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Abstract

We investigated the renal response to direct renal nerve stimulation, 2 weeks
following reversal of 24-hr unilateral (left) ureteric obstruction. Renal nerve stimulation
caused a 13-15% fall in renal blood flow, in 4 groups of anaesthetised rats following ureteric
obstruction (n=9) or a sham operation (n=7) both with (n=9) and without (n=7) treatment
with the mixed ET /g receptor antagonist, bosentan. In the sham-operated rats, renal nerve
stimulation did not change glomerular filtration rate but reduced urine flow rate (37+£3%,
P<0.001), and absolute (38+4%, P<0.001) and fractional (35+5%, P<0.01) sodium
excretion. Following unilateral ureteric obstruction, renal nerve stimulation increased
glomerular filtration rate by 22+3% (P<0.01), but reduced urine flow rate (14+2%, P<0.001)
and fractional sodium excretion (23+5%, P<0.01). Bosentan treatment had no effect on
baseline or renal responses to renal nerve stimulation in the sham group but normalized the
renal response to renal nerve stimulation in the unilateral ureteric obstruction group. We
conclude that 14 days after a 24-hr period of unilateral ureteric obstruction there is an
increase in GFR in response to direct renal nerve stimulation, which is due, in part, to the

actions of endothelin at the time of obstruction.
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Introduction

Ureteric obstruction is a relatively common clinical problem which can lead to pain
and ultimately to renal damage (Klahr et al. 1988). The renal damage is due to the
interaction of various factors leading to afferent and efferent arteriolar vasoconstriction and
alterations in glomerular and tubular function at the time of obstruction (Klahr et al. 1988;
Hammad et al. 2000; Klahr 2001; Chevalier 2006; Hammad and Lubbad 2011). Several
animal studies have been performed to investigate the alterations to renal function in the
early stages (hours) after ureteric obstruction (Wright 1982; Klahr et al. 1988), however,
few studies have addressed the longer-term effects of reversible ureteric obstruction on renal
haemodynamics or tubular function. It has been shown that following reversal of a 24-hr
unilateral ureteric obstruction (UUO), renal blood flow (RBF), glomerular filtration rate
(GFR) and absolute and fractional excretion of sodium returned to baseline by 14 days after
the relief of the obstruction (Bander et al. 1985; Hammad et al. 2000). Although renal
function returned to baseline, blockade of the renin-angiotensin system with Captopril lead
to reductions in sodium and water excretion in the UUO rats, which contrasted with the
diuresis and natriuresis observed in the sham animals (Hammad et al. 2000). Furthermore,
infusion of physiological doses of angiotensin 11 (25 ng/kg/min) resulted in an increase in
GFR and diuresis and natriuresis (Hammad et al. 2000), suggesting that full humoral control
of renal haemodynamics, and sodium and water excretion remained impaired up to 14 days
following the reversal of the UUO. This inappropriate response to Captopril and angiotensin
Il was prevented by peri-operative treatment with Bosentan, a non-selective endothelin
ETA/ETg-receptor antagonist (Hammad et al. 2000). Others have shown that there is an
increase in endothelin-1 mMRNA expression 24 hours following UUO (Hegarty et al. 2003).
Furthermore, inhibition of Endothelin-1 by a specific antibody significantly increased the

GFR and effective renal plasma flow in rats immediately after reversal of a 24-hr bilateral
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ureteric obstruction (Reyes and Klahr 1992). Collectively, this suggests that endothelin
plays an important role in the renal response to ureteral obstruction, which has long-term

consequences on renal function.

Renal sympathetic nerves innervate vascular and tubular structures throughout the
kidney and are able to cause vasoconstriction and an increase in sodium and water
reabsorption both by their direct action on the renal tubules and by increasing renin release

and local angiotensin Il concentration (DiBona and Kopp 1997).

Based on the observations from our previous study (Hammad et al. 2000), despite
basal renal function returning to normal in the post obstructed kidneys, the possibility exists
that, the neural control of renal function is impaired in the UUO animals. Therefore, the aim
of this study was to investigate the long-term in vivo renal responses to direct renal nerve
stimulation at 2 weeks following reversal of a 24-hr UUO in the rat. In addition, we
investigated the effect of ET-receptor blockade at the time of obstruction on the subsequent

response to direct renal nerve stimulation.
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Materials and methods

Studies were performed on male Wistar rats weighing 228 to 248 g at the time of
ureteric obstruction or sham operation. Animal procedures were approved by the University
of Otago Animal Ethics Committee. Rats were kept in a 12 hour light/dark cycle at 20°C,

fed a standard rat chow and had water ad libitum.
Ureteral occlusion/sham operation and reversal:

The following procedures were carried out under aseptic conditions. Induction of
anaesthesia was achieved by administering 4% Fluothane, (1.C.1., Zeneca, UK), in nitrous
oxide and oxygen delivered at rates of 2 L/min and 3 L/min, respectively. Surgical
anaesthesia was maintained by administration of 1.5-3.5% Fluothane in oxygen at a rate of 1
L/min. The left kidney and ureter were exposed via a flank incision. As described previously
(Hammad et al. 2000; Hammad and Lubbad 2011; Hammad and Lubbad 2011), the ureter
was obstructed by placing a 3-4 mm length of bisected P.V.C. tubing (0.58 mm internal
diameter) around the left mid-ureter, and occluding the tubing with a 4-0 silk suture. At the

end of surgery, the wound was closed in layers.

Twenty-four hours later, all animals underwent reversal procedures. Using same
anaesthetic protocol as above, the left kidney and ureter were approached through the same
incision. Using a dissecting microscope the obstructing tube was identified and removed.
Full release of the obstruction was confirmed by observation of a free flow of urine across

the site of obstruction. The wound was then closed.

Sham animals underwent identical surgical procedures except that the left ureter was

cleared from surrounding tissue, without the occlusion.
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Bosentan administration:

Bosentan (Ro 47-0203/029, Roche, Switzerland), a mixed ET ag receptor antagonist,
was administered orally (150 mg/kg/day) for 4 days commencing 24 hours prior to
obstruction or sham procedures and continued for 3 days after operation. The drug was
mixed with a small quantity of pulverised rat chow (5 g), made into loose pellets by adding
water and then drying at 37 °C. The pellets were placed inside the cage each evening and all
other food was removed to ensure that the full dose of Bosentan was taken. The following
morning, regular rat chow was made available after ensuring that each animal received the
appropriate dose. Clozel et al (Clozel et al. 1994) showed that the inhibitory action of 100
mg/Kg Bosentan on the pressor response to ET-1 is effective for 24 hours, therefore, the 150
mg/kg oral dose used in this study would have remained effective throughout the treatment

period (Clozel et al. 1994; Zuccarello et al. 1996).
Surgical procedure in the terminal experiment:

Fifteen to eighteen days following reversal of the obstruction, rats were fasted
overnight but had water ad libitum. Each animal was anaesthetised with pentobarbitone
sodium (Nembutal, Virbac, New Zealand) (60-70 mg/kg, i.p.) prior to the surgical
procedure. Body temperature was maintained at 38°C by placing the animal on a heating
plate and monitoring body temperature with a rectal thermometer. The trachea was
cannulated with polyethylene tubing (PE-110, 1.D., 1.50mm; O.D., 2.50mm) to reduce the
possible complications arising from accumulation of mucus in the airway. Subsequently, a
femoral vein was cannulated with polyethylene tubing (PE-45, 1.D., 0.58mm; O.D.,
0.96mm) through which a sustaining infusion of 0.9% saline and pentobarbitone sodium
(12.5 mg/kg/hr) was established at a rate of 50 ul/min using an infusion pump (IITC Life

Science, U.S.A.). A femoral artery was then cannulated (PE-45) and the tip of the cannula
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was positioned just below the level of the renal arteries and connected to a pressure
transducer (Statham P23AC, Puerto Rico). The arterial blood pressure signal was amplified
using a MacLab bridge amp (ADInstruments, Australia), digitised using a MacLab/4
(ADInstruments, Australia) and displayed on a Macintosh LCIIlI computer. The arterial

cannula was also used to obtain blood samples, as required.

Through a midline lower abdominal incision, the bladder was exposed and
cannulated with polyethylene tubing (PE-45) to drain urine from the right kidney to prevent
renorenal reflexes. The left kidney was exposed through a flank incision and the proximal
upper ureter was cannulated with polyethylene tubing (PE-10, 1.D., 0.28mm; O.D., 0.61mm)
for collection of urine in pre-weighed micro-capped tubes. The urine volume was
determined gravimetrically. RBF was monitored continuously throughout the whole
experimental protocol using a Doppler flowmeter (T206 flowmeter, Transonic Systems Inc.,
Itahaca, New York, U.S.A.). The renal nerves were visualised, transected, to eliminate
neural reflex effects on renal function, and placed on bipolar stainless steel electrodes. The
denervation was considered effective when the reduction in RBF in response to stimulation
of the distal renal nerve was less than 10% of that observed prior to denervation (DiBona

and Rios 1980).

On completion of the surgery, the sustaining infusion was replaced by one
containing inulin (1.5% wi/v). A priming dose of 2 ml of the same solution was infused over
2 minutes. Animals were allowed 2 hours to equilibrate before being subjected to the

experimental protocol.
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Experimental protocol:

The experimental protocol consisted of five x 15-min clearance periods: two before
(basal) and two following (recovery) an experimental period (RNS) during which the renal
nerves were stimulated. The stimulation period began 5 minutes prior to the clearance
period, to allow for the elaboration of pre-formed urine, and continued throughout the
clearance period. The renal nerves were stimulated by delivering square wave pulse at 20 V,
for 0.2 ms duration (Grass SD9 Stimulator, Quincy, Mass., U.S.A.). Stimulation frequency
ranged between 2.3 and 3.5 Hz, to achieve a 13-15% reduction in RBF. The frequency of
stimulation was adjusted as necessary through the course of the clearance period to ensure
that the required RBF reduction was maintained. Similar frequencies were used in all the
groups to achieve the same reduction in RBF. At the end of the experiment, the animals

were euthanised with an overdose of barbiturate and the kidneys weighed.

Arterial blood samples (400 ul) were taken at the beginning and end of the basal and
recovery periods; immediately centrifuged and plasma (125 pl) removed to be assayed at a
later date. A 125 pul of saline replaced the plasma and the erythrocytes were re-suspended by
gentle vortexing and the blood was returned to the animal. An additional 50-80 pul of blood

was taken for haematocrit determination.

Urine and plasma samples were assayed for sodium using a flame photometer
(SEAC Fp-20, Florence, Italy). Inulin content was determined using modified techniques
described by Bojesen (Bojesen 1952). GFR was estimated from the clearance of inulin. All

renal data were corrected for kidney weight (g).
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Experimental groups:

Animals were divided into four groups: Sham group (n=7) in which rats underwent
manipulation of the left ureter only and served as a control group; The UUO group (n=9) in
which rats underwent left ureteric obstruction; B/Sham group (n=7), in which rats
underwent manipulation of the left ureter and received Bosentan treatment; and B/UUO
group (n=9), in which rats underwent left ureteric obstruction and received Bosentan

treatment.
Statistical analysis:

Statistical analysis was performed with the StatView 4.5 system (Abacus Concepts,
Inc., Berkeley, CA, USA) designed for the Macintosh computer. All data are expressed as
meanxSeEM. Analysis of variance (ANOVA) with repeated measures was used to identify
changes in each variable as a consequence of RNS. Comparison between groups was

achieved using one-way ANOVA. A value of P<0.05 was considered significant.
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Results

Basal mean arterial blood pressure and heart rate were similar in the four groups

(Table 1) and did not change over the period of the protocol.

Effect of RNS on RBF (Figure 1): During RNS, RBF decreased by 14.0+£0.2 % (P<0.001 in
each case) in the four groups of animals. The stimulation frequency needed to achieve this
decrease in RBF ranged between 2.3-3.5 Hz, and did not differ between experimental groups.
RBF in the B/UUO group during the recovery period was significantly lower than basal
values (P<0.01), whereas RBF returned to pre-stimulus values in the other groups.

Effect of RNS on GFR (Figure 2): RNS had no effect on GFR in the Sham, B/Sham or
B/UUO groups; however, in the UUO group RNS increased GFR by 22+3% (P<0.01). This
response was significantly different from the Sham group (P<0.01). GFR in the B/UUO
group during the recovery period was significantly lower than basal values (P<0.001),
whereas GFR returned to pre-stimulus values in the other groups.

Effect of RNS on UV (Figure 3): RNS resulted in a decrease in UV in the Sham group
(37+3%, P<0.001), B/Sham group (31+£7%, P<0.05) and B/UUO group (37+3%, P<0.01). In
the UUO group, the decrease in UV was 14+2% (P<0.001), a smaller response compared to
the Sham group (P<0.01).

Effect of RNS on Un,V (Figure 4): RNS resulted in a decrease in Uy,V in the Sham group
(38+4% P<0.001), B/Sham group (34+7%, P<0.01) and B/UUO group (39+4%, P<0.01). In
the UUO group there was no significant change in U,V in response to RNS. This response
was significantly smaller than that measured in the Sham group (P<0.01).

Effect of RNS on FEn, (Figure 5): RNS resulted in a decrease in FEy, in the Sham group
(35+5%, P<0.01), B/Sham group (32+4%, P<0.01) and B/UUO group (36£5%, P<0.01). In
the UUO group RNS resulted in a 23+5% (P<0.01) decrease in FEna, which was significantly

smaller than that observed in the Sham animals (P<0.01).
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Discussion

The major finding from this study was that 14 days following the reversal of a 24-hr
UUO, RNS elicited a normal decrease in RBF but a simultaneous increase in GFR. This
inappropriate increase in GFR was abolished by oral administration of the mixed ETA/ETg
receptor antagonist, bosentan in the peri-obstruction period.

In both the UUO and the sham animals RNS had no effect on MAP or HR. However,
RNS resulted in a 14% fall in RBF in both groups, and the frequency of stimulation required
to achieve this decrease in RBF was the same in both groups. In contrast to the response in
the Sham group, the reduction in RBF in the UUO group was accompanied by a 22%
increase in GFR, which caused an increase in the filtered load and attenuation in the
decrease in the urine volume and absolute sodium excretion in response to RNS.

Under normal conditions RNS leads to a decrease in RBF via release of
noradrenaline leading to a-adrenoreceptor mediated vasoconstriction (Johns et al. 2011).
Both afferent and efferent arterioles are innervated by sympathetic nerves (Denton et al.
2004), therefore RNS increases resistance in both afferent and efferent arterioles, which
would help maintain GFR. This effect can be seen in Figure 1 and 2, in which RNS caused a
14 % decrease in RBF with no change in GFR. In addition, RNS causes the release of renin
from the juxtaglomerular cells in the afferent arterioles via activation of a-adrenoceptors
(Johns et al. 2011). The subsequent increase in intrarenal angiotensin Il would cause a
vasoconstriction in the afferent and efferent arterioles, decreasing RBF further, while
maintaining GFR. The efferent arterioles are of small diameter (Denton et al. 2004) and are
more sensitive to angiotensin Il (Hall et al. 1977) than the afferent arterioles. Therefore,
efferent vascular resistance would tend to increase more than afferent vascular resistance,

and as a consequence, GFR would be maintained despite larger falls in RBF.
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In the current study, RNS resulted in an increase in the GFR in the previously
obstructed kidney. The exact reason for this abnormal response is difficult to ascertain from
the current data. One possible explanation would be a preferential vasoconstriction of the
efferent arterioles relative to the afferent arterioles in response to a rise in angiotensin Il
caused by RNS. In support of this, in an earlier study using the same unilateral ureteric
obstruction model, we observed a marked increase in GFR in response to systemic infusion
of a low dose of angiotensin 1l (Hammad et al. 2000). This preferential vasoconstriction of
the efferent arterioles could be due to an alteration in the relative expressions of the two
angiotensin 1l receptors (AT1 and AT2) in the afferent and efferent arterioles as suggested
by some authors (Helou et al. 2003). It has long been shown that AT1 is responsible for the
vasoconstriction effect of angiotensin Il (Loutzenhiser et al. 1991; Arendshorst et al. 1999),
whereas AT2 is responsible for the vasodilatation effect both in the afferent and efferent
arterioles (Arima et al. 1997; Endo et al. 1997). Therefore, a down regulation of the AT1
receptors in the afferent arteriole as a result of ureteric obstruction could explain the rise in
GFR due to RNS in the post-obstructed kidney. In this regard, several reports have shown
that, following ureteric obstruction, there is a down regulation of AT;-receptors which are
found mainly in the pre-glomerular vessels (Amiri and Garcia 1996; Ruan et al. 1997) and
this was related to the profound activation of the renin-angiotensin system during the
obstruction (Pimentel et al. 1994; Pimentel et al. 1995; Bae et al. 2007).

RNS in both the sham and UUO animals resulted in an antinatriuresis, as determined
by FEna. However, there was no significant change in Un,V in the UUO animals. Further,
while RNS in the UUO animals resulted in an antidiuresis, it was attenuated compared to
that observed in the sham animals. The magnitude of response observed in the sham animals
is consistent with previous report of RNS on tubular sodium and water handling (Hesse and

Johns 1984). Collectively, the data suggests that nerve mediated tubular sodium and water
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handling was not significantly altered in the UUO animals, and the attenuated UV and Un,V
response was a result of the increase in GFR.

Treatment with the non-selective ET /g receptor antagonist, bosentan, during and in
the early stages after the reversal of 24-hr UUO led to normal renal haemodynamic and
tubular responses to RNS 14 days later. Clearly, this indicates that endothelins are involved
in the renal alterations which occurred due to obstruction and led to the altered response to
RNS in the UUO group. This observation supports the findings of other researchers who
have shown, in different models of obstruction, that ureteric obstruction caused an up-
regulation of endothelins in the kidney (Josephson and Hemsen 1994; Hegarty et al. 2003;
Bae et al. 2007) and an increase in their secretion in the urine produced by the obstructed
kidney (Sharifian et al. 2013). Some other studies have even demonstrated a further increase
of the endothelins immediately following reversal of a unilateral reversal of a 24-hr bilateral
ureteric obstruction (Reyes and Klahr 1992) or UUO (Bhangdia et al. 2003). Similar to the
findings of this study, other reports have also demonstrated a beneficial effect of endothelin
blockade in various pathophysiological renal conditions such as ischemia-reperfusion injury
(Hammad et al. 2001; Hammad et al. 2001; Helmy et al. 2014; Lee et al. 2014). Despite this
beneficial effect which was obtained in the current study, it is difficult to determine the
exact endothelin receptor which was involved in this effect. However, it might be
reasonable to state that it is more likely to be the ETa-receptor because at least in the
obstructed kidney, several studies using selective ET a-receptor antagonists such as BQ-123,
have shown that the ETa-receptor is the main receptor involved in the obstruction-induced
vasoconstriction of the afferent arterioles (Endlich et al. 1996; Cavarape and Bartoli 1998;
Bhangdia et al. 2003).

The exact mechanism for this beneficial effect of endothelin blockade is difficult to

determine from this study although it is unlikely due to the direct effect of endothelins on
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the RNS. In this regards, Boesen and colleagues, using a non-selective ETA/ETg antagonist,
demonstrated that endogenous endothelins did not appear to either augment or lessen the
effects of renal nerve activation on total RBF, GFR or sodium excretion (Boesen et al.
2007). Alternatively, it could be due to the interaction with the renin-angiotensin system.
Indeed, the beneficial effect of endothelins blockade in the current model might further
demonstrate the importance of the interplay of the two systems (renin angiotensin system
and endothelins) in the obstruction-induced renal alterations. This interaction between the
two systems is well established in various tissues (Resink et al. 1990; Emori et al. 1991; Ito
et al. 1993). In the kidney, endothelins blockade in vivo, inhibited the vasoconstrictor effect
of angiotensin Il (Balakrishnan et al. 1996; Riggleman et al. 2001; Wenzel et al. 2001). In
addition, it has been suggested that the ability of ET antagonists (ETa selective or non-
selective ETa/ ETg) to inhibit the in vivo actions of angiotensin Il is most likely due to the
angiotensin Il-dependent release of ET-1 from the vascular endothelium (Kohan et al.
2011). Moreover, it has been suggested that ETa and AT1 receptors may heterodimerize to
create interplay in post-receptor signalling. Collectively, endothelins appear to be important
agents in eliciting angiotensin ll-associated changes, such as the fall in RBF and GFR and
the suggested down-regulation of the afferent arteriolar ATi-receptors. Blockade of the
ETA/ETg-receptors, in the current study, might have prevented the sequence of events,
during the period of UUO, which lead to a change in the intrarenal renin-angiotensin and
endothelin systems. Consequently, normal renal function was observed during the recovery
from the obstruction.

Although, there was no supportive data to directly verify that the bosentan dose used
in this study (150mg/kg/day) had totally blocked endothelin receptors, the fact that this dose
had attenuated the alterations due to the ureteric obstruction implies that this dose was

effective enough o bring such effects. Bosentan has a long half-life which means that the

-14 -
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plasma levels remained in the therapeutic range throughout the treatment period (Clozel et
al. 1994; Zuccarello et al. 1996). Furthermore, Similar dose was used in a previous study
and had resulted in the desired effect (Hammad et al. 2000).

In the current study, we used this model of 24-hour reversible unilateral ureteric
obstruction which is similar to a clinical scenario of a transiently obstructing ureteric
calculus. This model was chosen because this duration has been shown to be severe enough
to cause a reversible renal damage (Bander et al. 1985; Hammad et al. 2000). However, one
of the major drawbacks of this study is its descriptive nature and the inability to establish the
exact mechanism which led to the alterations in renal functions in response to ureteric
obstruction. Furthermore, it is not possible to establish which endothelin receptor subtype is
responsible for this renal dysfunction. Additional studies, using selective ETa- and ETg-
receptor antagonists are needed to throw further light on the topic.

In conclusion, two weeks following the reversal of a 24-hr unilateral ureteric
obstruction, baseline renal function had returned to normal. However, direct renal nerve
stimulation resulted in an increase in GFR. We have also shown that this renal dysfunction
can be abolished by non-selective ETA/ETg endothelin receptor blockade at the time of the
obstruction. These finding emphasise the close relationship between angiotensin 1l and

endothelin in the pathogenesis of the unilateral ureteric obstruction.
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Table 1 Basal blood pressure and heart rate for Sham and unilateral ureteric obstructed

animals treated with and without Bosentan

Sham (n=7) UuUO (n=9) B/Sham (n=7)  B/UUO (n=9)
MABP (mmHg) 103+3 104+4 104+3 1012
HR (beats min™) 388+13 391+13 379+18 39612

Abbreviations: UUO, unilateral ureteric obstruction, MABP, mean arterial blood pressure,

HR, heart rate. Data is mean = SEM, n = number of animals.
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Figure legends

Figure 1: Renal blood flow (RBF) responses to direct renal nerve stimulation (RNS) in the
various groups. Asterisk (*) indicates statistical significant difference from Basal; *

p<0.05, ** p<0.01.

Figure 2: Glomerular filtration rate (GFR) responses to direct renal nerve stimulation
(RNS) in the various groups. Asterisk (*) indicates statistical significant difference from

Basal; *** p<0.0001.

Figure 3: Urine flow rate (UV) responses to direct renal nerve stimulation (RNS) in in the
various groups. Asterisk (*) indicates statistical significant difference from Basal; **

p<0.01, *** p<0.0001.

Figure 4: Absolute sodium excretion (UnaV) responses to direct renal nerve stimulation
(RNS) in the various groups. Asterisk (*) indicates statistical significant difference from

Basal; *** p<0.0001.

Figure 5: Fractional sodium excretion (FEna) responses to direct renal nerve stimulation
(RNS) in the various groups. Asterisk (*) indicates statistical significant difference from

Basal; ** p<0.01, *** p<0.0001.
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Figure 3
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