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minuria in the respective groups was 169  8  75, 86  8  45, 15 
 8  23 and 5  8  4 mg/24 h. The glomerulosclerosis index was 
1.40  8  0.6, 0.80  8  0.23, 0.37  8  0.16 and 0.31  8  0.15 (p  !  
0.001). Only combined intervention caused significant re-
duction of the glomerular volume and podocyte hypertro-
phy. The lowest indices for nitrotyrosine, NOS-1 (nNOS),
TGF- �  and interstitial collagen were seen with combined in-
terventions (p  !  0.05).  Conclusion:  In angiotensin-convert-
ing enzyme inhibitor-treated SNX animals, abrogation of 
sympathetic overactivity provides additional renoprotec-
tion and less nitro-oxidative stress of podocytes than single 
interventions. The added benefits were partially blood pres-
sure independent.  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 The blood pressure-independent role of the renin-an-
giotensin system (RAS) in progressive deterioration of 
renal function has been firmly established in animal ex-
periments  [1, 2] . In addition, in renal patients, angioten-
sin-converting enzyme (ACE) inhibitors as well as angio-
tensin receptor blockers have been shown to ameliorate 
progression  [3–5] .
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 Abstract 
  Background:  The blood pressure-independent renoprotec-
tive actions of the blockade of the renin-angiotensin and the 
sympathetic nervous system are well documented, but 
monotherapies fail to completely abrogate progression. We 
investigated whether combined inhibition of the two sys-
tems provides additive renoprotection.  Methods:  After sub-
total nephrectomy (SNX) or sham operation, rats underwent 
resection of dorsal roots, i.e. rhizotomy or sham rhizotomy. 
Subsequently, they received tap water or quinapril in drink-
ing water for 16 weeks (n = 18/group). Albuminuria, blood 
pressure and kidneys were assessed (morphometry, immu-
nohistochemistry).  Results:  At the end of the study telemet-
ric blood pressure in SNX was 118  8  16 mm Hg, in SNX + 
rhizotomy 110  8  10 mm Hg, in SNX + quinapril 103  8  9 mm 
Hg and in SNX + quinapril + rhizotomy 95  8  7 mm Hg. Albu-
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  Campese and colleagues  [6, 7]  documented activation 
of the sympathetic nervous system (SNS) in models of re-
nal damage. Dorsal rhizotomy abrogated ascending stim-
ulatory signals emanating from the kidney. This interven-
tion reduced elevation of blood pressure and attenuated 
renal disease progression. In addition, blockade of sympa-
thetic activity either by a central sympathetic inhibitor  [8]  
or a  � -blocker  [9]  attenuated progression independently of 
blood pressure in the remnant kidney model.

  One of the main effects of the SNS in the kidney is 
 activation of the juxtaglomerular apparatus  [10] . It has 
remained undecided whether the beneficial effect of 
 reduced sympathetic activity is mediated via reducing 
 renin secretion from juxtaglomerular apparatus or 
whether the effect is renin-independent.

  It has recently been emphasized that none of the cur-
rent interventions including blockade of the RAS and of 
the SNS is completely effective in constantly abrogating 
progression  [11] . It has therefore been argued that the in-
terventional strategies of the future will presumably be 
combined interventions, e.g. RAS plus SNS or aldoste-
rone receptor blockade  [12] .

These considerations prompted us to test the hypoth-
esis whether the combination of ACE inhibition using 
quinapril and selective sympathetic denervation by dor-
sal rhizotomy is superior to the respective single inter-
ventions. 

  To test this hypothesis we analyzed renal morphology 
as well as the expression of fibrosis-related molecules 
(TGF- � , collagen IV) and nitro-oxidative stress (nitric 
oxide synthase isoforms, nitrotyrosine) mediators in the 
rat model of renal mass reduction.

  Materials and Methods 

 Experimental Design and Operative Procedures 
 Twenty-week-old male Sprague-Dawley rats weighing 350–

400 g were used (Charles River, Germany). All animals were 
housed under standard conditions (light on 08:   00–20:   00 h; 40–
70% relative humidity, 22  8  1   °   C), and had free access to water 
and chow (Altromin standard diet, Lage, Germany). All proce-
dures were in accordance with the guidelines of the Institutional 
Animal Care and Use Committee. As shown in  table 1 , animals 
were randomly divided into 8 groups (n = 18/group): 4 groups of 
animals underwent subtotal nephrectomy (SNX), and 4 groups 
were sham operated and served as controls (sham). In both SNX 
and sham groups, half of the animals were subjected to bilateral 
dorsal rhizotomy (T10–L2) or sham rhizotomy. In the groups of 
SNX and sham-operated animals, with or without rhizotomy, half 
of the animals received 10 mg/kg body weight/day quinapril dis-
solved in drinking water for 16 weeks. The drug concentration in 

the drinking fluid was adjusted according to the amount of water 
consumed. The above dose has been reported to cause effective 
suppression of the RAS. The control animals received tap water. 

  SNX was performed as described previously  [8, 9] . In brief, 
under ketamine + xylazine anesthesia (Ketanest 100 mg/kg body 
weight; Rompun 2 mg/kg body weight) the animals were unine-
phrectomized, i.e. the right kidney was decapsulated and removed 
by midline laparotomy. One week later, 2/3 of the decapsulated 
left kidney was removed by resecting a specified amount of corti-
cal tissue, leaving the pelvis and the hilus intact. Damage to the 
adrenals at decapsulation was carefully avoided. Gelaspon �  
(Chauvin Ankerpharm, Rudolfstadt, Germany) was used for he-
mostasis. The excised renal tissue was weighed on an analytic 
scale; a mean of 81  8  2% of the kidney cortex, which had under-
gone compensatory hypertrophy, was removed surgically. In 
sham-operated animals the kidneys were only decapsulated. 

  Dorsal rhizotomy was performed during the preceding unine-
phrectomy as described by Campese and Kogosov  [6] . Briefly, 
from a dorsal incision, above the left kidney, the lumbar vertebral 
column was exposed by gently pulling the muscle away from the 
vertebrae. The dorsal roots were visualized and cut with fine scis-
sors. Rhizotomy was performed at T10–L2, which contain the 
greatest concentration of afferent fibers from the kidneys to the 
brainstem. Animals were only included in the study, if all 5 dorsal 
roots could be identified on either side of the spine. Five animals 
were omitted from the study due to incomplete rhizotomy.

  At week 16 the experiment was terminated. The animals were 
anesthetized with ketamine + xylazine, the aorta was cannulated 
and blood was obtained for chemistry. Blood pressure-controlled 
retrograde perfusion fixation was performed as described previ-
ously  [13]  and the remnant or control kidneys were further pro-
cessed.

  Functional Measurements 
 At the beginning and at the end of the study, 24-hour urine 

samples were collected using metabolic cages (Tecniplast, Bugug-
giate, Italy). At the end of the study, tail-cuff blood pressure was 
measured in all rats while conscious by electrosphygmomanom-
etry (TSE, Bad Homburg, Germany)  [14] . In addition, in 2 animals 
per group telemetric blood pressure was measured using the sys-
tem of Data Sciences International (St. Paul, Minn., USA). Trans-
mitters (TA11PA-C40) were implanted into the abdominal aorta. 
Implantation of the transmitters was performed as described else-
where  [8] . Receivers (RPC1) were placed underneath the cage. 
Mean, systolic, and diastolic arterial blood pressure and heart rate 
derived from the peak systolic blood pressure signal were record-
ed. Results are given as the mean of 150-min readings on 3 con-
secutive days.

  Urinary albumin excretion was determined using a microplate 
sandwich ELISA  [15]  modified by using a rabbit anti-rat albumin 
peroxidase conjugate. 

  Tissue Preparation  
 For morphometric analysis retrograde perfusion fixation with 

3% glutaraldehyde was performed via the abdominal aorta in 7 
animals per group  [8, 9, 13] . The left remnants (or in sham-oper-
ated animals, the intact left kidneys) were harvested for morpho-
metric and stereologic measurements. The kidneys were sectioned 
in a plane perpendicular to the interpolar axis, yielding slices of 
1-mm width. Ten small pieces of the kidney were selected by area-
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weighted sampling and embedded in Epon-Araldite. Semithin
(1  � m) and ultrathin sections (0.08  � m) were prepared and stained 
with methylene blue/basic fuchsine or lead citrate/uranyl acetate, 
respectively. The remaining tissue slices were embedded in paraf-
fin; 4- � m sections were stained with hematoxylin/eosin and peri-
odic acid-Schiff (PAS). 

  For immunohistochemical analysis, the experiments were re-
peated and were terminated with perfusion of the kidney with ice-
cold NaCl. Half of the saline-perfused kidneys were immersion 
fixed in 4% buffered formaldehyde, embedded in paraffin, and cut 
into 4- � m-thick sections. The other half of the kidneys were snap-
frozen in liquid nitrogen-cooled isopentane for mRNA expression 
analysis.

  Paraffin sections were prepared and incubated with antibodies, 
using the avidin-biotin method  [13] , to detect the following epit-
opes: TGF- �  1  (anti-TGF- �  1  rabbit IgG polyclonal antibody,
1:   50; Santa Cruz Biotechnology, Santa Cruz, Calif., USA), collagen 
IV (anti-collagen IV rabbit polyclonal antibody, 1:   40, Biotrend 
Chemikalien, Cologne, Germany), endothelial nitric oxide syn-
thase [NOS-3 (eNOS), anti-eNOS rabbit polyclonal antibody,
1:   400; ABR-Affinity BioReagents, Golden, Colo., USA], neuronal 
nitric oxide synthase [NOS-1 (nNOS), anti-nNOS rabbit poly-
clonal antibody, 1:   50, BD Pharmingen, Heidelberg, Germany] and 
nitrotyrosine (sheep polyclonal antibody, 1:   400, Oxis Research, 
Portland, Oreg., USA).

  Morphometric and Stereologic Investigations 
  Indices of Renal Damage.  The glomerulosclerosis index was 

assessed on PAS-stained paraffin sections according to the scor-
ing system (scores: 0–4) of el Nahas et al.  [16] . Using light micros-
copy and a magnification of  ! 400 the glomerular score of each 
animal was derived as the arithmetic mean of 100 glomeruli. The 
tubular, interstitial and vascular damage scores were assessed on 
PAS-stained paraffin sections using a similar scoring system 
(score 0–4) at a magnification of  ! 100 as described in detail else-
where  [8] . 

   Glomerular Geometry.  Area density of the glomerular tuft 
(A AT ) and volume density of glomeruli (V V ) were measured by the 
point counting method with point density = area density = volume 
density (P P  = A A  = V V ) using a 100-point Zeiss eyepiece (Integra-
tionsplatte II; Zeiss, Oberkochen, Germany) at a magnification of  
! 400 on PAS sections. In addition, the number of glomeruli per 
area (N A ) was counted [for detailed description of analysis of glo-
merular geometry, see  13 ]. Briefly, from the above data the number 
of glomeruli per volume [N V  = (1/1.382)  !  (N A 

 1.5   !  V V 
 0.5 )] (cor-

rected for tissue shrinkage: 45%) and total cortex volume was cal-
culated from kidney mass (KW), specific weight of the kidney 
(SW K ), and volume density of the cortex according to V Cortex  = 
KW/SW K   !  V VCortex  (V Cortex ) = (1/1.382)  !  (N A 

 1.5   !  V V 
 0.5 ).

From these parameters the total number of glomeruli was derived 
(N Glom  = N V   !  V Cortex ). Finally, the mean glomerular tuft volume: 
mV Glom  = (1/1.382)  !  A T 

 1.5 ) was calculated from the total area of 
the glomerular tuft and cortex area (A T  = A AT   !  A Cortex ). The 
number of glomeruli (N Glom ) per kidney was used to estimate the 
extent of surgical nephron reduction and the mean glomerular 
tuft volume (mV Glom ) was used to estimate the extent of glomeru-
lar enlargement. Glomerular mesangial matrix volume (V Matrix ) 
was calculated as the fractional mesangial matrix volume of the 
glomerular capillary tuft (points on the matrix/points on the 
whole glomerular tuft) and is given as percent.

   Glomerular Capillaries.  In 5 semithin sections per animal glo-
merular cell number and volume were analyzed using an eyepiece 
for point counting (see above) at a magnification of  ! 1,000 (oil 
immersion). Briefly, the length density of glomerular capillaries 
(L V : mm capillary/mm 3  glomerular tuft volume) was determined 
according to the standard stereologic formula (L V  = 2Q A : the num-
ber of capillary transects per area of the capillary tuft). This pa-
rameter gives the average capillary length normalized to glomeru-
lar volume to exclude the effect of hypertrophy; thus it is a marker 
of glomerular capillary obliteration  [17] . Furthermore, glomerular 
capillary length for the whole kidney (L c ), i.e. total capillary length, 
was determined. Glomerular capillary tuft volume (V Tuft ) was cal-

Table 1. Laboratory values and body weight at the time of harvest

Rhizotomy Creatinine
mg/dl

Urea
mg/dl

Hematocrit
%

Cholesterol
mg/dl

LDL-C
mg/dl

HDL-C
mg/dl

Initial body
weight, g

Body weight
at harvest, g

Sham
Water 4(n = 12) 0.480.1 40.084.3 42.783.1 68.8815.7 9.187.1 48.988.9 399812.9 588846.8

=(n = 12) 0.480.1 41.884.9 44.383.4 72.9810.0 7.484.8 51.488.5 387827.8 562833.1
Quinapril 4(n = 12) 0.480.0 51.689.1 44.683.4 74.3814.0 10.986.8 50.8810.2 385814.6 548821.6

=(n = 12) 0.480.1 49.686.0 40.383.3 72.0818.6 6.186.3 53.1812.3 385821.4 589842.9

SNX
Water 4(n = 12) 1.080.2a 113.187.9a 36.185.1a 131.3813.9a 19.186.3a 97.9813.4a 391812.7 557827.4

=(n = 17) 0.780.4b 97.1815.0b 36.983.4 113.3841.0 16.6816.6 80.1828.0 394826.6 573833.8
Quinapril 4(n = 17) 0.980.01a 123.4813.9a 37.081.5 109.1821.7 16.487.6 80.4817.4 394810.3 546818.6

=(n = 17) 0.7580.3b 106.6813.4b 38.984.4b 100.1828.7b 13.485.0b 77.7812.9b 382816.9 522842.3

ANOVA p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n.s. n.s.

a p < 0.01 vs. sham + no intervention or respective control group; b p < 0.05 vs. SNX + no intervention. + = Animals with rhizotomy; 
– = animals with sham rhizotomy.
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culated as the fractional capillary tuft volume of the whole glom-
erulus (points on the tuft/points on the whole glomerulus) and is 
given as percent.

   Glomerular Cellularity.  The number per glomerulus and mean 
volume   of   glomerular cells (podocytes, mesangial and endothelial 
cells) was analyzed in 15 glomeruli per animal. The mean cell 
number/glomerulus (N C ) was calculated from cell density per vol-
ume (Nc v ) and volume density of the respective cell type (Vc v ) ac-
cording to the equation: Nc v  = k/ �   !  Nc A 

 1.5 /Vc v 
 0.5  with k = 1 and 

 �  = 1.5 for podocytes and 1.4 for mesangial and endothelial cells. 
The respective mean cell volumes were calculated according to the 
equation mV c  = Vc v   !  mV glom   [18] . 

  Real-Time PCR 
 Total RNA was isolated from whole kidneys using SV Total 

RNA Isolation System (Promega, Mannheim, Germany) accord-
ing to the manufacturer’s instructions. RNA concentration was 
determined photometrically. Reverse transcription was performed 
with the 1st Strand cDNA Synthesis Kit (AMV) from Roche (Roche 
Diagnostics, Mannheim, Germany) using 1  � g RNA and random 
primers (final concentration: 3.2  � g). 

  All PCR reactions were performed on a LightCycler (Roche 
Diagnostics, Mannheim, Germany) using the LightCycler-Fast-
start DNA Master SYBR Green I Kit (Roche). The samples were 
quantified normalizing to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression. Primer sequences were as follows: 
TGF- �  1  forward 5 � -CACCATCCATGACATGAACC-3 � , reverse 
5 � -TCATGTTGGACAACTGCTCC-3 � ; NOS-3 (eNOS) forward 
5 � -TGACCCTCACCGATACAACA-3 � , reverse 5 � -CTGGCCTTC-
TGCTCATTTTC-3 � . Specificity of the PCR reaction was con-
firmed with melting curve analysis. Every sample was quantified 
using a gene-specific standard curve, and the mean value of three 
different PCR runs was taken for statistical evaluation.

  Immunohistochemistry 
 TGF- �  1 , collagen IV, NOS-1 (nNOS), NOS-3 (eNOS) and ni-

trotyrosine immunohistochemical reactivity were examined with 
light microscopy at a magnification of  ! 400. Scoring (scores 0–4; 
0 = no staining, 1 = weak, 2 = mild, 3 = strong, 4 = very strong 
staining) was performed as described elsewhere  [13] . 

  Statistics 
 Data are presented as mean  8  standard deviation (SD). Ran-

domly selected animals (n = 7) were used for morphometric anal-
ysis. After testing for normal distribution, the Kruskal-Wallis test 
or one-way ANOVA were chosen for analysis of variance, followed 
by Duncan’s multiple range test, to test for differences between 
groups. The zero hypothesis was rejected if the probability of error 
(p) was less than 0.05.

  Results 

 Animal Data ( table 1 ) 
 At the time of operation the body weight of the ani-

mals was comparable in all groups. At the end of the 
study average body weight was also similar. SNX rats 
had significantly higher serum creatinine and serum 

urea concentrations than sham-operated animals. The 
values were significantly lower in the animals on com-
bined intervention. Comparing the 2 single intervention 
groups, retention parameters tended to be lower in the 
rhizotomy animals versus quinapril monotherapy. In 
SNX animals the hematocrit values were significantly 
lower and serum cholesterol significantly higher, the lat-
ter mainly as the result of increased LDL cholesterol. 
Both parameters were significantly improved by com-
bined intervention.

  During the study, none of the sham-operated animals 
died. Six out of 18 SNX without interventions died, but 
only 1 in each of the respective SNX groups with inter-
vention.

  Albuminuria and Blood Pressure ( table 2 ,  fig. 1 ) 
 At the end of the study albuminuria was strikingly high-

er in untreated SNX and significantly lower after rhizoto-
my alone. It was also lower in SNX on quinapril and lowest 
on combined intervention (quinapril plus rhizotomy). 

  Tail plethysmography overestimated blood pressure. 
Blood pressure was monitored by telemetry in a limited 
number of animals. The results ( fig. 1 ) indicated higher 
blood pressure in untreated SNX and lower values in 
treated SNX.

  Indices of Renal Damage ( table 3 ,  fig. 2, 3 ) 
 In untreated SNX, indices of glomerular, tubular, in-

terstitial and vascular damage (VDI) were all significant-
ly higher than in sham-operated rats. Rhizotomy had a 
marked effect on all indices except VDI. The effect of 
quinapril monotherapy was even more striking (with the 
exception of VDI), but with exception of VDI combined 
intervention yielded the best outcome (p  !  0.05).

  Stereologic Measurements ( table 4 ) 
 SNX consistently reduced the number of glomeruli to 

a similar extent documenting the homogeneity of the 
SNX groups. In all SNX groups a compensatory increase 
in glomerular volume was noted which was significantly 
lower after quinapril. The length density of glomerular 
capillaries as well as the total length of capillaries per 
remnant kidney was significantly less after SNX reflect-
ing capillary loss or obliteration as a result of glomerulo-
sclerosis. Rhizotomy, but not quinapril, almost normal-
ized capillary length density. In SNX the matrix repre-
sented a significantly greater proportion of the tuft, 
reflecting glomerular extracellular matrix accumulation. 
The matrix/tuft ratio was significantly lower in quinapril-
treated SNX, but was not affected by rhizotomy.
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  Cellular Analysis of the Glomerulus ( table 5 )  
 In this model of renal damage of moderate severity, 

the number of endothelial cells was also strikingly in-
creased in untreated SNX, but significantly lower in 
quinapril-treated SNX, but not in SNX with rhizotomy. 
There was no significant change in endothelial cell vol-
ume. Finally, in SNX a significant increase in mesangial 

cell number was noted, which again was attenuated, but 
not normalized, by quinapril. Rhizotomy did not affect 
this parameter. No significant changes of mesangial cell 
volume were noted. 

  Of particular interest are the podocyte findings. The 
number of podocytes per glomerulus remained un-
changed, but the podocyte volume was strikingly in-
creased in SNX. It was significantly lower in the quinapril 
group, but not affected by rhizotomy

  Immunohistochemistry and Real-Time PCR Analysis of 
the Kidneys ( tables 6 ,  7 )  
 Increased collagen was found in glomeruli ( table 6 ) and 

was significantly reduced by quinapril plus rhizotomy. Tu-
bulointerstitial collagen deposition was prevented by all 
interventions. Interestingly, rhizotomy as a single inter-
vention prevented tubulointerstitial collagen deposition 
more effectively than quinapril monotherapy.

  Glomerular TGF- �  1  expression ( fig. 4 ) was only re-
duced by combined intervention, but not by quinapril or 
rhizotomy ( table 6 ).

  Combined interventions, but not single interventions, 
normalized protein expression of NOS-3 (eNOS) in glom-
eruli ( table 7 ). A similar trend was seen with NOS-3 
mRNA, but the differences between the groups were not 
significant. 

  The protein level expression of NOS-1 (nNOS) in mac-
ula densa cells was reduced in SNX. It was unaffected by 

Rhizotomy Albuminuria
mg/24 h

Systolic blood pressure
(tail plethysmography)
mm Hg

KW/BW
%

Sham
Water 4(n = 12) 482 129812 0.3680.02

=(n = 12) 281 125830 0.4180.04
Quinapril 4(n = 12) 281 115813 0.3380.03

=(n = 12) 181 114810 0.3980.03

SNX
Water 4(n = 12) 169875a 162813a 0.4980.1a

=(n = 17) 86845b 138828b 0.4580.07
Quinapril 4(n = 17) 15823c 115812c 0.4480.09

=(n = 17) 584c, d (n.s.) 112814c (n.s.) 0.4280.05

ANOVA p < 0.001 p < 0.001 p < 0.001

a p < 0.05 vs. sham + no intervention; b p < 0.05 vs. SNX + no intervention; c p < 0.01 
vs. SNX + no intervention; d p < 0.05 vs. SNX + quinapril + sham rhizotomy. KW = Kid-
ney weight; BW = body weight; + = animals with rhizotomy, – = animals with sham rhi-
zotomy; n.s. = nonsignificant: SNX + quinapril + rhizotomy vs. sham + quinapril + rhi-
zotomy.

Table 2. Albuminuria, systolic blood 
pressure and kidney weight relative to 
body weight at study termination
(4 months)
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  Fig. 1.  Telemetrically measured mean arterial pressure in 2 ani-
mals per experimental group. Bars represent 15 measurements on 
3 consecutive days in individual animals (mean  8  SD of indi-
vidual values). 
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rhizotomy and quinapril, but was normalized by com-
bined intervention ( table 7 ).

  Nitrotyrosine staining as a marker of oxidative stress 
of podocytes was more intense in untreated SNX rats com-
pared to sham-operated rats ( table 7 ). It was not affected 
by rhizotomy, but reduced to some extent by quinapril and 
completely normalized by combined intervention ( fig. 5 ).

  Discussion 

 The salient result of the present study is the finding 
that in the remnant kidney model of the rat the com-
bined intervention of ACE inhibition plus rhizotomy (to 
eliminate renal sympathetic innervation) is superior to 
the respective single interventions. Combined interven-
tion yielded the best indices of renal damage, i.e. albu-
minuria, glomerulosclerosis index, glomerular and tu-
bulointerstitial TGF- �  expression and collagen deposi-
tion, nitrotyrosine staining of podocytes, and NOS-3 
(eNOS) expression. 

  In the surgical renal ablation model high-dose ACE 
inhibitor strikingly attenuated the development of 
 glomerulosclerosis as well as tubular and interstitial 
damage, confirming previous results. In ACE inhibitor-
treated animals podocyte volume and mesangial cell 
numbers were strikingly lower. Furthermore we saw di-
minished TGF- �  1  expression and less staining for nitro-
tyrosine in podocytes. 

  Elimination of sympathetic activity by rhizotomy, i.e. 
through the interruption of the afferent sympathicostim-
ulatory signals emanating from the kidney, had striking-
ly beneficial effects on glomerulosclerosis and indices of 
interstitial damage. Rhizothomy also led to greater length 
density and total length of glomerular capillaries. This 
finding is consistent with the observation that sympa-
thetic activity suppresses capillary formation in the heart 
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  Fig. 2.  Individual values of glomerulosclerosis index. 

Table 3. Morphologic indices of renal damage

Rhizotomy Glomerulosclerosis
index

Tubular
damage index

Interstitial
damage index

Vascular
damage index

Sham
Water 4(n = 7) 0.1480.04 0.5580.31 0.1180.14 0.2080.28

=(n = 7) 0.1380.04 0.2680.12 0.1680.17 0.0780.15
Quinapril 4(n = 7) 0.3180.19 0.4380.17 0.1480.11 0.0280.05

=(n = 7) 0.3680.17 0.2980.16 0.0880.10 0.1080.14

SNX
Water 4(n = 7) 1.4080.6a 1.8280.67a 1.7880.60a 0.4280.17a

=(n = 7) 0.8080.23b 1.4680.13 0.7580.25b 0.4080.29
Quinapril 4(n = 7) 0.3780.16b 1.1480.18b 0.4880.15b 0.4580.31

=(n = 7) 0.3180.15c (n.s.) 0.5580.37c, d (n.s.) 0.1580.13c, d (n.s.) 0.1280.05b (n.s.)

ANOVA p < 0.001 p < 0.001 p < 0.001 p < 0.001

a p < 0.05 vs. sham + no intervention; b p < 0.05 vs. SNX + no intervention; c p < 0.01 vs. SNX + no interven-
tion; d p < 0.05 vs. SNX + quinapril + sham rhizotomy. + = Animals with rhizotomy; – = animals with sham 
rhizotomy; n.s. = nonsignificant: SNX + quinapril + rhizotomy vs. sham + quinapril + rhizotomy.
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 [19] . These findings were accompanied by markedly low-
er albuminuria. SNS inhibition proved to be more protec-
tive than renin-angiotensin-aldosterone system (RAAS) 
inhibition in preventing interstitial collagen deposition 

and the rise of retention parameters (serum creatinine, 
BUN).

  In addition, rhizotomy amplified the beneficial ef-
fects of ACE inhibitor. Albuminuria was significantly 

a b

c d

e

  Fig. 3.  Representative photographs of glomeruli from a sham-nephrectomized animal ( a ) and SNX animals 
( b – e ).  b  SNX: water, sham rhizotomy.  c  SNX: quinapril, sham rhizotomy.  d  SNX: water, rhizotomy.  e  SNX: 
quinapril, rhizotomy. PAS stain. Magnification  ! 400. 
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lower in SNX rats with quinapril plus rhizotomy. Tubu-
lar and interstitial damage indices were also significant-
ly lower than in SNX on quinapril monotherapy. Addi-
tional benefit of SNS inhibition over intense RAAS inhi-
bition suggests RAAS-independent beneficial effects of 
SNS inhibition.

  Several points of the experiment deserve comment. 
We deliberately used a model of moderate ablation of 
cortical mass by surgical resection causing reproducible 
reduction of the number of glomeruli ( table 4 ). Resection 
involved the outer cortex, so that the kidney remnant 
contained a disproportionate number of juxtamedullary 

Table 4. Stereologic analysis of glomeruli

Rhizotomy Glomerular geometry Glomerular capillaries Glomerular matrix: 
VMatrix, %/VTuftNGlom mVGlom 

× 106 �m3
length density
mm/mm3

total length, m

Sham
Water 4(n = 7) 45,01189,939 2.682.2 6.381.3 6,92581,964 13.780.8

=(n = 7) 49,190811,343 3.081.9 6.581.0 7,5198770 16.286.7
Quinapril 4(n = 7) 45,03085,389 2.882.5 5.581.2 6,0728421 12.980.8

=(n = 7) 62,02089,826 2.782.3 6.480.5 7,58081,401 13.481.2
SNX
Water 4(n = 7) 18,02483,290a 7.381.6a 4.380.2a 3,9068759a 23.081.4a

=(n = 7) 19,13685,180 6.482.2 5.180.3b 5,30281,486b 23.683.5a

Quinapril 4(n = 7) 23,08985,959 5.083.2b 4.580.4 3,6538989 14.980.4b (n.s.)

=(n = 7) 19,89683,704 4.581.7b 5.080.7b 5,54982,208b 14.180.8b (n.s.)

ANOVA p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

a p < 0.01 vs. sham + no intervention; b p < 0.05 vs. SNX + no intervention. + = Animals with rhizotomy;
– = animals with sham rhizotomy; NGlom = total number of glomeruli/kidney; mVGlom = mean glomerular 
 volume; n.s. = nonsignificant vs. the respective control groups.

Table 5. Cellular analysis of the glomerulus

Rhizotomy Endothelial cells Mesangial cells Podocytes

number/
glomerulus

mean
volume, mm3

number/
glomerulus

mean
volume, mm3

number/
glomerulus

mean
volume, mm3

Sham
Water 4(n = 7) 446876 181843 364884 210851 10986 796871

=(n = 7) 500862 166850 356842 2918118 106810 810841
Quinapril 4(n = 7) 490860 147851 273882 279890 11084 719839

=(n = 7) 511858 132811 342828 258848 10682 806859

SNX
Water 4(n = 7) 8528128a 177829 8678211a 311888 12383 2,2998146a

=(n = 7) 1,0188212 140849 8168181 2398103 10981 2,2178149
Quinapril 4(n = 7) 590878b 173828 551870b 250854 11286 1,8188171b

=(n = 7) 630813b 161821 479886b 300822 10683 1,840880b

ANOVA p < 0.001 n.s. p < 0.001 n.s. n.s. p < 0.001

a p < 0.01 vs. sham + no intervention; b p < 0.05 vs. SNX + no intervention. + = Animals with rhizotomy;
– = animals with sham rhizotomy. 
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glomeruli, which are known to have higher glomerular 
capillary pressure  [20]  and to be more susceptible to in-
jury.

  From the large array of available ACE inhibitors we 
deliberately used quinapril, because this formulation 
was claimed to achieve the highest tissue concentrations 
in the kidney, and thus presumably optimal inhibition of 
local tissue RAAS  [21] .

  Hypertension in chronic renal disease is to a large part 
due to sympathetic overactivity triggered by afferent sig-

nals emanating from the kidney and resetting sympa-
thetic tone by stimulation of hypothalamic centers  [22] . 
Sympathetic overactivity not only elevates blood pres-
sure, but also accelerates progression of renal failure. Re-
nal sympathetic nerves are a critical link between the 
SNS and long-term arterial pressure control  [23] . We de-
cided not to interfere with efferent renal sympathetic 
nerve activity, since it has been reported that this in-
creases renal resistance  [24]  and denervation natriuresis 
 [25]  potentially causing rebound activation of RAAS. We 

Table 6. Immunohistochemical analysis of fibrosis markers (mean score ± SD) and TGF-�1 real-time PCR re-
sults in the whole kidney (mean relative expression level ± SD)

Rhizotomy Collagen IV TGF-�1 TGF-�1 PCR

glomeruli interstitium glomeruli interstitium

Sham
Water 4(n = 5) 0.0780.05 0.2180.12 0.0880.03 0.2080.05 1.0280.37

=(n = 5) 0.0780.05 0.2480.10 0.0880.02 0.1480.02 0.8080.25
Quinapril 4(n = 5) 0.0880.04 0.2080.14 0.1080.02 0.1880.07 1.0280.35

=(n = 5) 0.0780.04 0.3080.10 0.1180.03 0.2280.05 1.1280.37

SNX
Water 4(n = 7)  0.680.07 0.9280.17 0.5780.04 0.4980.09 3.0080.60

=(n = 7) 0.5780.07 0.3680.10c 0.4880.08 0.4580.10 1.8880.70
Quinapril 4(n = 7) 0.2080.08a, b 0.7380.21a 0.4180.07 0.4680.09 1.3480.37

=(n = 7) 0.2580.06a, b 0.4580.14a 0.3280.08a 0.4280.17 1.0480.30a

ANOVA p < 0.05 p < 0.05 p < 0.05 n.s. p < 0.05

a p < 0.05 vs. SNX + no intervention; b p < 0.05 vs. SNX + water + rhizotomy; c p < 0.05 vs. SNX + quinapril 
+ rhizotomy. + = Animals with rhizotomy; – = animals with sham rhizotomy.

Rhizotomy Nitrotyrosine NOS-1 NOS-3 NOS-3 PCR

Sham
Water 4(n = 5) 0.1480.04 0.5880.11 0.7380.13 0.8880.16

=(n = 5) 0.1780.09 0.7280.27 0.7680.09 0.9180.14
Quinapril 4(n = 5) 0.1580.03 0.7980.14 0.7780.13 0.7680.32

=(n = 5) 0.1180.04 0.6780.36 0.7980.03 0.9580.17

SNX
Water 4(n = 7) 0.9880.18 1.3380.09 0.4680.09 1.3380.39

=(n = 7) 0.8980.11b 0.8480.09 0.4780.18b 0.9380.12
Quinapril 4(n = 7) 0.6680.12 0.7280.04 0.6380.09 0.9880.28

=(n = 7) 0.5080.11a 0.6580.15a 0.8080.11a 1.0080.13

ANOVA p < 0.005 p < 0.005 p < 0.05 n.s.

a p < 0.05 vs. SNX + no intervention; b p < 0.05 vs. SNX + quinapril + rhizotomy.
+ = Animals with rhizotomy; – = animals with sham rhizotomy.

Table 7. Immunohistochemical analysis 
of nitro-oxidative markers in the 
glomeruli (mean score ± SD) and NOS-3 
whole kidney real-time PCR results 
(mean relative expression level ± SD)
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therefore selected the procedure of surgical ablation of 
sympathetic afferent nerve traffic.

  Systolic blood pressure by tail plethysmography and 
telemetry was lowered, but not normalized, by rhizotomy 

alone, confirming the results of Campese and Kogosov 
 [6] . Modest further reduction in systolic blood pressure 
was seen in SNX treated with quinapril plus rhizotomy. 
The blood pressure differences between groups by telem-

a b

c d

e f

  Fig. 4.  TGF- �  1  immunohistochemical staining of glomeruli.  a  Sham-nephrectomized animal.  b  SNX: water, 
sham rhizotomy.  c  SNX: quinapril, sham rhizotomy.  d  SNX: water, rhizotomy.  e  SNX: quinapril, rhizotomy.
 f  Negative control. Magnification  ! 400. 
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has been shown to be nephroprotective: in SNX rats mox-
onidine or metoprolol reduced glomerular damage. This 
effect was independent of blood pressure  [8, 9] . In pa-
tients with chronic kidney disease, inhibition of the SNS 

etry, the only reliable method, were minimal. It is un-
likely that such small blood pressure differences account, 
for instance, for the marked differences of nitro-oxida-
tive stress in podocytes. General sympathetic inhibition 

a b

c d

e f

Fig. 5. Nitrotyrosine immunohistochemistry of podocytes.  a  Sham-nephrectomized animal.  b  SNX: water, 
sham rhizotomy.  c  SNX: quinapril, sham rhizotomy.  d  SNX: water, rhizotomy.  e  SNX: quinapril, rhizotomy.
 f  Negative control. Magnification  ! 400.
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by moxonidine on top of RAAS inhibition proved to be 
beneficial  [26, 27] . Finally, in diabetic patients reduction 
of sympathetic activity by moxonidine lowered albumin 
excretion independently of blood pressure  [28] .

  Paradoxically, but in line with our previous experi-
ments quinapril-treated animals consistently had higher 
serum creatinine and urea concentrations, possibly be-
cause of lower glomerular capillary pressures and filtra-
tion rates secondary to diminished efferent resistance  [8, 
29] . The serum creatinine concentration was significant-
ly (p  !  0.05) lower in animals with rhizotomy, either alone 
or in combination with quinapril, possibly pointing to an 
independent beneficial effect of reduced sympathetic ac-
tivation on intrarenal hemodynamics. Sympathetic sig-
nals are a potent stimulus for renin transcription and se-
cretion  [30, 31] , but in animals with RAS blockade it is 
unlikely that the effect of abrogation of sympathetic ac-
tivity was mediated by changes in renin secretion, since 
the high dose of the ACE inhibitor had already caused 
major inhibition of the juxtaglomerular RAS. In animals 
with rhizotomy, but not on quinapril, the length density 
per glomerulus was largely preserved. It had previously 
been shown that in SNX rhizotomy normalized reduced 
capillary length density in glomeruli  [9]  and the same 
had previously been noted in the heart  [19] . Rhizotomy 
failed to affect glomerular capillary length density in 
sham-operated animals, but it apparently modulated the 
effect of nephron loss on glomerular capillarogenesis. In-
terestingly, changes in capillary length density were not 
accompanied by commensurate changes in endothelial 
cell number and endothelial cell volume: the endothelial 
cell number was influenced by quinapril, but not by rhi-
zotomy. Angiotensin II (ANG II) is known to be an ago-
nist for mesangial cell proliferation; it is therefore not 
surprising that in quinapril-treated SNX the mesangial 
cell number was lower. It was not affected by rhizotomy 
despite the known role of catecholamines in mesangial 
cell proliferation  [32] . The increase in podocyte volume 
was partially reversed by quinapril. This observation is 
consistent with recent observations that podocytes have 
a potent local RAS, can produce ANG II and express AT-
1 receptors  [33] . 

  Certainly the best-established profibrotic cytokine in-
volved in renal scarring is TGF- �  1 . Glomerular TGF- �  1  
expression was significantly lower in SNX animals treat-
ed by combination therapy. It is true that ANG II increas-
es the expression of TGF- �  1  and this is thought to medi-
ate the profibrotic action of ANG II  [34, 35] , but sympa-
thetic activity also seems to play a role: moxonidin 
decreased glomerular TGF- �  1  mRNA in SNX rats  [8] . 

  Nitrotyrosine is a stable metabolite of oxidative modi-
fied nitrogen monoxide and a marker of nitro-oxidative 
stress. A 10-fold elevation of nitrotyrosine staining de-
spite reduced expression of nitrogen monoxide synthases 
(NOS-3: eNOS) suggests massive oxidative stress in un-
treated SNX animals. Double intervention preserved 
both NOS-3 expression, and normalized nitrotyrosine 
staining to sham control levels.

  We conclude that in SNX rats concomitant abrogation 
of sympathetic activity strikingly augments the effect of 
ACE inhibition and has presumably blood pressure-inde-
pendent beneficial effects. This observation provides a 
rationale for combination treatment.
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