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Abstract

A major challenge in paediatric urology is determining which children with antenatally
detected hydronephrosis and pelvi-ureteric junction obstruction (PUJO) need a pyeloplasty
to relieve obstruction, and which do not. In part this is because the pathophysiology
underpinning why children develop ‘safe’ or ‘damaging’ PUJO is not well understood. This
research investigates whether aquaporins, as mediators of water-reabsorption from the renal
tract, explain the mechanism behind these differing clinical outcomes. Furthermore, this
research explores whether urinary aquaporin levels are good biomarkers to direct surgical
management. A dual approach was employed involving interrogating an in vivo neonatal rat
partial unilateral ureteric obstruction model, and implementing a complementary childhood
PUJO study.

The rodent model demonstrated that kidneys with moderate hydronephrosis had normal renal
architecture and raised intra-renal pelvis pressure, whereas severely hydronephrotic kidneys
displayed obstructive nephropathy. While renal aquaporin isoform expression was
maintained in moderate hydronephrosis, several, but not all, renal aquaporin isoforms were
downregulated in severe hydronephrosis. Following characterisation of the aquaporin
isoforms expressed by whole normal rodent and human renal pelvis, aquaporins 1 and 3 were
localised to the vascular endothelium and the urothelium in both species respectively. The
rat model established that aquaporins 1 and 3 were downregulated in obstructed renal pelvis.
Downregulation was inversely related to hydronephrosis severity and, contrary to renal
expression, was exhibited in both moderate and severe hydronephrosis. These findings may
indicate that reduced urothelial aquaporin expression diminishes the urinary tract’s ability to
mitigate pressure rises, ultimately leading to severe hydronephrosis and renal damage.
Rodent urinary aquaporin 1 excretion was unchanged between obstructed and sham rats,
questioning the ability of this test as a non-invasive biomarker in the management of PUJO.
A childhood PUJO study with full ethical approval is currently underway, having recruited
18 patients thus far. This study will investigate the same parameters as the rodent model,

confirming whether results translate to the human scenario.

In conclusion, improving our understanding of the mechanism of renal injury through studies
such as this will enable earlier diagnosis and better management of this important condition

through the development of novel biomarkers and new therapies.
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Chapter 1. Introduction

1.1 General Introduction

Antenatal hydronephrosis is a major clinical issue for paediatric urologists (incidence of 1
in 200), which has become more commonly recognised, and clinically problematic in infants
since antenatal scanning became routine. Of these children approximately 1 in 7 will have
pelviureteric junction obstruction (PUJO), a condition where narrowing of the junction
between the renal pelvis and ureter obstructs urine drainage from the kidney. The major
surgical issue is deciding which children require urgent surgery to relieve obstruction and
limit kidney damage, and which do not. This is because some children with PUJO do not
damage their kidneys, do not require surgery and ultimately grow out of the problem. Current
management involves serial radiological imaging including invasive radioisotope scans to
guide surgical decision making. The ability of these tests to adequately predict the need for
surgery has been questioned for many years and unfortunately some children lose function
in the affected kidney during the period of observation. Paediatric urologists need a reliable
non-invasive test to distinguish between those children with high pressure damaging

obstruction and those with safe non-renal damaging PUJO.

1.2 Antenatally detected hydronephrosis
1.2.1 Definition and grading of hydronephrosis

Hydronephrosis can be defined as renal collecting system dilatation [1]. It is not a diagnosis
in itself but rather an indicator of potential urological abnormality. It is possible to detect
hydronephrosis as early as 12-14 weeks gestation [2], however, in the UK it is usually noted
on the anomaly scan performed routinely at 18-20 weeks gestation. The degree of
hydronephrosis is graded ultrasonographically using the appearances or specific
measurements of the renal parenchyma and collecting system. Various measurements of the
renal collecting system have been used to identify hydronephrosis, however the maximum
measurement of the anteroposterior diameter (APD) of the renal pelvis in the transverse
plane is most popular and is the most widely used for antenatal assessment of hydronephrosis
[3-5]. Debate continues regarding the threshold at which the antenatal APD is considered

abnormal [6-8], particularly since measurements may be affected by other factors such as
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the gestation of the fetus [9, 10] and maternal hydration [11, 12]. It is commonly accepted
that antenatal hydronephrosis (ANH) diagnosed earlier in gestation [13] or of greater
severity [3, 14] correlates with postnatal pathology of greater significance and greater
likelihood of surgical intervention [15]. A large meta-analysis of the literature demonstrated
the risk of postnatal nephrourological pathology to be 11.9% for mild ANH, 45.1% for
moderate ANH and 88.3% for severe ANH [3]. It has also been shown that antenatal renal
pelvic dilatation increases more rapidly as gestation progresses in those with obstructive
pathology compared to those with non-obstructed kidneys [10]. Published data suggest an

antenatal APD>5 mm should instigate post-natal investigation. [6, 16].

Post-natally, the most commonly used methods to assess the degree of hydronephrosis are
the maximum measurement of the renal anteroposterior diameter (APD) and the SFU
(Society for Fetal Urology) grading system. The SFU grading system was first introduced in
1993 and concentrates on evaluating the appearance of the renal parenchyma and intrarenal

collecting system with particular attention to the calyces [17].

Pattern of Renal Sinus Splitting Renal
Parenchyma

No splitting Preserved
Urine in pelvis barely splits sinus Preserved
Urine fills intrarenal pelvis and extrarenal pelvis, Preserved
major calyces dilated

Grade 2 and minor calyces uniformly dilated Preserved

Grade 2 and minor calyces uniformly dilated Thin

Table 1.1 The Society for Fetal Urology Hydronephrosis Grading System [18]

1.2.2 Incidence of antenatal hydronephrosis

Antenatal detection of a renal abnormality by ultrasound scan was first reported in 1970 by
Garrett et al. [19]. Over subsequent years, improvements in ultrasound technology and the
introduction of routine antenatal scanning has resulted in increased detection of fetal
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anomalies with greater accuracy [20]. Approximately 1-5% of fetuses have an anomaly
detected on antenatal scanning [21-23] of which a significant proportion relate to the urinary
tract, particularly hydronephrosis. The largest prospective data collection of non-selected
pregnant women undergoing antenatal ultrasound at a mean gestation of 25 weeks
demonstrated hydronephrosis (APD >5 mm) in 100/18766 fetuses (0.59%) [16]. More recent
UK data, albeit with smaller study sizes of 11465 and 7000 fetuses, suggests the prevalence
may be higher with hydronephrosis in 2.3% (APD >4 mm at a gestation of 18-23 weeks)
[14] and 2% (APD >5 mm at a gestation of 20 weeks) [6] respectively.

1.2.3 Aetiology of antenatal hydronephrosis

The aetiology of ANH and thus the postnatal clinical significance in terms of treatment and
prognosis is varied. Most causes of ANH can cause unilateral or bilateral hydronephrosis
and they may be obstructive or non-obstructive in nature. Causes include; transient
hydronephrosis, persistent non-obstructive hydronephrosis, vesicoureteric reflux, peli-
ureteric junction obstruction, multicystic dysplastic kidney, megaureter, ureterocoele,
ectopic ureter, posterior urethral valves and urethral atresia. The majority of patients (36-
66%) [5, 14, 16] with ANH have transient hydronephrosis which is characterized by normal
post-natal ultrasound scans and is of unclear origin. Immaturity of the urinary tract in relation
to urine output, fetal ureteric folds and potentially vesicoureteric reflux have been suggested
as potential causes of transient hydronephrosis [24]. A further 10-43% have persistent
hydronephrosis with no obstruction [5, 14, 16, 24] and this hydronephrosis resolves
spontaneously in 47-84% of children within 24 months [5, 14, 16].

Vesicoureteric reflux is demonstrated post-natally in 10.7-22% [5, 6, 16] of children with
ANH, with the prevalence being affected by the institutions’ policy regarding post-natal
micturating cystourethrogram (MCUG). A micturating cystourethrogram is a test performed
under x-day guidance which involves instilling radio-opaque contrast into the bladder via a
urethral catheter followed by voiding of the contrast by the child. This test enables
visualisation of the bladder and urethra during filling and voiding, and can identify the
presence of reflux into the ureters. Those centres which favour performing an MCUG in all
children with ANH, even in the presence of a normal post-natal scan, will undoubtedly
discover more cases of low grade VUR which may be clinically asymptomatic [6].



Pelviureteric junction (PUJ) obstruction occurs in 3.8-12.6% [5, 6, 24] of children with ANH
and is suspected when hydronephrosis is seen with a normal bladder and no ureteric
dilatation on postnatal ultrasound scan. Further radiological investigation is required to
support this diagnosis and much controversy remains, as will be discussed in section 1.3,

regarding the timing and indication for surgical intervention.

Other less common causes of ANH include: megaureter (non-obstructed or obstructed),
multicystic dysplastic kidney, ureterocoele, posterior urethral valves, ectopic ureter, prune
belly syndrome, urethral atresia, extrinsic compression from intra-abdominal/pelvic masses

and neurological abnormalities [24, 25].

1.2.4 Management of antenatally detected hydronephrosis

The vast majority of children with ANH do not require intervention at birth but go on to have
regular radiological imaging, involving serial ultrasound scan, radioisotope scans and
invasive micturating cystourethrograms. The major aim of postnatal management is to detect
those at risk of deterioration in kidney function and prevent problems such as pain, urinary
tract infection and stone formation while avoiding overzealous investigation of those with
hydronephrosis that poses no future risk. There is however no agreed evidence-based

consensus on post-natal investigation of these children [6, 24, 26, 27].

Unless there is an indication of bladder outlet obstruction or hydronephrosis in a single
kidney, the first ultrasound scan is usually performed at around 7 days of life. It is important
to ensure it is delayed beyond the first 48 hours as during this time the baby is usually
relatively dehydrated and oliguric, which may underestimate hydronephrosis [24]. Ismaili et
al. suggest a post-natal renal ultrasound scan should be performed at 5 days and 1 month.
During their study of 213 infants they demonstrated that if one or both ultrasound scans are
abnormal (APD>7mm) then the sensitivity and specificity of finding a nephrourological
pathology were 96% and 76% respectively with positive and negative predictive values of
72% and 97% respectively [5]. Dudley et al. define hydronephrosis as an APD>5mm and
suggest a further ultrasound scan at 12 months for all children who initially have two normal
scans at 1 and 6 weeks of age [16]. A follow-up ultrasound at 1 year is supported by the most
recent consensus statement from the Society for Fetal Urology (SFU) [18] as later re-

presentation with previously resolved hydronephrosis has been documented [28, 29].



Hydronephrosis on post-natal ultrasound scan will prompt follow-up ultrasound scans and

further investigation as detailed below.

An MCUG may be performed to assess for the presence of vesicoureteric reflux and other
lower urinary tract pathologies such as posterior urethral valves. There is no consensus on
which children should undergo this investigation, thus this test is variably implemented [27].
Some advocate an MCUG for all children who have had ANH even in the presence of normal
post-natal ultrasound scans [6], while others perform an MCUG only when initial ultrasound
scans have demonstrated hydronephrosis [16, 18]. Given the invasive nature of an MCUG
and the fact that some of the VUR detected may be of doubtful significance it has been
suggested MCUG may be safely reserved for children with higher grades of hydronephrosis
[30].

When post-natal ultrasound scans demonstrate persistent hydronephrosis (SFU grade 3-4 or
an APD >10 mm), particularly but not exclusively in the absence of VUR, diuretic
renography is performed to assess for PUJO [2, 24]. The SFU consensus statement also
recommends that children diagnosed with severe ANH (>10 mm in the second trimester, or
>15 mm in the third trimester) should undergo diuretic renography regardless of the grade

of post-natal hydronephrosis if their MCUG was negative [18].

Diuretic renography to determine differential function and drainage of the kidney may be
achieved with both ®*™T¢c-MAG 3 and *™Tc-DTPA radioisotopes. ®MTc-MAG 3 is
preferred as it requires a smaller dose of radiation and has a much higher initial uptake within
the kidney due to very high protein binding of the radioisotope, thus providing better
parenchymal imaging and functional assessment [18, 20]. Diuretic renography should be
performed around 6-8 weeks of age as renal immaturity may influence results obtained
before this time [31].

1.3 The pelvi-ureteric junction
1.3.1 Embryology of the pelvi-ureteric junction

Understanding the normal embryology of PUJ formation is vital when considering where
development may proceed incorrectly in congenital abnormalities such as PUJO. The kidney
develops from metanephric mesoderm as far along the nephron as the distal tubules. The
collecting duct onwards, including the major and minor calyces, renal pelvis, and ureter has

a different embryological origin arising from the ureteric bud [32, 33]. Thus, the PUJ does
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not represent an embryological fusion site, but is derived exclusively from the ureteric bud.
The ureteric bud, consisting of a simple epithelial layer extending into loose mesenchyme,
arises from the mesonephric duct during the fifth week of gestation in humans [34].
Epithelial cell proliferation and differentiation to form transitional epithelium leads to
luminal obliteration, which at the end of the embryonic period is corrected by physiological
recanalisation of the ureter. Epithelial paracrine and mesenchymal autocrine signalling
stimulates the formation of smooth muscle cells from mesenchyme which begins at 12 weeks
gestation in humans [34, 35]. Mouse models have implicated a number of signalling
molecules in this process of proliferation, aggregation, differentiation and orientation of
smooth muscle cells as they encircle the urothelial tube. In postnatal mice (equivalent to
second trimester human) increased urine production matches the development of the renal
pelvis. This is accompanied by a second phase of muscle differentiation, particularly
affecting the renal pelvis and proximal ureter, regulated by calcineurin and angiotensin Il
signalling. [36, 37]. The important molecular pathways that form the ureter and PUJ are
shown in Table 1.2 and Figure 1.1 [34, 38-40].

SEG0anEtEeag Ureteric bud with simple
UB

epithelium surrounded by
loose mesenchyme

~—~o_

, Epithelial proliferation and differentiation to form
e transitional epithelium

-~
-
~-~—_

PTCH1R
Calcineurin

BMP4 Upregulate
TSHZ3 Renal
MYOCD angiotensin Il

Further differentiation
Proliferation Aggregation Differentiation Orientation at renal

pelvis/proximal ureter
| | | | |
1

I T T T
Gestation E11.5 E12.5 E14.5 E16.5 E20 (birth)

Figure 1.1 PUJ and ureteric embryological signalling pathways

The urothelium secretes SHH which activates the PTCH1 receptor on adjacent mesenchyme stimulating
mesenchymal proliferation. Mesenchymal cells express TBX18 which enables their correct localisation and
aggregation around the urothelium. The mesenchymal cells also express BMP4 which acts in an autocrine
manner to upregulate TSHZ3 and MYOCD. MYOCD enables differentiation of smooth muscle cells by
increasing the transcription of genes encoding smooth muscle contractile proteins. DLGH1, expressed by
urothelium and smooth muscle cells, is responsible for the correct orientation of smooth muscle cells around
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the urothelial tube. The timeline refers to days gestation in mouse models. MD — Mesonephric duct, UB —

ureteric bud, MC — mesenchymal cells, SMC smooth muscle cells

il rotin

Sonic Hedgehog Morphogen which stimulates peri- [41]
urothelial mesenchymal cell
proliferation and regulates timing of
smooth muscle cell differentiation
PTCH1 Protein patched Receptor for SHH, functions as [41]
receptor homolog 1 tumour suppressor when unbound
BMP4 Bone morphogenetic Growth factor, necessary for smooth  [42]
protein 4 muscle cell differentiation and
ureter morphogenesis
Teashirt zinc finger Transcription factor-like protein [43]
homeobox 3 necessary for myocardin expression
and ureteric smooth muscle cell
differentiation
MYOCD Myocardin Transcriptional co-activator, [43]

necessary for expression of
contractile proteins

TBX18

T Box protein 18 Transcription factor necessary for [44]
correct localisation and aggregation
of smooth muscle cells around

ureteric urothelium

DLGH1 Disks large homolog 1~ Scaffolding protein, regulates [45]

smooth muscle cell orientation

Table 1.2 Proteins/molecular pathways involved in ureteric and renal pelvis development

1.3.2 Anatomy and function of the pelvi-ureteric junction

The pelvi-ureteric junction is a region of gradual transition from the funnel-shaped renal
pelvis to the proximal ureter [39] (Figure 1.2). It is a physiologic sphincter [46],
characterised by prominent luminal folds with evidence of increased muscle thickness
capable of creating a high-pressure zone to regulate urine flow. Similar to the adjacent renal
pelvis and ureter, the PUJ comprises 3 main layers: inner urothelium, middle smooth muscle,

and outer adventitia [39]. The muscle fibres of the ureter are primarily helical, however, their
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final orientation is determined by the degree of vertical and transverse growth [47] with fibre
arrangement changing with age from circular fibres in the neonate [48] to reach the mature
mesh of spiral, longitudinal and transverse fibres.

The PUJ represents a region of transition from a broader helix proximally to a lengthened
helix with more vertically orientated fibres distally [47]. Smooth muscle contraction propels
urine from the renal pelvis to the bladder [49], coordinated by submucosal and intra-
muscular nerve plexi [50] and modulated by autonomic innervation involving a range of
neurotransmitters. These include; acetyl choline, noradrenaline, substance P, neurokinin A,
calcitonin gene related peptide, neuropeptide Y, vasoactive intestinal peptide and nitric oxide
[49]. Denervated ureters maintain peristaltic activity illustrating the ability of the upper
urinary tract to independently initiate and control peristalsis [49]. Evidence suggests this is
achieved by pacemaker cells within the muscle layers [49, 51-53], likely interstitial cells

[39], which gradually reduce in number from the proximal to the distal ureter [54].

Renal Pelvis

—_——
——

e~
" —

e~ -
—_———

Luminal folds

\ Muscle thickening

\ [ Urothelium
\ Smooth muscle

[ Adventitia

Pelvi-ureteric junction

Figure 1.2 Diagrammatic representation of the pelvi-ureteric junction

The gradual transition from the renal pelvis to the proximal ureter is illustrated as well as increased mucosal
folds and smooth muscle thickening in this region



1.4 Pelvi-ureteric junction obstruction
1.4.1 Definition and aetiology of pelvi-ureteric junction obstruction

In the context of neonatal hydronephrosis, obstruction has been defined by Peters as “a
condition of impaired urinary drainage which, if uncorrected, will limit the ultimate
functional potential of the developing kidney” [55]. PUJO results from a narrowing of the
junction between the renal pelvis and the ureter. This impedes urine drainage from the
collecting system into the proximal ureter, leading to dilation of the collecting system and
potential renal damage. Intrinsic obstruction due to an adynamic stenotic segment at the PUJ
is the most common aetiology (75% of cases) where failure of peristalsis produces an
incomplete, functional obstruction [24]. A further 20% of cases are related to an accessory
renal artery, this ‘crossing vessel’ causes extrinsic compression of the PUJ impeding urine
drainage [24]. Other causes include peripelvic fibrosis, abnormal ureteric insertion,
fibroepithelial polyps, and anatomical variants such as retrocaval ureter, duplex or horseshoe
kidneys [24, 56-58].

Normal Kidney Kidney with PUJ obhstruction

Kidney ——

Dilated
renal
pelvis

Renal Pelvis

Obstructed
pelvi-ureteric
junction

Bladder —— 88 —

Urethra —0m¥ s

Figure 1.3 Diagrammatic representation of pelvi-ureteric junction obstruction



1.4.2 Demographics of pelvi-ureteric junction obstruction

PUJO has an incidence of 1 in 1000 — 1 in 2000 live births [6, 24, 58] and affects 3.8-12.6%
of all children with antenatally detected hydronephrosis [5, 6, 24]. PUJO more commonly
affects the left kidney (67%) [58] and is bilateral in 19-33% [16, 24, 59]. Males are affected
three times more frequently than females [24]. The aetiology of this difference is currently

unknown.
1.4.3 Diagnosis of pelvi-ureteric junction obstruction

Making the diagnosis of PUJO and deciding when to operate can be problematic, as the
natural history of ANH is not fully understood. It is clear, however, that renal dilatation is
not tantamount to obstruction. Prior to routine antenatal scanning most children with PUJO
presented with symptoms or complications, namely; urinary tract infection (particularly in
infants), loin/abdominal pain, frank haematuria, and nephrolithiasis. In the presence of
supportive radiological investigations management was clear-cut, surgical intervention was

indicated for these children.

As antenatal diagnosis of hydronephrosis became more common during the 1980°s most
infants underwent early surgery for PUJO to prevent the perceived potential deterioration in
renal function. Disagreement with early surgery subsequently ensued as it was noted many
infants with PUJO showed spontaneous resolution of hydronephrosis. Koff and Campbell
reported their early experience with conservative treatment in the early 1990’s [60, 61]. Koff
went on to follow 104 children with severe (SFU grades 3 and 4), unilateral hydronephrosis
of PUJ configuration over a period of 10 years. All children, regardless of initial degree of
hydronephrosis or drainage/function on diuretic renogram, were initially managed non-
operatively. Indications for surgery were increasing hydronephrosis on ultrasound scan
and/or >10% deterioration of function. Pyeloplasty was subsequently performed in 23
children (22%) at a mean age of 4.8 months while eighty-one patients (78%) were managed
conservatively. Of those managed conservatively hydronephrosis resolved completely in
69% and improved in 31%, with mean time to maximum improvement being 2.5 years. In
terms of differential function on diuretic renogram, 78% of those managed conservatively
had good initial differential function (>40%) with a final mean differential function of 48%.
The remaining 22% of conservatively managed kidneys had initial reduced differential
function with a mean of 25% however this improved spontaneously to achieve a final mean
differential function of 48% (range 38-53%) for this group [62]. Crucially what this



demonstrates is that many children with ANH show spontaneous resolution of
hydronephrosis, and in a smaller subset of children, while hydronephrosis does not resolve,
there is no ongoing renal damage and in fact differential function seems to improve.
Consequently, this research group advised that careful observation using radiological
monitoring is safe and avoids unnecessary surgery in infants with PUJO. Due to the fact
that all pyeloplasties were performed within the first 2 years they identified this period as
being vitally important for monitoring which children require surgery, and suggested that
the maximum interval between scans should be 3 months up to 2 years of age. Other groups
have reported a similar phenomenon, whereby infants managed non-operatively show
spontaneous resolution or improvement of hydronephrosis with only 36-52.2% of children
with PUJO requiring surgery [26, 63].

There is little literature regarding the long-term outcome of children managed both
operatively and non-operatively for PUJO. A recently published historical cohort study with
a 30-year follow-up demonstrated that 0.8% (26/3198) of adolescents with normal renal
function and a history of congenital anomalies of the kidney and urinary tract developed end-
stage renal disease in adulthood. The risk of end-stage renal disease in these individuals was
significantly increased (hazard ratio for ESRD, 5.19) compared to those with no history of

renal disease [64].

Currently, approximately 80% of cases of PUJO are first noted on antenatal ultrasound scan
generating a large pool of asymptomatic children with hydronephrosis. Unfortunately, the
available diagnostic tests have changed little over the last 20 years and many have debated
the ability of radiological investigations to adequately differentiate those children at risk of

functional deterioration and determine the necessity of surgical intervention.

Diuretic renograms (*®"Tc-MAG 3 and **"Tc-DTPA) are performed to assess for the
presence of obstruction and they generate three main pieces of data which should be analysed
together; a drainage curve, the time taken for half of the radioisotope activity to clear (t1)
and differential kidney function expressed as a percentage. As previously stated **"Tc-MAG
3 is generally preferred due to the smaller amount of radiation involved and its superior
ability to assess function [18, 20]. Furosemide is injected intravenously either at the same
time (FO) or 20 minutes after (F+20) intravenous injection of the radioisotope. The creation
of diuresis aims to aid identification of the truly obstructed system.
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O’Reilly described four types of drainage curve based on children with equivocal upper
urinary tract obstruction studied using the F+20 protocol. Type I curves show normal and
prompt drainage. Type Il curves show no drainage even in response to furosemide. Type Il
curves initially show no drainage but respond to furosemide with type Illa showing a good
response and Type I11b showing a poor response. The interpretation of these curves was that
type | shows no evidence of obstruction, type Il and type Illb were likely consistent with
obstruction and type Illa were unclear [65].

In addition to analyzing the shape of the drainage curve the ti2, the time taken for half of the
radioisotope to clear from the renal pelvis, is calculated and provides a quantitative measure
of drainage. A ty2within 10-15 minutes is considered normal drainage, within 15-20 minutes
is considered equivocal and a t12 beyond 20 minutes suggests obstruction [24].

Despite the well-defined parameters described above it has been demonstrated that
renography is an unreliable indicator of obstruction and predictor of renal damage. Gordon
et al. reviewed data for 69 children with unilateral hydronephrosis of PUJ configuration who
were monitored for up to 6 years with between 2 and 6 ™" Tc-DTPA diuretic renograms.
Obstructive renograms were observed in 32% of 78 renograms performed on 24 children
who were managed non-operatively. None of these children developed a deterioration in
function during the period of observation implying they did not have a true obstruction [66].
Similarly, Hafez et al. showed the drainage pattern on initial diuretic renogram has poor

sensitivity and specificity (63% and 59% respectively) for diagnosing obstruction requiring

pyeloplasty [26].

Differential kidney function and degree of hydronephrosis have been advocated as better
predictors of those requiring a pyeloplasty [2]. Conversely others have demonstrated that
differential function of <40% on initial diuretic renogram has poor sensitivity and specificity
(56% and 66% respectively) for diagnosing obstruction. By logistic regression analysis they
determined that both differential function and drainage pattern on initial diuretic renogram
do not predict the subsequent need for pyeloplasty [26].  This is borne out by the
observations by Ulman and Koff (described previously) that reduced function on initial
diuretic renogram can improve spontaneously in children treated non-operatively [62]. Hafez
et al. suggested progression of hydronephrosis on two consecutive renal ultrasound scans
performed 4-6 weeks apart is an early sign of obstruction and should be an indicator for
surgery [26], while others suggest that progression of hydronephrosis on serial ultrasounds

should prompt further diuretic renography [20].
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Due to the difficulty in predicting which children need surgery the management of those
with antenatally detected PUJO is subjective [1]. Usually it takes the form of careful
observation with repeat radiological tests however there remains debate regarding the
parameters which indicate clinically significant obstruction requiring intervention.

Generally, a pyeloplasty is performed for [56]:

o differential renal function deterioration (differential function <40% or falls by >10%

on serial MAG 3 renograms)

¢ significant hydronephrosis with a renal pelvis anteroposterior diameter >3 cm on

ultrasound scan

e increasing hydronephrosis with a rising anteroposterior diameter on serial ultrasound

scan

in symptomatic children

The drawback with the conservative approach is that despite careful observation there is a
risk of loss of function in the affected kidney and this has been demonstrated to occur in up
to 20% - 25% [67]. Although Ulman et al. reported functional improvement in all kidneys
that required pyeloplasty for functional deterioration [62], others have shown that not all
patients recover function [68], and that functional recovery is reduced in those who have a
delayed pyeloplasty after conservative management compared to those who have an early
pyeloplasty [69].

1.4.4 Surgical management of pelvi-ureteric junction obstruction

When required, a dismembered pyeloplasty is performed to relieve the obstruction and
improve kidney drainage. This procedure involves excising the narrowed junction between
the renal pelvis and proximal ureter, spatulating the ureter and performing a primary
anastomosis (Fig.2). It may be performed as an open procedure at all ages or laparoscopically
in the older child and has good results with minimal morbidity. The re-operation rate is
approximately 3-5% [70]. Early complications of this procedure include: bleeding from the
operative site, urine leakage via the anastomosis, urinary tract infection, clot retention and

ileus. Late complications include recurrent PUJO [71].
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Narrowed Ureter is spatulated and Completed pyeloplasty
segment is anastomosis performed
excised

Figure 1.4 Diagram illustrating the major steps of a dismembered pyeloplasty

Adapted from http://www.chennaiurology.com/robotics/Pyeloplasty.html

1.4.5 Histopathological features of intrinsic pelvi-ureteric junction

obstruction

The human PUJ in intrinsic obstruction demonstrates reduced luminal mucosal folds,
inflammatory cell infiltration [72], varying degrees of fibrosis with excess collagen
deposition [72-75], increased fibronectin and laminin expression [75] and abnormal muscle
fibre arrangement [48]. Both muscular hypertrophy/hyperplasia [72, 74, 76] and
atrophy/hypoplasia [48, 72] are reported alongside depletion of the interstitial cells [77, 78]
and nerves to the muscular layer [73]. Conversely Koleda et al. reported increased interstitial
cell density in the obstructed PUJ which decreased with the child’s age. The authors
suggested interstitial cell changes may be compensatory, subsequently failing over time
rather than being causative of PUJO [79].

All of these pathological findings are noted when the PUJ is excised at pyeloplasty and
therefore represent late features of PUJO (Figure 1.5). Although the time course of PUJ
disease progression is unknown in humans, genetic mouse models of hydronephrosis show
abnormalities of peri-urothelial mesenchymal organisation as early as E12.5 (equivalent to
human 35 days gestation) [44] and smooth muscle cell differentiation at E15.5 (equivalent
to human 12 weeks gestation) [43]. One week postnatally, mice with 1d2 haploinsufficiency
show smooth muscle irregularity and hypertrophy at the PUJ [80], features which are
common to human PUJO. The possible molecular mechanisms underlying this PUJO are

described in section 1.4.8.
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Figure 1.5 Pathological features of intrinsic PUJO

Reduced luminal mucosal folds, excess collagen deposition, depletion of nerves within the muscular layer,
abnormal muscle fibre arrangement and both muscle hypertrophy/hyperplasia and muscle atrophy/hypoplasia
are seen at the PUJ in human PUJO

1.4.6 Renal histopathological features of pelvi-ureteric junction obstruction

Biopsies from children undergoing pyeloplasty show a variety of histological findings
similar to those seen in animal models of ureteric obstruction (discussed in section 1.4.7).
The most common are glomerular changes such as glomerulosclerosis seen in 73% of
biopsies. However; findings may be as subtle as increased glomerular density (reflecting
decreased tubular mass) and decreased proximal/distal tubule ratio. Conversely, severe
tubulointerstitial injury with inflammatory infiltrate, tubular atrophy, capsular thickening
and interstitial fibrosis [81, 82] may be noted. Interstitial nephropathy is associated with
earlier antenatal diagnosis, worse drainage on renogram and reduced differential function
[83]. Overt interstitial fibrosis is seen in 26% of biopsies and is significantly more common
in children over 1 year of age [82]. While Han et al. did not show an association between
histological features of obstructive nephropathy and duration of obstruction [84], Valles et
al. showed increased renal macrophage infiltration is associated with delay in pyeloplasty
and decreased GFR [81]. Unlike animal models, renal tubular apoptosis [85] does not seem

to be a significant occurrence in the nephron loss noted in PUJO [86].
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1.4.7 Animal models of pelvi-ureteric junction obstruction

Adult and neonatal rodent models of complete and partial unilateral ureteric obstruction
(UUO) have been used to investigate the molecular biology of congenital obstructive
nephropathy. Neonatal models are particularly helpful because rodent nephrogenesis
continues for 1 week postnatally and nephron maturation over the subsequent week. Thus,
at birth and 1 week of age, rodent kidney development is equivalent to humans at the second
trimester and birth respectively [87]. This gives a window in which surgery can be performed
on the animals to mimic in utero obstruction in humans. A comprehensive review comparing
neonatal models with human disease has affirmed their validity for investigating obstructive

nephropathy [88].

Neonatal UUO in rodents causes renal pelvic dilatation, impedes nephron maturation,
reduces glomerular tuft size and tubular cell proliferation, initiates tubular apoptosis and
atrophy, and leads to progressive interstitial fibrosis [89-91]. However; the response to UUO
is not uniform throughout the nephron with features of hypoxia and necrosis suggesting
ischaemic injury secondary to vasoconstriction in the proximal tubule. In the more compliant
distal nephron dilatation leads to stretch induced tubular cell apoptosis and peritubular
fibrosis, both of which significantly correlate with the degree of dilatation [92]. Whether
obstruction in the neonatal period is complete or partial there is nephron loss [89, 93],
inhibition of ipsilateral renal growth [90] [94] and compensatory contralateral renal growth
[87] with the definitive number of nephrons being inversely related to the period of
obstruction [93].

Interestingly, adult rats subjected to 5 days of complete UUO followed by release do not
show reduced nephron numbers. This underlines the susceptibility of the immature kidney

to obstruction-induced injury during the period of nephrogenesis and renal maturation [93].

Relief of rat UUO in the neonatal period attenuates the renal injury although glomerular
numbers remain reduced and there is evidence of hyperfiltration [90]. One year later
ipsilateral renal growth is impaired, the number of glomeruli are further reduced and GFR
has reduced to 20%. Histological features of tubular atrophy, interstitial fibrosis and
glomerulosclerosis are increased and significantly these findings are also present in the
contralateral unobstructed kidney [95]. When extrapolated to humans this data has
implications for the timing of surgery and emphasizes the potential for renal function

deterioration after pyeloplasty as a result of permanent damage to the immature kidney.

15



The renal pathological findings in neonatal and adult UUO models and the timescale of their
development are presented in Figure 1.6 [90, 91, 94, 96-101].

1.4.8 Potential molecular mechanisms underpinning pelvi-ureteric junction

obstruction

Below are highlighted some of the molecular steps that may lead to the development of
intrinsic PUJO and subsequent obstructive nephropathy. Data has been obtained from both
adult and neonatal models of complete and partial ureteric obstruction alongside evaluation

of tissue obtained at pyeloplasty for human PUJO.

1.4.8.1 Abnormal innervation

Light microscopy reveals reduced innervation within the muscular layer of the PUJ in human
specimens excised at pyeloplasty for PUJO [73]. This is associated with reduced expression
of molecular markers including glial cell line-derived neurotrophic factor (GDNF — survival
factor for neurons), protein gene product 9.5 (general neuronal marker), and nerve growth

factor receptor protein in the muscle layers of the stenotic PUJ compared to controls.
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Figure 1.6 Pathological features of rodent models of UUO

Timeline of the development of renal pathogenic features in neonatal and adult models of UUO. CUUO —

complete unilateral ureteric obstruction, PUUO — partial unilateral ureteric obstruction
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Although it is speculated these neuronal changes may contribute to the pathogenesis of PUJO
there is no evidence to confirm or refute this. Conflicting changes in synaptophysin (major
synaptic vesicle protein p38) expression in both amount (increased and decreased) and
distribution (localisation to the nucleus) are reported compared to control and are of
uncertain significance. S-100 (Schwann cell marker) and neurofilament (neuronal protein)
expression are unchanged demonstrating there is not a global reduction in neuronal

components [74, 102].

1.4.8.2 Myogenic factors

Together with increased smooth muscle cell apoptosis [103], phenotypic and cytoskeletal
smooth muscle cell changes are seen in the human PUJ excised at pyeloplasty for PUJO.
The stenotic PUJ shows significantly increased expression of smooth muscle myosin heavy
chain (MHC) isoforms 1 and 2 [76] as well as an altered ratio of integrin (transmembrane
signalling receptors) isoform expression compared to control samples [103]. The preferential
expression of immature integrins in the stenotic PUJ [103] may indicate developmental delay
of the smooth muscle cells, potentially contributing to their altered function and increased
apoptosis in PUJO.

Supporting a myogenic cause of PUJO, transgenic mouse models targeting smooth muscle
differentiation generate a PUJ phenotype with hydronephrosis secondary to functional
obstruction (Table 1.3).

18



Gene Full gene Animal Features and Human Ref
name Mechanism
Ace Angiotensin | Ace-/- mice | Hydronephrosis, [104]
converting renal
enzyme parenchymal
atrophy
Adamts-1 A Adamts-1-/- | PUJO, increased [105]
disintegrin- | mice collagen at PUJ.
like and Other urogenital
metallo - anomalies.
peptidase
with
thrombo-
spondin
type 1
motif, 1
Agt Angiotensin | Agt-/- mice | Hydronephrosis, [106]
renal
parenchymal
atrophy,
Agtr la/b Angiotensin | Agtrl-/- (1a | Hydronephrosis [37]
Il receptor | and 1b) mice | in older mice,
type 1 (1a renal
and 1b) parenchymal
atrophy, failure
of renal pelvis
development,
ureteric smooth
muscle
hypoplasia and
abnormal
peristalsis
Aqp2 Aquaporin | Agp2S256L/ | Mutation in CPH [107]
2 S256L CPH | mice prevents
mice Agp2
phosphorylation
and normal
trafficking.
Hydronephrosis
secondary to
polyuria
Calcineurin | Calcineurin. | Pax3- Calcineurin [36]
Also known | CreT/+;Cnb1 | inactivation in
as Protein flox/ flox metanephric and
phosphatase | mice ureteral
3 (ppp3) mesenchyme
giving
hydronephrosis,
abnormal

pyeloureteral
peristalsis with
defective renal
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pelvis and
smooth muscle
development

1d2 Inhibitor of | 1d2-/- and Hydronephrosis [80]
DNA [d2 +/- mice | and PUJ
binding 2 development

Nfia Nuclear Nfiat+/- and | Hydrouretero - Nfia+/- dueto | [108]

factor I/A Nfia-/- mice | nephrosis, VUR, | chromosomal
abnormal PUJ translocation

and VUJ and deletion.
development. VUR and CNS
CNS malformations
malformations.
TBX18 T-box Thx18-/- Hydrouretero- Hispanic [44,
transcriptio | mice nephrosis, short | family with 109]
n factor ureters, ureteric | autosomal

smooth muscle dominant
defects due to CAKUT

abnormal predominantly
smooth muscle PUJO.
cell Heterozygous

differentiation truncating
and localisation | mutation

(c.1010delG)
of Thx18
Tshz2 and | Teashirt Tshz3-/- Hydronephrosis | Tshz2/Tshz3 [110,
3 zinc finger | mice with PUJ mutations not | 111]
family configuration, cause of PUJO
member 2 abnormal in Albanian
and 3 smooth muscle | and

differentiation Macedonian
proximal ureter | populations

Table 1.3 Genes potentially involved in the pathogenesis of PUJ obstruction

Evidence derived from animal and human studies. Abbreviations: CNS — central nervous system, CPH —
congenital progressive hydronephrosis, PUJO — pelvi-ureteric junction obstruction, VUJ — vescio-ureteric
junction, VUR- vesico-ureteric reflux

1.4.8.3 Increased pressure, impeded blood supply and hypoxia

Obstructive hydronephrosis is associated with a doubling to trebling of renal pelvis pressure
[46, 112-114]. The resultant increased intratubular hydrostatic pressure [115] stimulates the
renopathogenic effects of obstruction via three proposed mechanisms: tubular ischaemia due
to hypoperfusion, pressure induced mechanical stretch/compression of tubular cells and
altered urinary shear stress. The latter two are likely the primary inducers of obstructive renal
injury [88], causing dysregulation of many cytokines, growth factors, enzymes and
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cytoskeletal proteins (Table 1.4), resulting in early renal haemodynamic changes followed
by structural and functional alterations to the entire nephron. Figure 1.7 highlights the major
mechanisms of renal injury in PUJO.

A\ Angiotensin 2

/ Fibrosis

Dilated Renal
Pelvis ~

obstruction

Figure 1.7 Major mechanisms of renal injury in PUJO

Following a short initial increase in renal blood flow related to local vasodilator production
[88], the intra-renal renin-angiotensin-aldosterone system is activated causing pre and post
glomerular vasoconstriction and a resultant fall in renal blood flow (RBF), medullary oxygen
tension and glomerular filtration rate (GFR) [81, 87, 88, 116-119]. Proximal tubular hypoxia
and necrosis in neonatal rats with UUO suggests vasoconstriction causes segment specific
ischaemic injury [92]. Accordingly, AT1 receptor inhibition improves tubular function by
increasing RBF and GFR [120].

Reduced urine production, continuing urine drainage by venous and lymphatic systems
alongside tubular and renal pelvis dilatation results in a subsequent decline in renal pelvic
pressure [88, 117, 121], which may be a compensatory mechanism to limit damaging

increased intrarenal pressure [121].
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Protein Action Change/timing Species Ref
Angiotensin Il | Vasoregulatory, Increased 28 days Neonatal rat [122]
proinflammatory, CUuUO

proapoptotic, Increased 1 week Adult rat [118]
profibrotic and 5 weeks CUUO
Increased after In vitro [123]
mechanical stretch | podocytes
a-SMA Increases Increased 5 days Neonatal rat [90]
myofibroblast CUuUO
contractility/EMT Increased 4 days Adult mouse [124]
marker CUuUO
Caspases Proapoptotic Increased 14 days Neonatal rat [125]
Cuuo
Increased 1 day Adult rat [126]
CUuo
Clusterin Cytoprotective via | Increased 5 days Neonatal rat [90]
pro-survival CUUO
autophagy
COX-2 Polyuria and Increased 24 hours | Adult rat [127]
natriuresis, anti- CBUO [128]
apoptotic, Increased 3 days Adult mouse
antifibrotic (mMRNA) CUuo
CTGF Profibrotic Increased 2 days Adult rat [101]
(mMRNA) CUuo
EGF Epithelial survival | Decreased 7 days Neonatal rat [129]
factor (mRNA) Cuuo
(Undetectable
expression in
neonatal rat kidney
before 4 days)
Decreased 33 days | Neonatal rat [90]
both CUUO
and 5 day
CUUO then
release
Decreased at Human renal [130]
pyeloplasty (mean | biopsy
age 2yrs) (mMRNA)
Decreased at Human renal [131]
pyeloplasty (mean | biopsy
age 5yrs)
ET-1 Vasoconstrictor Increased 2 days Adult rat [101]
(mMRNA) CUuo
Fas-L Proapoptotic Increased 1 day Adult rat [126]
(mMRNA) CUuo
HSP-70 Antiapoptotic Decreased 14 days | Neonatal [125]
CUuUO
ICAM-1 Proinflammatory Increased 3 days Adult mouse [132]
CUuo
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11-6 Proinflammatory Increased 2 days Adult rat [101]
(MRNA) CUuUO
Integrin (§1) | Profibrotic Increased 3 days Adult mouse [133]
CuUuo
Increased after In vitro [134]
mechanical stretch | proximal
tubular cells
MCP-1 Proinflammatory Increased 12 days, | Neonatal rat [135]
no change 4 days CuUuUO
Increased 2 days Adult rat [101]
(MRNA) Cuuo
Increased at Human renal [130]
pyeloplasty (mean | biopsy
age 2yrs) (mMRNA)
MMP 2 and 9 | ECM degradation Decreased 3 days Adult mouse [132]
CUuUO
PAI-1 Profibrotic, inhibits | Increased 7 days Adult mouse [136]
ECM degradation CUUO
PDGF Profibrotic Increased 4 days Adult mouse [124]
CUuo
NF-kB Regulatory Increased 2 days Adult mouse [101]
transcription factor CUuo
Nitric oxide Vasodilator, anti- Decreased 14 days | Neonatal rat [125,
apoptotic, CUuUO 137]
antifibrotic
Renin Cleaves Increased 3 days Neonatal rat [129]
angiotensinogen (mRNA) CUUO
upregulate renin Increased 5 days Neonatal rat [90]
angiotensin system CUUO
Increased 14 days Neonatal rat [122]
(MRNA) CuUuo
Increased 4-5 Neonatal rat [119]
weeks CuUuo
Increased 24 hours | Adult rat [138]
CuUuo [139]
Increased after In vitro
mechanical stretch | proximal
tubular cells
TGF-p Proinflammatory, Increased 1 day Neonatal rat [129]
proapoptotic, (mRNA) CUUO
profibrotic, Increased 33 days Neonatal rat [90]
stimulates EMT both CUUO
and 5 day
CUUO then
release
Increased 3 days Adult rat [140]
(mMRNA) CuUuo
Increased at
pyeloplasty (mean | Human renal [131]
age 5yrs) biopsy
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TIMP-1 Profibrotic, inhibits | Increased 5 days Adult rat [141]
ECM degradation Increased 3 days CUUO [132]
Adult mouse
CUuo
TNF-a Proapoptotic, Increased 14 days Neonatal rat [142]
proinflammatory (mMRNA) CUUO
Increased 1 day Adult rat [126]
CuUuo
[101]
Increased 2 days Adult rat
(mRNA) CuUuo [126]
Increased 1 day Adult rat
CUuoO
VCAM-1 Proinflammatory Increased 3 days Adult mouse [143]
(mMRNA) CUuUO
VEGF Endothelial survival | Increased 28 days Neonatal [144]
(podocytes) factor PUUO [144]
Decreased 14 days | Neonatal
CUuUO
VEGF Endothelial survival | Variable expression | Neonatal [144]
(tubules) factor PUUO [144]
Decreased 14 days | Neonatal
CUuo
Vimentin Intermediate Increased 5 days Neonatal rat [90]
filament protein/ CUUO
EMT marker
WT-1 Transcriptional Decreased 14 days | Neonatal rat [142]
regulator, key role CUUO
in renal
development

Table 1.4 The major cytokines, growth factors, chemokines, enzymes and cytoskeletal proteins
demonstrating altered intrarenal regulation in obstructive nephropathy

The timing of changes and their mode of action is presented, and compared to sham animal or control human
kidney. Change refers to protein expression unless otherwise state. Timing is days after creation of UUO.
CUUO - complete unilateral ureteric obstruction, CBUO — complete bilateral ureteric obstruction, PUUO —
partial unilateral ureteric obstruction, ECM — extracellular matrix

1.4.8.4 Initiation of proinflammatory cytokines

1.4.8.4.1 Cytokines in the stenotic PUJ

Increased transforming growth factor-f3 (TGF-B) expression is noted in the human stenotic

PUJ compared to normal controls [145]. Furthermore, the smooth muscle regulators
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endothelin-1 (smooth muscle constrictor) and adrenomedullin (smooth muscle relaxant)

have been shown to be increased and decreased respectively in stenotic PUJ disease [146].

Analysis of paediatric renal pelvis tissue proximal to PUJO for cytokines that show altered
renal expression in nephropathy demonstrates increased TGF-f and reduced macrophage
inflammatory protein-la (MIP-1a). In contrast epidermal growth factor, monocyte
chemotactic peptide 1, Interferon-y-inducible protein 10 and RANTES mRNA expression
are unchanged suggesting that TGF-B and MIP-1a have important roles in the development
of PUJO [116, 147].

1.4.8.4.2 Intrarenal cytokines

Increased intra-renal angiotensin Il activates nuclear factor kappa B (NF-kB) and rho-
associated coiled-coil forming protein kinase (ROCK) leading to cytokine release, interstitial
macrophage infiltration and activation. Intra-renal selectins, integrins, intercellular-adhesion
molecule 1, vascular cell adhesion molecule 1, interleukin 1, monocyte chemoattractant
peptide 1, colony stimulating factor 1 and osteopontin expression are all involved in
macrophage stimulation [87, 88, 116, 148]. Therefore, it appears that renal signals initiate
and maintain the injurious inflammatory response to PUJO. Accordingly, both selectin and
B2-integrin  knockout mouse models show reduced macrophage infiltration into the
obstructed kidney after UUO [99, 100].

1.4.8.5 Inflammatory infiltrates

Activated macrophages infiltrate the renal interstitium, sustaining the inflammatory response
by releasing cytokines such as: TGF-B1, tumour necrosis factor-o. (TNF-a), and platelet
derived growth factor [87, 116].

1.4.8.6 Profibrotic processes

Tubulointerstitial fibrosis is the final common pathway for many chronic kidney disorders
including obstructive uropathy and is instigated by altered cytokine expression (Table 1.5).
Activated resident interstitial myofibroblasts [149], expressing a-smooth muscle actin
(boosts cell contractility) [150], aggregate, proliferate and produce extracellular matrix.
Extracellular matrix consisting of collagens I, 11l and IV, fibronectin, laminin and
proteoglycans accumulates due to increased synthesis and reduced degradation [132, 151,
152]. Myofibroblasts amplify fibrosis by producing cytokines including TGF-f1 and TNF-
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a [87]. Parenchymal damage and renal dysfunction results, such that in children with PUJO

the extent of fibrosis significantly correlates with differential renal function [84].

Promote Prevent
Angiotensin Il EGF

CTGF MMP
ICAM-1 Nitric oxide
Integrins VEGF
PAI-1

PDGF

TGF-p

TIMP-1

Table 1.5 Cytokines, growth factors, enzymes and adhesion molecules promoting or preventing
tubulointerstitial fibrosis in ureteric obstruction

Angiotensin Il upregulation is central to the pathogenesis of obstructive nephropathy (Figure
1.8, Figure 1.7) [87, 92, 97, 101, 118, 126, 140, 141, 153-162]. Angiotensinogen murine
knockout studies show angiotensin Il expression is responsible for at least 50% of renal
fibrosis in chronic neonatal UUO [154]. Acting predominantly via the AT1 receptor [101,
155, 163] it regulates cytokine production and stimulates reactive oxygen species (ROS)
generation, which propagate the proinflammatory, fibrogenic state [88, 154]. Additionally,
ROS cause proximal tubular degeneration by apoptosis, autophagy and necrosis with

destruction of the glomerulotubular junction forming atubular glomeruli [97, 159].

TGF-B1 is a profibrotic cytokine and fibroblast chemo-attractant which has a major role in
fibrosis development via SMAD dependent and independent pathways (Figure 1.9) [132-
134, 164-168]. Renal TGF-p expression is increased in experimental UUO [140, 153, 155,
157, 169-171] and children with PUJO, being positively correlated with the histopathologic
grade, radioisotope drainage half-time (t12) and post-void washout, and negatively correlated
with pre-operative differential renal function [83, 131].

Nitric oxide (NO) is an endogenous vasodilator that protects against tubulointerstitial
fibrosis and proximal tubular oxidant injury in obstructive nephropathy [137, 141, 172].
Animal models [161, 173, 174] and human studies of PUJO show altered endothelial nitric
oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS) expression/activity

alongside reduced NO production. Lower eNOS expression/activity is associated with worse
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creatinine clearance, reduced differential renal function [81, 175] and increased fibrosis [81,

175], oxidant injury and apoptosis [125, 137].

Urinary tract infection promotes progression of chronic kidney disease in patients with
obstructive uropathy. Similarly, in animal studies, infected obstructed kidneys demonstrate

interstitial nephritis and collagen deposition not detected in non-infected systems.

1.4.8.7 Antifibrotic processes

Renal cyclooxygenase 2 (COX-2) expression and prostaglandin production in experimental
UUO is increased [127] and may be a protective response. COX-2 inhibition worsens
obstructive nephropathy while prostacyclin analogue (ONO-1301) supplementation
alleviates UUO induced fibrosis [176].

1.4.8.8 Cellular apoptosis

Apoptosis affects podocytes, endothelial and epithelial cells within the kidney leading to loss
of glomeruli, peritubular capillaries and tubules [87]. Tubular cell mechanical stretch is a
potent stimulator of apoptosis [92, 177] mediated via TGF-B1 and TNF-a [126, 160] released
from tubular cells and infiltrating macrophages [116]. Other pro-apoptotic factors increased
after UUO include Fas-L [101], p53, caspases and ceramide [87].

Downregulation of anti-apoptotic factors including epidermal growth factor, eNOS, NO,
vascular endothelial growth factor, heat shock protein 70 and Wilms tumour-1 compounds
the renal injury [87, 116, 125, 177, 178].
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Figure 1.8 Major pathways involved in obstructive nephropathy development

Derived from animal and human studies. Urinary tract infection promotes progression of chronic kidney
disease in patients with obstructive uropathy. Similarly in animal studies, infected obstructed kidneys
demonstrate interstitial nephritis and increased collagen deposition compared to non-infected systems [179].
RAAS - renin angiotensin aldosterone system, ROS — reactive oxygen species, PT — proximal tubule.
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Figure 1.9 TGF-B1 signalling via SMAD dependent pathway

UUO induces increased TGF-B1 and transforming growth factor B receptor II (TGFBRII) expression,
upregulating SMAD 2 and 3 and downregulating SMAD 7 (inhibitory for SMAD 2 and 3). B1-integrin is
upregulated by both SMAD signaling and mechanical stretch, and contributes to a positive feedback loop
regulating TGF-B1 expression via c-Src and STAT-3 pathways. EMT — epithelial mesenchymal transformation

1.4.8.9 Tubular function impairment

Ureteric obstruction leads to reduced renal expression of the V2 (vasopressin) receptor [180],
renal sodium and urea transporters [181-183] and aquaporins [184-186]. Following relief
of obstruction this is associated with natriuresis, polyuria and reduced urine concentrating
ability [187-189]. Aquaporins are discussed in more detail in section 1.5.

1.4.9 Genetic mechanistic clues in pelvi-ureteric junction obstruction

Phenotypes similar to PUJO have been noted in numerous transgenic mouse models. Many
genes involved in ureteric smooth muscle proliferation and differentiation are implicated
supporting a primary myogenic aetiology. Importantly one of these genes has been

implicated in human disease (Table 1.3).
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TBX18 gene mutations are reported in association with congenital anomalies of the kidney
and urinary tract (CAKUT). In particular, a heterozygous TBX18 truncating mutation
(c.1010delG) showing autosomal dominant inheritance is described across four generations
of a family with CAKUT and predominantly PUJO [109]. The transcription factor TBX18
is necessary for normal smooth muscle cell proliferation, differentiation and localisation
around the developing urothelial stalk [44]. TBX18 also directs epithelial proliferation and
when absent leads to an abnormally short ureteric bud [40]

In the majority of patients, however, PUJO is a polygenic disorder without an obviously

inherited genetic component [87].

1.4.10 Therapeutic manipulation in rodent unilateral ureteric obstruction

Human and animal studies have highlighted a number of potential therapeutic targets that
could be manipulated to alleviate the nephropathy sustained secondary to PUJO. Several
drugs targeting these pathways have been assessed in rodent UUO models as described
below, however, to our knowledge none of these therapies have been trialled in childhood
human PUJO.

1.4.10.1 Angiotensin converting enzyme and angiotensin Il receptor
inhibitors

In adult rodent UUO models ACE inhibitors and AT1 receptor inhibitors given
prophylactically (for the duration of obstruction) are beneficial in alleviating nephropathy.
Specifically they reduce TGF-B [171, 190] and TNF-a [156] expression as well as
macrophage infiltration and tubulointerstitial fibrosis [141, 155, 191]. Additionally, AT1
receptor inhibitors improve tubular function by improving RBF and GFR and attenuating
the reduction in sodium transporter and aquaporin 2 expression thus reducing polyuria and
natriuresis [120, 162].

ACE inhibitors reduce both AT1 and AT2 receptor stimulation [192] and indirectly increase
NO levels via bradykinin generation [141]. This may explain why they confer additional

benefits, particularly anti-inflammatory, compared to AT1 receptor inhibitors [148].

Unfortunately, inhibition of angiotensin during either the period of nephrogenesis (first 10

days after UUQO) or renal maturation (second 10 days after UUO) in neonatal partial UUO
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exacerbates renal injury in both the obstructed and contralateral kidney [193, 194]. These
studies highlight the importance of these pathways in normal kidney development and

maturation.

However, it is important to remember that ACE inhibitors and AT1 receptor inhibitors are
frequently used in children with chronic kidney disease in whom they significantly reduce
proteinuria [195], despite not significantly alleviating the natural decline in excretory
function [196, 197]. They are largely well tolerated with no apparent effect on growth and
development and a low incidence of side effects such as hyperkalaemia, hypotension and

renal injury [195].
1.4.10.2 HMGCOA reductase inhibitors (Statins)

Statins ameliorate nephropathy when administered prophylactically in adult and neonatal
rodent UUO models by reducing renal cytokine production (TGF-B, TNF-a), macrophage
infiltration, oxidative stress, apoptosis and tubulointerstitial fibrosis [142, 198, 199]. These
pleiotropic effects are achieved through decreased Ras/ERK/Akt signalling [200] and
increased NO bioavailability [201]. Importantly statins remain beneficial in neonatal rodent
UUO where an improvement in tubular dilatation and glomerular number and size are also
seen [125, 137, 142]. Functionally, in UUO models, statins improve GFR and
microalbuminuria [202], and increase urinary concentrating ability via boosting aquaporin 2

expression [203].

Statins are commonly used and usually well tolerated in adults. Side effects of treatment
include: hepatic dysfunction, diabetes mellitus, benign proteinuria, peripheral neuropathy,
myalgia and rhabdomyolysis [204]. Ten-year follow-up of children (>8 years) treated with
statins for familial hypercholesterolaemia demonstrated few discontinue therapy due to side
effects and no serious adverse reactions. Additionally, growth, puberty and educational
parameters were unaffected compared to controls [205].

1.4.10.3 TGF-B modulation

Prophylactic TGF-B receptor inhibition is renoprotective in adult rodent UUO models
reducing apoptosis, macrophage infiltration, fibrosis, proximal tubular atrophy and atubular
glomeruli formation [167, 206]. Similarly, anti-TGF- antibody treatment increases NOS
expression while reducing apoptosis and fibrosis [160]. Conversely prophylactic TGF-3

receptor inhibition in neonatal mouse UUO causes widespread renal necrosis, exacerbating
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the injury in the obstructed kidney and highlighting the differing responses to signalling
cascades during renal development [167].

Anti- TGF-B antibody treatment (GC1008) has been trialled in human oncological disease
and was generally well tolerated. However side effects included gingivitis, fatigue and skin
rashes including keratoacanthoma and squamous cell carcinoma development (melanoma
patients only). GC1008 treatment has not progressed beyond phase Il clinical trials as drug
development was discontinued by the manufacturer [207].

14104 COX-2 inhibition

In adult rodent bilateral ureteric obstruction COX-2 inhibition alleviates aquaporin 2 and
sodium transporter downregulation and improves post-obstructive polyuria, which would
appear beneficial [127, 208]. However other studies have demonstrated that both genetic
COX-2 knockout and prophylactic COX-2 inhibition in adult rodent UUO models increases
tubular injury, apoptosis and fibrosis thereby negating its potential use in the clinical setting
[128, 209].

Chronic celecoxib (COX-2 inhibitor) use in children demonstrates a similar frequency of
adverse events as non-selective NSAIDS, which are most frequently gastrointestinal side
effects [210].

1.4.11 Urinary biomarkers in pelvi-ureteric junction obstruction

Identifying early urinary biomarkers in PUJO may be beneficial for the diagnosis,
management, and prognosis of this condition. Such biomarkers would enable timely
detection of children with ‘damaging’ hydronephrosis who require surgery to protect renal

function, while avoiding surgery in those with ‘safe’ hydronephrosis.

14111 Urinary biomarkers in animal studies

There is little data from animal studies. Proteomics using a rat UUO model demonstrated
increased urinary and renal levels of alpha-actinin-1 and moesin at 1 week which
corresponded with histological evidence of tubular injury. Following 3 weeks of UUO urine
and renal levels of vimentin, annexin Al and clusterin were significantly elevated,

corresponding with substantial renal interstitial fibrosis [211].
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1.4.11.2 Urinary biomarkers in human studies

Many urinary cytokines, growth factors, chemokines, tubular enzymes and tubular transport
proteins have been investigated from children undergoing pyeloplasty for PUJO. Studies
with conservatively managed PUJO as a comparator are most useful to identify biomarkers
able to aid selection of patients for surgery. Potential urinary biomarker proteins measured

in bladder urine samples are presented in table 5.

Finding a suitable biomarker test with high sensitivity, specificity and predictive value is
challenging [116], not least because these markers are excreted in health as well as disease,
show significant intra and inter patient variation, and may be affected by patient age, the
presence of urinary tract infection and other renal disorders [212, 213]. Furthermore, in
PUJO, the transport of a urine biomarker from the affected kidney to the bladder is physically
impeded, while dilution of proteins of interest in the bladder by urine from the normal

contralateral kidney further reduces the likelihood of detecting a suitable voided biomarker.

A recent systematic review of urinary and serum biomarkers included 14 studies, reporting
data on 380 surgically managed PUJO patients, 174 conservatively managed patients and
213 controls. This review reported a wide-range of sometimes conflicting results and was
unable to draw any firm conclusions, attributing this to differences in study design with
heterogeneous age groups, various or absent control groups and often short durations of
follow-up [214].

More successfully, proteomics of neonatal urine identified a panel of 51 peptides which
distinguish obstruction severity. When implemented in a prospective blinded study it had an
accuracy of 94% to predict future need for surgery in newborns with PUJO [215]. However;
beyond one year of age the sensitivity and specificity of this proteome profile diminished

significantly [216].

Currently a single biomarker able to guide selection of patients for pyeloplasty has not been

identified indicating a panel of biomarkers may be necessary to achieve this.
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Urinary Primary Compar- | Bladder Sensitivity Post- Ref
protein measured ator urine (Se) operative
(corrected | group protein Specificity bladder
for level (Sp) urine
creatinine) Accuracy (compared
(Ac) to pre-op)
ALP Pyeloplasty | CMP Increased Se-91.4% Decreased 12 | [217]
pre-op Sp - 100% months post-
Ac - 94% op
Angiotens- | Pyeloplasty | Healthy Increased Se-93.3% # [218]
inogen control pre-op Sp - 60% #
CMP
B2- PUJO* Healthy Increased Decreased 42 | [219]
microglob- control months post-
ulin op
B2- Pyeloplasty | Healthy No change [220]
microglob- control
ulin
Cal9-9 Pyeloplasty | Healthy Increased Se-76% $ Decreased 3 | [221]
control pre-op Sp-85% $ months post-
CMP op
Cal9-9 Pyeloplasty | Healthy Increased Se-100% ™ | Decreased 3 | [222]
control pre-op Sp - 82.6% ” | months post-
Hydrocoe op
le/renal
cyst
CyC Pyeloplasty | Healthy No change [220]
control
EGF PUJO* Healthy Decreased No change [219]
control (obstructed
group only)
EGF Pyeloplasty | Healthy Decreased Increased [213]
control pre-op
EGF Pyeloplasty | Healthy Increased Se - 70.4% Decreased 3 | [223]
control pre-op Sp - 69.2% months and 1
year post-op
EGF Pyeloplasty | Healthy No change [224]
control
ET-1 Pyeloplasty | Healthy Increased Se - 74.3% Decreased 12 | [225]
control pre-op Sp - 90% months post-
VUR Ac - 81.5% op
Renal
stones
vGT Pyeloplasty | CMP Increased Se - 62.9% Decreased 12 | [217]
pre-op Sp - 100% months post-
Ac - 74% op
HO-1 Pyeloplasty | Healthy Increased Se-722%# | Decreased 1 | [226]
control pre-op Sp-78.1%# | month post-
CMP op
IP-10 Pyeloplasty | Healthy No change [223]
control
KIM-1 Pyeloplasty | Healthy Increased Se - 100% # [227]
control pre-op Sp-71.4%#
CMP
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MCP-1 Pyeloplasty | Healthy Increased Se-77.8% Decreased 3 | [223]
control pre-op Sp - 69.2% months and 1
year post-op
MCP-1 PUJO* Healthy Increased Decreased 42 | [219]
control months post-
op
MCP-1 Pyeloplasty | Healthy Increased [213]
control pre-op
MCP-1 Pyeloplasty | Healthy Increased Se-100% # | Remains [228]
control pre-op Sp-0%# high 3
CMP months post-
op
MIP-1a Pyeloplasty | Healthy Decreased Increased 1 [223]
control pre-op year post-op
NAG Pyeloplasty | CMP Increased Se-97.1% Decreased 12 | [217]
pre-op Sp - 80% months post-
Ac - 92% op
NGAL Pyeloplasty | Healthy No change [220]
control
NGAL Pyeloplasty | Healthy Increased [229]
control pre-op
NGAL Pyeloplasty | Healthy Increased Se-100% # | Decreased 3 | [227]
control pre-op Sp - 28.6% # | months post-
CMP op
OPN Pyeloplasty | Healthy No change [220]
control
OPN Pyeloplasty | Healthy Increased Se-98.5% # | Remains [228]
control pre-op Sp-10.5%# | high 3
CMP months post-
op
RANTES | Pyeloplasty | Healthy No change [223]
control
TGF-p Pyeloplasty | Healthy Increased Se -100% Decreased 1 | [224]
control pre-op Sp - 80% year post-op
Ac- 90.8%
TGF-p Pyeloplasty | CMP Increased Se - 82% [230]
pre-op Sp - 86%

Table 1.6 Urinary proteins from studies in children with PUJO

Generally, the primary group measured is children undergoing pyeloplasty which are then compared to healthy
control and/or conservatively managed PUJO (CMP). The exception is labelled PUJO* which includes
conservatively managed PUJO split into ‘functional’ (t1/2 of renogram < 20 minutes) and ‘obstructed’ (t1/2 of
renogram > 20 minutes). In these studies voided urine from children undergoing pyeloplasty was only obtained
42 months post-op. Where applicable sensitivity, specificity and accuracy of the test at best threshold value
from ROC curve analysis is presented. NGAL — neutrophil gelatinase-associated lipocalin, CyC — cystatin-C,
OPN - osteopontin, MIP-1a. — macrophage inflammatory protein-1a, IP-10 — interferon-y-inducible protein 10,
HO-1 — Heme oxygenase-1, KIM-1 — kidney injury molecule-1, NAG — N-acetyl-beta-D-glucosaminidase,
vGT — gamma-glutamyl transferase, ALP — alkaline phosphatase, Cal9-9 — carbohydrate antigen 19-9. # To
detect DRF < 40% out of all hydronephrosis cases, $ To detect pyeloplasty cases out of all hydronephrosis

cases, * To detect pyeloplasty cases out of all cases
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1.5 Aquaporins
1.5.1 Aquaporin structure and function

Aquaporins (AQPs) are an ancient family of transmembrane proteins found in all organisms
including eubacteria, yeasts, plants and mammals [231]. AQP1 (initially named CHIP 28)
was the first to be described in 1988 by Agre et al. for which he subsequently received the
Nobel prize for Chemistry [232]. This discovery finally revealed the mechanism by which
water moves across the cell membrane along an osmotic gradient [233]. Subsequent studies
have highlighted the vital role AQPs play in normal physiology alongside their involvement
in both heritable and non-heritable diseases. There are 13 mammalian isoforms (AQP 0-12)
[234] which are found in numerous body tissues in different cellular locations (Figure 1.10
and Table 1.7) [235].

These small, roughly 30kDa, hydrophobic proteins are classified into classical AQPs which
are permeable only to water (AQP 0, 1, 2, 4, 5), aquaglyceroporins (AQP 3, 7, 9, 10) which
transport water, glycerol and other small uncharged molecules and unorthodox AQPs (AQP
6, 8, 11, 12) made up of structurally and/or functionally distinct AQPs [231, 236-238].
Additionally, a number of AQPs have been shown to be permeable to other substances such

as ammonia, hydrogen peroxide and carbon dioxide [239, 240].

Structural studies of a number of the AQPs show they have a similar basic structure
comprising 2 tandem domains each consisting of 3 transmembrane a-helices and a
hydrophobic loop with a highly conserved NPA (Asp-Pro-Ala) motif (Figure 1.11 and Figure
1.12) [235, 237, 241]. AQP1 assembles within the lipid bilayer as a homotetramer. Data
suggests AQPs 2, 3 and 5 also exist as homotetramers however it is likely not all AQPs have

this arrangement [241].

Aquaglyceroporins contain two extra peptide sequences compared to the classical AQPs
[237] while AQPs 11 and 12 have limited homology with the other AQPs and have a unique
NPA box [236]. Some AQP isoforms are N-glycosylated however this does not seem to be
necessary for their function or transport to the membrane [242, 243].
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AQP | Species Extrarenal location Function Disease Ref
0 Human Lens of the eye Water transport Human - Missense mutations lead | [244]
to autosomal dominant cataracts
1 Human, rat | Capillary endothelium external to brain Water transport, Human - AQP1 null — decreased | [239, 245-
(eg. lung, peritoneum, pancreas), lymphatic | ammonia transport pulmonary vascular permeability | 248]
vessels, erythrocytes, choroid plexus, (erythrocytes)
ciliary body, corneal endothelium,
cholangiocytes, endothelia of dermis,
intervertebral disc, cochlea
2 Human, rat, | Uterus (oestrogen responsive), ureter and ? Water transport Rats - ? associated with detrusor [249-255]
mouse bladder urothelium, trigeminal ganglia overactivity
Mice — AQP2 null, polyuria,
failure to thrive and neonatal
death
Mice - ? associated with pain
transmisison
3 Human, rat, | Keratinocytes, subcutaneous and visceral Water transport, glycerol | Mice - AQP3 null, impaired [256-260]
mouse adipocytes, oesphagus, stomach, ileum, transport (skin/fat/liver) | hydration of stratum corneum
colon, liver, intervertebral disc, urothelium
of ureter/bladder
4 Human, rat, | Glial cells (brain and spinal cord), muscle | Water transport Mice - AQP4 null, impaired [248, 256,
mouse fibres, retina, optic nerve, olfactory olfaction and retinal function, 259, 261-
epithelium, cochlea, cardiomyocytes, reduced brain/spinal cord oedema | 268]
stomach, small intestine, urothelium of after injury
ureter/bladder Human - anti-AQP4
autoantibodies associated with
neuromyelitis optica
5 Human, rat, | Salivary and lacrimal glands, lung, trachea, | Water transport Mice- AQP5 null produce reduced | [269-273]
mouse cochlea ? osmosensor involved in | amounts of hypertonic saliva

regulating cell volume in
concert with pendrin

Human - Defective trafficking to
the membrane in Sjogrens
syndrome




8¢

6 Human, rat | Parotid gland, cochlea, retina Anion transport [248, 274,
275]

7 Human, rat | Subcutaneous and visceral adipocytes, Water transport, glycerol | Mice — AQP7 null show obesity, | [258, 259,
testis (spermatids and spermatozoa), (important in adipose heightened adipocyte triglyceride | 276-279]
ovarian granulosa cells, liver, urothelium metabolism) transport synthesis, increased adipose
of ureter/bladder glycerol kinase activity

8 Human, rat | Exocrine pancreas acinar cells, liver, Water transport Mice — AQP8 null have a mild [276, 278,
ovarian granulosa cells, trachea, bronchi, phenotype with increased 280-284]
duodenum, jejunum, colon, epididymis, testicular weight in males and
testis, salivary glands multi-oocyte follicles in females

9 Human, rat | Subcutaneous and visceral adipocytes, Water, glycerol (? role in | Mice- AQP9 null show increased | [259, 276,
liver, ovarian granulosa cells, peripheral metabolism), ammonia, plasma glycerol and triglycerides. | 278, 285-
leucocytes, spleen, lung, urothelium of urea + non-charged Fasting in AQP9 null db/db mice | 290]
ureter/bladder, brain solutes (carbamide, causes reduced blood glucose

polyol, purine, compared to AQP9 +/- db/db
pyrimidine) transport mice (liver glycerol metabolism)

10 Human Adipocytes, duodenum, jejunum, ileum Water, glycerol [260, 288,
(pseudogene (important in adipose 291-293]
in rat and metabolism), urea
MOuse) transport

11 Rat Testis, liver, brain, thymus Water transport [294-296]

12 Rat, mouse | Pancreas Unknown Mice — AQP12 null show more [294, 297,

pancreatic damage in a 298]

pancreatitis model

Table 1.7 Extra-renal aquaporin expression

Details of the extra-renal location and function of renal aquaporin isoforms are presented. Human and murine diseases resulting from abnormalities/non-expression of
these channels are indicated.
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Figure 1.10 Human extra-renal aquaporin expression

Picture adapted from Day et al. 2014 [235]. This diagram highlights the extensive distribution of aquaporin
isoforms throughout the human body



Figure 1.11 A diagrammatic representation of the structure of aquaporin 1

Picture taken from Nielsen et al., 2002 [241]. Each aquaporin monomer consists of 6 transmembrane domains
connected by 3 extracellular loops and 2 intracellular loops. Both NH2 and COOH termini are intracellular.
The aquaporin protein folds to bring the highly conserved B and E loops together forming an hourglass shaped
aqueous channel. The hydrophobic NPA motif is vital for water permeability and proton exclusion

Figure 1.12 Assembly of aguaporin monomers

Picture taken from Nielsen et al., 2002 [241]. Four aquaporin monomers assemble to form a homotetramer.
Only one subunit carries a large glycan
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1.5.2 Aquaporin expression in the kidney

The kidney is vital for physiological water, salt and acid-base balance alongside the
excretion of waste products. AQPs are intrinsic to renal function and accordingly nine AQP
isoforms are expressed (AQP1-8 and 11) at various sites along the nephron (Figure 1.13)
[234, 299]. Within the kidney their primary role is water homeostasis and this is achieved
predominantly by AQPs 1-4 which enable [255];

+ near iso-osmolar reabsorption of water in the proximal tubule (AQP1)

+ generation of medullary hypertonicity via participation in the counter-current
exchange mechanism in the loop of Henle (AQP1)

+ water re-absorption in the collecting duct regulated by circulating vasopressin (AQP2

in the apical membrane and AQPs 3 and 4 in the basolateral membrane)

The location of all renally expressed AQP isoforms alongside their potential functions and

regulatory mechanisms are presented in Table 1.8.

Transgenic mice studies have eloquently demonstrated the renal role of AQP’s as mice with
deletions of AQP1-4 all show varying degrees of polyuria. Despite AQP4 knockout causing
a four-fold reduction in the inner medullary collecting duct permeability it only leads to a
mild polyuria as compared to the severe polyuria seen in the AQP3 knockout where
membrane permeability is less significantly reduced. The likely explanation is that the
majority of water reabsorption in the collecting duct is achieved in the connecting tubular
and cortical collecting ducts and thus via AQP3 in the basolateral membrane (Table 1.9).
Supporting the data from transgenic studies, mutations in AQP1 and 2 are described in
humans leading to an inability to concentrate urine in response to water deprivation and

nephrogenic diabetes insipidus respectively [236, 255].
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Figure 1.13 Distribution of aguaporin isoforms along the nephron

Picture adapted from Tamma et al. 2012 [236]. Up to 2/3 of glomerular filtrate is reabsorbed in the proximal
tubule [300], the majority of which is achieved by transcellular water flow via apical and basolateral cell
membrane AQP1 expression. AQP1 expression in the descending thin limb of the loop of Henle and the vasa
recta also contributes significantly to the counter current exchange mechanism and the development of
medullary hypertonicity. AQP2 expression in the collecting duct enables vasopressin regulated water
reabsorption via the apical membrane which then exits the cell via AQPs 3 and 4 in the basolateral membrane.
AQP3 is expressed in the cortical and inner/outer medullary collecting ducts while AQP4 is predominantly
expressed in the inner medullary collecting ducts [255].
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AQP | Species | Renal Subcellular Function Disease Regulation Ref
location location (Human)
0 Not present
in kidney
1 Human, | Proximal Apical brush Water transport - AQP1 null Upregulated by hypertonicity | [239, 241,
rat, tubule, border, basolateral | proximal tubule, vasa | individuals (human proximal tubular cells | 301-311]
descending membrane rectae, countercurrent | have a urinary | and mouse IMCD-3 cells) via
thin limb of multiplication concentrating | ERK, p38 kinase and JNK
Henle, process. Permeable to | defect in activation and hypertonicity
descending ammonia and CO> response to responsive element (HRE) in
vasa recta water AQP1 promoter (mouse
deprivation IMCD cells).
Human | Glomerular | Luminal and Upregulated by hypertonicity
endothelial abluminal plasma and angiotensin Il (rat
cells, membranes immortalized proximal tubule
peritubular endothelial cells cells). Upregulated in kidney
capillaries, by angiotensin Il (in vivo rat
mesangial model)
cells
2 Human, | Collecting Intracellular Regulated water Autosomal Vasopressin is the major [303, 312-
rat, duct vesicles in basal reabsorption across recessive regulator of acute and chronic | 321]
LLC- principal state, redistributes | apical membrane of nephrogenic | AQP2 expression
PK1 cells, inner to apical membrane | connecting tubules diabetes Other regulating factors:
cells, medullary by exocytosis after | and collecting duct insipidus Prostaglandin E, bradykinin,
mpkCC | collecting vasopressin atrial natriuretic peptide,
D cells | duct cells, stimulation. adenosine triphosphate,
connecting Translocation is dopamine, nitric oxide,
tubules reversible on hyper/hypotonicity

removal
vasopressin
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Human, | Connecting Basolateral Water transport across Long term but not short term | [238, 258,
rat tubule cells | membrane basolateral border of upregulation by vasopressin | 288, 303,
Cortical, collecting duct. Also in rats. 322-325]
outer and glycerol, ammonia Regulated by gating (See
inner and urea transport ? 1.5.3.3)
medullary role in kidney ? plays Upregulated by hypertonicity
collecting arole in acid (cultured human
duct cells secretion via NH4" keratinocytes).
(less at Upregulated by insulin and
papillary tip) leptin via PI3K/Akt/mTOR
pathways (cultured human
adipocytes and hepatocytes)
Human, | Collecting Basolateral Water transport across Long term regulation by [289, 303,
rat duct - membrane — basolateral border of vasopressin in rats. 326, 327]
principally predominantly inner medullary Upregulated by
inner basal membrane collecting duct. hyperosmolality in rat
medullary astrocytes via p38/MAPK
collecting pathway
duct
Human, | Connecting | Apical membrane Co-expressed with Upregulated by [239, 289,
ratand | tubule and pendrin ? molecules hyperosmolality in rat 299, 328,
mouse | cortical co-operate as astrocytes via ERK pathway | 329]
collecting 0smosensor Downregulated and moves to
duct type-B Water and CO> intracellular compartment in a
intercalated permeable murine potassium depletion
cells model
Downregulated by TNF-a
associated with reduced
acetylation of histone 4
(human salivary acinar cells)
Human, | Type A Membrane of Anions (particularly Regulated by gating (see [239, 330-
rat intercalated | intracellular nitrate), urea, 1.5.3.3) 335]




1%

cells of vesicles which also | glycerol, ammonia, Upregulated by chronic
cortical and | contain H*-ATPase | CO; transport, low alkalosis and water loading
medullary and CIC-5 chloride | water permeability at
collecting channel physiological pH
duct, ? involved in
podocyte cell acid/base balance
bodies and
foot
processes,
segment 2
and 3
proximal
tubule
Rat S3 proximal | Apical brush border | Predominantly Upregulated by insulin and [238, 258,
tubule glycerol transport. downregulated by leptin via | 336, 337]
Also permeable to PI3K/Akt/mTOR pathways in
water, ammonia and cultured human adipocytes
urea ? involved in and hepatocytes
proximal tubular
ammonia
excretion/acid-base
balance
Rat Proximal Apical, central and | Ammonia Mitochondrial AQP8 [281, 282,
tubular basal cytoplasmic (predominantly), upregulated by in vitro 288, 338-
epithelial domains. Inner water, H2O> transport. acidity/in vivo acidosis (HK- | 343]
cells, weak mitochondrial ? involved in 2 cells in acidic medium and
expression membrane proximal tubular rat studies after 7 days of oral
collecting ammonia NH4*Cl loading)
duct excretion/acid —base Upregulated by
principal balance hyperosmolality in rat
cells. Not astrocytes via ERK pathway

detected in




9y

human

kidney but
expressed in
HK2 cells.
9 Human, | Not detected Water, glycerol (? Upregulated by insulin and [239, 240,
rat in kidney role in metabolism), downregulated by leptin via | 258, 286-
ammonia, urea, COg, PI3K/Akt/mTOR pathways in | 289, 344,
H202 + non charged cultured human adipocytes 345]
solute (carbamide, and hepatocytes
polyol, purine, Upregulated after rodent
pyrimidine) transport cerebral ischaemia via
p38/MAPK pathway
Upregulated by
hyperosmolality in rat
astrocytes via p38/MAPK
10 Human | Not detected Water, glycerol, urea [238, 288,
(pseudo | in kidney transport 291, 293]
genein
rat and
mouse)
11 Mouse | Proximal Endoplasmic Water transport ? [294-296]
tubules reticulum renoprotective
membrane function
12 Rat Not detected | Intracellular Unknown [238, 294,
in kidney location when 297]

expressed in X.

Laevis oocytes

Table 1.8 Aquaporin isoform expression in kidney

Details of the renal location, subcellular location and function of renal aquaporins are presented. Human renal diseases resulting from abnormalities of these channels
are indicated. Regulatory mechanisms of aquaporin isoform expression, investigated in renal and extra-renal tissues, are also presented.




Mouse AQP | Clinical features
-/- knockout

Vasopressin resistant polyuria and polydipsia.
Smaller then wild-type mice. Likely reduced
intrauterine survival.

Failure to thrive and death within neonatal period
with vasopressin insensitive polyuria. Inducible
adult models show severe vasopressin resistant
polyuria

Severe polyuria and polydipsia partially
vasopressin sensitive, concomitant
downregulation of AQP 2, hydronephrosis
secondary to polyuria

Mild polyuria

No renal phenotype

Severe glyceroluria

No renal phenotype

[N
[N

Normal intrauterine survival but neonatal death
due to renal failure resulting from large polycystic
kidneys (cysts localized to renal cortex)

Table 1.9 Renal phenotype of murine AQP isoform congenital double knockout models [236, 255]

1.5.3 Aquaporin regulation

1.5.3.1 Regulation of renal aquaporin expression

The regulation of AQP expression in the kidney is complex and for many of the AQPs is not
understood. AQP2 is the most studied as mutations of the AQP2 gene cause hereditary
nephrogenic diabetes insipidus (NDI) [255]. Mutations causing both autosomal recessive
(most common) and dominant NDI have been described where the mutant protein is usually
retained intracellularly and thus rendered non-functional [346, 347]. X-linked nephrogenic
NDI on the other hand results from mutations in the V2 receptor for vasopressin [348]. More
commonly NDI is acquired, with concomitant AQP2 downregulation. Causes include: drugs
(lithium), electrolyte disturbances (hypokalaemia, hypercalcaemia) and urinary tract
obstruction. [241, 347, 349].
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AQP2 expression is upregulated by vasopressin secretion from the posterior pituitary gland
in response to numerous stimuli including; increases in plasma osmolality, decreased
circulating blood volume and angiotensin 2 acting via AT1 receptors [180]. Administration
of an AT1 receptor blocker, for example, reduces vasopressin induced AQP2 expression in

collecting ducts cells leading to an increased urine output [350].

In the basal state most AQP2 resides in intracellular vesicles. Acute changes in expression
(seconds to minutes) occur by AQP2 trafficking from these vesicles to the apical plasma
membrane of the collecting duct cells [241]. Phosphorylation of Ser-256 in the C-terminal
cytoplasmic domain of AQP2 by protein kinase A (PKA) enables this vasopressin mediated
transport.

Additionally, activated PKA phosphorylates, thus deactivating, the small GTPase Rho
leading to the depolymerisation of F-actin allowing the intracellular vesicles access to the
plasma membrane. Upon removal of vasopressin stimulation or following administration of
a V2 receptor inhibitor, endocytosis of AQP2 from the membrane and back into intracellular
vesicles quickly occurs [313, 315].

Long-term regulation (hours to days) of urinary concentration occurs via regulation of gene
transcription and thus the total AQP2 protein levels [241]. Using the porcine kidney
epithelial cell line LLC-PK1, Yasui et al. demonstrated that vasopressin acting via the V>
receptor and the adenylyl cyclase/cAMP/PKA cascade, activates the transcription factors
CREB (cAMP-response element binding protein) and c-Fos which bind to CRE and AP1

respectively in the AQP2 gene promoter to upregulate transcription [351].

Ultimately, vasopressin mediated AQP2 translocation to the apical membrane and
upregulation of expression results in increased water reabsorption across the collecting duct

and generation of a more concentrated urine [241, 313].

Although vasopressin acting via G-protein coupled V2 receptors is a major regulator of these
short and long term changes it is not the sole contributor, as AQP2 expression can be altered
independently of the action of vasopressin. The other factors involved in regulation are yet
to be fully elucidated, however, studies suggest a role for prostaglandins by alteration of
both trafficking to the cell membrane [241] and regulation of expression [352]. PGE;
supplementation alone to rat renal inner medullary tissue does not alter AQP2
phosphorylation or its cellular distribution. Increased PGE: levels do, however, reduce
vasopressin stimulated AQP2 translocation to the membrane [353]. Tamma et al. described
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the mechanism behind this observation using primary rat inner medullary collecting duct
cells (IMCD). PGE: via EP3 receptors stimulates Rho (independent of increases in CAMP
and calcium) leading to F-actin formation which physically hinders the translocation of
AQP2 to the plasma membrane thus reducing apical membrane expression (Figure 1.14)
[354].

In vitro studies have shown other molecules such as atrial natriuretic peptide (ANP),
adenosine triphosphate (ATP), dopamine, nitric oxide and bradykinin counteract the
vasopressin induced translocation of AQP2 to the apical membrane by various mechanisms.
These include ubiquitination and internalisation of AQP2 from the apical membrane and
lysosomal degradation (ATP and dopamine) [318], reduced gene transcription secondary to
reduced cAMP levels (ATP and dopamine) [318], Rho activation via Ga/G13 protein
receptors leading to F-actin polymerization (bradykinin) [319], and signalling via cGMP and
protein kinase G (ANP and NO) [320]. Recent studies show further modulation of AQP2
trafficking to the membrane may be achieved by integrin signalling. AQP2 is the only AQP
to contain the RGD integrin binding motif and has been shown to interact with integrin g1

by co-immunoprecipitation studies [355].

Furthermore, AQP2 is transcriptionally upregulated and downregulated by hypertonicity
[356, 357] and hypotonicity respectively [321, 358]. This occurs via pathways independent
of vasopressin, CAMP, PKA and CREB. Additionally, downregulation due to hypotonicity
occurs independently of both prostaglandins and nitric oxide [321]. Although it has been
suggested regulation by tonicity occurs via the known TonE in the AQP2 promoter alongside
altered Ton EBP activity [357, 358], others have disputed this and propose that alternative
transcription factors and promoter elements are involved [321].
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Figure 1.14 Regulation of AQP2 trafficking and synthesis in renal collecting duct cells

Picture taken from Chen et al. 2005 [234].Vasopressin binds to the Gs protein coupled V2 receptor which
stimulates the adenylyl cyclase/cAMP/protein kinase A pathway. Subsequent phosphorylation of Ser 256 on
the cytoplasmic c-terminal of AQP2 causes exocytosis of intracellular vesicles and insertion of AQP2 into the
apical plasma membrane. Alongside this, PKA activation also phosphorylates, thus deactivating, Rho leading
to the depolymerisation of F-actin allowing the intracellular vesicles access to the plasma membrane. Reduction
in vasopressin binding to the V. receptor stimulates endocytosis of AQP2 back into intracellular vesicles. PGE;
binds to the EP3 receptor on the basolateral membrane of the collecting duct cell and via cAMP/calcium
independent mechanisms activates Rho causing polymerization of F-actin which physically blocks the
translocation of AQP2 to the apical membrane. EP3; mediated inhibition of vasopressin stimulated AQP2
exocytosis is diminished by EP1 receptor stimulation via an unknown mechanism. Vasopressin acting via the
V, receptor also achieves long-term regulation of AQP2 expression by phosphorylating CREB which acts on
the CRE promoter of the AQP2 gene thus upregulating transcription. Three to four percent of AQP2 from the
apical membrane is shed within exosomes into the urine. Sulprostome is a PGE; analogue and EP1/EP3 agonist.
SC19220 is an EP1 receptor antagonist. These compounds have been administered simultaneously during in
vitro work to achieve selective EP3 stimulation [234].

Trafficking of AQP2, to and from the apical membrane, is also affected by tonicity.
Hypotonicity promotes internalisation of AQP2 from the membrane [359], while

hypertonicity causes accumulation of AQP2 at the apical membrane [357].

Regulation of the other renal AQPs has been far less thoroughly investigated. In vitro and in
vivo studies have demonstrated that AQP1 mRNA and protein expression is upregulated in
rat proximal tubular cells by angiotensin 1l acting via the AT1 receptor. The response is
biphasic with dose dependent increases in expression at lower concentrations of angiotensin
Il but suppression of AQP1 mRNA expression at higher strengths [308]. Vasopressin,
however, does not directly regulate AQP1 expression [325].

50



In vitro studies using rat and human proximal tubular cells have demonstrated that AQP1 is
also upregulated by extracellular hypertonicity [308, 309]. Using mouse IMCD-3 cells this
has been demonstrated to occur via ERK, p38 kinase and JNK activation and the

hypertonicity responsive element (HRE) in the AQP1 promoter [311].

AQP3 expression within the renal collecting duct shows long-term but not short-term
regulation in response to vasopressin in rats [323, 325, 360]. Specifically, AQP3 is
upregulated in the connecting tubules, cortical collecting ducts, inner stripe of the outer
medullary collecting ducts and the initial inner medullary collecting ducts (IMCD).
Interestingly, expression in the more distal IMCD is reduced in response to vasopressin
[327]. Upregulation of AQP3 expression is also noted in response to hypertonicity, but this
has only been demonstrated in cultured human keratinocytes [322]. Similarly, insulin and
leptin have been shown to upregulate AQP3 expression via the PISK/Akt/mTOR pathways,

however this was undertaken in cultured human adipocytes and hepatocytes [258].

Using long-term vasopressin stimulation in brattleboro (vasopressin deficient) rats, Terris et
al. demonstrated by immunoblotting that AQP4 protein expression was unchanged in the
renal medulla and cortex versus control, suggesting AQP4 expression was not regulated by
vasopressin [325]. Subsequently Poulsen et al. have challenged this view by demonstrating
a varying response to vasopressin stimulation at different locations along the nephron by
immunohistochemistry in this same model. In the connecting tubule and the cortical
collecting duct where constitutional expression of AQP4 is low, the protein abundance of
AQP4 increased following vasopressin stimulation. AQP4 expression was also increased in
the inner stripe of the outer medullary collecting ducts and the initial IMCD. More distally
along the IMCD however AQP4 was downregulated by vasopressin stimulation [327].
Furthermore, vasopressin stimulation has been demonstrated to affect the relative expression

of various splice variants of AQP4 along the nephron [361].

Similar to the other 3 major renal AQPs, upregulation of AQP4 has been demonstrated in
response to hyperosmolality in non-renal cells (rat astrocytes) via the p38/MAPK pathway
[289].

Table 1.8 indicates regulatory factors identified for the other renal AQPs.

51



1.5.3.2 Inhibition of aquaporin isoform permeability

There are no specific inhibitors of individual aquaporin isoforms however many are inhibited
by mecurials, the sensitivity to which is conferred by cysteine residues close to the conserved
NPA motif for AQPs 1, 2 and 3 [237]. Notable exceptions are aquaporin 4 which is mercury
insensitive being originally named mercurial insensitive water channel (MIWC) [362] and
AQP 6 whose usually low water permeability is increased by mercurial treatment.
Incidentally the permeability of AQP 6 for small anions is also increased by mercurial

treatment signifying its potential role as an anion channel [335].
1.5.3.3 Gating of aguaporins

Studies of AQPs expressed in X. laevis oocytes demonstrate that external pH changes do not
affect the water permeability of AQPs 0, 1, 2, 4 and 5 [363]. The water and anion
permeability of AQP6, however, is promptly increased at pH<5.5. This phenomenon is
reversed at physiological pH [335]. AQP3 is permeable to water and glycerol at
physiological pH while at pH’s around 6.1 it is predominantly permeable to glycerol as the
water permeability of AQP3 is eradicated by acidic pH [363].

1.5.4 Aquaporin expression in urinary tract obstruction

AQP expression is of great interest in the context of PUJO as experimental rat models of
ureteric obstruction show reduced renal expression of AQPs. Specifically, downregulation
of AQPs 1, 2, 3 and 4 in the obstructed kidney and AQPs 1 and 2 in the contralateral kidney
is noted following adult rat UUO suggesting both intrarenal and systemic factors are
involved in their regulation [184, 186]. Bilateral ureteric obstruction followed by release is
also associated with decreased renal AQP1, 2 and 3 expression, polyuria and reduced urinary
concentrating ability [188, 189]. Reduction of AQP expression and significant polyuria
persists at 30 days following release of bilateral ureteric obstruction and is associated with a
significant urinary concentrating defect in response to thirst [189]. This suggests that
reduced AQP expression is involved in the long-term concentrating defect seen after relief
of urinary tract obstruction in a clinical setting. AQP expression may change with time in
urinary tract obstruction as models mimicking congenital obstruction show an initial increase
suggesting early compensation, followed by subsequent decrease in aquaporin expression

possibly related to impairment of tubular function [364].
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Dysregulation of AQP expression has also been demonstrated in humans. In children
undergoing surgery for congenital hydronephrosis secondary to PUJO, renal expression of
AQPs 1-4 is reduced at the mRNA and protein level compared to controls. The degree of
reduction correlates with both the severity of hydronephrosis and the degree of functional

impairment [187].

1.5.5 Regulation of renal aquaporin expression in the presence of urinary
tract obstruction

In health, the administration of an AT1 blocker reduces vasopressin induced expression of
AQP2 in collecting duct cells leading to an increased urine output [350]. In the context of
ureteric obstruction however the administration of an AT1 receptor inhibitor attenuates the
reduction in expression of AQP2 and improves the post-obstructive diuresis encountered
following release of obstruction [162]. Similar to regulation of expression in the non-
obstructed state, studies have shown that changes in expression of AQPs in obstruction may

be regulated by other factors than angiotensin.

Renal levels of prostaglandin E2 and COX-2 are increased in animal models of ureteric
obstruction alongside a reduction in expression of AQP2 and 3. This downregulation of
AQP2 and 3 is not observed in COX-2 deficient mice with ureteric obstruction, suggesting
upregulation of COX-2 and increased prostaglandin production is involved in reducing renal
expression of AQPs in ureteric obstruction [352] This is supported by observations that
selective COX-2 inhibition prevents AQP2 dysregulation and is associated with
improvement of post-obstructive diuresis in a model of ureteric obstruction followed by
release [127, 208].

Angiotensin-2 inhibition reduces COX-2 expression in ureteric obstruction and it is likely it
is via this route which AT1 receptor blockers have their protective effect on AQP expression
[162]. These effects are not confined to animal models, increased prostaglandin E2 excretion
has been documented in children’s urine alongside reduced urinary exosomal AQP2 levels

in the post-operative period after pyeloplasty for PUJO [365].

Local renal production of metabolites (such as prostaglandins) resulting in reduced levels of

AQPs would be consistent with the observation that in unilateral ureteric obstruction AQPs
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are reduced to a far greater extent in the obstructed kidney as opposed to the unobstructed

contralateral kidney [186].

1.5.6 Aquaporin expression in urothelium

The role of AQPs in the urinary tract is not confined to the kidney. Traditionally urothelium,
the specialised barrier epithelium of the urinary tract, has been considered impervious to
urine. However studies suggest it is able to mediate solute and water transport [366] and
AQPs have been implicated in this process. Expression of AQPs 1, 2 and 3 have been
demonstrated in rat bladder and ureter with expression of AQPs 2 and 3 being significantly
increased in the presence of dehydration. Immunocytochemistry localises AQP2 and 3 to
the urothelial cells while AQP1 is demonstrated in the vascular endothelial cells of the blood
vessels [249, 367, 368].

Human urothelium expresses AQPs 3, 4, 7 and 9 at the mRNA and protein level. When
cultured in vitro, human urothelial cells respond to changes in osmolality by regulating
AQP3 and to a lesser extent AQP9 expression. Permeability of the urothelial cells to water
and urea increases in response to an osmotic gradient, while non-selective blockade of AQP
with mercuric chloride in the same model leads to reduced permeability. The authors suggest
that urothelium responds to urine hypertonicity in order to regulate diffusion of water and
urea [259, 369].

Alterations in AQP expression in response to urinary tract obstruction are not confined to
renal tissue. In a rat model of partial bladder outlet obstruction AQP1 expression in the
capillaries, arterioles and venules of bladder tissue was increased compared to controls [367]
while AQP2 and 3 expression was increased in the bladder urothelial cells alongside the
NOS isoforms eNOS and nNOS [368]. Currently there is no other reported work
investigating changes in rodent or human urothelial AQP expression in response to urinary

tract obstruction.
1.5.7 Urinary aquaporin excretion

Measuring proteins of interest in the urine is an exciting avenue of research, as it is non-
invasive and offers the potential of developing biomarkers to aid in the diagnosis of disease,

selection of patients for surgery and to inform clinicians and families about prognosis.
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AQPs 1 and 2 are excreted in the urine of healthy humans, approximately 40-45% of which
is membrane bound in extracellular vesicles [370, 371]. Conversely, in a rat model 97% of
urinary AQP2 was membrane bound [372]. It is likely urinary excretion occurs via an apical
pathway rather than whole cell shedding as minimal AQPs are found in urinary cellular
debris and AQP3 (basolateral collecting duct expression) is absent in the urine [371, 372].
Excreted AQPs are associated with various sizes of membrane fragments, potentially
representing shed plasma membrane, apoptotic bodies, microvesicles and multivesicular
bodies, however, the major mode of membrane bound excretion is via exosomes [371-374].
Exosomes are nanovesicles (30-100 nm diameter) secreted by cells into the extracellular
space or into body fluids such as urine. They are formed when a multivesicular body (MVB)
fuses with the cell membrane and contain proteins indicating their cell of origin as well as
MRNA and microRNA [375, 376]. This process is mediated by the endosomal sorting
complex required for transport (ESCRT) machinery, although ESCRT independent

generation of exosomes is also reported (Figure 1.15) [373].
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Figure 1.15 The mechanism of urinary exosomal AQP2 generation by renal collecting duct cells
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Picture taken from Oshikawa et al., 2016 [373] Vasopressin via V2 receptors and the cCAMP/PKA pathway
stimulates AQP2 trafficking to the membrane from intracellular vesicles, and upregulation of AQP2 gene
transcription via the phosphorylation of CREB. Ubiquitination of apical AQP2 results in its endocytosis after
which it is processed by the cytoplasmic ESCRT machinery. The ubiquitinated AQP2 is recognised and
retained by ESCRT-0 (including HRS). ESCRT | (including TSG101), ESCRT Il, and ESCRT Il along with
other proteins such as ALIX and VPS4 process the endosomes until the AQP2 is present in the membrane of
intraluminal vesicles within the multivesicular body [373, 375]. The internalised AQP2 maintains the same
orientation (cytoplasmic side inward) in the intraluminal vesicle membrane as it had on the cell plasma
membrane. This is in contrast to endosomes where the orientation is inverted [374, 375]. Once within the
multivesicular body the protein may be destined for the lysosomal pathway or exosomal release. The
regulatory factors controlling this are not currently well known [375]. CREB — Cre binding protein, ESCRT —
endosomal sorting complex required for transport, HRS — hepatocyte growth factor-regulated tyrosine kinase
substrate, TSG101 — tumor susceptibility gene 101, ALIX — apoptosis-linked gene 2-interacting protein X,
VPS4 — vacuolar protein sorting 4, MVB — multivesticular body

Exosomes have been detected from every cell type that contacts the urinary lumen along the
nephron as well as urothelial cells from the lower urinary tract [374, 375]. Most urinary
exosomal research has concentrated on biomarker discovery, however, exosomes have been
implicated in both physiological and pathological roles including immune modulation and
promoting cancer pathogenicity respectively [375, 377, 378]. The exact function of
exosomal AQPs is unknown, although recent in vitro work highlights a role in intercellular
signalling to the distal nephron and/or distal urinary tract. Street el al. demonstrated
increased AQP2 expression and water permeability in unstimulated mCCDcl1l (murine
cortical collecting duct) cells incubated with exosomes containing AQP2. These results
indicate the exosomal transfer of either signalling molecules upregulating endogenous AQP2
expression or functioning AQP2 channels to the recipient cells [379]. Subsequent in vitro

and in vivo work confirmed vasopressin regulation of this process [380].

Broadly speaking the urinary excretion of both AQP1 and AQP2 parallel changes in renal
expression. Total kidney AQP1 expression correlates with urinary excretion 96 hours
following renal ischaemia/reperfusion in a rodent model [381]. Interestingly, acetazolamide
treatment causes an increase in apical and a decrease in basolateral expression of AQP1 in
proximal tubular cells which is associated with increased urinary exosomal AQP1 excretion
[382].

Absolute excretion of AQP2 is the same for men and women and is unaffected by age in the
adult population. AQP2/Creatinine ratios are, however, higher for women than men due to
the generally lower amount of creatinine excreted in the urine [383]. Whether exogenous or
endogenous (dehydration or hypertonic saline), increased levels of vasopressin result in
increased urinary AQP2 excretion [371, 384, 385] mirroring the changes seen in whole

kidney. On the contrary, water loading leads to reduced urinary AQP2 excretion [384, 385].
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Additionally, data from rat studies suggests daily urinary excreted AQP2 represents
approximately 3-4% of total kidney AQP2. However; while Rai et al. demonstrated this
fraction was relatively unaffected by dehydration, Wen et al. showed that in response to
changes in vasopressin urinary AQP2 levels closely follow those of AQP2 expression in the
apical membrane rather than total kidney expression [372, 383]. Studies of patients with
disorders of water homeostasis confirm the relationship between AQP2 excretion and
vasopressin secretion whereby patients with congestive cardiac failure and cirrhosis have
increased AQP2 excretion while patients with central diabetes insipidus have reduced
urinary AQP2 levels [234].

Urinary excreted AQPs therefore show promise as non-invasive biomarkers of renal disease.
Accordingly, post-operative urinary levels of urinary exosomal AQP1 [386] and AQP2 [365]
are significantly reduced (64% and 54% respectively) in urine obtained from the obstructed
kidney compared to the normal contralateral kidney in children who have had a pyeloplasty
for PUJO. The reduction of AQP expression is noted for up to 4 days post-operatively, and
is associated with a marked polyuria and significant decrease in urine osmolality from the
obstructed kidney which persists for at least 4 days post-operatively [365]. Urinary TGF-B1
[386] and prostaglandin E2 [365] excretion is increased in urine from the obstructed kidney
suggesting that changes in their production may be associated with the downregulation of

aquaporins seen in urinary tract obstruction.

Proteomic studies have demonstrated the presence of exosomal AQPs 5 and 7, in addition to
AQPs 1 and 2, in the urine of healthy humans [387] however this has not been confirmed by
immunoblotting or ELISA.

We currently do not know what normal urinary AQP levels are in children. Additionally,
there are no reports documenting urinary aquaporin levels in children being monitored for
hydronephrosis with a PUJ configuration or pre-operatively in children undergoing

pyeloplasty for PUJO.
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1.6 Hypothesis and aims
1.6.1 Hypothesis
The central hypothesis for this project is that:

Urinary tract aquaporin expression and excretion predicts the severity of disease in

human and rodent models of PUJO.

1.6.2 Aims

The specific aims of this project are to:

¢+ Measure the distribution and quantity of AQPs in the kidney and lower urinary tract
in rodent and human models of neonatal PUJO and compare this with non-obstructed
kidneys. AQP expression will be correlated with renal pelvis pressure measurements

and markers of kidney function.

» Clinical application - Future manipulation of AQP expression in the kidney
and lower urinary tract may lead to the development of new therapeutic

approaches for PUJO and other obstructive uropathies.

¢+ Establish the urinary AQP profile in high pressure (damaging) and low pressure

(non-damaging) PUJO in rodents and humans

* Clinical application - Defining AQP levels in the urine may lead to the

development of novel operative biomarkers
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Chapter 2. Materials and Methods

2.1 Cell culture
2.1.1 General cell culture

Cell culture work was performed using aseptic technique in a Microflow Biological Safety
Cabinet (MDH, Andover, UK). All equipment, media and solutions used were sterile, either
by autoclaving before use (Prior Clave, London) or as standard when purchased from the
manufacturer.  Additionally, the cabinet and all equipment were sanitised with 70%

industrial methylated spirit prior to use.

Conditionally immortalised proximal tubular cells with a thermosensitive SV-40 construct
[388] were grown in adherent culture in either T75 cm? (156499, Nunclon, Thermoscientific,
Waltham, MA, USA) or T25 cm? (156367, Nunclon, Thermoscientific, Waltham, MA,
USA) flasks containing 10 ml and 3 ml of modified RPMI 1640 media respectively (see
appendix 1, section 10.1.3). Cells were viewed daily, and prior to passage and
cryopreservation, using an inverted microcope (Nikon TMS, Japan) to assess the degree of
confluence and ensure there was no bacterial or fungal contamination. Culture medium was
aspirated and replaced with fresh modified RPMI medium every 3 days. Cells were
incubated in a Hereus Function Line CO> incubator (Hereus, NJ, USA) in 5% CO: at either
33°C to produce cell proliferation or 37°C to stop proliferation and induce cell

differentiation.
2.1.2 Passage of cells

Cell passage was performed when cells had reached 70% confluence. The medium was
aspirated from the culture flask and the cell monolayer washed with sterile PBS using a
volume equal to half the volume of culture medium. The PBS was aspirated, and the wash
step repeated. Trypsin in EDTA (T3924, Sigma-Aldrich, St-Louis, MO, USA) was pipetted
onto the cell monolayer, the flask rotated to ensure complete coverage and then placed in the
33°C incubator for 3-5 minutes. Following incubation, the flask was tapped to release any
remaining attached cells and then assessed using the inverted microscope to ensure all cells
were rounded and detached. The cells were resuspended in fresh modified RPMI 1640
medium and reseeded into fresh flasks at a cell density required for ongoing experiments.
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Flasks were then placed in the 33°C incubator to allow cell proliferation. After each cell
passage the passage number was increased by 1. The passage number of the cells used for
each specific experiment will be noted alongside the results.

2.1.3 Culture on coverslips

Cell seeding onto coverslips was performed using trypsinised cells generated during cell
passage. A single sterile coverslip was placed in each well of a 6-well plate (657160,
Cellstar®, Greiner bio-one, Stonehouse, UK). Trypsinised cells were resuspended in fresh
modified RPMI 1640 medium and 2 ml of the cell suspension added to each well of the 6-
well plate. Plates were incubated at 33°C until 70% confluence was reached and then the
cells thermoswitched by placing the plates in the 37°C incubator to achieve cell
differentiation.

2.1.4 Cryopreservation of cells

Cell cryopreservation was performed when cells had reached 80-90% confluence.
Trypsinisation to detach cells from the flask was performed in the same way as for cell
passage (section 2.1.2). Cells were then resuspended in a volume of fresh modified RPMI
1640 medium at least equivalent to the volume of trypsin and then centrifuged at 1500 rpm
for 5 minutes. Supernatant was aspirated, and the pellet washed with fresh medium. The
cell suspension was centrifuged again at 1500 rpm for 5 minutes and the supernatant
aspirated. Cells were resuspended in freeze medium (see appendix 1, section 10.1) and 1 ml
aliquots of cell suspension placed in cryoprotective ampoules (10-500-25, Fisher Scientific,
Loughborough, UK). Generally, cells retrieved from a single T75 flask would be split into
2-3 cryoprotective ampoules. Ampoules were placed in a passive freezer (Nalgene® Cryo
1°C, 5100-0001, Thermoscientific, Waltham, MA, USA) containing 100% isopropanol and
placed in the -80°C freezer overnight allowing a gradual decline in temperature. Frozen

ampoules were then transferred to liquid nitrogen storage.

2.2 Immunofluorescence of cultured cells

All incubations were carried out at room temperature unless otherwise stated. Details of

primary and secondary antibody concentrations used can be found in the relevant chapters.
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2.2.1 Fixation of cultured cells

Cells used for immunofluorescence were grown on coverslips in a 6 well plate (657160,
Cellstar®, Greiner bio-one, Stonehouse, UK). Media was removed from cells, they were
washed once with PBS, and then fixed in 4% paraformaldehyde (200 pl/well) for 15 minutes.
A further ice-cold PBS wash was performed before permeabilising the cells by adding 0.2%
Triton X-100 in PBS (1 ml/well) for 5 minutes. Cells were washed again with ice-cold PBS
before treatment with 1 ml of sodium borohydride in PBS (1 mg/ml) for 10 minutes to
quench any remaining paraformaldehyde and reduce cellular autofluorescence. Three

further ice-cold PBS washes were performed.
2.2.2 Staining of cultured cells

The PBS wash was removed and primary antibody (see chapter 3 for dilutions and appendix
2, section 10.2.2 for specific antibody details) in 1% BSA/PBS was added to the surface of
the coverslip (100 ul/well) and incubated performed for either 1 hour at room temperature
or overnight at 4°C. Control cells not treated with primary antibody were incubated with
1% BSA/PBS only. Three further PBS washes were performed followed by addition of
fluorochrome-labelled secondary antibody (see chapter 3 for dilutions and appendix 2,
section 10.2.2 for specific antibody details) in sterile filtered PBS (100 pl/well) to the surface
of the coverslip. Cells were incubated with secondary antibodies in the dark for 45 minutes.
Three PBS washes were performed followed by a short rinse in distilled water to remove
PBS associated salts. Coverslips were mounted onto glass slides using Vectashield®
Hardset™ mounting medium with DAPI (H-1500, Vector Laboratories, Burlingame, CA,
USA). Slides were then imaged using a fluorescent microscope.

2.3 RNA extraction from whole tissue
Whole tissue applies to all kidney samples and human renal pelvis and ureter samples
2.3.1 TRIzol® homogenisation

Whole human tissue samples were obtained with consent and appropriate ethical approval.
Whole rat tissues were obtained under the regulations of an appropriate animal licence.
Samples were immediately washed in ice-cold PBS five times, snap-frozen and stored at
minus 80°C for later RNA extraction. Previously frozen samples were retrieved, weighed

and ground to a powder under liquid nitrogen in a pre-cooled pestle and mortar (2247464,
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Z247502, Sigma-Aldrich, St-Louis, MO, USA). Tissues were homogenised with a hand
glass homogeniser (11522443, Fisher Scientific, Loughborough, UK) for 10 minutes in
TRIzol® reagent (15596018, Invitrogen, Paisley, Scotland, UK) using 1 ml TRIzol /100 mg
tissue. This method of homogenisation was modified when processing samples obtained
from the rat model (October 2016 onwards). Previously frozen samples were retrieved,
weighed, transferred quickly from liquid nitrogen into TRIzol® reagent (15596018,
Invitrogen, Paisley, Scotland, UK) (1 ml/100 mg tissue) and homogenised using an Ultra-
Turrax homogeniser (TP18/10, Janke and Kunkel, IKA Works, Staufen, Germany).
Following both homogenisation methods samples were incubated for a further 10 minutes at
room temperature in TRIzol, then transferred to RNase/DNase free eppendorfs in 1 ml
aliquots and either stored at -80°C or used directly for RNA isolation.

2.3.2 Phase separation

Unless proceeding directly from TRIzol homogenisation the RNA/TRIzol samples were
retrieved from -80°C storage and thawed on ice. 200 pl of chloroform was added and the
eppendorf shaken vigorously for 15 seconds. The sample was incubated at room temperature
for 3 minutes and then centrifuged at 13500 rpm for 15 minutes at 4°C (5415R
Microcentrifuge, Eppendorf, Hamburg, Germany). The clear aqueous phase was aspirated

and transferred to a new 1.5 ml RNase/DNase free eppendorf.
2.3.3 RNA precipitation

500 pul of isopropanol was added to the aqueous phase, the eppendorfs inverted to mix and
incubated at room temperature for 10 minutes. Following centrifugation at 13500 rpm for

10 minutes at 4°C the RNA was visible as a pellet within the eppendorf.
2.3.4 RNA wash

The supernatant was carefully removed and 1 ml of ice cold 75% ethanol added to the
eppendorf. The sample was vortexed to mix and then centrifuged at 13500 rpm for 5 minutes
at 4°C. This wash step was repeated ensuring that all supernatant was carefully and
completely removed after the second wash.

2.3.5 Dissolving the RNA

The pellet was air dried for 5 minutes and then re-suspended in ultrapure RNase/DNase free

water (Milli-Q Integral water purification system with BioPak, Merck Millipore, Billerica,
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MA, USA). The RNA suspension was incubated at 55°C in the hotblock (Accublock™,
Labnet International, New Jersey, USA) for 10 minutes and then immediately transferred to
ice. The RNA suspension was separated in 10 pl aliquots in RNase/DNase free tubes (3412,
Molecular Bioproducts, San Diego, CA, USA) which were either stored at -80°C or used for

spectrophotometer analysis and reverse transcription to cDNA.
2.3.6 Spectrophotometer analysis

Estimation of the quantity and quality (A260/280 ratio) of RNA was made using the
Nanodrop spectrophotometer (ND-1000, Thermoscientific, Waltham, MA, USA).

2.3.7 DNase treatment

DNase treatment was undertaken using a Primerdesign Precision DNase kit according to the
manufacturers’ instructions (DNASE-50, PrimerDesign, Southampton, UK). Briefly, 5 ul of
Precision DNase reaction buffer and 1 ul of Precision DNase enzyme were added to 50 pl
of RNA sample on ice. Samples were incubated in the thermal cycler at 30°C for 10 minutes

followed by 55°C for 5 minutes. Samples then proceeded to reverse transcription.

2.4 RNA extraction from whole tissue €30 mg
Tissue <30 mg applies to all rat renal pelvis and ureter samples.
2.4.1 RNA extraction

Tissue samples were obtained under the regulations of an appropriate animal licence.
Samples were immediately washed in ice-cold PBS five times, snap-frozen and stored at
minus 80°C for later RNA extraction. RNA was extracted using an RNeasy Mini Kit (74104,
Qiagen, Austin, Texas, USA) following the manufacturer’s instructions. Briefly, previously
frozen samples were retrieved, transferred quickly from liquid nitrogen into 600 ul buffer
RLT (1 pl B-mercaptoethanol/100 pl buffer RLT) and homogenised using an Ultra-Turrax
homogeniser (TP18/10, Janke and Kunkel, IKA Works, Staufen, Germany). The lysate was
centrifuged at 16000 x g for 3 minutes and the supernatant retrieved into a fresh
RNase/DNase free Eppendorf whereupon 600 pl of 70% ethanol was added and mixed by
pipetting. Up to 700 pl of sample was added to an RNeasy Mini spin column placed in a 2
ml collection tube. The sample was centrifuged for 15 seconds at 14000 x g (1-14, Sigma-
Aldrich, St-Louis, MO, USA) and the flow through discarded. This step was repeated using
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the same spin column for any remaining sample/70% ethanol mix. Buffer RW1 (350 ul) was
added to the column and the column centrifuged at 14000 x g for 15 seconds. RNase free
DNase 1 (79254, Qiagen, Austin, Texas, USA) was made up as per the manufacturer’s
instructions and then 80 pl added directly to the column membrane and allowed to incubate
at room temperature for 15 minutes. A further 350 ul of buffer RW1 was added to the column
which was then centrifuged at 14000 x g and the flow-through discarded. Buffer RPE (500
pl) was then added to the column followed by centrifugation at 14000 x g for 15 seconds.
The flow-through was discarded. A further 500 pl of buffer RPE was added to the spin
column followed by centrifugation at 14000 x g for 2 minutes. The RNeasy column was
then placed in a new 2 ml collection tube and centrifuged for 1 minute at 16000 x g to dry
the membrane. The column was then placed into a new 1.5 ml collection tube and 30 pl of
RNase free water added directly to the membrane. The column was centrifuged at 16000 x
g to elute the RNA. The flow-through was carefully pipetted out of the collection tube and
reapplied to the column membrane. A further centrifugation step at 16000 x g for 1 minute
was performed to increase the RNA vyield and the collection tube containing the RNA
suspension was transferred to ice. The RNA suspension was separated in 10 pl aliquots in
RNase/DNase free tubes (3412, Molecular Bioproducts, San Diego, CA, USA) which were
either stored at -80°C or used for spectrophotometer analysis and reverse transcription to
CcDNA.

2.4.2 Spectrophotometer analysis

Estimation of the quantity and quality (A260/280 ratio) of RNA was made using the
Nanodrop spectrophotometer (ND-1000, Thermoscientific, Waltham, MA, USA).

2.5 Reverse —transcription polymerase chain reaction (RT-PCR)

Following reverse transcription samples were either stored at -20°C for later use or used

directly for end-point PCR analysis.
2.5.1 Reverse transcription

Reverse transcription was undertaken using the Applied Biosystems® high capacity RNA to
cDNA™ Kit (4387406, Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions. Positive (with enzyme) and negative (without enzyme) reverse
transcription reactions were mixed on ice with up to 1 pg of RNA being added to each 20 pl

total reaction mix. Tubes were vortexed and underwent a brief centrifuge before being
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placed in the thermal cycler (Sensoquest labcycler, Gottingen, Germany). Incubations were
performed at 37°C for 60 minutes and the reaction was stopped by heating to 95°C for 5

minutes.
2.5.2 Polymerase chain reaction

Forward and reverse primers (MWG Eurofins, Germany) were dissolved in ultrapure
RNase/DNase free water (Milli-Q with BioPak, Merck Millipore, Billerica, MA, USA) to a
stock concentration of 100 puM and stored at -20°C. Forward and reverse primers were then
mixed and diluted with ultrapure RNase/DNase free water to create a 10 uM working
solution which was stored at -20°C. PCR mastermix was prepared on ice as per Table 2.1.
Mastermix (23.5 pl) was added to each RNase/DNase free PCR tube (3412, Molecular
Bioproducts, San Diego, CA, USA) to which 1 pl of 10 mM primers and 0.5 pl of cDNA or
0.3 ul genomic DNA (11691112001, Roche, Sussex, UK) was added to complete a single
25 ul reaction mix. Tubes were vortexed to mix and spun in the microfuge (1-14, Sigma-
Aldrich, St-Louis, MO, USA) briefly to eliminate air bubbles. A negative ‘no template’
control which did not contain cDNA and a ‘negative reverse transcription’ control were
included with every PCR run.  PCR reactions were run on a thermal cycler (Sensoquest
labcycler, Gottingen, Germany), with cycling conditions of: 95°C for 5 minutes followed by
35 cycles of 95°C for 30 seconds, annealing for 30 seconds and extension at 42°C for 40
seconds. Finally, elongation at 72°C for 10 minutes. Details of primer sequences and

annealing temperatures can be found in appendix 2, section 10.2.1.

Mastermix component Company Volume per
reaction

Ultrapure RNase/DNase free | Milli-Q with BioPak, Merck | 20.25 pl (20.45 ul if

water Millipore, Billerica, MA, | using gDNA)
USA

Deoxyribonucleotide NO447s, NEB, Ipswich, | 0.5 ul

triphosphate (ANTP) MA, USA

10 x buffer 2200330, 5 Prime, Hilden, | 2.5 pl
Germany

Hotmaster Taq DNA | 2200330, 5 Prime, Hilden, | 0.25 pl

polymerase Germany

Table 2.1 - Mastermix components of a single PCR reaction
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2.5.3 Gel electrophoresis of PCR product

Two percent agarose gels were cast by combining agarose (BP1356-500, Fisher Scientific,
Loughborough, UK) with TAE buffer. The gel mixture was heated in the microwave until
boiling and then cooled before the addition of ethidium bromide (1.5-3.5 pl according to size
of gel). The gel was poured into the casting tray containing a comb and allowed to set. Once
set the horizontal electrophoresis tank was filled with TAE buffer to cover the surface of the
gel. Two lanes were loaded with 6 pl of 100 bp DNA ladder (N3231S, NEB, Ipswich, MA,
USA). Samples were mixed with 3 ul of 6 x gel loading dye (N3231S, NEB, Ipswich, MA,
USA) and then loaded at a volume of 25 pl per well. The electrophoresis tank was connected
to the power pack (170-3846, Bio-Rad, Richmond, CA, USA) and run at 110-120 V for 30-
40 minutes until bands were adequately separated.

2.5.4 Imaging of PCR product

Gels were imaged using a Universal Hood 11, UV imager (BioRad, Richmond, CA, USA)
and Quantity One® software.

2.6 Reverse-transcription real-time polymerase chain reaction (RT-
gPCR)

2.6.1 Reverse transcription

Reverse transcription was undertaken using the Applied Biosystems® high capacity RNA
to cDNA™ kit (4387406, Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions. Positive (with enzyme) and negative (without enzyme) reverse
transcription reactions were mixed on ice with up to 1 pg of RNA being added to each 20 pl
total reaction mix. Tubes were vortexed and underwent a brief centrifuge before being
placed in the thermal cycler (Sensoquest labcycler, Gottingen, Germany). Incubations were
performed at 37°C for 60 minutes and the reaction was stopped by heating to 95°C for 5

minutes.
2.6.2 Spectrophotometer analysis

Estimation of the quantity and quality of DNA was made using the Nanodrop
spectrophotometer (ND-1000, Thermoscientific, Waltham, MA, USA).
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2.6.3 Real-time polymerase chain reaction

Forward and reverse primers (MWG Eurofins, Germany) were dissolved in ultrapure
RNase/DNase free water (Milli-Q with BioPak, Merck Millipore, Billerica, MA, USA) to a
stock concentration of 100 uM and stored at -20°C. Forward and reverse primers were then
mixed and diluted with ultrapure RNase/DNase free water to create either a 10 uM or 5 uM
(depending on primer optimisation) working solution prior to each PCR run. Within the UV
PCR hood (UVP, Fisher Scientific, Loughborough, UK) PCR mastermix was prepared on
ice consisting of SYBR green jumpstart TAQ readymix (S9194, Sigma-Aldrich, St-Louis,
MO, USA), forward and reverse primer mix and ultrapure RNase/DNase free water (Table
2.2). Mastermix was loaded into each well of a 96 well PCR plate (72.1981.202, Sarstedt,
Numbrecht, Germany) at a volume of 9 pl. Subsequently 2 pl of diluted cDNA (1/45 dilution
for rat kidney and 1/29 dilution for rat renal pelvis) was added to each well, a plate sealer
applied (95.1994, Sarstedt, Numbrecht, Germany) and the plate centrifuged in a plate spinner
(PerfectSpin P, Peglab, Leicestershire, UK) to eliminate air bubbles. A negative ‘no
template’ control which did not contain cDNA and a ‘negative reverse transcription’ control

were included with every PCR run.

Company Volume per

reaction
S9194, Sigma-Aldrich, St- 5.5l
Louis, MO, USA '
Forward and reverse primer mix MWG Eurofins, Germany | 2.23 ul
Milli-Q  with  BioPak,
Ultrapure RNase/DNase free water | Merck Millipore, Billerica, | 1.35 pl
MA, USA

Mastermix component

SYBR Green TAQ Readymix

Table 2.2 - Mastermix components of a single qPCR reaction

Real time PCR reactions were run using the Step One Plus Real-time PCR system
comparative CT method with cycling conditions of: 95°C for 10 minutes followed by 45
cycles of annealing and extension (95°C for 15 seconds, 60°C for 1 minute) then 95°C for
15 seconds and hold. Melt curves were generated for every reaction and the data analysed
using StepOne Software v2.3. Details of primer sequences and working concentrations can

be found in appendix 2, section 10.2.1.
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2.7 Extraction of Protein
2.7.1 Extraction of protein from whole cells

A working solution of Triton X-100 containing protease and phosphatase inhibitors (P8340,
p5726, P0044, Sigma-Aldrich, St-Louis, MO, USA) was made up immediately prior to use.
Cells grown under sterile conditions within T75 cm? flasks were washed with ice cold PBS
three times and incubated in ice-cold Triton X-100 lysis buffer (500 pl per T75 cm?) on ice
for 5 minutes. Cells were collected from the flask using a cell scraper (08-100-242,
Fisherbrand™ Cell scraper, Fisher Scientific, Loughborough, UK) and transferred with the
lysis buffer into a 1.5 ml eppendorf and placed on ice for 15 minutes. Eppendorfs were
centrifuged at 13500 rpm (5415R Microcentrifuge, Eppendorf, Hamburg, Germany) at 4°C
for 5 minutes. The supernatant was aliquoted in fresh 1.5 ml eppendorfs, snap frozen in

liquid nitrogen and stored at -80°C.
2.7.2 Extraction of protein from whole tissue

Whole human tissue samples were obtained with consent and appropriate ethical approval
(see section 6.2). Whole rat tissues were obtained under the regulations of an appropriate
animal licence. Samples were immediately washed in ice-cold PBS five times, snap-frozen
and stored at minus 80°C for later protein extraction.  Previously frozen samples were
retrieved, weighed and ground to a powder under liquid nitrogen in a pre-cooled pestle and
mortar (Z247464, Z247502, Sigma-Aldrich, St-Louis, MO, USA). Tissues were
homogenised on ice using a hand-held homogeniser (11522443, Fisher Scientific,
Loughborough, UK) for 10 minutes in ice-cold radioimmunoprecipitation assay (RIPA)
buffer (SC-24948, Santa Cruz, Dallas, Texas, USA) containing supplied protease inhibitor,
sodium orthovanadate and PMSF at 10 pl/ml of RIPA buffer. One millilitre of RIPA buffer
was used per 333 mg of tissue. This method of homogenisation was modified later in the
research when processing the latter half of the samples obtained from the rat model (October
2016 onwards). Previously frozen samples were retrieved, weighed, transferred quickly from
liquid nitrogen into ice-cold radioimmunoprecipitation assay (RIPA) buffer (1 ml RIPA/333
mg tissue) containing supplied protease inhibitor, sodium orthovanadate and PMSF at 10
ul/ml of RIPA buffer (SC-24948, Santa Cruz, Dallas, Texas, USA). Tissues were
homogenised on ice using an Ultra-Turrax homogenizer (TP18/10, Janke and Kunkel, IKA
Works, Staufen, Germany).

68



Following both homogenisation methods tissue lysates were transferred to 1.5 ml eppendorfs
and agitated for 2 hours at 4°C and then centrifuged at 13500 rpm at 4°C for 10 minutes
(5415R Microcentrifuge, Eppendorf, Hamburg, Germany). The supernatant was aliquoted

into fresh 1.5 ml eppendorfs, snap frozen in liquid nitrogen and stored at -80°C.
2.7.3 Extraction of protein from whole tissue <30 mg

Tissue <30 mg applies to rat renal pelvis and ureter samples. This protein extraction was
performed as an extension of the RNA extraction procedure using an RNeasy Mini Kit
(74104, Qiagen, Austin, Texas, USA). Briefly, previously frozen samples were retrieved,
transferred quickly from liquid nitrogen into 600 ul buffer RLT (1 pl B-mercaptoethanol/100
pl buffer RLT) and homogenised using an Ultra-Turrax homogeniser (TP18/10, Janke and
Kunkel, IKA Works, Staufen, Germany). The lysate was centrifuged at 16000 x g for 3
minutes and the supernatant retrieved into a fresh RNase/DNase free Eppendorf whereupon
600 pl of 70% ethanol was added and mixed by pipetting. Up to 700 ul of sample was added
to an RNeasy Mini spin column placed in a 2 ml collection tube. The sample was centrifuged
for 15 seconds at 14000 x g (1-14, Sigma-Aldrich, St-Louis, MO, USA) and the flow through
transferred to a fresh 1.5 ml Eppendorf. Four volumes of ice-cold acetone were added to the
flow-through and the mixture incubated at on ice for 30 minutes. The sample was centrifuged
at 13500 rpm at 4°C for 10 minutes (5415R Microcentrifuge, Eppendorf, Hamburg,
Germany). The supernatant was discarded and the pellet air dried for 5 minutes. The pellet
was washed with 100 pl of ice cold ethanol and then air dried for 3 minutes before
resuspension in 100 ul of RIPA buffer (SC-24948, Santa Cruz, Dallas, Texas, USA)
containing supplied protease inhibitor, sodium orthovanadate and PMSF at 10 pl/ml of RIPA
buffer. The tissue lysate was agitated for 2 hours at 4°C and then centrifuged at 13500 rpm
at 4°C for 5 minutes (5415R Microcentrifuge, Eppendorf, Hamburg, Germany) to pellet
insoluble material. The supernatant was transferred into a fresh 1.5 ml Eppendorf on ice and

used for BCA assay.

2.8 Bincinchoninic Acid (BCA) protein assay

The Bincinchoninic Acid protein assay was performed using the Pierce™ BCA protein assay
kit (23227, Rockford, IL, USA). Bovine serum albumin (BSA, A9647, Sigma-Aldrich, St-
Louis, MO, USA) was serially diluted in ultrapure water to create protein standards (1440
pg/ml to 11.25 pg/ml) which were added in duplicate (25 ul/well) to a 96 well flat-bottomed

microplate (655180, Cellstar®, Greiner bio-one, Stonehouse, UK). Protein lysate samples
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were diluted 1:25 and 1:50 with ultrapure water and loaded in duplicate to the microplate
with a final volume of 25 pl/well. Working reagents A and B were mixed in a 50:1 ratio,
200 pl added to each well and then incubated at room temperature for 30 minutes. The plate
was read at 570 nM using the Opsys MR™ microplate reader (Dynex Technologies,
Chantilly, VA, USA). Revelation Quicklink Software Version 4.25 was used to generate a
standard curve and determine the protein concentration of each sample.

2.9 Deglycosylation of proteins

N-Deglycosylation of proteins was undertaken using a PNGase F Kit according to the
manufacturers’ instructions (P0705, NEB, Ipswich, MA, USA). Briefly, 40 pg of protein
lysate was combined, on ice, with 1 pl of 10x glycoprotein denaturing buffer and ultrapure
water to make a total reaction volume of 10 pl. Samples were heated to denature the
glycoprotein in the thermal cycler (Sensoquest labcycler, Gottingen, Germany) at 100°C for
10 minutes. Subsequently, 2 pl of PNGase F, 2 pl of 10% NP-40, 2 pl of 10x G7 reaction
buffer and ultrapure water were added to make a 20 pl total reaction volume. The reaction
was incubated in the thermal cycler at 37°C for 1 hour. Samples then proceeded to sample

preparation for western blotting.

2.10 Concentration and fractionation of human urinary proteins
2.10.1 Ultrafiltration

Fresh human urine samples (15 ml) were placed on ice and 187.5 ul of protease inhibitor
added (P2714, Sigma-Aldrich, St-Louis, MO, USA). Samples were centrifuged at 3000 rcf
for 15 minutes at 4°C to remove cellular debris (Sorvall® Legend RT, Thermoscientific,
Waltham, MA, USA). The supernatant was collected into an Amicon® Ultra-15 10K
centrifugal filter device (UFC901008, Merck Millipore, Billerica, MA, USA) and
centrifuged at 3000 rcf at 4°C for approximately 40 minutes until the volume of concentrate
reached 400 pl. The concentrate was aspirated, placed into an eppendorf and an equal
volume of 2 x sample buffer (working solution) was added. Samples were vortexed to mix,

heated to 95°C for 5 minutes (unless otherwise stated) and then used for western blotting.
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2.10.2 Ultrafiltration and chemical precipitation of exosomes

Fresh human urine samples (15 ml) were placed on ice and 187.5 pl of protease inhibitor
added (P2714, Sigma-Aldrich, St-Louis, MO, USA). Samples were centrifuged at 3000 rcf
for 15 minutes at 4°C to remove cellular debris (Sorvall® Legend RT, Thermoscientific,
Waltham, MA, USA). The supernatant was collected into an Amicon® Ultra-15 10K
centrifugal filter device (UFC901008, Merck Millipore, Billerica, MA, USA) and
centrifuged at 3000 rcf at 4°C for approximately 40 minutes until the volume of concentrate
reached 500 ul. The concentrate was aspirated, placed into an eppendorf and an equal
volume of ExoQuick-TC™ exosome precipitation solution added. The samples were inverted
to mix and placed at 4°C overnight. Subsequently samples were centrifuged at 1500 rcf at
room temperature for 30 minutes to pellet the precipitated exosome fraction. The
supernatant was aspirated and discarded, and the pellet centrifuged again at 1500 rcf for 5
minutes at room temperature. All traces of fluid were aspirated and discarded taking care
not to disturb the exosome pellet. The pellet was resuspended in 200 pl of RIPA buffer (SC-
24948, Santa Cruz, Dallas, Texas, USA) containing the supplied protease inhibitor, sodium
orthovanadate and PMSF at 10 pl/ml of RIPA buffer. Tubes were vortexed for 15 seconds
to ensure complete resuspension and then placed at room temp for 5 minutes to allow
complete lysis of exosomes. 200 pl of sample buffer (working solution) was added, the
sample vortexed to mix and then heated at 95°C for 5 minutes (unless otherwise stated).

Samples were then used for western blotting.
2.10.3 Urine lyophilisation

Fresh human urine samples (5 ml) were centrifuged at 3000 x g for 15 minutes at 4°C to
remove cellular debris (Sorvall® Legend RT, Thermoscientific, Waltham, MA, USA). The
supernatant was collected into a 15 ml centrifuge tubes (188271, Cellstar®, Greiner Bio-One,
Gloucestershire, UK) snap frozen and placed in -80°C freezer prior to lyophilisation. Frozen
samples were retrieved, the centrifuge tube cap removed and the tube re-sealed with
Parafilm® (P7793, Sigma-Aldrich, St-Louis, MO, USA). The Parafilm® seal was pierced
multiple times with a 21-gauge needle and the samples transferred to the Benchtop Pro
(VirTis SP Scientific, Suffolk, UK) for 16 hours to undergo lyophilisation. Following
Iyophilisation samples were stored at 4°C.
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2.11 Western Blotting — Chemiluminescent and fluorescent

All incubations were carried out at room temperature unless otherwise stated. Details of

primary and secondary antibody concentrations used can be found in the relevant chapters.
2.11.1 Apparatus

Mini PROTEAN equipment was used for gel electrophoresis (Bio-Rad, Richmond, CA,
USA). Glass plates for gel preparation were washed with distilled water, cleaned with 70%

ethanol and assembled on a casting stand.
2.11.2 Preparation of the acrylamide gel

Polyacrylamide gels were prepared by casting 4% stacking gels and 12.5% resolving gels to
detect proteins of approximately 25-40 kDa. Gels were prepared according to the recipe
detailed in appendix 1 (section 10.1.2) with ammonium persulphate and TEMED being
added last to achieve gel polymerisation. The resolving gel was poured first, between the
glass plates, to 1 cm below the anticipated position of the bottom of the comb. Filter paper
was used to remove any air bubbles within the top of the gel. Once set, the top of the gel
was washed with distilled water, the water removed with filter paper, and the stacking gel
poured to reach the top of the glass plate. A 10 or 15 lane comb was then inserted, and the

gel allowed to set.
2.11.3 Sample preparation and loading

Protein lysates were retrieved from -80°C storage and defrosted on ice. Protein
concentration of the samples was determined by prior BCA assay (23227, Pierce Rockford,
Illinois, USA).

For chemiluminescent western blotting, samples were diluted to a final concentration of 200
pg in 20 ul using ultrapure water. When performing the fluorescent technique, samples were
diluted to a final concentration of 150 g in 20 ul using ultrapure water. One microliter of
Cy5 dye (diluted 1:10 with ultrapure water) was added to each sample in order to
fluorescently label all protein. The sample was mixed and incubated at room temperature for

30 minutes.

Unless indicated otherwise for both chemiluminescent and fluorescent techniques, samples

were then mixed 1:1 with 2 x sample buffer (working solution). Samples were then heated
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at 95°C for 5 minutes (unless otherwise stated) in a hotblock (Accublock™, Labnet
International, New Jersey, USA) followed by a short spin in the centrifuge (5415R
Microcentrifuge, Eppendorf, Hamburg, Germany). The glass plates containing the
polyacrylamide gels were loaded in the electrophoresis tank and the tank filled with 1 x
running buffer. The combs were removed from the gels and sample loaded into the wells
using a Gilson pipette (Pipetman®, Gilson, Wisconsin, USA) to achieve the appropriate total
amount of protein concentration. Additionally, two lanes were loaded for each gel with either
3 il BLUeye prestained protein ladder (S6-0024, Geneflow Ltd, Fradley, UK) for the
chemiluminescent technique, or 3 pl of Amersham™ ECL™ Plex Fluorescent Marker
(10320125, GE Healthcare, Buckinghamshire, UK) for the fluorescent technique.

2.11.4 Gel electrophoresis

Following sample loading the electrophoresis tank was connected to the power pack (170-
3846, Bio-Rad, Richmond, CA, USA) and the gel run at 150 V for approximately 70 minutes
until the samples had reached the bottom of the gel.

2.11.5 Protein transfer

When performing the chemiluminescent technique the gel was removed from the glass plates
and the stack cut off. The PVDF membrane (88518, Perbioscience, Northumberland, UK)

was pre-wet in methanol.

For fluorescent western blotting, the gel was removed from the glass plates and both the
stack and the bromophenol blue front cut off. The gel was soaked in cold transfer buffer for
10 minutes. The PVDF hybond 0.2 pm low fluorescence membrane (10600060,
Amersham™, GE Healthcare, Buckinghamshire, UK) was wet in methanol for 20 seconds
then in ultrapure water for 20 seconds and then in cold transfer buffer for 5 minutes.

Subsequently for both techniques the transfer cassette was assembled under 1 x transfer
buffer on the black side as follows: sponge, filter paper, gel, PVDF, filter paper, sponge. A
roller was used to ensure no air bubbles were trapped between the layers and the cassette
closed and placed in the transfer tank. The tank was filled with 1 x transfer buffer and an
ice pack added. The tank was connected to the power pack (170-3846, Bio-Rad, Richmond,
CA, USA) and transfer was performed at 250 mA for 1 hour.
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2.11.6 Blocking of membrane

After completion of transfer, membranes were removed from the transfer cassette and placed
in a square petri dish (foil covered for fluorescence) containing 10 ml of blocking solution.
Blocking solutions used were either 5% skimmed milk (Tesco, Cheshunt, UK) in TBS-T or
3% BSA (A9647, Sigma-Aldrich, St-Louis, MO, USA) in TBS-T according to the primary
antibody to be used. Blocking was carried out for at least 1 hour at room temperature with
shaking.

2.11.7 Antibody incubation

The blocking solution was removed and 10 ml of primary antibody made up in either 3%
BSA/TBS-T or 1% BSA/TBS-T was added (see individual chapters for dilutions and
appendix 2, section 10.2.2 for specific antibody details). The membrane was incubated with
primary antibody overnight (protected from light for fluorescence) at 4°C with shaking.
Following incubation, the membrane was rinsed twice in TBS-T followed by 5 TBS-T

washes, each for 5 minutes with shaking.

Subsequently, for chemiluminescent western blotting, 10 ml of horseradish peroxidase
(HRP) conjugated secondary antibody made up in either 3% BSA/TBS-T or 1% BSA/TBS-
T was added to the membrane. When undertaking the fluorescent technique, 10 ml of Cy3
conjugated anti-mouse secondary fluorescent antibody (PA43009V, GE Healthcare,
Buckinghamshire, UK) diluted to 1:2500 in 3% BSA/TBS-T was added to the membrane
(see relevant chapters for antibody dilutions and appendix 2, section 10.2.2 for specific

antibody details).

The membrane was then incubated in secondary antibody specific for the primary antibody
host for 1 hour at room temperature (protected from light for fluorescence) with shaking.
Following incubation, the secondary antibody was removed, and the membrane rinsed twice
in TBS-T followed by 5 TBS-T washes, each for 5 minutes with shaking.

2.11.8 Chemiluminescence imaging

Clarity™ Western ECL substrate (170-5061, Bio-Rad, Richmond, CA, USA) was used to
detect antibody bound proteins. Luminol/enhancer reagent was mixed with an equal volume
of peroxide solution and then applied to the membrane for 1-5 minutes. The membrane was
then imaged using the ChemiDoc-It Imaging System (UVP Bioimaging Systems, Upland,

CA, USA) and VisionWorks™ LS software. Images were obtained every 30 seconds for 10
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minutes. Later western blots including all from the final male neonatal rat PUUO model
were imaged using an Amersham™ Imager 600 (GE Healthcare, Buckinghamshire, UK).
Analysis of western blots was conducted using ImageJ software.

2.11.9 Fluorescence imaging

The membrane was rinsed 3 times with TBS without tween and imaged using an
Amersham™ Imager 600 (GE Healthcare, Buckinghamshire, UK). Analysis of western blots

was conducted using ImageJ software.
2.11.10 Membrane stripping and re-probing following western blotting

Dry membranes were wet in methanol, added to stripping buffer (Appendix 1, section 10.1)
ensuring the membrane was completely covered, and incubated for 20 minutes in a water
bath at 55°C. Membranes were washed three times over 1 hour at 20 minute intervals in
TBS-T at room temperature with shaking. Membranes were then blocked as in section

2.11.6 and immunostaining continued as previously described.

2.12 Sample processing for immunohistochemistry and

histopathological staining
2.12.1 Sample fixation

Whole tissue samples were obtained with consent and appropriate ethical approval. Samples
were immediately washed in ice-cold PBS five times, prepared to ensure sample thickness
of 2-3mm and then fixed in 10% neutral buffered formalin (ratio of fixative volume to
sample weight 20:1) for 24 hours at 4°C. Samples were transferred into 70% ethanol (for a
maximum of 2 days) while awaiting dehydration and paraffin embedding. Dehydration and
paraffin embedding of fixed samples was performed by University of Bristol research staff
within the histology department, level 7, Bristol Royal Infirmary until June 2015.
Subsequently, paraffin embedding of fixed samples was performed by University of Bristol

histopathology staff within the Bristol Medical School histopathology laboratory.
2.12.2 Section cutting

Blocks were positioned face down on a cooling block for 10 minutes. Using a microtome
the block was trimmed in by cutting 10 pum sections. Subsequently 4 um sections were cut

and then floated on a water bath at 37°C. Sections were then floated onto clean Superfrost®
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plus slides (4951plus4, Thermoscientific, Waltham, MA, USA) and placed in a rack to allow
water to drain. Slides were placed in a 37°C oven for 24 hours. From May 2016 onwards,
histopathology sections were cut by University of Bristol histopathology staff within the

Bristol Medical School histopathology laboratory.

2.13 Immunohistochemistry
2.13.1 Deparaffinisation/hydration

Slides were incubated in 3 washes of Histo-Clear (HS-200, National diagnostics, Hessle,
UK) for 5 minutes each, then 2 washes in 100% ethanol for 10 minutes each, and finally 2
washes in 95% ethanol for 10 minutes each. Sections were then washed twice in ultrapure

water for 5 minutes each.
2.13.2 Antigen unmasking

Slides were placed in 10 mM sodium citrate buffer pH6 and brought to the boil using a 700
Watt microwave. Slides were then maintained at sub-boiling temperature for 10 minutes.
Slides were left to cool for 30 minutes and then washed twice in TBS-T for 5 minutes each.

2.13.3 Blocking

Sections were incubated in 80-100 ul of 1.5% blocking serum in TBS-T for 1 hour at room
temperature in a humidified chamber. The blocking serum used was specific to the antibody
combination being applied and derived from the same species in which the secondary

antibody was raised (see chapters 3 and 5 for details of blocking serum used).
2.13.4 Antibody incubation

Blocking serum was drained from the slides and sections incubated with 80-100 pl of
primary antibody made up in blocking serum overnight at 4°C in a humidified chamber (see
chapters 3 and 5 for antibody dilutions and appendix 2, section 10.2.2 for specific antibody
details). Following primary antibody incubation slides were washed 3 times in TBS-T for 5
minutes each. Sections were then incubated in 0.5% hydrogen peroxide in distilled water for
10 minutes at room temperature in a dark humidified chamber. Slides were washed 3 times
in TBS-T for 5 minutes each. Sections were incubated in secondary HRP conjugated
antibody 1-2 drops to each section for 30 minutes at room temperature in a humidified
chamber. Secondary antibodies used are polymerised reporter antibody staining systems

76



specific for the primary antibody host, namely SignalStain® boost IHC detection reagent
HRP anti-rabbit (Cell signalling, Danvers, MA, USA) and ImmPRESS HRP anti-goat
polymer detection system (MP7405, Vector Laboratories, Burlingame, CA, USA)

2.13.5 Staining

Slides were washed 3 times in TBS-T for 5 minutes each. DAB chromogen 50x concentrate
(SC-24982, Santa Cruz, Dallas, Texas, USA) was diluted 1:50 with 0.1 M Tris HCI/0.015
% H20.. Each section was incubated with 80-100 pl of DAB chromogen/peroxidase

substrate for 5 minutes.

Immunohistochemistry performed later in the research, for AQP3 only, utilised a different
DAB chromogen (Signalstain® DAB chromogen kit, #8059, Cell signalling, Danvers, MA,
USA) following a change of primary antibody (detailed in Chapter 5 section 5.2.2). The
DAB substrate was made up as per the manufacturer’s instructions and 80-100 ul added to

each section for 5 minutes.

Following using either DAB substrate, sections were washed in ultrapure water for 5
minutes. Counter staining in Gill’s #3 Haematoxylin solution (GHS316, Sigma-Aldrich, St-
Louis, MO, USA) for 10 seconds was performed followed by washing with several changes

of distilled water.
2.13.6 Dehydration and mounting

Slides were incubated in 95% ethanol for 10 seconds twice, then 100% ethanol for 10
seconds twice and finally Histo-Clear (HS-200, National diagnostics, Hessle, UK) for 10
seconds thrice. Excess Histo-Clear was wiped from slides and 1-2 drops of DPX mountant
(44581, Sigma-Aldrich, St-Louis, MO, USA) immediately added to sections and covered
with a glass coverslip (1233-3138, Fisher Scientific, Loughborough, UK).

2.14 Masson’s Trichrome Stain
2.14.1 Deparaffinisation/hydration

Slides were incubated in 3 washes of Histo-Clear (HS-200, National diagnostics, Hessle,
UK) for 5 minutes each, then 2 washes in 100% ethanol for 10 minutes each, and finally 2
washes in 95% ethanol for 10 minutes each. Sections were then washed twice in ultrapure
water for 5 minutes each.
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2.14.2 Staining

Slides were placed in pre-heated Bouin’s solution (HT10132-1L, Sigma-Aldrich, St-Louis,
MO, USA) and maintained at 56°C in a water bath for 15 minutes. The slides were
subsequently cooled and washed in running in tap water to eradicate the yellow colouration
from the sections. Sections were then incubated with working Weigert’s Iron Haematoxylin
solution (RRSP72-D and RRSP73-E, Atom Scientific, Manchetser, UK), made up of equal
volumes of Solution A and B, for 10 minutes at room temperature. This was followed by a
wash in running tap water for 10 mins then an ultrapure water rinse. The remainder of the
staining was accomplished using a Masson’s Trichrome Stain Kit used at room temperature
(HT15-1KT, Sigma-Aldrich, St-Louis, MO, USA). Briefly, sections were incubated in
Biebrich Scarlet-Acid Fucshin for 10 minutes followed by a rinse in ultrapure water and then
immersion in working Phosphotungstic/Phosphomolybdic Acid Solution for 15 minutes.
Slides were transferred into Aniline Blue Solution for 10 minutes and then 1% Acetic Acid

for 2 minutes. Finally, sections were washed in ultrapure water.
2.14.3 Dehydration and mounting

Slides were incubated in 95% ethanol for 10 seconds twice, then 100% ethanol for 10
seconds twice and finally Histo-Clear (HS-200, National diagnostics, Hessle, UK) for 10
seconds thrice. Excess Histo-Clear was wiped from slides and 1-2 drops of DPX mountant
(44581, Sigma-Aldrich, St-Louis, MO, USA) immediately added to sections and covered
with a glass coverslip (1233-3138, Fisher Scientific, Loughborough, UK).

2.15 Periodic Acid Schiff Stain

2.15.1 Deparaffinisation/hydration

Slides were incubated in 3 washes of Histo-Clear (HS-200, National diagnostics, Hessle,
UK) for 5 minutes each, then 2 washes in 100% ethanol for 10 minutes each, and finally 2
washes in 95% ethanol for 10 minutes each. Sections were then washed twice in ultrapure

water for 5 minutes each.
2.15.2 Staining

Staining was performed at room temperature using a Periodic Acid Schiff Kit as per the
manufacturer’s instructions (395B-1KT, Sigma-Aldrich, St-Louis, MO, USA). Briefly,
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sections were incubated in Periodic Acid Solution for 5 minutes then rinsed in several
changes of ultrapure water. Sections were then incubated in Schiff reagent for 15 minutes
followed by a rinse in running distilled water. Sections were counterstained in Gill’s #3
Haematoxylin solution (GHS316, Sigma-Aldrich, St-Louis, MO, USA) and then rinsed in

running distilled water for 5 minutes.
2.15.3 Dehydration and mounting

Slides were incubated in 95% ethanol for 10 seconds twice, then 100% ethanol for 10
seconds twice and finally Histo-Clear (HS-200, National diagnostics, Hessle, UK) for 10
seconds thrice. Excess Histo-Clear was wiped from slides and 1-2 drops of DPX mountant
(44581, Sigma-Aldrich, St-Louis, MO, USA) immediately added to sections and covered
with a glass coverslip (1233-3138, Fisher Scientific, Loughborough, UK).

2.16 Microscopy
2.16.1 Light microscopy

Imaging of immunohistochemistry sections was performed using a Leica DM IRB
microscope and Leica IM50 (V1.20) software. Analysis of staining was performed using

Image J software.

2.16.1.1 Counting of glomeruli

The number of glomeruli per field of view was established using axial kidney sections
stained with Masson’s trichrome. Glomeruli were counted from at least seven independent
20 x magnification images of an axial kidney section and the mean value calculated for each

animal.

2.16.1.2 Quantification of renal fibrosis

Axial kidney sections stained with Masson’s trichrome were used to undertake relative
quantification of interstitial collagen deposition. Images were taken at 20 x magnification
and at least 7 independent fields of view for each of the cortex and medulla were used for
assessment of fibrosis. Using image J software a grid (50 pum? each square) was
superimposed over each field of view and the number of points at which the blue stained

collagenous fibrotic tissue intersected the grid were counted.