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Abstract

Background: Renal denervation lowers arterial blood pressure (ABP) in both clinical 

populations and multiple experimental models of hypertension. This therapeutic effect is partly 

attributed to the removal of overactive renal sensory nerves. The transient receptor potential 

vanilloid 1 (TRPV1) channel is highly expressed in renal sensory nerves and detects changes in 

noxious and mechanosensitive stimuli, pH, and chemokines. However, the extent to which TRPV1 

channels contribute to 2-kidney-1-clip (2K1C) renovascular hypertension has not been tested.

Methods: We generated a novel Trpv1−/− rat using CRISPR/Cas9 and 26-bp deletion in exon 3 

and induced 2K1C hypertension.

Results: The majority (85%) of rat renal sensory neurons retrogradely labelled from the 

kidney were TRPV1-positive. Trpv1−/− rats lacked TRPV1 immunofluorescence in the dorsal 

root ganglia, had a delayed tail-flick response to hot but not cold water, and lacked an afferent 

renal nerve activity response to intrarenal infusion of the TRPV1 agonist capsaicin. Interestingly, 

2K1C hypertension was significantly attenuated in male Trpv1−/− versus wild-type rats. 2K1C 

hypertension significantly increased the depressor response to ganglionic blockade, total renal 

nerve activity (efferent and afferent) and afferent renal nerve activity in wild-type rats, but these 

responses were attenuated in male Trpv1−/− rats. 2K1C hypertension was attenuated in female 

rats with no differences between female strains. Finally, glomerular filtration rate was reduced by 

2K1C in wild-type rats but improved in Trpv1−/− rats.

Conclusion: These findings suggest that renovascular hypertension requires activation of the 

TRPV1 channel to elevate renal afferent and sympathetic nerve activity, reduce glomerular 

filtration rate, and increase ABP.
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INTRODUCTION

Total renal denervation lowers arterial blood pressure (ABP) in multiple clinical trials and 

several experimental models of hypertension 1–3. These anti-hypertensive effects are partly 

attributed to removal of renal sensory nerves. Renal sensory nerves innervate the pelvic wall, 

tubules, glomeruli and vasculature 4,5 and respond to changes in renal ischemia, increased 

pelvic pressure, and various chemokines 4–7. In turn, these fibers project centrally to cell 

bodies located in the lower thoracic and upper lumber dorsal root ganglia (DRG) to regulate 

sympathetic nerve activity (SNA) and ABP 8–10. Electrical stimulation of renal afferent 

nerves increases sympathetic nerve activity (SNA) and ABP 8,11–13. Renal afferent discharge 

or activity is elevated in deoxycorticosterone-salt rats 14 and renovascular 2-kidney-1-clip 

(2K1C) mice 8. Dorsal rhizotomy 15 or chemical ablation of renal sensory fibers 8,14,16,17 

reduces ABP in these hypertension models. Importantly, selective ablation of renal sensory 

nerves reduces ABP to the same extent as total renal denervation in deoxycorticosterone-salt 

rats 14 and 2K1C mice 8.

TRPV1 is a nonselective cation channel that responds to noxious and mechanical stimuli, 

pH, and chemokines 18,19. Intrarenal artery or renal pelvic infusion of the TRPV1 agonist 

capsaicin increases afferent renal nerve activity (ARNA), SNA, and ABP 14,20,21. Much 

higher concentrations of TRPV1 agonists applied periaxonally are used to chemically ablate 

renal sensory nerves 8,14,22. Although this technique destroys TRPV1-expressing neurons, 

the approach does not assess the contribution of the TRPV1 channel. Therefore, the purpose 

of this study was to define the proportion of renal sensory neurons that express TRPV1 

in the rat and the extent to which the TRPV1 channel is required for the elevated ARNA, 

total renal nerve activity (efferent and afferent), and ABP in a renal nerve dependent model 
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of hypertension. To test this hypothesis, we generated a novel Trpv1−/− rat using CRISPR/

Cas9 to produce 26-bp deletion in exon 3 and subsequently induced 2K1C renovascular 

hypertension.

METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. A detailed methods section is available in the online supplement.

Animals.

All of the experimental procedures conform to the National Institutes of Health Guide for 

the Care and Use of Laboratory Animals and were approved by the Institutional Animal 

Care and Use Committee at the University of Pittsburgh School of Medicine. Rats were 

housed in a temperature-controlled room (22±1ºC) with a 12-hour light-dark cycle (lights 

off 10AM-10PM). Experiments utilized both male and female Sprague-Dawley rats (8-10 

weeks of age, Charles River Laboratories) or novel Trpv1−/− rats (SD-Trpv1em4Mcwi) and 

wild-type littermates (see Experiment 2). 2K1C hypertension: The right renal artery was 

isolated from the renal vein and nerve. A 0.5mm length of polytetrafluoroethylene catheter 

(0.016 x 0.022 in, Braintree Scientific SUBL-220) was cut longitudinally. The renal artery 

was placed inside the tubing through the longitudinal cut. Three 10-0 circumferential sutures 

were wrapped around the tubing to restore the original diameter (Figure S1). At the end of 

all experiments, animals were euthanized, and the left and right kidney mass was measured. 

In isoflurane-anesthetized Sprague-Dawley rats, 2K1C surgery decreased renal blood flow 

within 5 min in male and female rats by 39±4% (3.9±0.2 to 2.4±0.2 mL/min, P<0.01) and 

32±3% (3.1±0.2 to 2.1±0.2 mL/min, P<0.01), respectively. The reduction in renal blood 

flow was not statistically different between male versus female rats (Figure S2).

Experiment 1: Quantification of TRPV1 Neurons in the Rat Renal Sensory Neurons

Male and female Sprague-Dawley rats with sham or 2K1C surgery received an injection 

of wheat germ agglutinin tagged with AlexaFluor 647 (WGA-647, 5%; ThermoFisher) or 

Cholera Toxin subunit B tagged with AlexaFluor647 (CTB-647, 2mg/mL; ThermoFisher) 

into the right kidney using a glass micropipette and coordinates relative to the renal hilum: 

1.0-1.5 mm lateral and 1.5 mm ventral to the surface. Three injections (1uL each) were 

performed separated by 1.0 mm toward each pole using the same depth. At 5-7 days 

later, animals were perfused transcardially. The T7-L2 dorsal root ganglia ipsilateral to the 

injection were harvested, sectioned, and processed for TRPV1 and IB4 immunofluorescence 

using an anti-rabbit TRPV1 antibody 23 or Isolectin GS-IB4 binding 24.

Experiment 2: Construction and Validation of Trpv1−/− Rats

Trpv1−/− Sprague Dawley rats were generated at the Medical College of Wisconsin (Dr. 

Aron Geurts) by pronuclear injection of a CRISPR-Cas9 ribonucleoprotein targeting the 

sequence CTGCGATCATAGAGCCTCGG into one cell Crl:SD (Charles River Laboratories) 

rat embryos as described previously 25–27. A mutant strain (SD-Trpv1em4Mcwi) harboring a 

26-bp frame-shift deletion in exon 3 (chr10:57,856,337-57,856,362 (rn7)) was established. 

The line is maintained by heterozygous Trpv1+/− breeding to produce wild-type and 
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Trpv1−/− littermates for experiments. To validate Trpv1−/− rats, a series of both behavioral 

and functional tests were performed using both wild-type and Trpv1−/− littermates. Eye-

Wipe Test: The number of eye wipes were quantified after a drop of the TRPV1 agonist 

capsaicin (100uM) or saline was topically applied to the left or right eye, respectively. 

Tail-Flick Test: the latency to a tail flick was quantified in response to 3 inches of the tail 

immersed in 50°C or 0°C water. Deletion of Trpv1 in mice disrupts responses to heat but not 

cold 28. TRPV1 immunofluorescence of DRG Neurons: The T8-L2 DRGs of these animals 

(n=4 per genotype) were harvested and processed for TRPV1 and IB4 immunofluorescence 

as described in Experiment 1. ARNA Responses to Intrarenal Capsaicin and Bradykinin. 

A separate set of wild-type and Trpv1−/− littermates (n=6 per genotype, 3M:3F) were 

anesthetized with Inactin and prepared for ARNA recordings from the right kidney. ARNA 

responses were tested to intrarenal artery infusion of the TRPV1 agonist capsaicin (0, 0.1, 

1, and 10uM, 50uL) or bradykinin (0.1, 1, and 10uM, 50uL) at a rate of 0.01 mL/s via a 

heat-stretched catheter inserted into the adrenal artery and advanced to the junction of the 

renal artery as described previously 20,21,29.

Experiment 3: Renovascular Hypertension in Wild-Type and Trpv1−/− Rats

Male and female WT and Trpv1−/− littermates with PA-C10 telemetry units (DSI) received 

2K1C surgery as described above. Telemetry data were collected for 3 days before and 

28 days after 2K1C surgery and analyzed for beat to beat for systolic and diastolic ABP. 

Ganglionic blockade with hexamethonum (30mg/kg, ip) was performed between 1-3 pm at 

Day 0 (before the 2K1C surgery) and Day 28.

Experiment 4: Effect of TRPV1 Deletion on Total Renal SNA, ARNA, and Glomerular 
Filtration Rate in 2K1C Hypertension.

Male and female wild-type and Trpv1−/− littermates received sham or 2K1C surgery. At 

21-28 days later, rats were anesthetized with Inactin as described in Experiment 2. Both 

kidneys were catheterized to collect urine and measure glomerular filtration rate using a 

continuous infusion of FITC-sinistrin (2mg/mL at 2mL/h, MediBeacon). Then, the renal 

nerve was isolated to record total renal SNA (efferent and afferent activity) and ARNA (see 

online supplement for detailed methods).

Statistical Analysis.

Data are presented as mean±SEM plus individual data points when possible. Data were 

analyzed using two or three-way ANOVAs (time, sham vs 2K1C surgery, male vs female) 

with repeated measures (Systat 10.2). When significant F values were obtained, a layered 

Bonferroni paired or independent t tests were performed to identify differences. P<0.05 was 

statistically significant for all comparisons. Group sizes are noted in the text and figure 

legends.

RESULTS

Experiment 1: Quantification of TRPV1 Neurons in Rat Renal Sensory Neurons

An initial set of experiments defined the number of renal sensory neurons that expressed 

TRPV1 immunofluorescence in both control and 2K1C rats. Figure 1A illustrates the 
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greatest number of renal sensory neurons labelled from the right kidney were located in 

the T12 through L1 DRG. These numbers did not differ between male versus female rats nor 

between sham and 2K1C rats. The majority of renal sensory neurons were TRPV1-positive 

as revealed by immunofluorescence (Figure 1B, control: 84±4% vs 2K1C: 85±7%). On the 

other hand, a very small proportion were IB4+ (control: 5±1% vs 2K1C: 10±7%) or TRPV1 

plus IB4+ (control: 4±1% vs 2K1C: 7±4%). Figure 1C-G illustrates an example of a rat 

DRG with retrogradely labelled cells from the kidney, TRPV1 immunofluorescence and IB4 

labeling. In this example, the majority of retrogradely-labelled neurons from the kidney were 

TRPV1-positive but not IB4-positive. A representative injection site is illustrated in Figure 

S3. As expected, the renal mass of the clipped or right kidney was significantly lower than 

sham controls (see Figure S4).

Experiment 2: Validation of Trpv1−/− Rat

Since the above findings indicate a majority of renal sensory neurons are TRPV1-positive, 

we developed a novel Trpv1−/− rat by a CRISPR-Cas9-mediated 26-bp frame-shift deletion 

in exon 3. The 26-bp deletion can be resolved using PCR and a 4% gel (see Figure S5). 

TRPV1 immunofluorescence was abundant in the T8-L2 DRG of wild-type rats but absent 

in Trpv1−/− rats (Figure 2A). Topical application of capsaicin to the eye evoked immediate 

and repetitive eye-wipes in wild-type rats, but this response was absent in Trpv1−/− rats 

(Figure 2B). Tail immersion in 50°C water evoked a tail-flick response in both genotypes, 

but the onset latency was significantly delayed in Trpv1−/− versus wild-type rats (Figure 

2C). The tail-flick latency to 0°C water was not different between groups (Figure 2C). 

Tail immersion in room temperature water (22°C) did not evoke a response in the 120s 

testing period in either group (wild-type: 120±0 vs Trpv1−/−: 117±3 s). In a final set of 

experiments, ARNA responses to intrarenal artery infusion of the TRPV1 agonist capsaicin 

or bradykinin were tested. As expected, intrarenal artery infusion of capsaicin produced 

concentration-dependent increases in ARNA discharge and rectified/integrated ARNA of 

wild-type rats (Figure 2D). However, these responses were abolished in Trpv1−/− rats 

(Figure 2D). In fact, ARNA responses to capsaicin in Trpv1−/− rats were not different than 

those responses to infusion of saline. On the other hand, intrarenal infusion of bradykinin 

produced concentration-dependent increases in ARNA discharge and rectified/integrated 

ARNA in both wild-type and Trpv1−/− rats (Figure 2D). Responses to bradykinin did 

not differ between wild-type and Trpv1−/− rats. Area under the curve analysis of ARNA 

produced similar results (Figure S6). There were no differences between wild-type and 

Trpv1−/− rats in baseline mean ABP (115±4 vs 110±4 mmHg), heart rate (366±8 vs 348±18 

bpm), ARNA discharge (24±8 vs 19±8 Hz) or ARNA voltage (0.18±0.04 vs 0.21±0.07 µV).

Experiment 3: Hemodynamic Responses to 2K1C Hypertension in Wild-Type and Trpv1−/− 

Rats

To test the extent by which TRPV1 channels contribute to renovascular hypertension, 2K1C 

was produced in both male and female wild-type and Trpv1−/− littermate rats. Since there 

was a significant sex difference in the hemodynamic profile of wild-type rats, male and 

female data are presented separately. Figure 3 illustrates summary data for male wild-type 

and Trpv1−/− rats that underwent 2K1C surgery on Day 0. There were no differences in 

baseline mean, systolic, or diastolic ABP as well as pulse pressure or heart rate between 
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male wild-type and Trpv1−/− rats. 2K1C surgery significantly increased ABP in both groups 

at Day 2, and ABP remained significantly elevated through the remainder of the 28 days. 

However, Trpv1−/− rats had a significantly lower mean, systolic, and diastolic ABP than 

wild-type rats at Day 16 thru Day 28. 2K1C surgery significantly increased pulse pressure in 

both groups from Day 2 thru Day 28. Heart rate also increased in both groups from Day 8 

thru Day 16. There were no differences in pulse pressure or heart rate between wild-type and 

Trpv1−/− rats. Depressor responses to ganglionic blockade on Day 0 were not statistically 

different between wild-type and Trpv1−/− rats (Figure 3B). The depressor response was 

larger in each genotype at Day 28 versus Day 0. However, the response was significantly 

attenuated in male Trpv1−/− versus wild-type rats. As expected, the clipped kidneys were 

significantly smaller than unclipped kidneys in both wild-type and Trpv1−/− rats (Figure 3C), 

but these values did not differ across genotypes. There were no differences in body weights 

between male wild-type and Trpv1−/− rats on Day 28 (377±20 vs 384±18g, respectively).

Figure 4 summarizes 24-h hemodynamic data for 2K1C hypertension in female rats. Similar 

to male rats, there were no significant differences in baseline ABP, pulse pressure, or heart 

rate between female genotypes. 2K1C surgery significantly increased mean, systolic, and 

diastolic ABP in both female wild-type and Trpv1−/− rats from Day 2 to Day 28. However, 

there were no statistical differences between female wild-type and Trpv1−/− rats at any 

time. 2K1C surgery increase pulse pressure but did not produce a statistically significant 

change in heart rate. Depressor responses of female rates to ganglionic blockade were not 

different between genotypes at Day 0 (Figure 4B). 2K1C surgery increased the magnitude 

of the depressor response on Day 28 but there were no differences between genotypes. As 

expected, the clipped kidneys were significantly smaller than unclipped kidneys in both 

female wild-type and Trpv1−/− rats (Figure 4C), but these values did not differ across 

genotypes. There were no differences in body weights between female wild-type and 

Trpv1−/− rats on Day 28 (280±10 vs 289±10g, respectively).

It is noteworthy that the mean, systolic, and diastolic ABP was higher in male versus female 

wild-type rats from day 2 thru day 28 (P<0.05, Figures 3A and 4A). This higher level of 

ABP were associated with a greater depressor response to ganglionic blockade between 

male versus female wild-type rats (P<0.05, Figures 3B and 4B). There was not a statistical 

difference between male versus female Trpv1−/− rats.

Experiment 4: Total Renal SNA, ARNA, and GFR in 2K1C Hypertension of Wild-Type and 
Trpv1−/− rats

A separate set of male and female wild-type and Trpv1−/− rats underwent sham or 2K1C 

surgery to directly assess total renal SNA (efferent and afferent activity), ARNA and GFR 

between days 21-28. The differences in ABP of male wild-type and Trpv1−/− rats with 

2K1C surgery measured via telemetry (Figure 3) were maintained using Inactin anesthesia 

(Figure 5). There were no differences in mean ABP between sham wild-type and Trpv1−/− 

rats. As expected, mean ABP was significantly elevated after 2K1C surgery, but mean ABP 

was significantly lower in male 2K1C Trpv1−/− versus wild-type rats. Total renal SNA 

and ARNA were recorded to the right or stenotic kidney. In male rats, nerve recordings 

were obtained in every sham animal and the majority of 2K1C rats (wild-type: 12/16 
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and Trpv1−/−: 9/10). Figure 5 illustrates no differences in total renal SNA between male 

wild-type and Trpv1−/− rats in the sham group. However, total renal SNA was significantly 

elevated in the male 2K1C wild-type but not Trpv1−/− rats. After severing the renal nerve 

between the electrode and spinal cord, ARNA was isolated and quantified. There were no 

differences in ARNA voltage or ARNA discharge between male wild-type and Trpv1−/− rats 

in the sham group. However, both ARNA voltage and ARNA discharge was significantly 

higher in male 2K1C wild-type but not Trpv1−/− rats. In fact, renal SNA or ARNA of 2K1C 

Trpv1−/− rats was not different from sham Trpv1−/− rats.

In female rats, viable nerve recordings were obtained in the majority of animals (sham 

wild-type: 9/10; sham Trpv1−/−: 9/9; 2K1C wild-type: 5/6; 2K1C Trpv1−/−: 5/5). Similar to 

male rats, there were no differences in total renal SNA of female wild-type and Trpv1−/− 

rats in the sham group (Figure S7). Total renal SNA was significantly higher in female 

2K1C wild-type but not Trpv1−/− rats. It is noteworthy that the increase in total renal SNA 

of wild-type rats after 2K1C surgery was significantly greater in males versus females 

(P<0.05). Although there were no differences in ARNA voltage in female wild-type and 

Trpv1−/− rats in the sham group, 2K1C surgery significantly increased ARNA voltage and 

tended to increase ARNA discharge (P=0.07) in wild-type rats but not Trpv1−/− rats.

GFR was measured in the same animals presented in Figure 5 but before SNA recordings. 

Total GFR (both left and right kidney) was not different between male wild-type and 

Trpv1−/− rats of the sham group. Total GFR was significantly lower after 2K1C surgery 

in male wild-type rats. Interestingly, total GFR of 2K1C Trpv1−/− rats was improved and 

significantly higher than wild-type rats. In fact, there was not a statistically significant 

difference between male sham and 2K1C Trpv1−/− rats. Figure 6 also illustrates both GFR 

and kidney mass of the left and right kidney of sham and 2K1C rats. Although 2K1C 

surgery significantly decreased GFR in the right kidney of both wild-type and Trpv1−/− 

rats, GFR increased only in the left kidney of 2K1C Trpv1−/− rats. Only 12% (2/17) of 

the right kidneys in 2K1C wild-type rats produced urine whereas 30% (3/10) of the right 

kidneys in 2K1C Trpv1−/− rats did. As expected, 2K1C surgery increased left kidney mass 

but decreased right kidney mass. There were no differences in kidney mass between strains 

in the same surgery group.

In females rats, the differences in ABP measured via telemetry between sham and 2K1C 

groups was maintained using Inactin anesthesia (Figure S7). There were no differences 

between strains in the same surgery group. Total GFR was not different between female 

wild-type and Trpv1−/− rats in the sham group but total GFR was significantly lower in 

females versus males (Figure 6 vs S6). 2K1C surgery significantly lowered total GFR in 

female wild-type rats but not female Trpv1−/− rats.

DISCUSSION

The study provides several key observations regarding the role of TRPV1 channels 

in renovascular hypertension. First, the majority of renal sensory neurons (~85%) in 

control and 2K1C rats were TRPV1-positive. Second, 2K1C hypertension was significantly 

attenuated in male Trpv1−/− versus wild-type rats. Third, ARNA, total renal SNA (efferent 
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and afferent), and the depressor responses to ganglionic blockade were significantly 

attenuated in male 2K1C Trpv1−/− versus wild-type rats. Fourth, 2K1C hypertension in 

female rats, which was reduced compared to male rats, was not impacted by TRPV1 

deletion. Finally, GFR was significantly reduced in 2K1C wild-type rats but improved 

in 2K1C Trpv1−/− rats. These findings suggest that renovascular hypertension requires 

activation of the TRPV1 channel to elevate ARNA and renal SNA, reduce GFR, and 

increase ABP.

High concentrations of TRPV1 agonists are used to chemically ablate sensory fibers 8,14,22. 

The validity of the approach assumes the majority of sensory neurons express the TRPV1 

channel. We found that approximately 85% of rat DRG neurons labelled from the kidney 

were TRPV1-positive but IB4-negative as assessed by immunofluorescence. Importantly, the 

total number of retrogradely labelled neurons and proportion of TRPV1-positive neurons did 

not differ between sham and 2K1C rats. We readily acknowledge this approach is qualitative 

and cannot account for differences in mRNA expression or protein levels between sham 

and 2K1C groups. The kidney injections were targeted to the renal pelvic and adjacent 

to the renal hilus as preliminary experiments with injections in the renal cortex produced 

sparse labeling in the dorsal root ganglion. Therefore, our injections may have missed renal 

sensory fibers innervating the renal cortex. However, our findings are consistent with in 

vitro electrophysiological recordings show that capsaicin evoked an inward current response 

in approximately 70% of rat renal DRG neurons 30. It is noteworthy that unpublished 

observations in our laboratory suggest that a lower proportion of renal sensory neurons in 

the mouse are TRPV1-positive (~50-60%). The proportion of TRPV1 neurons in control 

or disease animals and across species may have important implications to interpret studies 

using chemical ablation techniques.

To test whether TRPV1 channel contributes to 2K1C hypertension, we generated a 

novel Trpv1−/− rat with a 26-bp deletion in exon 3. These animals lack TRPV1 

immunofluorescence in the DRG and functional responses to capsaicin (eye wipes and 

ARNA) but displayed normal ARNA responses to intrarenal infusion of bradykinin. 

Moreover, Trpv1−/− rats had a delayed tail-flick latency to hot (50°C) but not cold (0°C) 

water – deletion of TRPV1 in mice disrupts responses to hot but not cold 28. Relative 

to wild-type littermates, Trpv1−/− rats had a similar baseline ABP, heart rate, depressor 

response to ganglionic blockade, ARNA, and total renal SNA (efferent and afferent), and 

GFR. Although 2K1C hypertension was not different between male wild-type and Trpv1−/− 

rats over the initial 14 days, ABP of Trpv1−/− rats was significantly lower than those of 

wild-type rats at day 16-28. The early phase (week 1) of 2K1C hypertension is mediated by 

a robust activation of the renin-angiotensin system 31,32, whereas the chronic phase (week 

3-6) is mediated in part by a sympathetically-mediated increase in total peripheral resistance 
8,33,34. Sympathoexcitation in the 2K1C model is partly driven by activation of renal afferent 

or sensory nerves. Chemical ablation of renal sensory fibers or dorsal rhizotomy lowers 

SNA and ABP in male 2K1C rodents 8,15–17. ARNA voltage and ARNA discharge is 

elevated in male 2K1C mice 8 and confirmed in male 2K1C wild-type rats of the present 

study. Interestingly, ARNA was significantly lower in male 2K1C Trpv1−/− versus wild-type 

rats. Moreover, the depressor response to ganglionic blockade and total renal SNA was 

significantly attenuated in male 2K1C Trpv1−/− versus wild-type rats. Although total renal 
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SNA reported herein represents the combined renal efferent and afferent signal, subtraction 

of ARNA from renal SNA to isolate renal efferent sympathetic nerve activity did not 

change the statistical outcomes. Herein, we directly compared ARNA and total renal SNA 

between experimental groups but did not normalize values to a stimulus. Normalization 

to a stimulus assumes the circuitry mediating such a response has not changed between 

healthy and disease animals. On the other hand, the ability to detect differences in nerve 

voltage will depend on the variability of the recordings (due to number of axons, electrode 

configurations, and nerve dissection), magnitude of the effect, and sample size. In the 

present study, renal SNA of 2K1C rats was 2-3 fold greater than sham controls. Therefore, 

these data are consistent with the hypothesis that 2K1C hypertension requires TRPV1 to 

elevate ARNA, renal SNA, and ABP.

The current study revealed a clear sex difference in the hemodynamic responses to 2K1C 

surgery. In addition, there were no differences between female 2K1C wild-type and Trpv1−/− 

rats. Renal SNA and the depressor response to ganglionic blockade were greater in male 

versus female 2K1C wild-type rats. We have previously reported ARNA responses to 

intrarenal infusion of capsaicin, increased pelvic pressure, or renal artery occlusion did 

not differ between male versus female rats 20. These observations suggest that the attenuated 

2K1C hypertension in female rats may be attributed to sex differences in central sympathetic 

networks. Indeed, many experimental models of neurogenic hypertension exhibit a sex-

dependency and attenuated hypertension in female rodents 35. Finally, the majority of 

studies testing the contribution of renal sensory nerves to hypertension have exclusively 

used male rodents. Therefore, 2K1C hypertension in female rats may not require TRPV1 

activation because the hypertension does not depend on renal sensory nerves.

An interesting observation in the current study was the deletion of TRPV1 improved total 

GFR in both male and female 2K1C rats. 2K1C surgery reduced total GFR in male and 

female wild-type rats, and this was largely attributed to the reduction in GFR of the 

stenotic kidney. Interestingly, GFR to the contralateral or left kidney increased in male 

2K1C Trpv1−/− rats – the same tendency was also present in females but did not reach 

statistical significance. Multiple mechanisms may explain the improved GFR of 2K1C 

Trpv1−/− rats including differences in the renal renin-angiotensin system, tuberoglomerular 

feedback, and renal SNA. In regard to the latter, total renal SNA was significantly attenuated 

in male 2K1C Trpv1−/− versus wild-type rats. Although these recordings were performed 

to the stenotic and not contralateral kidney, renal SNA to the contralateral or unclipped 

kidney is elevated in 2K1C hypertension 16,17,36. Stimulation of renal sympathetic nerves 

produces frequency-dependent changes in vascular resistance and glomerular filtration rate 
37. Therefore, we speculate that the improved GFR of the contralateral kidney in 2K1C 

Trpv1−/− rats is attributed to a lower renal SNA to the contralateral kidney.

A limitation of the present study is the use of a total body knockout of the TRPV1 channel. 

Therefore, these findings cannot be directly attributed to the expression of TRPV1 on renal 

sensory nerves versus other sensory nerves or cells. Future studies need to directly delete 

TRPV1 channels in renal sensory nerves or whether the renal sensory nerves contribute to 

2K1C hypertension after deletion of the TRPV1 channel. Neonatal capsaicin treatment 38 

or dorsal rhizotomy of the T9-L1 segments 39 produces salt-sensitive hypertension in rats. 
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However, neonatal capsaicin treatment targets sensory neurons throughout the body and 

ablates neurons that do not express TRPV1 in the adult animal due to the developmental 

expression of TRPV1 40. Dorsal rhizotomy eliminates sensory input from the kidney but also 

many other tissues. On the other hand, periaxonal application of capsaicin to the renal nerve 

does not produce salt-sensitive hypertension 22. The discrepancies across these studies may 

be attributed to the technique and cell population affected by the treatment. However, the 

current study did not manipulate dietary salt intake in the 2K1C model nor test the extent by 

which the novel Trpv1−/− rats are salt-sensitive.

PERSPECTIVES

Total renal denervation lowers arterial ABP in multiple clinical trials and several 

experimental models of hypertension 1–3. These anti-hypertensive effects are partly 

attributed to removal of renal sensory nerves as chemical ablation of these fibers lowers 

ABP to the same extent in in deoxycorticosterone-salt rats 32 and 2K1C mice 8. The 

current findings suggest the renovascular hypertension requires the TRPV1 channel to 

elevate ARNA, renal SNA, reduce GFR and raise ABP. The TRPV1 channel responds 

to noxious and mechanical stimuli, pH, and chemokines 18,19. Renal afferent fibers are 

sensitive ischemia, increased pelvic pressure and various chemokines 4–7. In addition, 

TRPV1 channels are required for tissue inflammation in neuropathic pain models 18,19. 

Future studies are necessary to distinguish the mechanisms of TRPV1 channel activation 

(local metabolites, renal inflammation) and to extent to which these channels are required 

for other models of renal-nerve dependent hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND RELEVANCE

What is New?

• The majority (85%) of rat renal sensory neurons in sham and 2-kidney-1-clip 

(2K1C) rats expressed the transient receptor potential vanilloid 1 (TRPV1) 

channel.

• 2K1C hypertension was significantly attenuated in male Trpv1−/− versus wild-

type rats. The magnitude of the hypertension and effect of TRPV1 deletion 

was sex-dependent.

• 2K1C hypertension significantly increased afferent renal nerve activity, 

sympathetic efferent nerve activity, and reduced glomerular filtration rates. 

These effects were attenuated in the 2K1C Trpv1−/− rat.

What is Relevant?

Deletion of the TRPV1 channel attenuates sympathoexcitation and hypertension in the 

2K1C renovascular model of hypertension.

Clinical/Pathophysiological Implications?

These findings suggest that renovascular hypertension requires the TRPV1 channel to 

elevate renal afferent and sympathetic nerve activity, reduce glomerular filtration rate, 

and increase arterial blood pressure.
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Figure 1. Quantification of Rat Renal Sensory Neurons Expressing Transient Receptor Potential 
Vanilliod 1 (TRPV1)
A, Number of retrogradely labelled neurons in the dorsal root ganglion at each thoracic and 

lumbar spinal segment in both control and 2-kidney-1-clip (2K1C) rats. B, The percentage 

of retrogradely labelled neurons that were Trpv1, IB4, or Trpv1 plus IB4 positive. C, Low 

power image of rat dorsal root ganglia processed for Cholera Toxin Subunit B (CTB-647, 

blue), TRPV1 (red), and IB4 (green). D-F, Inset images of CTB-647 (blue), Trpv1 (red), and 
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IB4 (green). There were no differences in the number of neurons and proportion expressing 

Trpv1 versus IB4 between male vs female or sham versus 2K1C.
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Figure 2. Validation of Transient Receptor Potential Vanilloid 1 Knockout (Trpv1−/−) Rats
A, TRPV1 (RED) and IB4 (green) immunofluorescence of the DRG in wild-type and 

Trpv1−/− rat. Note, the absence of TRPV1 signal in the DRG of the Trpv1−/− rat. B, 

Number of eye-wipes to one drop of capsaicin (100uM) was absent in Trpv1−/− versus 

wild-type rats. C, Tail-flick latency was significantly delayed to hot (50°C) but not cold 

(0°C) water in Trpv1−/− versus wild-type rats. D, (TOP) Intrarenal artery infusion of 

capsaicin increased fferent renal nerve activity (ARNA) in wild-type but not Trpv1−/− rats. 

(BOTTOM) Intrarenal artery infusion of bradykinin increased ARNA in both wild-type 
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and Trpv1−/− rats. Summary data presented as mean±SEM and individual data points are 

presented on the right. *P<0.05 Wild-type versus Trpv1−/− ; #P<0.05 vs saline or 0µM
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Figure 3. Hemodynamic responses to 2-kidney-1-Clip (2K1C) Hypertension in Wild-Type and 
Transient Receptor Potential Vanilloid 1 Knockout (Trpv1−/−) Male Rats
A, Mean±SEM of mean, systolic, and diastolic ABP as well as pulse pressure and heart rate 

in male wild-type and Trpv1−/− rats. Values were averaged between day and night periods. 

B, Mean±SEM and individual data points of the depressor response to ganglionic blockade 

with hexamethonium (30mg/kg, ip) on Day 0 and 28. C, Mean±SEM and individual data 

points of kidney mass for both clipped and unclipped kidneys in wild-type and Trpv1−/− rats. 

*P<0.05 wild-type vs Trpv1−/−, #P<0.05 unclipped vs clipped.
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Figure 4. Hemodynamic Responses to 2-Kidney-1-Clip (2K1C) Hypertension in Wild-Type and 
Transient Receptor Potential Vanilloid 1 Knockout (Trpv1−/−) Female Rats
A, Mean±SEM of mean, systolic, and diastolic ABP as well as pulse pressure and heart rate 

in female wild-type and Trpv1−/− rats. Values were averaged between day and night periods. 

B, Mean±SEM and individual data points of the depressor response to ganglionic blockade 

with hexamethonium (30mg/kg, ip) on Day 0 and 28. C, Mean±SEM and individual data 

points of kidney mass for both clipped and unclipped kidneys in wild-type and Trpv1−/− rats. 

Note, there were no statistical differences between genotypes of female rats for any reported 

variable.
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Figure 5. Mean Arterial Blood Pressure (ABP), Renal Sympathetic Nerve Activity (SNA) and 
Afferent Renal Nerve Activity (ARNA) in Male Wild-Type and Transient Receptor Potential 
Vanilloid 1 Knockout (Trpv1−/−) Rats
A, Examples (1 s) of arterial blood pressure (ABP) and RSNA for male wild-type and 

Trpv1−/− rats between Day 21-28 after sham or 2-kidney-1-clip (2K1C) surgery. B, Example 

(1s) of ARNA for male wild-type and Trpv1−/− rats between Day 21–28 after sham or 2K1C 

surgery. RSNA and ARNA were recorded from the right or clipped kidney. C, Mean±SEM 

and individual data points of mean ABP, renal SNA, rectified/integrated ARNA, and ARNA 

discharge. Summary values were derived from 15-min averages for each variable. Summary 

data for female rats is illustrated in Figure S3. *P<0.05 sham vs 2K1C wild-type rats, 

#P<0.05 wild-type vs Trpv1−/− rats with 2K1C
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Figure 6. Glomerular Filtration Rate (GFR) of Male Wild-Type and Transient Receptor 
Potential Vanilloid 1 Knockout (Trpv1−/−) Rats
Total GFR, total GFR normalized to 100 g body weight, left and right kidney GFR, and left 

and right kidney mass of male wild-type and Trpv1−/− rats with sham or 2-kidney-1-clip 

(2K1C) surgery. *P<0.05 sham vs 2K1C; #P<0.05 wild-type vs Trpv1−/−
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