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ventricles of subtotally nephrectomized rats (SNX) in comparison
with sham-operated animals (SHAM). Renal failure was verified

Introduction

by measuring serum creatinine and urea levels. SNX rats
developed increased heart rates and blood pressure (BP). The
increase in heart rate was not caused by sympathetic overactivity
as the negative chronotropic effect of metipranolol did not differ
between the SNX and SHAM animals. The positive inotropic
effects of norepinephrine and tyramine on papillary muscle were
not significantly different. Norepinephrine turnover was measured
after the administration of tyrosine hydroxylase inhibitor,
pargyline, tyramine, desipramine, and KCl induced depolarization.
The absolute amount of released norepinephrine was comparable
in both groups despite a significantly decreased norepinephrine
concentration in the cardiac tissue of the SNX rats. We conclude
that CKD associated with renal denervation in rats led to adaptive
changes characterized by an increased reuptake and intracellular
norepinephrine turnover which maintained normal reactivity of
the heart to sympathetic stimulation.

The incidence of chronic kidney disease (CKD)
is increasing, and it is associated with poor prognosis,
poor health outcomes, and very high health care costs
(Coresh et al. 2007). Over 50 % of deaths in renal failure
patients are due to cardiovascular causes (Herzog et al.
2011). Sympathetic hyperactivity is considered
an independent risk factor of cardiovascular death in
patients with CKD (Kaur et al. 2017). Patients with CKD
have elevated noradrenaline concentrations in plasma
(Rahman et al. 1993), increased resting activity of
sympathetic nerves (supplying the vessels in skeletal
muscles or skin) (Converse et al. 1992, Ligtenberg et al.
1999), or altered sympathovagal balance (estimated from
the ratio of low-frequency power to high-frequency
power obtained by power spectral analysis of the heart
rate variability) (Giordano et al. 2001).
Several studies on humans and animals with
various models of CKD have indicated that renal sensory

PHYSIOLOGICAL RESEARCH • ISSN 0862-8408 (print) • ISSN 1802-9973 (online)
 2019 Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres

S234

Nalos et al.

denervation could abrogate to considerable extent
sympathetic nervous system hyperactivity, symptoms of
CKD and associated cardiovascular diseases (Campese
et al. 1995, Sata and Schlaich 2016).
The aim of the present study was to verify and
extend our previous observations of missing sympathetic
overactivity in a rat model of subtotal (5/6) nephrectomy
(Kuncova et al. 2009, Sviglerova et al. 2010) in relation
to markers of sympathetic and sensory innervation of the
remnant kidney. Ten weeks after surgery, we determined
the tonic influence of the sympathetic innervation on
heart rate, plasma norepinephrine levels, norepinephrine
and neuropeptide Y (NPY) concentrations in the heart
compartments, turnover and release of norepinephrine in
the left ventricle, and effect of norepinephrine and
tyramine (norepinephrine releaser) on the contractility of
the left ventricular papillary muscle. Additionally, the
concentration of norepinephrine, NPY, and calcitonin
gene-related peptide (CGRP) were analyzed in the
remnant kidney.

Methods
Rat model of chronic kidney disease
All the experiments were performed in
accordance with the European Directive for the
Protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes (86/609/EU), the relevant
Guidelines of the Czech Ministry of Agriculture for
scientific experimentation on animals and were approved
by the University Committee for Experiments on
Laboratory Animals (Charles University, Czech
Republic).
This study was conducted in 4-months old, male
Wistar rats (Velaz, Prague, Czech Republic) randomly
allocated to subtotal nephrectomy (SNX, n=50) and sham
operation (SHAM; n=50) groups. First, anesthesia was
administered with intraperitoneal sodium pentobarbital
(100 mg/kg), and then a surgical 5/6 renal mass reduction
in 2 stages or sham operation was performed as described
previously (Sviglerova et al. 2010). Before surgery and
10 weeks after surgery, creatinine concentrations in
serum and urine, and urea concentration in serum were
measured using a routine autoanalyzer system (Olympus
AU 640, Mishima, Japan). At the same time the animals
were placed in metabolic cages and 24-hour samples of
urine were collected. The glomerular filtration rate (GFR)
was estimated by creatinine clearance and the animals
were sacrificed 10 weeks after surgery.
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Blood pressure
Systolic and diastolic blood pressure (BP) was
measured 10 weeks after the sham-operation or subtotal
nephrectomy by the tail-cuff method using a Rat Tail
Blood Sytem (RTBP) apparatus (Kent Scientific
Corporation, Torrington, CT, USA).
Resting heart rate and chronotropic response to
metipranolol after atropine
The heart rate of the rats in the SHAM and SNX
groups were measured 10 weeks after surgery using
a chamber with floor electrodes connected to
an electrocardiograph (EKG Seiva Praktik, Seiva, Prague,
Czech Republic; Kuncova et al. 2009). After 20 min
adaptation, the resting heart rate was measured 4 times
with 1-minute intervals. Atropine, a muscarinic receptor
antagonist (atropine sulfate; 4 mg/kg, s.c.) was
administered followed by metipranolol, a β-adrenergic
receptor antagonist (Hoechst-Biotika, Martin, Slovak
Republic; 2 mg/kg of body weight, s.c.) to estimate the
tonic influence of cardiac sympathetic innervation on the
heart rate which was measured 20 min after the last drug
administration. The individual values mentioned in the
results are the average of 4 measurements.
Norepinephrine turnover in the left ventricle
Norepinephrine turnover in the left ventricles
was estimated on the basis of its decreasing tissue
concentrations after in vivo inhibition of tyrosine
hydroxylase. The animals in the SHAM and SNX groups
were divided into three subgroups. Baseline
norepinephrine concentrations in the left ventricles were
determined at time 0 (Groups SHAM0 and SNX0 groups,
n=6 per group). The animals from groups SHAM4 and
SNX4 (n=6 per group) received α-methyl-DL-p-tyrosine
methyl ester (AMPT; 200 mg/kg intraperitoneal),
a tyrosine hydroxylase inhibitor, at time 0 and they were
killed 4 h after the drug administration. The SHAM8 and
SNX8 rats (n=6 per group) were administered AMPT at
times 0 and 4 h (200 mg/kg and 100 mg/kg, respectively)
and were killed at 8 h. The free walls of the left ventricles
were harvested, frozen on dry ice, weighed, and used to
determine norepinephrine tissue levels.
Superfusion experiments I and II
Two types of superfusion experiments were
performed at 37 °C. In the first set of experiments, the
free walls of the left ventricles were dissected from the
decapitated SHAM and SNX rats (n=3 per group), sliced
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(approx. 100-200 mg of tissue), pooled, mixed, and then
transferred into twelve 0.5 ml perfusion chambers
superfused in parallel with oxygenated (95 % O2 – 5 %
CO2) Krebs-Henseleit (KH) solution (composition in
mmol/l: NaCl 113, NaHCO3 25, KCl 4.75, CaCl2 2.5,
MgSO4 1.19, glucose 11.1, Na2EDTA 0.029, ascorbic
acid 0.289). At time 0, a subsample of the tissue was used
to determine norepinephrine concentrations. The tissues
were then superfused at a rate of 0.05 ml/min with
KH solution without any addition (nil), KH solution
containing pargyline (10-6 mol/l), pargyline with
desipramine (both 10-6 mol/l), and pargyline with
tyramine (both 10-6 mol/l). The tissues were collected at
time 3 h. Norepinephrine levels were determined in all
the tissue samples after extraction and expressed as
percentage of time 0 concentrations.
In the second set of superfusion experiments, the
sliced free walls of the left ventricles were placed
into 0.5 ml chambers superfused with oxygenated
KH solution or modified depolarizing solution containing
50 mmol/l KCl (NaCl concentration was accordingly
reduced) at a rate of 0.1 ml/min. After an equilibration
period of 30 min, three 10-min fractions were collected
at 0 °C. Basal release of NE was measured in fraction 1,
then the KH solution was changed for the depolarizing
fluid, the 10-min fraction 2 was discarded and
depolarization-induced stimulated release was measured
in the last 10-min fraction 3. The superfusion solutions
contained no additions (nil), pargyline with desipramine
or pargyline with tyramine (all 10-6 mol/l) and were
stored at -75 °C.
Norepinephrine concentrations in the heart, kidney,
plasma, and superfusates
Blood was collected on EDTA and centrifuged
(1000× g, 4 °C, 15 min). The plasma was removed and
stored at -20 °C for determination of norepinephrine
concentration. The hearts and kidneys were rapidly
excised. The tissues were rinsed with ice-cold saline, all
connective tissue and fat were removed, and the heart was
divided into the left atrium with the interatrial septum,
right atrium, and free walls of both ventricles. The tissues
from the superfusion experiments were blotted dry on filter
paper and weighed. Norepinephrine was extracted from the
tissue samples by homogenization in 10 volumes of
0.1 mol/l HCl containing 1 % of ascorbic acid and was
subsequently centrifugated (10000× g, 4 °C, 20 min). Then
the supernatants were diluted to 1:10 with distilled water
and stored at -75 °C and norepinephrine levels were
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determined using commercial RIA kits (IBL Hamburg,
Germany). The norepinephrine concentrations in the
superfusates were determined using radioimmunoassay
ultrasensitive diagnostic kits (Labor Diagnostika Nord,
Nordhorn, Germany).
Extraction of neuropeptide Y (NPY) and calcitonin generelated peptide (CGRP)
The NPY- and CGRP-like material was
extracted from frozen, weighed and pulverized heart
compartments and kidneys. The tissues were placed in
10 volumes of extraction solution (0.5 mol/l acetic acid
and 0.1 mol/l HCl containing 100 µmol/l EDTA and
0.01 % Na2S2O5 for NPY and CGRP extraction,
respectively), heated in a water bath at 95 °C for 15 min,
cooled on ice, and homogenized for 30 s using an UltraTurrax homogenizer. The homogenates were centrifuged
(10000× g, 4 °C, 20 min) and the supernatants were
neutralized with 5 mol/l Tris-base and then centrifuged
again (5000× g, 4 °C, 10 min). The supernatants were
stored at -75 °C until radioimmunoassay for NPY and
CGRP
concentration
measurements
(Phoenix
Pharmaceuticals, Belmont, CA, USA) according the
manufacturer's instructions.
Inotropic responses to norepinephrine and tyramine in
vitro
The left ventricle papillary muscles were
dissected and treated as previously described (Sviglerova
et al. 2010). After a stabilization period, the steady-state
contractions at a stimulation frequency of 1 Hz were
recorded. Norepinephrine (10-7, 10-6, 10-5, and 10-4 mol/l)
and tyramine (10-8, 10-7, 10-6, 10-5, and 10-4 mol/l) were
added gradually to the bath solution and propranolol
(10-4 mol/l) was added to last concentration of tyramine.
The data were recorded and analyzed using the DiSys,
a data acquisition system (Merlin, Czech Republic).
Chemicals
If not stated otherwise, all the chemicals were
purchased from Sigma-Aldrich, Prague, Czech Republic.
Data analysis and statistics
The results are presented as means ± SD. The
statistical differences were analyzed using a software
package, OriginPro 2017 (OriginLab Corporation,
Northampton, Massachusetts, USA, 2017). After testing
for the normality of distribution and homogeneity of
variances, comparisons were made using a Student’s
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t-test and a repeated-measures ANOVA with a post hoc
Tukey test, where appropriate. The results were
considered statistically significant if p<0.05.

Cardiovascular parameters
Significantly higher heart rates and elevated
systolic and diastolic BPs were observed in SNX rats
than in the SHAM animals (Table 1). However, the
increase in heart rate did not seem to be caused by
sympathetic overactivity as the negative chronotropic
effect of metipranolol did not differ between the SHAM
and SNX animals. To exclude the majority of interfering
interactions
between
the
sympathetic
and
parasympathetic innervation of the heart, the effect of
metipranolol was determined after prior administration of
atropine. The relative weight of the left ventricle,
determined as a ratio of the heart weight to the body
weight, suggested left ventricular hypertrophy in the SNX
rats (Table 1).

Results
Rat model of chronic renal failure
To verify the development of chronic renal
failure, daily urine volume, serum creatinine and urea
levels were determined and GFR was calculated. The
serum creatinine and urea concentrations were
significantly higher and GFR was significantly lower in
the SNX group, 10 weeks after surgery. The weight of the
renal stump in the SNX rats was significantly higher
compared to the weight of the intact kidney in the SHAM
ones (Table 1).

Table 1. Biochemical data, body and kidney weights and selected cardiovascular parameters of sham-operated (SHAM) and subtotally
nephrectomized (SNX) rats ten weeks after surgery.

Serum creatinine (μmol/l)
Serum urea (mmol/l)
GFR (ml/min)
Body weight (g)
Kidney weight (g)
Systolic pressure (mm Hg)
Diastolic pressure (mm Hg)
Resting heart rate (min-1)
Effect of MP after ATR (min-1)
HW/BW (%)

SHAM

n

SNX

n

49.1 ± 13.6
8.02 ± 2.07
1.54 ± 0.4
453.5 ± 8.0
1.36 ± 0.13
136 ± 12
97 ± 12
345 ± 26
-84 ± 10
0.31 ± 0.04

8
8
8
20
20
10
10
8
8
20

111.0 ± 25.3*
27.4 ± 5.9*
0.57 ± 0.12*
403.2 ± 7.8*
2.09 ± 0.68*
188 ± 24*
127 ± 21*
389 ± 22*
-73 ± 9
0.39 ± 0.07*

8
8
8
20
20
10
10
8
8
30

GFR=glomerular filtration rate measured by clearance of creatinine,
ATR=atropine, HW=heart weight, BW=body weight.

Norepinephrine concentrations in the plasma
Norepinephrine concentrations in the plasma of
SNX rats 10 weeks after surgery were 1.19±0.21 ng/ml
and did not significantly differ from those measured in
the SHAM animals (1.32±0.17 ng/ml).
Norepinephrine and NPY concentrations in the heart
compartments and norepinephrine turnover in the left
ventricle
The tissue levels of norepinephrine and NPY,
the sympathetic neurotransmitters, displayed similar
trends in all the heart compartments of the SNX rats at
week 10 after surgery. Compared to the SHAM rats, they
were significantly decreased in the left atria and

*

significantly different from SHAM (p<0.05), MP=metipranolol,

ventricles, but not in the right heart compartments.
Additionally, the extent of reduction of the tissue stores
of both neurotransmitters was similar (Fig. 1A, B).
The norepinephrine turnover rate was
significantly higher in the left ventricles of the
SNX group of rats, since its tissue levels 8 h after
administration of AMPT (a tyrosine hydroxylase
inhibitor) were lower in the SNX animals 10 weeks after
surgery (Fig. 1C).
Norepinephrine, NPY and CGRP levels in kidneys
As shown in Figure 2A-C, stumps of kidneys
of SNX rats seemed to be nearly totally denervated,
as concentrations of norepinephrine and NPY

2019

Cardiac Norepinephrine Turnover in Nephrectomized Rats

S237

Fig. 1. Norepinephrine (A) and NPY (B) concentrations in the heart compartments of SHAM and SNX rats 10 weeks after surgery.
(C) Norepinephrine concentrations in the left ventricles of SHAM and SNX rats 10 weeks after surgery at times 0, and 4 and 8 h after
administration of tyrosine hydroxylase inhibitor AMPT expressed as percentage of time 0 levels; * significantly different from the
respective SHAM value (p<0.05).

Fig. 2. Norepinephrine (A), NPY (B), and CGRP (C) concentrations in the kidneys of SHAM and SNX rats 10 weeks after surgery;
*
significantly different from the respective SHAM value (p<0.05).

(two sympathetic neurotransmitters) fell below 10 % of
the control values, similar to the CGRP (sensory
neurotransmitter) tissue levels.
Effect of pargyline, tyramine, desipramine and
depolarization on norepinephrine release from the left
ventricles
In the first set of experiments, the tissue levels of
norepinephrine were measured after long-lasting
superfusion (3 h) with solutions containing (or not

containing) pargyline (alone or in combination with
tyramine or desipramine). Surprisingly, the washout of
norepinephrine was significantly higher in SHAM left
ventricles, where its concentration after 3-hour lasting
superfusion with KH solution resulted in ∼50 % reduction
of its tissue stores, whereas the SNX tissues still
contained ∼80 % of the original tissue content (Fig. 3A).
Pargyline increased the final concentration of
norepinephrine to ∼90 % in both sample groups which
suggested a lower activity of MAO in SNX left
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ventricles. Both desipramine (inhibitor of norepinephrine
uptake) and tyramine (substrate of norepinephrine
membrane and vesicular transporters) had more
pronounced effects in SNX left ventricles which implied
a higher activity of the transporter (Fig. 3A).
In the second set of experiments, basal and
KCl-stimulated release of norepinephrine was measured
in the superfusates. In all superfusion media, pargyline
was added to inhibit norepinephrine degradation by
MAO. As shown in Figure 3B, the basal and
KCl-stimulated releases of norepinephrine from the SNX
and SHAM ventricles were comparable despite a lower
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tissue content in SNX rats. Desipramine and tyramine had
greater effect in the SNX left ventricles.
Inotropic responses to norepinephrine and tyramine in
vitro
Compared to the controls, contraction of
papillary muscles increased after application of
norepinephrine as well as tyramine in a concentration
dependent manner in both SHAM and SNX animals
(Fig. 4). There were no significant differences in the
effect of norepinephrine or tyramine between the SHAM
and SNX rats.

Fig. 3. (A) Concentrations of norepinephrine in sliced free walls of the left ventricles of SHAM and SNX rats 10 weeks after surgery 3 h
after superfusion with KH solution containing no addition (NIL), pargyline (PARG; 10-6 mol/l), desipramine with pargyline (DES + PARG;
both 10-6 mol/l), and tyramine with pargyline (TYR + PARG; both 10-6 mol/l). Concentrations are expressed in percentage of time 0 (T0)
levels, (B) Concentrations of norepinephrine in the superfusates of the sliced left ventricles under basal conditions (BASAL), after
depolarization of tissue by KCl (50 mmol/l) in the superfusion fluid (KCl) and after superfusion with depolarizing fluid containing either
desipramine (KCl-DES; 10-6 mol/l) or tyramine (KCl-TYR; 10-6 mol/l). All media contained pargyline in a concentration of 10-6 mol/l.
*
significantly different from the respective SHAM value (p<0.05).

Fig. 4. Relative contraction of the left ventricular papillary muscle after application of norepinephrine (A) and tyramine (B). 100 % was
the steady state contraction of the muscle in control solution, P-propranolol.
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Discussion
The present study analyzes several parameters of
cardiac sympathetic innervation in rats subjected to
subtotal (5/6) nephrectomy resulting in CKD. The
selected animal CKD model is widely used in
experiments focusing on pathophysiology of renal
diseases and the search for potential therapeutic strategies
in renal diseases and accompanying cardiovascular
complications (Augustyniak et al. 2010, Vaneckova et al.
2018, Yang et al. 2019). Subtotal nephrectomy is
associated with the development of glomerular and
tubular hypertrophy, progressive proteinuria and, after
a transient phase of severe uremia just after surgery,
a relatively long-lasting phase (several weeks to several
months) of adaptive, stabilized, but compromised renal
function that eventually slowly progresses into end-stage
renal disease (Shimamura et al. 1975, Kujal and
Vernerová 2008). The adaptive phase of kidney injury
induced by subtotal nephrectomy in rats resembles the
development of glomerulosclerosis in humans in many
aspects (Smeets et al. 2011). Additionally, the rats
subjected to renal mass reduction exhibited reduced
creatinine clearance, elevated urea plasma concentration
and hypertrophy of the remnant kidney stump at week 10
after surgery, the weight of which exceeded the weight of
a single kidney from the SHAM animals.
It is well-known that chronic kidney diseases are
associated with a number of cardiovascular complications
including hypertension, left ventricular hypertrophy, and
autonomic neuropathy that may lead to the heart failure,
ischemic heart disease, and life-threatening arrhythmias
(Singh 2014). The results of our study show that both
systolic and diastolic hypertension developed in SNX rats
and that it was associated with the left ventricle
hypertrophy. Additionally, the resting heart rate was
significantly elevated which suggested the possibility of
increased sympathetic tone, widely reported in patients
with CKD (Rump 2001). However, the negative
chronotropic effect of metipranolol after prior
administration of atropine did not differ between the SNX
and SHAM rats which make this explanation unlikely.
Additionally, the concentration of norepinephrine in
plasma was not changed by CKD. Although this
parameter is considered a subsidiary marker of
sympathetic overactivity (Kopin et al. 1998), unchanged
plasma levels of norepinephrine do not support the
increased sympathetic drive in our model of CKD.
Nevertheless, an increased resting heart rate can be
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explained by decreased parasympathetic activity
(Kuncova et al. 2009).
The missing signs of increased sympathetic
activity in our study could be related to nearly complete
sympathetic and sensory denervation of the remnant
kidney. The concentrations of the 2 sympathetic
neurotransmitters (norepinephrine and NPY) and the
typical marker of sensory nerves (CGRP) in the kidney
stump fell to ∼10 % of the control values after surgery.
The effect of renal denervation in patients is uncertain.
On one hand it has been documented that renal
denervation in CKD substantially alleviates many
symptoms of compromised renal function and might even
slow down cardiac hypertrophy ascribed to maladaptation
in response to increased sympathetic activity (Ott et al.
2015, Peregrin et al. 2019). On the other hand, no
significant difference was found in reduction of systolic
BP in patients with resistant hypertension 6 months after
renal-artery denervation as compared to a sham control
(Bhatt et al. 2014). In our model, renal denervation was
not associated with any improvement of cardiovascular
parameters, which is in accordance with others
(Tudorancea et al. 2018).
However, on the organ level, interesting changes
in norepinephrine concentrations and turnover have been
revealed. The tissue concentrations of norepinephrine
were significantly lower in the left heart compartments of
the SNX rats compared to the SHAM rats.
Norepinephrine concentration in tissues may reflect the
density of sympathetic innervation and dynamic balance
between norepinephrine synthesis, release, uptake, and
metabolism (Sedaghat et al. 2017, Brodie et al. 1966).
Although the density of adrenergic nerves has not been
quantified in this study, similar reduction in tissue levels
of NPY and norepinephrine (localized in the sympathetic
nerve endings, with substantially different synthesis,
intraneuronal localization and metabolism), suggest that
the density of sympathetic nerves might be compromised
in hypertrophied left ventricles.
The classical method which estimates
continuous loss of norepinephrine after its previous
synthesis (i.e. its turnover) is based on the in vivo
inhibition of tyrosine hydroxylase, the rate-limiting
enzyme in catecholamine synthesis (Brodie et al. 1966).
Our data suggests that norepinephrine turnover was
significantly enhanced in the SNX rats as compared to the
controls (since the decline in the transmitter tissue levels
after AMPT was more profound 10 weeks after subtotal
nephrectomy) which implies an imbalance between
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norepinephrine reuptake and its release and/or
metabolism. It is believed that norepinephrine turnover in
the mammalian heart is driven mainly by its release in
response to increased nerve activity (Patel et al. 2000).
However, it should be noted that there is a greater
contribution to norepinephrine turnover by an intraneuronal exchange between storage vesicles and cytoplasm
via vesicular transporter. A substantial portion of this
intraneuronally escaped norepinephrine is metabolized by
monoamino oxidase (Eisenhofer et al. 2004), the
expression of which has been reported to be elevated in
the hearts of SNX rats (Lin et al. 2015).
When the final concentration of norepinephrine
in the sliced left ventricles was measured after slow
superfusion of the tissue with a solution containing no
substances interfering with above mentioned processes,
the concentration of norepinephrine was significantly
lower in the hearts from the SHAM rats which suggests
that the leakage and/or metabolism of the transmitter
exceeded its uptake and/or synthesis more than the SNX
samples. When pargyline was added into the media, the
final concentrations of norepinephrine in the tissue slices
were comparable in the left ventricles from both SNX and
SHAM rats. In these conditions, desipramine and
tyramine had greater effects in the left ventricles from the
SNX rats, which suggested an increased norepinephrine
transport across cell and vesicular membranes. This
finding is in accord with the effect of AMPT on
norepinephrine tissue levels that could reflect increased
intraneuronal vesicular leakage and sequestration, which
is regarded as a measure minimizing the impact of
norepinephrine exocytotic release on the requirement for
norepinephrine synthesis (Eisenhofer et al. 1998). The
direct measurement of norepinephrine release from the
sliced tissue verified previous data; the effects of
tyramine and desipramine on norepinephrine release from
the heart were enhanced by subtotal nephrectomy.
Additionally, depolarization (KCl)-induced release of
norepinephrine was comparable in the samples from both
SNX and SHAM rats despite significantly lower
norepinephrine concentration in the left ventricles of the
SNX rats.

The positive inotropic effect of norepinephrine
did not differ between the SNX and SHAM rats, which
suggested that the sensitivity of β-adrenergic receptors to
principal sympathetic neurotransmitter was not impaired
by CKD. Additionally, tyramine had a comparable effect
on the contractility of the left ventricular papillary muscle
in SNX and SHAM rats. The administration of
propranolol verified that the effect of tyramine was
mediated by stimulation of β-adrenergic receptors. These
contractile experiments proved that the SNX left
ventricles β-adrenoceptor responses were preserved
despite significantly decreased tissue concentration of
norepinephrine.

Conclusions
The results of the present study show that
despite decreased norepinephrine levels in the left
ventricle, norepinephrine release was well preserved,
probably due to enhanced activity of norepinephrine
transporters. Additionally, sensitivity of the left
ventricular papillary muscle to norepinephrine and
tyramine was not affected. The results of our study
suggest that under conditions of renal denervation,
norepinephrine balance in the hearts of rats subjected to
5/6 nephrectomy shifts towards increased reuptake and
intracellular turnover of norepinephrine that maintains
normal reactivity of the heart to sympathetic stimulation.
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