP variability in young and older (postmenopausal) female 

adults is warranted. Fourth, we did not measure renin-angiotensin-aldosterone system 

hormones or arginine vasopressin, which are known to play a role in BP regulation 

during hypohydration. Future studies addressing the limitations of this study discussed 

above are warranted. 

2.6 Summary  

These data suggest that acute WD does not augment resting beat-to-beat or 

ambulatory BP variability in healthy young adults. Further, our findings suggest that 

mild hypohydration does not impact resting sympathetic vascular transduction or 

spontaneous sympathetic baroreflex function in healthy young adults. 

 

Table 2.1     Participant screening 

measures. 

Screening characteristics   

Number (F/M) 35 (17/18) 

Age, yr   25 ± 4 

Body mass, kg   70 ± 14 

Body mass index, kg • m-2   23 ± 3 

Systolic BP, mmHg 107 ± 11 

Diastolic BP, mmHg   60 ± 7 

Data are presented as mean ± SD. BP, 

arterial blood pressure. 
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Table 2.2     Biochemical and resting hemodynamic measures 

  

     Control 
Water 

deprivation 
p 

Plasma osmolality, mOsm • kg H2O
-1    288 ± 4         292 ± 5 <0.01 

Serum sodium, mmol • L-1 141.0 ± 2.3      142.3 ± 2.1 <0.01 

Serum chloride, mmol • L-1 103.7 ± 3.0      105.3 ± 2.6 <0.01 

Serum potassium, mmol • L-1   4.07 ± 0.30        4.14 ± 0.41 0.33 

Urine osmolality, mOsm • kg H2O
-1    480 ± 161         711 ± 199 <0.01 

Spot urine specific gravity 1.016 ± 0.007      1.022 ± 0.004 <0.01 

24-hour urine specific gravity 1.013 ± 0.005      1.019 ± 0.005 <0.01 

Urine rate, L • 24h-1     1.3 ± 0.6          0.8 ± 0.3 <0.01 

Thirst rating        3 ± 3             7 ± 2 <0.01 

Systolic BP, mmHg    110 ± 9         112 ± 9 0.18 

Mean BP, mmHg      80 ± 6           80 ± 6 0.46 

Diastolic BP, mmHg      64 ± 6           64 ± 6 0.88 

Heart rate, beats • min-1      58 ± 7           58 ± 8 0.96 

Burst frequency, bursts • min-1      15 ± 7           14 ± 7 0.55 

Burst incidence, bursts • 100 heart beats-1      26 ± 14           25 ± 13 0.54 

Total activity, AU • min-1    298 ± 387         210 ± 163 0.26 

Mean femoral blood flow, mL • min-1    410 ± 228         456 ± 213 0.28 

Data are presented as mean ± SD, paired, two-tailed, t-tests, bold text denotes P < 

0.05. Arterial blood pressure (BP) was measured at the brachial artery. 
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Table 2.3     Ambulatory blood pressure measures 
 

  

   Control Water deprivation p 

24h systolic BP, mmHg  117 ± 11      116 ± 11 0.75 

24h diastolic BP, mmHg    66 ± 6        66 ± 6 0.41 

Daytime systolic BP, mmHg  121 ± 12      120 ± 11 0.84 

Daytime diastolic BP, mmHg    70 ± 6        69 ± 6 0.38 

Nighttime systolic BP, mmHg  105 ± 10      105 ± 12 0.87 

Nighttime diastolic BP, mmHg    56 ± 6        56 ± 7 0.84 

24h heart rate, beats • min-1    67 ± 8        66 ± 7 0.70 

Daytime heart rate, beats • min-1    83 ± 7        83 ± 8 0.92 

Nighttime heart rate, beats • min-1    57 ± 7        56 ± 6 0.29 

Nighttime systolic BP dipping, %    12 ± 5        12 ± 5 0.93 

Nighttime diastolic BP dipping, %    19 ± 7        18 ± 6 0.27 

Data are presented as mean ± SD, paired, two-tailed, t-tests, bold text denotes P < 

0.05. Arterial blood pressure (BP) was measured at the brachial artery.  
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Figure 2.1     Summary data with individual data points are presented above for beat-to-

beat systolic arterial blood pressure (BP) (A) average real variability (ARV) and (B) 

standard deviation (SD) during quiet rest in the supine position. Additionally, 

summary data with individual data points are presented for daytime ambulatory 

systolic BP (C) ARV and (D) SD. Open bars indicate the normally hydrated control 

condition (CON) and closed bars indicate the water deprived condition (WD). Data 

were compared with paired, two-tailed, t-tests with significance set at p<0.05. 

 



 

 52 

 

Figure 2.2     Summary data with individual data points are presented above for the 

slopes of the linear regressions between muscle sympathetic nerve activity (A) burst 

incidence and diastolic arterial blood pressure (BP) and (B) total activity and 

diastolic BP during quiet rest in the supine position. Open bars indicate the normally 

hydrated control condition (CON) and closed bars indicate the water deprived 

condition (WD). Data were compared with paired, two-tailed, t-tests with 

significance set at p<0.05. 

 

 

 

 

 



 

 53 

 

Figure 2.3     Summary data (mean ± standard deviation) are presented above showing 

the effect of spontaneous muscle sympathetic nerve activity (MSNA) bursts on (A) 

mean arterial blood pressure (BP) and (C) limb vascular conductance (LVC) over 

10 cardiac cycles during quiet rest in the supine position. Additionally, summary 

data with individual data points are presented for peak (B) absolute increases in 

mean BP and (D) percent decreases in LVC over the 10 cardiac cycles immediately 

following spontaneous MSNA bursts. Open circles and bars indicate the normally 

hydrated control condition (CON) and closed circles and bars indicate the water 

deprived condition (WD). Data were compared with two-way (time x condition) 

repeated measures ANOVAs (panels B & D) and paired, two-tailed, t-tests (panels 

A & C) with significance set at p<0.05. * denotes a significant time effect. 
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THE EFFECT OF MILD HYPOHYDRATION ON CARDIOVASCULAR 

RESPONSES TO STATIC EXERCISE IN YOUNG ADULTS 

3.1 Introduction 

High salt feeding in salt-resistant rodents augments sympathetic and pressor 

responses to activation of various reflexes, including sciatic afferent nerve stimulation 

(267) and the exercise pressor reflex (318). One mechanism hypothesized to underlie 

these effects is hypernatremia acting centrally to sensitize neurons of the rostral 

ventrolateral medulla (RVLM). Hypernatremia is detected by neurons in forebrain 

circumventricular organs such as the organum vasculosum of the lamina terminalis 

(OVLT) or subfornical organ (SFO). These structures polysynaptically project to 

bulbospinal neurons in the RVLM to regulate sympathetic nerve activity (SNA) and 

arterial blood pressure (BP) (118). Chronic increases in dietary salt intake have been 

reported to exaggerate sympathoexcitatory and sympathoinhibitory responses evoked 

from the RVLM, such as local injection of various neurotransmitters including L-

glutamate and GABA. These chronic increases in dietary salt intake also produce 

parallel elevations in plasma sodium concentrations ([Na+]) and osmolality (pOsm) (5, 

119). Importantly, lesion of the anteroventral 3rd ventricular region that contains OVLT 

and SFO neurons prevents the salt-induced changes in RVLM neurons and exaggerated 

reflexes (4, 267). 
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Water deprivation (WD) is another model characterized by plasma 

hypernatremia/hyperosmolality as a result of plasma volume contraction. It has been 

reported that hypernatremia sensed through forebrain osmoreceptors increases 

excitatory amino acid neurotransmission in the RVLM to elevate SNA and support BP 

(39, 41). In addition, WD has been shown to augment pressor responses to unilateral 

RVLM microinjection of L-glutamate, suggesting increased sensitivity of RVLM 

neurons to excitatory amino acids during severe dehydration in rodents (39).  Thus, WD 

should augment SNA and BP responses to sympathoexcitatory stimuli that depend on 

glutamatergic neurotransmission in the RVLM.  

In humans, hypohydration is known to impair physical performance (58, 212, 

251), cognitive function (19, 272, 315), and endothelial function (15). Hypohydration 

contributes to disease states (186), and low water intake is predictive of future incidence 

of diabetes (243) and heart disease (52). Despite the widespread deleterious effects of 

hypohydration on physiological function and health outcomes, the effect of 

hypohydration on reflex cardiovascular control in humans remains unknown. An 

augmented BP response during exercise (i.e., exaggerated exercise pressor reflex 

activation) is an independent predictor of future cardiovascular disease risk in humans 

(190, 255, 296). However, it is unclear if WD augments sympathetic and pressor 

responses during exercise pressor reflex activation in humans.  

The overall purpose of this study was to determine if WD-induced 

hypernatremia/hyperosmolality augments SNA and pressor responses. To fill the gaps 

in knowledge discussed above, we examined the effect of WD on sympathetic and 

pressor responses during exercise pressor reflex activation. We hypothesized that WD 

would induce hypernatremia/hyperosmolality and consequently augment sympathetic 
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and pressor responses in young adults. To test our hypothesis, we employed a step-wise 

reduction in water intake over three days followed by a 16h WD. In random crossover 

fashion, we recorded muscle SNA and beat-to-beat BP in healthy young adults during 

isometric handgrip exercise followed by post-exercise ischemia (metaboreflex 

isolation) following WD and a normal hydration control condition.  

3.2 Materials and Methods 

3.2.1 Participants.  

The Institutional Review Board at the University of Delaware approved this protocol 

and the study conformed with the most recent version of the Declaration of Helsinki. 

The data reported here are part of an ongoing registered protocol (ClinicalTrials.gov 

Identifier: NCT03560869). All participants provided verbal and written consent prior to 

enrollment in the study. During the initial screening visit, participants completed a 

physical activity readiness questionnaire, medical history questionnaire, and underwent 

measurements of height and weight. Resting brachial BP measurements were performed 

in triplicate with participants in the seated position following five minutes of quiet rest 

(Dash 2000; GE Medical Systems, Milwaukee, WI). Inclusion criteria for this study 

included: age between 20-40 yrs, resting systolic BP <140 mmHg, resting diastolic BP 

<90 mmHg, and body mass index <30 kg/m2 at screening. Study participants were also 

non-smokers free of any known cardiovascular disease, and had no evidence of 

metabolic, neurological, renal, or pulmonary disease.  

3.2.2 Hydration conditions.  

Participants completed two three-day-long hydration conditions separated by at 

least one week in random order. Female participants were tested in the early follicular 
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phase of the menstrual cycle or placebo phase of oral contraceptives (self-reported). 

Pilot studies allowed for determination of water intake requirements sufficient to 

observe modest increases in serum [Na+] and pOsm. The normal hydration control 

condition (CON) required participants to consume 23mL H2O/kg body weight/day for 

days one through three and to consume 250mL H2O before arriving to the laboratory on 

day four. The WD condition required participants to consume 23mL H2O/kg body 

weight on day one, 17mL H2O/kg body weight on day two, and 10mL H2O/kg body 

weight on day three, followed by a 16-hour water abstention period prior to testing on 

day four. Participants were asked to refrain from caffeine, alcohol, vigorous exercise, 

or exercise in the heat on days two and three during both three-day hydration protocols. 

Participants were given guidance on estimating food portion sizes and keeping a diet 

log to maintain recommended daily sodium intake (2300mg/day). A research dietitian 

analyzed participant’s three-day diet records for sodium and water content using 

Nutrient Data System for Research (NDSR). They were also instructed to consume the 

same foods during the second three-day hydration condition as reported in their diet log 

during the first three-day hydration condition. Participants collected their urine in a 

sterile collection container for 24 hours preceding in-lab testing and reported to the 

laboratory for testing on the fourth day of each condition after fasting for at least four 

hours. 

3.2.3 Experimental visit.  

Upon arrival to the laboratory, participants provided a spot urine sample, were 

weighed (Tanita Body Composition Analyzer, Model TBF-300A; Arlington Heights, 

IL), and provided a subjective rating of their thirst and dryness of their mouth using a 

Likert scale. Participants laid in the supine position and an intravenous catheter was 
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placed in the antecubital space of the dominant arm in retrograde fashion. Maximal 

voluntary contraction (MVC) was determined using the average handgrip force 

produced (Grip Force Transducer, ADInstruments, Colorado Springs, CO) during three 

maximal forearm contractions, separated by a minute each. Participants were then 

outfitted with the required equipment for measurement of muscle SNA, beat-to-beat BP, 

brachial BP, heart rate (HR), and respiratory excursions (described below).  

Muscle SNA was directly assessed via microneurography at the peroneal nerve. 

Briefly, a tungsten recording microelectrode was inserted percutaneously near the 

fibular head or in the popliteal fossa and a reference microelectrode was inserted ≤3 cm 

from the recording electrode, as previously performed in our laboratory (36). The nerve 

recording was amplified (x90,000), bandpass filtered (700-2,000 Hz), rectified, and 

integrated (time constant 0.1s) using a nerve traffic analyzer (Nerve Traffic Analyzer, 

model 662c-4; University of Iowa, Bioengineering, Iowa City, IA, USA). An adequate 

nerve recording was confirmed prior to the experimental protocols using the following 

criteria: absence of afferent nerve activity during light skin stroking, increased efferent 

nerve activity during voluntary end-expiratory apnea, and pulse synchronous efferent 

nerve bursts with ≥3 to 1 signal-to-noise ratio. 

Beat-to-beat BP was measured at the finger of participants’ non-dominant hand 

using photoplethysmography (Finometer; Finapres Medical Systems, the Netherlands) 

and calibrated to brachial BP according to the manufacturer’s recommended calibration 

procedures (117). Brachial BP was measured using an automated osillometric 

sphygmomanometer (Dash 2000; GE Medical Systems, WI, USA) and used to verify 

absolute beat-to-beat BP values. Simultaneously, HR was continuously recorded using 

standard single-lead ECG (Dash 2000; GE Medical Systems, WI, USA). Respiratory 
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excursions were recorded via a strain gauge pneumograph (Pneumotrace; UFI, CA, 

USA) placed around the abdomen.  

3.2.4 Experimental protocol. 

 Following supine rest for ≥20 minutes a venous blood sample was collected. 

Data were collected during a 10-minute baseline period as participants rested quietly in 

a dimly lit, temperature-controlled room (22-24°C). Following baseline data collection, 

participants performed a two-minute bout of isometric handgrip exercise (HG) with 

their dominant hand at 30% of MVC, using real-time feedback of force production 

displayed on a monitor, for assessment of the exercise pressor reflex. Immediately prior 

to the cessation of HG exercise, post-exercise ischemia (PEI) was performed on the 

same arm by rapidly inflating an occlusion cuff (Hokanson, Inc, Bellevue, WA, USA) 

around the upper arm to 250mmHg for three minutes to isolate the metaboreflex 

component of the exercise pressor reflex. During PEI, a venous blood sample was 

collected to assess metabolite accumulation during exercise. Following 10-15 of quiet 

rest, participants performed a two-minute hand-in ice-cold (4ºC) H2O cold pressor test. 

Muscle SNA, beat-to-beat BP, HR, and respiration were collected continuously during 

baseline, HG, PEI, and the cold pressor test (n=12 paired recordings during the cold 

pressor test). 

3.2.5 Blood & urine analysis. 

 Baseline venous blood samples and the 24h urine samples were analyzed for 

serum/urine electrolyte concentrations (EasyElectrolyte Analyzer; Medica, Beford, 

MA, USA) and plasma/urine osmolality (3D3 Osmometer; Advanced Instruments, 

Norwood, MA). Venous blood samples were also analyzed for Hb (Hb 201+; Hemocue, 
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Lake Forest, CA, USA), Hct (Pre-calibrated Clay Adams, Readacrit Centrifuge; Becton 

Dickinson, Sparks, MD, USA), pH (Accumet Basic; Fisher Scientific, Hampton, NH, 

USA), and lactate concentrations (Accutrend; Nova Biomedical, Waltham, MA, USA). 

Additionally, blood samples collected during PEI were analyzed for lactate 

concentrations, electrolyte concentrations, and pH. Change in plasma volume 

(expressed as a percentage) was calculated using the following equation (76): 

Plasma volume (%) = ((100×( Hb1 Hb2⁄ ))×(1- (Hct2 100)⁄ ) (1- Hct1 100))-100⁄⁄  

where subscript “1” represents CON and subscript “2” represents WD. 

Additionally, the spot urine sample and 24h urine sample were analyzed for urine 

specific gravity. Spot urine samples from female participants were also used for 

hormonal pregnancy tests (hCG cassettes, Moore Medical) to confirm that female 

participants were not pregnant. 

3.2.6 Data analysis.  

Data were collected continuously at a sampling rate of 1000 Hz using LabChart 

(LabChart 8.0 Pro, ADInstruments, Colorado Springs, CO, USA). Hemodynamic data 

were then analyzed offline using custom made LabView programs (National 

Instruments Corporation, Austin, TX, USA) as described previously (36) by a single 

investigator (JCW) blinded to participant condition. Briefly the three bursts with the 

largest height during the overall baseline period were averaged and assigned a value of 

100 arbitrary units (AU), and all bursts were scaled accordingly during the 

perturbations. Burst frequency (BF; bursts • minute-1), burst incidence (BI; bursts • 100 

heart beats-1), and total activity (TA; [(BF • burst amplitude) • minute-1], AU • minute-

1) were determined as indices of muscle SNA. Absolute muscle SNA (BF, BI, and TA) 

and BP values were compared at rest between conditions. Absolute change in muscle 
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SNA and BP measures during the HG, PEI, and the cold pressor test were compared to 

their respective baseline periods. 

3.2.7 Statistical analysis.  

Resting anthropometric, muscle SNA, hemodynamic, and biochemical 

parameters were compared between the hydration conditions using paired, two-tailed, 

t-tests. Absolute BP values and changes in muscle SNA and BP during HG, PEI, and 

the cold pressor test were compared to their respective baseline periods using two-way 

repeated measure ANOVAs (time x condition). To assess metabolites generated during 

exercise, blood parameters were compared between conditions using two-way repeated 

measures ANOVAs from the baseline and PEI blood samples. The Wilcoxon matched-

pairs signed rank test was employed when the Shapiro-Wilk normality test indicated 

non-normally distributed data. Tukey's HSD were used to correct for multiple 

comparisons (post-hoc analyses for repeated measures ANOVAs). All data are 

presented as means ± SD. All data were analyzed using GraphPad Prism 8 (GraphPad 

Software Inc., La Jolla, CA) and significance was set a priori at p < 0.05.  

3.3 Results 

Table 3.1 provides anthropometric and hemodynamic data at screening. All 13 

participants were non-hypertensive and non-obese. 

3.3.1 Biochemical and hemodynamic responses to water deprivation.  

Table 3.2 provides 24-hour fluid intake, and blood chemistry from human 

participants following each hydration protocol. Serum [Na+], urine osmolality, 24h 

urine specific gravity, and thirst were elevated during WD (p<0.05 for all). Urine rate 

was significantly lower during WD (p<0.05). Also, spot urine specific gravity (p=0.052) 
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and pOsm (p=0.07) had a trend to be elevated during WD (Table 3.2). These 

biochemical changes were independent of changes in reported sodium consumed (CON: 

2813±881 vs. WD: 2834±1304 p=0.96) during each three-day condition. Plasma 

volume, estimated by changes in Hb (CON: 13.4±1.2 vs. WD: 13.4±1.3 g • dL-1, p=0.29) 

and Hct (CON: 39.7±2.9 vs. WD: 40.4±3.2 %, p=0.29), declined (-2±7%) during WD. 

Body mass was not significantly different between conditions (68.6±14.3 vs. 68.3±13.2 

kg, p=0.55). No participants reported headaches or light-headedness from the WD 

protocol. We did not observe differences in resting sympathetic outflow, BP, or HR 

between hydration conditions (Table 3.3). 

3.3.2 Handgrip exercise, post-exercise ischemia, and the cold pressor test.  

Sympathetic outflow and BP increased during HG and PEI (Figure 3.1 A-D) to 

a similar extent in both hydration conditions. Absolute (Table 3.3) and delta (Table 3.4) 

values for cardiovascular and sympathetic parameters during HG and PEI are displayed 

below. Rating of perceived exertion (6-20 Borg scale) increased from the first to the 

second minute of HG exercise but was not different between conditions (CON 12±2 to 

15±2, WD: 12±2 vs. 15±3, time: p<0.01, condition: p=0.84, interaction: p=0.72). 

We were able to collect venous blood samples during PEI in both experimental 

visits in nine participants. We were unable to obtain paired blood samples during PEI 

in four participants due to difficulties placing a retrograde IV catheter, in which cases 

only a baseline blood sample was collected using a standard butterfly needle. Blood 

lactate concentrations increased from baseline to PEI in both conditions and were higher 

during WD PEI compared to CON PEI (CON: 0.8±0.3 to 1.7±0.6 vs. WD: 0.7±0.1 to 

2.2±0.8 mmol/L, time: p<0.01, condition: p=0.11, interaction: p=0.04), similarly, blood 

pH decreased from baseline to PEI in both conditions and was lower during WD PEI 
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compared to CON PEI (CON: 7.41±0.08 to 7.40±0.07 vs. WD: 7.43±0.06 to 7.37±0.06, 

time: p<0.01, condition: p=0.66 interaction: p=0.05). Serum potassium concentrations 

were elevated during PEI compared to baseline in both conditions but were not higher 

during WD PEI compared to CON PEI (CON: 4.08±0.30 to 5.02±0.39 vs. WD: 

4.04±0.36 to 4.98±0.29 mmol/L, time: p<0.01, condition: p=0.53, interaction: p=0.71). 

Sympathetic outflow and BP increased during the cold pressor test (Figure 3.2 

A-D) to a similar extent in both hydration conditions. Absolute (Table 3.4) and delta 

(Table 3.5) values for cardiovascular and sympathetic parameters during the cold 

pressor test are displayed below. 

3.4 Discussion 

The primary findings were that WD did not augment sympathetic and BP 

responses during exercise pressor reflex activation or the cold pressor test in healthy 

young adults. When taken together, these data suggest that WD elicits 

hypernatremia/hyperosmolality but may not adversely affect reflex cardiovascular 

control healthy young adults. 

Our hypothesis was developed, in part, by prior observations that 

hypernatremia/hyperosmolality induced by high salt intake exaggerated several 

sympathetic reflexes and sympathoexcitatory responses evoked from the RVLM (3-5, 

140, 230, 267, 318).  We reasoned that dehydration-induced hypernatremia would 

similarly exaggerate sympathetic and pressor responses. Both sympathetic and pressor 

responses were measured during exercise pressor reflex activation in humans. WD 

produced a relative hypernatremia but did not exaggerate sympathetic and pressor 

responses to either stimulus. While absolute burst frequency was higher during the cold 

pressor test during WD, collectively, these data do not strongly support our hypothesis. 
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One key difference between the diet studies versus WD from the present study is time 

of exposure to hypernatremia/hyperosmolality. Studies reporting exaggerated 

sympathetic responses using dietary salt indicate that such responses are not observed 

at one week after diet but require two weeks of dietary salt loading (5). Therefore, the 

lack of differences in the current experiments may simply reflect too short a time frame 

for any increases in plasma [Na+]/osmolality to sensitize central sympathetic networks.  

Previous animal studies have employed a 48h WD model to induce 

hyperosmolality/hypernatremia and examine changes in BP regulation (39, 41). These 

studies reported that the resultant hypernatremia works centrally via the forebrain 

hypothalamus to increase excitatory amino acid neurotransmission to elevate SNA and 

BP. In addition, these studies also reported RVLM injection of L-glutamate exaggerated 

pressor responses in WD versus control rats (39). Hence, this latter observation was a 

key rationale for the current study as these sympathetic reflexes depends on 

glutamatergic neurotransmission in the RVLM (165). However, in the current study, we 

did not observe augmented cardiovascular responses during WD in healthy young 

adults. 

In humans, large changes in serum [Na+] and pOsm may be achievable under 

conditions of more severe dehydration using exercise and/or heat stress. Moderate 

dehydration in humans has been demonstrated to reduce endurance performance (20), 

even independent of thirst (2); to increase pain and fatigue during exercise (207); and to 

reduce thermoregulatory capacity (249) through impaired cutaneous vascular function 

(109). While studies like these are important to better understand how severe 

dehydration affects physiological function, we focused on mild hypohydration, in the 

absence of exercise and/or heat stress, because physiological changes from modest 
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reductions in water intake may be more relevant to the general population. Also, using 

water intake reduction prevents exercise and/or heat stress induced alterations in BP 

regulation. 

Our strategy to achieve mild – not severe – hypohydration involved short-term 

WD. Indeed, these data demonstrate that we were successful in experimentally causing 

modest increases in serum [Na+], urine osmolality, thirst, and urine specific gravity. The 

increases in serum [Na+] (~2 mmol/L; p < 0.05) and represent physiologically relevant 

changes and are similar to those observed in previous studies examining the 

physiological effects of mild hypohydration (55, 272). While several variables indicate 

mild hypohydration was present during WD, pOsm, 24-hour fluid intake, and 24-hour 

urine volume values indicate participants were “euhydrated/well hydrated” during CON 

and “very dehydrated” during WD (13). 

The change in hydration status achieved here increases relevance to the general 

public, as mild hypohydration is a contributing factor in numerous acute and chronic 

diseases (186), with low water intake predicting future incidence of diabetes (243) and 

heart disease (52). Other investigations have demonstrated that mild hypohydration 

affects cerebrovascular responses during the cold pressor test (234), impairs exercise 

performance (212), reduces endothelial function (15), reduces overall cognitive 

performance (315) and executive function (272). Thus, while mild hypohydration can 

affect physiological function, we found no evidence of exaggerated sympathetic and 

pressor responses in healthy young adults.  

Findings from previous studies have demonstrated a relation between changes 

in blood electrolytes/pOsm and sympathetic nervous system control of BP. This was 

demonstrated in a study partitioning out the individual contributions of serum 
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[Na+]/pOsm and plasma volume using hypertonic and isotonic hypovolemia (240). In 

that study, hypovolemia independently modulated HR, and hyperosmolality 

independently modulated sympathetic nervous system activity to support BP during a 

head-up tilt challenge. In a study from Rabbitts et al., (242) fluid restriction did not 

increase pOsm or change resting sympathetic nervous system control of BP. Together, 

these findings from previous studies suggest that serum [Na+]/pOsm may be related to 

sympathetic control of BP. However, in the present study, our findings suggest WD-

induced increases in serum [Na+] do not augment sympathetic and BP responses to 

exercise pressor reflex activation in healthy young adults. Finally, intravenous infusion 

of hypertonic saline has been demonstrated to increase absolute BP and sympathetic 

outflow during exercise pressor reflex activation. It is important to note that the 

hypertonic saline infusion from this previous study resulted in 1) plasma volume 

expansion (+4%) compared to plasma volume contraction (-2%) reported here, and 2) 

an increase in serum [Na+]  of ~4 mmol/L compared to an increase in serum [Na+]  of 

~2 mmol/L reported here (36). While currently unclear, it is possible that participants 

in the current study (increase in pOsm of ~1% during WD) did not reach their osmotic 

threshold (a change in pOsm of 1-2%) (70), which is why resting burst incidence was 

similar between conditions. This contrasts with our previous study (9) where hypertonic 

saline infusion increased pOsm by 2% and increased resting burst incidence. Together, 

the physiological differences resulting from WD versus rapid infusion of hypertonic 

saline may explain why their effects on sympathetic and pressor responses to static 

exercise may differ. 
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3.4.1 Limitations 

This study provides insight into how mild, but not severe hypohydration affects 

sympathetic and pressor responses during static exercise and the cold pressor test. While 

pOsm, 24-hour total fluid intake, and 24-hour urine volume values indicate participants 

were “very dehydrated” during WD, urine osmolality and specific gravity values 

indicate participants were “euhydrated” during WD. Nevertheless, there were clear 

differences in hydration status between the two conditions among these participants.  

We did not measure renin-angiotensin-aldosterone system hormones or arginine 

vasopressin, which are known to play a role in BP regulation during dehydration. This 

study was not powered to determine sex differences; however, we were able to obtain 

13 pairs of human MSNA recordings to test the hypothesis. Future studies are needed 

to determine the role of age and sex in mediating reflex cardiovascular control during 

WD.  This study does not test whether WD affects other sympathetic and cardiovascular 

reflexes. 
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Table 3.1     Participant screening measures 

Screening characteristics  

Number (F/M) 13 (6/7) 

Age, yr 25 ± 4 

Body mass, kg 69 ± 13 

Body mass index, kg • m-2 22 ± 3 

Systolic BP, mmHg 108 ± 13 

Diastolic BP, mmHg 56 ± 7 

Data are presented as mean ± SD. BP, 

arterial blood pressure. 
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Table 3.2     The effect of water deprivation 

   

 Control Water deprivation   p 

24-hour total fluid intake, mL  2456 ± 727       1867 ± 622 0.01 

Serum sodium, mmol • L-1 140.6 ± 2.1      142.1 ± 1.9 0.02 

Serum chloride, mmol • L-1 104.4 ± 3.8      106.0 ± 2.6 0.11 

Serum potassium, mmol • L-1   4.08 ± 0.30        4.04 ± 0.34 0.73 

Plasma osmolality, mOsm • kg H2O
-1 290.7 ± 3.0      293.4 ± 4.3 0.07 

Urine osmolality, mOsm • kg H2O
-1    488 ± 184         699 ± 158 <0.01 

Spot urine specific gravity 1.016 ± 0.008      1.021 ± 0.006 0.052 

24-hour urine specific gravity 1.014 ± 0.006      1.019 ± 0.005 0.03 

Urine rate, L • 24h-1     1.4 ± 0.7          0.8 ± 0.3 <0.01 

Thirst rating        3 ± 3             8 ± 2 <0.01 

Data are presented as mean ± SD, paired, two-tailed, t-tests, bold text denotes p < 

0.05. BP, arterial blood pressure; USG, urine specific gravity. 
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Table 3.3     Absolute sympathetic and cardiovascular responses during exercise 

pressor reflex activation  

 

    Control    Water deprivation 

Baseline 

Burst incidence, bursts • 100hb-1  26 ± 14  25 ± 14 

Total activity, AU • min-1  321 ± 441  218 ± 176 

Systolic BP, mmHg 111 ± 12 113 ± 10 

Diastolic BP, mmHg 63 ± 7 62 ± 6 

Heart rate, bpm 56 ± 8 57 ± 9 

Handgrip exercise 

Burst incidence, bursts • 100hb-1  26 ± 12            25 ± 13 

Total activity, AU • min-1  373 ± 283          345 ± 296 

Systolic BP, mmHg  121 ± 11*          121 ± 15* 

Diastolic BP, mmHg  71 ± 8*     70 ± 11* 

Heart rate, bpm    67 ± 10*     69 ± 12* 

Post-exercise ischemia 

Burst incidence, bursts • 100hb-1  34 ± 18     35 ± 15* 

Total activity, AU • min-1  724 ± 733   631 ± 292 

Systolic BP, mmHg  123 ± 14*          122 ± 21 

Diastolic BP, mmHg     70 ± 9  69 ± 11 

Heart rate, bpm 58 ± 8   59 ± 10 

Data are presented as mean ± SD, two-way ANOVA (time x condition). 

Significant main effect of time for all variables (p < 0.009 for all) with 

no significant main effects of condition or interaction with any variable 

(p > 0.41 for all). Post hoc: * indicates significantly different from 

respective baseline values, p < 0.05. BP, arterial blood pressure.  
 



 

 71 

Table 3.4     Delta sympathetic and cardiovascular responses during exercise pressor 

reflex activation 

 

    Control Water deprivation 

Handgrip exercise 

Δ Burst incidence, bursts • 100hb-1     -1 ± 7 0 ± 7 

Δ Total activity, AU • min-1  33 ± 306 127 ± 254 

Δ Systolic BP, mmHg    11 ± 7  8 ± 7 

Δ Diastolic BP, mmHg      8 ± 6  8 ± 7 

Δ Heart rate, bpm     11 ± 6 12 ± 11 

Post-exercise ischemia 

Δ Burst incidence, bursts • 100hb-1 7 ± 9          10 ± 9† 

Δ Total activity, AU • min-1  385 ± 444  414 ± 580 

Δ Systolic BP, mmHg     12 ± 7    9 ± 11 

Δ Diastolic BP, mmHg       7 ± 6            7 ± 8 

Δ Heart rate, bpm   3 ± 3†            2 ± 6† 

Data are presented as mean ± SD, two-way ANOVA (time x condition) 

for delta (Δ; change from baseline) values. Significant main effect of 

time for burst incidence, total activity, and heart rate (p < 0.003 for all 

three variables). There were no significant main effects of condition or 

interaction with any variable (p > 0.29 for all). Post hoc: † indicates 

significantly different from respective handgrip exercise values, p < 

0.05. BP, arterial blood pressure. 
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Table 3.5     Absolute sympathetic and cardiovascular responses during the cold 

pressor test 

 

    Control 
   Water 

deprivation 

Cold pressor baseline 

Burst incidence, bursts • 100hb-1     23 ± 15     23 ± 16 

Total activity, AU • min-1   198 ± 222    233 ± 299 

Systolic BP, mmHg   111 ± 11    111 ± 17 

Diastolic BP, mmHg     63 ± 6      62 ± 6 

Heart rate, bpm     56 ± 7      59 ± 8 

Cold pressor test 

Burst incidence, bursts • 100hb-1     38 ± 20*      42 ± 16* 

Total activity, AU • min-1 1161 ± 1660*  1104 ± 560* 

Systolic BP, mmHg   124 ± 16*    122 ± 20* 

Diastolic BP, mmHg     73 ± 9*      71 ± 9* 

Heart rate, bpm     65 ± 10*      68 ± 11* 

Data are presented as mean ± SD, two-way ANOVA (time x condition). 

Significant main effect of time for all variables (p < 0.003 for all) with no 

significant main effects of condition or interaction for burst incidence, 

total activity, or systolic and diastolic BP (p > 0.14 for all). Heart rate had 

a trend (main effect of condition p=0.06) to be elevated in the WD 

condition at both time points. Post hoc: * indicates significantly different 

from respective baseline values, p < 0.05. BP, arterial blood pressure.  
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Table 3.6     Delta sympathetic and cardiovascular responses during the cold pressor 

test 

 

    Control Water deprivation 

Cold pressor test 

Δ Burst incidence, bursts • 100hb-1     15 ± 5         19 ± 8 

Δ Total activity, AU • min-1   963 ± 374       871 ± 409 

Δ Systolic BP, mmHg     13 ± 11         10 ± 8 

Δ Diastolic BP, mmHg      10 ± 7         10 ± 6 

Δ Heart rate, bpm        8 ± 8           9 ± 7 

Data are presented as mean ± SD, paired, two-tailed, t-test for delta (Δ; 

change from baseline) values. (p>0.05 for all). BP, arterial blood 

pressure. 
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Figure 3.1 Summary data (mean±SD) with individual data points (n=13) of (A) 

absolute mean BP, (B) mean BP absolute change from baseline, (C) absolute muscle 

SNA, and (D) muscle SNA absolute change from baseline (expressed as burst 

frequency for both 5C and 5D) during two minutes of handgrip exercise and three 

minutes of post-exercise ischemia. Two-way repeated measures ANOVA (time x 

condition), * denotes p < 0.05 for a time effect. BP, arterial blood pressure; CON, 

control condition; SNA, sympathetic nerve activity; WD, water deprivation 

condition. 
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Figure 3.2 Summary data (mean±SD) with individual data points (n=13) of (A) 

absolute mean BP, (B) mean BP absolute change from baseline, (C) absolute muscle 

SNA (n=12), and (D) muscle SNA absolute change from baseline (n=12; expressed 

as burst frequency for both 5C and 5D) during two minutes of a hand-in cold pressor 

test. Two-way repeated measures ANOVA (time x condition) for panels A & C, 

paired, two-tailed, t-tests for panels B & D. * denotes p < 0.05 for a time effect. BP, 

arterial blood pressure; CON, control condition; SNA, sympathetic nerve activity; 

WD, water deprivation condition.
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THE EFFECT OF MILD HYPOHYDRATION ON BLOOD PRESSURE 

VARIABILITY AND CARDIOVASCULAR REACTIVITY IN HEALTHY 

AGING 

4.1 Introduction 

Cardiovascular disease prevalence increases with advancing age and is the 

leading cause of death among adults in the United States (316). High resting arterial 

blood pressure (BP) (i.e., hypertension) (22), high BP variability (185, 241), and 

exaggerated BP responses during exercise (190, 202, 255, 296) are markers of BP 

dysregulation that are associated with greater future risk for developing cardiovascular 

disease. Hypertension incidence increases with age (59) and affects nearly eight out of 

10 adults over the age of 65 years old (22). Similarly, BP variability (59) and BP 

responses during exercise (28, 199, 294) are increased during aging. Thus, there is a 

critical need to determine what physiological factors contribute to these clinically-

relevant markers of BP dysregulation that become more pronounced with aging. 

Chronic underhydration (low water intake) is associated with greater future 

incidence of cardiovascular disease (52), although the exact mechanisms underlying this 

relation are unclear. We do know that old adults are more commonly underhydrated 

(79) and have a greater incidence of plasma hypertonicity (i.e., high plasma osmolality) 

(278). This is likely because old adults are not able to regulate body water balance as 

well as their young counterparts because of reduced thirst sensations (236, 238), lower 

total body water (71), altered extracellular fluid sensing (237), blunted hormonal (e.g. 
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antidiuretic hormone) release (26, 236), and impaired kidney function (68). Although 

the effects of acute mild hypohydration on resting BP, BP variability, and BP responses 

during exercise in old adults remains unknown. 

Previously, we demonstrated that acute mild hypohydration does not affect 

resting BP (Chapter 2), BP variability (Chapter 2), or BP responses during static 

exercise (Chapter 3) compared to a normally-hydrated control condition in healthy 

young adults. The scientific premises for these past studies were based on published 

data from rodent models of acute water deprivation (WD) affecting sympathetic outflow 

and BP (39, 41, 42) as well as NaCl-loading studies that suggest high blood sodium 

concentrations sensitize central sympathetic networks to increase BP variability (267) 

and BP responses during exercise (318) in rodents. Because old versus young adults 

have exaggerated increases in blood sodium concentrations (i.e., hypernatremia) 

following acute WD (238), we hypothesized that more pronounced blood hypernatremia 

in old versus young adults following acute WD would lead to BP dysregulation.  

Therefore, the primary objective of this study was to determine if acute WD 

causes BP dysregulation in old adults. Thus, we sought to determine if short-term WD 

affects BP variability and BP responses during isometric exercise in healthy young and 

old adults. We hypothesized that old versus young adults would have more severe blood 

hypernatremia following short-term WD and would consequently impair BP regulation. 

Specifically, we hypothesized that old but not young adults would have elevated BP 

variability and BP responses during exercise pressor reflex activation. 
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4.2 Methods 

4.2.1 Participants.  

The Institutional Review Board at the University of Delaware approved this 

protocol (IRB #1097747) and the study conformed with the most recent version of the 

Declaration of Helsinki. The data reported here are part of a registered protocol 

(ClinicalTrials.gov Identifier: NCT03560869). All participants provided verbal and 

written consent prior to enrollment in the study.  

During the initial screening visit, young and old participants completed a 

physical activity readiness questionnaire, medical history questionnaire, and underwent 

measurements of height and weight. Resting brachial BP measurements were performed 

in triplicate with participants in the seated position following five minutes of quiet rest 

(Dash 2000; GE Medical Systems, Milwaukee, WI). Inclusion criteria for this study 

included: age between 20-35 or 55-75 yrs, resting systolic BP <140 mmHg, resting 

diastolic BP <90 mmHg, and body mass index <30 kg/m2 at screening. Study 

participants were also non-smokers free of any known cardiovascular disease, and had 

no evidence of metabolic, neurological, renal, or pulmonary disease. Exclusion criteria 

included previous diagnosis of hypertension and past or current use of antihypertensive 

medications (e.g., diuretics, calcium channel blockers, angiotensin-converting enzyme 

inhibitors, angiotensin II receptor antagonists, and β-blockers). A resting 12-lead 

electrocardiogram and venous blood sample (assessed for complete blood count, 

metabolic panel, electrolytes, whole blood analysis, inflammatory markers) was 

collected at screening in old adults. All old female adults were post-menopausal (self-

report). 
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4.2.2 Hydration conditions.  

Participants completed two three-day-long hydration conditions separated by at 

least one week in random order. Young female participants were tested in the early 

follicular phase of the menstrual cycle or placebo phase of oral contraceptives (self-

reported). Pilot studies allowed for determination of water intake requirements 

necessary to observe modest increases in serum sodium concentrations and plasma 

osmolality. During CON, participants were asked to consume 23mL H2O/kg body 

weight/day for days one through three and to consume 250mL H2O before arriving to 

the laboratory for testing on day four. The WD condition required participants to 

consume 23mL H2O/kg body weight on day one, 17mL H2O/kg body weight on day 

two, and 10mL H2O/kg body weight on day three, followed by a 16-hour water 

abstention period prior to testing on day four. Participants were asked to refrain from 

caffeine, alcohol, vigorous exercise, or moderate exercise in the heat on days two and 

three during both three-day hydration protocols. Participants were given guidance on 

estimating food portion sizes and keeping a diet log to maintain recommended daily 

sodium intake (2300mg/day). They were also instructed to consume the same foods 

during the second three-day hydration condition as reported in their diet log during the 

first three-day hydration condition. Participants collected their urine in a sterile 

collection container for 24 hours preceding in-lab testing and reported to the laboratory 

for testing on the fourth day of each condition after fasting for at least four hours. 

4.2.3 Experimental visit.  

Upon arrival to the laboratory, participants provided a spot urine sample, were 

weighed (Tanita Body Composition Analyzer, Model TBF-300A; Arlington Heights, 

IL), and provided a subjective rating of their thirst and dryness of their mouth using a 
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Likert scale. Participants laid in the supine position for ≥20 minutes before an 

intravenous catheter was placed in retrograde fashion into the antecubital space of the 

dominant arm for blood sampling. Participants were then outfitted with the required 

equipment for measurement of MSNA, beat-to-beat BP, brachial BP, heart rate (HR), 

leg blood flow (described below), and respiratory excursions (via a strain-gauge 

pneumograph). Maximal voluntary contraction (MVC) was determined using the 

average handgrip force produced (Grip Force Transducer, ADInstruments, Colorado 

Springs, CO) during three maximal forearm contractions, separated by a minute each.  

Data were collected during a 10-minute baseline period as participants rested 

quietly in a dimly lit, temperature-controlled room (22-24°C). Following baseline data 

collection, participants performed a two-minute bout of isometric handgrip exercise 

(HG) with their dominant hand at 30% of maximal voluntary contraction, using real-

time feedback of force production displayed on a monitor, for assessment of the exercise 

pressor reflex. Immediately prior to the cessation of HG exercise, post-exercise 

ischemia (PEI) was performed on the same arm by rapidly inflating an occlusion cuff 

(Hokanson, Inc, Bellevue, WA, USA) around the upper arm to 250mmHg for three 

minutes to isolate the metaboreflex component of the exercise pressor reflex. During 

PEI, a venous blood sample was collected to assess metabolite accumulation during 

exercise. Following 10-15 of quiet rest, participants performed a two-minute hand-in 

ice-cold (4ºC) H2O cold pressor test. MSNA, beat-to-beat BP, HR, and respiration were 

collected continuously during baseline, HG, PEI, and the cold pressor test. 

4.2.4 Physical activity monitoring. 

Habitual physical activity levels were objectively assessed in a subset of young 

(n=21) and all old participants during seven consecutive days following the second 
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randomized experimental visit. Average daily step count and moderate-to-vigorous 

physical activity duration were determined from validated accelerometers ((239) 

Actigraph wGT3X-BT, Pensacola, FL, USA) after manual confirmation of wear and 

non-wear times based on notes from participants’ physical activity logs.  

4.2.5 Blood & urine analysis.  

Venous blood samples and the 24-hour urine samples were analyzed for serum 

and urine electrolyte concentrations (EasyElectrolyte Analyzer; Medica, Beford, MA, 

USA), and plasma and urine osmolality (3D3 Osmometer; Advanced Instruments, 

Norwood, MA). Venous blood samples were also analyzed for Hb (Hb 201+; Hemocue, 

Lake Forest, CA, USA) and Hct (Pre-calibrated Clay Adams, Readacrit Centrifuge; 

Becton Dickinson, Sparks, MD, USA). Additionally, blood samples collected during 

PEI were analyzed for lactate concentrations, electrolyte concentrations, and pH. 

Change in plasma volume (expressed as a percentage) was calculated using the 

following equation (76): 

Plasma volume (%) = ((100×( HbCON HbWD⁄ ))×(1- (HctWD 100)⁄ ) (1- HctCON 100))-100⁄⁄  

Additionally, urine specific gravity was determined for the spot and 24-hour 

urine samples. Female participants spot urine samples were also used to confirm that 

they were not pregnant (hCG cassettes, Moore Medical). 

4.2.6 Muscle sympathetic nerve activity.  

MSNA was directly assessed via microneurography as previously described by 

our laboratory (36, 112, 188). Briefly, a tungsten recording microelectrode was inserted 

percutaneously near the fibular head or in the popliteal fossa and a reference 

microelectrode was inserted ≤3 cm from the recording electrode. The nerve recording 
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was amplified (80-90,000x), bandpass filtered (700-2,000 Hz), rectified, and integrated 

(time constant 0.1s) using a nerve traffic analyzer (Nerve Traffic Analyzer, model 662c-

4; University of Iowa, Bioengineering, Iowa City, IA, USA). An adequate nerve 

recording was confirmed prior to the experimental protocols using the following 

criteria: absence of afferent nerve activity during light skin stroking, increased efferent 

nerve activity during voluntary end-expiratory apnea, and pulse synchronous efferent 

nerve bursts with ≥3 to 1 signal-to-noise ratio. 

4.2.7 Arterial blood pressure assessment.  

Beat-to-beat BP was measured at the finger of participants’ non-dominant hand 

using photoplethysmography (Finometer; Finapres Medical Systems, the Netherlands) 

and calibrated to brachial BP according to the manufacturer’s recommended calibration 

procedures (117). Brachial BP was measured using an automated osillometric 

sphygmomanometer (Dash 2000; GE Medical Systems, WI, USA) and used to verify 

absolute beat-to-beat BP values. Simultaneously, HR was continuously recorded using 

standard single-lead ECG (Dash 2000; GE Medical Systems, WI, USA). Respiratory 

excursions were recorded via a strain gauge pneumograph (Pneumotrace; UFI, CA, 

USA) placed around the abdomen.  

4.2.8 Arterial blood pressure variability.  

BP variability was calculated using standard deviation of BP values and using 

the average real variability (ARV) index. The ARV index calculates the average of the 

absolute differences between consecutive BP measurements and is thought to provide 

further prognostic value compared to traditional measures such as standard deviation of 

BP (29, 194). BP variability was assessed during 10 minutes of quiet rest using the beat-
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to-beat BP signal derived from the Finometer (described above). Additionally, 

ambulatory BP was assessed in a subset of participants (n=24 young and n=9 old) during 

the 24-hour periods preceding each experimental visit. Oscar 2 with Sphygmacor, 

SunTech Medical). The monitor measured BP on the non-dominant arm every 20 

minutes from 0601-2200 hours and every 30 minutes from 2201-0600 hours. 

Participants self-reported sleep and wake times in the laboratory to note the start of 

‘daytime’ and ‘nighttime’ for the BP values. Data were only included for if participants 

had at least 15 measurements during the daytime and at least 8 measurements during 

the nighttime (218). 

4.2.9 Hemodynamic data analysis. 

 Data were collected continuously at a sampling rate of 1000 Hz using LabChart 

(LabChart 8.0 Pro, ADInstruments, Colorado Springs, CO, USA). The sympathetic 

neurogram was analyzed on a beat-to-beat basis to determine the presence/absence of 

MSNA bursts using custom LabView software and visually inspected by a lab member 

blinded to condition and trained in MSNA data analysis and processing (JCW). Bursts 

were identified in accordance with recent guidelines (265, 312) via the following 

criteria: (1) >3:1 signal-to-noise ratio, (2) burst morphology consistent with MSNA 

bursts, and (3) a pulse-synchronous signal. MSNA was quantified as burst frequency 

(bursts • minute-1), burst incidence (bursts • 100 heart beats-1), and total activity ([(burst 

frequency • burst amplitude) • minute-1], AU • minute-1) were determined as indices of 

MSNA (n=16 paired recordings in young adults and n=5 paired recordings in old 

adults).  

To quantify indices of sympathetic vascular transduction (i.e. the functional 

effect of individual bursts of MSNA on BP), a spike-triggered averaging methodology 
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was used that has been previously described (18, 86). Briefly, each cardiac cycle 

containing a burst of MSNA was identified and set as cardiac cycle 0 whether or not the 

burst was a singlet (bursts directly bordered by >1 heartbeat lacking MSNA) or part of 

a cluster (bursts adjacent to other burst(s) of MSNA). The peak change in mean BP over 

the subsequent 10 cardiac cycles was determined. These methods reliably quantify beat-

to-beat changes in BP induced spontaneous MSNA bursts. Limb vascular conductance 

and common femoral artery hemodynamics were not determined in the present analysis 

due to the very low sample size of sufficient common femoral artery video recordings 

collected with old adult cohort (one paired video recording).  

Absolute BP and heart rate values during HG, PEI, and the cold pressor test were 

compared to their respective baseline periods. MSNA measures during perturbations 

were not determined in the present analysis due to the very low sample size of sufficient 

paired nerve recordings collected with old adult cohort (four paired recordings for burst 

frequency incidence and three paired recordings for MSNA total activity). 

4.2.10 Sympathetic baroreflex sensitivity analysis.  

Sympathetic baroreflex sensitivity was assessed using in the resting state during 

spontaneous BP oscillations as previously described (114, 189, 281). This method 

quantifies baroreflex sensitivity around the operating point and is well correlated to the 

modified Oxford technique (126). Briefly, each cardiac cycle was assigned to a bin 

(3mmHg) based on diastolic BP on the corresponding cardiac cycle. Burst incidence 

and total activity (n=16 in young adults and n=5 in old adults) were regressed over 

diastolic BP bins. All data were weighted to account for the number of cardiac cycles 

within each bin (114, 189). Bins without MSNA bursts were included in the analysis. 
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Slopes of the linear regressions were used as an index of sympathetic baroreflex 

sensitivity if they had an r≥0.5 (114, 189, 221).  

4.2.11 Cardiac vagal baroreflex sensitivity analysis 

 Beat-to-beat time series of systolic BP and R-R interval were analyzed using 

the sequence method for estimating spontaneous cardiac vagal baroreflex sensitivity 

(HemoLab version 8.9, Harald Stauss Scientific, Iowa City, IA). A detailed description 

of this method has been published previously (25). As previously done in our laboratory 

(17), sequences of four or more consecutive cardiac cycles in which systolic BP and R-

R interval change in the same direction were identified as baroreflex sequences. 

Sequences were detected only when the variation in R-R interval was >0.5 ms and SBP 

changes were >1 mmHg. A linear regression was applied to each individual sequence, 

and only those sequences in which R2 was >0.80 were accepted. Values of cardiac vagal 

baroreflex sensitivity were accepted when the number of sequences was ≥3 for both up 

and down sequences. The slopes of those individual linear regressions were then 

calculated and averaged for a measure of spontaneous cardiac vagal baroreflex 

sensitivity. Cardiac vagal baroreflex sensitivity was determined for all sequences 

combined and separately for up (increase in both SBP and R-R interval) and down 

(decrease in both SBP and R-R interval) sequences. 

4.2.12 Statistical analysis. 

Screening measures were compared using unpaired, two-tailed, t-tests. 

Biochemical data, resting BP values, indices of BP variability and baroreflex function 

were compared using two-way independent group ANOVAs (condition x age group). 

Absolute BP responses during exercise pressor reflex activation and the cold pressor 
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test were compared using three-way independent groups ANOVAs (time x condition x 

age group). Delta BP responses during exercise pressor reflex activation were compared 

using three-way independent groups ANOVAs (time x condition x age group). Delta 

BP responses during the cold pressor test were compared using two-way independent 

groups ANOVAs (condition x age group). Tukey multiple comparison testing was 

employed in all post-hoc analyses.  All data are presented as means ± SD. All data were 

analyzed using GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA) and 

significance was set a priori at p < 0.05.  

4.3 Results 

4.3.1 Resting biochemical and cardiovascular measures.  

Participant screening information and habitual physical activity measures are 

included in Table 4.1. Both age groups had significantly higher spot urine specific 

gravity, 24-hour urine osmolality, and thirst ratings during WD (Table 4.2). 

Additionally, spot urine specific gravity values were lower in old compared to young 

adults in both experimental conditions (Table 4.2). Serum sodium concentrations, 

plasma osmolality, and 24-hour urine specific gravity were higher and urine rate lower 

during WD in both groups (Figure 4.1). Plasma osmolality values were higher and 24-

hour urine specific gravity values were lower in old compared to young adults during 

both experimental conditions (Figure 4.1). Body mass, hematocrit values, hemoglobin 

concentrations, and reported sodium consumed per day was similar between conditions 

and age groups (Table 4.2). Estimated plasma volume changes from CON to WD were 

similar between age groups (Young: 0.2±8.2 vs. Old: 0.0±7.4%, p=0.97).  
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Old adults had higher 24-hour and nighttime diastolic BP values than young 

adults regardless of condition. Interestingly, within old adults, there were lower resting 

systolic BP values during WD. Finally, during the CON condition, old adults had lower 

diastolic BP dipping (Table 4.3). 

4.3.2 Blood pressure variability  

Resting beat-to-beat and ambulatory daytime systolic BP variability (assessed 

via ARV and standard deviation) was not different between conditions. Old compared 

to young adults had higher beat-to-beat systolic ARV and standard deviation, as well as 

high ambulatory daytime ARV (Figure 4.2).  

Resting burst frequency (Young CON: 15±7 vs. WD: 14±7; Old CON: 34±7 vs. 

WD:  37±8 bursts/minute, interaction: p=0.19, condition: p=0.53, age: p<0.01) and burst 

incidence values (Young CON: 26±14 vs. WD: 24±13; Old CON: 58±11 vs. WD:  

62±15 bursts/minute, interaction: p=0.28, condition: p=0.74, age: p<0.01) were 

significantly higher in old compared to young adults but were not different between 

conditions. Peak mean BP changes following spontaneous MSNA bursts were not 

different between conditions but were lower in the old compared to young adults during 

both experimental conditions (Young CON: 4.1±2.3 vs. WD: 5.2±3.1; Old CON: 

1.4±0.6 vs. WD:  1.1±0.3 mmHg, interaction: p=0.32, condition: p=0.56, age: p=0.02). 

Resting sBRS values were not different between conditions or age groups (Figure 4.3). 

Resting cBRS values were lower in old compared to young adults but similar between 

experimental conditions (Figure 4.3). Resting cBRS values for up (Young CON: 23±10 

vs. WD: 28±16; Old CON: 7±2 vs. WD:  8±5 ms/mmHg, interaction: p=0.45, condition: 

p=0.31, age: p=0.03) and down (Young CON: 26±9 vs. WD: 27±12; Old CON: 9±5 vs. 

WD:  10±7 ms/mmHg, interaction: p=0.79, condition: p=0.71, age: p<0.01) sequences 
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were not different between conditions but were significantly lower in old versus young 

adults. 

4.3.3 Cardiovascular measures during exercise pressor reflex activation and the 

cold pressor test 

There were significant time and age effects for absolute systolic, mean, and 

diastolic BP values, with these measures increasing from baseline to HG and PEI in 

both groups, and greater BP values in the old compared to young adults, however, 

responses were not different between conditions (Figure 4.4). Additionally, absolute 

heart rate values significantly increased from baseline to HG then decreased during PEI 

in both age groups, however these responses were not different between conditions 

(Figure 4.4). Changes in systolic and mean BP values from baseline were higher, and 

heart rate values lower, during PEI compared to HG, however, these responses were not 

different between age groups or experimental conditions (Figure 4.5). Rating of 

perceived exertion values increased from minute one of HG to minute two of HG but 

were not different between conditions of age groups (time: p<0.01, condition: p=0.31, 

age: p=0.36). 

There were significant time and age effects for absolute systolic, mean, and 

diastolic BP values, with these measures increasing from baseline to the cold pressor 

test in both groups, and greater BP values in the old compared to young adults, however, 

responses were not different between conditions (Figure 4.6). Additionally, absolute 

heart rate values significantly increased from baseline to the cold pressor test in both 

age groups, however these responses were not different between conditions (Figure 4.6). 

Changes in systolic BP during the cold pressor test were higher in the old versus young 

adults, but were not different between experimental conditions (Figure 4.7). Changes in 
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mean BP, diastolic BP, and heart rate during the cold pressor test were not different 

between experimental conditions or age groups (Figure 4.7). 

4.4 Discussion  

The purpose of this investigation was to determine if healthy old compared to 

young adults had more pronounced blood hypernatremia following short-term WD, and 

if more pronounced blood hypernatremia elicited BP dysregulation in healthy old adults. 

The primary preliminary findings from this study suggest that, 1) old and young adults 

with similar body mass index values and habitual physical activity habits have similar 

changes in urine and blood hydration markers, including similar increases in serum 

sodium concentrations following WD, and 2) despite relative blood hypernatremia in 

both groups did not have changes in BP variability or BP responses during exercise 

pressor reflex activation or the cold pressor test. Together, these preliminary findings 

suggest that healthy old adults have similar biochemical responses following short-term 

WD as young adults. 

This work is clinically-relevant because BP dysregulation, including augmented 

BP variability (185, 241)  and BP responses during exercise (190, 202, 255, 296), are 

predictive of future risk of developing hypertension, a primary risk factor for the leading 

cause of death in the United States, cardiovascular disease (22). The rationale for this 

hypothesis that old adults would have more pronounced blood hypernatremia was 

developed in part by past reports that demonstrated old compared to young adults having 

larger increases in serum sodium concentrations and plasma osmolality following 24-

hour WD (238). However, a limitation of that previous report was the inclusion of only 

young and old male adults in their investigation, thus, given that our cohort is comprised 

of male and female young adults and primarily female old adults, it is possible there is 
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sex-specificity in the biochemical responses to WD during healthy aging. Additionally, 

the participants in the present study had similar objectively measured physical activity 

measures and no participants were current smokers whereas the previous study included 

several current smokers and it is unclear how that may have affected their results (238). 

Therefore, the present investigation extends the findings of previous work and provides 

new information regarding potential sex differences in aging related to biochemical 

responses to WD that should be prospectively investigated. 

In chapters 2 and 3, we reported that a stepwise reduction in water intake over 

three days concluded with a 16-hour water abstention period is a successful model for 

inducing mild hypohydration, and importantly, elevating serum sodium concentrations. 

Here, we report significant increases in urine osmolality values, rating of thirst values, 

serum sodium concentrations, and plasma osmolality values, and decreases in urine flow 

rate in the WD versus CON condition in both age groups. Thus, when taken together 

these previous data suggest that this model of WD would be sufficient to answer our 

hypotheses. We anticipated that old adults would not tolerate the WD as well as young 

adults because of lower basal total body water (71), altered extracellular fluid sensing 

(237), blunted hormonal (e.g. antidiuretic hormone) release (26, 236), and impaired 

kidney function (68). However, we observed similar increases in serum sodium 

concentrations and plasma osmolality values in our old compared to young adults from 

CON to WD. These preliminary findings suggest that healthy old adults can buffer 

changes in water intake in a manner similar to that of their young adult counterparts. 

Our findings that healthy old compared to young adults have lower spot and 24-

hour urine specific gravity values, regardless of experimental condition, are consistent 

with previous reports that old adults have a reduced ability to concentrate urine (68, 170, 
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178, 236). Similarly, our findings that healthy old compared to young adults have higher 

plasma osmolality values, regardless of experimental condition, are consistent with one 

previous report that old adults have higher basal plasma osmolality (278). Importantly, 

these observations were in the context of prescribed water intake amounts and reported 

sodium consumed for three-days prior to testing being near the recommended daily 

allowance similar between conditions. 

Our findings that healthy old adults have higher resting BP values than their 

young counterparts is consistent with previous literature (22). Related, a strength of the 

current study design was the inclusion of old adults who had not been diagnosed with 

or were currently being treated for hypertension, a population that is known to have 

increased BP variability (225, 285, 300) and increased BP responses during static 

handgrip exercise (74, 112), which prevents one potential confounding effects of 

hypertensive status on our primary outcome measures of BP variability and BP 

responses to exercise pressor reflex activation. Studies investigating age-related 

changes in BP regulation independent of hypertensive status can be challenging given 

that nearly eight out of 10 adults over the age of 65 years have hypertension present.  

WD did not affect ambulatory BP values or BP dipping patterns in either age 

group. Interestingly, we observed attenuated diastolic BP dipping during the nighttime 

in old compared to young adults in the CON condition. This attenuated diastolic BP 

dipping in old adults was primarily driven by higher nighttime diastolic BP values as 

daytime diastolic BP values were similar among the two age groups. This is consistent 

with one previous study reporting the incidence of irregular BP dipping patterns, 

including a lack of nighttime BP dipping (i.e., non-dippers), increases with age (75). 

Inappropriate BP dipping is an independent risk factor for future cardiovascular and 
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cerebrovascular events in old adults (245, 301) and all-cause mortality in old 

hypertensive adults (85). Along these lines, it was previously reported that nighttime 

BP dipping is attenuated in hypertensive compared to non-hypertensive adults (205).  In 

summary, our current findings suggest that healthy non-hypertensive old adults have 

attenuated diastolic BP dipping compared to young adults, however, this effect is 

abolished when comparing age groups in the WD condition. This observation warrants 

future prospective studies to investigate the role of hydration status on BP dipping 

patterns in aging because of the high clinical relevance irregular BP dipping patterns 

have on future cardiovascular disease risk. 

Our findings that healthy old adults compared to young adults have increased 

ambulatory BP ARV and beat-to-beat BP variability during CON are consistent with 

previous reports (59). Similarly, our findings that healthy old compared to young adults 

have smaller peak increases in mean BP over the 10 cardiac cycles following 

spontaneous MSNA bursts during CON are also consistent with previous reports (302). 

Further, our findings that resting sBRS is similar between healthy young and old adults 

during CON is consistent with previous reports (73, 82, 187, 232). Similarly, our 

findings that resting cBRS is reduced in healthy aging in the CON condition is also 

consistent with published findings (82, 147, 173, 187).  Contrary to our hypotheses, 

short-term WD did not significantly affect BP variability, sympathetic vascular 

transduction, or baroreflex control of MSNA or heart rate at rest in either age group. 

Previous animal studies have employed a 48h WD model to induce blood 

hypernatremia and examine changes in BP regulation (39, 41). These studies reported 

that WD-induced blood hypernatremia acts centrally in the forebrain hypothalamus to 

increase excitatory amino acid neurotransmission to elevate SNA and BP. In addition, 
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one of these studies also reported that RVLM injection of L-glutamate exaggerated 

pressor responses in WD versus control rats (39). Hence, this latter observation was a 

key rationale for the current study as these sympathetic reflexes depends on 

glutamatergic neurotransmission in the RVLM (165). In contrast to our hypothesis, WD 

in the current study did not affect absolute BP values or the change in BP from baseline 

during exercise pressor reflex activation in healthy young and old adults.  

While there were no significant changes in BP responses during exercise 

between conditions, we did observe differences in absolute BP values between age 

groups. Our finding that old compared to young adults have higher absolute BP values 

during handgrip exercise is consistent with previous studies (28, 34). However, in 

contrast to previous findings (34, 199), we found that young and old adults had similar 

increases in BP from baseline during exercise pressor reflex activation. Specifically, 

given that data from a recent investigation suggested that old female adults have higher 

BP responses than young adults during HG (294), we expected that within our old 

adults, comprised primarily of female adults, that BP responses would be higher in the 

old compared to the young group but this was not observed in the present study. 

Additionally, we observed old versus young adults to have higher systolic BP responses 

during the cold pressor test regardless of experimental condition. While a past study 

(215) did not report systolic BP changes during the cold pressor test, they reported that 

young and old adults had similar increases in mean BP during the cold pressor test, 

which is consistent with our findings and one other study in male and female adults 

(291). However, a more recent study (204) reported old versus young male adults to 

have larger systolic and diastolic BP responses during the cold pressor test. While it is 

unclear why this was not observed in the present study, the high proportion of female 
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adults in the old participant group may explain differences in findings. The current 

findings contribute to a growing body of literature highlighting age-related alterations 

in resting and reflex BP regulation. 

4.5 Summary 

Our preliminary findings suggest that following short-term WD healthy old 

adults have similar increases in serum sodium concentrations as young adults. 

Additionally, despite relative blood hypernatremia following WD in both young and old 

adults, neither group had increases in resting BP, ambulatory BP, BP variability, or BP 

responses during exercise pressor reflex activation and the cold pressor test.  
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Table 4.1     Participant screening measures 

Characteristic   Young        Old 

Number (F/M)   29 (14/15)     10 (9/1) 

Age, yrs     25 ± 4      67 ± 7# 

Body mass, kg     69 ± 14      63 ± 12 

Body mass index, kg • m-2     23 ± 3      24 ± 3 

Systolic BP, mmHg   107 ± 11    119 ± 11# 

Diastolic BP, mmHg     59 ± 7      75 ± 7# 

Step count, steps • day-1 7124 ± 3902  8072 ± 2682 

MVPA, min • day-1     67 ± 33      74 ± 34 

 Data are presented as mean ± SD. # indicates significant age 

effect. BP, arterial blood pressure; MVPA, moderate-to-

vigorous physical activity. 



 

 

9
6

 

 

Table 4.2     Biochemical measures and hydration indices 

 

 

 

 

 

 

 

 

      

 

 
Young Old 

 
CON          WD        CON WD 

Hematocrit, %     41.1 ± 4.1     40.9 ± 4.4    40.4 ± 2.2    40.5 ± 2.0 

Hemoglobin, mg • dL-1     13.7 ± 1.5     13.7 ± 1.5    13.1 ± 0.9    13.1 ± 0.9 

Spot urine specific gravity   1.016 ± 0.007   1.022 ± 0.004*  1.011 ± 0.006#  1.020 ± 0.004#* 

24h urine osmolality, mOsm • kg H2O
-1   501 ± 157   738 ± 193*     443 ± 85      644 ± 163* 

Body mass, kg   68 ± 14        67 ± 14       61 ± 11        61 ± 12 

Thirst rating   3 ± 3  7 ± 2*         3 ± 2          6 ± 3* 

Reported sodium consumed, mg • day-1     2120 ± 391    2188 ± 324   2092 ± 341    2064 ± 359 

Data are presented as mean ± SD. * indicates significantly different from CON, # indicates significantly 

different from Young group. 
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Table 4.3     Ambulatory blood pressure measures 

 

 

 

 

 

 

 

 

 

 

 

 

 Young Old 

 CON          WD        CON WD 

24-hour brachial systolic BP, mmHg  117 ± 11  116 ± 11     123 ± 13     125 ± 18 

24-hour brachial diastolic BP, mmHg  66 ± 6  66 ± 6       74 ± 9#       73 ± 10# 

Daytime brachial systolic BP, mmHg  121 ± 12  121 ± 11     126 ± 14     128 ± 19 

Daytime brachial diastolic BP, mmHg  70 ± 6  69 ± 6       74 ± 11       74 ± 12 

Nighttime brachial systolic BP, mmHg  104 ± 10  105 ± 12     113 ± 11     111 ± 13 

Nighttime brachial diastolic BP, mmHg  56 ± 6  56 ± 7       67 ± 6#        65 ± 7# 

Brachial systolic BP dipping, %  12 ± 5  12 ± 5       10 ± 7        14 ± 8 

Brachial diastolic BP dipping, %  19 ± 7  18 ± 6       12 ± 8#        14 ± 8 

Data are presented as mean ± SD. * indicates significantly different from CON, # indicates significantly 

different from Young group under respective experimental condition. BP; arterial blood pressure. 
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Figure 4.1     Biochemical responses following each hydration protocol. A) Serum sodium concentrations were increased 

following water deprivation (WD) in both groups. B) Plasma osmolality values were significantly higher in the old 

compared to young adults, and were higher following WD in both groups, but there was no significant interaction present. 

C) Urine rates were decreased following WD in both groups. D) Twenty-four-hour urine specific gravity values were 

significantly lower in the old compared to young adults, and were higher following WD in both groups, but there were no 

significant interactions present. * indicates a significant condition effect, # indicates a significant age effect  
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Figure 4.2     Blood pressure variability measures. A) Beat-to-beat systolic blood pressure (BP) average real variability (ARV), 

B) beat-to-beat systolic BP standard deviation (SD), and C) ambulatory daytime systolic BP ARV were higher in old 

compared to young adults, however there was no significant effect of condition. D) Ambulatory daytime systolic BP SD 

was similar between conditions and age groups. # indicates a significant age effect.
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Figure 4.3     Arterial baroreflex sensitivity. A & B) Resting sympathetic (sBRS) and C) 

cardiac vagal (cBRS) baroreflex sensitivity values were similar between 

experimental conditions. cBRS values were lower in old compared to young adults. 
# indicates a significant age effect. MSNA, muscle sympathetic nerve activity.
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Figure 4.4     Absolute arterial blood pressure and heart rate values during exercise pressor reflex activation. A) Absolute 

systolic blood pressure (BP) values increased during handgrip exercise (HG) and post-exercise ischemia (PEI) similarly 

between experimental conditions, but were higher in the old versus young adults at all time points. B) Absolute mean BP 

values increased during HG and PEI similarly between experimental conditions, but were higher in the old versus young 

adults at all time points. C) Absolute diastolic BP values increased during HG and PEI similarly between experimental 

conditions, but were higher in the old versus young adults at all time points. D) Absolute heart rate values increased during 

HG similarly between experimental conditions and age groups. † indicates a significant time effect. # indicates a significant 

age effect. 
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Figure 4.5     Arterial blood pressure and heart rate changes from baseline during exercise pressor reflex activation. A) Changes 

in systolic blood pressure (BP) values from baseline were higher during post-exercise ischemia (PEI) compared to 

handgrip exercise (HG), but were not different between age groups or conditions. B) Changes in mean BP values from 

baseline were higher during PEI compared to HG, but were not different between age groups or conditions. C) Changes 

in diastolic BP values from baseline were not different between time points, age groups, or experimental conditions. D) 

Changes in heart rate from baseline were lower during PEI compared to HG, but were not different between age groups 

or conditions. † indicates a significant time effect. 
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Figure 4.6     Absolute arterial blood pressure and heart rate values during the cold pressor test. A) Absolute systolic blood 

pressure (BP) values increased during the cold pressor test (CPT) similarly between experimental conditions, but were 

higher in the old versus young adults at all time points. B) Absolute mean BP values increased during CPT similarly 

between experimental conditions, but were higher in the old versus young adults at all time points. C) Absolute diastolic 

BP values increased during CPT similarly between experimental conditions, but were higher in the old versus young adults 

at all time points. D) Absolute heart rate values increased during HG similarly between experimental conditions and age 

groups. † indicates a significant time effect. # indicates a significant age effect. 
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Figure 4.7     Delta arterial blood pressure and heart rate values during the cold pressor test. A) Absolute changes in systolic 

blood pressure (BP) during the cold pressor test (CPT) were similar between experimental conditions, but were higher in 

the old versus young adults. B) Absolute changes in mean BP during the CPT were similar between experimental 

conditions and age groups. C) Absolute changes in diastolic BP during the CPT were similar between experimental 

conditions and age groups. D) Absolute changes in heart rate during the CPT were similar between experimental 

conditions and age groups. # indicates a significant age effect. 
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DISSERTATION CONCLUSIONS 

5.1 Summary 

The overall intent of this study was to determine if mild hypohydration affects arterial 

blood pressure (BP) regulation in healthy adults. Our model of hypohydration, 

consisting of three-day stepwise reductions in water intake concluded with a 16-hour 

water abstention period, was effective in eliciting relative blood hypernatremia in 

healthy young male and female adults. Despite the relative hypernatremia, we did not 

observe any effect of hypohydration on resting BP, ambulatory BP, or BP responses 

during static exercise in healthy young adults. While young adults may have 

compensatory mechanisms sufficient to counteract mild hypohydration, we reasoned 

that old adults may not be able to regulate blood electrolyte concentrations and volume, 

and consequently BP regulation based on previously published evidence. 

In contrast to our hypothesis, our data in a cohort of healthy non-hypertensive 

and non-obese old adults who had similar body mass index values and objectively 

measured physical activity levels compared to our cohort of healthy young adults, 

suggest that healthy old adults have similar increases in serum sodium concentrations 

following hypohydration as healthy young adults. Consistent with the modest blood 

hypernatremia imposed within old adults relative to young adults, we did not observe 

any effect of hypohydration on resting BP, ambulatory BP, or BP responses during static 

exercise or the cold pressor test. However, consistent with previously published 

evidence, we did observe old adults compared to young adults had lower urine specific 
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gravity values, higher resting BP, greater resting and ambulatory BP variability, reduced 

cardiac vagal baroreflex sensitivity, higher absolute BP values during static exercise and 

the cold pressor test, and higher delta systolic BP values during the cold pressor test.  

Collectively, these data demonstrate that during healthy aging, there may be a 

preserved ability to prevent short-term water restriction-induced blood hypernatremia 

and any potentially related hypohydration-induced BP dysregulation. Our current 

findings also provide additional evidence for the age-related alterations in blood 

pressure regulation in the absence of the potential confounding effects of differences in 

body mass index or objectively assessed physical activity that sometimes confound 

experiments investigating the effects of age independently. Namely, under control 

conditions, several measures of resting and reflex blood pressure regulation were altered 

in healthy old compared to young adults. 

 

5.2 Perspectives 

BP dysregulation is a primary risk factor for developing cardiovascular disease, 

the leading cause of death in the United States (22, 316). These findings inform us about 

how hypohydration, a public health problem primarily in old adults, impacts BP 

regulation in healthy aging. When taken together, our findings in healthy young and old 

adults suggest that healthy aging is associated with a maintained ability to prevent 

hypohydration-induced severe blood hypernatremia and prevent hypohydration-

induced BP dysregulation at rest, during daily living, and during static exercise. Finally, 

given our study design, we had the advantage to provide additional insight into the age-

related changes in BP regulation that occur independent of age group differences in 

body mass index and habitual physical activity levels.  
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Future research investigating the effects of chronic and/or more severe 

hypohydration is warranted. Further, because hypertension affects nearly five out of 10 

adults over the age of 20 years old (22), future studies should be conducted to determine 

the interactions between mild hypohydration and BP regulation in hypertensive adults. 
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