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Abstract
Background. It is well known that the pathogenesis of most renal diseases is associated with alterations in renal
hemodynamics and also that the regulation of renal hemodynamics is under the direct control of renal sympathetic
nerve activity. 
Objectives. The role of the renal sympathetic nervous system in the early deterioration of renal hemodynamics in
rats with pathophysiological states of renal impairment was investigated.
Material and Methods. Male Sprague Dawley rats were induced with acute renal failure or diabetes mellitus by
cisplatin or streptozotocin (STZ), respectively. Cisplatin−induced renal failure was confirmed by impaired renal
function and the diabetic state and early renal impairment were confirmed by hyperglycemia, changes in physio−
logical parameters, and renal function. The hemodynamic study was conducted on anesthetized rats 7 days after
cisplatin or STZ administration. During the acute study the renal sympathetic nerves were electrically stimulated
at increasing frequencies and the responses in renal blood flow (RBF) and renal vascular resistance (RVR) were
recorded in the presence and absence of renal denervation.
Results. In the innervated rats with renal impairment, renal nerve stimulation (RNS) caused significant attenuation
(all P < 0.05 vs. innervated control) of the renal vasoconstrictor responses. These responses were markedly 
(all P < 0.05) abolished when renal denervation was performed; however, they appeared significantly (all P < 0.05)
higher than the denervated control counterparts. 
Conclusions. The findings strongly suggest an early involvement of renal sympathetic nerve action in the patho−
genesis of renal impairment accompanying renal failure and diabetes. The data further suggest an early enhance−
ment of renal sensitivity to intrarenal norepinephrine upon the removal of renal sympathetic tone by denervation
(Adv Clin Exp Med 2009, 18, 3, 205–214).

Key words: renal hemodynamics, renal sympathetic nerve, renal impairment, norepinephrine, cisplatin, strep−
tozotocin.

Streszczenie
Wprowadzenie. Patogeneza większości chorób nerek jest związana ze zmianami hemodynamiki w nerkach. Wia−
domo również, że regulacja hemodynamiki w nerkach jest kontrolowana bezpośrednio w wyniku aktywności ukła−
du współczulnego.
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The sympathetic nervous system plays an
important role in the control of renal hemody−
namics [1–2]. The renal nerves are mixed nerves
that consist of both afferent and efferent nerve
fibers; the former transfer sensory information
toward the central nervous system, while the lat−
ter is responsible for modulating renal function
and hemodynamics. The efferent renal innerva−
tion is basically composed of postganglionic
adrenergic fibers that characteristically exert their
effects via norepinephrine release [3]. Norepi−
nephrine released from the nerve terminals con−
tributes significantly to the tonic control of renal
vasculature, whereby they exert their action via
the activation of G−protein−coupled cell−surface
adrenoceptors and consequent contraction by
virtue of their ability to produce changes in the
cytosolic calcium concentration [4].

Renal failure often leads to renal fibrosis and
end−stage renal disease (ESRD), irrespective of
the primary cause of renal injury [5]. Similarly,
diabetes mellitus is among the major factors of
developing diabetic nephropathy that eventuates in
most cases of uncontrolled diabetes to ESRD [6].
A large body of evidence indicates the presence of
augmented sympathetic nervous system activity in
renal disease [5]. However, little information is
available concerning the early role of the renal
sympathetic nervous system and its contribution to
the pathogenesis of acute renal dysfunctions of
various etiology. An enhanced responsiveness of
some vasculatures to catecholamines has also been
reported in renal failure and diabetes of different
levels of severity [7–10]. However, in spite of
these reports, considerable paucity still exists on
some aspects of this issue. Particularly, the poten−
tial contribution of renovascular responsiveness to
neuronal stimuli in the altered renal hemodynam−

ics of acute renal failure (ARF) and diabetes has
not yet been thoroughly investigated.

With this background, the present study investi−
gated the role of the renal sympathetic nervous sys−
tem in the early renal hemodynamic changes in
response to ARF induced by cisplatin and to type
I diabetes mellitus induced by streptozotocin (STZ)
in an anesthetized Sprague Dawley rat model. For
this purpose, the contribution of neuronal adrenergic
stimuli to the altered renal hemodynamics accompa−
nying these disease states was characterized by
employing direct electrical stimulation of renal
nerves with or without acute renal denervation.

Material and Methods

Animals

Male Sprague Dawley (SD) rats, 250–350 g in
weight, were obtained from the Animal Care
Facility, Universiti Sains Malaysia (USM),
Penang, Malaysia. The animals were housed in
standard cages with 12:12−h light−dark cycle and
fed normal commercial rat chow and water ad libi−
tum. Animal care before and during the experi−
mental procedures was conducted in accordance
with the policies and guidelines of the Animal
Ethics Committee, USM, Penang, Malaysia. All
protocols employed had prior approval from the
Animal Care and Use Committee of USM. The
animals were randomly divided into three groups
of control, renal−failure, and diabetic rats. Each
group was further subdivided into two subgroups
of 5–7 animals based on the acute protocol. These
subgroups consisted of rats in which the renal
nerves were intact and one in which the kidney
had been subjected to renal denervation.
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Cel pracy. Zbadanie roli współczulnego układu nerwowego nerek we wczesnym pogorszeniu hemodynamiki ne−
rek u szczurów z patofizjologicznymi cechami uszkodzenia nerek. 
Materiał i metody. U szczurów Sprague Dawley wywołano ostrą niewydolność nerek lub cukrzycę podawaniem,
odpowiednio, cisplatyny lub streptozocyny (STZ). Niewydolność nerek indukowana podawaniem cisplatyny była
potwierdzona zaburzoną czynnością nerek, a cukrzyca i wczesne uszkodzenie nerek stwierdzeniem hiperglikemii,
zmianami w parametrach fizjologicznych i czynności nerek. Badanie hemodynamiczne przeprowadzono na szczu−
rach 7 dni po podaniu cisplatyny lub STZ. Podczas badania nerwy współczulne nerek pobudzano elektrycznie ros−
nącymi częstotliwościami, a zmiany w nerkowym przepływie krwi i oporze naczyń zapisywano w odnerwieniu
i bez odnerwienia.
Wyniki. U szczurów z unerwieniem i uszkodzeniem nerek pobudzanie nerwów powodowało istotne osłabienie od−
powiedzi  w postaci zwężenia naczyń nerek (p < 0,05 vs grupa kontrolna). Odpowiedzi te były znacząco (p < 0,05)
zniesione, gdy przeprowadzono odnerwienie nerek; były jednak istotnie większe (p < 0,05) w porównaniu z odpo−
wiednimi badaniami kontrolnymi szczurów z odnerwionymi nerkami.
Wnioski. Uzyskane wyniki przemawiają za wczesnym udziałem układu współczulnego nerek w patogenezie
uszkodzenia nerek towarzyszącego niewydolności nerek i cukrzycy. Dane sugerują również wczesne zwiększenie
wrażliwości nerek na wewnątrznerkową noradrenalinę po usunięciu napięcia współczulnego przez odnerwienie
(Adv Clin Exp Med 2009, 18, 3, 205–214). 

Słowa kluczowe: hemodynamika nerek, unerwienie współczulne nerek, uszkodzenie nerek, noradrenalina, cispla−
tyna, streptozocyna.
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Drugs, Chemicals, 
and Solutions

Pentobarbitone sodium (Nembutal®, CAVE,
France), heparin (Leo Pharmaceuticals), and cis−
platin (PCH Pharmachemie) were used as com−
mercially available injectable solutions. STZ was
purchased from Sigma Chemicals Co. (St. Louis,
MO, USA) and freshly prepared in a cold 0.9%
NaCl solution [11]. Phenol was purchased from
Sigma Aldrich (Chemie GmbH, Germany) and
a 10% solution was obtained by dissolving the
chemical in absolute alcohol (R & M Chemicals,
Essex, UK).

Induction of Acute Renal
Failure/Diabetes Mellitus and
Metabolic Cage Experiments

The animals were caged individually in cus−
tom−built stainless−steel metabolic cages and accli−
matized for at least three days before the induction
of renal failure with cisplatin or diabetes mellitus
with STZ. Baseline physiological data (body
weight, 24−h water intake, and 24−h urine output)
were recorded on day 1. Subsequently, the fasted
animals (at least 12 h) received a single intraperi−
toneal injection of either cisplatin (5 mg/kg)
[12–13] or STZ (55 mg/kg) [14]. Further physio−
logical data were collected twice (on days 4 and 7)
before the animals were used in the acute renal
hemodynamic study on day 8. Tail vein blood
samples were collected on days 1 and 7. The kid−
ney index (KI) was calculated as 100× kidney
weight/body weight [15–17] at the end of the acute
protocol.

Renal failure and impairment of renal func−
tions in rats administered cisplatin were assessed
from plasma creatinine (PCr), glomerular filtration
rate (GFR), and fractional excretions of sodium
(FENa) and potassium (FEK). The diabetic state in
rats administered STZ was confirmed on day 3 by
measuring fasting blood glucose (FBG). Blood
was withdrawn from the tail (9:00–9:30 a.m.) and
tested for glucose level using a glucometer
(ApexBio, Taiwan). Rats with an FBG level of 
> 250 mg/dl were considered diabetic [17–18],
while rats with a lower glucose level were exclud−
ed from the study. Apart from elevated blood glu−
cose, other physiological changes, such as
polyuria and a reduction in body weight, were also
considered in selecting the diabetic animals. Early
renal impairment in the diabetic rats was evaluat−
ed in terms of PCr, GFR, FENa, and FEK.

Biological Samples 
and Biochemical Analysis

Urine volume was measured gravimetrically
and stored frozen until analyzed. Blood samples
were collected (0.5 ml) from the tail vein into pre−
cooled heparinized microcentrifuge tubes
(Eppendorf, Hamburg, Germany), centrifuged
(3000 rpm, 1 min), and the clear plasma was sep−
arated. Plasma and urine samples were stored at
–70°C until assayed for sodium and potassium
using flame photometry (Corning 410C, Halstead,
Essex, UK) and creatinine by means of spec−
trophotometer (Hitachi, Japan).

Animal Surgical Preparation
for Renal Hemodynamic Study

Animals were starved overnight and anes−
thetized with an intraperitoneal injection of
60 mg/kg sodium pentobarbitone (Nembutal®,
CAVE, France). The trachea was cannulated
(PE250, Portex, UK) to provide a clear airway pas−
sage. The left jugular vein was cannulated (PE50,
Portex, UK) to allow supplementary injections of
anesthetic (sodium pentobarbitone diluted 1 : 1 in
150 mM NaC1) to be given as required using bolus
doses of 0.05–0.1 ml. The right carotid artery was
cannulated (PE50, Portex, UK) for the measure−
ment of mean arterial blood pressure using a pres−
sure transducer (P23 ID Gould, Statham
Instrument, Nottingham, UK) coupled to a com−
puterized data acquisition system (PowerLab,
ADInstrumentation, Sydney, Australia).

The left kidney was exposed via a midline
abdominal incision and the abdominal contents
were carefully moved to the right. A cannula was
inserted into the urinary bladder to allow free pas−
sage of urine from the kidneys. Renal denervation
of the left kidney was subsequently carried out by
stripping the renal artery and vein out of its adven−
titia. All observable renal nerves passing from the
celiac and aortico−renal ganglia to the kidney were
carefully isolated, dissected, and then cut. This was
followed by coating the remaining tissue with
a solution of 10% phenol in absolute alcohol. The
effectiveness of this procedure was already estab−
lished in a previous study by the present authors
[19]. In the innervated control and disease−induced
animals, the renal sympathetic nerves were left
intact. Following renal denervation, the left renal
artery was fitted with an electromagnetic flowme−
ter probe (EP100 series probe connected to
a Square−wave Electromagnetic Flowmeter,
Carolina Medical Electronics Model FM501 King,
NC) which was linked to a computerized data
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acquisition system (PowerLab, ADInstrument,
Australia) for measurement of renal blood flow
(RBF). Upon completion of the surgical procedure,
2 ml of saline (i.v.) were given to the animal, after
which the animal was stabilized for 1 h before the
experimental protocol was begun [9, 19–20].

Experimental Protocol
Basal mean arterial pressure (MAP), RBF, and

renal vascular resistance (RVR) values were deter−
mined before commencing renal nerve stimulation
(RNS) experiment. The renal nerves were then
stimulated (Grass S 48 Stimulator, Grass
Instruments, MA, USA) at increasing frequencies
of 1, 2, 4, 6, 8, and 10 Hz (0.2 ms duration and
15 V for a period of 15–30 s) and then in the
reverse order and the magnitude of changes in
RBF and RVR was recorded (Fig. 1). In the dener−
vated animals the stimulation was carried out at
a distance close to the kidney but distal to the posi−
tion of dissection. At the end of the experiment the
animals were killed using an overdose of anesthet−
ic and the left kidney was removed and immedi−
ately cleared of any connective tissue, blotted on
tissue paper, and weighed to calculate KI. The ani−
mals were subsequently disposed of in accordance
with the guidelines of the Animal Ethics
Committee of USM, Penang, Malaysia.

Data Presentation 
and Statistical Analysis

The vasoconstrictor responses caused by RNS
were taken as the average values caused by each
frequency applied in ascending and descending
order. The data on the drop in RBF were expressed
as the percentage drop in RBF in relation to the
basal RBF values calculated at the beginning of
the administration for each stimulation frequency.
The data on RVR were calculated from RBF and
MAP and the averaged responses were expressed
in relation to the applied frequency. All data are
the average values calculated from individual ani−
mals and are given as the mean ± S.E.M. In the
RNS experiments, two−way ANOVA was used for
the statistical analysis. For the analysis of the
metabolic cage experiments, KI, and the baseline
values of MAP, RBR, and RVR, one−way ANOVA
was used followed by the Bonferonni−Dunn all
means post hoc test. The differences between the
means were considered significant at the 5% level.
All statistical analysis was done using the
SuperANOVA statistical package (Abacus Inc.,
Barkley, CA, USA).

Results

General Observations

Renal failure was identified by significantly
reduced body weight, increased PCr, reduced GFR,
increased FENa and FEK, and diuresis in the cis−
platin−treated renal−failure rats (all P < 0.05) com−
pared with the baseline values before cisplatin
administration (Table 1). Irrespective of renal den−
ervation, the kidney in renal−failure rats was
markedly hypertrophized, as reflected by the sig−
nificantly higher (P < 0.05) KI (percentage of kid−
ney weight to fasting body weight) compared with
the control non−renal−failure rats (Table 2).

In the diabetic rats, along with a marked loss
in body mass, hyperglycemia, polyuria, and poly−
dipsia, there were significant elevations in PCr and
GFR, but a concomitant significant reduction in
FENa (all P < 0.05 vs. baseline measurements prior
to STZ administration). In contrast, FEK remained
constant (P > 0.05) throughout the metabolic cage
experiments in the diabetic rats (Table 1). Unlike
the renal−failure rats, no significant (P > 0.05) dif−
ferences in the KI of the innervated and denervat−
ed diabetic rats were observed compared with their
respective control groups (Table 2).
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Fig. 1. Typical tracing of renal blood flow (RBF) re−
sponses to direct electrical stimulation of renal nerves
at increasing frequencies (1–10 Hz) in ascending, then
descending, order recorded with a computerized data
acquisition system (PowerLab, ADInstrument, 
Australia)

Ryc. 1. Typowy zapis zmian w nerkowym przepływie
krwi (RBF) w odpowiedzi na bezpośrednią elektrycz−
ną stymulację o rosnącej częstotliwości (1–10 Hz)
w rosnącym i następnie malejącym porządku nagrany
przez system komputerowy (PowerLab®, ADInstru−
ment, Australia)
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Basal Renal Hemodynamic
Measurements

Baseline MAP, RBF, and RVR of all the exper−
imental groups and the effects of treatment with
renal denervation are presented in Table 3. No sig−
nificant (all P > 0.05) differences were observed in
basal MAP in all the experimental groups with or
without renal denervation. However, in the inner−
vated renal−failure rats there was a significant (all
P < 0.05) reduction in RBF and a marked increase
in RVR compared with their control innervated
counterparts. Conversely, the basal values of RBF
and RVR in the innervated diabetic rats were com−
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Table 1. Metabolic cage experiments in Sprague Dawley rats with different pathophysiological states

Tabela 1. Doświadczenia klatki metabolicznej u szczurów Sprague Dawley w różnych stanach patofizjologicznych

Experimental Day BW WI UFR GFR FENa FEK PCr FBG
group (Dzień) g ml/d µl/min/kg ml/min/ % % mg/dl/ mg/dl
(Grupa badana) /kg /kg

Control rats 1 281.0 ± 4.9 41.7 ± 2.8 15.1 ± 2.6 4.5 ± 1.0 0.6 ± 0.1 18.0 ± 1.0 6.7 ± 0.1 Not done
(Grupa kontrolna) 4 291.3 ± 4.7 41.5 ± 3.8 14.1 ± 2.3 Not done Not done Not done Not done Not done

7 293.8 ± 5.9 38.7 ± 4.1 13.9 ± 2.5 4.1 ± 0.9 0.7 ± 0.1 20.1 ± 2.0 7.0 ± 0.1 Not done

Renal−failure rats 1 311.0 ± 10.2 39.7 ± 3.3 14.8 ± 7.7 4.2 ± 0.9 0.5 ± 0.3 31.0 ± 8.0 6.3 ± 0.1 Not done
(Szczury z niewy− 4 289.9 ± 11.2 38.7 ± 3.3 29.0 ± 11.1* Not done Not done Not done Not done Not done
dolnością nerek) 7 275.2 ± 5.6* 46.7 ± 5.0 45.6 ± 8.3* 1.0 ± 0.1* 5.2 ± 0.1* 69.8 ± 9.1* 8.8 ± 0.4* Not done

Diabetic rats 1 321.5 ± 4.8 36.3 ± 2.5 33.7 ± 8.3 5.0 ± 1.1 2.8 ± 0.1 21.0 ± 1.0 5.9 ± 0.1 92.5 ± 5.8
(Szczury chore 3 Not done Not done Not done Not done Not done Not done Not done 401.6 ± 30.3*
na cukrzycę) 4 292.7 ± 3.9* 95.3 ± 11.2* 151.0 ± 20.0* Not done Not done Not done Not done Not done

7 285.5 ± 5.2* 144.7 ± 7.0* 274.8 ± 16.9* 11.4 ± 1.4* 1.3 ± 0.1* 17.0 ± 4.0 7.7 ± 0.1* Not done

All data were analyzed by one−way ANOVA followed by the Bonferroni−Dunn all mean post hoc test. Data presented as mean ± S.E.M.
(all n = 5–7).
BW – body weight, WI – water intake, UFR – urine flow rate, GFR – glomerular filtration rate, FENa – fractional excretion of sodium,
FEK – fractional excretion of potassium, PC – plasma creatinine and FBG – fasting blood glucose.
* P < 0.05 vs. baseline (day 1) of the same experimental group prior to the induction of renal failure or diabetes mellitus in the rats.

Uzyskane dane analizowano, stosując jednostronną analizę wariancji (ANOVA), a następnie porównanie post hoc wartości średnich testem
Bonferroniego−Dunna. Dane przedstawiono jako średnie arytmetyczne + SEM (n = 5–7).
BW – masa ciała, WI – spożycie wody, UFR – wskaźnik przepływu moczu, GFR – wskaźnik filtracji kłębuszkowej, FENa  – frakcjonowane
wydzielanie sodu, FEK – frakcjonowane wydzielanie potasu, PCr – kreatynina w osoczu i FBG – glikemia we krwi na czczo.
* p < 0,05 w porównaniu z wyjściowym dniem 1 tej samej grupy doświadczalnej przed wywołaniem niewydolności nerek lub cukrzycy
u szczurów.

Table 2. Fasting body weight and kidney index in all
experimental groups of Sprague Dawley rats with or
without renal denervation

Tabela 2. Masa ciała na czczo i wskaźnik nerkowy we
wszystkich grupach doświadczalnych szczurów Sprague
Dawley z i bez odnerwienia nerek

Experimental group Fasting BW (g) KI (%)
(Grupa badana) (Masa ciała na czczo)

C−INN 288.0 ± 4.5 0.40 ± 0.02

C−DNX 270.4 ± 5.7 0.43 ± 0.02

RF−INN 274.5 ± 6.6 0.50 ± 0.03**

RF−DNX 269.8 ± 3.5 0.51 ± 0.02‡

DM−INN 281.1 ± 3.6 0.45 ± 0.02

DM−DNX 280.2 ± 7.6 0.42 ± 0.01

All data were analyzed by one−way ANOVA followed by the Bonferroni−Dunn all mean post hoc test. Data presented as
mean ± S.E.M. (all n = 5–7).
BW – body weight, KI – kidney index, C−INN – control innervated, C−DNX – control denervated, RF−INN – renal failure
innervated, RF−DNX – renal failure denervated, DM−INN – diabetic innervated, DM−DNX – diabetic denervated.
Body weight (g) was measured after 14–16 h of fasting. Kidney index (%) was calculated from the weight of the kidney (g)
collected following termination of the experiment and the animal fasting body weight (g).
**P < 0.05 vs. the respective control.
‡ P < 0.05 vs. the respective control. 

Uzyskane dane analizowano stosując jednostronną analizę wariancji (ANOVA), a następnie porównanie post hoc wartości
średnich testem Bonferroniego−Dunna. Dane przedstawiono jako średnie arytmetyczne + S.E.M. (n = 5–7).
BW – masa ciała, KI – wskaźnik nerkowy, C−INN – grupa kontrolna szczurów z unerwieniem, C−DNX – grupa kontrolna
szczurów z odnerwieniem, RF−INN – szczury z niewydolnością nerki i unerwieniem, RF−DNX – szczury z niewydolnością
nerek i odnerwieniem, DM−INN – szczury z cukrzycą i unerwieniem, DM−DNX – szczury z cukrzycą i odnerwieniem
Masa ciała (g) po 14–16 godz. głodzenia. Wskaźnik nerkowy (%) obliczano na podstawie masy nerek (g), uzyskiwanej
po zakończeniu doświadczenia, i masy ciała zwierząt na czczo (g).
** p < 0,05 vs odpowiednia grupa kontrolna.
‡  p < 0,05 vs odpowiednia grupa kontrolna. 
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parable (all P > 0.05) to those of the control rats
with intact renal innervation. Renal denervation in
the control rats did not significantly (all P > 0.05)
alter basal RBF and RVR. Similarly, there were no
significant (all P > 0.05) changes in the RBF and
RVR responses to renal denervation in the diabet−
ic rats compared with their innervated counterparts
or respective control group. In the renal−failure
rats, however, renal denervation significantly (all
P < 0.05) improved baseline RBF and RVR com−
pared with the renal−failure rats with intact renal
nerves, bringing their values closer to those of the
control group.

Observations from Renal 
Nerve Stimulation Experiments
Figure 2 presents the data for all the experimen−

tal groups of rats subjected to the renal hemodynam−
ic study. Direct electrical stimulation of the renal
sympathetic nerves resulted in a frequency−depen−
dent reduction in RBF and a frequency−related
increase in RVR in all the experimental groups.
However, overall mean RVR and the percent reduc−
tion in RBF were significantly (P < 0.05) lower in
both the renal−failure and diabetic rats with intact
renal nerves compared with the control counterparts.

All the experimental groups showed marked (all

P < 0.05) attenuations in the renal vasoconstrictor
responses to direct electrical stimulation of the renal
nerve following removal of renal sympathetic tone
by denervation. Such an effect was reflected by sig−
nificant (P < 0.05) reductions in the percent drop in
RBF and overall mean RVR in response to RNS. In
contrast, no significant (P > 0.05) difference was
observed in the percent drop in RBF of the denervat−
ed renal−failure rats and their respective control
group. In the diabetic rats, however, the percent drop
in RBF was significantly (P < 0.05) higher than in the
denervated control group. The responses of RVR to
RNS, on the other hand, were significantly (P < 0.05)
higher in the denervated renal−failure and diabetic
rats than in the denervated control counterparts.

Discussion

The present investigation set out to examine if
there is any shift in renal adrenergic responsiveness
to neurally released norepinephrine in Sprague
Dawley rat models of ARF and diabetes mellitus
and the contributory role of renal sympathetic
nerve function in the pathogenesis of these disease
states. In the renal−failure rats, the considerable
loss in body mass, polyuria, natriuresis (FENa >
> 1%), kaliuresis, elevated PCr, compromised GFR,
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Table 3. Basal levels of mean blood pressure, renal blood flow, and renal vascular resistance in all experimental groups of
Sprague Dawley rats with or without renal denervation

Tabela 3. Podstawowe poziomy średniego ciśnienia krwi, nerkowego przepływu krwi i nerkowego oporu naczyniowego we
wszystkich grupach doświadczalnych szczurów Sprague Dawley z odnerwieniem i bez odnerwienia

Experimental group Basal MAP – mm Hg Basal RBF – ml/min/kg Basal RVR – mm Hg/ml/min
(Grupa badana) (Podstawowe MAP) (Podstawowe RBF)     (Podstawowe RVR)

C−INN 110.8 ± 5.7 17.6 ± 1.2 23.0 ± 2.6

C−DNX 110.4 ± 7.5 18.0 ± 1.1 21.9 ± 1.4

RF−INN 112.2 ± 6.6 12.1 ± 0.6** 37.4 ± 3.1**

RF−DNX 107.0 ± 3.7 20.0 ± 2.9† 20.9 ± 2.4†

DM−INN 112.2 ± 4.2 19.1 ± 1.7 20.2 ± 2.0

DM−DNX 115.3 ± 3.6 17.8 ± 2.3 20.2 ± 2.9

All data were analyzed by one−way ANOVA followed by the Bonferroni−Dunn all mean post hoc test. Data presented as
mean ± S.E.M. (all n = 5–7).
MAP – mean arterial pressure, RBF – renal blood flow, RVR – renal vascular resistance, C−INN – control innervated, 
C−DNX – control denervated, RF−INN – renal failure innervated, RF−DNX – renal failure denervated, DM−INN – diabetic
innervated, DM−DNX – diabetic denervated.
**P < 0.05 vs. the respective control.
† P < 0.05 vs. RF−INN. 

Uzyskane dane analizowano, stosując jednostronną analizę wariancji (ANOVA), a następnie porównanie post hoc wartości
średnich testem Bonferroniego−Dunna. Dane przedstawiono jako średnie arytmetyczne + SEM (n = 5–7).
MAP – średnie ciśnienie tętnicze, RBF – nerkowy przepływ krwi, RVR – nerkowy opór naczyniowy, C−INN – grupa kon−
trolna szczurów z unerwieniem, C−DNX – grupa kontrolna szczurów z odnerwieniem, RF−INN – szczury z niewydolnością
nerki i unerwieniem, RF−DNX – szczury z niewydolnością nerek i odnerwieniem, DM−INN – szczury z cukrzycą i unerwie−
niem, DM−DNX – szczury z cukrzycą i odnerwieniem.  
** p < 0,05 vs odpowiednia grupa kontrolna.
†  p < 0,05 vs RF−INN. 
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and significantly higher KI indicated a possible
intrinsic ARF in rats, as reported in several earlier
studies [12–13, 17]. In the diabetic rats, on the
other hand, there was a significant increase in FBG
levels which was accompanied by classical
polyuria, polydipsia, and massive weight loss.
These findings are in agreement with several earli−
er reports on the characteristic signs and symptoms
of diabetes mellitus [16, 18, 21]. Furthermore, the
early (7 days following the induction of diabetes)
significant reduction in sodium excretion (FENa <
< 1%) and the considerable increases in PCr and
GFR (glomerular hyperfiltration) in the absence of
any evident changes in the KI were perhaps indica−

tive of pre−renal acute renal dysfunctions as
described by previous investigators [22–23]. 

The results of the present study suggest that
renal nerves are functionally involved in the
intrarenal hemodynamic abnormalities observed in
the early stages of experimental ARF and diabetes
mellitus. It is well accepted that under physiologi−
cal conditions, basal renal nerve activity does not
influence renal hemodynamics. For instance, in
conscious dogs and humans, surgical or pharma−
cological renal denervation did not affect RBF or
RVR, as described by previous reports [24–26].
These findings are in accordance with the present
results showing that baseline MAP, RBF, and RVR
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Fig. 2. Renal blood flow (RBF) and renal vascular resistance (RVR) responses to direct electrical stimulation of renal
nerves in renal−failure diabetic Sprague Dawley (SD) rats with or without renal denervation. Data presented as mean
± S.E.M. (n = 5–7). *P < 0.05: significant difference between innervated and denervated control rats, **P < 0.05: sig−
nificant difference between innervated rats with renal impairment and innervated control rats, † P < 0.05: significant
difference between innervated and denervated rats with renal impairment, ‡ P < 0.05: significant difference between
denervated rats with renal impairment and denervated control rats. Data were analyzed by two−way ANOVA followed
by the Bonferonni−Dunn all means post−hoc test

Ryc. 2. Zmiany w nerkowym przepływie krwi (RBF) i oporze naczyniowym (RVR) w odpowiedzi na bezpośrednią
stymulację elektryczną nerwów u szczurów Sprague Dawley (SD) z niewydolnością nerek i cukrzycą, z lub bez od−
nerwienia nerek. Dane przedstawiono jako średnie arytmetyczne ± S.E.M. (n = 5–7). * p < 0,05: istotna różnica mię−
dzy szczurami z grupy kontrolnej z unerwieniem i odnerwieniem, ** p < 0,05: istotna różnica między szczurami
z uszkodzeniem nerek z unerwieniem i szczurami z grupy kontrolnej z unerwieniem, † p < 0.05: istotna różnica mię−
dzy szczurami z uszkodzeniem nerek z unerwieniem i odnerwieniem, ‡ p < 0,05: istotna różnica między szczurami
z uszkodzeniem nerek z odnerwieniem i szczurami z grupy kontrolnej z odnerwieniem. Uzyskane dane analizowano,
stosując jednostronną analizę wariancji (ANOVA), a następnie porównanie post hoc wartości średnich testem Bonfer−
roniego−Dunna
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were similar when comparing control rats before
and after renal denervation.

The current study provided evidence that the
renal vasoconstrictor responses to electrical stimu−
lation of renal nerves, as reflected by the percent−
age of reduction in RBF and changes in RVR mea−
sured 7 days after the induction of ARF or diabetes
in rats, were noticeably decreased. These findings
suggested an early activation of the renal sympa−
thetic nervous system and the possible existence of
augmented presynaptic norepinephrine release
from nerve terminals. It generally agreed that
a hyperactive sympathetic nervous system and
prolonged exposure to catecholamines can con−
tribute to lower responsiveness of adrenergic
receptors to endogenous as well as exogenous
adrenergic vasoconstrictor stimuli, a phenomenon
which is known as desensitization. The latter is
attributed to either sequestration of the receptors
that they are unavailable for interaction with the
ligand, down−regulation of the receptors, or inabil−
ity of the receptor to couple to G−protein [27].
Accordingly, desensitization of the α1−adrenocep−
tors by renal sympathetic nervous system activa−
tion may have contributed to the observed reduc−
tion in the renal vasoconstrictor responses to RNS
as this subtype plays the major role in the regula−
tion of renal vascular tone [4, 20]. Thus it is likely
that endogenous norepinephrine released by renal
sympathetic nerve endings and increased RVR
could have played an important role in the early
deterioration of renal hemodynamics and func−
tions accompanying ARF and diabetes. These
observations were further supported when renal
denervation showed a considerably beneficial
effect in ameliorating baseline RBF and RVR in
the renal−failure rats. In the diabetic rats, on the
other hand, basal RBF and RVR were comparable
to those of the control; however, the renal vaso−
constrictor responses to RNS resembled those
observed in the renal−failure rats, indicating an
early role for the renal sympathetic nerve in medi−
ating diabetes−induced pathogenic alternations in
renal hemodynamics.

Taken together, the ability of renal denervation
to significantly attenuate the renal vasoconstrictor
response to electrical stimulation of the renal
nerves and improve RBF and RVR in the diseased
rats suggests that the pathogenesis of renal impair−
ment is mediated at least partly by the presynaptic
enhanced noradrenergic neurotransmission and
possible action on postsynaptic α1−adrenoceptors.
The notion that denervation attenuates the abnor−
malities of renal hemodynamics induced by renal

failure or diabetes mellitus, as shown in the pre−
sent study, may offer additional insights into the
underlying mechanisms.

In consideration of the effect of renal dener−
vation on the vasculature of the kidney, the issue
of hypersensitivity has to be mentioned. Studies
comparing the effect of catecholamines on renal
hemodynamics in innervated and denervated kid−
neys underline that chronically (7–10 days) den−
ervated kidneys exhibit supersensitivity to norep−
inephrine [26, 28]. Conversely, other reports indi−
cate that the denervated kidney does not become
supersensitive to physiological levels of circulat−
ing norepinephrine [26, 29]. In the light of the
present results, an increased responsiveness of the
renal vasculature to catecholamines could have
developed. Although its effect on RBF was less
evident in the renal−failure rats, the application of
a direct electrical stimulus in the denervated dia−
betic rats at a site distal to the position of dissec−
tion but close to the left kidney interestingly con−
tributed to a significant increase in the percent
drop in RBF compared with their denervated con−
trol counterparts. These findings were further
associated with considerable increases in RVR in
both denervated renal−failure and diabetic rats.
The present authors attribute these observations
mainly to enhanced adrenoceptor sensitivity to
the remaining intrarenal norepinephrine triggered
by the electrical stimulus, while the spillover from
the adrenergic nerve terminals was markedly
abolished by renal denervation. Both pre− and
postsynaptic mechanisms contribute to hypersen−
sitivity [26, 30]. The presynaptic mechanism is
represented by the loss of norepinephrine uptake
into the renal sympathetic nerve terminals. The
up−regulation of the postsynaptic adrenoceptors
has been proposed as a postsynaptic mechanism.
However, these mechanisms remain to be further
investigated.

In summary, the data obtained in this study
suggest the early participation of renal sympathet−
ic nerve activity in the pathogenesis of renal fail−
ure and diabetic renal disease. The shift in the
renal hemodynamics accompanying these disease
states is likely due to a change in renal adrenergic
responsiveness to norepinephrine released by the
presynaptic nerve terminals. Renal denervation
retains sufficient capabilities to improve the
altered RBF and RVR observed in renal failure
and diabetes. The data further suggest an early
enhancement in renal sensitivity to intrarenal nor−
epinephrine upon the removal of renal sympathet−
ic tone by denervation.
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