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Sympathetic nerve activity (SNA) is moderately elevated in essential hypertension (EH), 

obstructive sleep apnea (OSA) and extremely elevated in congestive heart failure (CHF); 

increased SNA presumably causes or exacerbates hypertension and other signs of these 

diseases1, 2. The rostral ventrolateral medulla (RVLM) is a major node of the brain network 

that generates SNA. In this review we survey the evidence which implicates the RVLM as a 

contributing factor in neurogenic hypertension and heart failure. Rather than providing a 

catalogue of the various observations pertaining to every animal model, we organize the 

information by pathophysiological mechanism: altered sympatho-respiratory coupling, 

oxidative stress, neuro-inflammation, brainstem hypoxia/blood flow restriction, altered 

balance of synaptic inputs and neuronal plasticity.

RVLM: definition, cytology and normal physiology: see on-line supplement

Current understanding of the role of the RVLM in hypertension is constrained by our limited 

knowledge of the cellular and integrative physiology of this structure (for prior reviews 

see3–6). The on-line supplement provides updated information on the RVLM connectome, 

and describes the properties of the neurons considered of most importance to cardiovascular 

regulation and hypertension. The following is a brief synopsis.

The RVLM (Figure 1A) was defined over 40 years ago as the area of distribution of the C1 

adrenergic neurons. The C1 cells with spinal projections (presympathetic neurons, pSNs) 

innervate sympathetic preganglionic neurons (SPGNs) and are clearly important for BP 

control but not uniquely so; the RVLM contains non-C1 pSNs and many other types of pSNs 

are found elsewhere (spinal cord, raphe, ventromedial medulla, pons, hypothalamus). 

Importantly, the C1 neurons have direct projections to both parasympathetic and sympathetic 

preganglionic neurons as well as a host of pontine, midbrain and diencephalic structures 

including the orexinergic system and the paraventricular nucleus of the hypothalamus 

(Figure 1B). The potential contribution of the C1 cells without spinal projections to BP 

control has been ignored. Although many C1 bulbospinal neurons are barosensitive, this 

attribute is not required for neurons to regulate the cardiovascular portion of the sympathetic 

system. Bulbospinal serotonergic neurons and the respiratory neurons antecedent to RVLM 

pSNs have minimal if any baroreceptor input and yet are important to BP control and, 

possibly, to hypertension7–9. Finally, current concepts regarding the way in which the 
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RVLM operates in conscious mammals, during various behaviors or normal physiological 

stresses, are almost entirely extrapolations of results obtained in anesthetized or reduced 

preparations without a brain rostral to the colliculli. Whether these views accurately 

represent the function of the RVLM in intact awake animals should be at the very minimum 

questioned in light of recent evidence that the RVLM and, in particular the C1 cells, also 

control the activity of vagal efferents, the paraventricular nucleus of the hypothalamus and 

major brainstem structures implicated in autonomic regulations including all subgroups of 

noradrenergic neurons10, 11. Also considered in the supplement are the synaptic and non-

synaptic factors (hypoxia, hypercapnia, gliotransmitters) that define the discharge rate of the 

pSNs.

In short, the RVLM connectome is far from understood. The various neuronal populations 

that make up this brain region remain to be identified by gene expression profiling and 

genetic lineage and the specific contribution of its many neuronal types to BP control has 

barely begun to be explored in healthy behaving mammals. Given these uncertainties, the 

existing pathophysiological data relative to the contribution of the RVLM to hypertension 

must be interpreted with caution.

Carotid body hyperactivity, RVLM and hypertension

Heightened carotid body afferent activity is now viewed as a major contributing factor to 

essential hypertension (modelled in rodents by the spontaneously hypertensive, SH rat), 

experimental renovascular hypertension (2K1C) and to hypertension caused by chronic 

intermittent hypoxia (CIH)12–14. Of note, CIH-induced hypertension in rats is eliminated not 

only by carotid body ablation but also by renal denervation, by administration of type-I 

angiotensin receptor (AT1R) antagonists or by adrenal gland demedullation15. This is an 

important lesson. The fact that a particular intervention normalizes BP does not prove that 

the manipulated mechanism/organ plays a unique role in the pathological process.

Because SNA is regulated by cardiopulmonary afferents and by the respiratory network, 

there has been a flurry of interest in the potential contribution of sympatho-respiratory 

coupling to SNA elevation in neurogenic hypertension. As summarized below, this 

mechanism accounts for many observations in reduced preparations but its contribution to 

SNA elevation in conscious hypertensive animals and most importantly humans is 

questionable. Respiration-independent mechanisms offer more plausible alternative 

explanations for the SNA increase and should be further examined.

The working heart-brainstem preparation (WHBP) is an arterially perfused midcollicular- 

decerebrated preparation from juvenile rats or mice in which brain neurons, cranial or spinal 

nerves and various sympathetic outflows can be recorded simultaneously. Its principal 

advantage is its mechanical stability, the lack of anesthesia and the ability to control the 

composition of the perfusion fluid. This preparation is especially useful to study respiratory-

sympathetic coupling, however conclusions using this model must consider its limitations. In 

one study performed with this preparation16, the respiratory fluctuations of SNA were larger 

in SH rats than in normotensive controls whereas the respiratory outflow seemed normal, the 

very definition of enhanced respiratory-sympathetic coupling. However, others have since 
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shown, also with the WHBP, that the respiratory pattern generator of the SH rat remains 

active at substantially lower levels of perfusate PCO2 than that of normotensive controls 

(online supplement in7). This suggests that central and/or peripheral chemoreceptors (Fig. 2, 

#4,10) and the respiratory pattern generator (Fig. 2, #7) are always more active at any given 

level of perfusion pressure and PCO2 in WHBPs from SH rats than normotensive controls. 

This is not surprising since the carotid bodies of the SH rat (Fig. 2, #4) are hypersensitive to 

hypoxia and carotid body afferents (Fig. 2, #5) acquire, even under normoxia, a baseline 

level of activity (tonicity)13, 14. Indeed, carotid body denervation attenuates hypertension 

considerably in the SH rat14. Also, the SH rat has a higher vascular resistance. Vascular steal 

is likely to reduce wash-out of metabolically produced CO2 from lower brainstem regions, 

that have an intact vasculature and contain the central chemoreceptors (Fig. 2, #10)17. The 

expected consequence is greater chemoreceptor activation, higher central respiratory drive 

and larger respiratory phasic fluctuations of SNA7, 16.

Two studies found that the SNA of SH rats is predominantly enhanced during 

inspiration18, 19. This pattern is attenuated by selectively silencing the C1 cells19, which 

follows since the activity of many C1 pSNs peaks during inspiration20. However, according 

to Moraes7 SNA and the discharge of RVLM pSNs are also elevated during post-inspiration 

and late-expiration in SH rats. Altogether, these studies suggest that, in WHBPs from SH 

rats, respiratory modulation of SNA, whatever its pattern, is enhanced, and that this 

enhancement is likely mediated through both C1 and non-C1 RVLM pSNs. The exaggerated 

respiratory modulation of pSNs present in SH rats may stem from enhanced central and 

peripheral chemoreceptor activity7, 21 and may be relayed to pSNs via pre-Bötzinger pre-

inspiratory and Bötzinger post-inspiratory neurons7. In SH rats, the latter neurons had 

increased neuronal excitability under partial synaptic blockade which was attributed to a 

reduced leak and BKCa conductances, respectively7. The enhanced pre-inspiratory neuron 

excitability of SH rats was normalized by reducing perfusion fluid PCO2 suggesting that it 

could have resulted from increased central chemoreceptor activation7.

Similar types of studies have been performed in rats subjected to CIH20, 22, 23. WHBPs from 

CIH rats exhibit active (abdominal) expiration and a late-expiratory burst of SNA time-

locked to it, unlike control preparations. Again, the enhanced respiratory modulation of SNA 

of the CIH-rat WHBP could result from a heightened respiratory chemoreflex since the post-

CIH pattern can be replicated in a control preparation simply by raising perfusate PCO2
24. A 

priori, the carotid bodies25, 26 would seem to be the most probable cause of this enhanced 

chemoreceptor drive because CIH-induced hypertension is eliminated by carotid body 

denervation27, 28. However, acute carotid body denervation does not eliminate the 

exaggerated late-expiratory SNA boost in WHBPs of rats subjected to CIH22. Thus central 

chemoreceptors and/or a persistent brainstem network modification induced by chronic 

repetitive carotid body activation29 may contribute to enhanced sympatho-respiratory 

coupling in this preparation.

In summary, the respiratory modulation of SNA is enhanced in WHBPs from SH and CIH 

rats and the principal reason could be that, in this preparation, the central respiratory drive is 

elevated at rest. Reasons may include an increase in peripheral and/or central chemoreceptor 

activity and/or a form of RVLM network plasticity induced by repetitive carotid body 
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stimulation. The key question is whether these mechanisms are a) relevant to unanesthetized 

freely behaving rodents and b) relevant to human hypertension.

Unfortunately, the importance of central sympatho-respiratory coupling to SNA and BP in 

conscious hypertensive rodents is untested and the relevance of sympatho-respiratory 

coupling to human hypertension is questionable. In human EH, OSA, even in mild to 

moderate CHF, SNA and BP are indeed elevated but, unlike CIH-exposed rats20, resting 

ventilation and blood gases are normal and active expiration is not reported27, 30–33. This 

raises two fundamental questions. First, if resting breathing is unchanged in humans with 

EH or OSA, why invoke sympatho-respiratory coupling to account for the increase in SNA? 

Secondly, why are resting breathing and blood gases unchanged in human hypertension if 

the carotid bodies are tonically activated?

The likely answer to the first question is that a change in breathing or sympatho-respiratory 

coupling are not the only mechanisms by which carotid body afferents can increase SNA. 

Carotid body afferents can increase SNA via at least two well-described respiration-

independent mechanisms. The first is a direct connection from carotid bodies to RVLM 

pSNs (Fig. 2 #6a)34–36. The second is a reduction in baroreflex influence14 which also 

contributes to activating RVLM pSNs. This phenomenon could partly result from the 

synaptic summation at the level of RVLM pSNs of the baroreceptor-initiated inhibitory input 

from the caudal ventrolateral medulla (CVLM) (Fig. 2, #3) and the direct excitatory input 

from the carotid bodies (Fig.2, #6a). A second possibility is baroreflex negative biasing by 

carotid body afferents directly in the NTS (6c). Finally, activation of brainstem 

noradrenergic neurons (A5), the orexin system or the paraventricular hypothalamic nucleus 

could provide additional, potentially breathing-independent pathways by which carotid body 

hyperactivity could increase SNA37, 38.

The likely answer to the second question is that in intact and unanesthetized mammals, 

breathing is regulated by two interactive chemoreceptor feedback loops. Specifically, the 

effect of a moderate increase in carotid body activity on breathing is rapidly and fully 

compensated by a reduction in central chemoreceptor drive39. This process restores 

ventilation to normal and therefore presumably also normalizes the activity of the respiratory 

pattern generator. Schematically, pathway 10a (Fig. 2) is less active which compensates for 

an increase in pathway 4-5-6-739. This homeostatic mechanism is inoperative in open-loop 

systems such as anesthetized preparations or the WHBP.

In summary, carotid body hyperactivity is now a well-established contributing factor to 

essential hypertension and OSA. Moderate carotid body hyperactivity does not raise resting 

breathing in the conscious state because of the dual and interactive nature of the respiratory 

chemoreceptor feedback. However, carotid body hyperactivity does increase SNA via a 

variety of mechanisms that probably converge, at least partially, on RVLM pSNs and are 

likely independent of the respiratory network.
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Altered ratio of excitatory to inhibitory input to RVLM pSNs in hypertension

Injection of sodium kynurenate, a broad-spectrum ionotropic glutamate receptor antagonist, 

into the RVLM elicits a larger BP drop in hypertensive (SH, Dahl-salt sensitive and 

Goldblatt 2K1C) than normotensive rats40–43, except in the Zucker obese model44. Given the 

complexity of the RVLM and the fact that pSNs are regulated by local interneurons45, such 

results could be variously interpreted. One possibility is that RVLM neurons, maybe pSNs, 

are more active in hypertensive strains as a result of receiving stronger glutamatergic inputs. 

This hypothesis is plausible because several of these models have hyperactive carotid bodies, 

reduced baroreflexes or elevated activity of hypothalamic vasopressin or orexin neurons, 

which could directly or indirectly enhance glutamate release in the RVLM25, 38, 46–50 but its 

validity has been experimentally verified only in a CHF model, and only under anesthesia 51. 

The higher effectiveness of kynurenic acid could have other explanations besides an increase 

in excitatory glutamatergic input to pSNs, for example increased activity of interneurons 

antecedent to the pSNs or simply increased excitability of downstream SPGNs52 without 

change in the discharge rate of RVLM pSNs.

RVLM blood flow restriction and hypertension

Lower brainstem compression by hypertrophied arteries bulging into the RVLM has been 

associated with cases of refractory hypertension in humans53 and a relatively small acute 

rise of intracerebral pressure increases respiration and blood pressure in awake mice and 

humans54. Thus, blood flow restriction to the lower brainstem, possibly the RVLM, could 

trigger hypertension via a mild form of the Cushing reflex, a concept introduced by DJ Reis 

in the 1980s and since rebranded as the selfish brain hypothesis55, 56. Recent data suggest 

that the effect of flow restriction could be mediated by tissue hypoxia and acidification. In 

the presence of either perturbation, brainstem astrocytes release ATP and lactate, both of 

which excite RVLM pSNs and therefore could contribute to SNA and BP elevation57, 58. 

This mechanism (see online supplement for further details) may operate in SH rats, a model 

of human EH, but the unresolved question is whether brainstem PO2 or pH are ever low 

enough in an intact unanesthetized rat to engage these glial mechanisms. Medullary PO2 is 

lower in the brainstem of SH rats than in normotensive controls57 but these measurements 

were made under anesthesia. Anesthesia disrupts cerebral blood flow autoregulation and 

adaptive cardiovascular responses to hypoxia that preserve blood flow to the brain. Also, a 

causal relationship between pSN activity and levels of medullary pO2 judged to be 

“physiological” remains to be established, in SH or normotensive rats.

In summary, lower brainstem blood flow restriction and/or hypoxia may activate RVLM 

neurons implicated in breathing and SNA generation. Cell-autonomous as well as astrocyte-

dependent mechanisms may contribute to the effects of hypoxia on these neurons and these 

mechanisms could potentially contribute to some forms of hypertension.

RVLM, oxidative stress, angiotensin II (AngII) and increased SNA

Indices of heightened oxidative stress have been consistently detected in the RVLM of 

hypertensive rodent models (SH rat, high-salt diet, SHR-stroke prone, 2K1C, angiotensin 
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perfusion, high fat diet, low dose LPS infusion, CIH)59–64. LPS may work by 

transendothelial signaling to RVLM C1 cells65. After CIH, radical oxygen species (ROS) 

elevation occurs in a regionally specific manner (RVLM and NTS but not midline medulla) 

and is absent in mice in which the carotid bodies have been excised64. The same 

phenomenon is observed in the adrenal medulla66; specifically, ROS are elevated in the 

adrenal medulla of animals subjected to CIH only if the carotid bodies are intact. Based on 

this evidence, ROS elevation within RVLM or the adrenal medulla could be elicited via 

neural connections. The BP of hypertensive rats is partially normalized by injecting tempol 

into the RVLM or by transducing unspecified RVLM cells with Cu/ZnSOD62, 67. The 

interpretation of these experiments is that ROS elevation in the RVLM contributes to the 

increase in local network activity. It is predicated on the assumption that these 

pharmacological treatments lack non-specific inhibitory effects on local neurons (i.e. 

unrelated to ROS down-regulation). Indeed, administration of non-selective agents into 

RVLM inevitably causes greater BP reductions in hypertensive than normotensive animals 

simply because RVLM pSNs are more active. Finally, since ROS elevation may be elicited 

via neuronal connections, in the CIH model at least, the question is whether this elevation is 

a pathological process or merely a physiological mechanism that enables the sustained 

activation of the chromaffin cells or the NTS-RVLM circuit.

A contribution of the renin-angiotensin system to the elevated oxidative stress is strongly 

suspected but the cells in which ROS are elevated are not precisely known. Type-I 

angiotensin receptors (AT1Rs) are relatively highly expressed in the RVLM and contribute 

to SNA regulation, partly by activating C1 neurons68. However, in the brain in general and 

probably in the RVLM, AT1Rs are also expressed by the vascular endothelium and by 

perivascular macrophages69, 70. Moreover, AT1Rs are not confined to the RVLM; they are 

present throughout the ventrolateral medulla, CVLM included, within the nucleus of the 

solitary tract and in the intermediolateral cell column71. Microinjections of AngII in these 

areas either decrease (NTS, CVLM) or increase BP (RVLM), i.e. produce mutually opposing 

effects, much like glutamate72. “Slow pressor” AngII infusion-induced hypertension in mice 

renders the blood brain barrier leaky, allowing circulating AngII to penetrate the brain 

parenchyma and reach AT1R expressed by perivascular macrophages and other cells69. This 

mechanism contributes to local inflammation and cerebral blood flow dysregulation but, in 

itself, may not have a prominent causative role in hypertension69. The BP rise elicited by 

acute injections of AngII into the RVLM has been attributed to NADPH oxidase-derived 

superoxide anion production and presynaptic enhancement of glutamate release60. However, 

a postsynaptic mechanism (reduced resting potassium conductance) also contributes to the 

depolarizing effect of AngII on the C1 cells73, 74. Whether this particular AT1R-mediated 

effector is activated via oxidative stress is unknown. Chronic systemic infusion of low-dose 

AngII in mice slowly increases BP and ROS production in the RVLM; the hypertension 

seems initiated in the subfornical organ and relayed to sympathetic efferents and PVN via 

synaptic connections75. However, this model is associated with major brain vascular 

dysfunction owing to the combined effect of circulating AngII, vasopressin release and the 

upregulation of endothelin, all of which increase ROS production in blood vessels75. 

Unsurprisingly, deleting AT1Rs specifically from the C1 cells reduces the magnitude of the 

hypertension only to a small degree76.
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AngII contributes prominently to the sympathoexcitation of CHF by stimulating upregulated 

AT1Rs in the RVLM77. In this case, the sympathoexcitation has been attributed to the 

downregulation of potassium channel Kv4.3 (KCND3) via AngII-AT1R-ROS-p38 MAPK 

signaling78. Kv4.3 has been previously associated with AngII signaling in the heart79 and its 

expression in the RVLM is also down-regulated in the LPS model of hypertension61. 

Elsewhere, Kv2.2 and Kv3.1b have also been mentioned as possible targets of AT1Rs80.

In summary, oxidative stress is clearly elevated in the RVLM of hypertensive animals but the 

cells that are subject to this change remain conjectural (blood vessels, perivascular 

macrophages, microglia, neurons) and so are the consequences of the oxidative stress on the 

electrophysiological properties of the RVLM network. Finally, the root cause of the 

increased oxidative stress (tissue hypoxia, inflammation, tissue or circulating angiotensin, 

synaptically released molecules, vasopressin, endothelin) remains to be conclusively 

determined75.

RVLM inflammation and hypertension

Inflammation of brainstem blood vessels and/or parenchyma precedes and may contribute to 

hypertension in the SH rat81, 82. Vascular inflammation, vascular dysfunction/hypoperfusion 

and AngII activity (via AT1Rs) appear to be three pathophysiological mechanisms that 

reinforce each other and ultimately lead to elevated SNA81. This general scheme developed 

at the level of the NTS likely applies to the RVLM since the pSNs are activated by hypoxia/

flow restriction and tissue PO2 is lower in the RVLM of SH rats55, 57. The pro-inflammatory 

state of the RVLM of the SH rat (increased IL-1, leukotriene B4 and AT1R relative to the 

Wistar-Kyoto control) may be caused by the up-regulation of two miRNAs (miR-135a and 

miR-376a)83.

Systemic inflammation, as modeled by intravenous infusion of interleukin-1β, activates the 

C1 neurons broadly and this effect contributes to the activation of the CRH/ACTH/

corticosterone cascade84, 85. LPS-induced systemic inflammation may cause hypertension 

by activating RVLM microglia and increasing local production of pro-inflammatory 

cytokines (IL-1β, IL-6, or TNF-α protein) and ROS; these effects are reduced by 

intracisternal infusion of a cycloxygenase-2 (COX-2) inhibitor, by minocycline, an inhibitor 

of microglial activation, and by a cytokine synthesis inhibitor, pentoxifylline61. Chronic 

systemic inflammation therefore appears capable of causing hypertension at least in part by 

producing COX-2 dependent neuro-inflammation in the RVLM. AngII induced hypertension 

involves activation of similar mechanisms (microglia and increases in pro-inflammatory 

cytokines) in the PVN86.

RVLM, hypertension and sex differences

NMDA receptor subunit GluN1 is present at lower levels in the dendrites of C1 neurons in 

male vs. female mice; administration of a slow pressor dose of AngII produces hypertension 

in males only and increases membrane trafficking of GluN1 only in males, suggesting a 

possible causality87. Estrogens attenuate calcium current in RVLM C1 bulbospinal neurons 

directly through extranuclear receptors88, which could reduce their excitability in vivo. 
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Consistent with this possibility, ovariectomy in rats elevates BP, SNA and circulating NE 

and increases oxidative stress in the RVLM, every parameter being normalized by 

administration of estrogen89. Also, sex and hormonal levels can selectively affect the 

expression and subcellular distribution of AT1Rs and components of the AngII signaling 

pathway within C1 neurons90.

Finally, although CIH produces a similar increase in BP and SNA in male and female rats, 

SNA increases during early inspiration in females and late expiration in males91. One 

interpretation is that vasoconstriction occurs predominantly in the kidneys and splanchnic 

region in females vs. the skeletal muscles in males92.

Summary and conclusions

The RVLM controls SNA and BP via C1 and other pSNs but its contribution to 

cardiovascular regulations and hypertension is unlikely to be reducible to that of a simple 

bulbospinal pre-sympathetic relay. The C1 cells have multiple other projections through 

which they control breathing, parasympathetic efferents, CNS noradrenergic neurons and 

multiple hypothalamic structures such as the PVN, the median preoptic region and 

orexinergic neurons.

RVLM anomalies that may contribute to a rise in SNA have been detected in most animal 

models of hypertension and in congestive heart failure. The most frequently proposed 

mechanism is an increase in the discharge rate of RVLM pSNs which is attributed to 

heightened excitatory inputs originating elsewhere (carotid body, and other hypothalamic 

nuclei, respiratory pattern generator). This view is generally an interpretation of 

pharmacological experiments performed in anesthetized preparations and awaits 

confirmation via recordings of defined neuronal types in conscious intact animals. Other 

RVLM anomalies include inflammation of the neuropil and/or blood vessels, oxidative stress 

and blood flow reduction. These local perturbations are suspected to also ultimately 

contribute to pSN hyperactivity, possibly via paracrine mechanisms relying on astrocytes, 

microglia or perivascular macrophages. Blood flow restriction could also increase brainstem 

PCO2 and activate RVLM pSNs by stimulating central chemoreceptors.

In reduced preparations from selected hypertensive models (SH rats, animals subjected to 

CIH), SNA enhancement appears to result predominantly from increased respiratory-phasic 

modulation. However, in intact conscious hypertensive mammals, including humans, 

breathing is normal at rest and respiratory network-independent mechanisms offer more 

plausible explanations of the SNA increase.

Hypertension and CHF are associated with increased oxidative stress in the RVLM. The 

functional consequences of the oxidative stress on the various types of RVLM cells are 

unclear. In CIH, ROS elevation seems confined to the regions that mediate the peripheral 

chemoreflex (RVLM, NTS, adrenal medulla) and, therefore, could conceivably be a normal 

physiological correlate of their activation rather than a pathological process. Upregulation of 

the local renin-angiotensin system likely contributes to the increased oxidative stress.
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Finally, an animal’s sex influences its propensity to become hypertensive and, even when 

both sexes become hypertensive (e.g. CIH), the type of sympathetic efferents responsible for 

the hypertension may be sex-dependent. The RVLM seems to contribute to the sex 

difference in both cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Sources of Funding: This work was supported by National Institutes of Health grants RO1 HL074011 and RO1 
HL028785.

Abbreviations

AT1R type-I angiotensin receptor

AngII angiotensin II

CIH chronic intermittent hypoxia

CHF congestive heart failure

Cu/ZnSOD copper/zinc supraoxide dismutase

CVLM caudal ventrolateral medulla

EH essential hypertension

HPA hypothalamo-pituitary axis

2K1C 2-kidney-one clip

LPS lipopolysaccharide

NTS nucleus of the solitary tract

OSA obstructive sleep apnea

pSNs presympathetic neurons

PVN hypothalamic paraventricular nucleus

ROS radical oxygen species

RTN retrotrapezoid nucleus

RVLM rostral ventrolateral medulla

SH rats spontaneously hypertensive rats

SNA sympathetic nerve activity

SPGNs sympathetic preganglionic neurons
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WHBP working heart-brainstem preparation
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Figure 1. The RVLM and the three main clusters of C1 neurons
A. Parasagittal schematic view of the rat RVLM. Abbreviations: Bot, pBot, rVRG, cVRG 

(the four subdivisions of the ventral respiratory column: Bötzinger, pre-Bötzinger, rostral 

ventral respiratory group and caudal VRG); RTN, retrotrapezoid nucleus (principal group of 

central respiratory chemoreceptors); CVLM, “caudal” VLM (location of GABAergic 

neurons that mediate the sympathetic baroreflex); lRT, lateral reticular nucleus. The 

approximate location of three subgroups of C1 cells is also shown. C1 and non-C1 RVLM 

pSNs are presumed to have the same general area of distribution.

B. Function of the three main groups of C1 cells located in the RVLM (color coding as in 

A). The C1 cells that project to the hypothalamus regulate vasopressin and ACTH release as 

well as sodium intake. The bulbospinal C1 cells are presympathetic for the most part. The 

third group of C1 cells regulate parasympathetic efferents.

Guyenet et al. Page 16

Hypertension. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Major brainstem pathways implicated in sympatho-respiratory coupling
Highly schematic representation of the pathways described in the text. In black, excitatory 

neurons or pathways (mono- or polysynaptic); in gray, inhibitory neurons or pathways. The 

RPG (respiratory pattern generator) symbolizes the entire pontomedullary circuit responsible 

for the generation of breathing movements; this network contains both excitatory and 

inhibitory neurons and resides within the medulla oblongata and the dorsolateral pons. Other 

abbreviations as defined in the text.
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