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Abstract

Hypertension affects over 25 % of the population with the incidence continuing to rise, due in part 

to the growing obesity epidemic. Chronic elevations in sympathetic nerve activity (SNA) are a 

hallmark of the disease and contribute to elevations in blood pressure through influences on the 

vasculature, kidney, and heart (i.e., neurogenic hypertension). In this regard, a number of central 

nervous system mechanisms and neural pathways have emerged as crucial in chronically elevating 

SNA. However, it is important to consider that “sympathetic signatures” are present, with 

differential increases in SNA to regional organs that are dependent upon the disease progression. 

Here, we discuss recent findings on the central nervous system mechanisms and autonomic 

regulatory networks involved in neurogenic hypertension, in both non-obesity- and obesity-

associated hypertension, with an emphasis on angiotensin-II, salt, oxidative and endoplasmic 

reticulum stress, inflammation, and the adipokine leptin.
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Introduction

Hypertension remains a leading worldwide cause of mortality and morbidity [1, 2]. While 

the underlying pathological mechanisms continue to emerge, overactivation of the 

sympathetic nervous system is a hallmark characteristic of the disease. Once thought to be 

an innocent byproduct, it is now well accepted that chronic elevations in sympathetic nerve 

activity (SNA) play a causative role in the development, progression, and pathogenesis of 

hypertensive conditions [3–5]. In addition to the vascular actions of SNA, sympathetic 

outflow is intricately involved in the regulation of the cardiovascular system through direct 

influences on the kidney and heart, and can indirectly influence cardiovascular control 

through efferent outflow to metabolic organs such as adipose tissue. This widespread 

influence of the sympathetic nervous system highlights the potential for adverse 
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cardiovascular consequences that contribute to and are associated with hypertensive 

conditions [5], as highlighted in Table 1. Importantly, accumulating evidence indicates that 

sympathetic nervous system activation is not a global response, and differential increases in 

SNA to individual organ systems occur during the development of hypertension [6]. Inherent 

to the development of effective and safe therapeutic strategies for hypertension is an 

understanding of the underlying mechanisms involved in the regional control of the 

sympathetic nervous system. This short review will focus on recent and emerging findings 

on the central control of SNA, with a specific emphasis on regional sympathetic outflow to 

“non-vasomotor” organs in non-obesity- and obesity-induced hypertension.

Central Organization of Sympathetic Outflow

The central nervous system (CNS) control of SNA occurs through the integration of neural 

signals from autonomic brain networks, input from circulating factors, and reflex influences 

such as the baroreflex and chemoreflex [7–9] (Fig. 1). In brief, sympathetic preganglionic 

neurons in the intermediolateral column (IML), a region of gray matter of the spinal cord, 

receive excitatory drive from many CNS areas including the hypothalamus, medulla 

oblongata, pons, and amygdala [7]. Within the setting of hypertension, a major focus has 

been on hypothalamic and hindbrain regions involved in the regulation of SNA, including 

the paraventricular nucleus of the hypothalamus (PVN) and rostral ventrolateral medulla 

(RVLM), respectively [10]. The circumventricular organs, unique CNS regions that lack a 

blood-brain barrier and project to hypothalamic and hindbrain autonomic areas, have also 

garnered significant attention as they provide a means by which circulating factors can 

modulate central sympathetic outflow [11]. Within these CNS areas, a balance between a 

wide number of excitatory and inhibitory neurotransmitters ultimately contribute to neural 

activation [10]. Adding to this complexity is a topographical organization of neuron 

populations within certain autonomic nuclei (e.g. RVLM) that preferentially control 

sympathetic outflow to individual organs [10, 12]. Thus, in simplistic terms, regional-

specific regulation of SNA is collectively dependent on a complex interaction between 

inputs, neural areas, cell populations, and neurotransmitters involved. Several key and 

emerging mechanisms involved in these processes are described below. The influence of 

sympathetic outflow to vascular beds has been extensively described, and therefore, we have 

emphasized recent investigations that have used direct recordings of regional sympathetic 

nerve fibers to “non-vasomotor” organs including the kidney, heart, and metabolic organs.

Non-obesity Hypertension

Angiotensin-II and Salt

In addition to peripheral cardiovascular influences, angiotensin-II (Ang-II) acting within the 

CNS is well recognized to increase sympathetic outflow to cardiovascular organs and 

consequently elevate arterial blood pressure. As recently reviewed [13], a variety of animal 

models that evoke either elevations in circulating or brain-specific components of the renin-

angiotensin system (RAS) have provided insight into the sympathoexcitatory actions of 

Ang-II, including peripheral or central Ang-II infusion, Ang-II infusion plus a salt diet, 

deoxycorticosterone acetate (DOCA), and genetic models. To date, the majority of findings 
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have been limited to the recording of SNA at a single timepoint, typically after the 

development of hypertension. However, a recent elegant study by Osborn and colleagues 

utilized longitudinal measurements of renal SNA (RSNA) and lumbar SNA (LSNA) during 

~2-week infusion of Ang-II in rats on a high salt diet. Interestingly, RSNA transiently 

decreased and then returned to basal levels, whereas LSNA did not change throughout the 

course of the study [14•]. Previous findings have also demonstrated a decrease in RSNA in 

response to chronic Ang-II infusion in rabbits and dogs [15, 16]. These intriguing findings 

suggest that hypertension due to Ang-II plus high salt and/or Ang-II alone may not be due to 

elevations in sympathetic outflow to the kidney or hindlimb vasculature. Moreover, they 

raise important questions such as: Which regional SNA is contributing to elevations in 

arterial blood pressure if RSNA and LSNA are not elevated? What are the underlying 

mechanisms in the CNS that drive these differential sympathetic responses to Ang-II or 

synergistically to Ang-II plus salt?

In this context, several recent findings have advanced our understanding of a role for salt in 

the central regulation of sympathetic outflow. This is particularly relevant as sympathetic 

overactivity and central hypernatremia have been reported in salt-sensitive humans [17]. 

Animal models have established that sympathoexcitation in response to salt loading is 

dependent upon efferent projections from osmosensitive circumventricular organs to the 

hypothalamus, as well as spinal and RVLM projecting pathways from the PVN [17]. In a 

recent tour de force, Stocker et al. used simultaneous recordings of LSNA, RSNA, 

splanchnic SNA (SSNA), and adrenal SNA to provide additional insight into RVLM 

mechanisms that mediate salt-induced regional sympathoexcitation [18•]. In response to 

intracerebroventricular (ICV) infusion of NaCl, a dose-dependent increase in arterial blood 

pressure, LSNA and adrenal SNA was noted, with no changes in SSNA and a decrease in 

RSNA. These sympathoexcitatory responses were attenuated following removal of 

circumventricular organ input (i.e., anteroventral third ventricle lesions), as well as blockade 

of ionotropic glutamatergic but not Ang-II type 1 receptor (AT1R) signaling in the RVLM. 

Interestingly, RVLM neuron populations were excited, inhibited, or did not change firing 

discharge in response to NaCl, suggesting a potential cellular basis for differential control of 

SNA during salt loading.

With or without salt on board, the CNS hypertensive actions of Ang-II primarily occur 

through binding to AT1R, which is densely expressed in autonomic regulatory regions. 

Indeed, AT1R and angiotensin converting enzyme (ACE) expression is elevated in the SFO, 

PVN, and RVLM in a wide variety of animal models of hypertension [19–23], and 

pharmacological blockade of AT1R or ACE inhibition in the entire brain or within discrete 

neural areas decreases hypertension-associated elevations in SNA [21, 24•, 25]. More recent 

findings have focused on the influence of the brain Ang-II type 2 receptor (AT2R), which 

often exhibits counter-regulatory actions to AT1R (e.g., neuronal inhibition versus 

excitation), despite binding of Ang-II to both receptor types [26, 27]. In general, 

overexpression or activation of AT2R within the CNS regions results in a lowering of blood 

pressure and catecholamine levels, although limited investigations have directly measured 

SNA [28]. In support of a sympathoinhibitory action, Gao et al. revealed that RVLM-

targeted microinjection of Ang-II in rats elicited an increase in RSNA that was further 

elevated following pharmacological blockade of AT2R [29] Furthermore, activation of 
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RVLM AT2R alone induced a decrease in RSNA. However, in the context of hypertension, 

the extent to which AT2R, as well as additional RAS pathways including ACE2 and Ang-

(1-7) [30], play in regional activation of sympathetic nerves remains unclear and warrants 

additional investigation.

Reactive Oxygen Species

It is now well accepted that elevations in reactive oxygen species (ROS) (i.e., oxidative 

stress) are involved in the pathogenesis of hypertension, both in peripheral cardiovascular 

organs, as well as within the central cardiovascular nuclei. In line with this ever-growing 

body of evidence, several recent reports have extended our understanding of CNS oxidative 

stress in the control of SNA. Within the brain, Ang-II stimulates an increase in ROS 

primarily via nicotinamide adenine dinucleotide phosphate [NAD(P)H] oxidase. Activation 

of the sympathetic nervous system is an important factor in renovascular hypertension, and 

modeling this disease in rodents using a 2-kidney 1-clip (2K1C) model results in 

upregulation of AT1R, NAD(P)H oxidase subunits, and ROS in the PVN and RVLM [21, 

31–35]. Interestingly, oral administration of the AT1R antagonist losartan in 2K1C 

hypertensive rats partially reduces RVLM ROS levels and renal sympathetic outflow, 

concomitant with a lowering of arterial blood pressure and improved baroreflex control of 

RSNA [25]. Oral dosing of 2K1C animals with a vitamin C antioxidant also elicits 

reductions in RSNA, blood pressure and messenger RNA (mRNA) levels of NAD(P)H 

oxidase subunits in the RVLM and PVN [31, 36]. While the peripheral administration of 

these agents limits interpretation of the site of action (peripheral vs. central), these findings 

are in line with previous work demonstrating that acute microinjection of losartan, vitamin 

C, or the antioxidant tempol into the RVLM all result in a decrease in blood pressure and 

RSNA in 2K1C animals [32, 33]. Similarly, although direct recordings of SNA were not 

obtained, de Oliveira-Sales et al. and Burmeister et al. demonstrated that viral 

overexpression of cytoplasmic superoxide dismutase (CuZnSOD) to scavenge superoxide in 

the RVLM or PVN, respectively, blunted the development of 2K1C-induced hypertension 

[34, 35].

In addition to ROS-induced elevations in sympathetic outflow to the kidney, emerging 

evidence implicates similar mechanisms in the control of cardiac SNA (CSNA), which can 

be technically challenging to evaluate. Yuan et al. utilized an intriguing approach to measure 

CSNA, in which the cardiac nerve was cut distal to the recording electrode and the decrease 

in SNA was evaluated in response to topically applied lidocaine upstream (to block 

conduction) of the recording electrode [37•]. Interestingly, relative to normotensive 

counterparts, spontaneously hypertensive rats (SHR) demonstrated a greater fall in CSNA in 

response to lidocaine (i.e., elevated basal SNA), which was restored to normal levels 

following targeted scavenging of superoxide in the PVN with CuZnSOD [37•]. Perhaps even 

more intriguing was the finding that the cardiac sympathetic afferent reflex (CSAR), a 

sympathoexcitatory reflex mediated by metabolites in the heart, was elevated in SHR in a 

PVN superoxide-related manner [37•]. That is, stimulation of the CSAR resulted in 

exaggerated increases in RSNA in SHR animals; a response that was blunted following 

PVN-targeted CuZnSOD. Additional work from the same group has recently demonstrated 

an exaggerated CSAR in renovascular hypertension that is restored following scavenging of 
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hydrogen peroxide in the PVN [38]. Thus, these findings suggest that afferent cardiac input 

may elevate ROS in the PVN, which subsequently drives increases in RSNA and 

hypertension development.

In rodent models of hypertension, increased excitatory glutamatergic input to 

presympathetic neurons in the PVN, which subsequently project to the RVLM and IML, 

have been described to play a role in hypertension development [39–41]. Interestingly, in 

2K1C rats, chronic inhibition of ACE in the PVN has been shown to reduce ROS in the 

RVLM in parallel with a reduction in RSNA [21]. These findings suggest a pathway in 

which PVN angiotensinergic signaling drives downstream oxidative stress in the RVLM to 

contribute to hypertension, although the cell types and neurotransmitter pathways involved 

remain unclear. In this context, ROS are known to affect neuronal activity by directly 

altering the function of Ca2+ and K+ channels, as well as modulating transcription factor-

dependent processes [42]. Recent work from Nishihara et al. indicates that modulation of 

synaptic transmission in central autonomic nuclei by oxidative stress also contributes to 

hypertension [43]. In brief, using RVLM-targeted overexpression of mitochondrial SOD 

(manganese, MnSOD) and RSNA recordings in SHR animals, their findings demonstrate 

that hypertension-associated elevations in ROS in the RVLM enhance glutamatergic 

excitatory inputs and attenuate GABAergic inhibitory inputs to the RVLM. Furthermore, 

elevations in RSNA in response to glutamate activation in the PVN were blunted following 

RVLM-specific scavenging of superoxide, suggesting that ROS in the RVLM modulate 

excitatory input from the PVN. These findings are interesting in light of the fact that 

mitochondrial ROS have been shown to enhance (versus attenuate) GABAergic signaling in 

cerebellar cells, highlighting potential physiological versus pathophysiological roles of brain 

ROS, along with regional specificity in the responses [44]. Collectively, these recent studies 

support previous work demonstrating a clear role for ROS in neural cardioregulatory regions 

in elevating renal and cardiac sympathetic outflow (as well as SNA to vascular beds) in non-

obese hypertensive conditions. However, our understanding of the ROS-induced cellular 

signaling mechanisms, neurotransmitter relationships, and precise neural networks involved 

remain in its infancy.

Inflammation

The immune system, in particular the adaptive arm, is involved in the pathogenesis of 

hypertension [45, 46]. In addition to inflammatory-mediated events in peripheral 

cardiovascular organs, circulating proinflammatory cytokines can influence cardiovascular 

and autonomic regulation through actions at circumventricular organs, afferent-mediated 

signaling, or via entry into the brain due to the blood-brain barrier disruption, such as occurs 

during hypertension. Local production of cytokines within the CNS represents an additional 

means linking inflammation to hypertension development [47]. Despite the rapid expansion 

of this field of investigation, there are relatively few reports that have directly examined 

immune-mediated control of SNA to regional organs. In line with studies from over 20 years 

ago revealing cytokine-induced elevations in adrenal, splenic, and RSNA [48, 49], Felder 

and colleagues found that peripheral administration of the proinflammatory cytokine tumor 

necrosis factor-α (TNF-α) promoted firing of PVN and RVLM cells with simultaneous 

elevations in RSNA and arterial blood pressure [50]. In a recent follow-up study, they further 
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demonstrated that direct microinjection of TNF-α and interleukin-1β (IL-1β) into the SFO 

mimicked the renal sympathoexcitatory and pressor responses seen with peripheral cytokine 

administration; a response that was dependent on angiotensinergic and cyclooxygenase-2 

mechanisms [24]. Interestingly, SFO-targeted proinflammatory cytokine delivery resulted in 

upregulation of angiotensinergic and cyclooxygenase-2 components in both the SFO and 

downstream PVN. In the setting of chronic hypertension, SHR demonstrate elevated TNF-α 
and IL-1β in the PVN and RVLM, relative to normotensive controls [23, 51], and PVN-

targeted microinjection of these cytokines results in exaggerated increases in RSNA and 

arterial blood pressure in hypertensive animals [52]. Collectively, these findings are 

consistent with the critical role of the SFO in sensing blood-borne factors and subsequently 

influencing sympathetic outflow through efferent hypothalamic and hindbrain projections, 

but also suggest that inflammatory mechanisms within the PVN and RVLM may also 

contribute to hypertension development. Although beyond the scope of this review, the 

influence of SNA on the peripheral immune system should be considered, including a 

recently revealed brain to bone marrow sympathetic connection [53, 54]. There are several 

excellent reviews on this topic [55, 56].

Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) is a specialized organelle involved in protein folding, 

maturation, and processing, and is thus intimately involved in cellular homeostasis in 

response to internal and external stimuli. In situations where the protein load exceeds the ER 

folding capacity, a collection of conserved signaling pathways, termed the unfolded protein 

response (UPR), are activated as a conserved mechanism to preserve ER function. While 

beneficial in the short-term, chronic UPR activation (i.e., ER stress) is now recognized as a 

pathological mechanism in a variety of diseases. Due to the close relationship between the 

ER, ROS, and inflammatory signaling, we recently postulated that ER stress in the CNS may 

represent a central integrating factor in hypertension development. Using a mouse model of 

Ang-II-mediated hypertension, global pharmacological blockade of brain ER stress, or 

selectively reducing ER stress in the SFO with a molecular chaperone, was found to prevent 

hypertension. In line with this, Chao et al. revealed activation of the UPR in the RVLM of 

SHR prior to hypertension development, and intracisternal infusion (to target medullary 

regions) of an ER stress inhibitor resulted in a decrease in arterial blood pressure [57]. Given 

that these models of hypertension have a clear neurogenic component, it has been presumed 

that ER stress in cardiovascular control areas elevates SNA. We and Purkansantha et al. have 

demonstrated that acute induction of brain ER stress, with ICV administration of the 

chemical ER stress inducer thapsigargin, results in robust elevations in RSNA [58, 59]. The 

extent to which these acute SNA findings can be translated to the setting of chronic 

hypertension, as well as the central nuclei involved and the influence of ER stress on 

regional sympathetic outflow to other organs, is an open area of investigation.

Obesity Hypertension

Obesity affects more than a third of the population in Western societies and significantly 

increases the risk of cardiovascular diseases including hypertension. Similar to “non-obese” 

forms of hypertension, activation of SNA to cardiovascular organs is implicated. Several key 
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CNS factors that may play a role in the control of regional SNA in obesity-induced 

hypertension are presented below, highlighting critical missing points that need to be 

addressed when appropriate.

Ang-II

Similar to humans, diet-induced obesity in laboratory animals promotes the development of 

hypertension, and this is associated with upregulation of angiotensingergic signaling in the 

central autonomic nuclei including the lamina terminalis and PVN [60–62]. Consistent with 

the importance of brain Ang-II in hypertension development, selective removal of the AT1R 

from the PVN blunts obesity-induced hypertension, despite elevations in adiposity [60]. 

Similarly, we have found that short-term ICVadministration of losartan rescues high fat diet 

(HFD)-mediated hypertension, independent of an effect on body weight, adiposity or food 

intake (unpublished observations). However, the extent to which the sympathetic nervous 

system is involved in these responses remains unclear. Interestingly, a series of studies by 

Head and colleagues utilizing chronic SNA recordings in rabbits demonstrate that RSNA is 

elevated and baroreflex control of RSNA is impaired within 1 week after the start of a HFD 

and these changes persist for up to 3 weeks [63, 64•]. Recent findings also indicate fairly 

rapid upregulation of RAS components in the lamina terminalis in response to diet-induced 

obesity (3 weeks HFD) [61]. Thus, although the precise role of Ang-II in mediating 

sympathoexcitation in obesity-induced hypertension is yet to be determined, the pieces are 

emerging to implicate this central pathway. However, extensive work is required, particularly 

CNS spatiotemporal evaluation of the brain RAS, in conjunction with examination of Ang-

II-mediated control of regional SNA during obesity-mediated hypertension.

ROS, Inflammation, ER Stress

Despite a plethora of evidence implicating brain oxidative stress in the development of 

virtually every other form of hypertension, limited evidence exists for this pathway in 

obesity-induced hypertension. In response to HFD feeding, Nagae et al. found upregulation 

of NAD(P)H oxidase subunits along with enhanced NAD(P)H oxidase activity in the whole 

hypothalamus, suggestive of increased ROS production [65]. Furthermore, ICV infusion of 

the antioxidants tempol or apocynin, or the NAD(P)H oxidase inhibitor 

diphenyleneiodonium, lowered RSNA and arterial blood pressure to a greater extent in obese 

hypertensive animals, relative to lean normotensive controls. Subsequent work has 

demonstrated elevations in ROS markers in the RVLM of obesity-prone rats, relative to 

obesity-resistant animals, along with an exaggerated depressor response to RVLM-specific 

tempol administration [66]. These findings are consistent with previous work implicating the 

RVLM in obesity-induced hypertension and suggest that oxidative stress in the 

hypothalamus and RVLM may contribute [67, 68]. However, a role for oxidative stress in 

other neural regions and regional sympathetic control cannot be excluded.

As mentioned above, emerging evidence indicates activation of the RAS in neural 

cardioregulatory regions, and interestingly this appears to occur in parallel with CNS 

inflammation. Indeed, Xue et al. found elevations in proinflammatory cytokines in the 

lamina terminalis following 3 weeks of HFD feeding in rats and ICV administration of an 

AT1R antagonist prevented obesity-induced lamina terminalis inflammation [61]. Following 
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longer-term obesity (8 weeks HFD) parallel RAS, inflammatory gene, microglia, and 

astrocyte activation in the SFO, PVN and mediobasal hypothalamus have also been noted 

[62]. Moreover, selective removal of the AT1R from the PVN was shown to blunt the HFD-

mediated inflammatory events in this region. Thus, evidence exists for obesity-induced 

activation of inflammatory cascades in central autonomic regions that is due, at least in part, 

to the RAS. Cai and colleagues have demonstrated that blockade of nuclear factor-κ-B (NF-

κB), a key transcription factor involved in inflammatory processes, in the mediobasal 

hypothalamus lowers arterial blood pressure in obese mice [69]. In line with the intimate 

relationship between inflammation and ER stress, their results also illustrate obesity-

associated elevations in ER stress in the mediobasal hypothalamus and show that short-term 

pharmacological rescue of brain ER stress reduces obesity-induced hypertension [58]. We 

have recently confirmed these findings and have further found activation of the UPR in CNS 

autonomic control areas including the SFO, PVN, and RVLM following the development of 

obesity-induced hypertension [70, 71]. Given that inflammation and ER stress contribute to 

elevations in sympathetic outflow [24•, 50, 58, 59], it is likely that these hypertensive 

mediators contribute to obesity-associated elevations in SNA, although this remains to be 

explored.

Leptin

The adipokine leptin is produced and secreted in proportion to white adipose tissue mass, 

thus, making hyperleptinemia a key characteristic of obesity. In addition to pleiotropic 

influences on energy homeostasis, fat mass and feeding behavior, leptin also increases SNA 

to a range of tissues including vascular, renal, adrenal, adipose tissue, liver, and bone [72, 

73•]. Importantly, in the setting of obesity, the beneficial anorexic and metabolic SNA 

actions of leptin are lost while the cardiovascular SNA influences are maintained (i.e., 

selective leptin resistance) [72, 73•]. In this regard, leptin has been suggested to be a major 

player in obesity-induced hypertension, and there is a strong positive association between 

plasma leptin levels and renal norepinephrine spillover in human subjects with different 

levels of adiposity [74]. The role of leptin in the control of SNA and blood pressure in 

obesity has been recently detailed in depth, including the nuances involved when translating 

findings with leptin into the setting of human obesity [72, 73•]. For this reason, here, we 

briefly touch upon several recent papers related to the underlying neurocircuitry and 

signaling mechanisms involved in leptin-mediated control of SNA.

As mentioned above, a series of studies using conscious longitudinal sympathetic recordings 

in rabbits have demonstrated that RSNA is increased within 1 week after starting HFD, and 

interestingly this occurs in parallel with elevations in plasma leptin [64•]. In line with this, 

ICV leptin was found to cause dose-dependent increases in RSNA to a greater extent in 

obese hypertensive rabbits relative to lean normotensive controls [75], consistent with 

previous work in rodent models of obesity [76, 77]. Furthermore, the elevations in RSNA 

and arterial blood pressure in HFD-fed rabbits were reversed by ICV administration of a 

leptin antagonist, but not an insulin antagonist [63]. These recent investigations build upon a 

large body of evidence supporting a role for leptin in sympathetic activation [73•]. However, 

it is important to consider that the majority of investigations have been performed in male 

animals. Recent findings from Shi and Brooks indicate that ICV leptin administration 
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increases RSNA (and LSNA) in female rats, but only during proestrous (i.e., high gonadal 

hormones) or in ovarectomized females treated with 17β-estradiol [78]. Moreover, ICV 

leptin was shown to increase arterial blood pressure in male animals, but not females. 

Whether these intriguing findings translate to obesity is unknown, but suggest that sex and 

estrogen-dependent sympathetic responses to leptin may exist, which warrant consideration.

Since the realization that leptin increases SNA to a variety of tissues, a primary investigative 

focus has been on the underlying CNS intracellular mechanisms. This is important in the 

context of obesity as distinct transduction pathways could modulate metabolic and 

cardiovascular related SNA, thus providing a molecular explanation for selective leptin 

resistance [72, 73•]. For example, phosphoinositol-3 kinase and downstream mammalian 

target of rapamycin signaling have been shown to be necessary for leptin-induced elevations 

in RSNA [79, 80], whereas the signal transducer and activator of transcription 3 and 

MAPK/ERK pathways may not be involved [81, 82]. The reader is referred to several 

excellent reviews that have extensively covered this topic [72, 73•]. An expanding body of 

literature also indicates an underlying neuroanatomical organization in leptin-mediated 

sympathoexcitation [83]. Hypothalamic regions have garnered the majority of attention, and 

indeed direct microinjection of leptin into the arcuate nucleus, dorsomedial, and 

ventromedial portions of the hypothalamus have been shown to elevate RSNA and arterial 

blood pressure [84, 85]. Building upon this, Harlan et al. recently utilized Cre-LoxP 

technology to selectively ablate leptin receptors from the arcuate nucleus [86]. In doing so, 

leptin administration did not increase RSNA and brown adipose tissue SNA in control 

animals. Moreover, the elevations in RSNA and blood pressure in response to leptin in obese 

animals were abolished, suggesting that leptin receptors in the arcuate nucleus contribute to 

obesity-induced renal sympathoexcitation and hypertension.

Importantly, leptin receptors are distributed throughout the CNS, and there is also evidence 

for extra-hypothalamic nuclei involvement [87]. In support of hindbrain control, direct 

microinjection of leptin into the brainstem nucleus tractus solitarii increases RSNA [88], and 

recent observations demonstrate that RVLM-targeted leptin administration also increases 

RSNA and blood pressure [89]. Moreover, retrograde tracing techniques have illustrated 

direct RVLM leptin expressing projections to the kidney. We have also begun to explore the 

role of leptin signaling in the SFO in the control of SNA. The unique location of this neural 

region outside of the blood-brain barrier highlights the potential for the SFO to play a key 

role in integrating metabolic and cardiovascular signals [90]. Using an approach similar to 

Harlan et al. [86], we found that removal of the leptin receptor from the SFO abolished 

leptin-induced elevations in RSNA, but did not influence the body weight, food intake, or 

the brown adipose tissue SNA effects of leptin [91]. While the extent to which our findings 

translate to obesity remain unclear, the selectivity in the responsiveness of the SFO may be 

important in explaining differential control of SNA in the setting of obesity. For example, in 

obesity, the arcuate nucleus becomes leptin resistant [92], which would potentially explain 

impaired leptin-mediated metabolic effects. In contrast, if the SFO remains leptin-sensitive, 

this could potentially contribute to the preserved elevations in RSNA in response to leptin, 

although dissection of these intricate relationships requires further investigation. Overall, 

these recent findings illustrate a distributed and interconnected network, from the forebrain 

to hindbrain, that are critical in mediating the SNA responses to leptin.
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In addition to the emergence of novel sites of action and leptin signaling pathways, the 

interaction of other receptors with leptin is becoming evident. Specifically, a unique leptin-

angiotensinergic action in the control of SNA has recently been identified. Hilzendeger and 

colleagues demonstrated that AT1aR knockout mice and brain-specific RAS blockade 

attenuated leptin-induced increases in RSNA and brown adipose tissue SNA [93]. 

Interestingly, we recently found that selective genetic removal of the AT1aR from the SFO 

prevented leptin-mediated elevations in SNA to brown adipose tissue, suggesting that it is 

AT1aR, not the leptin receptor in the SFO, that plays an important role in leptin-brown 

adipose tissue SNA regulation [94]. Together, these findings suggest that changes in the 

circulating or brain RAS (i.e., obesity) could modulate the cardiovascular and metabolic 

sympathetic effects of leptin.

Conclusions

An abundance of evidence indicates that chronic elevations in SNA contribute to the 

development of hypertension. However, activation of the sympathetic nervous system is not 

a global response and “sympathetic signatures” exist with differential increases in SNA to 

target organs depending on the stage of hypertension development [95]. Integrating findings 

on non-vasomotor sympathetic outflow, along with the vascular actions of SNA, are key to 

deciphering the relative contribution of region-specific SNA to hypertension development. 

Furthermore, while a number of putative CNS sympathetic control mechanisms have been 

highlighted, the intricate interplay between these factors, particularly in the contribution to 

hypertension, is only beginning to emerge. Moving forward, consideration of multiple CNS 

pathological mechanisms in an integrative fashion, from the cellular to neural network to 

whole systems level, will be necessary to advance our understanding and treatment of 

sympathetic overactivity in hypertensive states. This may be particularly relevant for the 

growing epidemic of obesity-induced hypertension as it is becoming evident that CNS 

pathways/factors that are classically involved in sympathetic cardiovascular control also 

modulate sympathetic outflow to metabolic organs [94]. Consideration for the mechanisms 

discussed above, along with additional factors (e.g., insulin, resistin) [96, 97] and reflex 

pathways (e.g., adipose tissue afferent reflexes) [98] not discussed in this review, will be 

crucial in this regard. Lastly, it is important to consider regional sympathetic outflow in both 

hypertensive human and animal models. For instance, norepinephrine spillover to the kidney 

(i.e., RSNA) is elevated in hypertensive humans [99], which is opposite to the depressed or 

lack of change in RSNA observed in animals following exposure to Ang-II infusion [14•, 15, 

16], Ang-II plus salt [14•], or acute NaCl administration [18•]. While animal models are 

essential to investigate CNS control of sympathetic outflow, considering the requisite 

advantages and disadvantages will be essential when translating findings from animal 

studies to the clinical setting of human hypertension.
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Fig. 1. 
The control of regional sympathetic outflow to target organs is dependent upon the 

integration of signaling mechanisms and factors within integrated neural networks. These 

CNS pathways include circumventricular organs situated outside of the blood brain barrier 

(red), along with hypothalamic and hindbrain autonomic nuclei. Not shown are afferent 

reflex inputs, which also modulate activity within these networks. See text for additional 

details. Ang-II angiotensin II, AP area postrema, CVLM caudal ventral lateral medulla, ER 
endoplasmic reticulum, IML intermediolateral nucleus, MnPO median preoptic nucleus, 

NTS, nucleus tractus solitarii, OVLT organum vasculosum lamina terminalis, PP posterior 

pituitary, PVN paraventricular nucleus of the hypothalamus, ROS reactive oxygen species, 

RVLM rostral ventral lateral medulla, SFO subfornical organ, SON supraoptic nucleus
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Table 1

Deleterious consequences of chronically elevated sympathetic nerve activity

Kidney ○ Resetting of pressure natriuresis curve to a higher point

• Decreased renal sodium excretion

○ Decreased renovasodilatory responses

○ Renin-angiotensin-aldosterone activation

○ Proteinuria

○ Glomerulosclerosis

○ Decreased nephron number

Heart ○ Left ventricular hypertrophy

○ Tachycardia

○ Abnormal calcium cycling and leakage

• Decreased myocardial contractility

• Arrhythmias

○ Proinflammatory and profibrotic effects

Vascular ○ Arterial remodeling

○ Smooth muscle hypertrophy

○ Atherosclerosis

○ Arterial stiffening

○ Endothelial dysfunction

Venous ○ Decreased vascular capacitance

• Increased cardiac output

○ Venous stiffening

Immune ○ Attenuated naïve T lymphocytes in the spleen

• Secondary immunodeficiency

○ Activated T lymphocytes in the kidney and microvasculature

• Inflammatory cell infiltration

Metabolic ○ Hyperinsulinemia

○ Insulin resistance

○ Dyslipidemia
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