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Abstract

Hypertension is associated with increased sympathetic activity. A component of this sympatho-

excitation may be driven by increased signaling from sensory endings from the heart to the 

autonomic control areas in the brain. This pathway mediates the so-called “cardiac sympathetic 

afferent reflex” (CSAR), which is also activated by coronary ischemia or other nociceptive stimuli 

in the heart. The CSAR has been shown to be enhanced in the heart failure state and in renal 

hypertension (HTN). However, little is known about its role in the development or progression of 

HTN or the phenotype of the sensory endings involved. To investigate this, we used the selective 

afferent neurotoxin, resiniferatoxin (RTX) to chronically abolish the CSAR in two models of 

HTN; the spontaneous hypertensive rats (SHR) and angiotensin II (AngII) infusion (240 ng/kg/

min). Blood pressure (BP) was measured in conscious animals for two to eight weeks post RTX. 

Epidural application of RTX to the T1–T4 spinal segments prevented the further BP increase in 8-

week-old SHR and lowered BP in 16-week-old SHR. RTX did not affect BP in WKY 

normotensive rats, nor in AngII-infused rats. Epicardial application of RTX (50 μg/ml) in 4-week-

old SHR prevented the BP increase whereas this treatment does not lower BP in 16-week-old 

SHR. When RTX was administered into the L2–L5 spinal segments of 16-week-old SHR no 

change in BP was observed. These findings indicate that signaling via thoracic afferent nerve 

fibres may contribute to the HTN phenotype in the SHR but not in the Ang II infusion model of 

HTN.

Summary:

Ablation of thoracic T1–T4 DRG reduced BP in SHR with established HTN and prevented any 

further BP rise in pre-hypertensive animals. The anti-hypertensive effects of sensory spinal nerve 

ablation in the SHR were site specific to the upper thoracic T1–T4 DRG, and no effect on BP was 

seen in an Ang II (240 ng/kg) infusion rat model of HTN. Neuro-modulation of BP at the level of 

the upper thoracic spinal sensory nerves may be beneficial in the treatment HTN, particularly 

etiologies with a high sympathetic drive.
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Introduction

Increased sympathetic nervous system activity is a well-established hallmark1–3, and 

negative prognostic indicator of essential hypertension (HTN)4–6. Sympathetic dysfunction 

during HTN has been identified at several distinct anatomical sites, including sympathetic 

outflow to the kidney7–9, the cardiac stellate ganglia10–12, chemo- and baroreflex 

signalling13, 14, and brainstem control of autonomic output15. In addition, many currently 

prescribed therapeutics for the treatment of hypertension either directly or indirectly target 

the sympathetic nervous system16.

Hypertension is a highly complex and multifactorial disease. Different pathways are thought 

to contribute at different stages of HTN from the initial development, to progression and 

maintenance of the HTN phenotype. Factors such as life style and genetics are also thought 

to influence disease progression. While treatments that target the sympathetic nervous 

system are effective in some patients, their systemic actions can lead to a number of adverse 

side effects17, 18. An increased focus for more targeted treatments of HTN, in particular 

treatment for resistant hypertension, has led to the development of a number of 

neuromodulation therapies that alter sympathetic outflow to a single organ or reflex 

pathway. These include renal nerve denervation9 and baroreflex stimulation19, 20.

The increased cardiac sympathetic activity observed in HTN is similar to that seen in heart 

failure21–23. In both animal and clinical studies removal of the cardiac sympathetic input has 

been shown to improve prognosis in these individuals24–29. Moreover, recent studies have 

shown that chronic ablation of cardiac afferent nerve endings with the potent TRPV1 

receptor agonist resiniferatoxin (RTX), prevents cardiac remodelling and preserves cardiac 

diastolic function in rats with heart failure induced by coronary artery ligation28.

Cardiac afferent neurons enter the central nervous system through both the vagus nerves via 

the nodose ganglia and through sympathetic pathways directly into the spinal cord where 

cell bodies reside in the thoracic dorsal root ganglia (DRG). Stimulation of the cardiac 

sensory endings mediate a sympatho-excitatory reflex, also called the Cardiac Sympathetic 

Afferent Reflex (CSAR)29, 30. Cardiac afferent nerves can be directly stimulated by 

application of, but not limited to, capsaicin, bradykinin and adenosine28, 30–32. In conditions 

of hypertrophy and myocardial ischemia, bradykinin and adenosine are released directly 

from the myocardium to act on these nerve terminals eliciting increased sympathetic 

outflow. Cardiac afferent fibres also release neuropeptides (e.g. substance P and Calcitonin 

Gene Related Peptide) and can initiate inflammatory processes that may mediate cardiac and 

vascular remodelling28.

The sensitivity of the CSAR has previously been shown to be increased in HTN31, although 

the role of this reflex in the development or maintenance of HTN is currently unknown. 

Therefore, in the current study we hypothesized that ablation of cardiac sensory neurons 
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using RTX would reduce blood pressure (BP) or prevent the BP rise in two different models 

of HTN: the spontaneously hypertensive rat (SHR) and angiotensin II (AngII) infusion. Both 

animal models have previously been described to exhibit a neurogenic component11, 33–35. 

Ablation of transient receptor potential vanilloid 1 (TRPV1) cardiac afferents were targeted 

in areas containing cell bodies in the DRGs of the upper thoracic and lumbar spinal 

segments, and nerve terminals on the surface of the heart.

Methods

The authors declare that all supporting data are available within the article and its online 

supplementary files

Animal models

Experiments were performed on male SHR at three different ages: 3–4 weeks old (n = 12), 8 

weeks old (n = 12) and 16 weeks (n = 36). Male Wistar-Kyoto (WKY) rats aged, 3–4 weeks 

(n = 11), and 16 weeks (n = 10) were used as normotensive controls. Male Sprague-Dawley 

(SD) rats (200–250 g) at 16 weeks of age (n=31) were used as an Ang II treated model of 

HTN or normotensive controls (Charles River, USA). These experiments were approved by 

the Institutional Animal Care and Use Committee of the University of Nebraska Medical 

Center and carried out under the guidelines of the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. Animals were housed in an on-site facility and were 

allowed to acclimate to their new environment for at least 1 week following arrival. Water 

and laboratory rat chow were provided ad libitum, and animals were housed in 12-hour 

light/dark cycles. For chronic surgical procedures, Isoflurane (2%) was administered for 

induction and maintenance of anaesthesia. Analgesia using Buprenex (Buprenorphine - 0.05 

mg/kg) was given on the day of surgery, and Carprofen (5 mg/kg) for three days post-

surgery for post-procedure pain management. Rats were euthanized at the conclusion of the 

study (terminal experiments) under α-chloralose-urethane anaesthesia (urethane 800 mg/kg, 

ip; α-chloralose 40 mg/kg, ip). Euthanasia was confirmed by removal of vital organs (heart 

and lungs).

Detailed surgical and histochemical methods can be found in the Supplemental File.

Below is a brief description of the methods.

Spinal afferent denervation: The upper thoracic spinal afferents were ablated in 8 - 

week old and 16 - week old SHR and WKY rats, and 16- week old SD rats. At the start of 

each experiment rats were randomized into RTX or vehicle treated groups. Briefly, rats were 

anesthetized (2% isoflurane) and placed in the prone position. A small midline incision was 

made in the region of the T13-L1 thoracic vertebrae. Following dissection of the superficial 

muscles, two small holes (approximately 2 mm × 2 mm) were made in the left and right 

sides of the T13 vertebrae. For thoracic sympathetic afferent denervation, a polyethylene 

catheter (PE-10) was inserted into the epidural space via one hole and gently advanced 

approximately 4 cm cranial to the T1 level. Resiniferitoxin or vehicle was injected 

bilaterally at T1 to T4, 10 ul per segment.
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Activation of cardiac spinal afferents

Epicardial application of bradykinin (BK) has been demonstrated to effectively stimulate 

cardiac spinal afferents via the BK2 receptor36, 37. Therefore, a similar approach was 

employed to activate cardiac spinal afferents in this study. The chest was opened through the 

fourth intercostal space. A square of filter paper (3 × 3 mm) saturated with BK (10 μg/ml), 

was applied to the left ventricle. Hemodynamics were continuously recorded. After the 

responses peaked, the heart was rinsed three times with 10 ml of warm normal saline.

Statistical Analysis

Statistical analyses were designed to test the hypotheses that the ablation of cardiac afferent 

neurons treated with RTX would reduce BP in an HTN rat model compared to vehicle 

control. Animals were randomized to vehicle or RTX treatment groups. All animals that 

started the study completed the study, no animals were excluded. Number of samples ‘n’ 

equals the number of animals in each group. Statistics were analyzed using GraphPad Prism 

(GraphPad Software, San Diego, CA. Version 8). Differences between treatments were 

determined using a Mixed-effects model for repeated-measures ANOVA. Due to the length 

of the study, most data sets contained some missing values that were Missing at Random 

(MAR). For example, technical issues resulting in failure to acquire data from one animal on 

one day. Therefore, a Mixed-effects model was used. For comparison between two groups 

both Sidak and Bonferroni corrections for multiple comparisons were used, and when 

comparing between four groups (AngII experiments) both Turkey and Bonferroni 

corrections for multiple comparisons were used. Mean AP and HR are reported as absolute 

changes. Changes in MAP, HR after BK application and echocardiographic parameters 

comparing pre- vs post-treatment were determined by a paired t-test. All values are 

expressed as mean ± standard error of the mean (SEM). p<0.05 was considered statistically 

significant.

Results

The efficacy of epidural T1–T4 DRG application of RTX in ablating the CSAR.

In the current study, we performed T1–T4 epidural application of the selective afferent 

neurotoxin RTX in order to ablate the CSAR. Our previous study showed that this approach 

significantly 1) reduced the number of both TRPV1-positive and IB4-positive DRG neurons 

at the thoracic levels and 2) abolished the pressor and sympatho-excitatory responses to 

epicardial application of BK ~10 weeks post RTX administration28. Here, we further 

provide additional detailed information regarding 1) the range of thoracic DRGs that were 

affected by RTX; and 2) the time course of CSAR ablation. As shown in (Figure 1A and 

1B), both Evans Blue dye and immunofluorescence staining indicates that due to drug 

diffusion, the actual thoracic DRGs affected by epidural T1–T4 DRG application of RTX 

ranged from levels C6 to T5. In functional experiments (Figure 1C and 1D), we confirmed 

that epidural T1–T4 DRG application of RTX successfully abolished CSAR activation 

evoked by epicardal application of BK in normotensive rats for more than 6 months, 

demonstrating the long term efficacy of CSAR ablation. In addition, we carried out a small 

pilot study in SHR rats showing that epidural T1–T4 application of RTX can also abolish the 

CSAR in SHR rats 2 months post RTX (SHR+RTX vs. SHR+Vehicle: ΔMAP 2.2±0.8 vs. 
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20.7±5.6 mmHg, P=0.01; ΔHR 1.3±1.4 vs. 27.3±1.9 bpm, P=0.01; ΔRSNA 3.1±0.9% vs. 

126.5±21.7% baseline, P=0.01; n=4/RTX group and n=3/vehicle group).

Effect of upper thoracic RTX on conscious MAP and HR in 8-week-old SHR.

At 8 weeks of age SHR rats exhibit moderately elevated BP and were used as a model for 

the developing phase of HTN. Administration of epidural RTX to the T1–T4 thoracic 

regions resulted in maintenance of BP near the baseline level compared to vehicle - treated 

controls (Figure 2B and Figure 1S, n = 6) Over the 60-day observation period MAP 

increased between 20–25 mmHg in the vehicle group compared to no further increase in the 

RTX treated group. There was no difference in HR between the two groups (Figure 2C). 

Post RTX or vehicle surgery there was a transient increase in HR that stabilized one-week 

post-surgery. This surgical stress on HR was seen in all groups. RTX treatment had no effect 

on cardiac hypertrophy in 8-week-old SHR (Table S1).

Effect of upper thoracic RTX on conscious MAP and HR in 16-week-old SHR and WKY rats.

At 16 weeks of age SHR rats have established HTN. Administration of epidural RTX to the 

T1–T4 upper thoracic region resulted in an immediate and significant reduction in MAP 

compared to vehicle control SHR (Figure 3A, n=7 per group). In vehicle treated animals, 

there was a further increase of approximately 10 mmHg in pressure over the observation 

period whereas BP decreased by approximately 15 mm Hg and remained at this level for the 

duration of the study (Figure 3 and Figure 2S). Resiniferitoxin had no effect on ejection 

fraction compared to vehicle in the 16-week-old SHR, indicting that the reduction in blood 

pressure was not due to reduced cardiac function (data supplement: Table S7). There were 

no changes in MAP or HR after T1–T4 administration of RTX in 16-week-old WKY (Figure 

3B, n=5 per group). Conscious HR declined with age in both SHR vehicle and SHR RTX 

treated groups. RTX did not change baseline HR in both WKY and SHR rats compared to 

vehicle control. RTX treatment had no effect on cardiac hypertrophy in 16-week-old SHR 

(Table S2).

Effect of lumber RTX on conscious MAP and heart rate in 16-week-old SHR.

To test the site specificity of the antihypertensive effect of RTX, we administered it in the 

epidural space at the lumber L2–L5 vertebrae in 16-week-old SHR with established HTN. 

There were no changes in BP or HR after RTX administration compared to vehicle controls 

(Figure 4A and 4B and Figure S3, n=5 per group). Stimulation of the CSAR was performed 

under anaesthesia at the end of the study. Bradykinin (10 μg/ml) elicited an increase in MAP, 

and HR that was comparable between the two groups (Figure 4C, n=5 per group. Baseline 

MAP: Veh, 136.9±7.6. RTX, 143.7±1.9. HR: Veh 373±20. RTX: 366±7). This demonstrated 

that lumber application of RTX had no effect on the CSAR. TRPV1 immunohistochemistry 

showed a pronounced loss of TRPV1 positive cells in the L1–L5 DRG that received RTX 

compared to the upper thoracic DRG (Figure 4D). Resiniferitoxin had no effect on cardiac 

function, or hypertrophy (Tables S3 and S8). Therefore, the reduction in BP observed in the 

SHR is site specific to ablation of TRPV1 expressing neurons in the upper thoracic DRG.
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Effect of epicardial RTX on blood pressure in 16-week-old and 4-week-old SHR.

In order to determine if the spinal sensory input from the heart was responsible for 

mediating the HTN in SHR we applied RTX (50 μg/ml) to the surface of the left and right 

ventricles, and recorded pressure by radiotelemetry in 16-week-old rats, and by tail-cuff 

volume pressure recording (VPR) in 4-week-old SHR. While there was no effect on MAP or 

HR in 16-week-old SHR (Figure 5 A and 5B, Figures S4 and Figure S5. n = 6, both groups), 

epicardial RTX resulted in reduced left ventricular wall thickness and increased ejection 

fraction compared to vehicle treated animals (Table S8). In 4-week-old SHR there was an 

abrogation of the development of HTN following epicardial RTX treatment compared to 

vehicle (Figure 5C), which was not observed in 4-week-old WKY rats (Figure 5E). At the 

end of the study RTX treated young SHR had a slightly reduced body weight and heart 

weight compared to vehicle treated, there was no difference between RTX and vehicle 

treated WKY rats (Table S4).

Application of RTX (50 μg/ml) to the surface of the left and right ventricles at 4-weeks of 

age resulted in a clear loss of the CSAR, when tested 60 days post RTX treatment 

(approximately 12-weeks-old) in both SHR and WKY (Figure 5D and 5F) (SHR: Veh n=5, 

RTX n= 3. Baseline MAP: Veh=175±12.9, RTX=109.8±18.9; HR: Veh=447±21, 

RTX=329±50. WKY: Veh n=4 and RTX n= 5. Baseline MAP: Veh=79.3±21.2, 

RTX=89.3±30.7; HR: Veh=393±33, RTX=328±51). Vehicle treated SHR had an increased 

CSAR compared to WKY at this age (P = 0.0571).

Angiotensin II-Induced Hypertension

To further evaluate the effect of thoracic afferent TRPV1 denervation on the genesis of HTN 

we evaluated epidural administration of RTX or vehicle at the T1–T4 thoracic levels in rats 

infused with Ang II subcutaneously (Figure 6 and Figure S6). Angiotensin II infusion 

increased BP in SD rats immediately after minipump implantation (Figure 6B). There was 

no effect on HR (Figure 6C). RTX treatment performed 1-week post-minipump implant did 

not alter the course of MAP or HR change. In a second group of rats, we determined if RTX 

administration prevented or attenuated the increase in MAP when administered prior to Ang 

II infusion. RTX treatment did not alter MAP (Figure 6E) or HR (Figure 6F) responses when 

given before Ang II. Hypertrophy was induced by Ang II infusion which was not affected by 

RTX treatment (Table S5). At the end of the conscious telemetry recording experiments, a 

subset of RTX-treated Ang II rats underwent terminal experiments where the BP and HR 

responses to Bradykinin (BK) were evaluated to confirm the ablation of TRPV1 by RTX. In 

these animals who received RTX, there was no increase in BP and HR after BK application 

(Figure S7).

Echocardiographic data (data supplement: Table S9) show that RTX treatment increased left 

ventricular posterior wall (LVPW) thickness in rats treated before Ang II infusion but not in 

vehicle treated rats.
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Discussion

Because sympatho-excitation is a major component of essential HTN38 we investigated a 

potential mechanism that has heretofore been neglected as a factor in initiating and 

sustaining increased levels of sympathetic nerve activity in HTN, namely enhanced 

excitatory input from cardiac spinal afferents, also called the CSAR. Previous findings by 

our group showed an exaggerated CSAR in chronic heart failure and that ablation of TRPV1 

expressing cardiac spinal afferents resulted in a reduction in arterial pressure28, 29. These 

data provided support and rationale for the current study. Furthermore, acute experiments in 

hypertensive rats were suggestive of an enhanced CSAR31. The main findings of the current 

study were: 1) Ablation of TRPV1 expressing neurons in the thoracic T1–T4 DRG reduced 

BP in SHR with established HTN and prevented BP from increasing in younger SHR; 2) 

Ablation of TRPV1 expressing neurons in the lumbar L2–L5 DRG had no effect on BP in 

SHR with established HTN; 3) Ablation of TRPV1 expressing neurons in thoracic DRG had 

no effect on Ang II-mediated increase in BP when RTX was given pre or post Ang II 

infusion.

Previous studies by Zhu et.al. demonstrated that acute intrapericaridal administration of 

RTX in the two-kidney one-clip (2K1C) rat model of HTN resulted in rapid reduction of 

baseline RSNA, and a near complete abolishment of the CSAR 120 minutes after RTX 

administration31. These experiments were performed acutely in vagotomized rats under 

anaesthesia and provide evidence that ablation of cardiac afferent nerves can reduce 

sympathetic tone in an acute HTN model. In the current study, we extended this evidence to 

show that chronic ablation of upper thoracic sympathetic afferent neurons results in a long-

lasting reduction in BP in conscious freely moving HTN animals. Importantly, these data 

also show that this phenomenon is model dependent.

Excessive sympatho-excitation is well established in HTN, with increasing evidence 

suggesting there may be role for sensory input from organs and vascular beds in driving this 

phenotype39–41. The visceral afferent hypothesis suggests that activation of visceral sensory 

nerves induces activation of the sympathetic nervous system to preserve blood flow to a 

given organ. Visceral afferents can be activated by several paracrine or endocrine factors, 

including but not limited to, hypoxia, metabolic factors, redox signalling, and 

inflammation13, 42–45. Although these conditions are present and altered in HTN, it remains 

unclear how sensory nerve fibres are activated or sensitized in HTN. This is likely to be 

specific to the location and type of sensory neuron in question. For instance, evidence 

suggests that targeting visceral afferents with renal nerve denervation40, or carotid body 

denervation41, 46 lowers BP in HTN animal models. One potential hypothesis for spinal 

afferent sensitization in HTN may be low grade inflammation. Renal inflammation is 

observed in many models, including salt sensitive HTN47. IL-6 concentration has previously 

been shown to correlate with systolic BP in apparently healthy men48.

The current study indicates that signalling via cardiac spinal afferent neurons contribute to 

the development and maintenance of HTN in the SHR model. While in the older SHR (16 

weeks at the start of the study) RTX resulted in a drop in BP, in young (8 week and 4 week) 

SHR there was no immediate drop, but a failure for the BP to rise in line with the vehicle. 
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This suggests that signalling via spinal afferents may be involved in the progression and 

maintenance of HTN but are not involved in basal BP regulation. The lack of effect on BP 

following lumbar administration of RTX, and reduction in SBP after epicardial RTX in 

young SHR indicate a site-specific effect following ablation of cardiac sensory nerves in 

SHR. The SHR has previously been shown to exhibit increased cardiac sympathetic nerve 

activity, even before the development of HTN11, 21, 49. Here, we present the first evidence to 

our knowledge supporting a role for cardiac sensory neurons that contribute to the HTN in 

this model. Previous studies from our laboratory have shown that RTX administration to the 

epicardial surface of the heart ablates TRPV1 positive nerves on the surface of the left 

ventricle28, 29 and reduced the CSAR for up to six months after epidural (T1–T4) 

administration. While upper thoracic ablation of sensory nerve fibres prevented the BP rise 

in 8-week-old SHR and chronically reduced the MAP in 16-week-old SHR, we cannot 

conclude from these studies that the reduction in BP was exclusively due to the specific loss 

of cardiac sensory endings. Sensory nerve fibers from the heart, lungs and other areas of the 

thoracic cavity travel through the upper thoracic DRGs. To establish if the response seen was 

specific to the loss of TRPV1 expressing cardiac sensory nerve fibres, RTX was painted onto 

the surface of the left and right ventricles. This should result in the loss of TRPV1 

expressing nerve fibers on the surface of the ventricles. Cardiac sensory nerve fibers that do 

not express TRPV1 should be unaffected. Care was taken to insure that only the ventricles, 

and not the atria, were painted with RTX. In 16-week-old SHR, no change in MAP was seen 

compared to vehicle control. This finding is curious since in normotensive Sprague Dawley 

rats epicardial RTX completely abolished the CSAR and ablated surface sensory 

nerves28, 29. The rationale for epicardial RTX application is based on a fact that the majority 

of cardiac spinal afferent nerve fibres innervate the surface or superficial layers of the 

ventricles in normotensive animals50, 51. However, it is possible that the innervation pattern 

of cardiac spinal afferents could change due to chronic HTN-induced cardiac hypertrophy. 

Increased sympathetic nerve activity to the heart is associated with hypertensive left 

ventricular remodeling and hypertrophy2. As SHRs age they develop cardiac hypertrophy52 

(see heart weight and echocardiographic data in supplemental Tables S1, S4, S7 and S8). 

Little is known about the localization and distribution of sensory nerve fibers during this 

process, or at different stages of HTN in SHR. We hypothesized that the lack of response to 

epicardial RTX at 16 weeks of age could be due to the lack of sufficient ablation of the 

cardiac sensory nerves because of changes in their distribution within the heart in advanced 

HTN with hypertrophy. During late stage HTN cardiac spinal afferents may innervate, or 

exhibit hyperinnveration, of both surface and deeper layers of the ventricle. Compared to our 

epidural strategy where the neuronal soma are targeted, epicardial application of RTX may 

only target a subset of these fibers, not enough to significantly abolished cardiac sensory 

spinal signaling. Further anatomical studies need to be performed to compare the cardiac 

spinal afferent innervation pattern at different stages of SHR compared to similar time points 

in the WKY rats.

Since RTX may not have reached the nerve endings due to significant cardiac hypertrophy or 

cardiac hyperinnervation into the deeper layer of the LV in the late stage of HTN, we applied 

RTX to the epicardial surface of young, 4-week-old SHR to retest the potential anti-

hypertensive effect of selective cardiac spinal afferent denervation after epicardial RTX in 
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SHR. The aim of using very young SHR was to apply the treatment at a stage before there 

was likely to be significant cardiac hypertrophy and HTN. However, even at this age the 

SBP in the SHR was slightly higher than that of age matched WKY rats (Figure 5). The 

prevention of SBP rise following epicardial RTX in this group indicates that sensory nerve 

fibers originating from the heart are indeed involved at least in the developmental stage of 

HTN in the SHR. Furthermore, in 16-week thoracic epidural application of RTX and in 4-

week epicardial RTX there was a significant reduction in BP in SHR animals, however no 

change in BP was observed between RTX and vehicle-treated WKY rats. These data suggest 

that in the normotensive conditions cardiac afferent signalling does not contribute to baseline 

BP.

Interestingly, in 8-week and 16-week SHR in which RTX was administred to the T1–T4 

DRG and a reduction in BP was observed, RTX caused no significant change in HR 

compared to control. SHR showed a continual reduction in HR with age in both treated and 

vehicle groups. The mechanisim for this phenomenon is unknown but may be due to input 

from baroreceptors in the SHR, or impairment of intrinsic HR in HTN. Since baseline HR 

was continuely declining, the effects of RTX on HR in SHR may have been masked by other 

intrinsic factors. Furthermore, RTX had no effect on diurnal BP or HR variations in any 

study and caused a similar reduction in BP in SHR with T1–T4 RTX in both the day and 

night periods during 24 hour recordings (data not shown).

Our data also showed that epidural T1–T4 DRG delivery of RTX in SHR lowered blood 

pressure but did not change any cardiac functional or structural parameter analyzed by 

echocardiography or weight, which excludes a cardiac factor contributing to the anti-

hypertensive effect of cardiac afferent denervation in SHR. On the other hand, one could 

also expect that this treatment should attenuate cardiac hypertrophy in SHR rats because it 

decreases afterload. However, did not occur. It should be noted that RTX only moderately 

lowered BP in the 16-week old SHR rats or prevented the further increase in BP in the 8-

week SHR rats. In other words, these rats were still hypertensive (systolic BP >160 mmHg) 

at the end of RTX treatment. Therefore, it is possible that this moderate anti-hypertensive 

effect might not be sufficient to prevent cardiac hypertrophy or reverse the established 

cardiac hypertrophy in these SHR rats.

The SHR is an inbred genetic model that has been used in HTN research for the past 60 

years. While it has been characterized as a sympatho-excitatory model, there is still debate 

as to its relevance to human essential HTN53, 54. Therefore, in an attempt to determine if 

ablation of thoracic spinal afferents contributed to a reduction or prevention of HTN 

associated with a non-genetic model, we evaluated the effects of RTX in response to chronic 

infusion of Ang II. This model of HTN exhibits a sympatho-excitatory component and a 

vascular component55–57. While Ang II infusion resulted in a prompt and sustained increase 

in MAP, administration of epidural RTX either prior to or following Ang II did not result in 

attenuation of the pressor response (Figure 6). The mechanism for the lack of effect of RTX 

in the AngII model is unclear. Obviously, it is possible that spinal afferents are not activated 

in this model and thus would have little effect on MAP. Although the two hypertensive rat 

models used here were both previously described to be characterized by a neurogenic 

component to their HTN11, 33–35, the origin of the increased blood pressure in response to 
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Ang II infusion is multifactorial. Ang II has previously been shown to alter central 

neurotransmission55, 57–59 and have a direct action on post-ganglionic sympathetic 

neurons60 to cause sympathoexcitation. Furthermore, Ang II has a direct vasoconstrictor 

effect on blood vessels61–63. It is possible that the lack of efficacy of RTX on BP in the Ang 

II model is due to the site of action of Ang II occurring at higher levels, downstream of 

visceral afferents. It is also possible that the balance between sympatho-excitation and direct 

vasoconstriction by Ang II favors the vasoconstrictor pathway. The current study was not 

designed to dissect these mechanisms. A limitation of this study is that while RTX is likely 

to cause a reduction in basal sympathetic tone, changes in sympathetic tone over time in 

conscious animals was not recorded in this study. Therefore, we cannot draw any direct 

conclusions linking the effects observed with T1–T4 application of RTX, to a reduction in 

sympathetic tone. Another modest limitation is that similar to most published animal studies 

to date, the present study was completed using only male SHR and Ang II-infused rats. 

However, growing evidence indicates that hypertension pathophysiology significantly differs 

between the sexes, including within the neural-hormonal axis64–66. Whether cardiac spinal 

afferent denervation in female SHR results in similar effects remains unknown. Further 

studies need to be peformed to address this question.

Clearly, the neuro-modulation of BP is not the same in all etiologies of HTN. Experience 

with therapy for resistant HTN has established this fact67, 68. The translational impact of this 

study is consistent with the increased interest in elucidating additional targets for the 

treatment of HTN9, 14, 69, especially resistant HTN19, 70, 71. The recent development of 

neural therapies for the treatment of HTN have demonstrated some positive and encouraging 

results, particularly within the treatment of resistant and non-compliant patient populations. 

The results presented here raises an additional possibility of afferent modulation of efferent 

signaling originating in the periphery and at the level of the DRGs.

The current study also addresses the specificity of this antihypertensive therapy. The clinical 

application of this therapy would require an appropriate pre-treatment screen to identify a 

suitable patient population for RTX therapy. Lack of suitable inclusion/exclusion criteria 

may have contributed to the inconclusive results seen with other neuromodulation therapies, 

and in general most current large scale clinical trials72. Because increased cardiac afferent 

signalling may only contribute to the increased sympathetic drive and elevation in BP, a 

combination of direct neuromodulation and classical pharmacological therapies may be most 

effective as previously observed for the treatment of heart failure where combing standard 

heart failure medication with device therapy exhibited a synergistic therapeutic effect73.

In summary, increased sympathetic nervous system activity is observed in all clinical and 

animal models of HTN, and at all stages of disease progression, from pre-hypertensive to 

treatment resistant38, 74. In combination, our findings demonstrate that ablation of cardiac 

afferent nerves at the level of the upper thoracic DRG can prevent the development of HTN 

in young SHR, and chronically lower the BP in SHR with established HTN. While not 

examined in the current study, our previous data in rats with chronic heart failure also 

suggest that this therapy can result in reduced cardiac fibrosis and an improvement in 

diastolic function. In contrast, no effect on BP was seen with thoracic afferent ablation in 

AngII-induced HTN. These results highlight the importance and potential of a new 
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neuromodulation target dependent on thoracic/cardiac spinal afferent nerves in the treatment 

of HTN.

Perspectives

Synmpatho-excitation in HTN is a well known phenomenon. Multiple mechanisms and 

pathways have been described that could potentially contribute to sympatho-excitation. The 

role of cardiac spinal sensory afferent input in the pathogenesis of HTN in the SHR is 

unique and documented in these studies using the ultrapotent TRPV1 agonist and 

neurotoxin, RTX. While these studies cleary show that the contribution of cardiac spinal 

afferents is model specific (e.g. SHR vs Angiotensin II infusion) it points to a potential for 

these afferents to be a therapeutic target in some forms of HTN that are characterized by 

increased sympathetic nerve activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance: 1) What Is New, 2) What Is Relevant?

What Is New?

• The first study to demonstrate that ablation of spinal thoracic sensory nerves 

can chronically lower blood pressure (BP) in a hypertensive animal model.

What is Relevant?

• Hypertension (HTN) is associated with increased activity of the sympathetic 

nervous system. A potential mechanism for initiating and sustaining this 

increased sympathetic tone is by increased signaling through sensory spinal 

afferents - inline with the visceral afferent hypothesis of HTN.

Shanks et al. Page 16

Hypertension. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Model validation. A) Upper panel shows a view of the thoracic spinal cord from the dorsal 

surface showing the distribution of RTX (stained by Evans Blue dye) after epidural 

administration of 10 ul into each segment. B) Immunofluorescent images of TRPV1 in the 

DRGs from the lower cervical to upper lumbar segments 5–6 weeks post T1–T4 application 

of RTX. TRPV1 staining is largely abolished 2 segments above and 2 segments below the 

injection sites (T1–T4). C) MAP and D) RSNA absolute change from baseline, in response 

to CSAR stimulation with bradykinin (10 μg/ml) in Sprague Dawley rats treated with 

vehicle or at increasing time points (1 week – 26 weeks) post RTX treatment.
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Figure 2. 
A) Timeline for SHR and WKY radiotelemetry experiments. Effect of T1–T4 epidural RTX 

(10 μg/ml) or vehicle on B) mean arterial pressure (MAP), and C) heart rate (HR) in young 

8-week-old SHR (n = 6 both groups). *p< 0.05 SHR treated with RTX compared to Vehicle. 

Arrow indicates when RTX or Vehicle was administered.
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Figure 3. 
Effect of T1–T4 epidural RTX (10 μg/ml) or vehicle on MAP (MAP), and heart rate (HR) in 

A) 16-week-old SHR (n = 7 both groups) and B) WKY rats (n = 5 both groups). *p < 0.05 

SHR treated with RTX compared to Vehicle. Arrow indicates when RTX or Vehicle was 

administered.
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Figure 4. 
Effect of L2–L5 epidural RTX (10 μg/ml) or vehicle on A) mean arterial pressure (MAP), 

and B) heart rate (HR) in 16-week-old SHR rats (n = 6 both groups). C) MAP and HR 

absolute change from baseline, in response to CSAR stimulation with bradykinin (10 μg/ml). 

D) TRPV1 immunofluorescence in thoracic (T2–T5) and lumber (L1–L5). Arrow indicates 

when RTX or Vehicle was administered

Shanks et al. Page 20

Hypertension. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Panel A and B, effect of epicardial application of RTX (50 μg/ml) or Vehicle in 16-week-old 

SHR on conscious A) MAP and B) HR measured with radio-telemetry (n=5 both groups). 

Panel C and E, effect of epicardial application of RTX (50 μg/ml) or Vehicle on conscious 

systolic blood pressure (SBP) measured by VPR tail-cuff in 4-week-old SHR (C, Veh, n=5 

and RTX, n= 5 ) and WKY rats (E, Veh, n=4 and RTX, n= 5). Panel D and F, change in 

MAP (D) and HR (F) in response to cardiac sympathetic afferent reflex (CSAR) stimulation 

with bradykinin (10 μg/ml) in SHR (Veh, n=5 and RTX, n= 3) and WKY rats (Veh, n=4 and 

RTX, n= 5). *P < 0.05 SHR compared to WKY. Arrow indicates when RTX or Vehicle was 

administered.
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Figure 6. 
Effect of RTX treatment in HTN model induced by Ang II infusion A) Timeline for 

experimental protocol. B) The mean arterial pressure (MAP) and C) heart rate (HR) 

responses to RTX after chronic Ang II infusion (240 ng/kg/min) (Veh + Veh, n = 4, Veh + 

RTX, n = 4, Ang II + Veh, n = 9, Ang II + RTX, n = 6), D) Timeline for experimental 

protocol, E) MAP and F) HR responses to RTX before chronic Ang II infusion (Ang II + 

Veh, n = 4, Ang II + RTX, n = 4) # P<0.05 Ang II compared to Veh groups, * P<0.05 RTX 

Ang II compared to Veh Ang II.
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