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Abstract

Chronic electrical activation of the carotid baroreflex produces sustained reductions in

sympathetic activity and arterial pressure and is currently being evaluated as antihypertensive

therapy for patients with resistant hypertension. However, the influence of variations in salt intake

on blood pressure lowering during baroreflex activation has not been determined. As sensitivity of

arterial pressure to salt intake is linked to the responsiveness of renin secretion, we determined

steady-state levels of arterial pressure and neurohormonal responses in 6 dogs on low, normal, and

high salt intakes ( 5, 40, 450 mmol/day, respectively) under control conditions and during a 7-day

constant level of baroreflex activation. Under control conditions, there was no difference in mean

arterial pressure at low (92±1) and normal (92±2 mmHg) sodium intakes, but pressure increased 9

±2 mmHg during high salt. Plasma renin activity (2.01±0.23, 0.93±0.20, 0.01±0.01 ng

ANGI/mL/hr) and plasma aldosterone (10.3±1.9, 3.5±0.5, 1.7±0.1ng/dL) were inversely related to

salt intake, whereas there were no changes in plasma norepinephrine. Although mean arterial

pressure (19-22 mmHg) and norepinephrine (20-40%) were lower at all salt intakes during

baroreflex activation, neither the changes in pressure nor the absolute values for plasma renin

activity or aldosterone in response to salt were different from control conditions. These findings

demonstrate that suppression of sympathetic activity by baroreflex activation lowers arterial

pressure without increasing renin release and indicate that changes in sympathetic activity are not

primary mediators of the effect of salt on renin secretion. Consequently, blood pressure lowering

during baroreflex activation is independent of salt intake.
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Introduction

Recent technology for chronic electrical activation of the carotid baroreflex has provided a

non-pharmacological approach for the treatment of resistant hypertension and, at the same

time, a unique experimental tool for determining the mechanisms that account for the

lowering of arterial pressure during chronic suppression of central sympathetic outflow.1-2

One unexamined aspect of baroreflex activation (BA) therapy is the influence of changes in

salt intake on blood pressure lowering during BA. This is a matter of importance to BA

therapy because many patients with resistant hypertension have inappropriate volume

expansion that has been managed to varying degrees of success using diuretic therapy and

judicious consumption of dietary salt.3-6 Moreover, this issue raises an even more

fundamental unresolved question, which is the focus of this study: whether neural

mechanisms make an important contribution to the normal regulation of arterial pressure

during variations in salt intake. Because electrical stimulation of the carotid sinus has

sustained effects to suppress sympathetic activity and, therefore, disrupt the normal

physiological changes in autonomic activity to the peripheral circulation, BA provides a

unique approach to address this basic question.7-8 Elucidation of the importance of neural

mechanisms in the normal regulation of arterial pressure during changes in salt intake may

have relevance to BA therapy in the more complex disorder of resistant hypertension.

The renin-angiotensin system is a powerful hormonal system for controlling sodium

excretion and plays a major role in regulating body fluid volumes and arterial pressure.

Normally, chronic changes in salt intake have relatively little influence on arterial pressure

because the activity of the renin-angiotensin system changes inversely with the amount of

salt ingested.9-10 In contrast, when plasma levels of angiotensin are maintained at

inappropriately elevated or suppressed levels, arterial pressure varies directly with the level

of salt intake.9-10 That is, arterial pressure becomes salt sensitive.

It is well established that there is an important interaction between the renal nerves and

nonneural mechanisms in the control of renin secretion.11-17 The renal nerves have a tonic

stimulatory effect on renin secretion and blockade of β-adrenergic receptors decreases basal

levels of renin secretion.13-15,18-19 Furthermore, renal denervation attenuates the increase in

renin secretion seen in response to both reductions in sodium intake and in response to acute

and chronic reductions in renal perfusion pressure.11-13 However, the quantitative

importance of the interactions between neural and nonneural mechanisms in the control of

renin secretion and arterial pressure during complex physiological disturbances such as

changes in salt intake is difficult to discern and is unresolved.

Based on the above, it is plausible that if suppression of sympathetic activity does impair the

ability of the renin-angiotensin system to respond normally to changes in salt intake, then

blood pressure would be expected to be salt sensitive during BA. On the other hand, if

suppression of sympathetic activity does not influence the mechanisms that normally control

renin release during variations in sodium intake, then normal salt-induced changes in blood

pressure would likely occur with BA. If this is correct, we hypothesize that increased

sodium sensitivity is not expected during BA, although arterial pressure would be lower at
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all levels of sodium intake. This hypothesis was tested by determining steady-state levels of

arterial pressure and the activity of the renin-angiotensin-aldosterone system in response to

chronic variations in salt intake under control conditions and during a constant degree of

electrical activation of the afferent limb of the carotid baroreflex.

Methods

Animal Preparation

All experimental protocols were performed according to the “Guide for the Care and Use of

Laboratory Animals” from the National Institutes of Health and approved by the University

of Mississippi Medical Center Institutional Animal Care and Use Committee. Surgical

procedures were conducted under isoflurane anesthesia (1.5% to 2.0%) after premedication

with acepromazine (0.15 mg/kg, SC) and induction with thiopental (10 mg/kg, IV).

Carprofen (Ramadyl), 4 mg/kg, was administered for 3 days postoperatively for analgesia.

Experiments were conducted in 6 chronically instrumented mongrel dogs weighing 22 to 25

kg. The procedures for implantation of vascular catheters in the aorta and vena cava, and

implantation of stimulating electrodes around each carotid sinus have been described

previously.7-8,20-21 The electrodes and the pulse generator for electrical stimulation of the

carotid sinus were provided by CVRx, Inc. (Minneapolis, MN).

Experimental Protocol

Following recovery from surgery the dogs were fitted with a specially designed harness and

maintained in metabolic cages as previously reported.7-8,20-22 During a 3-4 week

postoperative period and throughout the study, the dogs were given free access to water and

maintained on a fixed daily diet of two 15.5 oz. cans of prescription heart diet (H/D; Hill's

Pet Products) supplemented with 5 ml of vitamin syrup. Two cans of H/D provide ∼5 mmol

of sodium and ∼50 mmol of potassium. Additionally, the dogs received a continuous

intravenous infusion of isotonic saline at a rate of 300 mL/day, thus providing a total daily

sodium intake of ∼45 mmol. During the postoperative period the dogs were trained to lie

quietly in their cages each morning to allow blood sampling under resting conditions.

Throughout the study, arterial pressure and heart rate were measured continuously.

After the training period, sodium intake was maintained for 3 weeks at each of the following

levels: ∼5, 45, and 450 mmol/day. This was achieved by continuous intravenous infusion of

250 mL 5% dextrose, 250 mL isotonic saline, or 3000 mL isotonic saline/day, respectively.

The 3 levels of salt intake were randomized and during week 2 at each salt intake, the

carotid sinus was continuously stimulated for 7 days before discontinuing baroreflex

activation and initiating a 7 day recovery period. The pre-BA, BA, and recovery periods

were maintained for 7 days at each salt intake to achieve stable neurohormonal and

hemodynamics responses, and balance between sodium intake and urinary sodium excretion.

For the 7 days of BA, the pulse generator was programmed to deliver continuous impulses

using the following parameters: 3-7 V, 30 Hz, and 0.5 msec pulse duration. The intensity of

activation was selected by adjusting the voltage to achieve a chronic decrease in MAP of

∼20 mmHg. To achieve this goal, small adjustments in voltage were needed during the first

Hildebrandt et al. Page 3

Hypertension. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



24-48 hours, but no changes in the intensity of activation were made after the first 48 hours

of stimulation.

On the last 2 days of the pre-BA, BA, and recovery periods, arterial blood samples (∼10 ml)

were taken while the dogs were recumbent and in a resting state. Blood samples were

analyzed for hematocrit, plasma renin activity (PRA), and the plasma concentrations of

aldosterone, cortisol, sodium, potassium, protein, and norepinephrine (NE). Water

consumption was monitored daily and 24-h urine samples were collected between 11 AM

and noon each day, at the time of feeding.

Analytical Methods

The daily hemodynamic values for mean arterial pressure (MAP) and heart rate were

averaged from the 20-hour period extending from 11:30-7:30 AM. The data excluded from

the 24-hour recordings comprised the time required for flushing catheters, calibrating

pressure transducers, feeding, and cleaning cages. Steady-state relationships between MAP

and urinary sodium excretion were plotted based on the average values determined during

the last 48 hours at each level of sodium intake.

Plasma renin activity and the plasma concentrations of aldosterone and cortisol were

measured by radioimmunoassay.7-8,20-21 Plasma concentrations of NE were determined by

high-performance liquid chromatography (HPLC) with electrochemical detection (Agilent

1100).8,20-21 Hematocrit and the plasma concentrations of sodium, potassium, and protein

were measured by standard techniques.

Statistical Analysis

Results are expressed as mean±SE. Two-way repeated measures ANOVA followed by the

Bonferroni post hoc t test for multiple comparisons was used to compare LS and HS to NS,

and BA to control at each level of sodium intake. Control values were considered as the

average of the pre-BA and recovery periods at each sodium intake. Statistical significance

was considered to be P<0.05.

Results

Arterial pressure, heart rate, and Urinary Excretory Responses

The steady-state relationships between arterial pressure and sodium excretion are illustrated

in Figure 1. As reflected by the urinary excretion of sodium, sodium balance was achieved

by days 6-7 at each level of sodium intake (Table). Under control conditions without BA,

there was no significant difference in MAP during LS and NS. In contrast, MAP increased

9±2 mm Hg when sodium intake was increased from NS (93±2 mm Hg) to HS (102±2 mm

Hg). There were no significant changes in heart rate during alterations in salt intake (Table).

The temporal changes in MAP and sodium excretion associated with BA activation have

been illustrated in several of our previous publications.7-8,20-21 As in our previous studies,

modest sodium retention occurred on days 1-2 of BA before sodium balance was

subsequently achieved. Similarly, significant reductions in MAP and heart rate occurred

during the first 48 hours of BA before stabilizing thereafter. There were no further changes
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in MAP, HR, or sodium balance after day 2 of BA. During BA, steady state reductions in

MAP (LS= 19±1; NS= 22±2; HS= 21±3 mm Hg) and HR (LS= 14±1; NS= 18±2; HS= 16±2

bpm) were not significantly different at any level of salt intake. Moreover, salt-dependent

changes in MAP were comparable during BA and control conditions. Thus, there was a

parallel shift in the relationship between salt intake/excretion and MAP during BA when

compared to control conditions (Figure 1). As under control conditions, during BA there

were no significant changes in heart rate with variations in salt intake.

Neurohormonal Responses

Neurohormonal responses to changes in salt intake are illustrated in Figure 2 and in the

Table. Under control conditions without BA, there were no significant changes in plasma

NE concentration during alterations in sodium intake. In contrast, both PRA and plasma

aldosterone concentration were inversely related to salt intake, with the most pronounced

changes occurring from LS to NS.

As in our previous studies, there were sustained reductions in plasma NE concentration

during BA, reflecting prolonged suppression of central sympathetic outflow.7-8,20-21 In the

present study, reductions in plasma NE concentration during BA were not significantly

different at any level of salt intake. In addition, as under control conditions, during BA there

was an inverse relationship between salt intake and activation of the renin-angiotensin-

aldosterone system. Moreover, despite substantial reductions in arterial pressure, values for

PRA and plasma aldosterone concentration during BA were not significantly different from

those measured under control conditions without BA (Figure 2).

Hematocrit and Plasma Concentrations of Electrolytes and Protein

Under control conditions, there were no significant changes in HCT, or in the plasma

concentrations of protein and cortisol during changes in sodium intake (Table). Plasma

concentrations of sodium (NS= 148±1 mmol/L) and potassium (NS= 4.2±0.1 mmol/L) were

also unchanged with alterations in salt consumption. In contrast, as reported previously,

concomitant with the modest fluid retention associated with BA, there were small reductions

in HCT and plasma protein concentration (Table) at all salt intakes. In addition, there were

no significant changes in plasma sodium, potassium, or cortisol concentration during BA.

Discussion

By maintaining constant suppression of central sympathetic outflow,8 BA provides a novel

approach for assessing the role of neural mechanisms in long-term regulation of renin

secretion and arterial pressure during variations in salt intake. The two significant findings

from this study were the following. First, long-term MAP responses to changes in salt intake

were not significantly different during BA when compared to control conditions. Second,

despite appreciable steady-state reductions in MAP during BA, absolute values for PRA and

plasma aldosterone concentration were similar under the two conditions at all salt levels.

Taken together, these findings demonstrate that suppression of central sympathetic outflow

by electrical stimulation of baroreceptor afferents lowers arterial pressure without

stimulating renin release and does not impair normal salt-intake-dependent renin secretion.
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They further suggest that physiologic changes in sympathetic activity are not essential for

the normal responsiveness of the renin-angiotensin-aldosterone system to variations in salt.

Consequently, as reflected by the parallel shift in the relationship between salt intake/

excretion and MAP during BA (Figure 1), lowering of blood pressure by BA does not lead

to salt sensitivity. Furthermore, concomitant with appropriate suppression of the renin-

angiotensin-aldosterone system under both conditions, there was little change in MAP (∼

10mmHg) during the progressive 90-fold increase in sodium intake (from 5 to 450 mmoL/

day).

Changes in activity of the renin-angiotensin system play a critical role in minimizing

alterations in arterial pressure during chronic variations in salt intake.9-10 When the renin-

angiotensin system is fully functional, chronic changes in salt intake have relatively little

influence on arterial pressure. In contrast, when the activity of this system is impaired,

arterial pressure is salt sensitive, i.e., there is an exaggerated arterial pressure response to

changes in salt intake.9-10 However, the mechanisms regulating renin secretion in response

to salt are not clearly defined. Determinants of renin secretion include stretch of renal

baroreceptors, sodium chloride transport at the macula densa, and activation of β-adrenergic

receptors on juxtaglomerular cells.13,19 Basal levels of RSNA have tonic effects to directly

stimulate renin secretion by activation of β-adrenergic receptors on juxtaglomerular cells

and to directly stimulate sodium reabsorption by activation of tubular α-adrenergic

receptors.13-15,18-19 Because this latter effect includes sodium reabsorption in the proximal

tubules and loop of Henle, neurally-mediated changes in sodium chloride delivery to the

macula densa may be another potential mechanism whereby changes in RSNA influence

renin secretion. Therefore, assuming that physiologically relevant changes in RSNA do

occur, neural mechanisms may contribute to the chronic regulation of renin secretion during

long-term variations in salt intake.

However, most insight into the importance of neural mechanisms in the control of renin

secretion during changes in salt intake has come from studies employing acute intravascular

expansion, which activates cardiopulmonary (low pressure) receptors and, at robust salt

loads that increase arterial pressure, arterial baroreceptors as well.13,19 These studies

indicate that the natriuresis and inhibition of renin secretion following acute volume

expansion or activation of cardiopulmonary baroreceptors by atrial distension is mediated, at

least in part, by reflex suppression of RSNA. However, because mechanoreceptors undergo

adaptation and an appreciable degree of resetting, one view, although not universally

accepted, is that the above cardiovascular reflexes are not long-term determinants of volume

homeostasis and arterial pressure. Therefore, it is unclear whether cardiopulmonary and

arterial baroreceptor-mediated suppression of RSNA plays an important role in the chronic

regulation of renin secretion during variations in salt intake.

Experimental limitations have precluded elucidation of the importance of neural

mechanisms in the control of renin secretion during chronic alterations in salt intake. One

limitation has been the failure to faithfully determine whether changes in RSNA truly occur

during variations in salt intake. In conscious animals and in human subjects, determinations

of RSNA by direct nerve recordings or by measurement of renal NE spillover during

variations in salt intake are inconsistent.13,22-25 These differences likely reflect the duration
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and magnitude of changes in salt intake and the ability to discern changes in RSNA. Another

major limitation has been the inability to achieve reliable and controlled inhibition of

prevailing RSNA. An alternate approach taken by Kim et al. was to subject β-adrenergic

receptor-deficient mice to low, normal, and high salt intakes.26 Basal levels of plasma renin

concentration in β-adrenergic receptor-deficient mice were depressed at all salt levels when

compared to values in wild-type mice, consistent with observations indicating that β-

adrenergic receptor blockade inhibits renin secretion at spontaneous levels of arterial

pressure. Moreover, of greater significance, the normal renin responsiveness to chronic

variations in salt intake was maintained, discounting the importance of changes in

sympathetic activity through β-adrenergic mechanisms in mediating the effect of salt on

renin secretion. Unfortunately, arterial pressure responses to salt were not examined,

precluding insight into the importance of β-adrenergic control of renin secretion in the

chronic regulation of arterial pressure during variations in salt intake.

In view of the limited and inconclusive observations indicated above, the current findings

during BA provide novel insight into the importance of natural changes in central

sympathetic outflow in the regulation of renin secretion and arterial pressure during

alterations in salt intake. Constant electrical stimulation of the carotid sinus produces an

unvarying degree of suppression of central sympathetic outflow, discounting the possibility

that unloading of aortic baroreceptors in response to reduced arterial pressure plays a

significant role in attenuating the chronic sympathoinhibition produced by BA. The

contention that there is stable and sustained suppression of central sympathetic outflow

during BA is based on parallel and unvarying reductions in plasma NE concentration and

whole body NE spillover (an index of central sympathetic outflow) over a three week period

of constant electrical stimulation of the carotid sinus.8 Therefore, because comparable

baroreflex-mediated reductions in plasma NE concentration were achieved in the present

study irrespective of salt intake, it is likely that suppression of central sympathetic outflow

was approximately equivalent at all salt intakes.

A new and important finding in this study was that inhibition of sympathetic activity by BA

did not impair the normal responsiveness of renin secretion to variations in salt intake. This

finding suggests that salt-induced changes in renin secretion are not primarily dependent on

physiological changes in sympathetic activity. Consequently, due to the normal

responsiveness of the renin-angiotensin system during BA, the lowering of arterial pressure

during BA does not lead to exaggerated changes in arterial pressure during variations in salt

intake.9-10 That is, blood pressure lowering during BA is associated with a parallel shift in

the relationship between sodium intake and arterial pressure (Figure 1).

This study was not designed to elucidate the nonneural mechanisms that account for changes

in renin secretion in response to salt. Further studies are required to clarify these

mechanisms. However, a previous study in dogs using a protocol similar to the present one

emphasized the importance of progressive increases in GFR in the regulation of sodium

excretion during chronic increases in sodium intake.9 Thus, one possible nonneural

mechanism for regulation of renin secretion during variations in salt intake is the filtered

load of sodium and the attendant sodium chloride delivery to the macula densa, with renin

secretion inversely related to GFR. Hormonal mechanisms may also play a role. For

Hildebrandt et al. Page 7

Hypertension. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



example, in keeping with a possible physiological role in the regulation of renin secretion, a

study in conscious dogs demonstrated that increments in plasma ANP concentration

comparable to those associated with high salt intake inhibit the increase in PRA normally

induced by reduced renal perfusion pressure.27-28

An additional significant finding at all levels of salt intake was that PRA did not increase

above control levels during BA, despite BA producing reductions in arterial pressure

(∼20mmHg) below the threshold pressure (∼15mmHg below control) that normally results

in sharp acute increases in renin secretion in conscious dogs.16,29-30 Similarly, in our

previous studies in dogs maintained on a normal salt intake, there was no activation of the

renin-angiotensin system at even greater baroreflex-mediated reductions in arterial pressure

(20-25mmHg).7,21 In conscious dogs, adrenergic receptor blocking studies indicate that

activation of β-adrenergic receptors plays the dominant role in neurally-mediated stimulation

of renin secretion at renal perfusion pressures above threshold pressure.14-15,18-19 On the

other hand, reflex activation of the renal nerves by acute carotid artery occlusion increases

the threshold pressure for renin release by stimulation of renal α- but not β-adrenergic

receptors.15-16 Accordingly, by suppressing RSNA and attendant tonic stimulation of tubular

α-adrenergic receptor-mediated sodium reabsorption, BA may lower the threshold pressure

for renin release through a macula densa mechanism. That is, inhibition of sodium

reabsorption in the proximal tubules and loop of Henle by BA would be expected to

suppress renin secretion by increasing sodium chloride delivery to the macula densa.

Although the precise mechanisms that account for the interaction between ambient RSNA

and renal perfusion pressure on renin secretion are not clearly defined, reduced activation of

both α- and β-adrenergic receptors appears to contribute to inhibition of renin release during

the pronounced lowering of arterial pressure by BA. Most significantly, sustained renal

sympathoinhibition during chronic BA likely counteracts increases in renin secretion at

degrees of pressure reduction that have been shown to lead to striking acute increases in

renin secretion. This inhibitory effect of BA on renin secretion plays an important role in

permitting substantial and persistent baroreflex-mediated reductions in arterial pressure.21

Perspectives

While the emphasis of this manuscript has been on a mechanistic understanding of the role

of the sympathetic nervous system in the regulation of renin secretion and arterial pressure

during variations in salt intake, the current findings may also have important clinical

implications. Although impressive reductions in arterial pressure have been reported in

subjects with resistant hypertension when treated with BA therapy,1,2 the impact of dietary

salt intake on baroreflex-mediated blood pressure lowering has not been investigated, and

this issue may be particularly relevant to arterial pressure control in this hypertensive

population. Subjects with resistant hypertension are exquisitely salt sensitive, in part because

drug treatment includes blockade of the renin-angiotensin-aldosterone system.6 They have

inappropriate volume expansion that is managed to varying degrees of success by aggressive

use of diuretics and judicious dietary salt consumption.3-6 However, poor drug adherence

and excess dietary salt ingestion are especially prevalent in resistant hypertension and

contribute to erratic volume control and therapy resistance.3-6,31 Despite enhanced salt

sensitivity in resistant hypertension, the current findings suggest that the antihypertensive
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effects of BA in this hypertensive population may be independent of the capricious ingestion

of salt. If this notion is true, the antihypertensive effects of BA would be expected to lead to

a parallel shift in the relationship between arterial pressure and salt intake and, unlike drug

treatment, provide a therapy that is insensitive to salt intake for the resistant hypertensive

population.
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Novelty and Significance

What's New?

- A unique medical device for stimulation of the carotid baroreflex was used to

determine whether chronic inhibition of central sympathetic outflow alters

the normal regulation of renin secretion and blood pressure in response to

variations in salt intake.

What is Relevant?

- The renin-angiotensin system is a powerful hormonal system for controlling

sodium excretion and body fluid volumes which, when fully functional,

prevents changes in salt intake from having much influence on arterial

pressure. The sympathetic nervous system is a major controller of renin

secretion, but its role in mediating the salt-intake-dependent changes in renin

secretion and arterial pressure is unclear.

Conclusions

- Inhibition of sympathetic activity by BA inhibits pressure-dependent renin

release but does not impair responsiveness of the renin-angiotensin-

aldosterone system to variations in salt intake. Consequently, blood pressure

lowering during BA is independent of salt intake.
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Figure 1.
Arterial pressure responses to chronic changes in sodium intake/sodium excretion under

control conditions and during chronic baroreflex activation.
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Figure 2.
Responses of the renin-angiotensin-aldosterone system to low, normal, and high salt intakes

under control conditions and during chronic baroreflex activation. Values are mean ±SEM

(n=6). * P<0.05 versus normal salt.
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