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Percutaneous catheter-based radiofrequency renal nerve 
ablation (RF-ABL) is being developed as an approach to 
denervate the renal sympathetic nerves in humans. Using 
this approach, early clinical studies have shown that RF-ABL 
is a safe and long-lasting treatment for decreasing blood 
pressure (BP) in patients with drug-resistant hyperten-
sion.1–4 Despite these findings, over the last couple of years, 
the use of RF-ABL for treatment of resistant hypertension 

has come under considerable debate since this approach has 
been shown to lower BP in some, but not all drug-resistant 
hypertensive patients.5–9

To clarify reasons for the discrepancies, it is important to 
understand the underlying mechanisms by which RF-ABL 
decreases BP in hypertension independent of the confound-
ing influence of antihypertensive drugs, which themselves 
influence and/or block regulatory pathways that control 
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BACKGROUND
Radiofrequency ablation of the renal arteries (RF-ABL) has been shown 
to decrease blood pressure (BP) in drug-resistant hypertensive patients 
who receive antihypertensive drug therapy. However, there remain 
questions regarding how RF-ABL influences BP independent of drug 
therapy and whether complete renal denervation is necessary to maxi-
mally lower BP. To study these questions, we examined the cardiovascu-
lar, sympathetic, and renal effects produced by RF-ABL of the proximal 
renal arteries in spontaneously hypertensive rats (SHR) with established 
hypertension.

METHODS
SHR were instrumented (telemetry) for measurement of systolic/dias-
tolic BP (SBP/DBP). Rats then underwent Sham-ABL or RF-ABL adjacent 
to the renal ostium and BP was recorded for 8 weeks. Changes in sym-
pathetic activity, 24-hour water/sodium excretion, and levels of urinary 
angiotensinogen (AGT), plasma renin activity, and kidney renin content 
(KRC) were measured in SHR.

RESULTS
Compared with Sham-ABL, RF-ABL produced a sustained decrease in 
BP. At 8 weeks, SBP/DBP was 171 ± 6/115 ± 3 and 183 ± 4/129 ± 3 mm 

Hg for RF-ABL and Sham-ABL SHR, respectively. Correlating with the 
reduction in BP, RF-ABL significantly decreased the low frequency/total 
and low frequency/high frequency of BP variability and attenuated the 
hypotensive response to chlorisondamine. Kidney norepinephrine lev-
els were markedly decreased at 8 weeks in RF-ABL vs. Sham-ABL SHR. 
There were no group differences in 24-hour sodium/water excretion or 
urinary AGT excretion rate (6 weeks) or plasma renin activity or KRC (8 
weeks). In other studies, concurrent RF-ABL plus surgical denervation 
initially decreased BP to a greater level than RF-ABL alone, but thereaf-
ter the reduction in BP between groups was not different.

CONCLUSIONS
In hypertensive SHR, bilateral RF-ABL of the proximal renal arteries 
produced a sustained decease in sympathetic activity and BP without 
changes in sodium/water excretion or activity of the systemic/renal 
renin–angiotensin system.
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cardiovascular and renal function. Further, there is ongo-
ing debate as to whether ablation of the renal nerves in the 
proximal (renal ostium) or distal (branches) segments of the 
renal arteries of resistant hypertensive patients will achieve 
the maximal decrease in kidney norepinephrine (NE) con-
tent and therapeutic reduction in BP.8–10

To study these questions, we examined the effects of 
RF-ABL on cardiovascular and renal excretory function, 
sympathetic nerve activity, and the systemic and intrarenal 
renin–angiotensin system (RAS) in spontaneously hyper-
tensive rats (SHR) with established hypertension. SHR were 
selected since this rat strain is an established model of essen-
tial hypertension, which in part is due to a defect in autonomic 
control similar to that observed in resistant hypertensive 
patients.11,12 To avoid the influence of antihypertensive medi-
cine on the effects of RF-ABL, no drugs were administered 
to SHR in this study. RF-ABL was performed in SHR via an 
external approach to selectively target and ablate the renal 
nerves located within the wall of the renal arteries (circum-
ferential) at a location close to the renal artery ostium, thus 
mimicking the ablation procedures which have been used 
in humans. For comparison, studies were also performed 
in hypertensive SHR to determine the maximal changes in 
BP that could be achieved by total renal denervation, i.e., a 
combination of RF-ABL plus surgical renal denervation. In 
these studies, we hypothesized that RF-ABL will produce a 
sustained decrease in BP via inhibition of sympathetic activ-
ity and modulation of the water/sodium excretion and the 
systemic/tissue renin–angiotensin system (RAS).

METHODS

Details for Material and Methods are available in 
Supplementary Material.

Animals

Male SHR and Wistar-Kyoto (WKY) rats (Charles Rivers) 
and Sprague–Dawley rats (Envigo) were used in the present 
studies. All procedures were conducted in accordance with 
the guidelines for the Care and Use of Laboratory Animals of 
the National Institutes of Health and the LSU Health Sciences 
Center Institutional Animal Care and Use Committee.

Radiotelemetry transmitter implantation

Radiotelemetry transmitters were implanted into the 
abdominal aorta of SHR or WKY at 19 weeks of age (Data 
Sciences International, DSI, St. Paul, MN) for chronic meas-
urement of BP and heart rate using established procedures 
(see Supplementary Material). Baseline BP was then recorded 
in 20-week-old SHR or WKY for 4 consecutive days.

RF-ABL, Sham-ABL, and surgical renal denervation 
procedures

SHR or WKY were randomly divided into either a RF-ABL 
or Sham-ABL group. For these procedures, rats were anes-
thetized with either (i) sodium methohexital (SHR; 75 mg/

kg, i.p., and supplemented with 10 mg/kg, i.v., as needed; King 
Pharmaceuticals, Bristol, TN) or (ii) isoflurane (SHR, WKY, 
Sprague–Dawley; 2%) and a flank incision was made to expose 
the left or right (random) renal artery. As described in detail in 
the Supplementary Material, a segment (~3 mm) of the proxi-
mal renal artery close to the renal artery ostium then underwent 
RF-ABL (4 quadrants, 20 seconds each, 10 W) or Sham-ABL 
(same procedure, 0 W) using a Stockert 70 radiofrequency gen-
erator and probes graciously provided by Biosense Webster. In 
certain studies, SHR also received RF-ABL and surgical renal 
denervation (i.e., total denervation). The flank incision was 
then closed and the same procedure(s) was repeated on the 
contralateral renal artery. After the Sham-ABL or RF-ABL pro-
cedure, BP recording was performed daily for the first 2 weeks 
and then 3 times each week for the remaining study.

Note that in pilot studies we observed that in hyperten-
sive SHR, bilateral RF-ABL produced an immediate decrease 
in BP, a response not reported to occur in drug-resistant 
patients who have RF-ABL under conscious sedation. Thus, 
in these studies, we used 2 different types of anesthetic agents 
(barbiturate vs. gaseous) to determine whether the immedi-
ate effects of RF-ABL on BP were anesthetic dependent.

Assessment of RF-ABL induced changes in sympathetic 
activity

Spectral density analysis of BP variability.  Arterial BP 
waveforms from the radiotelemetry recordings (500 Hz) 
were used to assess the low vs. high frequency components 
of BP variability by spectral analysis before (control) and 
after (1 week, 1  month, 2  months) RF-ABL or Sham-ABL 
as an index of changes in sympathetic nerve activity at these 
time periods.13–15 (Supplementary Material).

BP responses to ganglionic blockade. At the end of the 
8-week telemetry study, the contribution of sympathetic 
control of vascular tone and resting BP (telemetry) was 
determined in SHR by examining the change in BP 2 hours 
after administration of the ganglionic blocker, chlorison-
damine (5 mg/kg. i.p.).

Kidney NE content. High-performance liquid chroma-
tography was used to measure kidney NE content and thereby 
assess the extent of renal sympathetic denervation 2 weeks 
(n = 5/group) and 6 weeks (n = 7/group) following RF-ABL 
or Sham-ABL as detailed in Supplementary Material.

Daily water and sodium excretion

Studies were performed to examine Sham/RF-ABL 
induced changes in daily sodium and water excretion in 
hypertensive SHR placed in individual metabolic cages using 
established procedures (Supplementary Material).

Plasma renin activity, kidney renin content, and urinary 
angiotensinogen and creatinine assays

Plasma renin activity and kidney renin content (KRC) and 
urinary angiotensinogen (AGT) and creatinine levels were 
measured using established methods.16 (Supplementary 
Material).

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
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Statistical analysis

Data are expressed as mean ± SEM. The magnitude of the 
changes in cardiovascular parameters at different time points 
after RF-ABL or Sham-ABL were compared between treat-
ment groups (main effect) by a 2-way analysis of variance, 
followed by a Bonferroni’s post hoc test to compare variations 
among the treatment (interaction effects). Pearson product 
correlation was used to analyze the relationship between 
change in BP and baseline BP. Where appropriate, an 
unpaired Student’s t test was used to compare means between 
2 groups. Statistical analysis was carried out using a software 
program (GraphPad Prism version 5; GraphPad Software, 
CA). Statistical significance was defined as P < 0.05.

RESULTS

RF-ABL produces a sustained reduction in BP in 
hypertensive SHR

Studies were performed to examine the acute and chronic 
(8 weeks) changes in systemic cardiovascular function 

produced by bilateral RF-ABL in SHR with established 
hypertension. Figure 1a depicts an original tracing showing 
the changes in pulsatile and mean arterial pressure (MAP; 
telemetry) evoked by RF-ABL of the left, and then right, 
renal artery in a hypertensive SHR anesthetized with sodium 
methohexital. As shown, MAP was not altered following 
RF-ABL of the first (left) renal artery. However, immediately 
following RF-ABL of the contralateral (right) renal artery, 
MAP was markedly diminished from 155 mm Hg (pre-ABL) 
to ~70 mm Hg. In comparison to these findings, bilateral 
RF-ABL also produced a significant decrease in MAP in 
hypertensive SHR anesthetized with isoflurane, although the 
response was delayed by 6–10 minutes (Figure 1b,c). Group 
data demonstrating the time course of the decrease in sys-
tolic BP (SBP) and diastolic BP (DBP) produced by bilateral 
RF-ABL in hypertensive SHR is shown in Figure 2a,b. Over 
the first 10–14  days post RF-ABL, SBP and DBP progres-
sively increased toward preablation control levels. Thereafter, 
over the remaining duration of the 8-week study, SBP and 
DBP stabilized at levels that were significantly below those 
of Sham-ABL-treated rats and below the respective group 

Figure 1. (a) Original tracing for a single hypertensive SHR showing pulsatile ABP and MAP responses (telemetry) produced during bilateral RF-ABL of 
the renal arteries under sodium methohexital anesthesia and 2-months later while conscious. (b) Original BP tracing for a single SHR during the RF-ABL 
procedure under isoflurane anesthesia. (c) Group data illustrating the change in MAP measured 10 minutes following completion of RF-ABL or Sham-ABL 
of the second renal artery conducted under isoflurane anesthesia. Sham, n = 6; RF-ABL, n = 9. Values are means ± SE. *P < 0.05, compared with Sham-ABL; 
tP < 0.05, compared with baseline MAP. Abbreviations: ABP, arterial blood pressure; MAP, mean arterial pressure; RF-ABL, radiofrequency ablation of the 
renal arteries; SHR, spontaneously hypertensive rats.



American Journal of Hypertension 29(12) December 2016 1397

Radiofrequency Renal Nerve Ablation in SHR

baseline levels of SBP/DBP prior to RF-ABL. Sham-ABL 
did not alter SBP/DBP in SHR over the 2-month study 
(Figure 2a,b). As compared to respective group control val-
ues, RF-ABL and Sham-ABL both produced a significant but 
transient (3–4  days) increase in heart rate in hypertensive 
SHR, after which levels were not different from respective 
control levels over the remaining 8-week study. The magni-
tude decrease in SBP was shown to be correlated with the 
baseline SBP (Figure  2d). RF-ABL or Sham-ABL did not 
alter SBP or DBP in normotensive WKY rats over 1 month 
(Supplementary Figure S3).

RF-ABL decreases indices of sympathetic activity in 
hypertensive SHR

To investigate changes in autonomic cardiovascular con-
trol, changes in the frequency components of BP variabil-
ity were measured by spectral analysis at baseline, 1-week, 
1 month, and 2 months following Sham/RF-ABL in the same 
groups of hypertensive SHR for which BP data is shown in 
Figure 2. As compared to values for Sham-ABL rats, RF-ABL 
produced a significant and sustained decrease in the sym-
pathetic component of BP variability shown as decreases in 
the low frequency/total and low frequency/high frequency 
ratios at 1- and 2-month post-RF-ABL (Figure 3a,b). Eight 
weeks after Sham/RF-ABL, these same groups of SHR were 
administered the ganglionic blocker, chlorisondamine, 
and changes in BP (telemetry) were measured. BP gradu-
ally decreased after drug administration and reached nadir 

20–30 minutes postinjection. At the dose of 5 mg/kg, i.p., 
chlorisondamine produces a sympathetic ganglionic block-
ade effect, which is demonstrated as a significant fall on BP 
due to inhibition of sympathetic control on vasculature. As 
illustrated in Figure 3c, the peak decrease in MAP produced 
by chlorisondamine in the RF-ABL group (39 ± 4 mm Hg) 
was significantly (P  <  0.01) less than the maximal reduc-
tion in MAP produced by chlorisondamine in Sham-ABL-
treated SHR (53 ± 2 mm Hg).

The effects of RF-ABL and Sham-ABL on kidney (cortex) 
NE levels from SHR at the completion of the 8-week teleme-
try study are shown in Figure 3d. For comparison, values for 
renal cortical NE levels are also shown for separate groups of 
SHR that underwent RF-ABL or Sham-ABL 2 weeks prior 
to catecholamine measurement. As compared to levels in 
Sham-ABL rats, NE content was dramatically (P  <  0.001) 
decreased in both the left and right kidneys of hypertensive 
SHR 2 weeks and 8 weeks following RF-ABL.

BP response produced by combination of RF-ABL and 
surgical renal denervation (i.e., total denervation) in 
hypertensive SHR

Changes in mean SBP and DBP produced by Sham-
ABL, RF-ABL, and the combination of RF-ABL and sur-
gical renal denervation (i.e., total denervation) in groups 
of hypertensive SHR are shown in Figure  4. Compared to 
RF-ABL, the total denervation group had a greater decrease 
in DBP, but not SBP, for the first 5 days after the procedure. 

Figure 2. Chronic effects of RF-ABL on systemic cardiovascular function in hypertensive SHR. Values are means ± SE, illustrating the chronic (2-months) 
changes in SBP (a), DBP (b), and HR (c) produced by RF-ABL (n = 7) or Sham-ABL (n = 7). #P < 0.05, compared with Sham-ABL (2-way ANOVA, main effect); 
*P < 0.05, compared with Sham-ABL value at same time point (significant interaction, Bonferroni’s post hoc test). (d) Pearson correlation between baseline 
and change in SBP in the same group of SHR 8 weeks after RF-ABL. Abbreviations: ANOVA, analysis of variance; DBP, diastolic blood pressure; HR, heart 
rate; RF-ABL, radiofrequency ablation of the renal arteries; SBP, systolic blood pressure; SHR, spontaneously hypertensive rats.

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
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However, at subsequent time points DBP levels were not dif-
ferent between these groups. Interestingly, the variation in 
BP observed in individual rats over the course of the first 
2-week postprocedure was less in rats from the total den-
ervation group as compared to animals that only received 
RF-ABL (Supplementary Figure 1S).

Effects of RF-ABL on daily sodium and water excretion and 
activity of the RAS in SHR under basal conditions

Studies were performed in hypertensive SHR to examine 
changes in the 24-hour renal excretion of water/sodium and 
food intake at time points 2 weeks and 6 weeks following 
RF-ABL. As depicted in Table 1, 2 weeks following RF-ABL 
there was a slight but significant increase in 24-hour urinary 
sodium excretion and increase in food (and thus salt) intake 
as compared to respective levels observed in hypertensive 
Sham-ABL-treated rats. However, RF-ABL did not change 
urinary protein, AGT or creatinine levels. Six-weeks follow-
ing RF-ABL the levels for urinary sodium excretion, food 
intake, urinary protein, AGT, and creatinine levels were not 
different than those observed in Sham-ABL-treated SHR 
(Table 2). Further, in other studies, there were no differences 
in plasma renin activity or KRC between groups of RF-ABL 
and Sham-ABL SHR measured 8 weeks following treatment 
(Supplementary Figure 2S).

DISCUSSION

In the present study, we examined the cardiovascular 
and renal responses produced by bilateral RF-ABL of the 
renal arteries in SHR with established hypertension. Using 
this approach, RF-ABL, but not Sham-ABL, decreased BP 
in hypertensive SHR for the course of the 2-month study. 
This is in contrast to findings which demonstrate that surgi-
cal renal denervation delays the development of high BP in 
young (7 weeks of age) SHR,12,17 transiently (2 weeks) lowers 
BP in 12-week-old SHR,18 but did not alter BP in older SHR 
(18 weeks old) with established hypertension.12

RF-ABL produced a characteristic pattern of acute and 
chronic changes in BP in hypertensive SHR. Upon RF-ABL 
of the first renal artery, BP remained unchanged. However, 
after ablating the contralateral renal artery, BP markedly 
decreased with the time course of the response dependent 
on the anesthesia used during the procedure. In SHR anes-
thetized with sodium methohexital, RF-ABL of the second 
renal artery produced an immediate (seconds) decrease in 
BP. With isoflurane, the decrease in BP to RF-ABL occurred 
over a 5- to 10-minute period, yet the decrease was of simi-
lar magnitude. With either anesthetic, Sham treatment did 
not alter BP in SHR. The observation that BP rapidly and 
dramatically decreased in SHR only after ablation of the 
second renal artery and was independent of barbiturate or 

Figure 3. Chronic effects of RF-ABL on low and high frequency components of BPV as assessed by spectral analysis in hypertensive SHR. Values are 
means ± SE demonstrating changes in the frequency components of BPV expressed as (a) LF/total and (b) LF/HF at baseline, 1W, 1M, and 2M after 
RF-ABL or Sham-ABL. (c) MAP response to chlorisondamine (5 mg/kg, i.p.) administration in SHR 8 weeks following RF-ABL or Sham-ABL (n=7/group). 
(D) Norepinephrine content measured in left and right kidney cortex from groups of SHR at 2 weeks (n = 5/group) and 8 weeks (n = 7/group) following 
Sham-ABL (S) or RF-ABL (R). Values are means ± SE. #P < 0.05, compared with Sham-ABL (2-way ANOVA, main effect); *P < 0.05, compared with Sham-ABL 
value at same time point (significant interaction, Bonferroni’s post hoc test). tP < 0.05, compared with Sham-ABL (Student’s t test). Abbreviations: ANOVA, 
analysis of variance; BPV, BP variability; DBP, diastolic blood pressure; HF, high frequency; HR, heart rate; LF, low frequency; M, month; MAP, mean arterial 
pressure; RF-ABL, radiofrequency ablation of the renal arteries; SBP, systolic blood pressure; SHR, spontaneously hypertensive rats; W, week.

http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
http://ajh.oxfordjournals.org/lookup/suppl/doi:10.1093/ajh/hpw089/-/DC1
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gaseous anesthesia, served in our hands as a functional bio-
marker to indicate that the RF-ABL procedure was success-
ful in denervating both kidneys. This was later confirmed 
by the observation that after completion of the 2-month 
study, postmortem renal cortex NE levels remained mark-
edly decreased in RF-ABL vs. Sham-ABL SHR. These find-
ings are of importance since previous studies investigating 
the effects of RF-ABL in humans or other animal models 
have not previously documented an immediate decrease in 
BP during the RF-ABL procedure. One important exception 
is the finding by Heuser et  al., who demonstrated that in 
resistant hypertensive patients undergoing gaseous general 
anesthesia, nonvascular (intraureteral) delivery of RF energy 
to the renal pelvis (Verve Medical NephroBlate) decreased 
BP within 30 seconds from ablating the first kidney.19 Thus, 
the immediate depressor effects of RF-ABL may be depend-
ent upon the type of anesthesia (e.g., conscious sedation or 
general anesthesia) used during the procedure.

In the present studies, all visible renal nerve bundles were 
carefully dissected away from the segment of the renal artery 
that was to be ablated and were left intact. Therefore, we spec-
ulated that activity of these intact renal nerves, which inner-
vate the renal artery and kidney distal to our ablation site, 
would remain functionally active and therefore could pre-
vent the maximal decrease in BP produced by RF-ABL from 
occurring. Accordingly, in SHR that underwent “total” renal 
denervation (RF-ABL plus surgical denervation) the initial 
peak decrease in BP was significantly greater in magnitude 
than that produced by RF-ABL alone. Despite these observa-
tions, by the end of the 4-week study, the level of BP in the 
total denervation group was not significantly lower than that 
attained by RF-ABL alone. These observations are of merit 
since in separate investigations we histologically analyzed the 
innervation of the kidney following Sham-ABL or RF-ABL 
in hypertensive SHR using the same treatment procedure 
(circumferential RF-ABL of the proximal renal artery).20 In 
these studies, 5-weeks following RF-RDN it was observed 
that tyrosine hydroxylase staining of the renal artery, which is 
used as an indicator of renal nerve viability, was significantly 

Table 1. Effects of Sham/RF-ABL on BP and renal excretory 
parameters measured 2 weeks postprocedure in SHR

24 hours Sham-ABL RF-ABL

Systolic BP (mm Hg) 182 ± 3 173 ± 6

Diastolic BP (mm Hg) 125 ± 6 117 ± 3

Food intake (g) 16.9 ± 0.78 21.0 ± 0.8*

Water intake (ml) 24.6 ± 2.7 26.5 ± 1.8

Urine volume (ml) 5.56 ± 0.58 5.73 ± 0.66

Urinary Na+ excretion (mEq) 0.25 ± 0.03 0.33 ± 0.02*

Urinary protein (mg) 10.5 ± 0.4 10.6 ± 0.6

Urinary AGT (ng) 135.3 ± 12.0 131.7 ± 16.0

Urinary creatinine (mg) 15.0 ± 0.7 15.7 ± 0.6

Abbreviations: AGT, angiotensinogen; BP, blood pressure; 
RF-ABL, radiofrequency ablation; SHR, spontaneously hypertensive 
rats; Sham-ABL, Sham ablation.

*P < 0.05, compared with Sham-ABL; N = 8/group.

Table 2. Effects of Sham/RF-ABL on BP and renal excretory 
parameters measured 6 weeks postprocedure in SHR

24 hours Sham-ABL RF-ABL

Systolic BP (mm Hg) 192 ± 5 173 ± 5*

Diastolic BP (mm Hg) 131 ± 4 118 ± 2*

Food intake (g) 17.1 ± 0.7 16.9 ± 0.6

Water intake (ml) 25.8 ± 1.8 26.0 ± 1.6

Urine volume (ml) 9.13 ± 1.6 8.82 ± 1.3

Urinary Na+ excretion (mEq) 0.43 ± 0.03 0.45 ± 0.02

Urinary protein (mg) 12.0 ± 1.01 10.9 ± 0.31

Urinary AGT (ng) 143 ± 21.9 144 ± 11.7

Urinary creatinine (mg) 21.0 ± 1.53 20.1 ± 0.97

Abbreviations: AGT, angiotensinogen; BP, blood pressure; 
RF-ABL, radiofrequency ablation; SHR, spontaneously hypertensive 
rats; Sham-ABL, Sham ablation.

*P < 0.05, compared with Sham-ABL; N = 8/group.

Figure  4. Changes in SBP and DBP produced by Sham-ABL (n  =  7), 
RF-ABL (n = 8), and total renal denervation (RF-ABL plus surgical renal 
denervation; n = 5) in hypertensive SHR. Values are means ± SE for each 
group; #P < 0.05, RF-ABL compared with Sham-ABL (2-way ANOVA, main 
effect); ‡P < 0.05, total denervation compared with Sham-ABL; *P < 0.05, 
compared with Sham-ABL value at same time point; †P < 0.05, compared 
with RF-ABL value at same time point (significant interaction, Bonferroni’s 
post hoc test). Abbreviations: ANOVA, analysis of variance; DBP, diastolic 
blood pressure; SBP, systolic blood pressure; RF-ABL, radiofrequency 
ablation of the renal arteries; SHR, spontaneously hypertensive rats.
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reduced (≃50%), but variable, as compared to arteries from 
the Sham-RDN group.20 Thus, in hypertensive SHR, bilat-
eral RF-ABL of the proximal renal arteries was sufficient to 
markedly and chronically decrease kidney NE content and 
produce the maximal decrease in BP that can be achieved 
via renal denervation (i.e., as compared to total renal den-
ervation). These findings are of clinical interest since there 
is ongoing debate as to whether ablation of the renal nerves 
in the proximal (renal ostium) or distal (branches) segments 
of the renal arteries of resistant hypertensive patients will 
achieve the maximal renal denervation, decrease in kidney 
NE content, and therapeutic reduction in BP.8–10

It has been speculated that by preventing heightened 
renal afferent signals to the brain, RF-ABL lowers BP in 
resistant hypertensive patients by decreasing central sym-
pathetic outflow.19,21–23 Support for this premise stems from 
studies demonstrating that RF-ABL produced a decrease in 
NE overflow from the kidneys5 and a decrease in mesenteric 
sympathetic nerve activity in some19,24 but not all25,26 resist-
ant hypertensive patients, who also were continued on their 
antihypertensive therapy. In our studies, 3 lines of evidence 
support the premise that RF-ABL decreases BP in hyper-
tensive SHR via inhibiting central sympathetic outflow. 
First, at 1- and 2-month postprocedure, the low-frequency 
(sympathetic) component of BP fluctuations was signifi-
cantly decreased in SHR treated with RF-ABL. Similarly, 
RF-ABL in patients with resistant hypertension has been 
shown to decrease the low-frequency component of BP 
signals.27 Second, the decrease in BP produced by the gan-
glionic blocker, chlorisondamine, was attenuated in SHR 
that had previously (8 weeks) undergone RF-ABL. Third, 
we observed a dramatic and sustained (8 weeks) decrease 
in kidney cortex NE content in RF-ABL as compared to 
Sham-ABL-treated SHR. In regards to the latter findings, 
Winternitz et al.12 reported that surgical renal denervation 
decreased kidney NE content in SHR by 94% at week 1 but 
the levels increased to ~57% of that in Sham SHR at week 
6.  In line with these findings, pivotal studies by Mulder 
et al.28 showed that in normotensive rats, reinnervation of 
the renal sensory and renal sympathetic nerves occurs over 
the same time course, both being complete by 9–12 weeks 
following surgical renal denervation.

Activation of the renal sympathetic nerves produces a fre-
quency-dependent increase in renin secretion, renal tubular 
reabsorption of sodium, and decrease in renal blood flow.29,30 
Thus, we speculated that in the SHR, an animal model of 
essential and neurogenic hypertension, the sympathoinhibi-
tory effects produced by RF-ABL may potentially contribute 
to a sustained decrease in BP via chronic modulation of the 
renal excretion of sodium/water and/or alteration in the sys-
temic/tissue RAS. In accord with this premise, we observed 
a slight but significant increase in urinary sodium excretion 
measured 2 weeks after RF-ABL. However, when measured 
at 6-week postablation, there were no differences in any 
renal excretory parameters between Sham- and RF-ABL 
groups. Further, RF-ABL did not alter plasma renin con-
centration or KRC. Consistent with these findings in SHR, 
plasma renin and aldosterone levels were unchanged from 
baseline levels following RF-ABL in resistant hypertensive 
patients.29 Despite a further increase in BP with age, urinary 

AGT levels did not change in SHR measured 2 weeks vs. 6 
weeks after Sham-ABL (rats 22 vs. 26 weeks of age). It has 
been suggested that increased urinary AGT levels serve as 
a marker of hypertension evoked by a heightened intrarenal 
angiotensin II system.30,31 Although these findings suggest 
that SHR have a heightened RAS,30 our findings showed that 
the RF-ABL procedure did not alter the systemic or renal 
RAS. Thus, in contrast to our original hypothesis, these find-
ings indicate that the sustained decrease in BP produced by 
RF-ABL in SHR is not mediated by persistent alterations in 
the renal excretion of sodium/water or alteration in the sys-
temic/kidney RAS. However, it is important to note that a 
major source of increased sympathetic outflow, which can 
influence BP via constriction of mesenteric resistance ves-
sels, occurs via activation of the central RAS.32,33 Whether 
RF-ABL decreases sympathetic activity and BP in SHR via 
blocking an afferent nerve pathway involved in stimulation 
of the central RAS remains to be investigated.

In conclusion, these findings indicate that in hypertensive 
SHR, RF-ABL of the renal arteries at a site adjacent to the 
renal artery ostium is sufficient to markedly reduce renal tis-
sue NE concentration and produce the maximal sustained 
decrease in BP achievable by renal denervation. Our findings 
also provide strong evidence that in this hypertensive animal 
model, the decrease in BP produced by RF-ABL occurred, at 
least in part, due to inhibition of central sympathetic nerve 
activity. Interestingly, despite the known roll of the renal 
nerves in fluid-electrolyte homeostasis, the effects of RF-ABL 
on BP occurred independent of changes in the renal excre-
tion of water/sodium or the circulating-kidney RAS.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal 
of Hypertension (http://ajh.oxfordjournals.org).
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