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Differential sympathetic response to
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Translational Statement

A glomerular layer electro-lesioned kidney model in
rabbits produces a stable moderate elevation in plasma
creatinine and increased kidney profibrotic, proin-
flammatory, and oxidative stress markers. Blood pressure
and renal sympathetic nerve activity were elevated, but
global sympathetic activity was reduced. These findings
suggest that targeting renal nerves with denervation
may be suitable for chronic kidney disease, but treat-
ments that target general reductions in sympathetic
activity should be used with caution.
Chronic kidney disease (CKD) is associated with greater
sympathetic nerve activity but it is unclear if this is a
kidney-specific response or due to generalized stimulation
of sympathetic nervous system activity. To determine this,
we used a rabbit model of CKD in which quantitative
comparisons with control rabbits could be made of kidney
sympathetic nerve activity and whole-body norepinephrine
spillover. Rabbits either had surgery to lesion 5/6th of the
cortex of one kidney by electro-lesioning and two weeks
later removal of the contralateral kidney, or sham lesioning
and sham nephrectomy. After three weeks, the blood
pressure was statistically significantly 20% higher in
conscious rabbits with CKD compared to rabbits with a
sham operation, but their heart rate was similar. Strikingly,
kidney nerve activity was 37% greater than in controls, with
greater burst height and frequency. Total norepinephrine
spillover was statistically significantly lower by 34%, and
kidney baroreflex curves were shifted to the right in rabbits
with CKD. Plasma creatinine and urine output were
elevated by 38% and 131%, respectively, and the
glomerular filtration rate was 37% lower than in sham-
operated animals (all statistically significant). Kidney gene
expression of fibronectin, transforming growth factor-b,
monocyte chemotactic protein1, Nox4 and Nox5 was two-
to eight-fold greater in rabbits with CKD than in control
rabbits. Overall, the glomerular layer lesioning model in
conscious rabbits produced a moderate, stable degree of
CKD characterized by elevated blood pressure and
increased kidney sympathetic nerve activity. Thus, our
findings, together with that of a reduction in total
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norepinephrine spillover, suggest that kidney denervation,
rather than generalized sympatholytic treatments, may
represent a preferable management for CKD associated
hypertension.
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A ltered sympathetic regulation has long been believed
to be an important mechanism contributing to
chronic kidney disease (CKD) and increased cardio-

vascular risk.1,2 Early studies in edematous patients with
nephrotic syndrome reported elevated plasma norepinephrine
(NE) spillover.3 Higher plasma NE concentrations are present
in patients with polycystic kidney disease with and without
renal failure,4 but the pattern of sympathetic overactivity has
not been established. It is assumed that renal sympathetic
nerve activity (RSNA) is elevated in CKD, but this has not
been established in humans. The higher SNA has generally
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Figure 1 | Left: Baseline values of mean arterial pressure (MAP)
and heart rate before lesioning (chronic kidney disease, n [ 5,
closed circles) or sham (n [ 5, open circles) surgery. Right:
Changes from baseline levels after right or sham nephrectomy in
the same rabbits. Values are mean � SEM or mean difference �
standard error of the difference, indicating between-animal
variance. ***P < 0.001 for sham versus chronic kidney disease over
21 days.
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been estimated using NE kinetics5 or by recording SNA from
other vascular beds.6,7 Hemodialysis patients and those with
hypertensive CKD have elevated muscle SNA, whereas bilat-
erally nephrectomized patients have normal muscle SNA.6–8

Interestingly, as renal function declined, muscle SNA
increased.2 There is certainly evidence that muscle and skin
SNA are differentially regulated in end-stage renal disease,9

and renal, cardiac, and muscle sympathetic outflow are
selectively activated by different stimuli.10,11

Multifiber recording can be used in animal models of CKD
to provide information on the pattern of SNA associated with
CKD. Measurement of renal, splanchnic, and lumbar SNA in
a genetic model of CKD has been performed, but no com-
parison between CKD and controls was possible because of
the method of calibration of signals.12 Nevertheless, reduced
baroreflex sensitivity was demonstrated in the renal and
splanchnic but not lumbar beds.12 Veiga and colleagues13

used a 5/6 nephrectomy anesthetized rat model to show
that renal, splanchnic, and lumbar SNA were elevated
compared with sham controls. However, this pattern may not
occur in the conscious state because autonomic regulation of
SNA is different under anesthesia.14

The aim of the current study was to determine whether
there is renal-specific or generalized sympathetic activation
(using direct nerve recording and whole-body NE spillover
techniques, respectively) in a conscious animal model of
CKD. By using conscious rabbits, RSNA could be directly
measured without the confounding effects of anesthesia.15

Importantly, RSNA could be normalized, which allows
long-term comparisons to be made over time and between
groups.16,17 We used a technique of electro-lesioning 5/6 of
the surface of 1 kidney and removing the contralateral 1. This
produces moderate renal function impairment18 and stable
increases in plasma creatinine with no loss of body weight for
up to 12 weeks.18 In addition, we examined the effects on
blood pressure (BP), autonomic reflex function, and kidney
fibrosis.

RESULTS
Effects of CKD on hemodynamics, RSNA, NE kinetics, and
baroreflexes
Average baseline mean arterial pressure (MAP) and heart rate
(HR) before lesioning were 67 � 1 mm Hg and 174 � 5 beats/
min, respectively (n ¼ 10). After nephrectomy, there was an
increase in MAP in the first week of þ14% and by 3 weeks
of þ22% (Pbaseline < 0.001, n ¼ 5; Figure 1). There were no
changes in HR after CKD induction or sham surgery
(Pgroup ¼ 0.191; Figure 1). Total RSNA at 3 weeks was 37%
greater than that of sham-operated rabbits (Pgroup ¼ 0.006;
Figure 2). Both burst amplitude and frequency were þ28%
higher (P < 0.001 and P ¼ 0.029, respectively; Figure 2). The
nasopharyngeal response was similar in both groups
(Figure 2).

NE spillover at this time was 34% lower in CKD rabbits
than sham (Pgroup ¼ 0.020), but NE clearance was similar in
each group (Figure 2). Arterial NE concentration was 36%
Kidney International (2020) 98, 906–917
lower in CKD rabbits 3 weeks after nephrectomy than in
sham-operated rabbits (Pgroup ¼ 0.009; Figure 2).

MAP-RSNA and MAP-HR baroreflex curves were
sigmoidal, with the resting value lying close to the lower
plateau (Figure 3). We did not detect any differences between
CKD and sham MAP-HR curve parameters, but CKD MAP-
RSNA curves were shifted along the MAP axis to a higher
MAP (Pgroup ¼ 0.005; Table 1 and Figure 3). Baroreflex gain
for both MAP-RSNA and MAP-HR curves was similar in
CKD and sham rabbits (Table 1).

Effects of CKD on MAP responses to pentolinium
The response to ganglionic blocker pentolinium was deter-
mined as a measure of the sympathetic nervous system (SNS)
contribution to maintaining MAP. Three or 4 weeks after
nephrectomy, pentolinium lowered MAP to a greater extent
in CKD than in sham rabbits (–26 � 2 mm Hg and –19 �
3 mm Hg, respectively; Pgroup ¼ 0.028). However, the
tachycardia in response to pentolinium was similar in both
groups (þ80 � 13 beats/min and þ75 � 13 beats/min in
CKD and sham, respectively; Pgroup ¼ 0.780) as was the
sympathoinhibition (–3.4 � 0.7 normalized units in CKD and
–2.7 � 0.9 normalized units in sham, Pgroup ¼ 0.521).

Effects of CKD on body weight, water and food intake, urine
production, and interpolated glomerular filtration rate
Baseline body weight, water and food intake, and urine
output were similar in the 2 groups (Figure 4). After
907



Figure 2 | (a) Renal sympathetic nerve activity (RSNA) expressed as total (upper, normalized units [nu] and mV), burst amplitude
(middle, nu and mV) and burst frequency, and nasopharyngeal response (lower) 3 weeks (on day 21) after sham (open bars, n [ 5) or
right (chronic kidney disease [CKD], closed bars, n [ 5) nephrectomy. (b) Norepinephrine (NE) kinetics. Arterial NE concentration (upper),
NE clearance (middle), and NE spillover (lower) in sham (n ¼ 4) and CKD (n ¼ 4) rabbits. Data are expressed as individual points (four 15-
minute averages) as well as mean � SEM. *P < 0.05 and **P < 0.01 for sham versus CKD.
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induction of CKD or sham surgery, both groups gained
weight over the next 3 weeks, but this was slightly greater in
the sham animals (Pgroup < 0.001; Figure 4). CKD rabbits also
had greater water intake (þ35%) and urine output (þ144%
by 3 weeks) than sham rabbits (Pgroup < 0.05), but food
intake was similar in both groups (Figure 4). After 3 weeks of
CKD, interpolated glomerular filtration rate (GFR) was 37%
lower than in sham-operated rabbits (13 � 1 vs 8 � 1 ml/
min, Pgroup ¼ 0.008).

Effects of CKD on blood biochemistry and plasma renin
activity
Plasma creatinine rapidly increased after nephrectomy, rising
by 85% (Pgroup < 0.001) on the first day (Figure 5). Plasma
urea also rose, and levels of both parameters subsided over the
following week, but creatinine remained elevated throughout
(þ38% by day 21, Pgroup < 0.014 weeks 2–3; Table 2 and
Figure 5). Plasma sodium and potassium levels were not
altered by either nephrectomy or sham surgery. Chloride was
not altered by CKD but increased over the first week in sham
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rabbits (Pgroup ¼ 0.014; Table 2 and Figure 5). Initially, in the
first 7 days after nephrectomy, hematocrit and hemoglobin
levels were reduced in the sham group but not altered from
baseline in the CKD animals (Pgroup ¼ 0.010 and Pgroup ¼
0.019, respectively; Table 2 and Figure 5). However, by day 14
levels had returned to baseline and were not different between
groups (Table 2 and Figure 5). Baseline plasma renin activity
(PRA) levels were similar in each group before lesioning and
averaged 3.7 � 0.8 ng/ml/h (n ¼ 10). We did not detect
changes in PRA over 3 weeks in either group (Figure 5).

Effects of CKD on urine biochemistry, albumin, and fractional
excretion of Na
Urine sodium levels over 24 hours were greater after ne-
phrectomy in the CKD group than in the sham group
(Pgroup ¼ 0.018 at day 21; Table 3), but 24-hour urine albu-
min, creatinine, urea, chloride, and the albumin-to-creatinine
ratio were not different in CKD compared with sham-CKD
rabbits (Table 3). Fractional excretion of Na (FENa) was
similar in each group and averaged 0.4% � 0.1% at baseline.
Kidney International (2020) 98, 906–917



Figure 3 | Renal sympathetic nerve activity (normalized units
[nu]) and heart rate baroreflex curves in sham-operated (dashed
line, n [ 5) and chronic kidney disease (CKD) rabbits on day 21
after nephrectomy (solid line, n [ 5). Error bars are SEM
indicating between-animal variance. *P < 0.05 for comparison of
blood pressure at 50% maximum in sham and CKD rabbits. MAP,
mean arterial pressure.

Table 1 | MAP-RSNA and MAP-HR baroreflex parameters in
CKD or sham-operated conscious rabbits

Baroreflex parameters Sham CKD (n [ 5) CKD (n [ 5) Pgroup

RSNA baroreflex
Lower plateau, nu 3.3 � 0.3 4.4 � 0.9 0.166
Range, nu 16.7 � 2.7 15.4 � 2.5 0.642
Upper plateau, nu 20 � 2.5 19.8 � 3.3 0.949
BP50, mm Hg 66.3 � 2.2 74.5 � 2.5 0.005
Gain, nu/mm Hg –1.6 � 0.4 –1.6 � 0.1 0.910

HR baroreflex
Lower plateau, beats/min 138 � 5 147 � 4 0.241
Range, beats/min 182 � 6 166 � 9 0.207
Upper plateau, beats/min 320 � 7 313 � 7 0.521
BP50, mm Hg 68.8 � 2.2 73.6 � 1.7 0.134
Gain, beats/min mm Hg–1 –9.3 � 1.1 –13.0 � 2.0 0.145

BP50, blood pressure at 50% maximum; CKD, chronic kidney disease; HR, heart rate;
MAP, mean arterial pressure; nu, normalized units; RSNA, renal sympathetic nerve
activity.
Values are mean � SEM, indicating between-animal variance. Pgroup for comparison
of CKD vs. sham-treated rabbits, shown in bold if P < 0.05.
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In the CKD group, FENa had doubled at day 21 (1.0% � 0.1%)
but did not change in the sham group (Pgroup¼ 0.011; Table 3).

Effects of CKD on left ventricular and kidney weights
Left ventricular weight, normalized to body weight, tended to
be greater in CKD rabbits than in sham-operated rabbits
(1.46 � 0.06 vs 1.28 � 0.07 g/kg, respectively; Pgroup ¼ 0.07, 5
per group). The left kidney of CKD rabbits was 28% larger
than the left kidney in sham-CKD rabbits at week 3 (2.7 � 0.1
vs 2.1 � 0.1 g/kg, Pgroup ¼ 0.002, n ¼ 5).

Effects of CKD on kidney inflammation, fibrosis, and histology
Renal mRNA of monocyte chemoattractant protein-1 was 8-
fold greater, fibronectin 2.7-fold greater, and transforming
growth factor (TGF)-b 1.7-fold greater in CKD rabbits than
in controls (Pgroup < 0.01; Figure 6). Nox4 and Nox5 mRNA
were 2.4- and 4.3-fold greater, respectively, in CKD rabbits
than in controls (Pgroup < 0.05; Figure 6). However, Nox1,
Nox2, and p47phox expression were similar in the 2 groups.

The lesion tracks in the renal cortex were surrounded by
collagen as revealed by Masson’s trichrome staining (Figure 7).
When quantified, the fibrotic area was 9.8% � 1.2% compared
with 3.4% � 1.1% in sham rabbits (Pgroup ¼ 0.013; Figure 7).
Kidney International (2020) 98, 906–917
There were no differences in area of tubulointerstitial injury or
glomerular sclerosis index between CKD and sham-treated
rabbits (data not shown).

Effect of different degrees of lesioning on MAP and plasma
creatinine
In a pilot study we performed 3 levels of renal lesioning, 2/6
(n ¼ 2), 5/6 (n ¼ 5), and 6/6 (n ¼ 2), to determine the
relationship between degree of lesioning of the surface of the
left kidney and the BP or plasma creatinine concentration.
There was a strong linear relationship between degree of
lesioning and MAP (r ¼ 0.994), but the relationship with
plasma creatinine was less so (r ¼ 0.529).

DISCUSSION
In the present study we found that electro-lesioning of the
renal cortex and subsequent contralateral nephrectomy
induced a rise in plasma creatinine levels consistent with mild
CKD. There was also greater interstitial fibrosis and inflam-
mation associated with the model, reflecting conditions
observed in CKD in human subjects, with increased collagen
accumulation and greater gene expression of proin-
flammatory and fibrotic genes such as CCL2 (encoding
monocyte chemoattractant protein-1) and TGF-b1. The he-
modynamic consequence of CKD induction was an elevation
in MAP and RSNA mediated by both greater burst amplitude
and frequency but not HR. Surprisingly, global NE spillover
in CKD rabbits was lower than in control rabbits, suggesting a
marked inhibition in SNA outflow to other beds.

The ability to normalize multiunit RSNA in each indi-
vidual rabbit using the nasopharyngeal reflex16,17 was critical
in being able to determine that RSNAwas higher in CKD than
in sham-operated rabbits. In human studies there is no
standard method for normalizing burst amplitude because the
voltage depends on the placement of the electrode, and thus
burst frequency is used.17 In the present study, the greater
RSNA burst amplitude observed likely reflects a greater
number of action potentials from activated neurons and is
909



Figure 4 | Left: Water intake, urine output, food intake, and body weight measured over 24 hours at baseline before lesioning
(chronic kidney disease [CKD], filled circles, n [ 5) or sham (open circles, n [ 4) surgery. Right: Changes from baseline levels measured
over 24 hours on days 10 and 21 after right nephrectomy in the same CKD (filled circles) and sham-operated (open circles) rabbits. Values are
mean � SEM or mean difference � standard error of the difference, indicating between-animal variance. **P < 0.01, ***P < 0.001 for sham
versus CKD over 10 to 21 days.
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evidence of recruitment of previously silent fibers.19 The
greater burst frequency reflects the rhythmic generation of
discharges of in-phase neurons in the central nervous system,
synchronized to the cardiac cycle by the baroreceptors.20 The
increased frequency in the absence of a rise in HR suggests
that the probability of a burst occurring has increased in CKD
rabbits.

In conscious rabbits, renal NE spillover has been shown to
closely correlate with recorded RSNA21; thus, the 37% in-
crease in RSNA that we report is likely to be accompanied by a
similar increase in renal NE spillover. Our results showing a
one-third reduction in total NE spillover concurrent with a
similar rise in RSNA in CKD rabbits suggest a marked
reduction in sympathoexcitation to other beds in this model.
However, the greater depressor response to pentolinium in
CKD rabbits suggests an overall greater SNS support for
maintaining BP. Thus, there appears to be a rebalance from
partly renal to mostly RSNA supporting BP through the
markedly higher SNA. This would suggest renal vascular
constriction rather than an effect through increasing renin
levels, because levels of PRA in both groups were similar. The
mechanism may involve renal afferents that drive higher
RSNA as shown by the renal injury model of kidney disease.22

Further, our current findings are similar to the situation of
angiotensin II hypertension where sympathetic activity is
suppressed by a mechanism involving cardiopulmonary af-
ferents, and this prevents neurally mediated sodium reten-
tion.23 In CKD the stimulus from the kidney may be too
910
strong to override the inhibition to the kidney specifically and
therefore results in generalized sympathoinhibition but RSNA
excitation.

Our findings are consistent with higher RSNA in anes-
thetized 5/6 nephrectomized rats.13 Direct measurement of
RSNA by telemetry was previously performed in a polycystic
kidney disease model and showed a doubling of RSNA
measured in mV compared with control rats.24 This is a severe
form of kidney disease, with BP elevated by 56% compared
with the 20% increase in our rabbit lesion-induced CKD.
Nevertheless, the greater depressor response to ganglionic
blockade was observed in both models of CKD.25 One dif-
ference, however, is the reduced PRA and impaired HR
arterial baroreflex in the polycystic kidney disease rats,25,26

where we saw no change in PRA. The lack of an increase in
PRA in our model, also reported in 5/6 nephrectomized
mice,27 may be due to a lack of activation of the renin-
angiotensin system or to depletion of the renal cortical tis-
sue and the loss of juxtaglomerular cells by lesioning, thus
altering the relationship between the renal nerves and renin
release.

In patients with CKD, we could find little information
about sympathetic outflow to the kidney or the contribution
of whole-body SNS outflow to BP elevation. In humans, SNA
is limited to measuring muscle burst rate and burst inci-
dence,28 which are elevated from the early stages of CKD and
increase progressively with the degree of renal failure.2,6,9

Furthermore, estimated GFR is inversely correlated to the
Kidney International (2020) 98, 906–917



Figure 5 | Blood biochemical parameters and plasma renin activity (PRA) at baseline (before lesioning) and changes over 21 days
after right nephrectomy (chronic kidney disease [CKD]) or sham surgery. Single point graphs: Baseline values before lesioning (CKD, n ¼ 5,
filled circles) or sham (n ¼ 5, open circles) surgery. Right line graphs: Changes from baseline levels after right nephrectomy in the same CKD
(filled circles) and sham (open circles) rabbits. Values are mean � SEM or mean difference � standard error of the difference, indicating
between-animal variance. *P < 0.05 and ***P < 0.001 for sham versus CKD over first 7 days; †P < 0.05 for sham versus CKD over 2 to 3 weeks.
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level of muscle SNA, but there was no relationship of esti-
mated GFR with HR or plasma NE.2 The lack of relationship
of estimated GFR with HR suggests cardiac sympathetic ac-
tivity may not be elevated in CKD. Further, it has been shown
that skin SNA is similar in CKD patients to that observed in
controls.9,29 An explanation for this differential effect is that
impairment of the baroreflex affects muscle but not skin
SNA.29 In our study, elevated RSNA was not accompanied by
any change to the baroreflex except a parallel shift to the
Kidney International (2020) 98, 906–917
higher BP, indicating baroreceptor resetting.15 Afferent
baroreceptor resetting ensures that the steepest, most sensitive
part of the curve continued to span resting BP. Thus, elevated
RSNA in our study is unlikely to be caused by a dysfunctional
baroreflex in the lesion model of CKD. We were also unable
to detect any effect of CKD on the HR baroreflex. Lack of
effect of mild CKD on HR has been interpreted as lack of
cardiac sympathetic overdrive and another example of
nonhomogeneous sympathetic outflow.2 Other factors are
911



Table 2 | Blood parameters measured at baseline and changes from baseline after either sham or right nephrectomy in
conscious rabbits

Changes from baseline

Blood parameters Average baseline (n [ 10) Sham CKD (n [ 5) CKD (n [ 5) Over week 1 Pgroup Over weeks 2–3 Pgroup

Creatinine, mmol/l 95.7 � 5.5 1.7 � 2 53.5 � 4.6 <0.001 0.014
Urea, mmol/l 4.9 � 0.3 1.1 � 0.2 3.5 � 0.4 <0.001 >0.5
Na, mmol/l 140.1 � 0.5 0.9 � 0.3 –0.3 � 0.2 0.07 0.37
K, mmol/l 4.17 � 0.07 –0.02 � 0.04 0.17 � 0.06 0.11 >0.5
Hematocrit, % 36.2 � 0.6 –1.1 � 0.3 0.5 � 0.4 0.010 >0.5
Hemoglobin, g/l 123.1 � 2 –3.3 � 0.9 1.5 � 1.3 0.019 >0.5
Glucose, mmol/l 7.1 � 0.2 0.5 � 0.1 0.3 � 0.1 >0.5 >0.5
Cl, mmol/l 105.1 � 0.8 0.7 � 0.4 –1.1 � 0.5 0.014 >0.5
Ionized Ca, mmol/l 1.88 � 0.02 –0.002 � 0.01 –0.01 � 0.016 >0.5 >0.5
Total CO2, mmol/l 24.1 � 0.9 –0.6 � 0.5 0.5 � 0.4 0.43 >0.5
Anion gap, mmol/l 16 � 0.7 0.8 � 0.2 0.8 � 0.3 >0.5 >0.5

CKD, chronic kidney disease.
Values are mean� SEM and mean change from baseline � standard error of the difference, averaged over 3 weeks, indicating between-animal variance. Pgroup for comparison
over week 1 or over weeks 2–3 of change from baseline in CKD vs. sham-treated rabbits, shown in bold if P < 0.05.
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likely to influence HR, including possible opposing effects on
the parasympathetic innervation of the heart and effects on
cardiac receptor stimulation by changes in blood volume.

An important question that has not yet been adequately
addressed is whether there is generalized SNS activation in
human CKD or whether it is confined to the muscle bed. The
only study to examine NE spillover was made in a limited
number of edematous patients with nephrotic syndrome,
where total plasma NE spillover was higher than in control
subjects.3 Cerasola et al.4 also reported that patients with
polycystic kidney disease had higher plasma NE concentra-
tions, but this occurred irrespective of kidney impairment. In
humans there are 3 lines of evidence to justify the view that
SNS activity is raised in CKD and that this an important
contributor to BP elevation and to adverse cardiovascular
Table 3 | Urine parameters at baseline and at days 10 and 21 af

Urine parameters Average baseline (n [ 9)

Sham neph

Day 10 (n [ 4)

Total per d
Albumin, mg/d 16 � 3 –1.1 � 3.9
Creatinine, mmol/d 0.9 � 0.1 –0.2 � 0.2
Albumin/creatinine, mg/mg/d 182 � 42 –3.3 � 31.9
Urea, mmol/d 42 � 3 –5 � 6.5
Na, mmol/d 7 � 1 –2 � 0.4
K, mmol/d 16 � 2 1.4 � 4.3
Cl, mmol/d 13 � 1 –1 � 0.9

Concentration
Albumin, mg/l 261 � 57 –54 � 72
Creatinine, mmol/l 12.4 � 1.4 0.8 � 1.9
Albumin/creatinine, mg/mg 19.7 � 4.1 –5 � 5.9
Urea, mmol/l 690 � 86 12 � 197
Na, mmol/l 90 � 12 35 � 20
K, mmol/l 298 � 67 –47 � 117
Cl, mmol/l 234 � 50 –11 � 128
Urine volume, ml 67 � 8 –14 � 22
FENa, % 0.4 � 0.1 0.1 � 0.1

FENa, fractional excretion of Na.
Values are mean � SEM and mean change from baseline � standard error of the differe
variance. Pgroup for comparison of change from baseline in chronic kidney disease vs. s
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outcomes: (1) the demonstration that renal transplantation
with normalization of creatinine does not alter muscle SNA if
the diseased native kidneys are still in situ, whereas it is
normalized with bilateral nephrectomy of the native kidneys;
(2) the beneficial effect of catheter-based renal denervation on
muscle SNA and BP in CKD30 and end-stage renal disease31;
and (3) the demonstration that plasma NE levels predict
outcomes in end-stage renal disease.1 Converse et al.6 showed
that muscle SNA in nephrectomized CKD patients was
similar to control subjects, which was the first evidence that
the aberrant signal leading to elevated postganglionic SNA
originated in the diseased kidneys. More recently, renal
denervation has become a therapeutic strategy used to treat
resistant hypertension in disease states including CKD and
end-stage renal disease.30,32 Signals from mechanoreceptors,
ter right nephrectomy or sham nephrectomy

Changes from baseline

Pgroup day 10 Pgroup day 21

rectomy Nephrectomy

Day 21 Day 10 (n [ 5) Day 21

5.5 � 4.1 125 � 96 46 � 38 0.32 >0.5
0.3 � 0.3 0.3 � 0.1 0.4 � 0.2 0.26 >0.5

14.4 � 42.9 928 � 747 188 � 188 0.41 >0.5
21.5 � 14.4 8 � 4.3 19.4 � 7.2 >0.5 >0.5
2.5 � 3.4 4.8 � 0.8 10.6 � 1.9 0.044 0.018
10 � 5.5 6.4 � 1.9 9.2 � 1.8 >0.5 >0.5
4.8 � 5.1 6 � 1.8 9.2 � 1.2 0.13 0.44

–26 � 92 1021 � 983 219 � 230 0.46 >0.5
1 � 1.3 –3.8 � 1.9 –4.3 � 2.2 0.27 0.18

–3.2 � 6.1 119 � 102 38 � 27 0.38 >0.5
34 � 190 –311 � 49 –312 � 47 0.23 0.19
25 � 17 –6 � 9 14 � 20 0.26 >0.5
–80 � 111 –94 � 33 –104 � 24 >0.5 >0.5
–60 � 90 –58 � 15 –61 � 10 >0.5 >0.5
15 � 21 78 � 14 121 � 31 0.06 0.031
0.1 � 0.03 0.4 � 0.1 0.6 � 0.1 0.32 0.034

nce, expressed per day and as concentration per l urine, indicating between-animal
ham-treated rabbits, shown in bold if P < 0.05.

Kidney International (2020) 98, 906–917



Figure 6 | Relative expression of mRNA in rabbits with chronic kidney disease (CKD; solid bars, n[ 7) compared with sham-operated
rabbits on day 21 (open bars, n [ 5). (a) Relative expression of Nox isoforms Nox5, Nox4, Nox2, Nox1, and p47phox. (b) Relative expression
of inflammatory marker monocyte chemoattractant protein-1 (MCP-1) and markers of fibrosis transforming growth factor-b (TGF-b) and
fibronectin. Data are expressed as individual points as well as mean � SEM, indicating between-animal variance. *P < 0.05 and **P < 0.01 for
sham versus CKD.
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responding to increased intrapelvic pressure, and chemore-
ceptors, activated by ischemia or uremic toxins, increase
efferent RSNA by activating regions of the brain involved in
modulation of sympathetic outflow.33 Afferent nerve activity
is also modified by efferent RSNA via adrenoceptors. Thus,
renal denervation interrupts the reflex feedback loops and
provides a way of reducing SNS activation. In light of this,
renal denervation and specifically afferent denervation would
provide an opportunity to determine the role of the renal
sympathetic nerves in supporting arterial pressure in the CKD
model described here. It is worth noting that in the current
study the electrode recorded a combination of efferent and
afferent SNA, although there is evidence in humans and other
species that the proportion of efferent fibers is far greater than
afferent fibers.33,34

In our model of CKD, we report greater expression of
markers of fibrosis and of the inflammatory marker mono-
cyte chemoattractant protein-1 compared with control rab-
bits. Greater abundance of Nox4 and Nox5 mRNA in CKD is
consistent with studies of human disease states and animal
models of renal inflammation.35 Reduced nicotinamide
adenine dinucleotide phosphate oxidase isoforms, in partic-
ular Nox4, which is highly expressed in the proximal tubule,
mediate oxidative stress and inflammation in experimental
CKD.36 Recent studies have suggested a pathogenic role for
the Nox5 isoform, which is not present in rodents. Nox5 is
expressed in proximal tubules and glomeruli and is upregu-
lated in human diabetic nephropathy.35,37 Indeed,
Kidney International (2020) 98, 906–917
tubulointerstitial fibrosis is evident in many forms of pro-
gressive renal impairment irrespective of their origin.38 In the
present study, evidence of greater collagen (as shown by
Masson’s trichrome staining) and greater gene expression for
fibronectin and TGF-b, a key cytokine in the development of
tubulointerstitial fibrosis that also promotes synthesis of
fibronectin, is consistent with the development of tissue
fibrosis.39

Although most experimental studies use rodents,40 the
model of glomerular layer lesioning plus nephrectomy re-
mains one of the few models appropriate for rabbits.18 Ad-
vantages of this rabbit model include the moderate degree of
CKD that is stable by 2 to 3 weeks after nephrectomy, shown
by sustained elevation of plasma creatinine. The rabbits
remain in good health with body weight increasing. Normally
urine output is half the water intake (49%) to account for
other avenues of water loss due to respiration and via the
gastrointestinal tract. In CKD rabbits the urine output in-
creases to 80% of the fluid intake. Thus, assuming nonurine
water loss is approximately the same, there is a 50-ml/day
insufficient water intake to maintain fluid balance, suggesting
a reduced volume. The higher RSNA via innervation of tu-
bules is likely preventing sodium loss and limiting urine
excretion.41 The higher urine production is now believed to
be initiated early in the process of renal failure, not as a
consequence of uremia.2,42 Renal function as calculated by
interpolated GFR in CKD rabbits was only one-third less than
that of controls and is remarkable because the kidney had
913



Figure 7 | (a) Masson’s trichrome staining of renal cortex of a chronic kidney disease (CKD) rabbit on day 21, showing fibrotic tracks
made by lesions (blue staining; bar [ 1 mm). (b,c) Masson’s trichrome staining of renal cortex in (b) 1 CKD and (c) 1 sham-operated rabbit
(bars ¼ 50 mm). (d) Effect of CKD on percentage of collagen (blue stain) accumulation in the renal cortex, which was greater in CKD than in
sham kidneys. Data are expressed as individual points as well as mean � SEM, indicating between-animal variance in sham (white, n ¼ 4) and
CKD (gray, n ¼ 5) rabbits. *P < 0.05 for CKD versus sham. To optimize viewing of this image, please see the online version of this article
at www.kidney-international.org.
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lesions over much of its surface. We noted that the damage
done by the lesioning needle followed discrete pathways and
did not induce mesangial expansion. Thus, the importance of
measuring RSNA versus muscle SNA in CKD cannot be
underestimated because of the multifaceted role of RSNA in
Figure 8 | Timeline of measurement (shown by blue arrows) and sur
blood pressure; BW, body weight; CKD, chronic kidney disease; HR, hear
sympathetic nerve activity.
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promotion of renin secretion, sodium retention, water reab-
sorption, and vasomotor tone.

A further consideration with our control rabbits is that
they have 2 kidneys, whereas our CKD model has only 1.
Although this is common practice, renorenal reflexes are
gery days (shown by white arrows). Biochem, biochemistry; BP,
t rate; NE, norepinephrine; PRA, plasma renin activity; RSNA, renal
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absent in the CKD rabbit but present in the controls.
Although a further uninephrectomized control might be
desirable, there still would be differences because of
compensatory hypertrophy in the intact kidney that may
impact remodeling and tissue growth. Moreover, comparing
FENa in the CKD rabbits with the 2-kidney controls having
twice as many glomeruli may well result in the magnitude of
the responses obtained being confounded. An additional
limitation of the current study is that we only included male
rabbits, but we point out that unlike rodents, rabbits are
induced ovulators and do not have a fixed estrous cycle.43

In conclusion, the lesion-induced model of CKD
consistently produced stable but moderate CKD and
allowed us to measure BP and RSNA in conscious rabbits.
Both BP and RSNA were elevated, but global SNA, deter-
mined by whole-body NE spillover, was lower than in
controls. The glomerular layer lesioning and nephrectomy
model of CKD was characterized by augmented markers of
oxidative stress, inflammation, and fibrosis that occurred
within 5 weeks of lesioning, all contributing to renal
dysfunction. We propose that RSNA was increased pre-
dominantly via changes induced by the damaged kidney.
Interrupting the signal from renal afferent nerves may
prove to be a means of controlling hypertension and
elevated RSNA associated with CKD.

MATERIALS AND METHODS
Animals
Experiments were conducted in 29 male New Zealand White rabbits
(initial body weight, 2.7–3.6 kg) and were approved by the Alfred
Medical Research Education Precinct Animal Ethics Committee and
conducted in accordance with the Australian Code of Practice for
Scientific Use of Animals.

Experimental procedures and protocol
The surgical and experimental protocol spanned a period of 5 weeks
(Figure 8). During the first experiment in conscious rabbits, before
any surgery, baseline MAP and HR were recorded over 1 hour, always
beginning at approximately 10 AM, via an indwelling ear artery
catheter inserted under local anesthetic and connected to a pressure
transducer (Statham P23DG; Hato Rey, Puerto Rico). At the same
time, arterial blood samples were taken for measurement of PRA and
other blood parameters (i-Stat system, Chem8þ cartridge; Abbott,
Melbourne, VIC, Australia).

Rabbits underwent operations under isoflurane anesthesia (3% in
oxygen; Abbott Australasia, Botany, NSW, Australia) after induction
with propofol (10 mg kg–1; Fresenius Kabi, Pymble, NSW, Australia).
Carprofen (Rimadyl; Pfizer, West Ryde, NSW, Australia) was given
before and 24 hours after surgery for analgesia and anti-
inflammation. The left kidney was exposed via a retroperitoneal
incision and placed on a stainless steel plate. The kidney was lesioned
in a 1-mm grid pattern over 5/6 of the surface with a 9-mA cathodal
current (2-second duration; depth, 2 mm) using a lesion maker
(Grass Instruments, model DCLM5A; Quincy, MA). To validate the
choice of 5/6 surface lesioning, an additional 4 rabbits underwent a
pilot study in which 2/6 of the kidney surface or 6/6 was lesioned.
Sham surgery involved exposure of the kidney, but it was not lifted
onto the plate and there was no lesioning (Figure 8).
Kidney International (2020) 98, 906–917
After 2 weeks of recovery, contralateral renal nephrectomy (n ¼
18) or sham nephrectomy (n ¼ 11) was performed and blood
samples taken over the next 3 weeks (Figure 8). MAP and HR were
measured in 1 subset of conscious rabbits on days 7 and 14 (n ¼ 10).
Water intake, urine output, and food consumption were measured in
9 rabbits housed in metabolic cages over 2 days, at baseline, and at
days 10 and 21 after nephrectomy, and a further 10 rabbits were used
for polymerase chain reaction and biochemical analysis (Figure 8).
Every rabbit with a lesioned renal surface plus contralateral ne-
phrectomy produced elevated plasma creatinine (i.e., success rate
was 100%).

All rabbits then underwent surgery to implant a stainless steel
recording electrode on the left renal nerve15 (Figure 8). The renal
nerves, usually protected by the tissue between the renal artery and
vein, were accessed in both CKD and sham rabbits without dis-
turbing the kidney. Thus, any scarring caused by the previous
exposure had no discernable impact on the implantation of the
electrode, with 100% success 1 week later.

After 1-week recovery from electrode surgery, RSNA as well as
MAP and HR were measured in conscious rabbits (21 days after
nephrectomy). The central ear artery was catheterized for arterial
pressure and a lateral ear vein for i.v. injection with 24G catheters
(BD Insyte, Singapore). The RSNA signal was recorded as described
previously16 (see Supplementary Methods), and burst amplitude and
frequency were calculated.44 Resting parameters were recorded for 1
hour, and then RSNA and HR baroreflexes were derived in duplicate
from slow ramp rises and falls in MAP by i.v. infusions of 0.5 mg/ml
phenylephrine and 1 mg/ml sodium nitroprusside, respectively.16

The response to ganglionic blockade was assessed by i.v. injection
of pentolinium tartrate (6 mg/kg; Apin Chemicals, Abingdon, UK)
(Figure 8).

A 2-day recovery was allowed before total NE spillover was
measured in conscious rabbits. This is sufficient time for recovery of
MAP, HR, and RSNA.45 Blood samples were taken before and at
40, 50, and 60 minutes during i.v. infusion of ring-labeled [3H]NE
(110 nCi/kg per min; Perkin Elmer, Boston, MA).46 At the end of the
experiment, rabbits was killed and kidney and heart removed.

Data analysis
BP and RSNA were digitized at 1000 Hz, and total RSNA and
amplitude were scaled to 100 normalized units by the maximum
nasopharyngeal response evoked by smoke.16 Resting levels were
measured over 60 minutes. Baroreflex MAP-RSNA and MAP-HR
curves were fitted to a 5-parameter logistic function.47

Measurement of PRA, urine albumin, NE spillover, GFR, FENa,
and mRNA
PRA was determined by radioimmunoassay,48 and urine albumin
was measured using an ELISA kit (ab108793; Abcam, Melbourne,
VIC, Australia) according to the manufacturer’s instructions. NE was
determined in plasma49 and whole-body NE spillover to plasma
calculated46 (see Supplementary Methods for details).

GFR was interpolated from the relationship between creatinine
and GFR measured directly in a cohort of 20 rabbits using [14C]
inulin (28 nCi/kg per min; Perkin Elmer) clearance.50 FENa was
calculated as FENa ¼ UrineNa � Plasmacreatinine/PlasmaNa �
Urinecreatinine � 100.

An RNA isolation kit (Z3105; Promega Australia, Alexandria,
NSW, Australia/Madison, WI) was used for RNA extraction, and
complementary DNA synthesis was performed51 (see Supplementary
Methods for details).
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Histopathology
Assessment of kidney histology was made with periodic acid–Schiff
or Masson’s trichrome, and the percentage of cortical area from 20
photomicrographs per kidney (in RBG) was assessed using Image-
Pro Analyzer (Media Cybernetics, Rockville, MD, version 7.0).52

Area of tubulointerstitial injury was made blinded using a grading
system according to the severity of the tubular and interstitial
damage (17–20 images per section).53 Glomerular injury was esti-
mated using the glomerular sclerosis index.54

Statistical analysis
Values are expressed as mean � SEM or mean difference � standard
error of the difference. Data were analyzed by split-plot repeated-
measures (mixed model) analysis of variance (ANOVA). The main
contrasts were the within-group effect of treatment compared with
baseline (Pbaseline) and between sham and CKD groups (Pgroup).
One-way ANOVA was used for comparisons taken at a single time
point. Type I error was controlled using Bonferroni adjustment to
the probability threshold and Greenhouse-Geisser correction to
reduce inflated residual degrees of freedom.55 A probability of P <
0.05 was considered significant.
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