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Abstract
Renal denervation is a novel therapy being used to reduce high blood pressure in patients with chronic kidney disease (CKD). We investigated the contribution of renal sensory and sympathetic nerves to this response using a Lewis polycystic kidney (LPK) model of CKD. Lewis control and LPK rats were subjected to total, afferent or sham renal denervation by periaxonal application of phenol, capsaicin or normal saline, respectively, at age 6 and 12 weeks. Systolic blood pressure (SBP) was measured by tail-cuff plethysmography or radiotelemetry. Renal function was assessed by urinalysis and creatinine clearance rate. Denervation was confirmed by immunohistochemistry using antibodies against markers for sensory [calcitonin gene-related peptide [(CGRP)] and sympathetic nerves [tyrosine hydroxylase (TH)] in the kidney. Initial analysis indicates total denervation produces a blood-pressure lowering effect in LPK between age 7-15 weeks (treat 164±4 vs. sham 180±6mmHg as determined by tail-cuff, P=0.003). SBP in LPK between age 7-11 weeks was also lesser in the afferent denervation group (treated 205±16 vs. sham 222±13mmHg, as determined by radiotelemetry, P<0.05). Neither denervation technique altered SBP in the Lewis animals. Neither total nor afferent denervation had an effect on renal function. In both strains of rat, 4 weeks following the second denervation surgery, TH labelling remained intact after afferent denervation, but was markedly reduced after total denervation. CGRP labelling was markedly reduced after both total and afferent denervation when compared to sham animals. This preliminary study provides evidence supporting the hypothesis that renal sensory nerves have an important role in the observed hypotensive effect of renal denervation.
Key words: chronic kidney disease, renal denervation, hypertension, renal sensory nerve
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Chapter 1. Introduction
Chronic kidney disease (CKD) is defined as evidence of kidney damage or glomerular filtration rate (GFR) <60 ml/min per 1.73m2 for ≥ 3 months, irrespective of underlying cause 
 ADDIN EN.CITE 

(Levey et al., 2011)
. It is a heavy public health burden due to the increased risk it carries for cardiovascular and cerebrovascular diseases, as well as progression to renal failure (Mahmoodi et al., 2012). Hypertension is a common comorbidity, with approximately 60% of  CKD patients in Australia hypertensive (Ludlow and Mathew, 2015), and is itself a contributor to the progressive deterioration of kidney function (Borrelli et al., 2013). Adequate control of blood pressure is therefore crucial in CKD patients in order to reduce their risk of developing renal failure and cardiovascular disease. In practice, however, nearly 75% of patients with CKD are not responsive to multiple pharmacological antihypertensive therapies 
 ADDIN EN.CITE 

(Unni et al., 2015)
 and investigation of more effective antihypertensive strategies is necessary.
Understanding the mechanisms of hypertension in CKD is essential to the development of antihypertensive therapies. Several factors are believed to participate in this process. Volume overload as a result of decreased GFR serves is a significant contributor to hypertension in CKD (Koomans et al., 1982; Vasavada and Agarwal, 2003) and underlies the rational for using diuretics to reduce high blood pressure in this patient group. Augmentation of the renin-angiotensin system (RAS) i.e., increased renin release due to decreased renal blood flow and subsequent increase in angiotensin II, a potent vasoconstrictor, is another well documented factor underlying hypertension in CKD (Weidmann et al., 1971; Vaughan Jr et al., 1979) and the use of angiotensin-converting-enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) have markedly improved the outcome of CKD patients 
 ADDIN EN.CITE 

(Jafar et al., 2003)
.  There is now also evidence showing that the renal sympathetic and sensory nerves are believed to play an important role in the maintenance of hypertension in CKD (Campese and Kogosov, 1995; Ye et al., 2002). 
The kidney is innervated with renal sensory (afferent) and sympathetic (efferent) nerves, which traverse to the kidney through the adventitia of the renal artery. The majority of renal sensory nerves are located in the renal pelvic area to sense stretch of the renal pelvic wall and/or changes in chemical composition of the urine (Marfurt and Echtenkamp, 1991). These signals are then transmitted to the central nervous system to specific regions associated with cardiovascular regulation, including the nucleus tractus solitarius, organum vasculosum laminae terminalis, subfornical organ, and paraventricular nucleus of hypothalamus (Solanoflores et al., 1997), which are involved in the integration of sensory inputs and generation of sympathetic outflow to vital organs including the kidney. Renal sympathetic nerves innervate all parts of the renal vasculature and the nephrons with the greatest density of innervation found along afferent arterioles (Barajas et al., 1992). In addition to central control, afferent and efferent renal nerve activity are also influenced by the renal reflex, whereby an increase in ipsilateral afferent renal nerve activity (ARNA) as a result of subtle increase in pelvic pressure can cause bilateral decrease in efferent renal sympathetic activity (ERSNA) (Kopp et al., 1984). Under normal conditions, renal sympathetic outflow is important to maintain sodium and fluid homeostasis. This can occur via several pathways, including renin release by the juxtaglomerular granular cells, sodium and water reabsorption by tubular epithelial cells, and changes in renal blood flow (and GFR) through renal vasoconstriction of resistance vessels (Dibona and Kopp, 1997) and all these events are important in the regulation of blood pressure. 
In CKD, there is strong evidence from both humans and animal models that sympathetic activity is increased. In 1983, Ishii et al. (Ishii et al., 1983) documented that plasma concentrations of noradrenaline, adrenaline, aldosterone and plasma renin activity were significantly elevated in hypertensive patients with primary glomerular disease compared to normotensive patients or the healthy subjects. The plasma noradrenaline level was correlated positively with blood pressure in these patients, suggesting increased sympathetic nervous activity contributed to the hypertension in this patient group.  Converse et al. (Converse Jr et al., 1992) found a higher level of muscle sympathetic-nerve activity (MSNA) in patients receiving haemodialysis compared to normal controls, which was normalized after bilateral nephrectomy, indicating a role for the diseased kidneys in the overactivity of sympathetic tone in end stage renal disease (ESRD). In hypertensive patients with polycystic kidney disease (PKD) , MSNA is increased regardless of renal function compared to normal controls (Klein et al., 2001). More recently, using a phenol-induced kidney injury model, Ye et al (Ye et al., 2002) showed an acute increase in both ARNA and ERSNA, as well as a chronic elevation in blood pressure and plasma noradrenaline. Interestingly, total renal denervation prevented the increase in blood pressure and plasma noradrenaline by intrarenal injection of phenol. Our work in a rodent model of CKD, using direct nerve recordings, has now also demonstrated an increase in ERSNA in both the anaesthetized 
 ADDIN EN.CITE 

(Salman et al., 2014)
 and conscious (Salman et al., 2015) rats. These observations in animal models and humans indicate not only a generalised increase in SNA in association with CKD, but that the kidney is a potential source of this drive that could be pursued clinically. 
Surgical denervation of the kidneys to treat severe essential hypertension was first performed in humans in 1930s but did not produce satisfactory results (Page and Heuer, 1935), which promoted the practice of the more radical sympathectomy, being surgical removal of splanchnic nerves, which transmits sensory signals and regulates the functions of abdominal organs, in the treatment of severe hypertension (Peet, 1948). Despite its remarkable blood pressure lowering effect, this approach was soon abandoned because of its association with a high rate of peri-operative morbidity, mortality and long-term complications including hypotension, bowel and bladder problems (Smithwick and Thompson, 1953; Evelyn et al., 1960). However, there has been ongoing interest in investigating the role of the renal nerves in the development and maintenance of hypertension, studied in various animal models by disrupting renal afferent and/or efferent traffic. Renal denervation can be classified as total denervation or selective denervation, such that in the former the renal sensory and sympathetic nerves are destroyed by stripping the renal artery mechanically followed by application of phenol in alcohol directly on the renal artery (Gattone et al., 1984)  and in the latter only the  renal sensory nerves are abolished by dorsal rhizotomy, which destroys the dorsal roots at the T10 to L2 level, via a quite invasive surgery (Campese and Kogosov, 1995). Both methods are reported to prevent or delay the development of experimental hypertension, such as spontaneous hypertension 
 ADDIN EN.CITE 

(Kline et al., 1978; Gattone et al., 1984)
, obesity-induced hypertension (Kassab et al., 1995) as well as renal hypertension (Weidmann et al., 1971) in experimental animals. In animal models of CKD, Nishimura et al. 
 ADDIN EN.CITE 

(Nishimura et al., 2007)
 found that in the unilateral nephrectomised spontaneously hypertensive rat (SHR), the blood pressure and proteinuria increase can be attenuated by bilateral dorsal rhizotomy. Hamar et al. 
 ADDIN EN.CITE 

(Hamar et al., 2007)
 found that in rats with subtotal nephrectomy, a combination of dorsal rhizotomy and ACE inhibitor treatment provided additional blood pressure reduction, improvement of albuminuria, glomerulosclerosis index, and renal collagen deposition compared to single ACE inhibitor treatment.  Gattone et al. (Gattone et al., 2008) demonstrated in a rat model of autosomal dominant (AD) polycystic kidney disease (PKD) that bilateral total renal denervation at 4 weeks of age can significantly reduce blood pressure, cystic kidney size and cyst volume density and blood urea nitrogen assessed at 8 weeks of age compared with non-operated controls. Renal denervation therefore might provide effective antihypertensive and renoprotective outcomes in CKD.
Based on the above mentioned beneficial evidence of renal denervation, in recent years there has been enormous renewed interest in applying renal denervation in hypertensive patients as a treatment strategy to reduce blood pressure. In order to confine the denervation effect to the renal nerves, a novel radiofrequency-emitting catheter that could be safely placed into the lumen of the renal artery via the femoral artery to destroy renal afferent and efferent nerves was invented by Ardian Inc. (Ardian Inc. California, USA) to treat patients with resistant hypertension (defined as a blood pressure of over 140/90 mmHg on three or more different classes of drugs with one being a diuretic at highest tolerated dosages) (Mancia et al., 2007). The proof-of-concept study 
 ADDIN EN.CITE 

(Krum et al., 2009)
 and subsequent multicentre, randomised control trials 
 ADDIN EN.CITE 

(Esler et al., 2014; Krum et al., 2014)
 confirmed that this procedure could cause a significant office and ambulatory blood pressure reduction lasting 3 years in patients with resistant hypertension. The long–term blood pressure lowering effect was not seen in the only appropriately powered, multi-centre based, blinded, sham-controlled Symplicity HTN-3 study 
 ADDIN EN.CITE 

(Bhatt et al., 2014; Bakris et al., 2015)
, however the variation of patient response to this procedure and underlying predicting factors for good responders is still a worthy question to be addressed. The technical success of this procedure has been clearly demonstrated in animal models, with a recent study in a sheep model proving complete loss of nerve function and roughly 80% decrease in expression of specific nerve markers one week after renal denervation compared to control animals, although a complete return of function of renal nerves was evident at 11 months post denervation 
 ADDIN EN.CITE 

(Booth et al., 2015)
.
To date, there are a few clinical studies of renal denervation in CKD patients. Hering et al. 
 ADDIN EN.CITE 

(Hering et al., 2012)
 reported in a pilot study examining 15 hypertensive patients with moderate to severe CKD that renal denervation reduced the systolic/diastolic blood pressure (SBP/DBP) by -34/-14, -25/-11, -32/-15, -32/-19 mmHg at 1, 3, 6, and 12 months of follow-up, respectively without deterioration of renal function.  Several case reports and a case series study also attest to the efficacy and safety of renal denervation in CKD patients 
 ADDIN EN.CITE 

(Di Daniele et al., 2012; Ott et al., 2012; Schlaich et al., 2013)
. A 29-year-old woman with ESRD on haemodialysis and resistant hypertension evaluated by 24-hour ambulatory blood pressure (BP) monitoring showed a remarkable BP reduction of 38/30 mm Hg (from baseline 172/100 mm Hg to 134/70 mm Hg) 6 months following renal denervation 
 ADDIN EN.CITE 

(Ott et al., 2012)
. In another case report, renal denervation caused a progressive and sustained reduction of systemic blood pressure from 180 ± 15/105 ± 11 mmHg at baseline to 155 ±14/90 ± 10 mmHg at 1 month in a 39-year-old ESRD patient on haemodialysis with treatment-resistant hypertension, with no loss of baseline residual kidney function measured by daily diuresis (Di Daniele et al., 2012).  Schlaich et al. 
 ADDIN EN.CITE 

(Schlaich et al., 2013)
 showed that renal denervation significantly reduced the office blood pressure in 9 patients with ESRD at 3, 6, and 12 months after renal denervation (from 166±16.0 to 148±11, 150±14, and138±17 mm Hg, respectively).  In these studies, the common causes of CKD were either diabetes or hypertension, while patients with PKD, the most common cause of genetic CKD are generally not included or only make up a very small proportion of the patient cohort. 
As both renal sensory and sympathetic nerves are possibly involved in the maintenance of hypertension in CKD, it is not clear whether the antihypertensive effect observed in these clinical trials is primarily mediated by reduction of renal sensory input to the central nervous system, or reduction of renal sympathetic outflow or a combination of both given the fact that renal denervation is achieved by removal of both renal sensory and sympathetic nerves. Based on the animal studies that have selectively removed the renal afferent nerves, it would seem that the renal afferent nerves might have a role in the observed hypotensive effect of renal denervation. The contribution of renal sensory and sympathetic nerves to this effect of renal denervation has not been addressed.
The Lewis polycystic kidney rat (LPK) is a well-established PKD model arising from a non-synonymous mutation in the never in mitosis gene a (NIMA)-related kinase 8 (Nek 8) gene (McCooke et al., 2012). It is characterized by progressive nephromegaly from 3 weeks of age, marked elevation of  SBP from at least 6 weeks of age, elevation of serum creatinine, serum urea and isosthenuria from 12 weeks of age, and a substantial increase of urine protein to creatinine ratio (UPC) from 12 -16 weeks of age (Phillips et al., 2007). Thus this model is a valuable tool to undertake further studies investigating the role of the renal nerves in regulation of blood pressure in CKD.
As described above, disruption of renal afferent nerves can be achieved through bilateral dorsal rhizotomy (afferent renal denervation) 
 ADDIN EN.CITE 

(Campese et al., 1995)
, or total renal denervation (afferent and efferent denervation) can be achieved by periaxonal application of phenol. Recently, a less invasive novel method to abolish renal afferent nerves has been proposed through periaxonal application of capsaicin on the renal artery. Capsaicin is an agonist to transient receptor potential (TRP) V1 receptor, which is primarily expressed in sensory nerves of unmyelinated C-fibres (Holzer, 1991). It is toxic to afferent sensory nerves and by its application on renal artery, causes a significant reduction of renal content of the afferent nerve marker, calcitonin gene related peptide (CGRP), measured out to10 days post intervention, but no reduction of renal content of the efferent nerve markers tyrosine hydroxylase (TH) or noradrenaline 
 ADDIN EN.CITE 

(Foss et al., 2015)
. Therefore, this novel technique might serve as an experimental alternative to bilateral dorsal rhizotomy to selectively destroy renal afferent nerves. It has the advantage of being significantly less invasive and therefore with considerable ethical gain from an animal welfare perspective.
Therefore, in order to test the hypothesis that renal afferent nerves have an important role in the observed hypotensive effect of renal denervation in CKD, we will use a polycystic kidney disease model to determine the following aims and objectives:
1. To validate the effectiveness of periaxonal application of capsaicin to the renal artery as a means by which to undertake selective afferent renal denervation, studied in parallel with the classic total renal denervation procedure by periaxonal application of phenol to the renal artery;

2. To determine the impact of the above mentioned denervation procedures on blood pressure in the LPK rodent model of CKD;

3. To determine the impact of the above mentioned denervation procedures on the development of kidney disease in the LPK rodent model of CKD.
Chapter 2. Methods
2.1 Animals 
Lewis (n =18), and LPK (n =26) animals of mixed sex were used. All animals were obtained from the Animal Resource Centre (Perth, WA, Australia) and housed at the Central Animal House Facility (CAF) at Macquarie University (NSW, Australia). Animals were allowed to acclimatise in the CAF under standard 12/12 light-dark cycle (20.5◦C) for at least 1 week prior to the experiments with normal rat chow and water ad libitum. All experiments were approved by the Animal Ethics Committee of Macquarie University (ARA 2012/061) and carried out in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (National Health and Medical Research council 8th Edition, 2013).
2.2 Experimental design
Animals were subjected to one of the three surgical protocols (i) total renal denervation by periaxonal application of phenol (Gattone et al., 1984); (ii) afferent renal denervation by periaxonal application of capsaicin 
 ADDIN EN.CITE 

(Foss et al., 2015)
; (iii) sham renal denervation by periaxonal application of normal saline, at age 6 and 12 weeks (detailed in section 2.3). The repeat procedure as 12 weeks was undertaken based on functional as well as anatomical evidence of regrowth in both arms of renal nerves after renal denervation 
 ADDIN EN.CITE 

(Kline and Mercer, 1980; Mulder et al., 2013)
. Ongoing systolic blood pressure (SBP) and renal function assessment was performed to determine the effect of the surgical procedures. Systolic blood pressure was measured either by tail-cuff plethysmography on a fortnightly basis or by radiotelemetry (TA11PA-C10, Data Sciences International, U.S.A) from age 7 to 16 weeks. Renal function was assessed by analysis of urine for urine protein to creatinine ratio fortnightly and at the termination point of 16 weeks, blood was collected for measurement of plasma urea, creatinine and calculation of creatinine clearance rate. Renal denervation was confirmed in a subgroup of Lewis (n=8) and LPK (n=7) animals by immunohistochemistry using antibodies against specific markers for renal sensory nerves [calcitonin gene-related peptide [(CGRP)] and renal sympathetic nerves [tyrosine hydroxylase (TH)] in the kidney. 
The number of animals in each treatment group is listed in Table 1.1.

Table 1.1 Treatment groups



	Cohort
	Strain
	N
	Gender
	Treatment 1 (6 weeks)
	Treatment 2 (12 weeks)
	Age of euthanasia
	Blood pressure method
	Immunohistochemistry

	1
	Lewis
	6
	Male
	Sham DNX
	Sham DNX
	16
	Tail-cuff
	CGRP(1)/TH(1)

	2
	Lewis
	2
	Male
	Sham DNX
	Sham DNX
	16
	Telemetry
	CGRP(2)/TH(2)

	3
	Lewis
	5
	Male
	Total  DNX
	Total  DNX
	16
	Tail-cuff
	CGRP(1)/TH(1)

	4
	Lewis
	2
	Male
	Total  DNX
	Total  DNX
	16
	Telemetry
	CGRP(2)/TH(2)

	5
	Lewis
	2
	Male
	Afferent DNX
	Afferent DNX
	16
	Telemetry
	CGRP(2)/TH(2)

	6
	Lewis
	1
	Male
	Afferent DNX
	-
	12
	Telemetry
	CGRP(1)/TH(1)

	7
	LPK
	9
	Male
	Sham DNX
	Sham DNX
	16
	Tail-cuff
	CGRP(2)/TH(3)

	8
	LPK
	3
	Male
	Sham DNX
	Sham DNX
	16
	Telemetry
	-

	9
	LPK
	8
	Male
	Total DNX
	Total DNX
	16
	Tail-cuff
	CGRP(2)/TH(3)

	10
	LPK
	2
	Male
	Total DNX
	Total DNX
	16
	Telemetry
	-

	11
	LPK
	4
	Male/Female
	Afferent DNX
	Afferent DNX
	16
	Telemetry
	TH(1)


DNX, renal denervation, (n) indicates the number of animals examined for CGRP and/or TH staining in each treatment group.
2.3 Surgical procedures
2.3.1 Renal denervation 

The renal denervation procedures were performed on Lewis and LPK rats at 6 weeks of age and repeated at 12 weeks. Anaesthesia was induced using an induction chamber with 5% isoflurane in 100% O2, and then maintained on 2-3% isoflurane in 100% O2 using a nose cone for administration, or induced with ketamine (75mg/kg, i.p., Ceva, NSW, Australia)/ medetomidine (0.5mg/kg, i.p., Pfizer Animal Health, NSW, Australia), with subsequent reversal using atipamezole (0.15ml, s.c., Zoetis, NSW, Australia) at the completion of the procedure. Depth of anaesthesia was assessed by loss of reflexes and respiratory rate. After anaesthesia but prior to surgery, carprofen (2.5mg/kg s.c., Norbrook Laboratories, Vic, Australia) as anti-inflammatory analgesic and cephazolin (50mg/kg, i.m., Hospira, Vic, Australia) as an antibiotic, were given. A regulated heating pad (Harvard Apparatus Inc., Holliston, Massachusetts, USA) was used during the surgery to maintain a steady body temperature. Aseptic techniques were used throughout the surgical procedures. 

The kidneys were approached from a dorsal aspect with a midline dorsal lumbar skin incision. Flank incisions to the dorsal abdominal wall were made bilaterally and each kidney was exposed by gently retracting the abdominal muscles using sterile saline-moistened cotton swabs.
Using a surgical microscope, the connective tissue surrounding the renal artery was stripped back from the renal pelvis to the abdominal aorta. For the total renal denervation procedure, the renal artery was then painted with 10% phenol in absolute ethanol (Gattone et al., 1984). For selective afferent renal denervation the renal artery was painted with 0.33mM capsaicin (Sigma, Missouri, USA) dissolved in 5% ethanol, 5% Tween 80 and 90% normal saline two-three times at 2-3 minute intervals 
 ADDIN EN.CITE 

(Foss et al., 2015)
. Animals assigned to the sham renal denervation procedure underwent the same surgical procedure with the exception that the renal artery was painted with saline-moistened cotton swabs after visualization by stripping the artery of the surrounding connective tissue. The surgical site was kept moist with sterile saline at all times so as to reduce tissue trauma and minimise adhesion formation.
After the renal denervation procedure, the flank incision was sutured using Vicryl sutures (Ethicon, New Jersey, USA) and the skin incision closed using wound clips (Medicon,E.G., Tuttlingen, Germany). A bolus of warmed electrolyte or glucose solution was administered to the animals according to the duration of the surgery (10ml/kg/hr). Fluid therapy (based on the degree of dehydration of the animal) and pain relief (buprenorphine 50(g/kg, s.c. Reckitt Benckiser Ltd, Auckland, New Zealand, or carprofen, 2.5mg/kg s.c.) were administered during the post-operative period as required. 
2.3.2 Radiotelemetry probe implantation

In a subgroup of animals, radiotelemetry probes were inserted into the aorta via the femoral artery at the same time as the first denervation surgery in order to measure 24 hour blood pressure, heart rate and assess circadian rhythm changes. The left femoral artery was exposed using a medial hind leg incision. Two 6-0 silk ties were placed underneath the femoral artery and retracted back using haemostats to occlude blood flow. A small incision in the artery was made using vannas spring scissors to allow the insertion of the tip of the probe catheter. The tip was then placed in the abdominal aorta just caudal to the renal bifurcation.  The two ties were released and tied off to secure the catheter in place. The catheter was gently pulled on to ensure that it cannot freely move out of the artery. The body of the probe was placed in the subcutaneous space. The leg incision was closed using would clips. The animals were allowed to recover for 7-10 days before data collection.

2.4 Recording of blood pressure
2.4.1 Tail-cuff plethysmography

Systolic blood pressure was measured using tail-cuff plethysmography (IITC Life ScienceInc., CA, USA) each fortnight from the age of 7 weeks in a subgroup of animals. Animals were first acclimatized to the procedure (Phillips et al., 2007). Three sequential measurements were taken and averaged to obtain a single SBP estimate. 

2.4.2 Telemetry recording

In the animals with telemetry probe implantation, blood pressure (diastolic, mean, systolic and pulse pressure), heart rate (HR) and activity over night (6pm to 6am) and day (6am to 6 pm) periods were collected over a 5 min period every 15 min for 48h once weekly from 7 to 16 weeks of age with the animal in their home cage (i.e.192 recordings in total). From the arterial pressure (AP) waveform, SBP, DBP, mean arterial blood pressure (MAP) and HR measurements were derived online using Dataquest ART (Data Sciences International) and exported as text into Microsoft Excel (Microsoft, Redmond, WA, USA). All recordings were then averaged to create one mean value to represent a weekly blood pressure 
 ADDIN EN.CITE 

(Hildreth et al., 2013)
. 

2.5 Renal function analysis
Urine samples were collected fortnightly by placing the rat in a metabolic cage for up to 4 hrs from 7 weeks of age, and then spun and analysed immediately. The urine creatinine to protein ratio in the samples was analysed using an IDEXX VetLab analyser (IDEXX Laboratories Pty Ltd., NSW, Australia). To determine the creatinine clearance rate, a surrogate marker for GFR, the rats were placed in the metabolic cage for 24 hrs at 16 weeks of age, which occurred within 48 hrs of euthanasia.  The urine output (ml/24hrs), and creatinine and protein levels in the 24h urine sample were determined. Following euthanasia a blood sample was collected (see section 2.6). The plasma urea and creatinine were measured using an IDEXX VetLab analyser and the creatinine clearance rate determined using the following equation:

Creatinine clearance rate (ml/min) = [image: image3.png]24 hurine output (ml)xurine creatinine level (umol/L)
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2.6 Perfusion and Fixation
At the termination of the study period (age 16 weeks), animals were deeply anesthetised with an i.p. injection of 20% (v/v) solution of sodium pentobarbital (100mg/kg, Virbac, NSW, Australia). A blood sample was collected by direct cardiac puncture into a heparinised blood tube. Blood samples were then spun and plasma removed for creatinine and urea determination. In those animals with radiotelemetry probes, kidneys were collected and either drop-fixed in 4% formaldehyde in 0.9% saline (Ajax Finechem, NSW, Australia) or 10% neutral formalin (Sigma, Missouri, USA) for 4 to 5 hours at 4°C.  Animals without telemetry probes were transcardially perfused with 0.9% heparinised saline to allow the clearing of blood in the body followed by 4% formaldehyde solution in 0.9% saline at a rate of approximately 20 ml/min until organs were adequately fixed. The kidneys were collected and postfixed in 4% formaldehyde solution for another 90 mins at 4°C. After being fixed, the kidneys were then cryoprotected in 30% sucrose (Sigma, Missouri, USA) in phosphate buffered saline (137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH=7.4) and stored in the same solution at 4℃ until processing for immunohistochemistry.

2.7 Immunohistochemistry
2.7.1 Tissue processing 

Kidneys were embedded with optimal cutting temperature compound (OCT: Proscitech, Queensland, Australia) and frozen in the vapour phase of liquid nitrogen or on dry ice. Fourteen (m coronal sections were cut using a cryostat (CM1950, Leica, Hesse, Germany), mounted on superfrost plus slides (Lomb Scientific Pty, Ltd, NSW, Australia) and dried overnight at room temperature. Slides were then rehydrated for 30 mins in 0.01M Tris phosphate buffered saline (TPBS, 10 mmol/L Tris buffer, 0.9%NaCl, 10 mmol/L phosphate buffer -NaH2PO4/Na2HPO4, pH 7.4). For CGRP staining, sections were first incubated in a blocking solution containing 20% normal rat serum (v/v, Sigma, USA), 20% donkey serum (v/v, Sigma, USA), 0.3% Triton-X 100 and 0.05% thimerosal (Sigma, USA) in TPBS at room temperature for 2 hrs, followed by 48 hrs incubation in the same blocking solution containing the primary antibody against CGRP (goat anti-CGRP, 1:500, AbD Serotec, United Kingdom). For TH staining, sections were first incubated in a blocking solution containing 10% normal donkey serum (v/v, Sigma, USA), 0.3% Triton-X 100 and 0.05% thimerosal (Sigma, USA) in TPBS at room temperature for 2 hrs, followed by 48 hrs incubation in the same blocking solution containing the primary antibody against TH (mouse anti-TH, 1:200, Avanti Antibodies. NSW, Australia). Sections were then washed in TPBS (3×10 mins) and Cy3-conjugated species-specific secondary antibody (for CGRP, donkey anti-goat Cy3 –conjugated antibody, for TH, donkey anti-mouse Cy3-conjugated antibody, Jackson ImmunoResearch, PA, USA), diluted at 1:500 in TPBS containing 5% normal donkey serum and 0.3% Triton-X 100, was added to the sections which were then incubated in the dark at room temperature for 4 hrs. Sections were washed in TPBS (3×10 mins), coverslipped using fluorescence mounting medium (Dako, CA, USA), and dried in the dark for 12-24 hrs. 

2.7.2 Image collection and analysis

Sections were viewed using a ZENPRO epifluorescence microscope (Zeiss, Gottingon, Germany) with Zeiss standard band pass fluorescent filters for Cy3. 

For sections stained with CGRP, 3 different sections from each animal containing the renal pelvis were viewed (Figure 1.1) and 3 images from each section were collected using a 20 x objective (341.8((m by 1260 μm ), using a comparable anatomical position within the kidney in all animals. The percentage area with positive CGRP staining within the pelvic wall from the 9 images was determined using Image J software (Schneider et al., 2012) and averaged for each animal. 
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Figure 1.1. Quantification of CGRP staining within the renal pelvis

Photomicrograph of a section of kidney through the papilla showing the renal pelvic wall (arrow). For analysis of sections stained with CGRP, the pelvic wall was defined using Image J as the region of interest and the percentage area with positive CGRP staining was determined.
For sections stained with TH, the entire kidney was imaged using a 10 x objective lens.  The renal cortex, cortico-medullary junction and outer medullary regions were separately divided into square-shaped boxes (size: 0.8mm×0.8mm for Lewis rats, 1.6mm×1.6mm for LPK) adjacent to each other, covering as much area as possible without overlap (Figure 1.2). Each box containing sympathetic fibres was counted and the percentage of positive boxes within each region from each 3 sections was determined and then averaged to give a value per animal/ per region. 
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Figure 1.2. Quantification of TH staining in the kidney

Photomicrograph of an entire kidney section divided into three regions : (i) the cortex (marked with red squares), (ii) cortico-medullary junction (green squares) and (iii) outer medulla (blue squares). For analyses of sections stained with TH, the number of squares that contained nerves labelled for TH in each region were counted and then expressed as a percentage of the total number of squares. TH staining was not assessed within the inner medullary region. 

2.8 Statistical analysis
Data are expressed as mean ±standard error of the mean (SEM). If results were only obtained from one or two animals, the individual data results are provided. Statistical analysis was performed using GraphPad Prism software (v6, GraphPad Prism Inc., La Jolla, California, USA). For the analysis of the SBP, DBP, MAP and HR, urine protein and urine protein to creatinine ratio data at different ages and in the different treatment groups, a two-way analysis of variance (ANOVA) was used, with treatment and age as the (independent) variables. If either treatment or age differences or a treatment-age interaction were noted, the data were further analysed using a Bonferroni’s post hoc test to determine group differences. For body weight, CGRP and TH labelling data, plasma urea, creatinine and CCR, an unpaired t-test was performed between different groups. Significance was defined as a P value ≤ 0.05 for all analysis.
Chapter 3. Results
3.1 Body weight of study animals at termination.
The mean body weight of Lewis animals at termination in the total renal denervation group was not significantly different from that in the sham renal denervation group (415.4±9.2g, n=8, vs. 415.8±7.0g, n=7, P=0.99). Two Lewis rats with afferent renal denervation reached 16 weeks old, and their body weight were 407g and 410g, respectively. Total renal denervation had no effect on the body weight of LPK animals compared to sham-operated controls, either (273.3±10.8g, n=11 vs. 278.1±7.0g, n=10, P=0.90). One LPK rat with afferent renal denervation reached 16 weeks old with a body weight of 256g. Overall therefore it appears neither renal denervation procedure had an impact on animal body weight.

3.2 Effect of total and afferent renal denervation on the blood pressure of the Lewis and LPK rats 
Blood pressure was determined using either tail cuff plethysmography or radiotelemetry. The respective data sets are presented individually.

3.2.1 Lewis rats  

3.2.1.1 Tail-cuff plethysmography

The effect of total renal denervation on the SBP of Lewis rats measured by tail-cuff plethysmography is shown in Figure 2.1. Total renal denervation did not affect SBP in the Lewis (P=0.27), with SBP comparable at all ages studied (P=0.32). 

3.2.1.2 Radiotelemetry

Figure 2.2 shows the SBP of Lewis rats measured by radiotelemetry in the total (n=2), afferent (n=2) and sham (n=2) renal denervation groups.  Due to the small sample size, statistical analysis of the data was not undertaken.  Qualitatively, SBP appeared to increase with age in each group, with the SBP in the total renal denervation group lower than in the sham or afferent denervation groups. SBP appeared to be unaffected by afferent renal denervation.
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3.2.2  LPK rats 

3.2.2.1 Tail-cuff plethysmography

The effect of total renal denervation on the SBP measured by tail-cuff plethysmography in LPK rats is shown in Figure 2.3. Two-way ANOVA indicated both an overall treatment effect (treated164±4 vs. sham 180±6mmHg, P=0.003) with no specific age having a significant difference between treatment and sham groups, and an age effect (P=0.003), with SBP greater at 15 weeks of age compared with 7 weeks of age in the sham LPK group (195±10 vs. 160±6 mmHg, P=0.01). This age-related increase in SBP was not apparent in the total renal denervation LPK group.
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3.2.2.2 Radiotelemetry

At 7 weeks of age, a total of 10 LPK rats (3 sham, 4 afferent and 3 total denervation) were studied, however, due to failure of the telemetry probe batteries, only two sham, one afferent and one total renal denervation animal had recordings out to 16 weeks. 

Blood pressure

The individual SBP results from all animals are illustrated in Figure 2.4. Qualitatively, SBP appeared to increase with age in each group, with the SBP in the total renal denervation group lower than in the sham or afferent denervation groups. Statistical analysis was then performed comparing sham and renal afferent denervated animals using data from 7-11 weeks of age for SBP, MAP and DBP (Figure 2.5A-C). 
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Systolic blood pressure: Two-way ANOVA indicated both a treatment and age effect, with the overall level of SBP between 7-11 weeks lesser in the afferent renal denervation animals compared with sham LPK (205±16 vs. 222±13mmHg, P<0.05); however post-hoc analysis did not indicate a treatment effect between  individual age groups. The level of SBP also varied with age (P<0.001), with SBP greater at 11 weeks of age compared with 7 weeks of age in the sham LPK group (P<0.01) and SBP greater at both 9 (P<0.05) and 11 (P<0.001) weeks of age compared with 7 weeks of age in the afferent renal denervation group.

Mean arterial pressure. Two-way ANOVA indicated a treatment and age effect in MAP, which was lesser in the afferent renal denervation group compared with sham (169±12 vs. 179±9mmHg, P<0.05), and MAP was significantly lower at 7 weeks of age (P<0.05). The level of MAP also varied with age (P<0.0001), with MAP greater at 11 weeks of age compared with 7 weeks of age in the sham LPK group (P<0.01) and MAP greater at both 9 (P<0.001) and 11 (P<0.0001) weeks of age compared with 7 weeks of age in the afferent renal denervation group.
Diastolic blood pressure. Two-way ANOVA indicated a treatment and age effect of afferent renal denervation of DBP, being lesser in afferent renal denervation group compared to sham LPK (134±11 vs. 143±9 mmHg, P<0.05). The level of DBP also varied with age (P<0.0001), being greater at both 9 and 11 weeks of age compared with 7 weeks of age in both groups.
Heart rate

The effect of afferent renal denervation on the HR of LPK rats between 7-11 weeks is shown in Figure 2.6. Two-way ANOVA indicated both a treatment and age effect, with HR over the period of 7-11 weeks being greater in the afferent renal denervation group compared to sham (406±18 vs. 376±10mmHg, P<0.05), and it was significantly lower at 7 weeks of age (P<0.05). With reference to age (P<0.0001), HR was lower at both 9 (P<0.05) and 11 (P<0.01) weeks of age compared with 7 weeks of age in the afferent renal denervation LPK group. This age-related decrease in HR was not apparent in the sham renal denervation LPK group. 
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3.2.3 Comparison between SBP measured by tail-cuff plethysmography and radiotelemetry

A comparison of average blood pressures as determined by tail-cuff plethysmography and radiotelemetry in sham LPK rats between 7-11 weeks is shown in Figure 2.7.  The level of SBP as measured by radiotelemetry was overall significantly greater compared to tail-cuff recordings (222±13 vs. 172±7mmHg, P<0.0001), and this was evident at each age.
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3.3 Effect of total and afferent renal denervation on renal function of Lewis rats
The effect of total renal denervation on urine protein, urine creatinine and UPC in Lewis rats is shown in Table 2.1.  The level of urine protein (P=0.18), urine creatinine (P=0.13), or UPC (P=0.09) in Lewis rats were not affected by total renal denervation compared to sham denervation. There was an age effect, with urinary creatinine greater at 15 weeks of age compared with 7 weeks of age in both sham (P<0.001) and total (P<0.01) renal denervation group. This was not apparent in either urine protein or UPC results. In the single animal that had urinary data after afferent renal denervation, protein was absent between 7 to 15 weeks. 
Plasma creatinine in Lewis rats at termination in the total renal denervation group was not significantly different from that in sham animals (18.2±6.5μmol/L, n=5, vs.12.9±1.7 μmol/L, n=8, P =0.35). There was however a difference in plasma urea, being lower after total renal denervation (7.4±0.3 n=7 vs. 8.3±0.3 mmol/L, n=8, P =0.03). Creatinine clearance in Lewis rats in the total renal denervation and sham renal denervation groups was not significantly different (6.9±1.4 vs. 9.8±1.6 mL/min, P =0.32). In the one Lewis rat after afferent renal denervation, plasma creatinine and plasma urea at 16 weeks was 25μmol/L and 5.8 mmol/L, respectively. 

	Table 2.1  The effect of total renal denervation on urinary parameters in Lewis rats

	 
	Sham renal denervation(n=4)
	Total renal denervation (n=4)
	two-way ANOVA adjusted P-value

	
	
	
	Treatment
	Age

	Upro
	
	
	 

	week 7
	0.0±0.0
	0.0±0.0
	0.18
	0.36

	week 9
	0.0±0.0
	0.0±0.0
	
	

	week 11
	0.04±0.03
	0.0±0.0
	
	

	week 13
	0.02±0.02
	0.0±0.0
	
	

	week 15
	0.25±0.22
	0.0±0.0
	
	

	Ucr
	
	
	
	

	Week 7
	0.72±0.07
	0.75±0.11
	0.13
	<0.0001

	Week 9
	0.92±0.05
	0.96±0.02
	
	

	Week 11
	0.88±0.09
	1.14±0.07
	
	

	Week 13
	0.89±0.03
	0.94±0.08
	
	

	Week 15
	1.40±0.20
	1.55±0.25
	
	

	UPC
	
	
	
	

	week 7
	0.0±0.0
	0.0±0.0
	0.09
	0.45

	week 9
	0.0±0.0
	0.0±0.0
	
	

	week 11
	0.06±0.05
	0.0±0.0
	
	

	week 13
	0.02±0.02
	0.0±0.0
	
	

	week 15
	0.14±0.11
	0.0±0.0
	
	


3.4 Effect of total and afferent renal denervation on renal function of LPK rats
The effect of total and afferent renal denervation on urine protein, creatinine and UPC is shown in Table 2.2.  The level of urine protein (P=0.99), urine creatinine (P=0.14), or UPC (P=0.32) in LPK rats was not affected by either denervation procedure compared to sham animals. There were however age effects, with urine protein greater at 13 weeks of age compared with 7 weeks of age in both sham (P<0.001) and total (P<0.01) renal denervation group, and urine protein greater at 15 weeks of age compared with 7 weeks of age in afferent renal denervation group (P<0.05). The urinary creatinine levels also varied with age with urine creatinine lower at 13 weeks of age compared with 7 weeks of age in total renal denervation group (P<0.01). UPC varied correspondingly, being greater at 13 weeks of age compared with 7 weeks of age in sham LPK (P<0.01) and, greater at 15 weeks of age compared with 7 weeks of age in both total (P<0.0001) and afferent (P<0.01) renal denervation group.
Plasma creatinine in LPK rats at termination in the total renal denervation group was not significantly different from that in sham renal denervation group (76.8±8.3μmol/L, n=10, vs.86.7±12.9 μmol/L, n=11, P =0.54). There was also no difference in plasma urea between these two groups (36.2±1.8, n=10 in total renal denervation vs. 35.1±1.5 mmol/L, n=10 in sham, P =0.65). Creatinine clearance also did not vary (0.740±0.108 vs sham 0.753±0.135 mL/min, P =0.94). In the one LPK rat after afferent renal denervation, plasma creatinine, urea and CCR at 16 weeks was 82μmol/L, 36.8 mmol/L and 0.669 mL/min, respectively. 

Table 2.2 The effect of total renal denervation on urinary parameters in LPK rats
	
	Sham renal denervation
	Total renal denervation
	Afferent renal denervation
	two-way ANOVA adjusted P-value

	
	
	
	
	Treatment
	Age

	Upro
	n=11
	n=10
	n=3
	
	

	week 7 
	0.04±0.02
	0.0±0.0
	0.0±0.0
	0.99
	<0.0001

	week 9 
	0.26±0.06
	0.23±0.07
	0.75±0.14
	
	

	week 11 
	0.55±0.09
	0.43±0.07
	0.59±0.07
	
	

	week 13 
	0.89±0.16
	0.74±0.13
	0.47±0.14
	
	

	week 15 
	1.22±0.27
	1.61±0.27
	1.26±0.45
	
	

	Ucr
	n=11
	n=10
	n=3
	
	

	Week 7
	0.23±0.05
	0.31±0.08
	0.25±0.12
	0.06
	<0.0001

	Week 9
	0.22±0.02
	0.25±0.02
	0.14±0.02
	
	

	Week 11
	0.21±0.02
	0.25±0.02
	0.18±0.04
	
	

	Week 13
	0.15±0.01
	0.16±0.01
	0.13±0.02
	
	

	Week 15
	0.15±0.02
	0.14±0.01
	0.18±0.06
	
	

	UPC
	n=10
	n=9
	n=3
	
	

	week 7
	0.07±0.06
	0.28±0.28
	0.0±0.0
	0.23
	<0.0001

	week 9 
	0.97±0.25
	0.74±0.23
	5.93±1.94
	
	

	week 11 
	2.33±0.39
	1.47±0.19
	3.96±1.49
	
	

	week 13
	5.75±1.43
	3.83±0.62
	3.80±1.42
	
	

	week 15 
	7.57±1.99
	8.75±2.20
	10.21±5.67
	
	


3.5 Histological assessment of total and afferent renal denervation. 
Images illustrating CGRP staining as a marker for sensory nerves in kidneys from sham Lewis and LPK rats are shown in Figures 2.8 and 2.9, respectively. Images from animals that underwent total renal denervation (Lewis and LPK, Figures 2.8 and 2.9) and afferent denervation (Lewis, Figure 2.8) are also provided. Group data quantifying the level of CGRP staining in each group is provided in Table 2.3. Total renal denervation resulted in a significant reduction in CGRP staining in the renal pelvis in the Lewis rats compared to sham controls (P<0.001, Table 2.3). Of the Lewis rats that underwent afferent renal denervation, there appeared to be a reduction in CGRP staining relative to the sham controls. 

In LPK animals, tissue from two rats was assessed for CGRP after total renal denervation. In these animals, the level of CGRP staining again suggested a reduction in comparison with sham controls.
	Table 2.3 CGRP staining in Lewis and LPK rats

	 
	Sham renal denervation
	Total renal denervation
	Afferent renal denervation

	 Strain
	animal 1
	animal 2
	animal 3
	Mean ± SEM
	animal 1
	animal 2
	animal 3
	Mean ± SEM
	animal 1
	animal 2

	Lewis
	9
	8.5
	10.8
	9.4±0.7
	3
	3.3
	3
	3.1±0.1***
	3
	2.1

	LPK
	5.9
	5.6
	4.9
	5.5±0.3
	0.4
	1.7
	-
	-
	-
	-

	Raw data as well as mean ± SEM (if available) is shown. ***P<0.001, compared to sham groups.
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Images illustrating TH staining as a marker for sympathetic nerves in kidneys from sham Lewis and LPK rats are shown in Figures 2.10 and 2.11, respectively. Images from animals which underwent total renal denervation (Lewis and LPK, Figures 2.10 and 2.11) and afferent denervation (Lewis and LPK, Figures 2.10 and 2.11) are also provided. Group data quantifying the level of TH staining in each group is provided in Table 2.4. The level of TH staining in the renal cortex (P<0.05) and medulla (P<0.05) in the Lewis rats was significantly decreased following total renal denervation compared to sham controls. The TH staining in the renal cortico-medullary junction in Lewis rats showed a tendency towards reduction in the total renal denervation group compared to shams although the difference did not reach significance (P=0.0502). The level of TH staining in the three Lewis rats was variable, with a higher level in animals 2 and 3 compared to that in animal 1. Afferent renal denervation did not affect the level of TH staining in the kidney of Lewis rats (Table 2.4). 
In the LPK, total renal denervation significantly decreased the TH staining in the renal cortex (P<0.001), cortico-medullary junction (P<0.001) and medulla (P<0.001) compared to sham denervation. The effect of afferent renal denervation on TH staining was examined in only one LPK. In that animal, TH staining was clearly present within the renal cortex, cortico-medullary junction and medulla (see Table 2.4). Due to limited availability of tissue from that single animal, which did not include the renal pelvis, CGRP staining could not be performed in that animal. 

	Table 2.4  TH staining in Lewis and LPK rats

	Strain
	 Region
	Sham renal denervation
	Total renal  denervation
	Afferent renal denervation

	
	
	animal 1
	animal 2
	animal 3
	Mean ± SEM
	animal 1
	animal 2
	animal 3
	Mean ± SEM
	animal 1
	animal 2

	Lewis
	cortex
	96.7
	98.9
	100.0
	98.5±1.0
	0.0
	49.1
	41.4
	30.2±15.2*
	99.1
	97.1

	
	cm- junction
	100.0
	100.0
	98.6
	99.5±0.5
	0.0
	70.0
	59.7
	43.2±21.8
	100.0
	100.0

	
	medulla
	100.0
	97.4
	96.1
	97.8±1.2
	0.0
	78.8
	33.3
	37.4±22.8*
	89.1
	84.4

	LPK
	cortex
	60.7
	71.4
	75.0
	69.0±4.3
	0.0
	8.7
	0.0
	2.9±2.9***
	85.3
	-

	
	cm- junction
	73.9
	50.0
	82.4
	68.8±9.7
	4.5
	11.1
	0.0
	5.2±3.2***
	91.7
	-

	
	medulla
	37.0
	44.4
	48.7
	43.4±3.4
	4.8
	6.1
	0.0
	3.6±1.9***
	78.1
	-


Raw data as well as mean ± SEM (if available) is shown. *P<0.05, ***P<0.001, compared to sham groups.cm-junction: cortico-medullary junction
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[image: image16]The kidneys of a Lewis rat which had only one afferent renal denervation surgery at week 6, and was euthanized at week 12 due to probe failure, was also examined for CGRP and TH.  There was a similar level of CGRP staining within the pelvic wall compared to sham controls (6.2%) (Figure 2.12). The percentage area with positive TH staining in the cortex, cortico-medullary junction and medulla in this animal was 95.5%, 100% and 87.0%, respectively (Figure 2.12).
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Chapter 4.  Discussion
Renal denervation, a minimally invasive surgical procedure to destroy renal nerves, has been developed and used clinically to treat patients with resistant hypertension 
 ADDIN EN.CITE 

(Krum et al., 2009; Esler et al., 2010; Esler et al., 2014)
 and CKD 
 ADDIN EN.CITE 

(Hering et al., 2012; Schlaich et al., 2013)
. As both renal sensory and sympathetic nerves are considered to be involved in the pathogenesis of hypertension 
 ADDIN EN.CITE 

(DiBona and Esler, 2010)
, it remains unclear whether the antihypertensive effect observed in these clinical trials is primarily mediated by reduction of renal sensory input to the central nervous system, or reduction of renal sympathetic outflow or a combination of both. 

The primary goal of the present study is to address the effectiveness of a novel method, i.e., periaxonal application of capsaicin to the renal artery, to selectively remove renal sensory nerves, and the secondary goal is to investigate the contribution of renal sensory and sympathetic nerves to the observed blood-pressure lowering response to renal denervation. Using the Lewis polycystic kidney disease model, initial analysis showed afferent renal denervation by periaxonal application of capsaicin to the renal artery resulted in a reduction of CGRP staining within the renal pelvic wall with no effect on TH staining and total renal denervation resulted in a reduction of both CGRP and TH staining within the kidney. Both total and afferent renal denervation showed an overall blood-pressure lowering effect throughout the study, but no impact on renal function. 

The results suggest therefore that the renal sensory nerves do make a significant contribution to the blood pressure lowering effect of renal denervation. Ongoing studies, however, are required to further confirm if either of the denervation procedures result in greater blood pressure reduction and what the underlying mechanisms are. Nevertheless, this study provides evidence supporting the hypothesis that renal sensory nerves have an important role in the observed hypotensive effect of renal denervation. 

4.1 Methodological considerations
The rational of the study design from a methodological viewpoint is discussed below.

 4.1.1 Renal denervation technique 

In clinical trials, renal denervation is mainly achieved by radiofrequency 
 ADDIN EN.CITE 

(Krum et al., 2009; Esler et al., 2010)
 or ultrasound 
 ADDIN EN.CITE 

(Mabin et al., 2012)
 based ablation of renal nerves through a catheter inserted into the renal artery via the femoral artery. However, these methods are not suitable for studies in smaller animals such as rats due to the unavailability of appropriate size of the devices to treat the small artery. The ablation of renal nerves in rats has been typically achieved by chemical denervation. Neurotoxic agents such as phenol 
 ADDIN EN.CITE 

(Bello-Reuss et al., 1975)
, have been reported to result in successful depletion of noradrenaline in the kidney shortly after the denervation 
 ADDIN EN.CITE 

(DiBona and Sawin, 1983; Kline et al., 1986)
 and consequently has been the standard method of renal denervation in animal studies 
 ADDIN EN.CITE 

(Wyss et al., 1987; Katayama et al., 1989; Salman et al., 2010)
. 

The selective denervation of renal afferent nerves was achieved for a long period mainly by dorsal rhizotomy, an invasive surgical procedure which destroys the renal afferent signaling to the central nervous system by sectioning the dorsal roots of the spinal cord at levels T9-L1 
 ADDIN EN.CITE 

(Pan et al., 1985; Campese et al., 1995)
. This procedure, however, is not specifically renal-afferents targeted, as all visceral, somatic and cutaneous afferent inputs at these spinal levels are also affected. In 2015, however, one study 
 ADDIN EN.CITE 

(Foss et al., 2015)
 proposed a novel approach to selectively abolish renal afferent nerves by periaxonal application of capsaicin, a transient receptor potential (TRP) V1 receptor agonist. The researchers were able to demonstrate that the content of sympathetic nerve marker TH and noradrenaline in the kidney remained unchanged, while the content of sensory nerve marker CGRP in the kidney was significantly depleted 10 days following this procedure. Meantime, the pressor response to afferent renal nerve stimulation by intrarenal infusion of bradykinin, i.e., an increase in MAP and HR was abolished by this approach. This novel method is less invasive with significantly improved animal welfare outcomes compared to dorsal rhizotomy and was chosen for the method used in our study. Nevertheless, with this approach, only the unmyelinated C-fibres expressing TRPV1 receptor are targeted, the myelinated fibres lacking TRPV1 receptor are not sensitive to capsaicin (Holzer, 1991), thus remain intact. It is generally believed that the vast majority of renal afferents are indeed TRPV1 positive, but this is yet to be confirmed 
 ADDIN EN.CITE 

(Foss et al., 2015)
. 

Several studies provide functional as well as anatomical evidence of regrowth in both arms of renal nerves after renal denervation.  Kline et al. (Kline and Mercer, 1980) demonstrated that as early as 24 days after unilateral renal denervation in rats, renal nerve stimulation produced a response of change in renal perfusion pressure averaging 40% of control, and at 8 weeks, the responses between denervated and innervated kidneys were not significantly different, indicating that return of efferent nerve function may occur early after denervation and reach to normal level at around 8 wks. A more recent study by Mulder et al. 
 ADDIN EN.CITE 

(Mulder et al., 2013)
 in normal Sprague-Dawley rats with unilateral renal denervation showed that renal sensory nerve fibres identified by substance P and CGRP as well as sympathetic nerve fibres identified by neuropeptide Y (NPY) and TH was markedly depleted by 4-5 days in the denervated kidney but gradually reoccurred over time, with a innervation intensity being not dissimilar to the contralateral innervated kidney at 9 to 12 week post renal denervation, providing evidence for the reinnervation of renal sensory nerves. According to this study, at 6 weeks, sympathetic and sensory nerves in denervated kidneys regrow to approximately 60% of that in innervated kidneys. Thus in our studies, two denervation procedures were undertaken, at age 6 and 12 weeks to reduce the effect of reinnervation of nerves. Nevertheless, at termination point, which was 4 weeks following the second denervation surgery, both renal sympathetic and sensory nerves could be detected immunohistochemically. While their functional capacity was not ascertained, the clear evidence of regrowth may have been a confounding factor limiting any potential anti-hypertensive effect.

Interestingly, in a study by Gattone et al (Gattone et al., 2008), renal denervation in a rodent model of CKD, specifically the Han:SPRD-Cy/+ ADPKD model, resulted in attenuation in disease, including reducing renal cyst enlargement, high blood pressure and limiting renal function deterioration. Of note however was the finding that the sham denervation procedure also had similar effects, though not as marked. This aspect is important to consider because this suggests part of the antihypertensive effect of renal denervation might result from the nonspecific effect of the denervation procedure per se and we addressed this through the use of a sham group which did show a slightly lower level of systolic blood pressure compared to one previous study using this model (~185mmHg vs. ~200mmHg) 
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(Ng et al., 2011)
. 
4.1.2 Validation of technical success of denervation procedure

Ideally, the technical success of denervation technique should be determined with functional and anatomical evidence. From an anatomical view, following renal denervation, renal nerves as identified by specific nerve markers should be absent. This is the premise for using immunohistochemistry (IHC) to validate the technical success of denervation in this study. With the availability of corresponding antibodies to the sympathetic nerve marker TH and sensory nerve marker CGRP, a direct visualization of kidney tissue showing innervation pattern of sympathetic and sensory nerves following renal denervation was achieved. Although IHC is not able to provide a quantification analysis, it is still able to provide semi-quantification results using appropriate image processing. Based on previous similar studies (Mulder et al., 2013; Booth et al., 2015; Foss et al., 2015), we developed a method to quantify the CGRP and TH staining in the kidney, which allowed us to examine both the normal Lewis kidney and the LPK, which contain large areas of cystic space. As CGRP is most abundant in the pelvic wall (Marfurt and Echtenkamp, 1991; Kopp, 2015), the area occupied by CGRP within the pelvic wall was determined. In contrast, TH is found in renal cortex, cortico-medullary junction and outer medulla (Booth et al., 2015). Thus, these three regions were chosen for TH quantification. One previous study used the optical density of TH-positive fibres in the renal cortex to determine the degree of sympathetic innervation (Mulder et al., 2013). As is seen in our experiments, the kidney is an organ that induces a high level of autofluorescence (Hall et al., 2009; Sun et al., 2011), the nonspecific signals arising from renal tubules was obvious despite blocking procedures. We thus quantified the regions containing positive TH nerve staining within equally sized regions of the kidney instead of measuring optical density of TH staining. As a result, this method could differentiate a change of distribution pattern of sympathetic nerves following renal denervation. 

From a physiological view, a decreased RSNA, as measured by direct nerve recordings 
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(Chinushi et al., 2013)
, decreased release of nerve transmitter, specifically  noradrenaline (Schlaich et al., 2009) as well as changes in renin release (Schlaich et al., 2009), renal blood flow 
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(DiBona and Sawin, 2004)
 and water and sodium absorption 
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(Bello-Reuss et al., 1975; Rudd et al., 1986)
 would all provide direct functional evidence of denervation following removal of renal sympathetic nerves. Previous studies have reported an absence of pressor responses following stimulation of afferent nerves, i.e. increase in MAP by intrarenal infusion of adenosine in dogs (Katholi et al., 1984), intrarenal infusion of bradykinin in rats 
 ADDIN EN.CITE 

(Foss et al., 2015)
 and direct simulation in sheep 
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(Booth et al., 2015)
 provided functional evidence of afferent denervation. There are a few studies reporting a decreased peripheral sympathetic activity after total renal denervation in hypertensive animals and humans 
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(Katholi et al., 1982; Hering et al., 2013)
, which might suggest a role of the kidney in the upper regulation of peripheral sympathetic activity via a central nervous input from the afferent nerves under this condition. It is suggested that this decrease in peripheral sympathetic activity might therefore be an indirect evidence of a successful afferent denervation (Euler and Friedman, 2003). However, in our study functional validation of denervation was not performed, and future work with methods to validate the functional loss of sympathetic and sensory nerves would provide more convincing evidence. 

4.1.3 Blood pressure measurement

Before the advent of radiotelemetry systems (Mills et al., 2000), most of the blood pressure data obtained in rodents used non-invasive tail-cuff procedures, which requires restraining the animals in a thermostatic chamber and the use of a compressive sensor-cuff to stop tail pulsations on inflation and to detect their return on each deflation cycle 
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(Krege et al., 1995; Johns et al., 1996)
. This tail pulsation signal is then captured and analyzed by a computerized blood pressure monitor. To obtain an accurate blood pressure reading, the animals are usually trained to acclimatize to the restraint before measurements (Whitesall et al., 2004). This method is low cost and readily accessible without the need for surgical procedures. However, it only provides a reliable reading of systolic blood pressure and is stressful on the animals.  Radiotelemetry, on the other hand, is able to continuously sample the full blood pressure waveform without restraining the animal, thus allowing the determination of blood pressure and 24 hour circadian rhythm changes associated with specific pathologies or pharmacological interventions (Brockway et al., 1991). This approach however is associated with higher cost as well as requiring additional surgical procedure to the animals. In addition, tail-cuff plethysmography detects the blood pressure of peripheral arteries using the same principle as the arm-cuff in humans, while radiotelemetry, through implantation of a blood pressure probe in either the femoral artery or descending aorta detects the blood pressure from the central arteries, thus resulting a higher and more accurate BP reading compared to tail-cuff (Almeida et al., 2014). Despite its advantages, probe failure due to loss of battery life was seen in our study, with telemetry probes in 3 out of 9 LPK rats failing before the termination of the study, which limited the total number of animals with complete data through to 16 weeks of age. This is a weakness of the current study, which will be overcome in the near future with a larger sample size.  

One commonly asked question about the two methods by which one can obtain rodent blood pressures would be whether measurements of blood pressure by tail-cuff method are in agreement with radiotelemetry. This issue has been addressed in a study (Whitesall et al., 2004) which showed the slope of the linear regression of the simultaneous measurements of systolic blood pressure in mice by pulse based tail-cuff method and radiotelemetry systems was 0.98, suggesting a satisfying agreement. However, in our study, a discrepancy was seen between the data obtained by tail-cuff and radiotelemetry, i.e. the SBP measurements in sham LPK rat between 7-11 weeks as determined by radiotelemetry were significantly higher compared to that in the cohort of LPK sham animals where SBP was determined using tail-cuff plethysmography. The SBP level determined by radiotelemetry is also higher compared to previous studies in which tail-cuff plethysmography was used to measure the SBP in this model (245mmHg vs 200mmHg at 11 weeks) 
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(Ng et al., 2011)
. In the Lewis rats, the average SBP of two sham animals determined by radiotelemetry tended to be higher than the average SBP of animals determined by tail-cuff. As discussed earlier, this difference might be due to the intrinsic nature of radiotelemetry. Another possible explanation could be inadequate acclimatization of the animals before measurements. Nevertheless, with both methods, a rise of SBP was observed at week 11 from week 7 in LPK. The reduction in SBP in LPK after total renal denervation was detected by both methods, suggesting that the tail-cuff method was sensitive enough to detect the observed age and treatment effect of renal denervation in LPK in our study. 

4.2 Technical success of two denervation procedures
In our study, we examined the innervation pattern of renal sympathetic and sensory nerves 4 weeks following the second denervation surgery in both Lewis and LPK rats. The main finding is that total renal denervation resulted in a significant reduction of both CGRP-positive sensory nerves within the pelvic wall and TH-positive sympathetic nerves within the cortex, cortico-medullary junction and outer medulla in Lewis rats 4 weeks post denervation. In LPK rats, qualitative analysis showed a similar effect. In contrast, qualitative analysis showed afferent renal denervation resulted in a reduction of CGRP-positive sensory nerves but left TH-positive sympathetic nerves intact. This confirmed both total and afferent renal denervation was achieved in our study. Nevertheless, both renal sensory and sympathetic nerves were not fully abolished when the kidney tissue was examined. The time course of nerve regrowth was not studied and the final result was not surprising due to the considerable functional and chemical evidence for the reinnervation of sympathetic and sensory nerves following renal denervation in rats. In the study of Mulder et al 
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(Mulder et al., 2013)
, both renal sympathetic and sensory nerves were found to regrow to 40-50% of that in innervated kidneys at 4 week post-denervation. That renal vasoconstrictor responses to electrical renal nerve stimulation were absent during the first 2 week following total renal denervation in male Wistar rats but reoccurred at 4 weeks at which time renal cortical noradrenaline content was less than 30% of that found in control kidneys, all together providing functional evidence of reinnervation of renal nerves following denervation (Kline and Mercer, 1980). Total renal denervation was reported to cause a five-week delay of onset of hypertension in spontaneous hypertensive rats, mainly due to a gradual return of renal noradrenaline content following denervation (Winternitz et al., 1980). Our initial finding of the effectiveness of afferent renal denervation is consistent with the result of the novel study of Foss et al. 
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(Foss et al., 2015)
, in which CGRP-staining was abolished 10 days, but returned to 20% of that observed in sham controls 4 weeks after denervation in afferent denervation rats, while TH staining was not significantly different between the two groups throughout the study. As we did not examine the degree of abolishment of renal nerves in the period immediately after the procedures, we cannot be absolutely sure that renal nerves were successfully destructed. However, as our approach has been validated in the work of others, it is highly plausible that the presence of both sensory and sympathetic nerves at 4 weeks post denervation is a result of renal reinnervation instead of incomplete denervation. 

4.3 The effect of total and afferent renal denervation on blood pressure in CKD
4.3.1 Total renal denervation

The pathogenesis of hypertension in CKD is complex and multifactorial. In addition to impaired sodium excretion, volume overload (Koomans et al., 1982; Vasavada and Agarwal, 2003), activation of the renin-angiotensin system (Weidmann et al., 1971; Vaughan Jr et al., 1979), more and more evidence indicates the role of the renal sensory and sympathetic nerves in the development of hypertension in CKD 
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(Klein et al., 2001; Ye et al., 2002; Augustyniak et al., 2010)
 and renal denervation has been reported to reduce blood pressure in CKD patients 
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(Hering et al., 2012; Ott et al., 2015)
. In our study, by using tail-cuff plethysmography, total renal denervation showed an overall blood pressure lowering effect throughout the study compared to sham LPK, although the difference of blood pressure was not significant between two groups at any single age. The significant increase of SBP in sham controls between week 7 and 15 was absent in the total renal denervation group, suggesting that removal of renal nerves prevented this increase in SBP in LPK rats. Using radiotelemetry, qualitatively, SBP appeared to increase with age in each group, but the SBP in the total renal denervation group was lower than in the sham denervation group. Given that the immunohistochemistry data indicated a significant decrease in both TH and CGRP staining in Lewis and LPK rats compared to sham controls, we thus conclude that this overall reduction in blood pressure is due to removal of the renal nerves. 

However, the final level of SBP at termination did not significantly differ between these two groups. The degree of depletion of sympathetic nerve fibres in the three Lewis rats after total renal denervation was quite variable, while in the three LPK rats that underwent total renal denervation, the degree of depletion of sympathetic nerves was consistent. Not all animals on which we have blood pressure data have as yet had their kidneys assessed immunohistochemically, so we can only speculate that the lack of significant difference in the SBP level between the LPK sham and total denervation groups at the age of 16 weeks is due to a variation of the level of reinnervation of sympathetic nerve fibres. As similar findings have been reported in spontaneously hypertensive rats (SHR) 
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(Kline et al., 1978; Kline et al., 1980; Diz et al., 1982)
, in which total renal denervation altered the course but did not prevent the final establishment of hypertension with the gradual return of renal nerves being one possible cause, it is plausible that in our study a high level of reinnervation of sympathetic nerves in some of the additional LPK rats might be the underlying cause for the attenuated BP reduction effect at termination.  We, however, also cannot rule out a possibility of incomplete depletion observed in the two Lewis rats with a high level of sympathetic innervation.  Further study into the effectiveness of total renal denervation immediately after the procedure will address this issue. 
In our Lewis control animals, total renal denervation resulted in a significant reduction in CGRP and TH staining without affecting the SBP (as measured by tail-cuff plethysmography). Interestingly, qualitative analysis showed the SBP measured by radiotelemetry in total renal denervation group, was lower compared to sham controls, however more animals are required to confirm this observation. The effect of renal denervation on the blood pressure of other normotensive rats is inconsistent, with total renal denervation having no effect on the blood pressure of Wistar-Kyoto rats 
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(Kline et al., 1980)
 but decreasing the blood pressure in Sprague-Dawley rats 
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(Jacob et al., 2003)
, possibly due to a stain variation in the role of renal nerves in the maintenance of basal arterial blood pressure. 

4.3.2 Afferent renal denervation

As mentioned earlier, using total renal denervation, it is impossible to tell whether the response to this procedure is due to the removal of afferent or efferent nerves. To address this question, we used a novel selective method to abolish renal afferent nerves in Lewis and LPK rats, applying the TRPV1 receptor agonist capsaicin, which acts to damage TRPV1 positive unmyelinated C-fibre in the sensory nerves. The validation of this approach was evidenced by a decrease in CGRP staining but no alteration in TH staining compared to sham controls in Lewis rats. In the one LPK rat with afferent renal denervation, the TH staining was slightly higher compared to sham controls. Due to loss of tissue containing the renal pelvis during the tissue processing, CGRP staining could not be performed from LPK rats that underwent afferent renal denervation. We can speculate however that afferent renal denervation would have a similar effect on CGRP staining in LPK rats compared to Lewis rats. Qualitative analysis showed SBP in Lewis rats by radiotelemetry with afferent renal denervation seemed not dissimilar compared to sham controls, however, more animals are required to confirm this observation. Quantitative analysis of SBP data by radiotelemetry between 7-11 weeks showed that afferent renal denervation resulted in a significant decrease in the SBP, DBP MAP and an increase in HR in LPK rats compared to sham controls. Whether this treatment effect will last on till week 16 is yet to be determined. In regards to SBP and DBP there was no one time point where the blood pressures were significantly different. However there was a significant difference between treated and control groups in MAP and HR at week 7. This treatment effect one week after the first afferent denervation procedure suggests a role for the renal afferent nerves in the early phases of hypertension development. This would be consistent with the hypothesis that the changes in SBP, DBP, MAP and HR seen with age after afferent renal denervation are due to reinnervation of renal afferent nerves. Thus our initial analysis showed that the selective afferent renal denervation did exert an attenuation of hypertension in LPK rats, suggesting a role for the renal sensory nerves in the development of hypertension in LPK. In an earlier study, selective afferent renal denervation achieved by bilateral dorsal rhizotomy also showed attenuation hypertension in the unilateral nephrectomised SHR model 
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(Nishimura et al., 2007)
. Dorsal rhizotomy also resulted in a slight but significant reduction in mean arterial pressure in SHR compared to sham controls 
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(Janssen et al., 1989)
. The depressor effect of selective afferent renal denervation observed in these studies support the hypothesis that in hypertension and CKD, an inhibitory reno-renal reflex is suppressed, and a sympathoexcitatory reflex, i.e. an increase in ipsilateral afferent renal nerve activity (ARNA), leading to bilateral increase in efferent renal sympathetic activity (ERSNA) might prevail 
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(DiBona and Esler, 2010)
. In a study using the two-kidney, one clip hypertensive model, renal denervation of the nonclipped kidney increased ipsilateral urinary sodium excretion and decreased contralateral urinary sodium excretion, whereas renal denervation of clipped kidney increased both ipsilateral and contralateral urinary sodium excretion (Kopp and Buckleybleiler, 1989), suggesting an impaired inhibitory reno-renal reflexes from the clipped kidney. 
The activation of the renal afferent nerve was partly attributed to the increased production of adenosine by proximal tubular cells when renal ischemia/hypoxia occurs, which in turn results in increased renal sympathetic nerve activity via the central nervous system 
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(Miller et al., 1978; Katholi et al., 1984; Katholi et al., 1985; Katholi and Woods, 1987)
. There is considerable evidence supporting a central nervous system input from the renal afferent nerves (Ciriello and Calaresu, 1983; Solanoflores et al., 1997). In the study of Campese and Kogosov 
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(Campese et al., 1995)
, bilateral dorsal rhizotomy prevented the increase in noradrenaline turnover rate in posterior and lateral hypothalamic nuclei and the locus coeruleus in the brain compared to sham rhizotomy. In the study of Nishimura et al 
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(Nishimura et al., 2007)
, increased expression of renin and AT1 receptor mRNA in the hypothalamus and lower brainstem in the unilateral nephrectomised SHR was blocked by bilateral dorsal rhizotomy. Winternitz et al (Winternitz et al., 1982) found that total renal denervation significantly reduced the level of hypothalamus noradrenaline content compared to sham operated animals. In our study, afferent renal denervation does attenuate hypertension in LPK model. As this model is characterized by renal hypoxia 
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(Ding et al., 2012; Ow et al., 2014)
, partly due to  reduced renal blood flow 
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(King et al., 2003; Torres et al., 2007)
 and structural vascular abnormality 
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(Bello-Reuss et al., 2001)
, renal afferent nerves might be highly activated and in turn leading to over activation of sympathetic nervous system via central nervous system (Solanoflores et al., 1997) and the removal of renal sensory nerves could therefore mitigate this and result in reduction in blood pressure.

The comparative extent of the effect of total and afferent renal denervation on the level of SBP in LPK is still unclear due to the small sample size of current study. Qualitative analysis indicates a lower level of SBP in total renal denervation compared to afferent renal denervation group, which might suggest that the removal of both renal sympathetic and sensory nerves might be superior to selective removal of renal afferent nerves in blood pressure reduction. However, neither treatment prevents the increase in blood pressure in LPK. As previously reported (Phillips et al., 2007),  the LPK showed nephromegaly from 3 weeks of age and marked elevation of SBP from at least 6 weeks of age, thus at the time of the intervention in our study, the process of hypertension has already initiated. A greater blood pressure-lowering effect may have been seen if the denervation procedure was performed earlier than 6 weeks of age. Assuming that renal nerves regrow following renal denervation, we anticipated that a repeat denervation procedure would produce a further decrease in SBP, however this was absent in our study. This may indicate that the role of renal nerves is less during the established phase of hypertension. For example, in a study using SHR, the SBP was significantly reduced after first renal denervation at age 5 weeks, while the SBP of animals after a repeat renal denervation at 9 weeks was similar to that with a single denervation at 5 weeks, indicating the role of renal nerves in the earlier phase of development of hypertension while not in the established phase of hypertension in the SHR rat 
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(Kline et al., 1980)
.These studies collectively indicate other factors, such as inappropriate activation of renin-angiotensin system due to renal ischemia, volume overload associated with an abnormal pressure natriuresis response and in the case of CKD, uraemic toxins, might also be responsible for the pathogenesis of hypertension in CKD 
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(Valvo et al., 1985; Cerasola et al., 1997; Cerasola et al., 1998; Klein et al., 2001; Fall and Prisant, 2005)
. 
4.4 The effect of total and afferent renal denervation on renal function in CKD
4.4.1 Total renal denervation

The renal sympathetic nerve is an important neural mediator of several renal functions, i.e., renin release, fluid reabsorption and renal hemodynamics.  Physiological studies show that renal sympathetic nerve stimulation at low intensities results in an increase in renin secretion without alterations in sodium reabsorption or renal hemodynamics. With an increase in renal sympathetic nerve stimulation, further increase in renin secretion as well as an increase in sodium and water reabsorption will occur, but the renal blood flow or glomerular filtration rate remains unchanged. An increase in renin release, decrease in sodium and water excretion and renal blood flow can only be achieved with a much higher level of renal sympathetic nerve stimulation. A reduction of GFR is only seen when then sympathetic nerve stimulation is sufficiently intense. This pattern of functional recruitment has been reported in the anesthetized dog, rabbit and rat 
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(Dibona and Kopp, 1997)
 and in humans (Wurzner et al., 2001).  In this context, it is not surprising that in CKD, increased sympathetic nerve activity could be present in early stages when renal function is still normal (Klein et al., 2001). Whether this increased sympathetic activity could drive the deterioration of renal function is currently unknown. There are different reports regarding the effect of renal denervation on renal function in CKD or other hypertension states. Some studies showed no impact of this procedure. Augustyniak et al (Augustyniak et al., 2010) found that  removal of sympathetic nerves from birth did not affect the serum creatinine and GFR at 16 weeks age in the 5/6 nephrectomy rat model compared to sham controls. Renal denervation failed to cause a significant reduction of serum urea in an ADPKD rodent model compared to sham controls (Gattone et al., 2008). In patients with CKD, total renal denervation studies do not report any changes in GFR, renal plasma flow, or proteinuria, consistent with our findings 
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(Hering et al., 2012)
.  A few studies reported a beneficial effect of renal denervation on renal function. Total renal denervation was found to result in an increase the creatinine clearance rate and a decrease in the urine albumin excretion corrected by creatinine in Dahl-salt sensitive rats compared to sham controls 
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(Nagasu et al., 2010)
. In one clinical trial, renal denervation was reported to reduce the incidence of albuminuria without adversely affecting GFR within 6 months in patients with resistant hypertension (Mahfoud et al., 2012). In a recent observational study of advanced CKD patients, the decline of renal function measured by eGFR was slowed or even halted one year post RDN compared to that pre-RDN (Ott et al., 2015).  In our studies, total renal denervation did not have an adverse effect in renal function as determined by UPC, plasma creatinine, plasma urea and estimated GFR in Lewis rats. Total renal denervation did not alter the urine protein, creatinine excretion and UPC in LPK compared to sham controls, either. One of the possible explanations for this might be that total renal denervation procedure has no effect on glomerular permeability, which is the primary cause of proteinuria in all forms of kidney disease(D'Amico and Bazzi, 2003). Another explanation is that proteinuria is largely attenuated when a parallel of blood pressure reduction is achieved 
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(Nishimura et al., 2007)
  and while total renal denervation caused an overall fall in blood pressure, the animals were still hypertensive. Total renal denervation did not affect the level of plasma creatinine, plasma urea and estimated GFR in LPK rats compared to sham controls, either. This may suggests the minimal role of renal nerves in driving the decline of renal function in our model. 

4.4.2 Afferent renal denervation

Comparable to the effect of total renal denervation, in the one Lewis rat with afferent renal denervation, the level of plasma creatinine and urea were not dissimilar to the sham Lewis. In addition, urine protein, creatinine and UPC in LPK rats were not affected by afferent renal denervation compared to sham controls. In the single rat out to 16 weeks with afferent renal denervation, the level of plasma creatinine, urea and estimated GFR at termination seemed not dissimilar to that of sham LPK. This suggests that neither denervation procedure had detrimental effect on renal function in either strain. As with the case of total renal denervation, the possible explanations for the similar urine protein excretion level in two groups could be (1) the lack of effect on glomerular permeability; (2) the lack of a concurrent significant reduction in SBP. In the study of Campese et al 
 ADDIN EN.CITE 

(Campese and Kogosov, 1995; Campese et al., 1995)
, 6 weeks after dorsal rhizotomy, serum creatinine in 5/6 nephrectomy rats was significantly lower than in rats with sham rhizotomy. However, in these animals blood pressure was reduced by ~30mmHg at 6 weeks post denervation.  Dorsal rhizotomy also resulted in a significant reduction in urinary protein excretion in SHR with sub-nephrectomy 
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(Nishimura et al., 2007)
 in parallel with a ~28mmHg reduction in SBP. In another study, dorsal rhizotomy significantly decreased albuminuria in a subtotal nephrectomy Sprague-Dawley rats in parallel with a ~30mmHg of reduction in SBP 
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(Hamar et al., 2007)
. Another possible reason is that our LPK model is a progressive genetic disease model and so the progression of renal failure due to the genetic mutation is much more resistant to treatment interventions. The difference in denervation procedure might also be one possible cause, as dorsal rhizotomy was considered to be more radical in abolishing renal nerves while capsaicin could only temporarily remove renal nerves 
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(Foss et al., 2015)
.
4.5 Future directions
With our present study, it is still early to make any definite conclusion about the effect of total and afferent renal denervation on the blood pressure and renal function in the LPK rodent model of CKD, however the initial data analysis indicates that there is a blood pressure reducing effect, albeit small that appears to be greater in the earlier disease phase, and that neither procedure has a detrimental impact on renal function. Expansion of sample size is central to finalizing this research. If, with increased numbers, we confirm a reduction in BP with either total or afferent renal denervation, in future work we would like to investigate the possible mechanisms by which they reduce blood pressure. Do they have effect on arterial stiffness? Do they affect the RAAS system? Are they superior to antihypertensive drug therapies? Do they slow down the cyst formation process, the leading manifest of the LPK models and potentially factor for development of hypertension? Could these procedures prevent or attenuate other structural changes such as interstitial sclerosis or left ventricular hypertrophy? These questions need to be answered to better understand the effect of renal denervation in this CKD model. 
Conclusion
Total and afferent renal denervation resulted in an attenuation of hypertension but did not prevent the development of hypertension throughout the study in LPK. Initial analysis showed neither procedure had a negative impact on renal function. This supports our hypothesis that renal sensory nerves do make a significant contribution to the blood pressure lowering effect of renal denervation. Immunohistochemistry was able to determine the effectiveness of the denervation techniques, including the application of a new less invasive methodology using capsaicin to selectively undertake afferent renal denervation. 
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Figure 2.1.  Systolic blood pressure (SBP) of Lewis rats as determined by tail cuff plethysmography in sham (black) and total (red) renal denervation (DNX) groups. Data is expressed as mean ± SEM.








�


Figure 2.2.  Systolic blood pressure of Lewis rats as determined using radiotelemetry in sham (black), total (red) and afferent (blue) renal denervation (DNX) groups. Each point represents data from an individual animal. Trend line as determined by averaging the data from the two animals in each treatment group. 
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Figure 2.3.  Systolic blood pressure (SBP) of Lewis polycystic kidney rats as determined by tail cuff plethysmography in sham (black) and total (red) renal denervation (DNX) groups. Data is expressed as mean ± SEM. ** P<0.01 between groups. * P<0.05 vs. week 7.
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Figure 2.4.  Systolic blood pressure data from Lewis polycystic kidney rats as determined using radiotelemetry in sham (black), total (red) and afferent (blue) renal denervation (DNX)  groups. Each point represents data from an individual animal. Trend line as determined by averaging the data from the animals in each treatment group. 
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Figure 2.5.  Systolic blood pressure (SBP) (A), mean arterial pressure (MAP ) (B) and diastolic blood pressure (DBP) (C) of Lewis polycystic kidney rats as determined by radiotelemetry in sham (black) and afferent (blue) renal denervation (DNX)  groups. Data is expressed as mean ± SEM. * P<0.05 between groups or vs. baseline as indicated.  **P<0.01, *** P<0.001, **** P<0.0001 vs. baseline, # P<0.05vs. age-matched controls.
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Figure 2.6.  Heart rate (HR) of Lewis polycystic kidney rats as determined by radiotelemetry in sham (black) and afferent (blue) renal denervation (DNX) groups. Data is expressed as mean ± SEM. **P<0.01 between groups or vs. baseline as indicated,    *P<0.05 vs. baseline, # P<0.05 vs. age-matched controls.
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Figure 2.7.  Comparison of systolic blood pressure (SBP) as measured by tail-cuff plethysmography and radiotelemetry in LPK rats that had undergone sham renal denervation.  Data is expressed as mean ± SEM. * P<0.5 vs. baseline, **** P<0.0001 between groups, ##P<0.01, ### P<0.001 and #### P<0.0001 at each specific age group as indicated.





�


Figure 2.8.  CGRP staining in the Lewis kidneys. Left hand panel shows representative images of CGRP staining in sham (A), total (C) and afferent (E) renal denervation animals, respectively. Right hand panel shows higher magnification images of CGRP staining in sham (B), total (D) and afferent (E) renal denervation animals, respectively. Animals underwent renal denervation at age 6 and 12 weeks, and were sacrificed at 16 weeks. Scale bar = 200μm for panel A, C, and E, and 100 μm for panel B, D, and F.
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Figure 2.9.  CGRP staining in the LPK kidneys. Left hand panel shows representative images of CGRP staining in sham (A) and total (C) renal denervation animals, respectively. Right hand panel shows higher magnification images of CGRP staining in sham (B) and total (D) renal denervation animals, respectively. Animals underwent renal denervation at age 6 and 12 weeks, and were sacrificed at 16 weeks. Scale bar = 500μm for panel A and C, and 100 μm for panel B and D.
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 Figure 2.10.  TH staining in the Lewis kidneys. Left hand panel shows representative images of TH staining in the renal cortex (* indicating glomeruli) in sham (A),total (D) and afferent (G) renal denervation animals, respectively. Middle panel shows representative images of TH staining in the cortico-medullary junction (# indicating blood vessel) in sham (B), total (E) and afferent (H) renal denervation animals, respectively. Right hand panel shows representative images of TH staining in the medulla in sham (C), total (F) and afferent (I) renal denervation animals, respectively. Animals underwent renal denervation at age 6 and 12 weeks, and were sacrificed at 16 weeks. Scale bar = 100μm for all panels. 








�


Figure 2.11.  TH staining in the LPK kidneys. Left hand panel shows representative images of TH staining in the renal cortex (* indicating glomeruli) in sham (A), total (D) and afferent (G) renal denervation animals, respectively. Middle panel shows representative images of TH staining in the cortico-medullary junction (# indicating blood vessel) in sham (B), total (E) and afferent (H) renal denervation animals, respectively. Right hand panel shows representative images of TH staining in the medulla in sham (C), total (F) and afferent (I) renal denervation animals, respectively.  Animals underwent renal denervation at age 6 and 12 weeks, and were sacrificed at 16 weeks. Scale bar = 100μm for all panels.
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Figure 2.12.  CGRP and TH staining in the Lewis kidney with afferent renal denervation at only 6 weeks. Figure shows representative images of CGRP staining (arrow) in the pelvic wall (A), of TH staining (arrow) in the renal cortex (* indicating glomeruli) (B), cortico-medullary junction (# indicating blood vessel) (C) and medulla (D). After a single afferent renal denervation at 6 weeks, the animal was sacrificed at 12 weeks. Scale bar = 100μm for all panels. 
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