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ABSTRACT

The precise roles of renal hypoxia in the initiation and progression of chronic kidney disease
(CKD) remain a matter of controversy. In the experiments described in this thesis | investigated
this issue by deploying a suite of methods for assessing renal oxygenation and its determinants.
For example, in adenine-induced CKD (Ad-CKD), radiotelemetry was used to assess renal tissue
oxygen tension (PO) in unanesthetized rats (Chapter 4). Furthermore, in anesthetized rats, renal
tissue PO> was measured by Clark electrode while renal oxygen delivery and renal oxygen
consumption were determined through measurement of total renal blood flow and arterial and renal
venous blood oxygen content (Chapter 4). Cellular hypoxia in Ad-CKD was assessed with
pimonidazole adduct immunohistochemistry (Chapters 2 & 3) and analysis of the tissue expression
of hypoxia inducible factors (Chapter 4). To investigate the potential role of glomerular
hyperfiltration in the development of renal hypoxia in the early stages of diabetes, | used the
transcutaneous measurement of fluorescein isothiocyanate (FITC)-sinistrin clearance to measure
glomerular filtration rate (GFR) in conscious rats (Chapter 5). Finally, | performed pilot studies in
an attempt to generate a method for quantification of the spatial relationships between peritubular
capillaries and renal tubules, so as to improve the structural basis of computational models of renal

oXygen transport.

In Chapter 1 of this thesis I provide the rationale for my choice of experimental models of CKD
and of methods for assessing renal oxygenation and its determinants. All of these methods have
strengths and limitations. However, their use in combination overcomes many of these limitations.
| also provide the specific rationale for each of the experimental studies described in Chapters 2-
6.

In the experiments described in Chapter 2 of this thesis | used pimonidazole adduct
immunohistochemistry to demonstrate the presence of cellular hypoxia in the kidneys of rats fed
adenine by gavage for a two-week period. Adenine-feeding induced CKD which was already well
advanced after the two-week treatment period. In the course of these studies I identified the
presence of false positive staining for pimonidazole in damaged renal tissue with the use of the
standard monoclonal mouse anti-pimonidazole antibody. In the experiments described in Chapter
3 of this thesis | showed that this false-positive staining could be avoided by use of an anti-
pimonidazole antibody raised in rabbits. These studies confirmed the presence of renal cellular

hypoxia after two weeks of adenine feeding. To determine whether renal tissue hypoxia is an early



event in Ad-CKD, in the experiments described in Chapter 4, | assessed renal tissue PO, either by
using Clark electrode or radio-telemetry technique, during the first 7 days of adenine treatment.
Cortical tissue PO, was comparable, between adenine-treated and vehicle-treated rats, as assessed
either by Clark electrode in anesthetized rats at the end of a 7 day treatment period or by
radiotelemetry in unanesthetized rats across the course of the 7 day treatment period. | found
relatively stable medullary tissue PO2 measured by radio-telemetry across a 7 day treatment period
in unanesthetized adenine-treated rats. In contrast, under anesthesia medullary tissue PO2 was 44%
less in adenine-treated rats than in vehicle-treated rats. Our observations in rats instrumented with
radio-telemeters indicate that the apparent medullary hypoxia in anesthetized adenine-treated rats
could be an artefact due to differential effects of anesthesia and laparotomy in adenine-treated
compared with vehicle-treated rats. This conclusion was also supported by measurement of
hypoxia inducible factor-1a protein expression, which was downregulated throughout the kidney
in adenine-treated rats. The relative preservation of renal tissue PO2 within the first 7 days of
adenine treatment may be due to the fact that the deficit in renal oxygen consumption (65%)
matched the deficit in renal oxygen delivery (51%). Renal dysfunction and damage was already
present by day 7 of adenine treatment, as shown by decreased GFR (65%) and the presence of
interstitial fibrosis in the kidneys of adenine-treated rats. Thus, | conclude that renal tissue hypoxia
might not be an early characteristic of Ad-CKD so may not be a primary driver of pathology in

this model.

In diabetes, glomerular hyperfiltration has been proposed as an important mechanism driving the
development of renal tissue hypoxia. Therefore, in the experiments described in Chapter 5 of this
thesis | measured GFR, by measuring the clearance of FITC-sinistrin using a transcutaneous-based
technique, across the first 4 weeks of streptozotocin (STZ)-induced diabetes in rats. There were
statistically significant positive relationships between blood glucose concentration and GFR on
day 14 and day 28 after induction of diabetes, as well as a strong tendency for a relationship 3 days
after induction of diabetes. Importantly, | could not detect significant alouminuria or interstitial
fibrosis 4 weeks after induction of diabetes. Thus, I conclude that hyperfiltration is an early and
persistent characteristic of STZ-induced diabetes in rats that may contribute to the development of

renal tissue hypoxia.

Computational models have helped us understand the factors that render the kidney susceptible to
hypoxia. Currently available models of oxygen transport in the kidney do not adequately capture

the transport of oxygen between peritubular capillaries and tubules. Therefore, in the studies



described in Chapter 6 of this thesis | performed a preliminary experiment to develop a method for
characterizing the spatial relationships between renal peritubular capillaries and tubules. | was able
to visualize peritubular capillaries by filling the renal vasculature with a gelatin solution in which
FITC-labeled albumin was suspended. The tissue was then optically cleared and imaged by
confocal microscopy, with z-stacked being used to generate a 3-dimensional reconstruction of the
renal cortical vascular network. I also attempted to label tubules with a pan cytokeratin antibody
conjugated with Alexa Fluor 647, but this was not successful. However, | was able to visualize
tubules to some extent simply through their autofluorescence. Nevertheless, considerable further
development is required before we can reconstruct the 3-dimensional relationships between

peritubular capillaries and renal tubules.

Finally, in Chapter 7 of this thesis | provide an overview of the major findings and the conclusions
| draw from them, and identify the remaining critical questions that merit investigation.
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Introduction

INTRODUCTION

1.1 CHRONIC KIDNEY DISEASE

Chronic kidney disease (CKD) has emerged as a major global challenge and economic burden to
public health care (69, 165). Current estimates indicate that approximately 11% to 13% of the total
population worldwide is affected by CKD (69). In 2002, an operational definition of CKD was
proposed by the Kidney Disease Outcomes Quality Initiative (KDOQI) (110). According to their
definition, CKD is characterized by the presence of kidney damage for at least 3 months. Specifically,
either: (i) the presence of pathological abnormalities in the kidney such as the presence of cysts in
polycystic kidney disease, (ii) the presence of markers of kidney damage such as proteinuria or
abnormalities identified through imaging procedures, or (iii) decreased renal function as indicated by
glomerular filtration rate (GFR) less than 60 ml/min/1.73 m? with or without any sign of other kidney
damage (110, 165).

Based on estimated GFR (eGFR) the KDOQI guidelines also proposed a 5-stage system for
classification of CKD (Table 1) (110). The eGFR cut-off progressively decreases across CKD stages
1to 5 (Table 1.1). Individuals with either CKD stages 1 or 2 exhibit the presence of markers of kidney
damage but differ in absence (stage 1) or presence (stage 2) of mildly reduced GFR. Stages 3 to 5 are

characterized based on the level of eGFR.

Several risk factors are associated with the initiation and progression of CKD (102). Among them,
diabetes mellitus is a major risk factor for the development and progression of CKD (171). Other
factors that appear to contribute to the initiation and progression of CKD include: glomerular, vascular
and tubulointerstitial damage (79, 146, 150), polycystic kidney disease, hypertension, lupus
erythematous and renal obstruction from stones (33, 167).
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Table 1.1 Classification of CKD as proposed by the Kidney Disease Outcomes Quality Initiative
Guidelines (110).

CKD stage eGFR (ml/min/1.73 m?) Description

1 >90 Kidney damage with normal or increased
GFR

2 60 - 89 Kidney damage with mild decrease in GFR

3 30-59 Moderate decrease in GFR

4 15-29 Severe decrease in GFR

5 <15 Kidney failure

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate

The pathophysiology of CKD is complex and differs according to the primary cause of CKD. After
acute or chronic insults to the kidney many signaling pathways are activated, which initiate either
glomerular or tubulointerstitial injury (23, 24, 31, 98). However, in 1998 Fine and colleagues proposed
a unifying hypothesis, ‘the chronic hypoxia hypothesis’ (49), as a common final pathogenic pathway
that leads to progression of CKD.

1.2 THE CHRONIC HYPOXIA HYPOTHESIS

According to the chronic hypoxia hypothesis proposed by Fine et al, initial glomerular injury causes
decreased renal blood flow and oxygen delivery (DO2) from peritubular capillaries (PTCs) thereby
resulting in decreased renal tissue oxygen tension (PO2) (49). This regional hypoxia activates various
signaling pathways that promote tubulointerstitial fibrosis. Simultaneously, the remaining glomeruli
maintain normal whole kidney GFR through increased single nephron GFR, in part through increased
glomerular capillary pressure, which in turn increases damage to the glomerulus and capillary
networks and promotes further development of fibrosis. Rarefaction of PTC can lead to
tubulointerstitial hypoxia and accelerates the progression of CKD (Figure 1.1) (48, 49).
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Figure 1.1 The chronic hypoxia hypothesis. Primary glomerular injury alters post-glomerular
hemodynamics and restricts peritubular blood flow. Reduced peritubular blood flow leads to a hypoxic
state. This hypoxic milieu further activates various downstream signaling pathways, which
subsequently induces the development of interstitial fibrosis. This increased interstitial fibrosis, in
turn, further exacerbates and accelerates renal injury and initiates a vicious cycle of hypoxia and injury,

ultimately leading to organ failure.

A number of lines of evidence demonstrate the association of glomerular injury with obliteration of
PTCs in experimental models of CKD (13, 21, 120). For example, Ohashi et al characterized the
features of disruption of PTCs in anti-glomerular basement membrane-induced glomerulonephritis in
rats. In their model, primary glomerular injury was associated with obliteration of glomerular
capillaries and thus the downstream peritubular microcirculation (120). Similar observations were
reported by Basile and colleagues in a rat model of ischemia/reperfusion injury (13). They utilized
Microfil® infusion into rat kidneys 4, 8 and 40 weeks after ischemia/reperfusion injury. They found
depletion of PTC density by 30 to 50% in the outer medulla. This study also provided evidence that
tubulointerstitial fibrosis gradually exacerbates and induces the loss of PTCs and subsequently
promotes renal dysfunction (13). Furthermore, in a study by Manotham and colleagues, inappropriate
activation of the intrarenal renin-angiotensin system (RAS) was reported to contribute to reduced
microcirculation in PTCs of the early phase of the rat remnant kidney model of CKD (98). This
decreased downstream microcirculation may further contribute to the development of hypoxia.

There are multiple lines of experimental evidence in support of the chronic hypoxia hypothesis (49,

59, 98, 100, 197). But none of this experimental evidence demonstrates a direct causal relationship
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between hypoxia and nephropathy (45). As we have recently reviewed in detail (127), at least six lines

of evidence are required to confirm or reject this chronic hypoxia hypothesis (46, 127). These are:
1) CKD should always be associated with renal tissue hypoxia.

2) Renal tissue hypoxia should stimulate signaling cascades like inflammation, fibrosis, and capillary

rarefaction to accelerate disease progression.

3) Hypoxia per se should be able to induce renal tissue injury in the absence of other contributing

factors.

4) The initiation and progression of CKD should be prevented by preventing renal hypoxia.
5) Hypoxia should occur before the development of renal dysfunction.

6) Both renal tissue hypoxia and injury should be found in close vicinity.

A brief discussion on the current status of these lines of evidence is provided below. A more detailed
analysis of these issues is provided in our recent review of this topic (127), which is reproduced in

Appendix 1.

1) CKD should always be associated with renal tissue hypoxia

Experimental evidence demonstrates the presence of renal tissue hypoxia in multiple forms of CKD,
including diabetic nephropathy (DN) (54, 131, 148, 149), the remnant kidney model (98), polycystic
kidney disease (PKD) (33, 125) and CKD after recovery from ischemia/reperfusion injury (132).
Rosenberger and colleagues reported development of regional hypoxia (outer medulla) in early stage
of experimental type 1 diabetes (149). Renal tissue PO, was found to be decreased throughout the
renal parenchyma, and most profoundly in the medullary region 4 weeks after induction of type 1
diabetes by streptozotocin (STZ) in rats (130). Pimonidazole adduct immunohistochemistry
demonstrated the presence of cellular hypoxia in a rat model of PKD, in association with progressive
renal injury (33). A clinical study by Manotham et al demonstrated significant lower intra-renal
oxygenation in patients with diabetic CKD compared to the kidneys of healthy controls (96). The
above studies clearly implicate hypoxia as a potential pathogenic factor in the progression of CKD.

How might this hypoxia contribute to the progression of CKD?
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2) Renal tissue hypoxia should stimulate signaling cascades like inflammation, fibrosis and

capillary rarefaction to accelerate disease progression.
Chronic tissue hypoxia stabilizes hypoxic inducible factors (HIFs), transcription factors through which
hypoxia stimulates downstream signaling pathways, which could potentially promote or retard
progression of CKD (64). For example, under hypoxic conditions the stabilization of HIFs induce
angiogenesis (64), erythropoiesis and iron metabolism (64), epithelial-to-mesenchymal transition and
fibrogenesis (65, 97), increased apoptosis of proximal tubular cells (174), increased inflammatory
responses via immature dendritic cell differentiation (143), and generation of reactive oxygen species
(157).

A study by Manotham and colleagues demonstrated that hypoxia induces epithelial-to-mesenchymal
trans-differentiation of tubular cells in vitro (97). Similar phenotypic changes in renal tubular cells
have been found in many experimental models of CKD (1, 111). These phenotypic changes in the
tubulointerstitium might disturb the homeostasis of extracellular matrix (ECM) production and
subsequently increase the formation of interstitial fibrosis. Furthermore, this increased fibrosis may

impede tissue oxygen diffusion and augment hypoxia.

Proximal tubular cells of the kidney are particularly susceptible to hypoxia due to their considerable
demand for oxygen to drive sodium reabsorption (85). In turn, hypoxia increases apoptotic cell death
of proximal epithelial cells (174). Thus, development of hypoxia may play a crucial role in the

progression of interstitial injury.

3) Hypoxia per se should be able to induce renal tissue injury in the absence of other contributing
factors.
Recent experimental evidence reported by Friedrich-Persson and colleagues supports the hypothesis
that hypoxia itself leads to development of nephropathy, even in the absence of other insults like
hyperglycemia, hypertension or oxidative stress (59). In their landmark study, 2,4-dinitrophenol, a
mitochondrial uncoupler, was administered for 30 consecutive days to normoglycemic rats. This
treatment increased mitochondrial oxygen consumption resulting in renal tissue hypoxia followed by
nephropathy. Renal tissue hypoxia in these rats was associated with increased urinary protein
excretion, increased renal vimentin expression and infiltration of inflammatory cells. On the other

hand, arterial blood pressure, renal blood flow, renal markers of oxidative stress and GFR remained
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unaffected in 2,4-dinitrophenol-treated rats (59). A similar observation was also reported when
triiodothyronine, a thyroid hormone, was administered to normoglycemic rats for 10 days (58). These
studies demonstrate that renal tissue hypoxia itself can act as an important pathogenic mediator of
development of nephropathy.

4) The initiation and progression of CKD should be prevented by preventing renal hypoxia.

Experimental evidence (98, 116) indicate that activation of the RAS in the early stages of kidney
disease also contributes to development of renal tissue hypoxia and thereby contributes to the
progression of CKD. An angiotensin receptor antagonist (ARB) attenuated hypoxia in tubular cells
and preserved PTCs network structure in the remnant kidney model of CKD (98). The findings of this
study also demonstrate this therapeutic approach decreased hypoxia-responsive gene expression in the
treated animals, suggesting a role of activation of the RAS in tubulointerstitial hypoxia (98). Both an
ARB and an angiotensin converting enzyme (ACE) inhibitor were reported to raise tissue PO2 in the
interstitial microvascular compartment of the rat kidney (116). These agents have also been shown to
slow the progression of CKD (91, 151). Taken together, these results suggest that activation of the
RAS alters the tubulointerstitial microvascular circulation and consequently drives the development

of hypoxia.

Administration of drugs targeting oxidative stress could not alleviate hypoxia completely in
experimental models of CKD (130, 132). Hyperglycemia induces formation of reactive oxygen
species, which directly affect mitochondrial oxygen utilization (59, 129). Palm et al treated diabetic
rats with a-tocopherol across a 4-week period. The treatment was shown to prevent diabetes-induced
oxidative stress and the associated decrease in tissue PO in the renal medulla, but could not prevent
decreased cortical PO> completely (130). Papazova and colleagues (132) found that renal
transplantation in rats was accompanied by increased renal oxygen consumption (VOz), decreased
renal tissue PO> and increased renal oxidative stress. However, treatment with an antioxidant (mito-
TEMPO) targeting mitochondrial superoxide production after renal transplantation, normalized
oxidative stress but did not improve whole kidney oxygen consumption or renal tissue PO2. These
findings indicate that currently available treatments with antioxidants are not able to prevent renal
hypoxia and thereby progression of CKD completely. Thus, there is an urgent need to better
understand the causal relationship between hypoxia and nephropathy, through development of new

therapies to alleviate renal hypoxia.

27
Chapter 1


http://europepmc.org/abstract/med/12845221/?whatizit_url_Species=http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=10116&lvl=0

Introduction

5) Hypoxia should occur before the development of renal dysfunction

An experimental study by Manotham and colleagues (98) demonstrated renal tubular hypoxia in the
early stage of the remnant kidney model of CKD, before any histological tubulointerstitial damage
could be observed. This was evinced by the presence of positive staining for pimonidazole adducts
and expression of HIF-1a, and by increased transcription of hypoxia responsive genes (98). Similarly,
Matsumoto et al provided evidence of tubular hypoxia in the early stage of a model of a rat
glomerulonephritis (100). The overall structure of the renal tubules remained normal during the
evolution of renal hypoxia. However, this study could not demonstrate the precise time-point of the
initiation of hypoxia or a causal relationship between hypoxia and disease progression in these
experimental models of CKD. Recently, Franzen et al demonstrated cortical tissue hypoxia 3 days
after induction of type 1 diabetes in mice (54). They implanted an oxygen-sensing probe in the renal
cortex for repeated measurement of tissue PO> using electron paramagnetic resonance oximetry. In
this study, intrarenal tissue hypoxia developed before the onset of DN and was sustained until the end
of the study, 2 weeks after administration of STZ (54). However, the tissue PO, was measured in
anesthetized mice in this study (54), so a potentially confounding effect of anesthesia could not be
excluded. To address this gap in our knowledge, in the experiments described in Chapter 4 of this
thesis, | used a newly developed telemetric method for measurement of renal tissue oxygenation in
unanesthetized rats, to characterize the time-course of changes in renal oxygenation in adenine-
induced CKD (Ad-CKD).

Diabetes is associated with glomerular hyperfiltration (18, 181, 189). Approximately 80% of VO; is
utilized to drive tubular sodium reabsorption (43). Thus, hyperfiltration would be expected to promote
renal hypoxia by increasing the filtered load of sodium. Most evidence suggests that hyperfiltration is
an early and sustained event in diabetes. However, much of this evidence comes from studies of
anesthetized animals (73, 162, 189). In those studies in which GFR has been measured in conscious
rats, using the newly developed method of transcutaneous measurement of clearance of fluorescein
isothiocyanate (FITC)-sinistrin (57, 161, 170), a variety of mathematically derived models have been
applied to analysis of the data. In the studies described in Chapter 5 of this thesis | attempted to clarify
the potential for hyperfiltration to contribute to the early appearance of renal hypoxia in diabetes. To

achieve this aim | measured GFR, using FITC-sinistrin, during the first four weeks of STZ-induced
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diabetes in rats. | compared available mathematical models for analysis of these data to determine

whether the choice of model could influence the conclusions drawn.

6) Both renal tissue hypoxia and injury should be found in close vicinity

This important question has received remarkably little attention. Therefore, in the experimental studies
described in Chapters 2 and 3 of this thesis, I investigated the spatial relationships between hypoxia
and tissue fibrosis in Ad-CKD using a combination of pimonidazole adduct immunohistochemistry
and histochemical analysis of fibrosis.

One of the barriers to understanding the roles of fibrosis and microvascular rarefaction in the
development of renal hypoxia in CKD is our relatively poor understanding of the biophysical basis of
oxygen delivery to renal tissue in CKD. In an attempt to better understand this issue, our research
group has recently developed a series of mathematical models of oxygen transport in the kidney (61,
62, 81, 88-90, 113). The major missing factor in these models is precise information about the
geometry of vascular-tubular interactions within the cortex and medulla. Therefore, in the experiments
described in Chapter 6 of this thesis, | performed preliminary studies aimed towards development of
high resolution imaging of the spatial relationships between capillaries and tubules in renal tissue.

Summary: The balance of available evidence supports the presence of hypoxia in CKD and its
association with the progression of disease. However, whether hypoxia is a cause or consequence of
renal injury has still not been determined. None of the studies discussed above precisely demonstrate
the time-course of development of hypoxia (temporal) and its association (spatial) with progression of
CKD (45, 127). There is, therefore, a need for more definitive evidence to allow us to accept or refute

the chronic hypoxia hypothesis.

In the studies described in this thesis, | investigated the temporal relationships between hypoxia and
its causes and the progression of CKD (Chapters 2-5). | also investigated the spatial relationship
between tissue hypoxia and fibrosis (Chapters 2-3). Finally, | performed preliminary studies with the
aim of developing a new approach to characterizing the spatial relationships between PTCs and
tubules, which could be applied to generation of structural information for computational models of
oxygen delivery to renal tissue. | employed two models of CKD; Ad-CKD and DN. Below, I provide

a brief description of the pathophysiology of these experimental models and their relevance to the
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overall aims of my project. I also outline the methods | have used to assess renal oxygenation and its

determinants.
1.3 ADENINE-INDUCED CKD

Adenine: Adenine is a purine that is incorporated into nucleic acids (DNA and RNA). In DNA it binds
to thymine by two hydrogen bonds that stabilize the structure of DNA (196). In addition, its derivatives
have a variety of roles to modulate energy metabolism, in signal transduction, and as structural
components of some co-enzymes (i.e. nicotinamide adenine dinucleotide and flavin adenine
dinucleotide (95).

Adenine metabolism: In mammalian tissue, adenine is synthesized by purine metabolism. Under
normal physiological conditions, adenine is converted to adenylate monophosphate by adenine
phosphoribosyl transferase (APRT), thus resulting in low concentrations of adenine in blood and urine
(36, 39). However, deficiency of APRT can occur in the human population as an autosomal recessive
trait, which is characterized by the presence of kidney stones, crystalluria, dysuria and urinary tract
infections (80, 109, 152). Besides this, if adenine is present in excess in mammalian tissue due to
deficiency of APRT or consumption of purine-rich foods, it becomes a significant substrate for
xanthine dehydrogenase, which further oxidizes adenine to 2,8-dihydroxyadenine (DHA) via the
intermediate 8-hydroxyadenine (200). Both adenine and DHA are excreted in urine. But due to very

low solubility, the DHA can precipitate and obstruct renal tubules, resulting in kidney disease (22, 36).

Prevalence of adenine-induced chronic kidney disease: The prevalence of Ad-CKD is largely
unknown. The majority of patients with Ad-CKD remain undiagnosed due to a lack of knowledge
related to the pathogenesis of the disease and inadequate evaluation of kidney stones from patients
(37). However, the calculated heterozygote frequency in various populations ranges from 0.4 to 1.2%

(68, 153) with the majority of cases reported from Japan, France and Iceland (37, 152).

Characteristics of Ad-CKD: Both clinical and experimental evidence demonstrate the presence of
increased plasma urea (101) and creatinine concentration (154) as well as proteinuria (53, 154) in Ad-
CKD due to altered kidney function. Furthermore, hematoxylin and eosin-stained histological kidney
sections exhibit deposition of DHA crystals in tubular and interstitial regions of both human and
animal kidneys (53, 80, 154). Ad-CKD is also characterized by the presence of interstitial fibrosis (53,
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80, 101, 109), extensive tubular dilatation (39), degeneration of the proximal tubular epithelium with
loss of the brush border (80, 154) and inflammatory cell infiltration (154).

Ad-CKD is categorized as a tubular crystal nephropathy (106). Deficiency of the APRT enzyme results
in an insoluble crystal (DHA) precipitate in the renal tubules that obstructs tubular flow and initiates
injury (80, 109, 200). Santana et al demonstrated that glomeruli remain intact in kidneys of mice after
6 weeks of adenine treatment (154), whereas tubular deposition of crystals in these mice is
accompanied by tubular dilatation and marked renal interstitial fibrosis (34, 101, 154). Thus, like most
other forms of CKD, Ad-CKD exhibits tubulointerstitial fibrosis (53, 101, 154). In the case of Ad-
CKD, tubulointerstitial fibrosis develops in the early stages of disease progression (53, 101, 121, 154).

Renal interstitial fibrosis and renal hypoxia: The early presence of tubulointerstitial fibrosis in Ad-
CKD makes this an excellent model to assess the temporal relationships between renal tissue hypoxia
and the progression of CKD. Therefore, in the studies described in Chapters 2, 3 and 4 of this thesis,
| applied multiple methods for assessing renal tissue oxygenation and its determinants (e.g. DOz and
VO) in this model. Below, | provide brief descriptions of these methods with commentary on their

strengths and limitations.
1.4. METHODS FOR ASSESSING RENAL OXYGENATION

Experimental evidence demonstrates an association between renal hypoxia and the pathogenesis of
multiple forms of CKD (58, 115, 125). However, due in part to limitations in available methods for
characterizing renal oxygenation with high temporal and spatial resolution, the chronic hypoxia
hypothesis has still not been fully tested. The combination of multiple techniques, each with varying
spatial and temporal resolution, could potentially overcome these limitations and allow better
characterization of renal tissue oxygenation in experimental models of CKD. These techniques are

briefly described below and are described in more detail in Chapters 2- 4 of this thesis.

1) Pimonidazole adduct immunohistochemistry

Pimonidazole adduct immunohistochemistry (98) has been used to characterize the cellular
localization of hypoxia in multiple forms of CKD (53, 149). Pimonidazole is irreversibly reduced to a
hydroxylamine intermediate (6, 7) in cells with oxygen tension less than 10 mmHg. The

hydroxylamine intermediate binds to thiol containing compounds such as glutathione and proteins and
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forms pimonidazole adducts in tissues. These adducts can be detected by immunohistochemistry
(149). Thus, it is a marker of cellular hypoxia (6), providing excellent spatial resolution. However, it
does not provide direct quantification of renal tissue hypoxia. The chromogen 3-diaminobenzidine,
used to visualize pimonidazole adducts, does not follow the Beer-Lambert law (191). As a result, the
concentration of pimonidazole adducts is not directly proportional to the intensity of staining. In
addition, the method can only be used at discrete single time points. | used pimonidazole adduct
immunohistochemistry for cellular localization of hypoxia (spatial distribution) in Ad-CKD (Chapters
2 and 3).

2) The Clark electrode and blood oximetry:

Clark electrode: The Clark electrode measures POz in tissues based on an oxidation-reduction reaction
(14, 71, 194). It consists of two units: i) three electrodes, namely an Oz-sensitive cathode (platinum),
a reference electrode (silver anode), and a guard cathode (silver), and ii) a voltage source (93). At the
anode, silver is oxidized to silver chloride (4CI" + 4Ag — 4AgCl + 4¢) and at the cathode an oxygen
molecule is reduced to water (O2 + 4e”+ 4H" — 2H>0). The more oxygen available for the reaction,
the greater the flow of electrons in the system (i.e. a higher current) (71). Thus, the Clark electrode
uses amperometry to determine PO». The electrode compartment is insulated from the reaction

compartment (solution, tissue) by an oxygen-permeable but liquid impermeable membrane (93, 194).

The Clark electrode can be used to determine renal tissue PO2 at various depths below the kidney
surface, so can provide some degree of spatial resolution of renal tissue PO (14). In 1960, Aukland
and Krog determined renal tissue POz in anesthetized dogs by stepwise insertion of micro electrodes
from the renal surface to a depth of 7 mm below the renal capsule (8). For the first time, they
demonstrated that medullary tissue PO- is less than cortical tissue PO>. This observation has since been
confirmed in the kidneys of dogs (14) and rats (93). In 1997, Liss and colleagues introduced a modified
Clark electrode with an outer tip diameter of 5.5 +1.9 um and measured renal tissue PO> in the cortex
(average 45+2 mmHg), outer medulla (32 £2 mmHg) and in the inner medulla (average 252 mmHg)
of rats (93). The important observation from the above studies is that Clark-type micro electrodes
could provide quantitative information about renal tissue PO, and some level of spatial resolution.
However, this method provides no information about the determinants of renal oxygenation, especially
the balance between DO, and VO..
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Blood oximetry: Renal DO is the product of renal blood flow and arterial blood oxygen concentration
(2). Renal Oz is the product of renal blood flow and the difference in oxygen concentration between
arterial and renal venous blood (2). This information can thus be obtained through measurement of the
oxygen content of arterial and renal venous blood combined with measurement of total renal blood
flow. Furthermore, the major determinant of renal VO, tubular sodium reabsorption, can be

determined by quantification of the renal clearance of inulin (a measure of GFR) and sodium.

The application of the Clark electrode for measurement of renal tissue PO has several limitations: i)
It is highly invasive and requires removal of a portion of the renal capsule for electrode insertion. This
prevents its application in humans as well as for repeated within-animal measurements (limited
temporal resolution). ii) Renal tissue POz is measured under anesthesia. Thus the observations made
by Clark electrode may be confounded by the effect of anesthesia, and iii) the electrodes are fragile
and subject to some baseline drift. Consequently, technical skill is required to handle the electrode
during experiments and for accurate measurement of tissue PO,. Despite these disadvantages, the
Clark electrode can provide a quantitative profile of tissue PO> at multiple sites (i.e. with some spatial
resolution) throughout the kidney at multiple time-points. Therefore, | applied the Clark electrode in
combination with blood oximetry to characterize renal oxygenation in Ad-CKD (Chapter 4).

3) The oxygen telemeter

Recently, Koeners et al developed a radio-telemeter based oxygen sensor for continuous monitoring
of renal tissue PO in freely moving rats (83). After implantation of the telemeter in the rat kidney they
were able to record stable levels of medullary tissue PO> over a 3 week experimental protocol (83).
Emans and colleagues implanted radio-telemeters in the renal cortex of rats and reported stable
recording of cortical tissue PO> for 3 weeks under conscious state (38). They were also able to detect
renal tissue hypoxia during acute infusion of angiotensin Il and activation of the endogenous RAS.
More recently, Ow and colleagues used this technique to demonstrate the absence of renal tissue
hypoxia during the sub-acute phase of recovery from ischemia/reperfusion injury (126). Adamovich
et al were able to use this technique to demonstrate circadian rhythms in renal cortical oxygenation in
freely moving rats (3). Thus, this technique provides an opportunity for continuous measurement of
renal tissue POy, with high temporal resolution, for periods of weeks in animals in their natural
condition. However, this technique is also not without limitations. Most importantly, renal tissue PO>

can be measured only in relative terms and at only one site of the kidney.

33
Chapter 1



Introduction

The functional radio-telemeter consists of two separate units: i) a three electrode system and ii) the
probe body (84). The three electrodes required for measurement of tissue PO2 are an oxygen sensing
carbon paste electrode, a reference electrode, and an auxiliary electrode. The probe body contains a
battery unit and a potentiostat circuit which maintains a -650 mV potential on the carbon paste
electrode to the reference electrode (83). The potential difference resulting from reduction of oxygen
in the tip of the carbon paste is measured and transmitted wirelessly to a remote receiving station (83).
In the studies described in Chapter 4 of this thesis, I utilized this method to characterize renal tissue
oxygenation during the first week of Ad-CKD. Details regarding the construction and implantation of

the telemeter are provided in Chapter 4.
1.5 DIABETIC NEPHROPATHY

DN is the most common cause of CKD and end-stage renal disease (ESRD) globally (92). It is
characterized by persistent albuminuria (ratio of albumin to creatinine excretion > 30 mg/g), the
presence of glomerular lesions, and impaired GFR (< 60 ml/min/1.73 m?) (92, 144). The prevalence
of diabetes and DN is increasing at an alarming rate (63). Globally, the prevalence of diabetes is
expected to grow from 382 million people in 2013 to 592 million by 2035 (63). It has been estimated
that approximately 20% to 40% of diabetic patients developed DN (133).

1.5.1 Diabetic nephropathy and renal hypoxia

Numerous studies have been carried out to determine the time-course and causes of renal hypoxia in
diabetes and its role in the pathogenesis of DN (115, 130, 148, 149). Palm et al and Nordquist et al
showed the development of renal hypoxia throughout the renal parenchyma of diabetic rats as early as
4 weeks after induction of diabetes (115, 130). Renal VO, was markedly increased in diabetic rats
(115, 130). More recently, Franzen and colleagues observed renal tissue hypoxia as early as 3 days
after induction of diabetes in mice, well before the onset of alouminuria (54). Thus, renal tissue
hypoxia appears to be an early and persistent event in DN.

The causes of renal tissue hypoxia remain a matter of considerable interest in the field of diabetic
nephropathy. Renal hypoxia in diabetic rats has been found to be associated with glomerular
hyperfiltration, proteinuria and interstitial damage. Of note, acute administration of cobalt chloride, a
hypoxia mimetic agent, prevented diabetes-induced renal hypoxia in rats with STZ-induced diabetes
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(115). Potential mechanisms underlying this effect include normalization of GFR, prevention of
mitochondrial leak respiration and improvement of tubular transport efficiency (115). Consistent with
a role for hyperfiltration, Korner et al reported that glomerular hyperfiltration and proteinuria are
associated with elevated VO in the proximal tubules of diabetic rats (85). Approximately 80% of the
oxygen consumed by the kidney under normal physiological conditions is used to drive sodium
reabsorption (43). Thus, anything that increases the filtered load of sodium would be expected to
increase VO and thus promote renal tissue hypoxia. This led us to consider the potential role of
hyperfiltration as an early driver of renal hypoxia in diabetes.

1.5.2 Glomerular hyperfiltration

Glomerular hyperfiltration, a sustained absolute increase in GFR, is a characteristic finding in
experimental animal models of type 1 diabetes (10, 179) and patients with insulin-dependent diabetes
mellitus (IDDM) (66, 103). The mechanisms involved in development of glomerular hyperfiltration
in diabetes mellitus are not yet fully understood. Vallon and colleagues proposed a tubulo-centric
hypothesis for development of glomerular hyperfiltration in the early stages of type 1 diabetes (185).
This proposition centres on the important role of the sodium-glucose co-transporter in tubular
reabsorption of glucose and sodium.

Under normoglycemic conditions approximately 99% of the filtered load of glucose is reabsorbed by
the sodium dependent glucose co-transporter-2 (SGLT-2), expressed in the brush-border membrane
of the proximal tubules (184, 188). Reabsorption of glucose in the proximal tubule is dependent on
the reabsorption of sodium, which is in turn dependent on the transcellular concentration gradient of
sodium generated by the Na*-K* ATPase pump on the basolateral side of the cell (12, 86, 164).
Approximately 80% of the oxygen consumption of the kidney under physiological conditions is used
to drive Na™-K* ATPase (43). Thus, glucose reabsorption indirectly depends on an energy consuming
process dependent upon oxygen-dependent ATP production. The increased reabsorption of glucose by
the proximal tubule in diabetes thus has the potential to greatly influence sodium transport in the
proximal tubule, and through the mechanisms of tubuloglomerular feedback (TGF) (183), afferent

arteriolar tone and single nephron GFR.
Tubulo-centric hypothesis of diabetic hyperfiltration: A growing body of evidence indicates that

hyperglycemia is associated with an increase in proximal tubular reabsorption of sodium and fluid in
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experimental models of diabetes mellitus (137, 186, 189) and patients with IDDM (25, 66, 119, 198).
Micropuncture experiments in Munich-Wister rats (a strain with superficial glomeruli accessible for
direct measurement of glomerular capillary pressure) have shown that fractional tubular reabsorption
of electrolytes (Na*, CI, and K*) is increased upstream to the early distal tubule in STZ-diabetic rats
compared to control rats (189). In patients with type 1 diabetes, observations using lithium clearance
as a marker of distal sodium delivery indicate that both fractional and absolute proximal sodium
reabsorption is increased significantly compared to proximal tubular reabsorption observed in healthy
subjects (66). Bréchner-Mortensen et al reported increased rates of both fractional and absolute
reabsorption of fluid in proximal tubules in patients with IDDM compared to controls (25). In this
study the absolute reabsorption rate in proximal tubule in patients with IDDM was 107.4+10.1 ml/min

and in control group was 79.9+13.6 ml/min.

The high concentration of glucose in glomerular filtrate appears to increase the reabsorption of sodium
in the proximal tubule under a diabetic milieu (12). A microperfusion study by Bank and Aynedjian
showed that stepwise increases in luminal glucose concentration markedly stimulates sodium and
water reabsorption in the proximal tubules of both STZ-diabetic rats and control rats (12). This sodium
reabsorption coupled with glucose is mediated by SGLT (12, 138, 188), located on the luminal aspects
of the proximal tubule (11, 188). The broad-spectrum SGLT (subtype 1 and 2) inhibitor, phlorizin,
inhibited sodium reabsorption in the early proximal tubule of diabetic rats (189). In this micropuncture
study, phlorizin was directly applied into the free flowing early proximal tubule of diabetic rats. This
SGLT inhibitor markedly reduced the fractional and absolute reabsorption of sodium and glucose in

the early proximal tubule and abolished hyper-reabsorption in diabetic rats (189).

The increased fractional reabsorption of electrolytes in the proximal tubule in diabetes is associated
with reduced (20-28%) concentrations of electrolytes (Na*, CI-, and K*) in the early distal tubular fluid
in STZ-diabetic rats compared to non-diabetic rats (189). This reduction of distal delivery was
associated with increased single nephron glomerular filtration rate (SNGFR) in STZ-diabetic rats
(189). Conversely, inhibition of proximal tubular sodium reabsorption in STZ-diabetic rats increased
electrolyte concentrations in the early distal tubule leading to a marked reduction in SNGFR (189).
Microperfusion experiments have shown that alterations in the rate of either proximal tubular
reabsorption or electrolyte delivery to the distal tubule influence SNGFR within the same nephron by

modulating vascular tone in the afferent arteriole (20, 73, 182, 189, 199). This mechanism, which
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maintains the fluid and electrolytes delivery in the distal nephron within certain ranges through control
of SNGFR, is called TGF (183).

Adenosine is a major mediator of TGF-mediated vasoconstriction in pre-glomerular arterioles (123).
The macula densa, a collection of specialized epithelial cells in the distal convoluted tubule, releases
ATP at the basolateral membrane in response to increased luminal NaCl concentration (16). This ATP
is converted to adenosine, a purine nucleoside, by a series of enzymatic process (145). Adenosine can
mediate vasoconstriction in afferent arterioles through activation of purinergic Ax receptors (A1ARS)
(26). Osswald et al found that continuous intrarenal infusion of adenosine preferentially constricts the
afferent arterioles of the superficial cortex (123), which consequently reduces renal blood flow. This
afferent arteriolar constriction was associated with decreased superficial SNGFR as well as whole
kidney GFR in dogs. Local pharmacological blockade of adenosine activity, by inhibition of the ecto-
5'-nucleotidase (an enzyme that catalyzes extracellular conversion of adenine nucleotides to
adenosine) (145, 178), or by blockade of the A1AR) by 8-cyclopentyl-1,3-dipropylxanthine (158),
attenuated the TGF response in anesthetized rats. Micropuncture studies in the kidneys of mice lacking
ecto-5'-nucleotidase demonstrated diminished TGF responses. That is, in the knockout mice smaller
fractional changes in SNGFR were observed in response to given changes in distal tubule flow
compared to their wild-type littermate controls (74). Thus, TGF regulation of SNGFR appears to be
mainly mediated by adenosine, which is released in response to high distal nephron fluid and
electrolyte flow (145). In STZ-diabetic rats, decreased electrolyte flux across the macula densa due to
increased proximal tubular reabsorption (189) could diminish the TGF signal, resulting in an increased
SNGFR (186).

In diabetes mellitus, glomerular hyperfiltration occurs at the single nephron level and is associated
with an absolute increase in GFR at the whole kidney level (73). Much of the evidence to support this
statement comes from assessment of renal function by micropuncture of superficial nephrons in the
intact kidney (73, 77, 78, 162, 203). Scholey and Meyer reported that STZ-diabetic rats with moderate
hyperglycemia exhibit increased SNGFR as well as whole kidney GFR compare to non-diabetic rats
(162).

Hyperfiltration could also promote the development of tubulointerstitial damage by promoting

hypoxia. As discussed in detail earlier (section 1.5.1) hypoxia appears to be an early and persistent
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feature in diabetes. Therefore, if hyperfiltration is an important contributor to tubulointerstitial hypoxia
in diabetes, we should expect it to also be an early and persistent characteristic of diabetes. Indeed, by
understanding the time-course of hyperfiltration in diabetes we should be able to generate a better
understanding of its role in promoting renal tissue hypoxia.

The precise time-course of development of glomerular hyperfiltration in conscious animals after the
onset of diabetes is still controversial (10, 50, 117, 181). Bak and co-workers measured GFR, using
the steady state constant infusion technique, across the first 7 days after induction of diabetes in
unanesthetized female Sprague-Dawley rats (10). GFR was 16% greater in STZ-diabetic rats at day 7
compared with the respective control group (10). In a different study Tucker et al showed that GFR
was significantly greater 24 hours after induction of diabetes, in an rats not receiving insulin
replacement, compared to their pre-diabetic state (181). Furthermore, in that study GFR remained
increased during the 15 day experimental protocol (181). In contrast, there was a modest increase of
GFR in insulin treated STZ-diabetic rats, when the concentration of blood glucose was tightly
maintained, only at day 15 compared to their baseline measurements (181). Bell et al detected elevated
GFR in STZ- diabetic rats compared to the respective control group, when GFR was assessed at day
4 and day 12 after induction of diabetes (17, 18). In two separate studies, glomerular hyperfiltration
could not be detected in unanesthetized STZ-diabetic rats across 3-4 week experimental protocols,
where GFR was measured by using either the steady state constant infusion technique or a noninvasive
single injection technique (50, 117). However, a significant elevation of GFR was detected at 1 and 4
week after induction of diabetes, when GFR was indexed to body weight (117). Thus, there remains
considerable controversy regarding the time-course of development of hyperfiltration in STZ-induced

diabetes in rats.

Why does the time-course of development of glomerular hyperfiltration differ among these studies of
conscious diabetic rats? One possible reason is the use of different methods to measure GFR as well
as the use of differing mathematical formulas, with differing underlying assumptions, to calculate GFR
in conscious rats (117, 181). The constant intravenous infusion based method is commonly used to
measure GFR in experimental and clinical settings (10, 35, 50, 181). This method requires a constant
intravenous infusion of an exogenous marker (e.g. inulin) to maintain steady-state plasma
concentrations. After an equilibration period, urine and blood samples are collected at multiple time

points (10). These urine and blood samples are then analyzed for determination of the plasma and
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urinary concentrations of the marker, thus allowing measurement of its renal clearance. An alternative
approach for measurement of GFR requires injection of a radioactive marker by tail vein and then
timed collection of blood samples from the tail vein. The levels of the radioactive marker can then be
determined and GFR can be estimated using a specific formula (28, 117). The major disadvantage of
this technique is that a separate group of rats is required for determination of the volume of distribution
of the marker (117). There are limitations of these techniques, associated with the need for surgical
preparation for catheter implantation, collection of multiple blood and/or urine samples and laboratory
analysis of the samples (10, 35). Overall these techniques are invasive, cumbersome and time

consuming.

To address the limitations in standard methods for estimation of GFR in experimental animals, a new
technique has recently become available that relies on transcutaneous measurement of the
concentration of FITC-sinistrin, and thus its clearance (57, 160, 161). This new method overcomes
many of the limitations of the more established techniques described above. However, it does require
the application of a specific mathematical model of the clearance of FITC-sinistrin, and thus
assumptions about the nature of the compartments from which it is cleared (57, 161). Therefore, in the
experiments described in Chapter 5 of this thesis, | deployed this technique to assess the time-course
of development of glomerular hyperfiltration in STZ-induced diabetes in rats. Importantly, | compared
available models for calculating the clearance of FITC-sinistrin, to determine whether the choice of
model could influence the interpretation of our findings. Below, | describe the nature of the
experimental model used and the theoretical and practical considerations underlying the use of

transcutaneous FITC-sinistrin clearance for estimation of GFR.
1.5.3 Streptozotocin-induced type 1 diabetes

STZ-induced type 1 diabetes in rats is a commonly used experimental model (50, 135, 175, 190).
Animals are rendered diabetic by a single intravenous injection of STZ (50, 77, 175), which causes
rapid destruction of pancreatic S-cells resulting in overt hyperglycemia (72). The great advantage
of this model of diabetes is that it can be induced with a single injection of STZ, so the time of
onset of hyperglycemia is known, providing a precise reference point for characterization of the

development of glomerular hyperfiltration in experimental animals.
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In the studies described in Chapter 5 of this thesis | chose to provide diabetic animals with insulin
therapy so that they exhibited only moderate hyperglycemia. This experimental model of moderate
hyperglycemia recapitulates many aspects of type 1 diabetes in humans, including the presence of
glomerular hyperfiltration (118, 192). STZ-diabetic rats develop characteristics of DN including renal
hypertrophy, glomerular hyperfiltration (52, 135, 187, 190) and albuminuria (52, 190). In addition,
histological examinations of renal specimens of diabetic rats, treated with low doses of insulin to
maintain moderate blood glucose, exhibit glomerular lesions including glomerular basement

membrane thickening (124, 190), focal glomerular sclerosis, and diffuse mesangial expansion (190) .
1.5.4 Transcutaneous measurement of glomerular filtration rate using FITC-sinistrin

Sinistrin, a sugar polymer, chemically labeled with FITC, can be used as an exogenous marker for the
transcutaneous measurement of GFR (57, 136). It is readily soluble in water at room temperature (136).
Sinistrin is freely filtered at the glomerular capillary membrane but is not secreted, reabsorbed or
metabolized in the renal tubules (29, 41, 176). These characteristics make sinistrin an ideal marker for

measurement of GFR.

The fluorescence-based transcutaneous measurement of GFR involves injection of an exogenous
fluorescent marker (FITC-sinistrin) and detection of the clearance of this marker by a device (non-
invasive clearance (NIC)-kidney device; Mannheim Pharma and Diagnostics GmbH, Mannheim,
Germany) that measures fluorescence generated by the FITC-sinistrin within the skin (i.e.
transcutaneously) (57, 67, 159, 161). After intravenous administration of the fluorescent marker, it
equilibrates within the extracellular (plasma and interstitial) space and is excreted by the kidneys. The
clearance of this marker in the interstitial space is measured by a NIC-kidney device placed on the
animal’s skin (161). The device comprises a light-emitting diode, a photodiode and an internal memory
(161). The light-emitting diode repeatedly excites the fluorescence marker within the interstitial space
at a 480 nm wavelength and the light emitted by the marker (wavelength 520 nm) is detected by the
photodiode (161). The device converts the emitted light into a digital signal, which can be opened and
analyzed by the MPD Studio software package (Mannheim Pharma and Diagnostics GmbH) (57). The
software generates the elimination kinetics of FITC-sinistrin from which the excretion half-life (ty2)
of the marker measured in the interstitial space can be estimated using one or more mathematical

models that are based on consideration of the compartments that the FITC-sinistrin is present in (57,
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160, 161). This t1» can then be used to generate an elimination rate constant (A) (57) and thus, an
estimate of GFR (57, 161). Advantages of this technique over more traditional clearance-based
techniques include the fact that no blood or urine samples are required, no time-consuming laboratory
analysis is required, and that an estimate of GFR can be generated immediately after completion of
the procedure (105, 160).

A mathematically derived model is applied to the exponential phase of the excretion kinetics to
calculate the ty> and A. The t1/2 is calculated by using equation 1 (57, 108).

tin = @ 1)

Here, t12 is defined as the time over which half of any given amount of an exogenous marker is cleared
(108). The elimination rate constant is denoted by A, which is defined as the elimination of a constant
fraction of the marker per unit time. The term In (2) is the natural logarithm of 2, which is

approximately 0.693. The A can be derived from equation (1)
A=tz XIn(2) 2

In the single injection technique, GFR is calculated from the elimination rate constant multiplied by

the extracellular fluid volume (108).
GFR (ml/min) = Extracellular fluid volume (ml) X A (3)

To calculate GFR after a single injection of an exogenous marker, knowledge of the volume of the
distribution of the GFR marker and elimination rate constant of that marker are needed. However, the
elimination rate constant is an expression of GFR, which is indexed to extracellular fluid volume
(equation 4) (134, 142). Therefore, the elimination rate constant in the form ty is required for
estimation of GFR. Variables such as the injected dose of the marker or variables related to body
composition are not required, including height and weight (134) and volume of extracellular fluid
(161). Rabito et al demonstrated a very close correlation (r?=0.97) between the rate constant measured
by clearance of ™ Tc-diethylenetriaminepentaacetic acid from extracellular space and the GFR values

determined by the standard *?°I-iothalamate clearance technique (142).
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GFR (ml/min)

1= @)

Extracellular fluid volume (ml)

The t12 can be used for calculation of GFR according to the following formula (57):

21.33 (ml/100 g body weight)

GFR (ml/min)/100 g body weight) = (5)

t1/2

Where, the numerator 21.33 (ml/100g body weight) is an empirically derived conversion factor for

GFR calculation for rats (57) and t12 is the excretion half-life of the GFR marker.

The transcutaneous technique for measurement of GFR can be used to measure GFR in unanesthetized,
freely moving animals (57, 161, 163) and thus avoids the confounding effects of anesthesia. In
contrast, in rats, infusion based methods for measurement of GFR often require anesthesia (125, 126),
or when they are used in conscious rats it is often only several hours after surgery for implantation of
intravascular catheters (193). There is strong evidence that anesthesia can reduce GFR in rats. For
example, GFR, measured by enzymatic analysis of sugar moiety of FITC-sinistrin, was 37% less in
rats anesthetized with a combination of ketamine and xylazine ( (0.90 £ 0.16 mL/min/100 g body
weight) than in conscious rats (1.41 + 0.14 mL/min/100 g body weight) (160). Transcutaneous
methods for measurement of GFR using FITC-sinistrin have been validated in unanesthetized, freely
moving laboratory animals, including rats (57, 161), mice (159), cats and dogs (170) . For example,
Schock-Kusch et al found that, in healthy conscious rats, the mean GFR determined by the
transcutaneous method was comparable to that obtained by plasma-based measurement of FITC-

sinistrin concentration (161).

The transcutaneous technique for measurement of GFR has been deployed in studies of multiple
experimental forms of kidney disease, including type 2 diabetes (60), oxalate-induced CKD (107),
adriamycin-induced nephropathy (156), and placental ischemia-induced hypertension (169). For
example, Mulay et al observed a gradual reduction in GFR, using the transcutaneous technique, across
a three week experimental protocol in a mouse model of oxalate-induced CKD (107). This progressive
reduction of renal function was determined by repeated measurements of GFR (107). The
transcutaneous technique has been directly compared with the plasma clearance technique for

estimation of GFR in unilaterally nephrectomized mice and in a mouse model of nephronophthisis
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(163). The mean GFR determined by the two techniques were comparable in both experimental models
(163). Similar observations have been reported by Schock-Kusch et al in a study of unilateral
nephrectomy in rats and in a rat model of polycystic kidney disease (161). Thus the transcutaneous
method for measurement of GFR appears to be a promising technique for investigation of the
progression of kidney disease in experimental models of CKD. However, there remains some dispute
regarding the most appropriate way to model the elimination kinetics of FITC-sinistrin to estimate
GFR.

Models for determination of the elimination kinetics of FITC-sinistrin: The ty of FITC-sinistrin is
calculated from the elimination kinetics of the marker using mathematically derived models that differ
based on assumptions made about the compartments amongst which the FITC-sinistrin is distributed
(57, 161, 166). Such mathematical models are used to describe the distribution of a substance inside
the body after intravenous injection and its elimination from the body (55, 160, 161, 204). A brief

description of the various models that can be applied to the clearance GFR marker are described below.

One-compartment kinetic model: This model is based on the assumption that the body is a single and
kinetically homogeneous unit. After intravenous injection of the GFR marker, the marker is distributed
into a single compartment (plasma) and is excreted from only that compartment without distributing
in other spaces (Figure 1.2). The concentration of the GFR marker at time t is modeled by the

exponential function (55):
c(t) =Cpx e M

Here, c(t) is the plasma concentration of the GFR marker at time t, Co is the initial plasma concentration

of the GFR marker, and A is the elimination rate constant of the marker from the compartment.
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Figure 1.2 Schematic representation of a one-compartment kinetic model and an example of the
excretion kinetics of a GFR marker after intravenous injection. (A) After a single bolus injection,
the GFR marker is distributed into a single compartment (plasma) and then eliminated from that
compartment. (B) The Logio concentration-time curve of a marker shows a mono exponential form,
where A is the elimination rate constant of the marker and Co is the corresponding intercept on the
ordinate. Images were modified from Frennby and Sterner (55).

In the one-compartment model, which has been used extensively (70, 160), the whole body is
considered as a single compartment (55). Clearly, this may not be the case because the marker could
also distribute to the interstitial or intracellular spaces (155). This has led to the development of kinetic
models that incorporate more complexity.

Two-compartment kinetic model: The two-compartment model is based on the assumption that the
GFR marker is distributed between a central compartment (plasma) and a peripheral compartment (the
interstitial space) after intravenous injection (Figure 1.3). The marker can transfer between one
compartment to the other but elimination of the marker takes place from plasma (55). The

concentration of the GFR marker at time t is modeled by the exponential function (55):
ct)=CixeM +Crxet?

Here, c(t) is the plasma concentration of the marker at time t, Cixe-*'tis the distribution phase of the

marker and C2xe-*?' is the elimination phase. The elimination rate constants of the two compartments
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are A1 and A2 and the corresponding intercepts on the y-axis are C1 and C2 respectively. C1 and C>

have units of concentration.
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Figure 1.3 Schematic representation of a two-compartment kinetic model and an example of the
excretion Kinetics of a GFR marker after intravenous injection. (A) After a single bolus injection,
an exogenous marker is distributed into a central compartment (plasma) and then transferred to the
peripheral compartment (interstitial space) and vice versa. Finally the marker is eliminated from the
central compartment. (B) The Logio concentration-time curve of a marker represents the sum of two
exponential functions, C1 and C2 are the zero time intercepts of the distribution and elimination phase
respectively, and A1 and A2 are the corresponding elimination rate constants. Images were modified
from Frennby and Sterner (55).

Three-compartment kinetic model: After intravenous injection, the GFR marker is assumed to
distribute from a central compartment to an interstitial space and from the interstitial space to a ‘deeper
compartment” such as the intracellular compartment (Figure 1.4). During the elimination phase, the
GFR marker is eliminated from the intracellular compartment to the extracellular compartment and
back to the plasma. Finally, the elimination of the marker from the body takes place from plasma (55).

The concentration of the GFR marker at time t is modeled by the exponential function (55):

ct)=CrxeH +Coxe?? + Cs3xe™!

45
Chapter 1



Introduction

Here, c(t) is the plasma concentration of the marker at time t, and the elimination rate constants of the

three compartments are A1, A2 and A3 and the corresponding intercepts on the y-ordinates are Cy,C»

and Cs, respectively. C1, C2 and Cs have units of concentrations.
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Figure 1.4 Schematic representation of a three-compartment kinetic model and an example of
the excretion kinetics of a GFR marker after intravenous injection. (A) After a single bolus
injection, the GFR marker is distributed into the central compartment (plasma) followed by a
peripheral compartment (interstitial space). From the peripheral compartment, the marker is
distributed into the intracellular compartment (deeper compartment) and vice versa. Finally the GFR
marker is eliminated from the central compartment. (B) The Logio concentration-time curve of the
marker is represented as the sum of three exponential functions, where A1, A2 and A3 are elimination
rate constants of the three-compartments and Cz, C2 and Cs are the corresponding intercepts on the y-

axis. Images were modified from Frennby and Sterner (55).

For transcutaneous-based GFR measurements, an optical signal is measured (160, 161). The
concentration of the fluorescent-labeled GFR marker in the extracellular space is proportional to the
fluorescence intensity of the marker (161). The intensity of the signal may be influenced by the optical
nature of the skin, including the presence of auto-fluorescence (47) and effects produced by changes
in skin perfusion (99) during attachment of transcutaneous device. These factors might affect the
baseline signal generated by the transcutaneous device and thus influence the actual estimate of GFR
(57).
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Recently, Friedemann and co-workers developed a three-compartment model with baseline correction
(57). This mathematical algorithm describes the complete course of clearance kinetics for FITC-
sinistrin from the point of injection with automated correction for drifts of the baseline signal. The t1
of FITC-sinistrin derived by this three-compartment model with baseline correction was found to be
comparable to the t1/2 values determined by the ‘gold standard’ constant intravenous infusion technique
(57). A detailed description of the mathematical algorithm incorporated in this three-compartment
model with baseline correction has been described previously (56, 57). From a theoretical perspective,
a model that corrects for changes in baseline signal, and incorporates a more realistic set of
assumptions about the nature of the compartments that FITC-sinistrin is distributed in, should be
superior to simpler one-, two- and three-compartment models. However, | are not aware of any
previous systematic comparisons, of GFR generated using these various models, during the early stage
of type 1 diabetes. Therefore, in the studies described in Chapter 5 of this thesis | compared the results
generated by the four models described above in rats before and during three time points (3 days, 2

weeks and 4 weeks) after administration of STZ.

1.6 ASSESSMENT OF SPATIAL ARRANGEMENT BETWEEN PERITUBULAR
CAPILLARIES AND RENAL TUBULES IN THE RAT KIDNEY

In the kidney, PTCs supply oxygen and nutrients to nearby interstitial cells and tubules and thus
maintain the functional activities of nephrons (104). Most of the supplied oxygen is utilized by Na*-
K*-ATPase pumps in the basolateral membrane of the renal tubules to drive reabsorption of filtered
sodium (Na*) (87). The high level of oxygen consumption by the tubules is one of the reasons the
kidney is susceptible to the development of tissue hypoxia if any reduction of oxygen supply occurs

from the microvasculature to renal tubules (44).

There is strong evidence of a correlation between a decline in PTC density and the development of
renal hypoxia in experimental models of CKD (100, 120). In an experimental model of
glomerulonephritis, Matsumoto and coworkers showed that renal tubular hypoxia occurs at an early
stage (by 2 weeks) of disease, in association with loss of PTCs (structural rarefaction) and reduced
blood flow (functional rarefaction) in remaining PTCs (100). Similarly, Sun et al reported loss of PTCs
density in a rat model of aristolochic acid nephropathy by 8 weeks after induction of disease (173). In

this model of CKD, the PTCs density was progressively reduced about 2-fold by week 8, 3-fold by
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week 12 and 5-fold by week 16 (173). There was a significant increase in nuclear expression of HIF-
la, a mediator of cellular adaptive responses to hypoxia, in the renal cortex at weeks 12 and 16.
However, at week 8 renal expression of HIF did not differ between rats with CKD and control rats
(173). In a model of ischemia/reperfusion injury that progresses to CKD there was depletion of PTC
density (by 30 to 40% in the renal outer medulla) 4-40 weeks after reperfusion (13). There is also
recent evidence that structural and functional abnormalities in PTCs are common to all forms of CKD,
regardless of etiology (9). Thus, loss of PTCs, which should result in impaired delivery of oxygen to
renal tissue, appears to be a critical factor initiating and/or exacerbating renal hypoxia in CKD (100).

Despite the evidence that structural abnormalities in PTCs are common to all forms of CKD, our
understanding of the impact of these abnormalities on renal oxygenation is rudimentary. One of the
barriers to improving our understanding of this issue is the complexity of the physiology of renal
oxygenation (42). To tackle this problem, our research team has generated a series of computational
models of oxygen transport in the kidney, based on realistic data regarding the three-dimensional
geometry of the renal vasculature and its relationship with renal tissue (61, 62, 81, 88-90, 113). These
models are multi-scale, in the sense that individual components of kidney oxygen physiology (e.g. the
diffusion of oxygen from a glomerulus) are modeled in isolation and then incorporated into a larger-
scale model that incorporates as many individual processes as possible. Currently, the major limitation
of these models is their relatively simple representation of oxygen diffusion between PTCs and the
renal tubules (88-90). In the experiments described in Chapter 6 of this thesis | have made some initial

steps towards generating the information required to model this ‘scale’ of renal oxygen transport.

The spatial relationships between the microvasculature and tubules in the kidney have not been well-
defined. In part, this is due to the difficulties in identifying these structures at high resolution.
Immunohistochemical and immunofluorescent labeling of the endothelium of the blood vessels is a
common approach to identify the vasculature involved (4, 76, 141, 201). These techniques have proven
successful when applied to organs other than the kidney. The autofluorescence properties of the renal
tissues hinders visualization of blood vessels and thus limits the use of immunofluorescence technique
in labelling renal vasculature (112). Previous studies in our laboratory indicate that histochemical and
immunohistochemical techniques have limited utility for identification of capillaries and veins in the
rat kidney (112). An alternative approach to identifying the renal vasculature is synchrotron-based

micro-computed tomography (CT) (81, 114). Following filling the renal circulation with a radio-
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opaque substance such as Microfil®, synchrotron-based micro-CT allows visualization of the renal
vasculature in three-dimensions (3D) (112, 114). However, this approach has limited by resolution.
Additionally, tubules cannot be visualized in 3D micro-CT images as the radio-opaque substance only
fills the vasculature.

Given the limitations of available techniques, | reasoned that a combination of (i) filling the renal
circulation with fluorescent gel, and (ii) labeling tubules by immunofluorescence, might allow the
identification of not only the renal vasculature, but also its association with tubules at high resolution.
Therefore, in the studies described in Chapter 6 of this thesis | performed preliminary experiments to
assess the feasibility of this approach. | reasoned that a successful method would combine labeling of
both blood vessels and renal tubules followed by optical clearing of the tissue for visualization of
labeled structures using confocal microscopy. Below, | review some of the relevant literature to

identify the rationale for the approach | took.

Staining of the blood vessel lumen: Tasi et al used fluorescent gel to stain blood vessels in the brain
of the mouse (180). The fluorescent gel they used was composed of FITC-conjugated albumin
dissolved in gelatin (94, 180). The gelatin containing FITC-albumin was retained in the vascular
lumen during and after the optical clearing processes (32, 94). Thus, at least in brain tissue, this method
allows the blood vessels to be clearly distinguished from surrounding tissues under confocal
microscopy. This is the method | chose to employ in the experiments described in Chapter 6, to

visualize the microvasculature of the kidney.

Tubular labeling by immunohistochemistry: Cytokeratins are the largest subgroup of intermediate
filament proteins of epithelial cells. Renal tubular epithelial cells expressed a wide variety of
cytokeratins (5, 51). Thus the abundance of cytokeratins in tubular epithelial cells make them excellent
markers for diagnostic pathology (5, 122). In Chapter 6 of this thesis, I used a monoclonal pan-
cytokeratin antibody conjugated with a fluorescent dye (Alexa Fluor 647) for labeling of tubular
epithelial cells. The pan-cytokeratin antibody contains a combination of monoclonal antibodies which
react with multiple cytokeratins present in epithelial tissues (30, 128). After incubation with
antibodies, kidney tissues were processed by optical clearing in order to reduce the heterogeneity in

the scattering of light with in tissue during imaging.
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Optical clearing: Visualization of large pieces of tissue or entire organs using standard confocal or
multiphoton microscopy is rendered difficult by the opaque or at best translucent nature of the tissues
(147). This translucent appearance is due to absorption and scattering of incident light within the thick
tissues (172). Tissues from biological sources contain heterogeneous materials such as cell
membranes, cytoplasm and organelles, each with varying refractive indices (19, 27). For example, the
mean refractive index (RI) of cytoplasm is 1.36-1.375, of mitochondria is 1.40, and of lipids is 1.48
(19, 27). Rl is defined as the ratio of the speed of the light in the vacuum to the speed of the light in
the medium (147). Scattering of the light is induced by heterogeneity of the RI of the tissue substances
(147). Light rays that should travel in straight lines are instead deflected by the tissue substances (147).
This scattering of the light is problematic during imaging of thick tissue (several hundred microns), as
the intensity of the unscattered light reaching the focal plane reduces exponentially with depth, thus
resulting in poor resolution of the structure (177).

Spalteholz first described a clearing technique using a mixture of organic solvents (benzyl alcohol
and methyl salicylate) that could be applied to an entire organ such as the heart (147, 168). The purpose
of this optical clearing is to make the tissue transparent by matching the refractive index of the tissue
substances throughout the sample to the clearing solvent (147). This clearing process reduces the
heterogeneity in the scattering of light (147). There are now multiple solvent-based clearing techniques
that can be used for clearing of tissues (139, 147). The clearing process is performed in two steps: (i)
dehydration of the tissues and (ii) additional lipid removal and clearing of the dehydrated tissues by
R1 matching.

In the first step of the tissue clearing process, samples are dehydrated by using either ethanol (82),
peroxide free tetrahydrofuran (THF) (15), or methanol (140). These agents remove water and lipids
from the tissues resulting in a protein dense sample. Next, this dehydrated tissue is immersed in an
optical clearing agent with high RI, which removes the additional lipid from the tissue and clears the

tissue by equilibrating the refractive index throughout the sample to reduce light scattering.

Solvent-based clearing agents such as benzyl alcohol/benzyl benzoate (BABB) (15, 140),
dibenzylether (DBE) (15, 40) and THF (15, 40) are commonly used for clearing tissues. There are a
few limitations of these clearing agents that limit their widespread applications in the optical clearing

process. For example, BABB is a toxic and corrosive agent (75) and DBE and THF can form explosive
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peroxides when stored in air (40). BABB can also quench the signal from fluorescent proteins during
the optical clearing process (202). More recently, Klingberg et al used ethyl cinnamate (82), Rl > 1.5,
as an optical clearing agent (195). Ethyl cinnimate is a nontoxic organic solvent used as a food flavor
and as an additive for cosmetic products (195). They used ethyl cinnamate for clearing both soft tissue
such as kidney and heart and hard tissue like bone (82). They found that the signals from fluorescent
proteins within the cell of the tissue remain stable after 14 days of constant exposure to the ethyl
cinnamate. Most importantly, in the context of our current aim, immunolabeling of the renal vascular
endothelium by an antibody directed against CD 31 (conjugated with Alexa Fluor-647) remained
stable and confined to blood vessels after clearing of the kidney tissues (82). Thus, I reasoned that this
method could be useful for our proposed application; characterization of the spatial relationships

between peritubular capillaries and tubules.
1.7 AIMS
The specific aims of the studies described in the subsequent 5 chapters of this thesis were:

Chapter 2:  To determine whether renal cellular hypoxia is present in Ad-CKD and whether

hypoxia and tissue fibrosis are spatially associated.

Chapter 3:  To refine methods for detecting cellular hypoxia in Ad-CKD to better understand its

cellular localization in Ad-CKD.
Chapter 4:  To determine whether tissue hypoxia precedes renal dysfunction in Ad-CKD.

Chapter 5:  To determine whether glomerular hyperfiltration, which would be expected to drive
renal hypoxia, precedes renal dysfunction in experimental type 1 diabetes.

Chapter 6:  To develop a new method to assess the spatial relationship between capillaries and

tubules in the Kidney.
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1 | INTRODUCTION

Summary

We determined whether adenine-induced chronic kidney disease (CKD) in rats is asso-
ciated with renal tissue hypoxia. Adenine (100 mg) or its vehicle was administered to
male Sprague-Dawley rats, daily by oral gavage, over a 15-day period. Renal function
was assessed before, and 7 and 14 days after, adenine treatment commenced, by col-
lection of a 24-hour urine sample and a blood sample from the tail vein. On day 15,
arterial pressure was measured in conscious rats via the tail artery. Renal tissue hypoxia
was then assessed by pimonidazole adduct immunohistochemistry and fibrosis was
assessed by staining tissue with picrosirius red and Masson'’s trichrome. CKD was evi-
dent within 7 days of commencing adenine treatment, as demonstrated by increased
urinary albumin to creatinine ratio (30 + 12-fold). By day 14 of adenine treatment
plasma creatinine concentration was more than 7-fold greater, and plasma urea more
than 5-fold greater, than their baseline levels. On day 15, adenine-treated rats had
slightly elevated mean arterial pressure (8 mmHg), anaemia and renomegaly. Kidneys
of adenine-treated rats were characterised by the presence of tubular casts, dilated
tubules, expansion of the interstitial space, accumulation of collagen, and tubulointer-
stitial hypoxia. Pimonidazole staining (hypoxia) co-localised with fibrosis and was pre-
sent in both patent and occluded tubules. We conclude that renal tissue hypoxia
develops rapidly in adenine-induced CKD. This model, therefore, should prove useful
for examination of the temporal and spatial relationships between tubulointerstitial
hypoxia and the development of CKD, and thus the testing of the ‘chronic hypoxia
hypothesis’.

KEYWORDS
fibrosis, hypoxia, pimonidazole

multiple forms of CKD;® the so-called ‘chronic hypoxia hypothesis‘.9

More recent observations have even provided evidence that renal

Renal tissue hypoxia has been demonstrated in multiple forms of
chronic kidney disease (CKD), including polycystic kidney disease, 13
diabetic nephropathy,4 the remnant kidney model,5 and CKD follow-
ing ischaemia-reperfusion injury.("7 This has led to the proposition that

hypoxia represents a final common pathway for the development of

hypoxia per se might be sufficient to initiate the development of
CKD.%®

The relatively slow development of injury and/or diminished glo-
merular filtration rate (GFR) in most rodent models of CKD has made it

difficult to tease out the causal relationships between tubulointerstitial
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hypoxia and the pathogenesis of nephropathy. For example, after
recovery from acute ischaemia-reperfusion injury, there is little evi-
dence of renal functional abnormalities or abnormal tubular morpholo-
gy 8 weeks after the initial insult and only mild proteinuria is observed
after 16 weeks.!! In most rodent models of polycystic kidney disease,
there is some evidence of abnormalities in renal tissue structure at
birth, but then many weeks or months are required for the condition to
progress to frank CKD.'213 Furthermore, in type 1 diabetes, induced
by streptozotocin in rats, only relatively mild tissue damage is observed
in the first month after the induction of diabetes.'* Even in the rem-
nant kidney model, which has been extensively used in studies of the
pathogenesis of CKD, nephropathy develops over weeks rather than
days.5

In order for us to test the chronic hypoxia hypothesis in a defin-
itive manner, it is vital that we are able to precisely define the tem-
poral and spatial relationships between hypoxia and the progression
of disease.'® That is, we must determine whether hypoxia occurs
before, and in the same place as, tissue damage. Consequently, we
require experimental models of CKD in which pathological chang-
es in renal tissue develop rapidly in response to a defined stimulus.
Administration of adenine, either in food'® 2> or by oral gavage,26
has been shown to result in reproducible renal dysfunction. Adenine
is metabolised to 2,8-dihydroxy-adenine which forms crystalline casts
within the renal tubules. The formation of these casts is thought to
initiate renal dysfunc’cion.21 CKD in adenine-treated rats is associated
with hypertension and vascular calcification, renal interstitial fibrosis,
proteinuria, increased water intake and urine flow, uraemia, and hyper-
kalaemia.?® Only modest increases in serum creatinine are observed
after 2 weeks of adenine treatment, while more prolonged treatment
results in marked renal pathology and markedly increased serum creat-
inine.t”1820-22 5 the current study, we tested the hypothesis that the
early phase of adenine-induced CKD (i.e. after 2-weeks of treatment) is
accompanied by renal tissue hypoxia, in order to evaluate the potential

for this model to be used for testing the chronic hypoxia hypothesis.

2 | RESULTS

2.1 | Progression of chronic kidney disease

Across the 2 weeks during which rats were treated with the vehicle
for adenine, body weight increased 27 + 11%, while food intake and
faecal output slightly decreased (Table 1). Food intake and faecal out-
put were consistently less in adenine-treated rats than vehicle-treated
rats. There were tendencies for adenine-treated rats to gain less
weight than the vehicle-treated rats, although this apparent effect was
not statistically significant (time x treatment interaction; P=.14). In
vehicle-treated rats, water intake and urine output gradually increased
across the 14 days of the study, to be 28 + 18% and 116 + 57% greater
than their baseline level at day 14, respectively. In contrast to vehicle-
treated rats, much greater increases in water intake and urine output
were observed in adenine-treated rats. Water intake had increased by
154 + 38% at day 7 and by 150 + 46% at day 14. Urine output had
increased by 346 + 83% at day 7 and by 372 + 96% at day 14.
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The rates of excretion of sodium, chloride and osmolytes were

indistinguishable in adenine-treated compared with vehicle-treated
rats (Table 1). However, potassium excretion tended to increase in rats
treated with adenine. This apparent effect was particularly evident on
day 7, when potassium excretion was 67% greater in adenine-treated
rats than vehicle-treated rats. By day 7 of adenine-treatment urine
osmolality was reduced by approximately 69 + 5% of its pre-treatment
level. Proteinuria was also present at day 7 of adenine treatment.
Urinary protein excretion had increased by 287 + 58% from its pre-
treatment level and remained similarly increased at day 14 of adenine
treatment. In contrast, the vehicle treated rats excreted little protein
throughout the 2 week treatment period. In adenine-treated rats,
urinary albumin excretion had increased 29 + 9-fold and the urinary
albumin to creatinine ratio had increased 30 + 12 fold by day 7 of
adenine treatment. Plasma creatinine, measured in three rats on day
0, was below the level of detection (i.e. <0.20 mg/dL). By day 14 of
adenine treatment it was more than 7-fold greater (1.50 £ 0.13 mg/
dL, n=4). Plasma urea averaged 4.8 + 0.5 mmol/L (n=3) on day O and
25.5 + 0.9 mmol/L (n=3) on day 14 of adenine treatment.

On the 15th day of treatment, the body weight of adenine-treated
rats was 16% less than that of vehicle treated rats (Table 2). Mean
arterial pressure of adenine-treated rats averaged 8 mmHg higher
than that of vehicle treated rats but heart rate did not differ signifi-
cantly between the two groups. The kidneys of adenine-treated rats
were 86% heavier than those of vehicle-treated rats. Haematocrit was
less in adenine-treated rats (31.9 + 3.2%) than in vehicle-treated rats
(38.2 + 1.4%).

2.2 | Histology and immunohistochemistry

To visualise the tubular and vascular elements of the rat kidney, hae-
matoxylin and eosin staining was performed. Kidneys of rats treated
with vehicle (Fig. 1a) were considerably smaller than the kidneys of
adenine-treated rats (Fig. 1e). Tissue architecture of the cortex and
medulla in the kidneys of the rats treated with vehicle appeared nor-
mal (Fig. 1a-d). The tubules were closely spaced and the interstitial
space and blood vessels were not prominent. The glomeruli appeared
regular with normal thickness of the basement membrane (Fig. 1b). In
contrast, the tissue architecture of the kidneys of rats treated with
adenine was very different. There was considerable expansion of the
interstitial space in the cortex and medulla (Fig. 1e-h). The tubules
appeared abnormal with irregular lumen space. The glomeruli were
intact in their basement membrane but dilation of Bowman’s space
was seen (Fig. 1f). The blood vessels appeared unaffected and similar
to those of vehicle-treated rats. Characteristic tubular casts, presum-
ably containing 2,8-dihydroxyadenine, were also observed (Fig. 2).
Tissues were stained with picrosirius red (Fig. 3) and Masson’s
trichrome (Fig. 4) to examine fibrosis. Masson’s trichrome stains
type | collagen as well as variety of matrix elements.?” In contrast,
picrosirius red is highly specific for type | and type llI collagen.28
Sections of kidneys of vehicle-treated rats stained with picrosirius
red appeared yellow and lacked red collagen positive stain (Fig. 3a).
The only staining observed was in the perivascular adventitia and
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TABLE 1 Characteristics of adenine-treated and vehicle-treated rats across the course of the first 14 days of the experiment

Variable Treat n Day O
Fluid/energy balance
Body weight (g) Vehicle 6 215+ 13
Adenine 6 221+10
Food intake (g/day) Vehicle [¢) 20.1+0.6
Adenine 6 19.7 £0.5
Faeces output (g/day) Vehicle 6 10.0+0.4
Adenine 6 8.2+05
Water intake (mL/day) Vehicle [¢) 233+21
Adenine 6 23.3+33
Urine output (mL/day) Vehicle [¢) 80+0.8
Adenine 6 111+2.7
Electrolyte excretion
Sodium (umol/min) Vehicle 6 0.80 +0.14
Adenine 6 0.89 +0.07
Chloride (umol/min) Vehicle 6 1.38 +0.21
Adenine 6 1.44 £0.08
Potassium (umol/min) Vehicle 6 1.25+0.13
Adenine 6 1.29 £0.13
Osmolar (LOsm/min) Vehicle 6 11.9+0.8
Adenine 6 11.2 £0.9
Renal dysfunction
Urine osmolality (mOsm/kg) Vehicle 6 2304 + 340
Adenine 6 1704 = 240
Urinary protein Vehicle 6 7.48 +2.21
Excretion (mg/day) Adenine 6 5.64 +£0.19
Urinary albumin Vehicle 6 129 + 33
Excretion (ug/day) Adenine 6 197 £ 51
Urinary albumin/creatinine Vehicle 6 146 £+4.8
Ratio (mg/g) Adenine 6 23.4+70

Day 7 Day 14 Prreat Prime Pinteraction
256+ 9 269 +13 43 .003 .14
248 £ 15 236 +13
154 +23 184 +1.3 .04 .003 .08
12.8+20 11.2+14

6.9+13 7.1+10 .03 .004 .99
51+0.6 53+1.1
23.3+4.0 29.2+3.7 .001 .002 .009

542 +52 542+7.8
11.3+1.9 15.1+238 <.001 <.001 .003
40.1+4.3 43.0+ 6.0
0.75+0.10 0.77 £ 0.09 .93 .54 .73
0.75+0.11 0.71+0.12
1.24 +0.14 1.57 +0.10 .38 .64 .30
1.60 £0.13 147 £0.16
1.07 +0.13 1.54 +0.11 .03 .09 .15
1.79 £0.19 1.78 £ 0.26
11.2+1.1 13.6 +1.0 97 41 .28
13.2+23 124 +1.2

1521 + 143 1509 + 248 <.001 <.001 45
495+ 96 433 £42
8.25 +0.55 8.65+1.22 .001 .001 .002

21.84 +3.76 2417 +1.39
141+ 48 63+10 <.001 <.001 <.001

3852 + 967 5274 + 1112
15.6 +5.9 6.0+0.9 .05 .07 .07
542 + 304 593 +213

P values represent the outcomes of repeated measures analysis of variance. The Greenhouse-Geisser correction was applied to within-subject P values to
correct for compound asymmetry.49 Treat = Treatment. Bolded P values are <.05.

TABLE 2 Characteristics of rats on day 15 of adenine or vehicle
treatment

Vehicle-treated Adenine-treated

rats rats

Variable n Day 15 N Day 15 P

Body weight (g) 6 276 +14 6 233+12 .04

Mean arterial 5 112+ 2 3 120+ 1 .01
pressure (mmHg)

Heart rate 5 368 + 25 3 317 £ 11 14
(beats/min)

Left kidney 5 132+0.11 5 2.38+0.12 <.001
weight (g)

Right kidney 5 1.23+0.06 5 2.37+0.16 .001
weight (g)

P values are the outcomes of Student’s unpaired t-test.

around the glomeruli (Fig. 3b). In contrast, there was extensive picro-
sirius red staining in the kidney of the adenine-treated rats (Fig. 3e).
Considerable staining, denoting collagen deposition, was observed
in the expanded interstitial space (Fig. 3f-h). Regarding Masson’s tri-
chrome staining, there was little blue staining (reflecting fibrosis) in
sections from vehicle-treated rats (Fig. 4b,c), except for the expect-
ed perivascular staining around intrarenal arteries. In contrast, there
was considerable positive staining in the cortex, outer medulla and
inner medulla of adenine-treated rats (Fig. 4f-h). Quantification of
Masson'’s trichrome staining revealed more than 3-fold greater stain-
ing in the cortex and medulla of adenine-treated rats compared to
vehicle-treated rats (Fig. 5).

Pimonidazole immunohistochemistry was performed to detect the
presence of hypoxia. In the kidneys of all vehicle-treated rats, posi-

tive staining, denoting hypoxia, was mainly seen in the thick ascending
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limb and collecting ducts in the outer and inner medulla respectively
(Fig. 6a-d). Very little apparent staining was seen in the cortex of all
of the vehicle-treated rats (Fig. 6b). In contrast, considerable staining
was observed throughout the entire kidney of all rats that were treat-
ed with adenine (Fig. 6e). The degree of pimonidazole staining was
markedly greater in the cortex of adenine-treated rats, particularly
in the epithelial lining of tubules, when compared to vehicle-treated
rats. There was also considerable staining seen in the outer and inner
medulla (Fig. 6g-h).

It was noted that some tubules in the cortex of adenine-treated
rats were patent or even dilated, while others had a closed lumen. This
phenomenon likely arises from the formation of tubular casts (Fig. 2).
We reasoned that tubules with an open lumen may consume more
oxygen, for reabsorption of sodium, than tubules with a closed lumen.
We hypothesised that the resultant heterogeneity of tubular oxygen
consumption might lead to heterogeneity in renal hypoxia. However,
the proportion of open tubules that stained positive for pimonida-
zole adducts was similar to the proportion of positive stained closed
tubules (Fig. 7).

Adenine

Vehicle

FIGURE 1 Micrographs of kidney sections from rats treated
with vehicle (a-d) or adenine (e-h), stained with haematoxylin and
eosin. Cortical (b, f), outer medullary (c, g) and inner medullary (d, h)
regions are shown. Boxes in (a) and (e) show regions presented in
(b-d) and (f-h). Note hypertrophy of the kidney of adenine-treated
rats, interstitial expansion and irregular lumen of tubules. Images are
typical of two sections taken from each kidney

Pharmacology and Physiology |

FIGURE 2 Micrograph of a kidney section from a rat treated
with adenine, stained with haematoxylin and eosin. Note the
presence of tubular casts (arrows) formed from precipitation of 2,
8-dihydroxyadenine

The co-localisation of hypoxia and fibrosis was examined in seri-
al sections stained for pimonidazole adducts and with Masson’s tri-
chrome (Fig. 8). Hypoxia and fibrosis were ubiquitously distributed in
kidneys of adenine-treated rats. It was not possible to identify areas
of the kidney that were hypoxic but not fibrotic, or fibrotic but not
hypoxic.

3 | DISCUSSION

We found that 15 days of administration of adenine resulted in
marked tubulointerstital hypoxia associated with fibrosis, along with
profound renal dysfunction Thus, this experimental model may be
useful for teasing out the temporal and spatial relationships between
tubulointerstitial hypoxia, fibrogenesis, and the initiation and progres-
sion of CKD.

Chronic kidney disease is usually defined as a gradual loss of renal
function, as quantified by measurement of GFR or plasma or serum
concentrations of creatinine. According to this definition, the rats we
studied had severe CKD by day 14 of adenine-treatment, as reflect-
ed by a more than 7-fold increase in plasma creatinine and 5-fold
increase in plasma urea. Our findings are consistent with those of
previous studies in which adenine has been administered for longer
periods (i.e. 4 or more weeks).17’18'2°'22 It is well established that
creatinine clearance overestimates glomerular filtration rate in rats,
principally due to tubular secretion of creatinine.?’ Nevertheless,
between-subject and within-subject differences in plasma creatinine
concentration usually reflect differences in GFRS

Pathological changes were detectable at the tissue level after
2-weeks of adenine treatment, particularly in the form of interstitial
fibrosis and tubular casts. There were also marked increases in urinary
albumin and total protein excretion. There was a marked increase in
urine flow and reduced urinary osmolarity. Reduced urinary concentrat-
ing ability is a hallmark of CKD in humans®° and animal models (e.g.
%)

polycystic kidney disease”). However, we cannot discount the possi-

bility that the effect of adenine-treatment on urinary osmolarity was
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FIGURE 3 Micrographs of kidney sections from rats treated with
vehicle (a-d) or adenine (e-h), stained with picrosirius red. Cortical
(b, f), outer medullary (c, g) and inner medullary (d, h) regions are
shown. Boxes in (a) and (e) show regions presented in (b-d) and (f-h).
Note the intense red staining in the kidneys of adenine-treated rats,
showing collagen accumulation in the expanded interstitial space.

In contrast, vehicle treated rats show faint staining around the
glomerulus and considerable staining around arteries and some veins.
Images are typical of two sections taken from each kidney

caused by increased thirst as opposed to reduced urinary concentrat-
ing ability.

Multiple mechanisms likely contribute to the development of renal
tissue hypoxia during adenine-treatment. Our current findings indicate
development of renal fibrosis in this model that is co-localized with
hypoxia. Indeed, in serial sections, we were unable to identify regions
of the kidneys of adenine-treated rats that stained positive for pimo-
nidazole but not the blue stain of Masson’s trichrome, or vice versa.
Tubulointerstitial fibrosis increases the barriers to diffusion of oxy-
gen from the vascular to the tubulointerstitial compartment."”s1 Thus,
fibrosis likely makes some direct contribution to the development of

hypoxia in adenine-treated rats. There is also strong evidence that, in

Vehicle

Adenine

FIGURE 4 Micrograph of kidney sections from rats treated with
vehicle (a-d) or adenine (e-h) stained with Masson’s trichrome.
Cortical (b, f), outer medullary (c, g) and inner medullary (d, h) regions
are shown. Boxes in (a) and (e) show regions presented in (b-d) and
(f-h). Note blue staining, representing fibrosis, is ubiquitous in the
interstitium of adenine treated rats, but not vehicle-treated rats.
Images are typical of two sections taken from each kidney

other models of CKD such as renovascular disease, fibrosis drives rar-
efaction of capillaries which in turn would be expected to reduce oxy-
gen delivery to tissue.3? We are not aware of any published reports of
renal vascular structure in adenine-induced CKD. However, Milman
and colleagues recently provided evidence of blunted perfusion and
renal vascular reactivity in anaesthetised mice with adenine-induced
CKD, using a magnetic resonance imaging technique for assessing the
renal vascular response to hyperoxia.24 Consistent with these obser-
vations, renal blood flow measured directly by transit-time ultrasound
ﬂowmetry33 or electromagnetic ﬂowmetry34 under anaesthesia, and
by the clearance of para-aminohippurate in the conscious state,35
has been observed to be less in rats with adenine-induced CKD com-
pared to control animals. Thus, it is likely that abnormalities in both
renal vascular structure and function contribute to the development
of tissue hypoxia in adenine-treated rats. It is also likely that anaemia
contributes to the development of renal hypoxia, since haematocrit
was considerably less after 15 days of adenine-treatment than after
vehicle treatment. This observation is also consistent with those aris-

ing from previous studies using this model.3®
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FIGURE 5 Quantification of fibrosis in the cortex and medulla.
Two sections were analysed from each kidney. Values are between-
rat mean + SEM for adenine- (n=6; filled bars) and vehicle- (n = 4;
opened bars) treated rats. **P<.01 for adenine vs control (Student’s
unpaired t-test). ((J) Control; (H) adenine
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FIGURE 7 Relationship between hypoxia and the patency of
tubules in kidneys of adenine-treated rats. Twenty non-dilated
tubules with a visible lumen (open tubules) and twenty tubules with
no visible lumen (closed tubules) were selected from each of the
kidney sections stained with Masson’s trichrome. These tubules
were then identified in serial sections processed for pimonidazole
adduct histochemistry. Each tubule was then classified as hypoxic (by
the presence of piminidazole stain) or not hypoxic (by the absence

of pimonidazole stain). Columns and error bars are between-rat
mean = SEM of n=6. P=.39 for comparison between open and closed
tubules (Student’s paired t-test)

According to the chronic hypoxia hypothesis developed by Fine
and colleagues, one of the major drivers of tubulointerstitial hypoxia
in CKD is hyperfiltration in remnant functional nephrons.36 This is
thought to be a consequence of increased tubular sodium reabsorp-
tion, the major source of oxygen consumption in the kidney.37 We
reasoned that this might lead to localisation of hypoxia selectively
within patent tubules in the kidneys of adenine-treated rats and the
presence of less severe hypoxia in those tubules that are occluded
due to the presence of upstream tubular casts. Our use of perfusion
fixation in the current study allowed us to examine this proposition,
since we could clearly distinguish between patent and occluded

tubules. We could not detect differences in the proportion of tubular
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FIGURE 6 Micrographs of kidney sections from rats treated
with vehicle (a-d) or adenine (e-h), showing immunohistochemical
localisation of pimonidazole adducts. Cortical (b, f), outer medullary
(c, g) and inner medullary (d, h) regions are shown. Note the intense
staining in the cortex and medulla of adenine-treated rats. In
contrast, vehicle treated rats show minimal staining in the cortex
but some staining in the medulla. Images are typical of two sections
taken from each kidney

profiles that stained positive for pimonidazole, according to whether
the tubules were occluded or patent. Thus, our current findings do
not provide support for this aspect of the chronic hypoxia hypothesis.
However, we must acknowledge an important limitation of pimoni-
dazole adduct immunohistochemistry using 3,3'-diaminobenzidine
(DAB). DAB cannot be quantified because it does not obey the Beer-
Lambert law.38 Thus, future studies should examine the impact of
tubular patency on renal tissue oxygenation in greater detail through
use of quantitative methods for analysis of hypoxia at the cellular
level.

Renal fibrosis in adenine-treated rats is also likely to be driven
by multiple factors. The role of epithelial-to-mesenchymal transi-
tion in the development of fibrosis in CKD remains controversial.3?
Nevertheless, there are a number of pieces of evidence that support
a role for this mechanism in adenine-treated rodents. For example,
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FIGURE 8 Co-localisation of fibrosis and hypoxia. The
micrographs show serial sections from the kidney of a typical
adenine-treated rat, stained with Masson’s trichrome (a-d), and for
pimonidazole adducts (e-h). Cortical (a, e, b, f, ¢, g) and medullary
(d, h) regions are shown

Wang et al. demonstrated up-regulation of the pro-fibrogenic factors
transforming growth factor (TGF)-B1 and TGF-B2, together with down-
regulation of the (anti-fibrotic) translational repressors of TGF-B2,
micro-RNA (miR) miR200a and miR-141, in mice with adenine-induced
CKD.?% The authors provided evidence from cell-culture studies that
TGF-B1 and TGF-B2 can drive epithelial-to-mesenchymal transition
and so fibrogenesis. On the other hand, Wu et al. recently provided
evidence for a role of endothelial-to-mesenchymal transition, driven
by elevated circulating levels of parathyroid hormone, in fibrogenesis
in adenine-induced CKD.%® Interestingly, they were able to inhibit both
endothelial-to-mesenchymal transition and the development of fibrio-
sis with the calcimetic cinacalcet.

Hypoxia, through increased signalling via hypoxia-inducible factors
(HIFs), may also play an important role in the development of fibrosis
in CKD.*° For example, renal fibrosis in rats with two-kidney-one-clip
hypertension can be blunted by silencing HIF-1a.%! Indeed, HIF acti-
vation and TGF signalling may be able to induce fibrosis even in the
absence of hypoxia.42 The role of hypoxia and HIFs in driving fibro-

sis in adenine-induced CKD has not, to our knowledge, been directly

assessed. Nevertheless, it remains possible that a vicious cycle may
develop whereby hypoxia drives fibrosis and fibrosis drives hypoxia, as
has been postulated to occur in other forms of CKD.1>3¢6

Our current finding of marked proteinuria in adenine-treated rats,
as early as 1 week after commencing treatment, together with the
documentation of both fibrosis and cellular hypoxia after 2 weeks,
provides the basis for examination of the role of hypoxia in the devel-
opment of nephropathy in this model. In particular, it should be pos-
sible to use radiotelemetry, in conscious rats, to precisely define the
time-course of the development of renal tissue hypoxia‘43 It should
also be possible to define the relative contributions of anaemia, renal
ischemia, and altered renal oxygen consumption in the development
of this hypoxia.3'7 A major challenge will be to find ways to amelio-
rate hypoxia in adenine-induced CKD to determine whether such
treatments can blunt the development of renal dysfunction. Exposure
of adenine-treated rats to hyperoxia is one possibility. However, the
efficacy of such treatments will be limited both by the potential for
oxygen toxicity44 and by loss of oxygen in the pre-glomerular circula-
tion.*>*¢ Anti-fibrotic therapy might also be a useful approach to break
the putative vicious cycle of hypoxia and fibrosis.*”

In conclusion, our current findings indicate that severe renal
dysfunction, accompanied by hypoxia and fibrosis, develops within
2-weeks of adenine-treatment. Therefore, in the future, this model
should prove useful for testing the chronic hypoxia hypothesis for the
development of CKD.

4 | METHODS

4.1 | Animals

Eighteen male Sprague-Dawley rats (Monash Animal Research
Platform, Monash University, Melbourne, VIC, Australia), weighing on
average 214 + 5 g, were used in this study. At the commencement
of treatment, the rats were 7 weeks of age. The rats were housed
under standard laboratory conditions; 22 + 1°C, 40 + 1% humidity
and with a 12-hour light/dark cycle (06.00-18.00 hours). Tap water
and standard rat chow were available ad libitum. All experimental pro-
cedures were approved by the Animal Ethics Committee of the School
of Biomedical Sciences, Monash University, and were in accordance
with the Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes. Rats were housed individually and allowed
1 week to acclimatise to these conditions before entering the study

protocol.

4.2 | Experimental protocol

4.2.1 | Adenine-induced chronic kidney disease

All rats were treated daily with either adenine (100 mg; Sigma-Aldrich,
Castle Hill, NSW, Australia) or its vehicle (1 mL of 0.5% w/v methyl-
cellulose; Sigma-Aldrich) by oral gavage for a period of 15 days. The
experiments were performed in two series. In the first series, six

adenine-treated rats and six vehicle-treated rats were studied as
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described below (165-252 g). For technical reasons, we were unable
to obtain sufficient blood from most of these animals for measurement
of plasma creatinine concentration. Therefore, an additional cohort of
rats (192-212 g) were included in a supplementary study (n=3 per
group). The rats were treated identically to those in the first series, but
the only analysis performed was measurement of plasma creatinine
concentration.

4.2.2 | Metabolic studies

Rats were housed individually in metabolic cages for 24 hours before,
and 7 and 14 days after, commencement of the treatments (metabolic
studies). Consumption of food and water and production of faeces
and urine were measured over the 24-hour period. A day prior to the
first metabolic study, the rats underwent a 6-hour training period for
acclimatisation. Urine samples were transferred into several 1-mL ali-
quots and stored at -20°C for later analysis. At the completion of the
24-hour period in the metabolic cage a 0.5-1 mL blood sample was
collected from the tail vein from the conscious rat. Blood was centri-
fuged at 3000 g at 4°C for 10 minutes and the plasma stored in 50 pL

aliquots at —20°C for later analysis.

4.2.3 | Measurement of arterial pressure and
tissue processing

On day 15 of the experimental protocol, arterial pressure was meas-
ured via the tail artery. The tail artery was catheterised under anaes-
thesia with isoflurane (1-4% v/v in 100% O,, Isoflo, Baxter Healthcare,
Old Toongabbie, NSW, Australia). Following a 60-minute recovery
period, with the rats fully conscious, the catheter was connected to
a pressure transducer (Cobe, Arvada, CO, USA) and bridge amplifier
(QA1, Scientific Concepts, Mount Waverley, VIC, Australia) interfaced
with a computer running a LabView-based data acquisition program
(Universal Acquisition, University of Auckland, New Zealand). After
a 5-10 minute equilibration period, mean arterial pressure and heart
rate were recorded for 30 minutes in the conscious rat.

After measurement of arterial pressure, the hypoxic marker
2-pimonidazole (60 mg/kg pimonidazole hydrochloride, Hypoxyprobe
Inc, Burlington, MA, USA) was administered intraperitoneally. Sixty
minutes later, each rat was anaesthetised with pentobarbitone sodi-
um (60 mg/kg, i.p.; Sigma-Aldrich). Once a surgical level of anaesthesia
was reached, a midline incision was made to expose the abdominal
aorta and inferior vena cava. The left kidney was then perfusion fixed
with 50-100 mL 4% w/v paraformaldehyde (PFA; Sigma-Aldrich),
weighed and decapsulated, and post-fixed in a 4% PFA solution at 4°C
overnight.

4.3 | Analytical methods

4.3.1 | Analysis of urine and plasma samples

Urinary electrolyte (Na+, K+ and Cl-) concentration was measured
using an ion analyser (Rapidchem, Siemens Healthcare Diagnostics,
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Bayswater, Vic., Australia). Urine osmolarity was measured by freez-

ing point estimation (Model 2020, Advanced Instruments; John Morris
Scientific, Chatswood, NSW, Australia). Urinary albumin concentra-
tion was determined using an enzyme-linked immunosorbent assay
(Rat Albumin ELISA Kit; Bethyl Laboratories, Montgomery, TX, USA).
Urinary creatinine concentration was measured using a creatinine
assay kit (Cayman Chemical Company, Ann Arbor, MI, USA). Urinary
protein concentration was measured by the Bradford method (Bio-Rad
Laboratories, Hercules, CA, USA).48 Plasma creatinine and urea were
measured using a point-of-care device (iSTAT, Chem8+ Cartridge;
Abbot Laboratories, Abbott Park, IL, USA).

4.3.2 | Histology and immunohistochemistry

Two sections from each kidney were stained with haematoxylin and
eosin,7 Masson’s trichrome,43 or picrosirius red,2 or processed for
pimonidazole adduct immunohistochemistry7 as previously described.
Masson'’s trichrome stains type | collagen as well as variety of matrix
elements,27 whereas picrosirius red is highly specific for type | and
type Il collagen.28

Additionally, two sets of serial sections from each kidney were
processed so that adjacent sections could be stained with Masson’s
trichrome*® and for pimonidazole adducts.” All sections were scanned
using Scan Scope (Aperio, Vista, CA, USA). Quantification of fibrosis
in sections processed for Masson'’s trichrome staining was performed
using the Image Scope Positive Pixel Count Algorithm (Version 9;
Aperio). An additional analysis was performed to determine whether
hypoxia was associated with the state of patency of individual tubules,
For this analysis, 20 open (patent) tubules and 20 closed (occluded)
tubules were identified in the cortex of each kidney section stained
with Masson’s trichrome from six adenine-treated rats. These tubules
were then identified in the adjacent sections stained for pimonidazole
adducts and scored for either the presence or absence of pimonidazole

staining.

4.4 | Statistical analysis

All data are expressed as mean * standard error of the mean (SEM).
Hypothesis testing was performed using the software package SYSTAT
(Version 13; Systat Software, Chicago, IL, USA). Measurements
obtained before and 7 and 14 days after commencing treatment with
adenine or its vehicle were subjected to repeated measures analysis of
variance. P values derived from the within-subjects factor ‘time’ were
conservatively adjusted using the Greenhouse-Geisser correction.*?
Measurements obtained on day 15 of treatment with adenine or its
vehicle were subjected to Student’s unpaired t-test. Two sided P<.05

was considered statistically significant.
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An improved method for pimonidazole-adduct immunohistochemistry

AN IMPROVED METHOD FOR PIMONIDAZOLE-ADDUCT
IMMUNOHISTOCHEMISTRY USING A PRIMARY ANTIBODY RAISED
IN THE RABBIT: APPLICATION TO ADENINE-INDUCED CKD

3.1 ABSTRACT

Pimonidazole adduct immunohistochemistry, using a mouse monoclonal anti-pimonidazole
primary antibody and an anti-mouse secondary antibody, can result in artefactual false-positive
staining, particularly in damaged renal tissue. | hypothesized that this false-positive staining could
be avoided by use of a primary antibody raised in a non-rodent species. Therefore, | used kidney
tissues, collected in the experiments described in Chapter 2 and from additional animals not
exposed to pimonidazole, to define the extent of false positive staining generated using a mouse
primary antibody and to determine whether superior results can be achieved using a polyclonal
primary antibody raised in the rabbit. When the combination of a mouse primary antibody and anti-
mouse secondary antibody was used, staining was observed in renal tissues of rats with adenine-
induced chronic kidney disease (Ad-CKD) even if the primary antibody was excluded from the
incubation or if the rat had not been treated with pimonidazole. Non-specific staining was also
observed in vehicle-treated rats, but was confined to the occasional tubular cast in the renal medulla.
In contrast, when the combination of a rabbit primary antibody and anti-rabbit secondary antibody
was used, positive staining was seen in the cortex, outer medulla and inner medulla of adenine-
treated rats, but only if they had received an injection of pimonidazole and the primary antibody
was included in the incubation. This staining for pimonidazole-adducts was mostly confined to the
tubular epithelium, so was in a close spatial relationship with the interstitial fibrosis characteristic
of Ad-CKD. In contrast, staining was considerably less in the kidneys of vehicle-treated rats and
was confined to the tubular epithelium of the renal medulla. | conclude that immunohistochemical
visualization of pimonidazole adducts using the available mouse monoclonal primary antibody and
an anti-mouse secondary antibody is flawed, particularly when applied to damaged renal tissue,
because of binding of the secondary antibody to antigens other than those on the primary antibody.
However, superior results can be obtained by use of a polyclonal primary antibody raised in rabbits
in combination with an anti-rabbit secondary antibody. Nevertheless, our findings using this
improved method confirm our previous conclusion that Ad-CKD is associated with renal cellular
hypoxia. Moreover, | conclude that the cellular hypoxia is mostly confined to the tubular

epithelium and is closely associated with interstitial fibrosis.
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3.2 INTRODUCTION

Pimonidazole adduct immunohistochemistry has been used extensively to assess renal hypoxia at
the cellular level (14, 24-26, 28). Recently, we used this method to assess renal hypoxia in acute
ischemia reperfusion injury (1) and adenine-induced CKD (Ad-CKD) (12). In both cases, there
was evidence of artefactual staining of non-cellular components of the tissue, particularly of tubular
casts and cellular debris within the tubular lumen. Thus, some caution should be applied to the

interpretation of these observations.

In multiple experimental studies (2, 3) including our recent published works (1, 12), pimonidazole-
adduct immunohistochemistry has been performed according to two step indirect-
immunohistochemical method. Briefly, in these studies tissue sections were incubated with a
mouse monoclonal anti-pimonidazole antibody (primary antibody) (step 1). This primary antibody
recognizes pimonidazole—protein adducts. These target antigens are formed in tissues, of animals
to which pimonidazole has been administered, at an oxygen tension below 10 mmHg (26). The
next step in the process is incubation of tissue sections with an anti-mouse secondary antibody
conjugated with horseradish peroxidase (HRP) (step 2). This secondary antibody binds to the
primary antibody bound to pimonidazole-protein adducts. Addition of the substrate 3,3’-
diaminobenzidine then results in the formation of a dark brown reaction product at sites where the
secondary antibody has bound. Thus, the HRP conjugated anti-mouse secondary antibody is
critical in this indirect-immunodetection method because it generates the signal that facilitates
detection of target molecules. However, this anti-mouse secondary antibody may cross-react with
rodent tissues, potentially leading to false-positive staining in tissues from mice and rats (9, 27).
For example, negative control experiments have been carried out, in the absence of primary
antibodies, to study the cross-reaction between HRP-conjugated mouse secondary antibody and
endogenous immunoglobulin (Ig) in mouse and rat tissues (9, 27). Positive background staining
was observed in paraffin embedded mouse intestinal tissue sections using anti-mouse secondary
antibody (9). Similarly, false positive labelling was detected in rat brain tissues with lactate-
induced lesions after incubation with rabbit anti-mouse secondary antibody (27). Thus, in the
studies described in Chapter 2 (12), it remains possible that the positive staining for pimonidazole
adducts in kidney tissues from adenine-treated rats might be confounded by the binding of the anti-

mouse secondary antibody to antigens other than pimonidazole adducts.

In multiple experimental studies, an anti-pimonidazole antibody, raised in rabbits, has been used

to detect tissue hypoxia (23, 29, 31). Its availability provided an opportunity for us to re-assess
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cellular hypoxia in Ad-CKD. Therefore, in the current study | used the experimental material
generated in the experiments described in Chapter 2 (12), as well as tissues from additional animals
not exposed to pimonidazole, to more precisely define the extent of false-positive staining
generated using a mouse primary antibody in conjunction with an anti-mouse secondary antibody.
| also determined whether superior results can be achieved using a primary antibody raised in the
rabbit in combination with an anti-rabbit secondary antibody. These studies also allowed us to

more precisely define the nature of cellular hypoxia in Ad-CKD

3.3 METHODS

3.3.1 Tissue preparation

The perfusion-fixed kidneys of 14 rats (252 £10 g) were used in the current studies. All rats
received either adenine (100 mg; Sigma-Aldrich, Castle Hill, NSW, Australia) or its vehicle (1 mL
of 0.5% w/v methylcellulose; Sigma-Aldrich) for 14 days. On day 15, left kidneys were perfusion
fixed as described in Chapter 2 of this thesis. Ten of these kidneys (adenine-treated n=6; vehicle-
treated n=4) were generated as part of the experimental studies described in Chapter 2. Thus, all
10 rats received an intraperitoneal injection of pimonidazole hydrochloride (60 mg/kg) 60 min
before perfusion fixation. An additional cohort of rats (adenine-treated n=2; vehicle-treated n=2),
that did not receive pimonidazole hydrochloride but were otherwise treated identically to those in
the studies described in Chapter 2, were included in the current study as negative controls. The
kidneys were processed and embedded in paraffin.

3.3.2 Pimonidazole adduct immunohistochemistry

Pimonidazole adduct immunohistochemistry was performed to detect pimonidazole adducts,
cellular markers of tissue hypoxia formed in pimonidazole-treated animals at an oxygen tension

below 10 mmHg (26). The basic protocol is described in Figure 3.1.
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Figure 3.1. Schematic representation of the protocol for pimonidazole adduct
immunohistochemistry. Step 1: Paraffin embedded kidney samples (n=14) were sectioned at a
thickness of 5 um by a microtome (MicroTec®, CUT4060, micro Tec Laborgerdte GmbH,
Germany). Two sets of 4 serial sections from each kidney were collected separately on slides
(Superfrost® Plus, Lomb Scientific Pty Ltd, Australia). Step 2: Paraffin embedded kidney sections
were dewaxed and incubated in citrate buffer (Target Retrieval Solution, DAKO, Denmark), at
90 °C for 30 minutes, for antigen retrieval. After that, sections were cooled to 80 °C before they
were washed in Tris-buffered saline with Tween 20 (TBST, DAKO, Denmark). Step 3: Tissue
peroxidase activity was quenched by incubation with hydrogen peroxide solution (Dako REAL™
Peroxidase-Blocking Solution, DAKO, Denmark) for 10 minutes at room temperature.
Subsequently, kidney sections were incubated in a protein block solution (Protein Block Serum-
Free, DAKO, Denmark) for 10 minutes, in order to remove non-specific binding, and washed twice
in TBST. Step 4: The first of four serial sections were incubated with mouse anti-pimonidazole
antibody at 1:1000 dilution (Hypoxyprobe™-1 Kit, Lot 1.23.14, Hydroxyprobe Inc, Burlington,
MA) while the third sections was incubated with affinity purified rabbit anti-pimonidazole
antibody (PAb2627AP) at 1:200 dilution (Hypoxyprobe™-1 Omni Kit, Lot 04.21.16,
Hydroxyprobe Inc, Burlington, MA) for 1 hour at room temperature. However, no primary
antibody was added to the second and fourth of the serial sections. Step 5: Sections with and
without primary antibody were washed twice in TBST. Next, the first and second sections were
incubated with goat anti-mouse secondary antibody conjugated with horseradish peroxidise (Dako
EnVision+Sytem-HRP labelled Polymer anti-mouse, Catalogue K4001, Lot 10127007, DAKO,
Denmark) while the third and fourth sections were incubated with goat anti-rabbit secondary
antibody conjugated with horseradish peroxidise (Dako EnVision+Sytem-HRP lebelled Polymer
anti-Rabbit, Catalogue K4003, Lot 10127439, DAKO, Denmark) for 30 minutes. Step 6: Slides
were then washed twice in TBST and incubated with 3,3-diaminobenzidine (DAB) (DAKO,

Denmark) for 10 minutes. Step 7: Sections were counterstained with hematoxylin (Dako
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Automations Hematoxyline, DAKO, Denmark) and slides were cover slipped. All kidney sections

were scanned using Aperio Scan Scope (Aperio, Vista, CA, USA).
3.3.3 Co-localization of fibrosis and hypoxia in the kidneys of adenine-treated rats

The spatial relationships between renal fibrosis and hypoxia were assessed as described previously
in Chapter 2. Briefly, two sets of two serial sections from each kidney were processed so that
adjacent section could be stained with Masson’s trichrome to detect fibrotic tissue and for
pimonidazole adducts for the assessment of cellular hypoxia. For pimonidazole adducts staining
rabbit anti-pimonidazole antibody in conjunction with goat anti-rabbit secondary antibody was

used.
3.3.4 Hypoxia and patency of renal tubules in the kidneys of adenine-treated rats

The relationship between hypoxia and the state of patency of tubules was examined using the
procedure described in detail in Chapter 2 of this thesis. For this study, twenty non-dilated tubules
with a visible lumen (open tubules) and twenty tubules with no visible lumen (closed tubules) were
randomly selected from each of the kidney sections stained with Masson’s trichrome. Then, these
tubules were identified in adjacent serial sections processed for pimonidazole adduct
immunohistochemistry using the rabbit anti-pimonidazole primary antibody and anti-rabbit
secondary antibody. Each tubule was then classified as hypoxic (by the presence of pimonidazole

stain) or not hypoxic (by the absence of pimonidazole stain).
3.3.5 Statistical analysses

Data are presented as the mean + standard error of the mean (SEM). Dichotomous comparisons

were made using Student’s paired t-test. Two sided P < 0.05 was considered statistically significant.
3.4 RESULTS
3.4.1 Cellular staining for pimonidazole adducts

Very little positive staining was observed in the renal cortex of vehicle-treated rats, regardless of
the primary antibody used (mouse or rabbit) or whether or not the primary antibody was included
in the incubation (Figure 3.2a &b, e & f, i & j, and m & n). Similarly, very little positive staining
was seen in the outer medulla when the mouse antibody was used. In contrast, the rabbit antibody

revealed diffuse positive staining in tubular elements in the outer medulla (Figure 3.2 k), which
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was not present when only the anti-rabbit secondary antibody was used (Figure 3.2 0). In the inner
medulla, positive staining with the mouse antibody was observed chiefly within the lumen of
tubular elements (Figure 3.2 d & h). This staining was also observed when the primary mouse
antibody was excluded from the incubation, so presumably mainly reflects non-specific staining
of tubular casts. In contrast, while some tubular casts were positively stained, by rabbit antibody
mainly, most staining was observed within the cytoplasm of the tubular epithelium. None of this

staining was present when the primary antibody was excluded from the incubation (Figure 3.2 1 &
p).

Kidney sections from adenine-treated rats showed positive staining in the cortex, outer medulla
and inner medulla after incubation with the mouse primary antibody and anti-mouse secondary
antibody (Figure 3.3 a-d). Notably, some positive staining, particularly of glomeruli, apical
membranes of the tubules in the cortex and outer medulla, and the interstitium of the inner medulla,
was still observed when the primary antibody was excluded from the incubation (Figure 3.3 e-h).
There was also widespread positive staining in the kidneys of adenine-treated rats when the rabbit
primary antibody and anti-rabbit secondary antibody was used (Figure 3.3 i-l). However, in
contrast to the pattern seen with the mouse antibody, this staining was largely confined to the
tubular epithelium and was abolished in sections not incubated with the rabbit primary antibody

(Figure 3.3 m-p).
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Figure 3.2 Pimonidazole adduct immunohistochemistry of kidney sections after 14 days of
vehicle treatment. Micrographs show four serial sections, from the kidney of a vehicle-treated rat,
stained with mouse primary antibody and an anti-mouse secondary antibody (a—d), anti-mouse
secondary antibody only (e-h), rabbit primary antibody and an anti-rabbit secondary antibody (i-I),
or anti-rabbit rabbit secondary only (m-p). Boxes in (a), (e), (i) and (m) show regions presented in
(b—d), (f-h), (j-1) and (n-p) respectively. Cortical (b, f, j, n), outer medullary (c, g, k, 0) and inner
medullary (d, h, I, p) regions are shown. Images are typical of two sets of serial sections taken from

each kidney (n=4).
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Figure 3.3 Pimonidazole adduct immunohistochemistry of kidney sections after 14 days of
adenine treatment. Micrographs show four serial sections from the kidney of an adenine-treated
rat, stained with mouse primary antibody and an anti-mouse secondary antibody (a—d), anti-mouse
secondary antibody only (e-h), rabbit primary antibody and anti-rabbit secondary antibody (i-l), or
anti-rabbit secondary antibody only (m-p). Boxes in (a), (e), (i) and (m) show regions presented in
(b—d), (f-h), (j-1) and (n-p) respectively. Cortical (b, f, j, n), outer medullary (c, g, k, 0) and inner
medullary (d, h, I, p) regions are shown. Images are typical of two sets of serial sections taken from

each kidney (n=6).
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3.4.2 Staining in renal tissue not exposed to pimonidazole chloride

Pimonidazole adduct immunohistochemistry was performed in kidney sections, from rats not
exposed to pimonidazole chloride, as an additional negative control. In sections of the kidneys of
vehicle-treated rats that had not been exposed to pimonidazole, no staining was seen in the cortex
or outer medulla, regardless of the primary antibody used (mouse or rabbit) or whether or not the
primary antibody was included in the incubation (Figure 3.4 a-c, e-g, i-k and m-0). However, when
the anti-mouse secondary antibody was used, staining was observed in the inner medulla, in the
interstitium, and within the lumen of some tubules that presumably contained casts (Figure 3.4 d
and h). This staining was observed regardless of whether the tissue was incubated with the mouse
primary antibody. In contrast, no staining was observed in the inner medulla when the rabbit

primary antibody and/or the secondary antibody was used (Figure 3.4 1 & p).

In kidney sections from adenine-treated rats that were not exposed to pimonidazole chloride, use
of the mouse primary antibody resulted in staining throughout the cortex, outer medulla and inner
medulla (Figure 3.5 a-d and e-h). Staining was observed in glomeruli, the apical aspects of tubular
epithelial cells, tubular casts, and the interstitium. The pattern of staining was similar when the
mouse primary antibody was excluded from the incubate. In contrast, no staining was observed in
sections of kidneys from adenine-treated rats not exposed to pimonidazole when the rabbit primary

antibody was used, or when only the anti-rabbit secondary antibody was used (Figure 3.5 i-1 & m-

p).

84
Chapter 3



An improved method for pimonidazole-adduct immunohistochemistry

Mouse

Primary and secondary
(a)

d]

bl

3mm

~(b)

—
100 ym

()

—
100 pm

¢ (d)

E—
100 pm

Secondary only
(e)

B
[l

[fl

I
3mm

oM

—
100 um

(8)

—
100pm 4 o

—
100 pm -

Rabbit

Primary and secondary
(i)

[

(i

3mm

e (i)

—
100 ym

N 5 (k)

—
100 ym

U]

—
100 ym

—
100 pm

Secondary only
(m)

]
[Pl

[o]

I
3mm

v, (n)

—
100 ym

(o)

—
100 pm

(p)

Figure 3.4 Pimonidazole adduct immunohistochemistry of kidney sections from rats, not

exposed to pimonidazole chloride, after 14 days of vehicle treatment. Micrographs show four

serial sections from the kidney of a vehicle-treated rat, stained with mouse primary antibody and

an anti-mouse secondary antibody (a—d), anti-mouse secondary only (e-h), rabbit primary antibody

and anti-rabbit secondary antibody (i-1), or anti-rabbit secondary antibody only (m-p). Boxes in (a),

(e), (i) and (m) show regions presented in (b—d), (f—h), (j-I) and (n-p) respectively. Cortical (b, f, j,

n), outer medullary (c, g, k, 0) and inner medullary (d, h, I, p) regions are shown. Images are typical

of two sets of serial sections taken from each kidney (n=2).
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Figure 3.5 Pimonidazole adduct immunohistochemistry of kidney sections of rats, not
exposed to pimonidazole chloride, after 14 days of adenine treatment. Micrographs show four
serial sections, from the kidney of an adenine-treated rat, stained with mouse primary antibody and
an anti-mouse secondary antibody (a—d), anti-mouse secondary antibody only (e-h), rabbit primary
antibody and an anti-mouse secondary antibody (i-1), or anti-rabbit secondary antibody only (m-p).
Boxes in (a), (e), (i) and (m) show regions presented in (b—d), (f-h), (j-1) and (n-p) respectively.
Cortical (b, f, j, n), outer medullary (c, g, k, 0) and inner medullary (d, h, I, p) regions are shown.

Images are typical of two sets of serial sections taken from each kidney (n=2).
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3.4.3 Co-localization of fibrosis and hypoxia

Adjacent serial sections of the kidneys of adenine-treated rats, exposed to pimonidazole chloride,
were stained for pimonidazole adducts, using the rabbit primary antibody in combination with an
anti-rabbit secondary antibody, and with Masson’s trichrome (Figure 3.6). Pimonidazole staining
was predominantly seen in tubular epithelial cells. Renal fibrosis, as denoting by blue in Masson’s

trichrome staining, was observed in the interstitium around these tubules.

3.4.4 Hypoxia and the patency of renal tubules in adenine-induced CKD

Using the anti-pimonidazole antibody raised in rabbits, | re-tested the hypothesis that obstruction
of renal tubules causes heterogeneity of tubular oxygen consumption and thus leads to
heterogeneity in renal hypoxia in Ad-CKD. As we found using the antibody raised in mice (Chapter
two), | could not detect differences between the proportions of open tubules, compared to closed

tubules, that stained positive for pimonidazole adducts (Figure 3.7).
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Masson’s Pimonidazole
trichrome ~adducts

Figure 3.6 Co-localization of fibrosis and hypoxia in kidneys of adenine treated rats.
Micrographs show serial sections from the kidney of an adenine-treated rat, stained with Masson’s
trichrome (a—d) to detect fibrotic tissue (purplish-blue) and for pimonidazole adducts (e-h) for the
assessment of cellular hypoxia (brown). Cortical (a, b, e, f) and outer (¢ & g) and inner (d & h)
medullary regions are shown. For pimonidazole adduct staining rabbit anti-pimonidazole antibody

was used in conjunction with goat anti-rabbit secondary antibody.
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Figure 3.7 Relationship between pimonidazole staining and the patency of tubules in kidneys
of adenine-treated rats. Twenty non-dilated tubules with a visible lumen (open tubules) and
twenty tubules with no visible lumen (closed tubules) were selected from each of the kidney
sections stained with Masson’s trichrome. These tubules were then identified in adjacent serial
sections processed for pimonidazole adduct immunohistochemistry using the rabbit anti-
pimonidazole primary antibody and anti-rabbit secondary antibody. Each tubule was then
classified as hypoxic (by the presence of pimonidazole stain) or not hypoxic (by the absence of
pimonidazole stain). Columns and error bars are between-rat mean + SEM of n=4. The P value is
the outcome of a Student’s paired t test.

3.5 DISCUSSION

| compared two combinations of primary and secondary antibodies for immunohistochemical
localization of pimonidazole adducts in the kidneys of rats with Ad-CKD, utilizing respectively a
mouse primary antibody and a rabbit primary antibody. Our findings indicate that a significant
proportion of the staining generated using the mouse primary antibody can be attributed to the
binding of the anti-mouse secondary antibody to antigens other than the mouse primary antibody.
These ‘off-target’ antigens appear to be particularly prevalent in injured kidney tissue. In contrast,
staining generated using the newly available primary antibody raised in rabbits, in conjunction with
an anti-rabbit secondary antibody, appears to provide superior specificity of staining for
pimonidazole adducts. Using this combination of rabbit primary antibody and anti-rabbit
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secondary antibody, | was able to confirm the presence of hypoxia in the kidneys of adenine-treated
rats, which appears to be specifically localized to the tubular epithelium. | was also able to confirm
the close spatial relationship between tubular hypoxia and interstitial fibrosis in Ad-CKD.
Furthermore, as we concluded previously from studies using the mouse antibody, hypoxia in the

tubular epithelium appears not to depend upon the patency of renal tubules.

The staining observed using the mouse primary antibody was mostly, but not exclusively, due to
non-specific binding of the anti-mouse secondary antibody to damaged renal tissue and tubular
casts. This conclusion is supported by our observation that kidney sections from adenine-treated
rats were positively stained, regardless of whether the rats had been treated with pimonidazole
chloride and regardless of whether the mouse primary antibody was included in the incubation.
This false positive staining were observed particularly in glomeruli, apical aspects of the tubular
epithelium, tubular casts, and in the interstitium. However, diffuse positive staining was observed
in tubular epithelial cells of kidney sections after incubation with the mouse primary antibody and
anti-mouse secondary antibody, only when adenine-treated rats were exposed to pimonidazole
chloride. The absence of staining in healthy renal tissue (either exposed or not exposed to
pimonidazole chloride) after incubation with anti-mouse secondary antibody indicates that tissue
damage results in the formation of antigens that cross-react with the anti-mouse secondary antibody.
Therefore, immunohistochemical methods for detection of pimonidazole adducts, that employ the
combination of a mouse primary antibody and an anti-mouse secondary antibody, are unreliable
when deployed in models of kidney damage such as Ad-CKD.

Multiple factors may contribute to development of false positive staining due to off-target binding
of secondary antibodies in indirect immunohistochemistry (7). Non-specific epitopes, including
those on endogenous immunoglobulins, can form in damaged tissue. It has been proposed that anti-
mouse secondary antibodies might cross react with non-specific epitopes exposed by tissue damage
(13) or that endogenous immunoglobulins accumulate at the site of tissue damage (7) and thereby
form a source of antigens. HRP-conjugated rabbit anti-mouse secondary antibody can cross-react
with endogenous immunoglobulins that form in lesions with the rat brain (27). DNA sequence
analysis of immunoglobulins shows that there is considerable sequence homology between rat and
mouse immunoglobulin G (IgG), in so-called ‘constant regions’. For example, the constant region
of rat 1IgG2b and mouse 1gG2a/b is homologous and rat gamma 2c¢ resembles mouse gamma 3 (6).
Such homology between rats and mice in terms of these constant regions could lead to false positive

staining when anti-mouse secondary antibodies are used in rat tissues or vice versa. Fragment
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crystallizable (Fc) receptors are expressed on the cell surface of immune cells (macrophages,
neutrophils, mast cell, natural Killer cells etc.). These cells can bind to the Fc region (constant
region) of the antibody and thus induce an antibody-dependent immune response (22). It is
therefore possible that the anti-mouse secondary antibody can bind to the Fc receptors of immune
cells which accumulate at the site of the tissue injury, thus resulting in non-specific staining (7).
Nevertheless, while our current findings indicate that anti-mouse secondary antibodies can bind to
damaged renal tissue of rats, further studies are required to understand the specific cause of this
off-target binding.

Our current findings, using an anti-pimonidazole antibody raised in the rabbit indicate that hypoxia
in Ad-CKD is localized specifically to renal tubular epithelial cells. Kidney sections from adenine-
treated rats, processed using the polyclonal primary antibody raised in rabbits, showed positive
staining for pimonidazole-adducts in renal tubular epithelium. Consistent with this finding, diffuse
positive staining in tubular elements was also seen with the mouse primary antibody. The presence
of hypoxia in the tubular epithelium is consistent with the established high metabolic rate of these
tissues (15). In the kidney, peritubular capillaries run alongside the renal tubules, providing oxygen
and nutrients to nearby interstitial cells and tubules and thus maintenance of the functional
activities of the nephron (18). Most of the supplied oxygen is utilized by Na*-K*-ATPase pumps
in the basolateral membrane of the renal tubules for reabsorption of filtered sodium (Na*) (16).
The high level of oxygen consumption by the renal tubule is one of the reasons the kidney is
susceptible to development of tissue hypoxia if any reduction of oxygen supply occurs from nearby

peritubular capillaries to renal tubules (10).

Under pathological conditions, progressive interstitial fibrosis may impair oxygen diffusion from
the vasculature to the renal tubules (19). Our current findings indicate that, in Ad-CKD, fibrosis
develops in the renal interstitium and is spatially associated with tubular hypoxia. Tubulointerstitial
injury, characterized by tubular atrophy and interstitial fibrosis, associated with loss of renal
peritubular capillaries, is a common finding in animal models of CKD and in biopsy specimens
from human patients with CKD (4, 5, 8, 20). For example, Basile and colleagues demonstrated
depletion of peritubular capillary density in the renal outer medulla, 4-8 weeks after reperfusion,
in a model of ischemia/reperfusion injury that progresses to CKD. Their findings support the
concept that tubulointerstitial fibrosis gradually exacerbates loss of peritubular capillaries and
subsequently promotes renal dysfunction (4). Indeed, loss of peritubular capillaries would be

expected to restrict blood flow downstream from the glomerular capillaries, restricting oxygen
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supply to the renal tubules, thus initiating and/or exacerbating renal hypoxia (17). In addition,
accumulation of fibrosis between peritubular capillaries and nearby renal tubules would be
expected to decrease oxygen supply from capillaries to renal tubules by increasing the diffusion
distance, even if the peritubular capillaries remain intact (11, 19). Thus, the close spatial
relationship between interstitial fibrosis and renal tubules might contribute at least in part in

development of renal tubular hypoxia in adenine-treated rats.

| found hypoxia in epithelial cells of both open (and thus presumably patent) and closed (and thus
presumably obstructed) tubules. Indeed, using the anti-pimonidazole antibody raised in the rabbit,
| could not detect differences between the proportions of open tubules, compared to closed tubules,
that stained positive for pimonidazole adducts. | hypothesized that tubular obstruction causes
decreased oxygen consumption due to decreased solute delivery in occluded tubules downstream
from tubular casts. The corollary to this hypothesis is that more severe hypoxia might be expected
in open tubules (i.e. those not occluded by tubular casts). As with our previous observations using

the antibody raised in mice (Chapter 2), our current observations do not support this proposition.

The current study has both strengths and limitations. Using an anti-pimonidazole antibody raised
in the rabbit | was able to confirm the presence of hypoxia in the kidneys of adenine-treated rats.
| employed two negative controls; tissues that had not been exposed to pimonidazole and tissues
that had been processed without the addition of the primary antibody raised in the rabbit. The
complete absence of staining in both sets of negative control tissue provides confidence that the
staining observed in the kidneys of rats with Ad-CKD truly reflects the presence of pimonidazole
adducts, and thus cellular hypoxia. Furthermore, our use of serial sections provided insight into the
nature of the non-specific staining generated using the monoclonal mouse primary antibody that
has been deployed by ourselves (1, 12) and others (9, 27) previously. However, an important
limitation of pimonidazole adduct immunohistochemistry is that it does not allow quantification of
the severity of hypoxia. The dark brown pigment, produced by enzymatic oxidation of 3-
diaminobenzidine (DAB), used to visualize pimonidazole adducts, does not follow the Beer-
Lambert law (30). As a result, the intensity of staining is not directly proportional to the

concentration of pimonidazole adducts in the tissue.

In conclusion, our current findings confirm that renal hypoxia is associated with Ad-CKD. It also
confirms the spatial relationship between renal fibrosis and tubular hypoxia. Recently, Ow et al
argued that, if renal tissue hypoxia is an early driver of pathophysiology of CKD, we should be

able to detect renal tissue hypoxia before overt renal dysfunction (21). Ad-CKD may thus be a
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useful model to examine the role of renal hypoxia in the initiation and progression of CKD.
Therefore, in the studies described in Chapter 4 | deployed multiple methods to assess kidney

oxygenation during the first week of adenine treatment.
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RENAL OXYGENATION DURING THE EARLY STAGES OF ADENINE-
INDUCED CHRONIC KIDNEY DISEASE

4.1 ABSTRACT

Renal hypoxia is a characteristic of established adenine-induced chronic kidney disease (CKD).
However, the role of hypoxia in the pathogenesis of adenine-induced CKD (Ad-CKD) remains to
be determined. | hypothesized that hypoxia is an early event in Ad-CKD which precedes the
development of overt renal dysfunction. | used three independent methods to assess kidney
oxygenation during the first 7 days of adenine treatment. After a 7 day treatment period, renal
oxygen delivery under anesthesia was 50.6% less in adenine-treated rats than in vehicle-treated
rats, while renal oxygen consumption was 65.2% less. Cortical tissue PO2 measured by Clark
electrode in anesthetized rats was similar in both adenine-treated (44.5 + 6.4 mmHg) and vehicle-
treated rats (47.6 = 7.7 mmHg). In contrast, medullary tissue PO, was 44% less in adenine-treated
rats than in vehicle-treated rats. However, in unanesthetized rats, renal tissue PO. measured by
radio-telemetry remained relatively stable in adenine-treated rats across a 7 day treatment period.
Notably, anesthesia and laparotomy of rats equipped with a telemetry probe in the renal medulla
led to greater reductions in medullary tissue PO: in rats treated with adenine (36.6%) than in
vehicle-treated rats (16.4%). Thus, the apparent medullary hypoxia detected by Clark electrode
could be dependent on the use of anesthesia. Consistent with this proposition, levels of hypoxia
inducible factor-1a (HIF-1a) were less in adenine-treated rats than vehicle-treated rats in the renal
cortex, outer medulla and inner medulla, while levels of HIF-2a did not differ significantly between
the two groups of animals. Renal dysfunction was evident by day 7, with glomerular filtration rate
65% less and serum creatinine 183% greater in adenine-treated rats than vehicle-treated rats. Thus,
I conclude that renal tissue hypoxia does not precede renal dysfunction in Ad-CKD, so is unlikely

to be a major early driver of renal dysfunction in this model.
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4.2 INTRODUCTION

Tubulointerstitial hypoxia has been proposed as a ‘final common pathway’ in the development and
progression of chronic kidney disease (CKD) (17, 18, 20, 40). According to the so-called ‘chronic
hypoxia hypothesis’, during the initial stages of CKD, glomerular injury causes decreased renal
blood flow and oxygen delivery via peritubular capillaries, thereby decreasing renal tissue PO-
(37). Tissue hypoxia, in turn, is proposed to activate multiple signaling pathways that promote
tubulointerstitial fibrosis. Simultaneously, the remaining glomerular and peritubular capillaries
maintain normal whole kidney (GFR) by increasing single nephron GFR, in part by increased
glomerular capillary pressure, which in turn increases damage to the glomerulus and capillary
networks and promotes further development of fibrosis (19, 40, 41, 44). CKD is characterized by
rarefaction of peritubular capillaries and tubulointerstitial fibrosis (37, 45), regardless of its
etiology (2). These processes would be expected to lead to tubulointerstitial hypoxia, thus setting
up a vicious cycle driving the progression of CKD (40, 41, 44). However, as we have argued
recently, there are still important gaps in our knowledge of the role of hypoxia in the pathogenesis
of CKD (49). Most critically, if tubulointerstitial hypoxia is a major driver of pathology in CKD,
it should be detectable before overt renal dysfunction (49). This has been observed in some forms
of CKD. For example, Franzen and colleagues demonstrated cortical tissue hypoxia, 3 days after
induction of type-1 diabetes in mice, using electron paramagnetic resonance oximetry (23). This
intrarenal tissue hypoxia was evident before the onset of albuminuria and was sustained until end
of the study (23). Cortical tissue hypoxia was also evident as early as 15 h after activation of the
renin-angiotensin system in a model of angiotensin Il-dependent hypertensive CKD (8). This

cortical tissue hypoxia was detected well before the development of renal injury (29).

We recently found evidence, using pimonidazole adduct immunohistochemistry, of tissue hypoxia
in adenine-induced CKD (Ad-CKD) (22). Ad-CKD is categorized as a tubular crystal nephropathy
(39). Deficiency of the enzyme adenine phosphoribosyl transferase, which leads to accumulation
of adenine in the blood, results in an insoluble crystal (2, 8-dihydroxyadenine) precipitate in the
renal tubules and obstruction of tubular flow, which initiates renal injury (28, 42, 63). A similar
disease phenotype can be induced in rodents by adenine-feeding (22, 51, 64). As is the case in
CKD in humans and clinically relevant animal models, Ad-CKD in rodents is characterized by
elevated plasma concentrations of urea (38) and creatinine (55) as well as proteinuria (22, 55). Ad-

CKD is also characterized by the presence of interstitial fibrosis (22, 28, 38, 42), extensive tubular

98
Chapter 4



Renal oxygenation in adenine-induced chronic kidney disease

dilation (9), degeneration of the proximal tubular epithelium with loss of the brush border (28, 55)
and inflammatory cell infiltration (55). One of the advantages of this model is that CKD develops
rapidly, within 2 weeks (22), so its time-course can be precisely monitored. In our previous study,
tissue hypoxia, evinced by positive staining for pimonidazole adducts, was observed after two
weeks of adenine feeding, at a time when CKD was advanced (22). Thus, in that study it was not
possible to determine whether tissue hypoxia is an early event in this model, perhaps preceding

renal dysfunction.

The current study was designed to test the hypothesis that hypoxia is an early event in Ad-CKD
which precedes the development of overt renal dysfunction. | used three independent methods to
assess kidney oxygenation in the first 7 days of adenine feeding, each with strengths and limitations.
Firstly, I measured renal tissue PO by Clark electrode in anesthetized rats, after 7 days of adenine
feeding. This technique allowed us to generate a ‘map’ of tissue PO2 within the renal cortex and
medulla. It also allowed us to determine the effects of adenine feeding on renal oxygen delivery
(DO>) and renal oxygen consumption (VO.) (47) . However, measurements can be made at only a
single time-point and are potentially confounded by the effects of anesthesia. Secondly, | used
radio-telemetry to assess renal oxygenation continuously, in conscious rats, during 7 days of
adenine feeding. This method provides exquisite temporal resolution, but tissue PO can only be
measured in relative terms and only in a single point in the kidney in each rat (8, 30, 31). Thirdly,
| quantified the effects of 7 days of adenine feeding on expression of the hypoxia inducible factor
(HIF) proteins HIF-1a and HIF-2a in the cortex, inner medulla and outer medulla. This method
provides information about the state of hypoxia signalling cascades (34), although of course these

could potentially be modified by factors other than renal oxygenation (26).
4.3 METHODS
4.3.1 Animals

Male Sprague Dawley rats, aged 8-9 weeks (n = 43) were obtained from the Animal Resources
Centre (Perth, WA, Australia). The rats were housed individually under standard laboratory
conditions; 22 + 1°C, 40 £ 1% humidity and with a 12-hour light/dark cycle (06.00-18.00 hours).
Rats were allowed free access to water and were fed a standard laboratory rat chow diet ad libitum.
Experiments were approved in advance by the Animal Ethics Committee of the Monash University
Animal Resources Platform. The experiments were performed in accordance with the Australian

Code of Practice for the Care and Use of Animals for Scientific Purposes. Rats were allowed one
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week to acclimatize to their housing conditions prior to the commencement of experimental

protocols.
4.3.2 Induction of Ad-CKD

Rats received either adenine (n = 23; 100 mg; Sigma Aldrich, Castle Hill, NSW, Australia) or its
vehicle (n = 20; 1 ml of 0.5 % w/v methylcellulose (Methyl Cellulose 400 Solution, sterilized,
Wako Pure Chemical Industries Ltd., Tokyo, Japan) by oral gavage. Adenine or its vehicle was

administered daily, between 9 and 10 am, for a period of seven days.
4.3.3 Protocol 1: Renal tissue oxygenation and its determinants in anesthetized rats

Overview: Renal tissue POz was assessed in anesthetized rats using a Clark electrode (50 um tip,
0OX-50, Unisense, Denmark), the day after the final administration of adenine (n = 7) or its vehicle
(n=7). I measured i) cortical tissue PO at six different sites on the dorsal surface of the kidney
and ii) tissue PO at 1 mm intervals up to a depth of 10 mm from the cortical surface. In addition,
| also assessed renal excretory function and the major determinants of renal tissue PO3, renal DO>
and VOo.

Surgical preparation: Rats were anesthetized with sodium thiobutabarbital (100 mg/kg i.p.,
Inactin; Sigma Aldrich, St Louis, MO, USA). Once the pedal reflex was abolished, indicating a
surgical level of anesthesia, a tracheostomy was performed. Rats were then artificially ventilated
with 40% inspired oxygen. A ventilation rate of 90-100 breaths/min and a tidal volume of 3.5 ml
were used. A catheter in the left carotid artery was used for measurement of arterial blood pressure
and collection of arterial blood. An infusion of 2% wi/v bovine serum albumin (BSA, Sigma
Aldrich, St Louis, MO, USA) in 154 mM NaCl was administered via a catheter in the jugular vein,
during the period of surgical preparation, at a rate of 6 ml/h. Hemoglobin saturation was measured
by pulse oximetry with a sensor placed on a hind foot (Mouse Ox, Starr Life Sciences Corporation,
Oakmont, PA, USA). The left kidney was exposed via a midline incision. The left renal artery and
kidney were isolated and the left kidney was placed in a Lucite cup. A transit-time ultrasound flow
probe (Type 0.7 VB, Transonic Systems Inc, Ithaca, NY, USA) was placed around the left renal
artery to allow measurement of total renal blood flow (RBF). Urine was collected from a bladder
catheter.

Experimental protocol: Bolus doses of [*H]-inulin (10 pCi in 50 uL, Perkin Elmer Australia,

Melbourne, Australia) and pancuronium bromide (2 mg/kg, Astra Zeneca Pty Ltd, NSW, Australia)
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were administered through the jugular vein once the surgical preparations were complete. A
maintenance infusion of 2% w/v bovine serum albumin in 154 mM NaCl was given throughout the
experiment at a rate of 2 ml/h. This delivered 676 pCi/h [3H]-inulin and 0.1 mg/kg/h pancuronium
bromide. After a 1 h equilibration period, a 0.5 ml sample of arterial blood was taken for blood
oximetry and chemistry. Renal tissue PO was then measured using a Clark electrode attached to
a micromanipulator. In a first series of measurements, cortical tissue PO, was determined, 2 mm
from the renal surface, at 6 randomly chosen sites on the dorsal surface of the kidney (Figure 4.1A).
For the second set of measurements, the electrode was positioned at the mid-point of the dorsal
surface of the kidney and advanced in 1 mm steps up to 10 mm below the renal capsule (Figure
4.1B). Thus, a profile of tissue PO at a range of depths below the cortical surface was generated.
After these measurements of tissue PO, were complete, blood samples were collected from the
carotid artery and the renal vein for blood oximetry, blood chemistry, and measurement of the
plasma concentration of [*H]-inulin. Urine produced over the period of measurement of renal tissue
PO, was also collected to permit measurement of the urinary concentration of [*H]-inulin, and thus
GFR.

(B)

/1
@
Lllllll | B}
5\%

Figure 4.1 Schematic of the protocol for measurement of renal tissue PO2 in anesthetized rats.
Two series of measurements were performed to determine renal tissue POz, in vehicle and adenine-
treated rats, using a Clark electrode. Cortical tissue PO> was measured in six randomly chosen
locations (blue circles) at a depth of 2 mm from the cortical surface (A). A profile of renal tissue
PO2 was then established by measuring tissue PO. at 1 mm intervals up to the depth of 10 mm
from the cortical surface (B). The red circle represents the point of insertion of the electrode.

Images were reproduced from Ow et al (47) with permission from the author.

Measurement of hemodynamic variables: The arterial catheter was connected to a pressure

transducer (Cobe, Arvarda, CO), the transit-time ultrasound flow probe was connected to a
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compatible flowmeter (T108, Transonic Systems), and the Clark electrode was connected to a
picoammeter (PA-2000, Unisense). These analog signals were digitized at 500 Hz and
continuously displayed by a data-acquisition program (Universal Acquisition, University of
Auckland, Auckland, New Zealand), allowing continuous sampling of mean arterial pressure
(MAP, mmHg), heart rate (HR, beats/min, derived from the MAP waveform), RBF (ml/min), and
PO2 (mmHg).

Analysis of blood and urine samples: A point-of-care device (ISTAT®, CG8+ Cartridges; Abbott
Laboratories, Abbott Park, IL, USA) was used to assess blood oximetry. Arterial and venous blood

oxygen content were calculated according to:

Arterial oxygen content(ml 0»/dl)
= [0.0139 X Hb (g/dl) X SaO2 (%)] + [0.003 X PAO, (mmHg)]

Venous oxygen content(ml 0»/dl)

= [0.0139 x Hb (g/dl) x SyO: (%)] + [0.003 X PvO, (mmHg)]

Where, Hb is the blood hemoglobin content, SAO2 and SvO; are hemoglobin saturation with
oxygen in arterial and renal venous blood respectively, and PaO2 and PvO. are, respectively,
arterial and renal venous blood PO..

Renal DO and VO2 were calculated according to:

Arterial Oxygen Content ((ml O2/dl) X RBF (ml/min)
100

DO> (ml O2/min) =

(Arterial — Venous) Oxygen Content (ml Oz/dl) x RBF (ml/min)

V02 (ml O2/min) = 100

Fractional oxygen extraction (FEO>) was calculated as VO2 expressed as a percentage of DO, i.e.

DO> (ml O2/min)
FEO2(%) = 1009
02(%) V0, (ml O2/min) % %

Urine flow was measured gravimetrically. Arterial blood was centrifuged at 3000 g (Eppendorf
5415R, Crown Scientific Pty Ltd, NSW, Australia) at 4 °C for 10 minutes to generate plasma.
Glomerular filtration rate (GFR) was determined by the clearance of [3H]-inulin using the

following equation:
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(Urine Flow (ml/min) X [3H]urine)
[3H Jplasma

GFR (ml/min) =

4.3.4 Protocol 2: Temporal changes in renal tissue POz during the first 7 days of treatment

with adenine or its vehicle

Overview: Renal cortical or medullary tissue PO> were measured in rats treated with adenine or
its vehicle, from the day before and for 7 days during treatment with adenine (Figure 4.2). At the
end of the experimental protocol, blood, urine and tissue samples were collected for assessment of

renal dysfunction and damage.

(v) {vii)
. (ii) (iv) PO, (vi) Measurement (vii)

(i - H Pre-calibration { {'"). = Baseline & measurement = Invivotesting < of tissue PO, L post-
Cor-lstructlon of of radio- Im|:.>lantat|on of measurements during of radio- under implantation
radio-telemeter telemeter radio-telemeter (PO,) treatment telemeter anesthesia and calibration

(D1-D7) after death

Figure 4.2 Schematic representation of the protocol for measurement of renal tissue POz in
unanesthetized rats. The protocol comprised multiple steps: i) Construction of the radio-
telemeter: the three electrodes (carbon paste electrode, reference and auxiliary electrode) were
attached to a radio-telemeter. ii) Pre-calibration of the radio-telemeter: This served both to
determine whether the device was functional and to assess its responsiveness to changes in PO..
iii) Implantation of the radio-telemeter in either the cortex (n =14) or medulla (n =11) of the left
kidney: Electrodes attached to radio-telemeters were implanted in the cortex of 7 rats subsequently
treated with adenine and 7 rats subsequently treated with its vehicle. Electrodes attached to radio-
telemeters were implanted in the medulla of 6 rats subsequently treated with adenine and 5 rats
treated with its vehicle. iv) Baseline measurements: Renal tissue PO, was measured over a 24 h
period before starting the treatment (Pre-treatment). v) PO. measurement during treatment: Rats
received either adenine or its vehicle by oral gavage, daily for a seven day period (D1-D7). Tissue
PO was continuously recorded in unanesthetized rats during this treatment period. vi) In vivo
testing of the radio-telemeter: On day 8, the responsiveness of the radio-telemeter to changes in
inspired oxygen was tested in rats with medullary implantation. vii) Measurement of tissue PO>
under anesthesia and after death: Rats were anesthetized and then humanely killed, to assess the
effects of anesthesia on tissue oxygenation and the offset current under anoxic conditions (i.e. when
PO, = 0). viii) Post-implantation calibration: The radio-telemeter was explanted and re-calibrated

again (as in step ii). Each step is described in detail below.
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Construction of the radio-telemeter: This has been described in detail previously (31). Briefly, a
functional radio-telemeter (TR57Y, Millar Inc., Houston, TX, USA) consists of two separate units:
i) a three electrode system and ii) the telemeter body (31). The three electrodes required for
measurement of tissue PO are an oxygen sensing carbon-paste electrode (CPE; Millar, Inc., Texas,
USA), a reference electrode, and an auxiliary electrode. The telemeter body contains a battery unit
and a potentiostat circuit which maintains a -650 mV potential on the carbon paste electrode to the
reference electrode. The potential difference resulting from reduction of oxygen at the tip of the
CPE is measured and transmitted wirelessly to a remote receiving station (31).

Prior to implantation of the radio-telemeter, | attached the CPE, reference, and auxiliary electrode
to the wires of the probe body. After construction of the telemeter, both the CPE and reference
electrode were bent at a 90° angle, ~2 mm (for cortical implantation) or ~5 mm (for medullary
implantation) from the electrode tip.

Calibration of the telemeter: An identical procedure was used for calibration of the radio-
telemeters before implantation and after explanation. The calibration procedure provides quality
control information and allows detection of defects in the manufacturing process. Specifically,
improper sealing of the connections between the electrodes and the telemeter wires results in
leakage of fluid in the system which causes saturation of current (~ 600 nA) so that the electrodes
are unresponsive or poorly responsive to changes in the PO> of the phosphate buffered saline (PBS)
used during calibration. In such cases, remedial action can be taken to repair the radio-telemetry

unit prior to implantation.

In brief, the electrodes of the radio-telemeter were submerged into a small sealed beaker containing
150 ml of 0.1 M PBS at pH 7.4. The PBS was equilibrated with 100% N2 gas for 30 minutes before
submerging the electrodes. In another partially sealed small beaker, 150 ml of 0.1 M PBS was
saturated with oxygen by bubbling with 100% O>. Next, incremental aliquots of 0.1 M PBS
equilibrated with 100% O2 were added to the 0.1 M PBS in the beaker containing the submerged
electrodes to achieve cumulative concentrations of 25, 50, 75, 100 and 125 pM O2. A typical
current-time profile of this calibration procedure is given in Figure 4.3.
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Figure 4.3 An example of a typical trace during the calibration procedure. Current changed
incrementally with successive addition of 0.1 M phosphate buffered saline equilibrated with 100 %
O- to a solution saturated with 100% N». Arrows indicate when aliquots were added. The inset
represents the relationship between current and oxygen concentration established. Figure was

reproduced with permission (46).

Implantation of the radio-telemeter: Radio-telemeters were sterilized with 2% w/v glutaraldehyde
(354400-500ML, 25% glutaraldehyde, Merck KGaA, Darmstadt, Germany) in isotonic saline
before implantation. The telemeter probe and the wires, up to the joints between the electrodes and
the telemeter wires, were submerged in the sterilant for 1 h. The electrodes were kept out of the
sterilant, as this could damage the CPE. After 1 h the telemeter probe and wires were rinsed with

sterile isotonic saline.

Anesthesia was induced by 5 % v/v isoflurane (IsoFlo™, 05260-05, Abbott Laboratories, IL, USA)
supplied in 100 % O2 (800 ml/min) in an induction box. Once the rat lost consciousness, it was
removed from the induction box and isoflurane was supplied through a nose cone at 2.5-3 % v/v
for the entire surgical procedure. The rat was placed on a heated pad to facilitate maintenance of
body temperature. Rats received a subcutaneous injection of 0.1 ml of an antibiotic suspension
containing 80 mg/ml of trimethoprim and 400 mg/ml of sulfadiazine (Tribactral®, Jurox Pty Ltd,
NSW, Australia) and a dose 4 mg/kg of carprofen (Rimadyl®,Pfizer, NSW, Australia) for

analgesia.
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The abdominal aorta and the left kidney were exposed via a midline incision. The wires of the
telemeter were sutured onto the adventitia of the abdominal aorta with non-absorbable suture. The
CPE and reference electrodes were then inserted into the left kidney so that their tips were either 2
mm below the surface of the renal cortex (renal cortex; n=14) or 5 mm below the surface of the
renal cortex (inner medulla; n=11). To allow insertion of the CPE and reference electrode, two
small holes were made in the renal capsule, approximately 4 mm apart, using a 30 gauge needle.
The electrodes were secured in position with tissue adhesive (3M Vetbond, 3M Animal Care
Products, MN, USA) placed onto a small piece of cellulose patch (No. 1469SB, Data Science
International, MN, USA) that lay over the electrodes. The auxiliary electrode was attached on the
surface of the kidney, away from two other electrodes. As for the CPE and reference electrode, it
was secured in place by application of tissue adhesive to a small piece of cellulose patch that lay
over the electrode. The telemetry unit was then secured under the right abdominal muscle layer by
a suture. Sutures were then used to close the abdominal muscle layer and the skin layer. An
antifungal cream (neomycin undenoate, Hamilton Laboratories, Adelaide, SA, Australia) was
applied onto the closed wound and the rat was left on a thermal pad for recovery from anesthesia.
All rats received subcutaneous injections of carprofen (4 mg/kg; Rimadyl®, Pfizer) for the next

three days.

After surgery, the rat was transferred to a standard cage placed on a receiver/recharging device
(TR181 SmartPad™ TR181, Millar Inc. Houston, TX, USA), to allow renal tissue PO, to be
measured continuously across the study period. The SmartPad recharges the battery of the
telemeter and also receives and transmits data. The pairing between the radio-telemeter and the
smart pad was established by the TR190 Configurator hardware and ConfigSoft™ software
(TR190, Millar Inc. Houston, TX, USA).

Responsiveness of the telemeter to changes in renal oxygenation induced by altered inspired
oxygen: Rats with electrodes placed in the renal medulla underwent this procedure at the
completion of the study (Day 8). For technical reasons | was unable to complete this procedure in
rats with electrodes in the renal cortex. The rat cage was placed in a Perspex box, initially with no
lid to allow the rat to breathe room air (21% O>) for 30 minutes (first control period). Next, the
Perspex box was closed and 10% O was delivered into the Perspex box for 30 minutes at a rate 5
I/min. Following this first intervention, the lid of the Perspex box was removed and the rat was
allowed to breathe at room air for a further 30 minutes (second control period). After that, the lid

of the Perspex box was replaced and 100% O, was delivered for 30 minutes at a rate of 5 I/min.
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This second intervention was followed by a third control period, where the lid of the Perplex box

was removed and the rat breathed room air for 30 minutes.

Effects of adenine or its vehicle: All rats received either adenine or its vehicle for a period of 7
days, as described in Section 4.3.2. Body weight and consumption of water were measured daily.

Explantation of the telemeter at day 8: Once responses to altered inspired oxygen content were
determined (as described above), rats were then anesthetized by an intraperitoneal injection of 60
mg/kg sodium pentobarbital (Sigma Aldrich). Once a surgical level of anesthesia was achieved, as
judged by abolition of pedal reflex, renal tissue PO, was recorded for ~7 minutes in order to
examine the effect of anesthesia on renal tissue PO>. Next, a midline incision was made to expose
the radio-telemeter and the kidney. Renal tissue PO2 was then recorded for a further ~5 minutes to
investigate the combined effects of anesthesia and laparotomy on renal tissue PO». Then, the right
renal artery and vein were ligated and the right kidney was removed, decapsulated, weighed and
flash frozen in liquid nitrogen and stored at -70°C for later analysis of HIF protein expression by
western blot (see below). A 1.5 ml blood sample was then collected from the left ventricle for
analysis of blood chemistry (iSTAT, Chem8+ Cartridge; Abbot Laboratories). Each rat
subsequently received 2 ml potassium chloride (7 mM) via cardiac puncture to induce cardiac
arrest. The current measured by the telemeter rapidly decreased and reached to stable baseline
within 30 seconds of death. This stable baseline current (offset value) was subtracted from all data
recorded during the experiment. The telemeters, with electrodes attached, were then explanted and
calibrated (see Calibration of the telemeter, above). The left kidney and heart were removed and
weighed. Tissue samples were fixed in 10% neutral buffered formalin solution for further

histological studies.

Quantification of tissue PO2: The current signal from the radio-telemeter was filtered with a 25
Hz low-pass filter. Artefacts were removed when the 1st order derivative of the measured current
exceeded a threshold of 5-500 nA/s. The zero-offset current of the radio-telemeters, determined at
the end of the experiment after cardiac arrest, was subtracted from all measurement. Therefore, the

‘true current’ measured was calculated as:
Current (nA) = Filtered current(nA) — Zero offset current (nA)

The current measured at the tip of the electrode is proportional to the concentration of oxygen at

the CPE. Renal tissue PO2 was determined as:
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i PO, (mmHg) = Current(nA) < 0.631
tssue B2 UMMBE) = Calibration of CPE (nA/um) "~

The calibration of the CPE was determined during the pre-calibration procedure. The constant
0.631 is a conversion factor for concentration to partial pressure in aqueous solution at sea level (1
MM = 0.631 mmHg) (31).

Expression of hypoxia-inducible factors: The right kidneys collected from rats in which kidney
tissue PO, was measured by radio-telemetry were used for western blot analysis of HIF-1a and
HIF-2a protein expression. The frozen kidneys were thawed and sliced. The middle slice of each
kidney was dissected into three regions (i.e. the cortex, outer medulla and inner medulla with

papilla).

Tissue samples were homogenized in 8 ul per mg of tissue radioimmunoassay-precipitation (RIPA)
buffer to lyse cells and allow extraction of proteins from the samples. The RIPA buffer consisted
of 25 mM Tris-hydrochloride, 100 mM sodium chloride, 0.1% v/v Triton X-100, 0.5% w/v sodium
deoxycholate, 0.1% wi/v sodium dodecylsulphate (SDS), 1 mM sodium orthovanadate, 1 mM
sodium fluoride, and protease inhibitors (Complete™ Mini, protease inhibitor cocktail tablets,
Roche diagnostics GmbH, Mannheim, Germany). Next, the tissue homogenate was centrifuged at
15,000 g at 4 °C for 20 min. The supernatant was collected and stored -80°C. Prior to western
blotting, the amount of protein in each sample was quantified using a commercially available kit
(Pierce™ BCA Protein Assay Kit #23225, Thermo Scientific, Rockford, IL, USA). After
quantification of protein concentration in each sample, the supernatant was added to Laemmli
sample buffer (2x Laemmli Sample Buffer #1610737, Bio-Rad Laboratories, CA, USA) and heated

at 95 °C for 2 minutes.

Thirty pg of protein from each sample was loaded into each lane of a precast gel (7.5% Mini-
PROTEAN® TGX™ Precast Protein Gels, 4561025, Bio-Rad Laboratories, CA, USA) and
proteins were separated electrophoretically in running buffer (Tris/glycine/SDS) at 300 V for 20
minutes. The fractionated proteins in the precast gel were then transferred onto a polyvinylidene
difluoride (PVDF) membrane (Trans-Blot® Turbo™ RTA Mini PVDF Transfer Kit, 1704272,
Bio-Rad Laboratories, CA, USA) using a transfer system (Trans-Blot® Turbo™ Transfer System,
Bio-Rad Laboratories, CA, USA). Next, the PVDF membrane was placed in blocking buffer (5%
w/v skim milk in Tris buffered saline with Tween 20 (TBST) buffer) in order to prevent non-

specific binding of the detection antibodies.
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The PVDF membranes were incubated overnight at 4 °C in the primary antibody (1:1000), either
HIF-1a (NB100-479, Novus Biologicals, CO, USA) or HIF-2a (NB100-122, Novus Biologicals,
CO, USA) in 2.5% w/v bovine serum albumin. After that, the PVDF membranes were washed by
TBST buffer. Subsequently, the membranes were incubated in a solution containing secondary
antibody at a dilution of 1:4000 (ECL™ anti-rabbit 1gG, HRP-linked whole antibody, GE
Healthcare UK Limited, UK) and conjugate (1:15,000) (Precision Protein™ StrepTactin-HRP
conjugate, Bio-Rad Laboratories, CA, USA) for an hour at room temperature. The membrane was
developed by incubation for 3 min with equal parts of Clarity™ Western Peroxide Reagent (Bio-
Rad Laboratories, CA, USA) and Clarity™ Western Luminol/Enhancer Reagent (Bio-Rad
Laboratories, CA, USA). The intensity of the bands observed on the membrane was quantified
using ImageLab software (Bio-Rad) and the intensity of specific bands was corrected to total

protein content on the membrane.

Histological assessment of tissue damage and collagen deposition: The formalin-fixed left
kidneys were processed, embedded in paraffin and sectioned at 5 um. Two sections from each
kidney were stained with hematoxylin and eosin (H & E) (1, 22) and picrosirius red (7). H & E
staining was performed to visualize vascular and tubular structures. Picrosirius red staining was

used to assess collagen deposition, specifically type I and type 111 collagen, in the kidney.

All sections were scanned at 40x magnification using Aperio Scan Scope (Aperio, Vista, CA, USA).
Quantification of collagen deposition in kidney sections processed for picrosirius red staining was
performed using the Image Scope Positive Pixel Count Algorithm (Version 9; Aperio). Results

are presented as percentage of total area stained with picrosirius red.
4.3.5 Statistical analyses

Statistical analyses were performed using SYSTAT (Version 13, Systat Software Inc., Chicago,
IL, USA). First, normality was assessed using the Shapiro-Wilk test (58). Data that did not violate
normality are presented as mean + standard error of the mean (SEM) while data that violated
normality are presented as median (25th percentile, 75th percentile). Dichotomous comparisons
were made using either Student’s t-test with Welch’s correction or the Mann-Whitney U-test.
Variables measured at multiple time-points were analyzed using repeated measures analysis of
variance (ANOVA), with P values conservatively adjusted using the method of Greenhouse and

Geisser (35). Two-sided P < 0.05 was considered statistically significant.
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4.4 RESULTS
4.4.1 Protocol 1: Renal tissue oxygenation and its determinants in anesthetized rats

Morphological parameters, body temperature and blood chemistry: Before the treatment period
commenced, body weight of rats subsequently treated with adenine (362 + 14 g) was similar to
that of vehicle-treated rats (355 + 16 g, P = 0.73). However, after the 7 day treatment period,
adenine-treated rats were significantly lighter (-17%) than vehicle-treated rats (Table 4.1). At the
completion of the experimental protocol, left kidney weight was 86% greater in adenine-treated
rats than in vehicle-treated rats. Body temperature, blood electrolytes and hematocrit, at the
commencement of the terminal experiment under anesthesia, were similar in adenine-treated and
vehicle treated rats (Table 4.1). The only exceptions were ionized calcium, which was 7% less in
adenine-treated than vehicle-treated rats, and arterial PCO2, which showed a tendency (P = 0.07)

towards hypocapnia in adenine-treated rats.

Table 4.1 Characteristics of vehicle-treated and adenine-treated rats under anesthesia

Parameter Vehicle Adenine P
Morphology

Body weight, g 391+12 325+11 0.002
Left kidney weight, g 1.4+0.1 26x0.1 <0.001
Temperature

Core temperature, "C 36.5+0.3 36.6+0.3 0.82
Arterial blood chemistry

Sodium, mM 1414 +1.3 1447+2.4 0.23
Potassium, mM 48+0.1 46+0.2 0.29
lonized calcium, mM 1.29 £ 0.02 1.20 £ 0.02 0.005
Glucose, mM 112+1.2 145+16 0.13
Hematocrit, % 472+1.0 46.7 £ 0.6 0.69
PCO2, mmHg 37.7+24 31.7+1.8 0.07
HCOs, mM 25.7+0.6 24.8+0.8 0.43
pH 7.44 £0.03 7.50 £ 0.03 0.12

Values are mean + SEM (vehicle-treated rats: n = 7 for morphology, temperature, and arterial blood
chemistry; adenine-treated rats: n = 9 for morphology, n = 7 for temperature, and n = 8 for arterial

blood chemistry). P values are the outcomes of Student’s unpaired t test with Welch's correction.
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Systemic hemodynamics and renal hemodynamics and function under anesthesia: MAP was 24%

higher in adenine-treated rats than vehicle-treated rats (Table 4.2). However, neither HR nor SO

differed significantly between the two groups. RBF was 51% less, GFR was 65% less and urine

flow was 167% greater in adenine treated rats than vehicle-treated rats when these variables were

corrected for kidney weight. Filtration fraction did not differ significantly between the two groups.

Table 4.2 Systemic and renal hemodynamic and functional parameters in anesthetized

vehicle-treated and adenine-treated rats

Parameters Vehicle Adenine P
Systemic hemodynamic

MAP, mmHg 107+ 6 133+5 0.01
HR, bpm 455 + 30 400+9 0.13
SOz, % 99.0+0.3 976114 0.34
Renal hemodynamic

RBF, ml/min/g KW 1.45+0.24 0.71+£0.09 0.02
GFR, ml/min/g KW 0.37 £ 0.05 0.13£0.02 0.003
Urine flow, pl/min/g KW 2804 8316 0.02
Filtration fraction, % 41.8+6.1 35453 0.45

Values are mean + SEM (vehicle-treated rats: n=7; adenine-treated rats: n=8 for RBF, n=6 for GFR,

urine flow and filtration fraction, n=7 for systemic hemodynamics). RBF, renal blood flow; GFR,

glomerular filtration rate; FF, filtration fraction; MAP, mean arterial pressure; SO, saturation of

arterial hemoglobin with oxygen, determined by pulse oximetry. KW: kidney weight. P values are

outcomes of Student’s unpaired t-test with Welch's correction.

Blood oxygen content: Arterial and renal venous blood hemoglobin, PO,, SO> and blood oxygen

content were similar in rats treated with adenine to their levels in vehicle-treated rats (Table 4.3).

The only exception was that arterial SO2 was slightly but significantly greater in adenine-treated

rats than vehicle-treated rats.
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Table 4.3 Blood oxygenation in anesthetized vehicle-treated and adenine-treated rats

Parameters Vehicle Adenine P

Arterial blood

Hemoglobin, g/dI 16.2+0.5 15.8+0.2 0.51
PO2, mmHg 127.6 + 10.8 139.0+4.8 0.36
SOz, % 98.8+0.2 99.4+0.1 0.03
O2 content, ml O2/dI 219+0.5 21.7+0.4 0.77
Renal venous blood

Hemoglobin, g/dI 148+ 0.4 148+0.5 0.99
PO2, mmHg 43.7+4.8 53.0+£5.0 0.21
SOz, % 76.0+7.9 86.4+ 4.9 0.29
O2 content, ml O2/dI 165+1.6 18.7+1.3 0.30

Values are mean £ SEM (vehicle-treated rats: n = 7; adenine-treated rats: n = 7). SO, saturation
of hemoglobin with oxygen. P values are the outcomes of Student’s unpaired t-test with Welch's

correction.

Renal oxygen supply and utilization: Renal DO, was 51% less, and renal VO, was 65% less, in
rats treated with adenine compared to vehicle-treated rats, when these variables were corrected for
kidney weight (Figure 4.4). In contrast, fractional extraction of oxygen (FEO>) did not differ

significantly between the two groups.

Spatial distribution of renal tissue PO2 in anesthetized vehicle-treated and adenine-treated rats:
Cortical tissue PO2, measured by Clark electrode at a depth of 2 mm below the renal capsule, was
heterogeneous across the left kidney in both vehicle-treated and adenine-treated rats. The lowest
tissue PO- in the cortical region was measured at 2.7 mmHg and the highest tissue PO2 was 133.7
mmHg (Figure 4.5A). However, the average cortical tissue PO: in the group of rats treated with
adenine did not differ significantly from that in the corresponding vehicle-treated group (Figure
4.5B). Tissue PO was consistently lower, from the cortico-medullary junction to a depth of 9 mm
below the renal capsule, in adenine-treated rats compared to vehicle-treated rats (Figure 4.5C).
Notably, the average medullary tissue PO,, between 4-6 mm depth, was 44% less in adenine-
treated rats than vehicle-treated rats, whereas cortical tissue PO> (average of 1-2 mm depth) was
comparable between adenine-treated (44.5 + 6.4 mmHg) and vehicle-treated (47.6 + 7.7 mmHg)
rats (Figure 4.5D).
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Figure 4.4 Whole kidney oxygenation in vehicle-treated and adenine-treated rats. Columns
and error bars represent mean £ SEM (vehicle-treated rats: n = 7; adenine-treated-rats: n = 7). A:
renal oxygen delivery (DOz). B: renal oxygen consumption (VOy). C: fractional extraction of
oxygen (FEO2). KW: kidney weight. P values are the outcomes of Student’s unpaired t-test with

Welch's correction.
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Figure 4.5 Assessment of renal tissue PO2 in vehicle-treated rats (n = 7) and adenine-treated
rats (n = 7) under anesthesia. A: Measurements of tissue PO, at a depth of 2 mm below the
cortical surface at six random spots across the left kidney. Each color represents a different rat. B:
Measurements of cortical tissue PO for each rat were averaged. Columns and error bars represent
mean + SEM. P values are the outcomes of Student’s unpaired t-test with Welch's correction. C:
A tissue PO; profile with depth was established by advancing the Clark electrode from the cortical
surface at 1 mm increments up to a depth of 10 mm below the cortical surface. Circles and error
bars represent mean + SEM (vehicle-treated rats: open circles; adenine-treated rats: closed circles).
P values (Poepth, PTreatment @nd Ppepth*Treatment) are the outcomes of repeated measures analysis of
variance with factors depth and treatment. D: Cortical tissue PO2 (1-2 mm depth) and medullary
tissue PO2 (4 to 6 mm depth) were averaged. Columns and error bars represent mean + SEM
(vehicle-treated rats: open bar; adenine-treated rats: filled bar). P values are the outcomes of
Student’s unpaired t-test with Welch's correction. POy tissue oxygen tension, CM: cortico-

medullary junction.
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4.4.2 Protocol 2: Temporal changes in renal tissue POz during the first 7 days of treatment

with adenine or its vehicle

Body weight and water intake: Body weight differed significantly between two groups across the
7 day treatment period (Figure 4.6A). At the completion of the study protocol, body weight had
increased by 7.8 £1.3% in vehicle-treated rats whereas in adenine-treated rats it had decreased by

5.9 + 3.8% compared to their respective baseline values.

Daily water intake by rats treated with vehicle remained stable across the 7 day study period (Figure
4.6B). However, water intake in adenine-treated rats had increased by 47.4 £ 20.2% at day 2 and

remained consistently greater than baseline levels across the remainder of the 7 day treatment

period.
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Figure 4.6 Body weight and water intake in vehicle-treated and adenine-treated rats during
the 7 day treatment period. Circles and error bars represent mean £ SEM. A: Body weight
(vehicle treated rats: n = 7; open circles; adenine-treated rats: n = 7; closed circles) was recorded
before (D0) and during the treatment period (D1-D7) B: Daily water intake was recorded (vehicle-
treated rats: n = 6; open circles and adenine-treated rats: n = 6; closed circles) before and during
the treatment period. P (Ptreatment, P1ive and Ptreatment *Time) Values are the outcomes of

repeated measures analysis of variance.

115
Chapter 4



Renal oxygenation in adenine-induced chronic kidney disease

Temporal changes of renal tissue PO2 in unanesthetized rats: Neither cortical nor medullary
tissue PO, measured by telemetry differed significantly between the adenine-treated and vehicle-

treated groups across the 7 day treatment period (Figure 4.7).
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Figure 4.7 Temporal changes of cortical and medullary tissue PO2 in vehicle-treated and
adenine-treated rats. Tissue PO, averaged over 24 h, was recorded before (DO) and during the
treatment period (D1-D7). Tissue PO: is expressed as percentage relative to the day before the
treatment. Circles and error bars represent mean = SEM. A: Cortical tissue PO> (vehicle treated
rats: n = 7, open circle; adenine-treated rats: n = 7; closed circles). B: Medullary tissue PO-

(vehicle-treated rats: n = 5, open circles; adenine-treated rats: n = 6, closed circles). D; day. P

(PtreatmenT, PTive and Ptreatment*TiMe) Values are the outcomes of repeated measures analysis

of variance with factors time and treatment.

Responsiveness of radio-telemeters to altered inspired oxygen: At the completion of the
experimental protocol, the responsiveness of radio-telemeters to altered inspired oxygen inducing
hyperoxia (100% O-) and hypoxia (10% O) was tested in unanesthetized rats (Figure 4.8). When

rats were exposed to hyperoxia, medullary tissue PO> increased by 21 + 11% in vehicle-treated rats
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and 29 + 4% and adenine-treated rats respectively. When rats were exposed to hypoxia, medullary

tissue PO, decreased by 19 + 10% in vehicle-treated rats and 27 + 4% in adenine-treated rats.
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Figure 4.8 Responsiveness of radio-telemeters to changes in inspired oxygen content in
unanesthetized rats. Columns and error bars represent mean £ SEM (vehicle-treated rats: n = 3,
open bar; adenine-treated rats: n = 4, closed bar). Rats were subjected to two intervention periods
in which they inspired either 100% O2 or 10% O: for 30 minutes, bracketed by control periods
(room air; 21% O for 30 minutes). P (PtreatmenT, Poas and PrreatmenT*cas) values are the

outcomes of 2-way repeated measures analysis of variance with factors gas (10% or 100% O) and
treatment. PO>: partial pressure of oxygen.

Effects of anesthesia and laparotomy on renal tissue PO>: Cortical tissue PO2 was reduced under
anesthesia and was further reduced after laparotomy in both treatment groups. The magnitude of
the reduction in cortical tissue PO after laparotomy was similar between adenine-treated rats (38
+ 5%) and vehicle-treated rats (34 £ 2%) (Figure 4.9 A). In the renal medulla, anesthesia was
accompanied by a 12 + 1% reduction in tissue PO2 in adenine-treated rats and a similar (14 + 8%)
reduction in vehicle-treated rats (Figure 4.9 B). However, after laparotomy, a greater reduction in
medullary tissue PO, was observed in adenine-treated rats (36.6 = 6.6%) than vehicle-treated rats
(16.4 + 3.6%).
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Figure 4.9. Effects of anesthesia and laparotomy on renal tissue PO2 in vehicle-treated and
adenine-treated rats. Columns and error bars represent mean + SEM. At the completion of the
experiment, renal tissue PO2 was recorded by radio-telemetry for ~7 minutes after a surgical level
of anesthesia was achieved (Anesthetized). After laparotomy, renal tissue PO was recorded for ~5
minutes. A: Cortical tissue PO> (vehicle-treated rats: n = 5, open bar; adenine-treated rats: n = 5,
filled bar). B: Medullary tissue PO> (vehicle-treated rats: n = 5, open bar; adenine-treated rats: n =
5, filled bar). *P < 0.05 conscious state vs anesthetized state (Student’s paired t-test) and #P < 0.05

adenine vs vehicle (Student’s unpaired t-test with Welch's correction).

Morphological parameters and blood chemistry: After the 7 day treatment period, adenine-treated
rats were significantly lighter (-13%) than vehicle-treated rats (Table 4.4). In contrast, left kidney
and right kidney weights were 83.7% and 90.6% greater, respectively, in adenine-treated rats than
in vehicle-treated rats. Plasma electrolyte concentrations, hematocrit and hemoglobin
concentration were comparable between the two treatment groups (Table 4.4). Blood urea nitrogen
(BUN) was 283% greater, and plasma creatinine concentration was 183% greater, in adenine-

treated rats than vehicle-treated rats.
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Table 4.4 Characteristics of vehicle-treated and adenine-treated rats after the 7 day

treatment period

Parameters Vehicle Adenine P
Morphology

Body weight, g 422 +9 369 +10 <0.001
Left kidney, g 1.35+0.05 2.48 +0.09 <0.001
Right kidney, g 1.39+0.06 2.65+0.13 <0.001
Heart weight, ¢ 1.10 £ 0.05 1.08 + 0.07 0.81
Blood chemistry

Sodium, mM 136.6 £0.9 136.1+2.8 0.89
Potassium, mM 40+0.1 40+0.3 0.94
Chloride, mM 100.7+1.3 98.7+24 0.47
lonized calcium, mM 1.28 £ 0.03 1.16 £ 0.07 0.13
Glucose, mM 95+0.2 8704 0.07
Hematocrit, % 37.0+0.9 359+13 0.47
Hemoglobin, g/dI 126+0.3 122+04 0.47
Anion gap, mM 126+1.3 15.0+0.7 0.14
TCO2, mM 28.6 +0.7 276+0.6 0.31
BUN, mM 45+0.3 17.2+1.9 <0.001
Creatinine, mg/dI 0.46 £0.05 1.30+0.14 <0.001

Values are mean £ SEM (vehicle-treated rats: n = 14 for morphology, and n = 7 for arterial blood

chemistry; adenine-treated rats: n = 14 for morphology, and n = 7 for arterial blood chemistry).

TCO:2: total carbon dioxide, BUN: blood urea nitrogen. P values are outcomes of the Student’s

unpaired t-test with Welch's correction.
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Histological assessment of tissue damage and collagen deposition: Renal cortical and medullary
tissue from vehicle-treated rats appeared relatively normal (Figure 4.10 a-d). In the cortex the
glomeruli were intact with no apparent abnormalities of Bowman’s space (Figure 4.10 b). Renal
tubules were closely spaced and the interstitial space was not prominent in both the cortex and
medulla. (Figure 4.10 b,c). In contrast, tissue architecture of kidneys of adenine-treated rats was
abnormal (Figure 4.10 e-h). Adenine treatment induced marked tubular dilation and disintegration
of the brush border of the apical surface of renal tubules in both the cortex and medulla (Figure
4.10 f, g and h). Nevertheless, the glomeruli remained intact with no apparent abnormalities of

Bowman’s space. Renal tubular casts were observed in the kidneys of adenine-treated rats.

Renal tissue sections from vehicle-treated rats showed very little picrosirius red staining. Red
staining was observed in the perivascular region, associated with the normal presence of
perivascular adventitia. However, there was very little red stain in the interstitium (Figure 4.11 a-
d). In contrast, kidney sections from adenine-treated rats show considerable red staining in the
interstitium of the cortex and outer medulla (Figure 4.11 e and g). Quantification indicated that
picrosirius red staining was 155% greater in the cortex and 58.3% greater in the medulla of

adenine-treated rats compared to vehicle-treated rats (Figure 4.12).
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Vehicle Adenine

Figure 4.10 Micrographs of kidney sections from rats treated with vehicle (a—d) or adenine
(e-h), stained with hematoxylin and eosin. Cortical (b, f), outer medullary (c, g) and inner
medullary regions (d, h) are shown. Boxes in (a) and (e) show regions presented in (b—d) and (f—
h). Images are typical of two sections taken from each kidney. Here, n = 5 in each group. Note
presence of tubular casts (arrows) formed from precipitation of 2, 8- dihydroxyadenine.
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Figure 4.11 Micrographs of kidney sections from rats treated with vehicle (a—d) or adenine
(e-h), stained with picrosirius red. Cortical (b, f), outer medullary (c, g) and inner medullary
regions (d, h) are shown. Boxes in (a) and (e) show regions presented in (b—d) and (f-h). Images
are typical of two sections taken from each kidney. Here, n = 5 in each group. Note intense red
staining in kidneys of adenine-treated rats representing collagen accumulation in the interstitium,
whereas vehicle-treated rats show only faint staining around glomeruli and normal staining of the

adventitia surrounding arteries and veins.
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Figure 4.12 Quantification of collagen deposition in the cortex and medulla. Two sections
were analyzed from each kidney. Values are mean £ SEM for vehicle-treated rats (n = 5: open bars)
and adenine-treated rats (n = 5: filled bars). P values are the outcomes of Student’s unpaired t-test

with Welch's correction.

Expression of hypoxia inducible factors: After the 7 day treatment period, levels of HIF-1a
protein were 40% less in the cortex, 58% less in the outer medulla, and 75% less in the inner
medulla, in adenine-treated rats than in vehicle-treated rats (Figure 4.13). In contrast, protein levels
of HIF-2a did not differ significantly between the two groups in any of the three regions of the
kidney (Figure 4.14).
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Figure 4.13 Levels of HIF-1a protein in vehicle-treated and adenine-treated rats after the 7
day treatment period. Protein levels of HIF-1a are shown in both graphs and immunoblots for
(A) the cortex, (B) the outer medulla and (C) the inner medulla of the left kidneys. Vehicle-treated
rats: n = 6 (open circles) and adenine-treated-rats: n = 8 (closed circles). Values are expressed as
median (25th percentile, 75th percentile). P values are outcomes of the Mann-Whitney U-test.
HIF-1a: hypoxia-inducible factor-1a, V: vehicle-treated rat, A: adenine-treated rat, KDa:
kilodalton, AU: arbitrary unit.
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Figure 4.14 Levels of HIF-2a protein in vehicle-treated and adenine-treated rats after the 7
day treatment period. Protein levels of HIF-2a are shown in both graphs and immunoblots for
(A) the cortex, (B) the outer medulla and (C) the inner medulla of the left kidneys. Vehicle-treated
rats: n = 6 (open circles) and adenine-treated-rats: n = 8 (closed circles). Values are expressed as
median (25th percentile, 75th percentile). P values are outcomes of the Mann-Whitney U-test.
HIF-2a: hypoxia-inducible factor-2a, V: vehicle-treated rat, A: adenine-treated rat, KDa:
kilodalton, AU: arbitrary unit.
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4.5 DISCUSSION

In the current study, | used three independent methods to assess kidney oxygenation during the
first week of development of Ad-CKD. I found no evidence of hypoxia in the renal cortex of
adenine-treated rats, as assessed either by Clark electrode in anesthetized rats at the end of a 7 day
treatment period, by radiotelemetry in unanesthetized rats across the course of the 7 day treatment
period, or by post-mortem assessment of HIF-1a and HIF-2a protein expression. Similarly, | found
no evidence of hypoxia in the renal medulla using radiotelemetry or post-mortem assessment of
HIF-10. and HIF-2a protein expression. In contrast, in anesthetized rats | found that medullary
tissue PO, measured by Clark electrode, was less in adenine-treated than vehicle-treated rats.
However, our observations in rats instrumented with radio-telemeters indicate that this observation
could be confounded by the effects of anesthesia and laparotomy. Critically, impairment of renal
function and interstitial fibrosis were found to be present as early as 7 days after commencement
of adenine treatment. Thus, renal tissue hypoxia might not be an early characteristic of Ad-CKD

S0 may not be a primary driver of pathology in this model.

Renal tissue hypoxia is not a prominent feature during the first 7 days of development of Ad-CKD.
Using radio-telemetry in unanesthetized rats, | found that tissue PO> in both the cortex and medulla
was maintained across a 7 day treatment period. This observation does not support the hypothesis
that renal tissue hypoxia precedes renal pathology, at least in this experimental model of CKD. Our
failure to detect hypoxia using radiotelemetry is unlikely to be due to a deficit in the sensitivity of
the method. As we have shown previously (30), we could detect tissue hypoxia and hyperoxia in
the rats we studied when they were subjected to acute changes in inspired oxygen content.
Furthermore, Emans and colleagues were able to detect cortical tissue hypoxia as early as 15 h
after activation of the renin-angiotensin system in a rat model of angiotensin Il-dependent
hypertensive CKD (8). Thus, cortical tissue hypoxia associated with activation of the renin-
angiotensin system was apparent in unanesthetized rats well before the development of renal injury
(29). Our current findings indicate that this is not the case for Ad-CKD.

The absence of renal tissue hypoxia in the early stages of Ad-CKD could be due to relatively well-
balanced changes in renal DO2 and VO>. Renal DO is the product of total RBF and the quantity
of oxygen carried in arterial blood (10). In this current study, | determined that RBF (indexed to
kidney weight) in adenine-treated rats was approximately half that of vehicle-treated rats, whereas
blood hemoglobin concentration and both arterial PO, and SO, were similar to that in vehicle-

treated rats. Thus, renal ischemia is the major factor driving the deficit in renal DO; in the early
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stages of Ad-CKD. Previous studies have demonstrated deficits in RBF (27, 54) and anemia (51)
in Ad-CKD when rats were treated with adenine for longer periods (i.e. 2 weeks or more). However,
to our knowledge our current observations represent the first available quantification of renal DO>
and VO3 in Ad-CKD. Critically, our findings indicate that renal VO3 is also reduced in Ad-CKD,
to a similar extent to the deficit in DO.. It is also relevant to consider that renal tissue hypoxia
observed in other models of CKD has consistently been found to be associated with imbalanced
changes in DO, and VO». For example, renal tissue hypoxia in polycystic kidney disease is
associated with reduced renal DO> but little reduction in renal VO (47). Furthermore, renal cortical
hypoxia associated with intravenous infusion of angiotensin Il was found to be associated with
decreased renal DO, but relatively well-maintained renal VO, (8). Indeed, renal hypoxia is
associated with disruption of the balance between renal DO, and VO in multiple form of CKD
and acute kidney injury (6, 33, 50, 62). Consistent with the concept that kidney tissue oxygenation
is governed by the balance between local tissue DO. and consumption VO (12), our current
findings indicate that the relative preservation of renal tissue PO, within the first 7 days of adenine
treatment may be due to the fact that the deficit in renal VO2 (65%) matched the deficit in DO>
(51%).

The very marked deficit in GFR 1 observed in rats treated with adenine (66%) likely provided some
protection against development of renal hypoxia by limiting renal VO, (which was reduced by
65%). We recently observed a very similar scenario in rats during the sub-acute phase of severe
renal ischemia-reperfusion injury (48). That is, renal tissue hypoxia could not be detected and both
GFR and renal VO; were significantly reduced. There is a close association between renal VO
and GFR (52, 59), as the latter determines the tubular sodium load and thus tubular sodium
reabsorption (11). For example, Redfors and colleagues found, in human patients after cardiac
surgery, that increased GFR after administration of mannitol was associated with increased tubular
sodium reabsorption and renal VO2 (52). Thus, one could envisage scenarios in which renal tissue
is normoxic, hypoxic, or even hyperoxic at various stages during development and progression of
both acute kidney injury and CKD, depending on the relative changes in DO and VO, and their
determinants (13). For local tissue oxygen delivery, determinants include RBF and the intrarenal
distribution of perfusion, blood hemoglobin concentration and arterial PO>. For VO3, determinants
include total sodium reabsorption and the distribution of tubular reabsorption across the various
nephron segments, and the metabolic efficiency of tubular sodium reabsorption. The latter, in turn,
depends on a range of factors including the degree of damage to the integrity and polarity of
endothelial cells and the presence of oxidative stress (13).
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| could not detect renal medullary hypoxia in the first week of Ad-CKD in unanesthetized rats,
using telemetry. However, in anesthetized rats medullary tissue PO, measured by Clark electrode
was less after 7 days of adenine treatment than in corresponding vehicle-treated rats. How can we
explain the difference between these two sets of findings? One possibility is that anesthesia and
subsequent laparotomy confounded our measurements made with Clark electrodes. In rats
equipped for radio-telemetric measurement of cortical or medullary tissue PO | found that both
cortical and medullary tissue PO, were reduced by anesthesia and laparotomy. Importantly,
medullary tissue PO fell more after laparotomy in adenine-treated rats than vehicle-treated rats. It
is well established that anesthetic agents, including barbiturates such as pentobarbital and
thiobutabarbital, can depress systemic and renal hemodynamics during the time of anesthesia and
after skin incision (3, 4, 60, 61). It is also likely that laparotomy can alter neurohumoral function.
Regardless, our current findings suggest that the relative hypoxia in the renal medulla of adenine-
treated rats, as measured by Clark electrode under anesthesia, may not reflect the situation in

conscious animals.

The recognition that anesthesia and laparotomy markedly reduce both cortical and medullary tissue
PO- is important because, until recently, the only available direct measurements of renal tissue PO-
had been made in anesthetized animals and man. Telemetric methods are now available, such as
the system used in the current study. However, this method is limited by the fact that it is not really
possible to generate a reliable estimate of absolute tissue PO». Rather, this method really only
allows changes in tissue PO> to be assessed. Similarly, blood oxygen level dependent magnetic
resonance imaging (BOLD-MRI) really only provides a measure of blood oxygenation within
kidney tissue (15), which may vary independently of tissue PO2 (14). Nevertheless, it is now
possible to directly measure renal tissue PO> in conscious, albeit large, animals using fiber-optic
probes (5). Further development and use of methods for monitoring renal tissue oxygenation in
conscious animals, and the extension of their use to smaller species such as rats, should lead to
considerable advances in our knowledge of the physiology and pathophysiology of renal

oxygenation.

Under normoxic conditions, oxygen regulated HIF-a subunits are constitutively expressed and
subsequently degraded by the ubiquitin-proteasome system (57). Consequently, hypoxia is often
associated with increased tissue expression of HIF-a protein ((16, 53). In our current study, renal
expression of HIF-2a protein did not differ between adenine-treated and vehicle-treated rats.

Moreover, HIF-1a protein was downregulated in Kkidneys of adenine-treated rats. These
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observations are consistent with our overall conclusion that renal tissue is not hypoxic during the
first 7 days of Ad-CKD. The marked downregulation of HIF-1a throughout the kidney in Ad-CKD
is of particular interest because it indicates that oxygen-independent pathways might be important
in regulating HIF activity in early Ad-CKD. We were unable to investigate the nature of these
oxygen-independent pathways, which could conceivably lead to reduced HIF-1a synthesis by
reducing the expression of its gene, or increased rate of breakdown of HIF-1a. Some examples of
the latter have recently been identified. For example, Koh and colleagues found that hypoxia-
associated factor (HAF), an E3 ubiquitin ligase, binds to HIF-1a but not HIF-2a and initiates its
proteasomal degradation by oxygen independent mechanism (32). Furthermore, multiple lines of
evidence indicate that post-translational modification of HIF-subunits at specific residues, such as
phosphorylation (21) and acetylation (24, 25) may affect HIF protein stability and transactivation
activity.

Renal dysfunction appears to precede the development of renal tissue hypoxia in Ad-CKD. We
previously found evidence of hypoxia, assessed by pimonidazole adduct immunohistochemistry,
after 14 days of treatment with adenine (Chapters 2 and 3). However, in the current study, using
multiple methods, | have provided compelling evidence that tissue hypoxia is not present after 7
days of adenine treatment. Nevertheless, administration of adenine caused kidney dysfunction by
day 7, as manifested by the presence of marked increases in the plasma concentrations of urea
(282%) and creatinine (183%), along with decreased GFR measured by inulin clearance. In
addition, pathological changes were visible at the tissue level after 7 days of adenine treatment as
reflected by interstitial fibrosis and tubular dilatation, in accord with similar, but more marked,
changes observed in rats treated with adenine for 14 days (22). Presumably, the pathophysiological
mechanisms underlying the development of renal dysfunction are dominated by the influence of
tubular obstruction caused by tubular casts (probably 2,8-dihydroxyadenene crystals) as shown in
H & E stained kidney sections in our current report and previously by others (64, 65). In
gentamicin-induced acute renal failure, proximal tubular free-flow pressure (intratubular
hydrostatic pressure), measured by micropuncture, was found to be increased in association with
reduced tubular flow (43). The tubular obstruction and higher intratubular hydrostatic pressure
would be expected to lower the net hydraulic pressure gradient across the glomerular capillary wall
and thereby decrease GFR (56). Thus, the renal tubular obstruction observed in the early stages of
Ad-CKD in the current study might be a major cause of reduced GFR and thus reduced excretion

of uremic toxins.
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Our study has several strengths and limitations. The radio-telemetric technique | used to measure
renal tissue PO provided relatively stable and reproducible measurements of cortical or medullary
tissue PO in the absence of confounding effects of anesthesia. In addition, | showed that the
technique could detect acute changes in medullary tissue PO2 induced by systemic hypoxia and
hyperoxia. These observations are consistent with those of previous studies in unrestrained rats (8,
30). However, we can only measure renal tissue PO2 in one site in each animal and tissue PO can
be expressed only in relative terms. | was also unable to measure renal DO2 and VO: in
unanesthetized rats, so measured these variables in rats under barbiturate anesthesia. This
experiment also allowed us to deploy a Clark electrode to generate a spatial profile of renal tissue
PO.. Nevertheless, anesthesia may confound the measurement of renal tissue PO2, particularly in
the medulla. Together, use of Clark electrodes and radiotelemetry enabled us to establish both
temporal and spatial profiles of renal tissue PO during the early stages of Ad-CKD. For technical
reasons | could not determine renal sodium clearance and consequently changes in total sodium
reabsorption. Nonetheless, it seems reasonable to conclude that the major cause of the 65.2%
reduction in renal VO in anesthetized adenine-treated rats was probably reduced sodium
reabsorption as a consequence of the 65.5% reduction in GFR. Furthermore, our quantification of
the protein levels of HIF-1a and HIF-2a also indicate that renal hypoxia is not present in the early
stages of Ad-CKD. However, interpretation of these observations must be tempered by the
recognition that factors other than tissue PO, which | was unable to interrogate in the current study,
also contribute to the regulation of HIF signaling (26).

Our current findings provide evidence against a role for renal hypoxia in the initial stages of Ad-
CKD, but cannot be generalized to other forms of CKD. For example, Manotham and coworkers
(36) demonstrated the presence of renal tubular hypoxia in the early stages of the remnant kidney
model of CKD, before any histological evidence of tubulointerstitial damage could be observed.
This was indicated by the presence of positive staining for pimonidazole adducts, upregulation of
expression of HIF-1a protein, and by increased transcription of hypoxia target genes (36). Similarly,
Matsumoto et al provided evidence of tubular hypoxia in the early stage of model of rat
glomerulonephritis (37). In that study, the overall structure of the renal tubules was observed to
remain normal during the evolution of renal hypoxia. Renal tissue hypoxia has also been observed
before the onset of nephropathy in diabetic mice (23) and in rats in which the renin-angiotensin
system was activated (8). Nevertheless, the observation of an association between hypoxia and

later development of CKD does not demonstrate causation. Furthermore, the absence of renal tissue
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hypoxia in the early stages of Ad-CKD does not rule out a role for hypoxia in the later progression

of this disease.

In conclusion, our present findings indicate that renal tissue hypoxia does not precede renal
dysfunction in the early stages of Ad-CKD. The relative preservation of renal tissue PO in this
model might be a consequence of the well maintained balance between renal DO, and VO_. Our
findings also provide further evidence that anesthesia can confound measurement of renal tissue
PO:..
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TRANSCUTANEOUS MEASUREMENT OF GLOMERULAR
FILTRATION RATE IN CONSCIOUS RATS DURING THE
PROGRESSION OF STREPTOZOTOCIN-INDUCED TYPE 1 DIABETES

5.1 ABSTRACT

| hypothesized that glomerular hyperfiltration is an early and sustained event in streptozotocin
(STZ)-induced diabetes that could contribute to the renal tissue hypoxia observed in this model of
type 1 diabetes. To test this hypothesis | employed a transcutaneous technique to measure the
clearance of fluorescein isothiocyanate-abelled (FITC)-sinistrin in concious, free moving rats
across a 4 week experimental protocol. | compared four different kinetic models to calculate the
excretion half-life (t12) of FITC-sinistrin and thus allow estimation of glomerular filtration rate
(GFR). This included a one-compartment kinetic model (1-COM), a two-compartment Kinetic
model (2-COM), a three-compartment kinetic model (3-COM) and a three-compartment Kinetic
model with baseline correction (3-COMB). Glomerular hyperfiltration was detected in STZ-
induced diabetes by using either the 2-COM model or the 3-COMB model at day 14 and by using
the 3-COM model at day 3 and 14, after induction of diabetes. However, glomerular hyperfiltration
could not be detected using the 1-COM model at any time across the four week experimental
protocol. From a theoretical perspective | reasoned that the 3-COMB model provides a better
estimate of ty» than the three other models. Linear regression analysis of the data generated using
the 3-COMB model showed a statistically significant relationship between blood glucose and
calculated GFR at the day 14 (P = 0.004) and day 28 (P = 0.01) time-points, along with a strong
tendency for a relationship at the day 3 time-point (P = 0.06). In addition, there was no evidence
of renal dysfunction as shown by the absence of significant albuminuria and interstitial fibrosis
four weeks post-induction of diabetes in STZ-diabetic rats. Thus, it seems reasonable to conclude
that hyperfiltration is an early and persistent phenomenon in the STZ model of type 1 diabetes in

rats that may contribute to the development of renal tissue hypoxia.
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5.2 INTRODUCTION

There is evidence that renal tissue hypoxia is an early and persistent event in diabetes (8, 38). Renal
hypoxia was detected in anesthetized rats with STZ-induced diabetes within two days of STZ
administration, both by direct measurement of tissue oxygen tension using fiber optic probes and
by blood-oxygen-level dependent magnetic resonance imaging (BOLD-MRI) (8). In these animals
renal hypoxia persisted 5, 14, and 28 days after induction of diabetes. Recently, Franzen and
colleagues detected cortical tissue hypoxia in anesthetized mice, by 3 days after induction of
diabetes with STZ, using electron paramagnetic resonance oximetry (14). Tissue hypoxia in these

mice persisted until the end of the experimental protocol, 2 weeks after administration of STZ.

Glomerular hyperfiltration might be a potential contibuting factor to development of renal tissue
hypoxia in diabetes (34). Glomerular hyperfiltration is thought to be driven by increased proximal
tubular reabsorption of electrolytes (Na*, CI, and K¥), which has been observed in both
experimental models of diabetes mellitus (37, 50, 51) and human patients with insulin-dependent
diabetes mellitus (IDDM) (20, 53). This increased reabsorption of electrolytes in the proximal
tubule (51) appears to diminish the tubuloglomerular feedback response (49), resulting in an
increased single nephron glomerular filtration rate (GFR). Furthermore, increased reabsorption in
the proximal tubule could lower the glomerular hydrostatic pressure in Bowman’s space (26, 51).
This reduction of hydrostatic pressure may also contribute to glomerular hyperfiltration by
increased net filtration pressure (26, 51). Under normal physiological conditions, approximately
80% of the oxygen utilization in the kidney is for reabsorption of Na* (9). Thus, the increased
filtered load of Na* associated with hyperfiltration would be expected to increase oxygen

utilization in the proximal tubule, thus promoting the development of tissue hypoxia.

Hyperfiltration is a characteristic of experimental type 1 diabetes (24, 25, 43, 51), but the time-
point at which it occurs in the progression of the disease remains controversial. For example, Bak
and colleagues observed glomerular hyperfiltration at day 7 after STZ administration using the
steady state constant infusion technique in unanesthetized rats (2). In that study GFR was measured
across the 7 days after induction of diabetes. Similarly, Tucker et al found that GFR was
significantly greater 24 hours after STZ administration and remained increased across the 15 days
of their experimental protocol (47). In contrast, in two other studies glomerular hyperfiltration
could not be detected in STZ-diabetic rats, either with the steady state constant infusion technique
(12) or the single injection technique (35), across the 3-4 week experimental protocol. However,

in one of those studies, a significant elevation in GFR was detected in STZ-diabetic rats when GFR
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was indexed to body weight (35). Thus, the precise time-course of development of glomerular
hyperfiltration in conscious rats after induction of diabetes remains controversial. Furthermore, the
techniques used to assess GFR in those studies require surgical preparation for catheter
implantation, collection of multiple blood and/or urine samples and laboratory analysis of those
samples in order to calculate GFR (2, 7). Thus the techniques are invasive, cumbersome and time

consuming.

In the current study, | used transcutaneous measurement of fluorescein isothiocyanate (FITC)—
sinistrin clearance in conscious rats to test the hypothesis that glomerular hyperfiltration is an early
and sustained event in type 1 diabetes. If this hypothesis is correct, our findings could provide the
basis for further studies to investigate the mechanistic link between hyperfiltration and hypoxia in
the diabetic kidney. The transcutaneous based measurement of GFR involves injection of FITC-
sinistrin and detection of the clearance of this marker in a conscious animal by a transcutaneous
device (17, 21, 40, 42). This technique has advantages over traditional clearance-based techniques,
including the fact that no blood or urine samples are required, no further time consuming laboratory
analysis is required, and GFR can be calculated immediately after completion of the clearance
procedure (32, 41). Nevertheless, this technique does have limitations, most notably the fact that
specific mathematical models must be applied to the data generated by measurement of the
clearance of FITC-sinistrin, in order to generate the excretion half-life (t12) value from which GFR
is calculated (17, 42). Thus, assumptions must be made regarding the distribution of FITC-sinistrin
within the various fluid compartments (15). Consideration of the impact of these assumptions on
the values of GFR determined in diabetic and non-diabetic rats may thus help us more precisely

define the time-course of hyperfiltration in experimental type 1 diabetes.

In the current study | employed four different mathematical models of FITC-sinistrin clearance: a
one compartment kinetic model (1-COM) (16, 41, 42), a two-compartment kinetic model (2-COM)
(16, 42), a three-compartment kinetic model (3-COM) (16) and a three-compartment kinetic model
with baseline correction (3-COMB) (16, 17), to calculate the t12 from the data obtained during
FITC-sinistrin clearance. Each of these models has inherent limitations. For example, the 1-COM
model is based on the assumption that FITC-sinistrin is cleared without distribution throughout the
body, which is unlikely to be true (39). The 2-COM and 3-COM models are likely more accurate
than the 1-COM model because they incorporate the assumption that FITC-sinistrin is distributed
within the extracellular space (16). However, the 1-COM, 2-COM and 3-COM models cannot

incorporate the influence of skin auto-fluorescence (10) or changes in skin perfusion (30) that
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might arise as a result of attachment of the transcutaneous device, and thus alter the intensity of
the signal. These factors might influence the baseline signal generated during transcutaneous
measurement and thus influence the calculation of ti» and the resultant estimate of GFR (17).
Recently, Friedemann et al showed that the t1> derived by the 3-COMB model is comparable with
that determined by the ‘gold standard’ constant infusion technique (17). This mathematical
algorithm describes the complete course of clearance kinetics for FITC-sinistrin which includes
the point of injection of the marker, the distribution and mixing of the marker within the blood
stream as well as the excretion kinetics of the marker (17). In addition, this 3-COMB model also
incorporates automated correction for drifts of the baseline signal. Thus, from a theoretical
perspective, this model should provide a more accurate estimate of ty2. | compared these available
kinetic models for calculating the clearance of FITC-sinistrin, to determine whether the choice of
model could influence the conclusions drawn from our study of the time-course of changes in GFR

in experimental type 1 diabetes.
5.3 METHODS
5.3.1 Animals

Sixteen male Sprague Dawley rats, aged 10 weeks, were obtained from the Monash Animal
Research Platform (Monash University, Melbourne, Victoria, Australia). The rats were housed
individually under standard laboratory conditions; 22 + 1°C, 40 + 1% humidity and with a 12-hour
light/dark cycle (06.00-18.00 hours). Rats were allowed free access to water and were fed a
sodium-controlled diet (0.25% sodium chloride; Specialty Feeds, Glen Forrest, Western Australia,
Australia) ad libitum. Experiments were approved by the Animal Ethics Committee of the Monash
University Animal Research Platform. The experiments were performed in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Rats were
allowed one week to acclimatize to their housing conditions prior to the commencement of the

experimental protocol.
5.3.2 Induction of diabetes

Diabetes was induced in 11 week old male Sprague Dawley rats by a single intravenous injection
of STZ (Sigma- Aldrich Pty. Ltd. Castle Hill, NSW, Australia), at a dose of 50 mg/kg body weight,
dissolved in 0.1 M citrate buffer at pH 4.5. Vehicle-treated rats received citrate buffer only (1

ml/kg, i.v.). The STZ was administered by tail vein injection under light anesthesia. Rats were
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anesthetized with the inhalation anesthetic, isoflurane (IsoFlo™, 05260-05, Abbott Laboratories,
IL, USA) maintained at 2.5 — 3.0% (v/v) using a vaporizer. Forty eight hours after injection of
STZ, the blood concentration of glucose was measured in the non-fasting state using a glucometer
and glucose test strips (Nova Stat Strip Xpress, Nova Biomedical Corporation, Waltham, MA,
USA) from blood obtained from a needle prick of the tail vein. Rats with blood glucose >15 mM

were considered diabetic.

Insulin therapy: Rats with diabetes were administered insulin (HUMULIN® NPH; Isophane —
NPH —human insulin; recombinant DNA origin suspension, Eli Lilly Australia Pty. Limited, NSW,
Australia) subcutaneously to maintain a moderately elevated blood concentration of glucose (27 to
28 mM). The specific dose of insulin was titrated according to the measured concentration of blood

glucose of each individual rat (Table 5.1).

Table 5.1 Insulin regimen according to the concentration of blood glucose.

Blood glucose concentration Units of insulin

<27 mM No insulin

27-28 mM 2 units every second day
28 -31 mM 3 units every second day
32 mM 4 units every second day

For all rats (diabetic and vehicle) in this study, blood glucose concentration was measured at two

day intervals until completion of the study.

5.3.3 Experimental protocol

GFR  Vehicle /sTZ GFR GFR GFR
. % . . .
[ ] [ ] [ ]
-1 1 3 14 28

Time after injection (days)

Figure 5.1. Time line of the experimental protocol. Glomerular filtration rate (GFR) of each rat

(vehicle or diabetic) was measured at 4 time points across the duration of the study. Baseline GFR
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was measured at day -1 (i.e. before administration of streptozotocin (STZ) or the citrate buffer

vehicle). GFR was then measured 3, 14 and 28 days after injection of either citrate buffer or STZ.
5.3.4 Measurement of glomerular filtration rate

GFR was estimated in conscious rats by measuring the clearance of FITC-labeled sinistrin (17,
21). Signal intensity of FITC-sinistrin was assessed transcutaneously using a non-invasive
clearance (NIC)-Kidney Device (Mannheim Pharma and Diagnostics GmbH, Mannheim,
Germany) (17). The battery of the NIC-Kidney Device was charged 24 h before measurement of
GFR. The FITC-sinistrin (Fresenius Kabi Austria GmbH, Linz, Austria) solution was prepared by
dissolving FITC-sinistrin (5 mg/100 g body weight) in 0.9% w/v sodium chloride solution. It was
stored at —20 °C, away from light and then thawed on the day of use.

5.3.5 Experimental procedure

Rats were lightly and briefly anesthetized (2.5 — 3.0% v/v isoflurane) and placed on a heated pad
to maintain body temperature at 37.5 °C. Then, a small area of fur on the flank of the rat, slightly
larger than the surface area of the NIC-Kidney device, was removed using an electric shaver
followed by application of depilatory cream. This was necessary because rat fur can auto-fluoresce
and thus interfere with measurement of the concentration of FITC-sinistrin. Following fur
removal, the area of depilatory cream was washed thoroughly and a strip of adhesive tape
(Leukosilk® tape; BSN medical GmbH, Hamburg, Germany) was placed beneath the abdomen of
the rat. Next, the NIC-Kidney Device was turned on via connection to a lithium polymer
rechargeable battery which was adhered to the top of the device with an adhesive sticker. The NIC-
Kidney Device-battery unit was then attached to the depilated skin on the back of the rat using a
double-sided adhesive patch and adhesive tape. This minimized movement artefacts and prevented
the rat from interfering with the device. Before administration of FITC-sinistrin, a 3 minute
recording period was allowed to account for the background signal generated within the skin. Then,
a bolus of FITC-sinistrin (5 mg/100 g body weight made up in 0.9% w/v sodium chloride solution)
was administered via the tail vein. The isoflurane anesthesia was then withdrawn and the rat was
kept on a heated pad until it became conscious (usually ~2 min). The rat was returned to an
experimental chamber (containing bedding chips from the rat’s home cage only) for a period of 2
hours during which the elimination kinetics of FITC-sinistrin were recorded. These chambers were
used as they were larger than the rat’s home cages and thus reduced the likelihood of dislodgement

of the device from the back of the rat. At the end of the recording period, the tape and device were
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gently removed from each rat under light isoflurane anesthesia, and the rat was returned to its home

cage.
5.3.6 Data analyses

The battery was detached from the device and the device was connected to a computer via a micro
USB cable. The data were downloaded as a .csv file, which can be opened and modified in
Microsoft Excel and read by the MPD Studio software package (Mannheim Pharma and
Diagnostics GmbH, Mannheim, Germany) (17). The software generated the elimination kinetics
curve of FITC-sinistrin from which the ty. of FITC-sinistrin was calculated using mathematically
derived models. In this study t1> was determined using 1-COM (16, 41), 2-COM (16, 42), 3-COM
(16, 46) and 3-COMB (16, 17) models. A detailed discussion of the theoretical basis of the various
models is given in the Chapter 1, Section 1.5.4, of this thesis. Each model was applied to the
kinetics curve of FITC-sinistrin to calculate the ti» (17, 41, 42, 45). The elimination rate constant
(1), an expression of GFR indexed to extracellular fluid volume, was calculated using the following

equation (17).
A (minute™) = t;» X [n(2)

Where, t1> represents the excretion half-life and In (2) is the natural logarithm of 2, which is

approximately 0.693.
The t12 was used for the calculation GFR according to the following formula (17):

2133

t/2

Where GFR is in the units mI/min/100 g body weight, the numerator 21.33 (ml/100 g body weight]
is an empirically derived conversion factor for GFR calculation for rats (17) and t1,. is the excretion
half-life of FITC-sinistrin.

5.3.7 Metabolic cage studies

Each rat was housed individually in a metabolic cage for 2-3 hours after each GFR measurement,
to obtain urine samples. A day prior to the first study, each rat was housed in a cage for a 6-hour
training period for acclimatization. Urine samples were stored at -20°C for later measurement of

urinary albumin-to-creatinine ratio (ACR).
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At the completion of the experimental protocol, rats were deeply anesthetized by an intraperitoneal
injection of sodium pentobarbital (60 mg/kg, Sigma Aldrich, NSW, Australia) and a 1 ml blood
sample was collected via cardiac puncture. Blood was centrifuged at 3000 g at 4°C for 10 minutes
and the plasma stored at —20°C for later measurement of plasma electrolytes, creatinine and urea.
A 2 ml bolus of potassium chloride (7 mM) was then delivered by cardiac puncture to induce death
by cardiac arrest. The kidneys and heart were removed from each rat and weighted. The right
kidney was flash frozen and the left kidney and heart were fixed in 10% neutral buffered formalin

solution.
5.3.8 Analysis of urine and plasma samples

The urinary ACR was quantified using a rat urinary albumin enzyme-linked immunosorbent assay
kit (NEPHRAT; Exocell Inc., Suite 200, Philadelphia, PA, USA) and a urinary creatinine assay kit
(The Creatinine Companion; Exocell Inc., Suite 200, Philadelphia, PA, USA) according to the
manufacturer’s instructions. Plasma electrolytes, creatinine and urea were measured using a point-
of-care device (iISTAT, Chem8+ Cartridge; Abbot Laboratories, Abbott Park, IL, USA).

5.3.9 Histological assessment of tissue damage and collagen deposition

The formalin fixed kidneys were processed, embedded in paraffin and sectioned at 5 um. Two
sections from each kidney were stained with hematoxylin and eosin (H & E) (1, 13) and picrosirius
red (6). All sections were scanned at 40x magnification using Aperio Scan Scope (Aperio, Vista,
CA, USA). Quantification of fibrosis in kidney sections processed for picrosirius red staining was
performed using the Image Scope Positive Pixel Count Algorithm (Version 9; Aperio). Results are

presented as percentage of total area stained with picrosirius red.
5.3.10 Statistical analyses:

Statistical and graphical analyses were performed using the software SYSTAT (Version 13, Systat
Software Inc., Chicago, IL, USA) and GraphPad Prism (Version 7, GraphPad Software Inc., La
Jolla, CA, USA), respectively. Normality was assessed using the Shapiro-Wilk test (44). Data that
did not violate normality are presented as mean + standard error of the mean (SEM). Data that
violated normality were logio-transformed, and after confirmation that these log-transformed data
did not violate normality, subjected to parametric statistical analysis. Variables measured at
multiple time-points were analyzed using repeated measures analysis of variance (ANOVA), with

P values conservatively adjusted using the Greenhouse-Geisser correction (29). To protect against
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increased risk of type 1 error from the use of multiple comparisons either Tukey’s test (when all
possible comparison were made) or Dunnett’s test (when multiple time-points were compared to a
control condition) were applied (31). Ordinary least squares regression analysis was performed to
determine the linear relationships between concentration of blood glucose and GFR (28). Student’s
unpaired t-test with Welch’s correction was used for dichotomous comparisons. Two sided P <

0.05 was considered statistically significant.
5.4 RESULTS
5.4.1 Body weight and blood glucose concentrations

The body weight of vehicle-treated rats increased gradually over the four weeks of the protocol, to
be 17 £ 1% greater than its baseline level by 28 days after vehicle injection (Figure 5.2A). In
contrast, body weight had decreased in rats with diabetes (5 + 1%) by day 3 after injection of STZ
and then remained relatively constant for the rest of the period of observation.

Vehicle-treated rats maintained a narrow range of blood glucose concentration (5.4 — 6.0 mM)
across the duration of the experimental protocol (Figure 5.2B). In contrast blood glucose
concentration had increased 3.7-fold by day 3 after STZ injection and was maintained at this
elevated level thereafter.

5.4.2 Glomerular filtration rate

Baseline GFR: Baseline GFR differed significantly according to the model used for calculation of
the t12 of FITC-sinistrin (Figure 5.3). In general, the t1> was least, while the rate constant and GFR
were greater, for the 2-COM model compared to the other models. Indeed, the t1> calculated by 2-
COM was 22.6 £ 7.6% less than that determined by the 3-COM model while the GFR determined
by the 2-COM model was 21.3 + 8.8% greater than that determined by the 1-COM model and 22.8
+ 7.6% greater than that determined by the 3-COM model. Neither the ti»> calculated by the 3-
COMB model nor the rate constant or GFR determined by the 3-COMB model differed
significantly from that derived using the other models (1-COM, 2-COM and 3-COM).

Temporal profile of GFR: The profile of changes in GFR across the course of the experimental
protocol varied somewhat according to the method used to calculate ty2 (Figure 5.4 and Table 5.2).
In vehicle-treated rats, regardless of the method used, t12and so consequently both the rate constant

and calculated GFR, remained relatively stable across the four week period of observation. The
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only exceptions were for the 28-day time-point, at which time ty> was significantly greater than
baseline according to the 2-COMB and 3COMB models but not the 1-COM or 3-COM models. In
contrast, after administration of STZ, ty» fell and the rate constant and GFR increased when the
2COM, 3-COM or 3-COMB methods were used, although no significant changes were detected
when the 1-COM method was used. The time-points at which these changes became statistically
significant differed according to the method used to calculate GFR. The increase from baseline
was significant only at the 14 day time point for the 2-COM (46.8 £ 26.8%) and 3-COMB
(32.7+9.6%) models. However, it was significant at both the 3 day (29.3 + 11.6%) and 14 day (43.4
+ 11.6%) time points when the 3-COM method was used. At the 28 day time-point, no significant

difference in GFR, from baseline, was detected with any of the four models.

During transcutaneous measurement of FITC-sinistrin, the intensity of the fluorescent signal can
be influenced by skin autofluorescence and changes of skin perfusion induced by attachment of
device (30). These factors might affect the baseline signal generated by the device and thus
influence the actual value of GFR. The 3-COMB model provides automated correction for baseline
drift (17). Theoretically, a model that both corrects for changes in baseline signal and incorporates
a more realistic set of assumptions about the nature of the compartments that FITC-sinistrin is
distributed in, should be superior to the 1-COM, 2-COM and 3-COM models. Therefore, data
obtained by the 3-COMB model were subjected to linear regression analysis to determine the

relationship between blood glucose concentration and GFR.

Relationship between concentration of blood glucose and glomerular filtration rate: Linear
regression established positive relationships between blood glucose concentration and GFR in
vehicle-treated and STZ-diabetic rats (Figure 5.5). The proportion of the variance in calculated

GFR, explained by these relationships, was least on day 3 (22%) and most at day 14 (45%).
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Figure 5.2 Body weight (A) and blood glucose (B) in vehicle-treated and diabetic rats during
the 4 week experimental protocol. Columns and bars represent mean £ SEM of n = 8 (vehicle;
opened bar) and n = 8 (diabetic; filled bar). P values were derived from repeated measures analysis

of variance.
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Figure 5.3 Renal clearance of FITC-sinistrin at baseline. Baseline renal clearance of FITC-
sinistrin for all rats (n = 16) was calculated and expressed in three different forms (A) ty2 =
excretion half-life (minutes), (B) rate constant (minute) and (C) GFR indexed to body weight
(ml/min/100 g body weight). Excretion half-life of FITC-sinistrin was calculated using a one
compartment kinetic model (1-COM), a two compartment kinetic model (2-COM), a three
compartment kinetic model (3-COM) and a three compartment kinetic model with baseline
correction (3-COMB). Columns and error bars represent mean = SEM. P values were derived from

repeated measures analysis of variance. *P < 0.05 (Tukey's post hoc test).
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Figure 5.4. Temporal profile of renal clearance of FITC-sinistrin in vehicle-treated and

diabetic rats during the 4 week experimental protocol. Renal clearance of FITC-sinistrin was

calculated and expressed in three different forms: ti2 = excretion half-life (minutes), rate constant

(minute?), and GFR indexed to body weight (ml/min/100 g body weight). Excretion half-life of

FITC-sinistrin was calculated using a one compartment kinetic model (1-COM; panels A-C), a two

compartment kinetic model (2-COM; panels D-F), a three compartment kinetic model (3-COM,;

panels G-1) and a three compartment kinetic model with baseline correction (3-COMB; panels J-

L). Columns and error bars represent mean + SEM of n = 8 (vehicle; opened bar) and n = 8

(diabetic; filled bar). *P < 0.05, and **P <0.001 compared to the corresponding baseline value

(Dunnett’s test).
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Table 5.2 Outcomes of repeated-measures ANOVA for the data shown in Figure 5.4

PTreat Pime Pinteraction
1-COM
Tar) 0.11 0.001 0.10
Rate constant 0.06 0.002 0.06
GFR 0.06 0.002 0.06
2-COM
Tar) 0.08 0.03 0.16
Rate constant 0.09 0.14 0.19
GFR 0.17 0.07 0.09
3-COM
Tar) 0.05 0.004 0.03
Rate constant 0.006 0.002 0.01
GFR 0.006 0.002 0.01
3-COMB
Tar) 0.002 0.06 0.003
Rate constant 0.001 0.14 0.02
GFR 0.001 0.03 0.001

P values represent the outcomes of repeated measures analysis of variance. Ty, excretion half-life;

GFR, glomerular filtration rate; Treat, treatment; 1-COM, one compartment kinetic model; 2-

COM, two compartment kinetic model; 3-COM, three compartment kinetic model; 3-COMB, three

compartment kinetic model with baseline correction. Bolded P values are < 0.05.
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Figure 5.5 Relationships between concentrations of blood glucose and excretion half-life (t ),
rate constant, and glomerular filtration rate in diabetic and non-diabetic rats. Excretion half-
life of FITC-sinistrin was calculated using a three compartment kinetic model with base line
correction (3-COMB). Data for concentrations of blood glucose and t1> were collected at baseline
and 3, 14 and 28 days after injection of streptozotocin (STZ) or its vehicle. Open circles represent
data for vehicle-treated rats and closed circles represent corresponding data in rats rendered
diabetic by administration of STZ. Lines of best fit were generated by ordinary least squares linear
regression analysis (28). Coefficient of determination (r?) and the associated P value (testing the

null hypothesis that the slope is zero) are shown for each relationship.
5.4.3 Blood and urine chemistry

Urinary albumin to creatinine ratio (ACR) did not differ significantly between rats treated with
STZ and those treated with vehicle, throughout the experimental protocol (Figure 5.6).
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At the end of the 4 week experimental protocol, the plasma concentration of sodium was 6.4% less,
and plasma chloride was 9% less, in STZ-diabetic rats than vehicle-treated rats (Table 5.3).
However, plasma concentrations of potassium and ionized calcium did not differ significantly
between the two groups. Plasma urea concentration was 50.4% greater after STZ injection than
after vehicle injection. However, there was no significant difference between the groups in the

plasma concentration of creatinine.

Prreatment = 0.51
PTlME = 058

1.81 PTIME*PTREATMENT =0.12
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Figure 5.6 Logarithmic transformed urinary albumin to creatinine ratio in vehicle-treated
rats and diabetic rats during the four week experimental protocol. Columns and error bars
represent mean = SEM of n = 7 (vehicle; opened bar) and n = 7 (diabetic; filled bar). P values
were derived from repeated measures analysis of variance. Sufficient urine samples could not be
collected for two rats at multiple time points. Thus I only included rats from which I collected urine

at 4 time points.
5.4.4 Kidney and heart weight

The kidneys of STZ-diabetic rats were 47% (left) and 34% (right) heavier than the kidneys of
vehicle- treated rats (Table 5.3). Heart weight did not differ significantly between the two groups

at the end of 4 week experimental protocol.
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Table 5.3 Characteristics of rats four weeks after injection of vehicle or streptozotocin

Variables n Vehicle Diabetic P
Plasma analysis

Sodium, mM 8 137.1+£1.4 1284+ 2.4 0.009
Potassium, mM 8 51%0.2 46+0.1 0.09
Chloride, mM 8 96.5+0.6 87.8+21 0.004
lonized calcium, mM 8 0.90+0.12 1.02 £ 0.06 0.36
Urea, mM 8 49+0.3 7.4+£0.4 <0.001
Creatinine, mg/dI 8 0.33+£0.03 0.30 £ 0.02 0.29
Kidney and Heart

weight

Left kidney weight, g 8 1.22 +0.06 1.80 +0.08 <0.001
Right kidney weight,g 8 1.35+0.14 1.81 £ 0.07 0.02
Heart weight, ¢ 8 1.10 £ 0.06 1.03+0.04 0.37

Values are mean £ SEM. P values represent the outcomes of Student’s unpaired t- test with Welch's

correction. n indicates sample number in each group. Bolded P values are < 0.05.
5.4.5 Histological assessment of tissue damage and collagen deposition

Hematoxylin and eosin staining was performed to visualize renal tissue structure (Figure 5.7).
Kidney tissue from rats treated with vehicle appeared relatively normal (Figure 5.7 a-d). The
glomeruli were intact with regular Bowman’s space (Figure 5.7 b). Renal tubules were closely
spaced and the brush border of the apical surface of the renal tubules appeared normal in both the
cortex and medulla. (Figure 5.7 b,c,d). In contrast, in the cortex of STZ-diabetic rats, the glomerular
tufts were expanded and Bowman’s space appeared narrow (Figure 5.7 f). Tubular dilation was

observed in both the cortex and medulla (Figure 5.7 f, g and h).

Renal tissue sections from vehicle-treated rats and STZ-diabetic rats were stained with picrosirius
red (Figure 5.8). In kidney sections from both groups, positive red stain was observed around the
perivascular adventitia surrounding the arteries and veins and glomeruli. Quantification indicated
that picrosirius red staining of kidney sections did not differ significantly between the two groups

in either the cortex or medulla (Figure 5.9).
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Figure 5.8 Micrographs of kidney sections, stained with picrosirius red, taken from vehicle-
treated rats (a—d) and diabetic rats (e-h) at the end of the four week experimental protocol.

Cortical (b, f), outer medullary (c, g) and inner medullary (d, h) regions are shown. Boxes in (a)

and (e) show regions presented in (b—d) and (f-h).
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Figure 5.9 Quantification of collagen deposition in the cortex and medulla at the end of the 4
week experimental protocol. Two sections were analysed from each kidney. Values are between-
rat mean = SEM for vehicle-treated rats (n=5; opened bars) and diabetic rats (n = 5; filled bars). P

values are outcomes of Student’s unpaired t-test with Welch's correction.
5.5 DISCUSSION

The major findings in our current study are that (i) glomerular hyperfiltration was detected in rats
using both the 2-COM and 3-COMB maodels at day 14 and using the 3-COM model at day 3 and
day 14, after injection of STZ, (ii) linear regression analysis of data obtained using the 3-COMB
model demonstrated a significant relationship between blood glucose and GFR at day 14 and day
28, along with a strong tendency for a relationship at day 3, and (iii) there was no evidence of overt
renal dysfunction or damage as shown by the absence of albuminuria and tubulointerstitial fibrosis
at day 28 after induction of diabetes. Thus, our current findings support the proposition that
hyperfiltration is a prominent characteristic of the early stages of STZ-induced type 1 diabetes and
thus is a potential driver of diabetic nephropathy. Our findings also indicate that the choice of
kinetic model for calculation of ti» can have a profound impact on the conclusions drawn from
studies in which FITC-sinistrin clearance is used to estimate GFR in conscious rats. From a
theoretical perspective | propose that the 3-COMB model provides the most valid ti> and thereby
calculation of GFR. Thus, | recommend that this model be employed in future studies in which
GFR is estimated in conscious rats using FITC-sinistrin clearance.
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Our current findings indicate that hyperfiltration can be detected in conscious rats, using FITC-
sinistrin clearance, during the early stages of type 1 diabetes induced by injection of STZ. However,
the method used to calculate t1/> appears to be an important consideration in studies such as these.
For example, calculated GFR was significantly increased as early as 3 days after STZ
administration when the 3-COM method was used, but the apparent increase at this time-point was
not statistically significant when the 1-COM, 2-COM, or 3-COMB methods were used. | reasoned
that the 3-COMB method is the most valid of these four approaches. The 1-COM model has several
limitations despite its wide application in experimental studies to assess GFR (22, 41). For example,
the 1-COM model does not incorporate the complete clearance kinetics of FITC-sinistrin. It uses
the later part of the kinetics curve (33), which represents the excretion phase of the marker, to
calculate ty2. Thus, it excludes the data obtained after injection and distribution of the marker (33).
The 2-COM method, modified from the original 2-COM method of Schock-Kusch et al (42),
incorporates the complete course of measurement, including from the time of injection of the
marker to complete excretion of the marker. However the recognized error of this model is that the
model leads to a systematic deviation in the curve fitting, particularly in the peak area (16). This
deviation provided a significantly higher t> value compared to any other methods (16). In addition,
during transcutaneous measurement of GFR, the intensity of the fluorescence signal can be affected
by changes in skin perfusion induced by attachment of the transcutaneous device (30) or by
autofluorescence of the skin by photo bleaching (10). These factors might affect the baseline signal
generated by the transcutaneous device and thus affect the calculation of ti2, when the 1-COM, 2-
COM or 3-COM models are used. Friedemann and colleagues developed the 3-COMB model,
which describes the distribution and mixing of an exogenous marker within the blood stream, as
well as its excretion kinetics (16, 17). Furthermore, they also improved the model by introducing
a baseline correction term, which compensates for the drifts of the baseline signal due to a rat’s
movements or autofluorescence of the rat’s skin (17). Most importantly, the GFR measured by the
3-COMB model (0.87+0.11 ml/min/100 g body weight) was found to be comparable with the GFR
measured by the ‘gold standard’ constant infusion technique (0.94+0.13 ml/min/100 g body weight)
(17). Thus from theoretical point of view, the 3-COMB model should provide more accurate ti
values compared to other methods (1-COM, 2-COM and 3-COM).

Another limitation of the transcutaneous based measurement of renal function is that an
empirically-derived conversion factor is used, based on the assumption that the extracellular fluid
volume is similar in both vehicle-treated rats and STZ-treated rats. This conversion factor is used

to derive GFR (ml/min/100 g body weight) from ti2. Experimental evidence demonstrates an

157
Chapter 5



Transcutaneous measurement of glomerular filtration rate in streptozotocin-diabetic rats

alteration of extracellular fluid volume in poorly controlled STZ-induced diabetic rats compared
to the vehicle-treated rats (24, 47). Extracellular fluid volume was decreased by one day after STZ-
injection and was consistently less across the 15 day study periods in both the insulin-treated rats
and untreated rats compared to their control rats (47). However, there are also reports of either
increased (24) or unaltered extracellular fluid volume (48) in STZ- induced diabetic rats compared
to the vehicle-treated rats. Thus, in the absence of direct measurement of extracellular fluid volume
in the current study, it is not possible to assess the impact of this potential confounder on calculated
GFR.

Hyperglycemia might alter the extracellular fluid volume either (i) by increasing serum osmolality
which subsequently increases movement of water from cells to extracellular space (23, 27) or (ii)
by inducing osmotic-diuresis (5, 27) Interestingly, a study by Tucker et al demonstrated that STZ-
diabetic rats maintained a similar extracellular fluid volume to control rats, 60 days after STZ-
injection (48). In that study, the euvolemic state in STZ-induced diabetic rats was associated with
hyponatremia, osmotic diuresis and natriuresis. Similar to previous studies (4, 48), | also observed
hyponatremia in STZ-diabetic rats as shown by the decreased plasma sodium concentration
compare to the vehicle-treated rats.

Our inability to consistently detect a significant increase in GFR at the 3 day and 28 day time-
points after administration of STZ could represent a type Il error, given both the relatively small
sample size in our current study (n = 8 per group) and the possible variability in levels of blood
glucose in STZ-diabetic rats. Therefore, | subjected the data generated using the 3-COMB method
to linear regression analysis. This revealed statistically significant relationships between blood
glucose and calculated GFR at the 14 day (P = 0.004) and 28 day (P = 0.01) time-points, along
with a strong tendency for a relationship at the 3 day time-point (P = 0.06). Thus, it seems
reasonable to conclude that in our current study hyperfiltration is an early and persistent
phenomenon in the STZ model of type 1 diabetes in rats. Tucker et al, using the constant infusion
technique, showed that GFR in STZ-diabetic rats not receiving insulin supplementation was
significantly greater as early as 24 hours after induction of diabetes when compared to control rats.
In that study GFR was found to remain increased in STZ-diabetic rats during the entire 15 day
experimental protocol (47). Bell et al detected elevated GFR in STZ-diabetic rats compared to the
respective control group, when GFR was assessed at day 4 and day 12 after induction of diabetes
(3). However the major drawbacks of the constant infusion techniques include the fact that surgical

preparation is needed for catheter implantation, multiple blood and/or urine samples are required,
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and laboratory analysis of the samples must be conducted at the conclusion of the experiment (2,
7). To our knowledge our current observations are the first available measurements of GFR using
the transcutaneous-based technique, across a 4 week experimental protocol, during the early stage
of diabetes in STZ-treated rats.

It has been argued that renal tissue hypoxia is an early and persistent phenomenon in diabetes (8,
14, 38). In STZ-diabetic mice, cortical tissue hypoxia was detected, as early 3 days after induction
of diabetes, using electron paramagnetic resonance oximetry (14). In that study renal tissue hypoxia
persisted across a 2 week experimental protocol. Nordquist and co-workers (2015) found that both
cortical and medullary tissue PO2 were reduced significantly in rats with diabetes compared to their

respective control rats, 28 days after induction of diabetes (34).

Our current findings are consistent with a potential role of hyperfiltration in the development of
renal tissue hypoxia in diabetes. Glomerular hyperfiltration is associated with increased proximal
tubular reabsorption of sodium (50, 51). Under normal physiological conditions, approximately
80% of renal oxygen consumption is utilized for sodium reabsorption (9). Thus, increased
reabsorption of sodium in the proximal tubule, associated with glomerular hyperfiltration, would
be expected to increase renal oxygen consumption and thus potentially contribute to reduced renal
tissue PO2. Consistent with this proposition, O'Neill et al found that acute inhibition of proximal
tubular reabsorption by administration of phlorizin, an inhibitor of sodium dependent gluocose
transporters, could attenuate both cortical hypoxia and glomerular hyperfiltration in STZ-diabetic
rats (36). The results of this acute study indicate that increased sodium reabsorption in the proximal
tubule, associated with glomerular hyperfiltration, may play an important role in development of

cortical hypoxia in rats with diabetes.

Our current study was focused on the early period of diabetes, before development of overt renal
dysfunction and tissue damage. Accordingly, | found no evidence of albuminuria or
tubulointerstitial fibrosis in STZ-diabetic rats. Flynn et al found that the level of urinary albumin
excretion in Sprague Dawley rats with diabetes did not differ from that of corresponding control
rats at 4 and 8 weeks after induction of diabetes (12). However in that study rats with diabetes
exhibited albuminuria, compared to their control group, at 12 weeks after injection of STZ. In a
separate study, Gilbert and colleagues reported albuminuria in STZ-diabetic rats by 4 weeks after
induction of diabetes and this albuminuria persisted for the 16 week experimental protocol (19). In
both studies albuminuria was associated with the development of tubulointerstitial fibrosis (12,

19). Renal tubulointerstitial fibrosis has also been demonstrated in STZ diabetic rats by 3 weeks
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after induction of diabetes (18). However, in that study the levels of urinary protein excretion and
plasma creatinine were comparable between STZ-diabetic rats and their corresponding control rats
at the end of the 3 week protocol. In our current study, urinary ACR and plasma creatinine were
comparable between STZ-diabetic rats and their corresponding control rats at the end of the four
week experimental protocol. Thus in our current study renal dysfunction was not an early event in
STZ-diabetic rats as indicated by the absence of albuminuria or tubulointerstitial fibrosis.
However, there was some evidence from our histological analysis of relatively minor changes in
tissue structure such as expansion of glomerular capillary tufts and tubular dilation. Surprisingly,
| also found evidence of modest uremia in STZ-diabetic rats, despite hyperfiltration and the
absence of an increase in plasma creatinine concentration. | speculate this might be due to an

increase in food intake and thus protein intake, as rats with diabetes are polyphagic (52).

In conclusion, our current findings indicate that hyperfiltration is an early event in type 1 diabetes.
Diabetic hyperfiltration can be detected in conscious rats using FITC-sinistrin. However, the
method used to calculate ti» can influence the findings of studies of this type. | recommend use of
the 3-COMB model for analysis of FITC-sinistrin clearance because this model describes the
complete course of clearance kinetics for FITC-sinistrin, from the point of injection, with

automated baseline correction.
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ASSESSMENT OF THE SPATIAL RELATIONSHIPS BETWEEN
PERITUBULAR CAPILLARIES AND RENAL TUBULES IN THE RAT
KIDNEY: APILOT STUDY

6.1 ABSTRACT

| conducted a pilot study to investigate the feasibility of using multiphoton microscopy of slices of
renal tissue to generate three dimensional (3-D) reconstructions of the spatial relationships between
peritubular capillaries and tubules. This information is required for further refinement of
computational models of oxygen transport in the kidney. The kidneys of rats were perfusion fixed and
then filled with a gelatin solution containing albumin conjugated with fluorescein isothiocyanate
(FITC). Fluorescence could be detected in the vasculature of kidneys filled with gelatin containing
FITC conjugated albumin. Superior filling of the vasculature was achieved at an inflow rate of 3
ml/min than at 1 ml/min. In 400 um thick slices of kidney tissue, fluorescent labeling of glomerular
and peritubular capillaries could be detected by confocal microscopy of optically cleared tissue,
enabling 3-D reconstruction of vascular morphology. | also attempted to label renal tubules in these
slices using a pan cytokeratin antibody, but this was not successful. However, renal tubules could be
visualized to a certain extent using their autofluorescent properties, although this approach did not
provide adequate resolution of tubular structure in 3-D reconstructions of kidney tissue. Nevertheless,
future refinement of imaging relying on tubular autofluorecence, or use of alternative approaches to

label the tubules with antibodies, could overcome the limitations of our current method.

165
Chapter 6



Pilot study to assess the spatial relationships between peritubular capillaries and renal tubules

6.2 INTRODUCTION

Chronic kidney disease (CKD) is associated with progressive loss of peritubular capillaries (PTCs) as
shown in both experimental animal models (1, 30, 31) and human patients (6, 15). Recently, Babickova
and colleagues showed that both ultrastructural and functional abnormalities in PTCs are common in
multiple forms of CKD, regardless of etiology (1). In their study, the ratio of capillary density to renal
tubular segments progressively decreased in mouse models of unilateral ureteral obstruction, unilateral
ischemia-reperfusion injury, and Alport syndrome (Col4a3-deficient mice). These findings followed
on from the seminal observations of Basile and colleagues, who demonstrated depletion of PTCs in
the outer medulla by utilizing Microfil® infusion into rat kidneys 4-40 weeks after ischemia-
reperfusion injury (3). They also provided evidence that tubulointerstitial fibrosis gradually

exacerbates and induces the loss of PTCs and subsequently promotes renal dysfunction.

The integrity of PTCs is essential for maintenance of kidney function. PTCs run alongside the renal
tubules and provide nutrients and oxygen to nearby renal tubules which in turn is utilized to generate
ATP for maintenance of tubular function, especially reabsorption of electrolytes (24). Under normal
physiological conditions approximately 80% of renal oxygen consumption is utilized for sodium
reabsorption by Na*-K*-ATPase at the basolateral membrane of renal tubules (10). This high oxygen
consumption in renal tubules renders the kidney susceptible to development of hypoxia (11) if any
reduction of oxygen supply occurs from PTCs to tubules due to an increase in diffusion distances
between renal tubules and PTCs or loss of PTCs (12, 26). There is good evidence for a causal pathway
between the decline in PTC density and the development of renal hypoxia in experimental models of
CKD (23, 30). For example, renal tubular hypoxia occurs at an early stage (by 2 weeks) in a rat model
of glomerulonephritis, which is associated with loss of PTCs (structural rarefaction) and reduced blood

flow (functional rarefaction) in remaining PTCs (23).

Despite the evidence of association between loss of PTCs and development of renal hypoxia in
multiple forms of CKD, our current knowledge of the impact of capillary rarefaction on oxygen
delivery to renal tubular elements is poor. Indeed, the complex spatial relationships between the renal
vasculature (the source of oxygen) and the renal tubules (the major oxygen sink in the kidney) has
been a major barrier to our understanding of the dynamics of renal oxygenation (9). Computational

models of renal oxygen transport provide an opportunity to overcome some of this complexity. Our
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research group and collaborators have developed a series of computational models of oxygen transport
in the kidney (13, 14, 17, 19-21, 28). These computational models are based on the principle of multi-
scale modeling. That is, each component of the model (e.g. diffusion of oxygen from a glomerulus) is
modeled separately but simultaneously. Consequently, the quality of the data generated from model
simulations depend on accurate information regarding renal function and structure (19-21). Currently,
the major shortcoming of these models is their relatively simple representation of oxygen diffusion
between PTCs and the renal tubules (19-21). This limitation is a consequence of the lack of accurate
anatomical information regarding PTC morphology and the geometrical relationships between PTCs

and tubules.

The spatial relationships between PTCs and renal tubules is poorly defined due to difficulties in
identifying these structures at high resolution in three dimensions. Immunostaining of the endothelium
of blood vessels is commonly used in experimental studies for assessing the surface area of PTCs and
for quantifying the number of PTCs within a particular area of tissue (16, 33). CD31, an endothelial
marker, is commonly used for this purpose. However, this antgen is also expressed in non-vascular
tissues (e.g. lymphatic vessels) so labeling of tissues by anti-CD31 antibody may over-estimate
vascular density (18). Previous observations generated in our laboratory indicate that histochemical
and immunohistochemical technique have limited utility in identification of artery and vein pairs in
rat kidney (27). Synchrotron-based micro-computed tomography has also been used to characterize
the vascular geometry within the kidney (17, 29). After filling the vasculature with Microfil®, a radio-
opaque substance, synchrotron-based micro-CT allows visualization of the renal vasculature in three-
dimensions (3-D) (27). However, this technique is also limited by resolution. In addition I cannot
visualize renal tubules using this method as the Microfil® is only present in the renal vasculature. A
method of filling the vasculature with gelatin containing fluorescein isothiocyanate (FITC) conjugated
albumin (gelatin—FITC) has been shown to be useful in staining the vascular network of the mouse
brain (8, 22). This fluorescent gel material, gelatin—FITC, was retained in the vascular lumen during
and after optical clearing processes (8, 22). This method allows the blood vessels to be clearly
distinguished from surrounding tissues under confocal microscopy. In the experiments described in
this chapter | performed a series of pilot studies in an attempt to modify the use of gelatin-FITC for
use in the kidney. | reasoned that filling the renal circulation with gelatin-FITC and labeling tubules
by immunofluorescence might allow the identification of not only the renal vasculature, but also its
association with tubules at high resolution. To this end, I determined the feasibility of combining the
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labeling of the vasculature with gelatin—-FITC with labeling of the renal tubules with a monoclonal

pan-cytokeratin antibody conjugated with Alexa Fluor 647.
6.3 METHODS
6.3.1 Animals

Male Sprague-Dawley rats, aged 12-13 weeks (n=7, body weight = 390 £ 12 g), were obtained from
the Monash Animal Research Platform (Monash University, Melbourne, Victoria, Australia). The rats
were housed individually under standard laboratory conditions; 22 + 1°C, 40 £ 1% humidity and with
a 12-hour light/dark cycle (06.00-18.00 hours). Rats were allowed free access to water and were fed
a standard laboratory rat chow diet ad libitum. Experiments were approved in advance by the Animal
Ethics Committee of the Monash University Animal Resources Platform. The experiments were
performed in accordance with the Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes. Rats were allowed 1 week to acclimatize to their housing conditions prior to the

commencement of experimental protocols.
6.3.2 Protocol: Staining of renal vasculature and renal tubules

Preparation of gelatin containing FITC-conjugated albumin: | adopted the protocol from Tsai et al
for staining the renal vascular lumen (32). The staining solution was prepared in two steps. In step 1,
a 2% (wi/v) solution of gelatin (from porcine skin, type A, G1890, Sigma Aldrich, St Louis, MO, USA)
was prepared in 0.1 M phosphate buffered saline (PBS) at 60°C. The solution was continuously stirred
and heated at 60 °C until the gelatin fully dissolved and the solution became clear. Then the gelatin
solution was allowed to cool to 35 to 36°C with constant stirring. In step 2, a solution of 1% (w/v)
FITC-albumin (albumin—fluorescein isothiocyanate conjugate, A9771, Sigma Aldrich, St Louis, MO,
USA) was prepared in 0.1 M PBS (at 4 °C). This FITC-albumin solution was filtered using a sterile
syringe filter (pore size 0.22 pm). Finally, the FITC-albumin solution (step 2) was combined with the
gelatin solution (step 1) at a ratio of 1:10. The mixed solution was stirred at ~36°C before perfusion
into the rat kidneys. The temperature was kept below 37°C because Banks et al have shown that the
FITC-conjugate is poorly stable at 37°C (2). This is due to hydrolysis of the chemical bond between
FITC and the a-amino group of lysine (2).
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Perfusion flow rate and temperature: | used a peristaltic pump (Masterflex® pumps, serial no
670649, Cole-Parmer Instrument Company, Chicago, IL, USA) and silicon tubing (Masterflex® 6411-
13, Cole-Parmer Instrument Company) for perfusion of the gelatin-FITC (gelatin-FITC—albumin) into
the rat’s kidney. In a bench-top experiment, | first assessed the outflow temperature at two different

perfusion flow rates (1 ml/min and 3 ml/min; Figure 6.1).

Inflow Outflow
— —p
\ :q
Peristaltic
I Pump L B ‘
Hot Plate

Temperature m Temperature
[ ] ®
& -

Figure 6.1 Schematic of a benchtop experiment for determination of outflow temperature of the
gelatin-FITC at specific flow rates. For this experiment a 2% (w/v) gelatin solution was prepared in
0.1 M PBS at 60°C and then the solution was cooled down to ~36°C. The gelatin containing beaker
was kept on a hot plate and inflow temperature for the gelatin solution was maintained at ~36°C. The
temperature was monitored continuously using a thermometer. The outflow temperature was

determined in triplicate at flow rates of 1 and 3 ml/min.

| identified that the averaged outflow temperature was ~23°C at a flow rate of 1 ml/min and ~28°C at
a flow rate of 3 ml/min. I repeated the bench top experiment again, but this time | wrapped the tube
with aluminum foil and primed the peristaltic tube for 10 minutes with gelatin solution (outflow
temperature ~36°C). This produced an outflow temperature of ~30°C at a flow rate of 1 ml/min and
~34°C at a flow rate of 3 ml/min. Based on the perfusion flow rate, | divided rats into two groups.
Group A received gelatin-FITC (n=2) or its vehicle gelatin (n=1) at a flow rate of 1 ml/min. Group B
received gelatin-FITC (n=2) or vehicle gelatin (n=2) at a flow rate of 3 ml/min. Each rat received 30

ml of either gelatin-FITC or its vehicle.

Perfusion fixation and filling of the vasculature with gelatin: Rats were anesthetized by an
intraperitoneal injection of sodium pentobarbital (60 mg/kg, Sigma Aldrich, NSW, Australia). Once
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the pedal reflex was abolished, indicating a surgical level of anesthesia, a midline incision was made
to expose the abdominal cavity. The abdominal aorta, inferior vena cava, and left and right kidney
were isolated and freed from surrounding fat and connective tissue. Two silk ligatures (3/0, Dysilk,
Dynek Pty Ltd, SA, Australia) were placed around the abdominal aorta and vena cava, one ligature
just below the level of the left kidney and the other placed just above the level of the right kidney.
Next, the abdominal aorta was catheterized below the level of the left renal artery using a polyethylene
catheter (PE 90, Becton Dickinson and Company, NJ, USA). This catheter permitted retrograde
perfusion of the aorta and thus perfusion of the renal arteries. The catheter was connected to a perfusion
apparatus by a three way valve. The kidneys were perfused with 150-200 ml of cold 0.1 M PBS
followed by 150-200 ml of 10% neutral buffered formalin at 150 mmHg. After that, the kidneys were
slowly filled with 30 ml of gelatin-FITC at a flow rate of either 1 ml/min or 3 ml/min at an inflow
temperature of ~36 °C. Immediately after perfusion, 50 ml of ice cold saline (0°C) was poured on
each kidney for 15 minutes to solidify the gel. After that, the kidneys were removed, decapsulated and

kept overnight in 10% neutral buffered formalin at 4°C.

Visualization of fluorescent signals after perfusion fixation: Slices of both the left and right post-
fixed kidneys were visualized under a fluorescence microscope (Leica DFC450 C, Leica
Microsystems, Switzerland) in order to check the quality of filling of the vascular lumen. Each kidney
was sliced as shown in Figure 6.2, to generate 400 um thick slices, with a series of razor blades evenly
spaced at 400 um. Three randomly selected thick sections from each kidney were visualized under a
microscope. Images were taken at a wavelength of 488 nm using a 1.25X objective lens. Images were

stored as 1280x960 pixel frames.

| have identified that kidney slices from rats that received gelatin-FITC at a flow rate of 3 ml/min were
filled better compared to kidney slices processed after perfusion at a flow rate of 1 ml/min. Therefore
| used kidney slices processed after perfusion at a flow rate of 3 ml/min for further

immunohistochemistry and optical clearing.
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(a) (b) (c) (d) (e)
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Figure 6.2 Schematic diagram for processing of kidney slices. Each kidney was cut perpendicularly
to the longitudinal axis (a) and resulted in two halves (b). Next, each halve of the kidney was cut
horizontally in the transverse plane (c). Finally, the resulting portions (d) of the kidney were then

sliced to generate 400 um thick slices (e). Images were reproduced from (27).

Tubular labeling by immunohistochemistry: 1 used a monoclonal pan cytokeratin antibody
conjugated with the fluorescent dye Alexa Fluor 647 (Pan Cytokeratin Antibody (AE1 + AE3) [Alexa
Fluor® 647] NBP2-33200AF647, lot number: MSM2-371PBX180306-083018-AF 647, Novus
Biologicals USA) for labeling of renal tubular epithelium. Two sets of four thick (400 um) slices from
each kidney were used for immunohistochemistry. Briefly, the kidney slices were rinsed thrice with
0.1 M PBS. Next, the kidney slices were incubated for 10 minutes in a solution containing 0.1%
(vol/vol) Tween 20 in 0.1 M PBS. After that, the kidney slices were incubated in a 1% (w/v) bovine
serum albumin (BSA) for 2 h at room temperature, with rocking. Subsequently, the kidney slices were
transferred to a solution containing the monoclonal pan cytokeratin antibody conjugated with Alexa
Fluor 647 and incubation was performed either at room temperature or at 36°C for 6 days on an orbital
shaker. The antibody solution was prepared in 1% (w/v) BSA. Each kidney slice was incubated with

one of four concentrations of antibody solution (0, 1, 4, and 16 pg antibody/ml BSA).

Optical clearing: After a 6 day incubation period, the kidney slices were washed with 0.1 M PBS for
30 minutes on an orbital shaker. Next, the kidney slices were transferred to a glass petri dish and
embedded in 2% (w/v) low—melting point agarose solution in water. The agarose solution was allowed
to cool and formed an agarose disk. After that, the embedded kidney slices were dehydrated by
incubation in a series of increasing ethanol concentrations, 50% (vol/vol) for 2 h, 70% (vol/vol) for 2
h and 100% (vol/vol) for 2 h. Finally, the kidney slices were incubated overnight in fresh 100%
(vol/vol) ethanol. After overnight incubation, the ethanol was removed from the petri dish and

cyanoacrylate glue (Tarzan’s Grip Shockproof Super Glue, Selleys Pty Ltd, Australia) was applied to
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the borders of the agarose disk in order to prevent the movement of the disk in the petri dish. Finally,
10 to 15 ml of ethyl cinnamate (catalog no W243000; Sigma Aldrich) was added to the petri dish and
incubated at room temperature for 4 h. After the 4 h incubation the agarose and tissues were optically
cleared and used for imaging.

Microscopy: | used a Leica SP8 Confocal Microscope (Leica Microsystems) fitted with a 20X
objective lens (0.95 numerical aperture; 1950 um working distance) for acquiring optical images. For
excitation of FITC, a 488 nm laser was used and emitted light was detected at 500-550 nm. For exciting
Alexa Fluor 647, a 650 nm laser was used and emitted light was detected at 655-671 nm.
Representative images (optical section 1.944 pm) were obtained using a constant gain intensity and
stored as 1024x1024 pixel frames. Serial optical images (z stack, 230 pm) were acquired at 1 um

intervals and stored as 1024x1024 pixel frames.

Fiji imaging software (Max-Planck Institute of Molecular Cell Biology and Genetics, Dresden,
Germany) was used for image reconstruction. For 3-D reconstruction of the renal vasculature and
tubular network Imaris (version 9.2.1, Bitplane AG, Zurich, Switzerland) was used. During 3-D
reconstruction the display adjustment was set to auto settings for two color channels (green and red).

6.4 RESULTS
6.4.1 Visualization of kidney slices after perfusion with gelatin or gelatin-FITC

Under fluorescence microscopy, kidney slices filled with gelatin-FITC showed fluorescence (green
fluorescence from gelatin-FITC-albumin) (Figure 6.3). Gelatin-FITC was not distributed throughout
the kidney when a flow rate of 1 ml/min was used, as shown by the presence of scattered green
fluorescence (Figure 6.3 b). In contrast, gelatin-FITC was distributed across the kidney at a flow rate
of 3 ml/min, as shown by the distribution of green fluorescence throughout the kidney slices (Figure
6.3 d). Green fluorescence was absent in kidney slices perfused with gelatin alone either at 1 ml/min

or 3 ml/min (Figure 6.3 a, c).
6.4.2 Labeling of renal blood vessels and tubules

In optical sections of kidneys filled with gelatin-FITC, renal tubules showed red autofluorescence

while the renal vasculature showed green fluorescence from the FITC (Figure 6.4). Kidney slices,
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incubated either at room temperature or 36°C, showed the presence of red fluorescence in renal tubules
even in the absence of the monoclonal pan cytokeratin antibody conjugated with Alexa Fluor 647
(Figure 6.4 a,e). Similar staining of renal tubules was present in kidney slices incubated, either at room
temperature or 36°C, with the antibody at various concentrations (Figure 6.4 b-d and f-h). Glomeruli
and PTCs were stained green, suggesting that the gelatin-FITC-albumin remains within the renal

vasculature after clearing of kidney tissue with ethyl cinnamate.

1 ml/minute 3 ml/minute

(a)

Figure 6.3 Micrographs of kidney slices after perfusion with gelatin or gelatin-FITC. Kidneys
were perfused either at a flow rate of 1 ml/min with gelatin (a) or gelatin-FITC (b) or at a flow rate of
3 ml/min with gelatin (c) or gelatin—FITC (d). Images are typical of 3 thick slices taken from each
kidney. Note, perfusion with gelatin-FITC resulted in green fluorescence (b,d). In contrast, green
fluorescence was absent in kidney tissue perfused with gelatin only (a,c). Images were taken at a

wavelength of 488 nm using a 1.25X objective lens.
6.4.3 Three-dimensional visualization of renal vasculature and tubules

A 3-D reconstruction of the renal vasculature and tubules was performed to visualize their geometric
relationship (Figure 6.5 and Supplementary Video 6.1). In the 3-D reconstructions, the renal
vasculature network was clearly identified by the presence of green fluorescence (Figure 6.5 a,b and
video 6.1). In contrast, | could not identify a distinct network of renal tubules in the kidney by using
either the monoclonal pan cytokeratin antibody conjugated with Alexa Fluor 647 or tissue endogenous
autofluorescence (Figure 6.5 ¢ and Supplementary Video 6.1).
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0 pg/ml

4 pg/ml

16 pg/ml

Figure 6.4 Visualization of vascular and tubular elements in kidney slices after optical clearing.
Kidney slices filled with gelatin-FITC were incubated with monoclonal pan cytokeratin antibody
conjugated with Alexa Fluor 647 either at room temperature (a-d) or at 36°C (e-h) for 6 days. Kidney
slices were incubated at 4 different concentrations of antibody i.e. 0 pg/ml (a,e), 1 pg/ml (b,f), 4 ng/ml
(c,9) and 16 pg/ml (d,h). After 6 days of incubation, kidney slices were optically cleared and images
were taken on an SP8 multiphoton microscope fitted with a 20X objective lens. Note, micrographs of
single optical sections (1.94 um) of a kidney slice show that glomeruli and PTCs were stained green
(FITC-albumin) and tubules were stained red, regardless of the concentration of the pan cytokeratin
antibody.
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Figure 6.5 Visualization of vascular and tubular architecture of the rat kidney. (a) A 3-D
reconstruction of the renal vasculature (green fluorescence) and tubules (red fluorescence) was
performed using Imaris, a 3-D rendering and analysis software, from a z-stack (230 um steps obtained
at 1 um intervals). In the color settings of Imaris, either the red channel was turned off for (b)
visualization of the vasculature or the green channel was turned off (c) for visualization of renal
tubules. Note, during 3-D reconstruction by Imaris the display adjustment settings for both the red and

green colors were kept in the auto mode.

Supplementary video 6.1 3-D rendering of renal vasculatures and tubules of rats kidney. Serial
optical sections (z-stack; 230 um steps obtained at 1 pum intervals) were generated using an SP8
multiphoton microscope. A 3-D reconstruction was generated from a z-stack using Imaris, version
9.2.1. The video frame rate was 20 frames/second. (Video link:
https://figshare.com/articles/3D_rendering_of renal_vasculatures_and_tubules of rats_kidney mp4
[7314248).
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6.5 DISCUSSION

The major findings of the current pilot experiment were that i) | could get better filling of the kidney
with gelatin-FITC at the flow rate of 3 ml/min compared to the flow rate of 1 ml/minute, ii) gelatin-
FITC remained within the renal vasculature after optical clearing with ethyl cinnamate, iii) glomeruli
and PTCs were labeled by gelatin-FITC and a 3-D PTC network could be reconstructed from a series
of optical sections, and iv) | was unable to label renal tubules within kidney slices using a pan
cytokeratin antibody. However, renal tubules could be identified to at least some extent using their
autofluorescent property. Consequently, | could visualize, albeit incomplete, a 3-D tubular network.
Our current findings provide some initial progress in development of methods to assess the spatial
arrangement between renal tubules and the renal vascular network. The method | developed could be
used, for example, to quantify glomerular volume, and PTC diameter and surface area, both in healthy
rats and rats with CKD. However, further studies are required to generate effective methods to label
the renal tubules within slices of kidney to allow 3-D reconstruction of tubular morphology to allow

quantification of the spatial arrangement between renal tubules and PTCs.

Our current study demonstrates the applicability of gelatin-FITC in combination with confocal
microscopy for imaging PTCs in rats. The technique of labeling the microvasculature by gelatin-FITC
has previously been successfully applied to the intact whole mouse brain (8) and whole ischemic
mouse brain (22). In optically cleared whole mouse brain, the brain capillaries were clearly visible
under light sheet microscopy and the smallest capillary diameter was measured to be 5 um (22).
However, there is an additional challenge associated with labeling the vasculature in the kidney
because gelatin can pass through the glomerular membrane once it is degraded to smaller particles
(25). Our solution was to use FITC conjugated to albumin. I expected this to be confined to the vascular
compartment, since it should not be filtered at the glomerular membrane. Our expectation was
confirmed by our current observations. Thus, renal blood vessels, including PTCs, could be visualized
by high resolution microscopy to generate images of the fine structure of the vasculature. | was able
to reconstruct the 3-D renal microvasculature network from z-stacked images (serial optical sections

of cleared thick tissue) using Imaris, a 3-D rendering and analysis software.

A number of issues related to our use of gelatin-FITC require resolution. Firstly, while we can visualize

PTCs using this technique, we do not yet know whether this technique provides an accurate
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representation of their morphology. Shrinkage of the gelatin could be a particular problem because it
would lead to under-estimation of the true diameter of PTCs. Previously, our group has used
comparison with histological images generated by standard light microscopy to validate synchrotron-
based micro-computer tomography of the renal vasculature (29). A similar approach could be taken
to determine the degree to which shrinkage or other changes in tissue morphology confound our ability
to generate accurate quantitative information about the renal vasculature from 3-D reconstructions
generated using the gelatin-FITC method. An additional challenge will be the development of
automated methods for analysis of these 3-D reconstructions. Our group has recently developed a
method for automated analysis of the geometry of artery-vein pairs from synchrotron-based micro-

computed tomography (17). A similar approach should be feasible for analysis of capillary networks.

The current method of labelling renal peritubular capillaries using gelatin-FITC might not provide
complete labelling of the renal vasculature under disease conditions. For example, in kidneys with
glomerular nephritis, gelatin-FITC might cross the filtration barrier during perfusion and thus may
poorly fill downstream peritubular capillaries. In future, alternative methods could be used to generate
more effective staining of the renal vasculature in injured kidneys. Potential approaches include (i)
immunostaining of a novel protein of capillary basal lamina (cablin) (4, 5) in kidney slices or (ii)
genetic labelling of endothelial cell (tyrosine protein kinase receptor; Tie 2) (4, 7) at the whole kidney

level.

| was unable to generate a valid method for labeling of tubules with a pan cytokeratin antibody. This
may reflect the slow penetration of antibody solutions into slices of tissue. In future studies alternative
antibodies, longer incubation times, and variations in the thickness of tissue slices should be deployed,
in an attempt to generate more effective staining. Nevertheless, the presence of autofluorescence in
tubular elements may provide an alternative method for visualization of renal tubules. The intensity
of this autofluorescence generated by our current methods was not sufficient for high resolution 3-D
imaging of the renal tubules. However, it may be possible to refine the imaging conditions in the future

to improve the visualization of tubules through autofluorescence.

In conclusion, in this pilot study | demonstrated the feasibility of using FITC-labelled albumin
suspended within a solution of gelatin to label the renal vasculature, including the peritubular

capillaries. However, | was unable to generate a method for high resolution imaging of the renal
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tubules. Nevertheless, refinement of our approach may generate a method that can be used to quantify
the geometry of the relationships between PTCs and tubules within the kidney. Such a method could
provide the information required to accurately model oxygen transport between PTCs and tubules in
both the healthy and diseased kidney, opening up a new avenue for understanding the roles of capillary

rarefaction and fibrosis in the initiation and progression of CKD.
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Perspectives and future directions

PERSPECTIVES AND FUTURE DIRECTIONS

The central theme of the studies described in this thesis is renal hypoxia and its role in the
pathophysiology of chronic kidney disease (CKD). As we recently identified, in a major review of
this topic (50) reproduced in Appendix 1, this is a field in which many important questions remain.
In the studies described in this thesis, | have investigated the following questions to generate more
definitive evidence to confirm or refute the chronic hypoxia hypothesis. These are:

1) Is renal tissue hypoxia associated with adenine-induced CKD (Ad-CKD)? (Chapters 2 and

3)
2) Are renal tubular hypoxia and interstitial fibrosis spatially associated in Ad-CKD?
(Chapters 2 and 3)

3) Does hypoxia precede renal dysfunction in Ad-CKD? (Chapter 4)

4) Is glomerular hyperfiltration, which would be expected to drive renal hypoxia, an early
event in type 1 diabetes? (Chapter 5)

5) Is it feasible to use multiphoton microscopy, to quantify the spatial relationships between
peritubular capillaries (PTCs) and renal tubules, and so support further development of

computational models of renal oxygen transport? (Chapter 6)

To answer the above questions we need reliable methods to assess renal oxygenation with high
temporal and/or spatial resolution. We also require reliable methods to quantify the factors that
determine renal oxygen delivery (e.g. renal perfusion and renal vascular geometry) and renal
oxygen consumption (e.g. glomerular filtration rate (GFR) and thus the filtered load of sodium).
In the studies described in this thesis | have refined such methods and applied them to better
understand the role of renal hypoxia in the pathophysiology of CKD. For example, pimonidazole
adduct immunohistochemistry was used for assessing cellular hypoxia in Ad-CKD (Chapters 2 and
3). This technique provides excellent spatial resolution of renal tissue PO, but does not provide
direct quantification. Tissue PO> can be quantified using Clark electrodes. In anesthetized rats,
renal tissue PO2 was measured by Clark electrode while renal oxygen delivery and consumption
were determined by measurement of renal blood flow, renal arterial and venous blood oxygen
content (Chapter 4). The Clark electrode allowed us to generate a map of renal tissue PO, (spatial
resolution) within the renal cortex and medulla. However renal tissue PO2 can only be measured
at one time point, thus providing limited temporal resolution. To determine the time course of
changes of renal tissue PO (temporal resolution) | used radiotelemetry in conscious and free living

animals across a 7 day adenine treatment period (Chapter 4). Together, these methods provided
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high levels of temporal and spatial resolution of renal oxygenation in Ad-CKD. | used
transcutaneous measurement of fluorescein isothiocyanate (FITC)-sinistrin clearance to assess the
time-course of development of glomerular hyperfiltration in conscious rats rendered diabetic by
administration of streptozotocin (STZ) (Chapter 5). These studies allowed me to investigate the
potential for hyperfiltration to be an early driver of renal tissue hypoxia in diabetes. In addition, I
performed a preliminary study with the aim of developing a new approach to quantify the 3-
dimensional arrangement of renal PTCs and tubules, which could be used to support further
development of computational models of oxygen transport to renal tissue (Chapter 6).

7.1 IS RENAL TISSUE HYPOXIA ASSOCIATED WITH ADENINE-INDUCED
CHRONIC KIDNEY DISEASE?

It has been two decades since Fine et al proposed the chronic hypoxia hypothesis, implicating
tubulointerstitial hypoxia as a ‘final common pathway’ for the initiation and progression of CKD
(17). Over the past two decades, renal hypoxia has been observed in multiple forms of CKD,
including diabetic nephropathy (18, 52, 57, 60), hypertensive CKD (72, 73), the remnant kidney
model (38), polycystic kidney disease (9, 48), and CKD after ischemia/reperfusion injury (53).
However, these studies could not demonstrate the precise time-point of development of renal
hypoxia or a causal relationship between hypoxia and renal damage in experimental models of
CKD. This is at least partly due to the relatively slowly developing nature of CKD (3, 29). |
reasoned that, to examine the temporal and spatial relationships between renal hypoxia and the
development of CKD, we need a rodent model of CKD in which pathological changes in the kidney
develop rapidly.

In the experiments described in Chapters 2 and 3 of this thesis | found that rats treated with 100
mg adenine/day over a 15 day period exhibited characteristics of CKD similar to those observed
in CKD in humans and in clinically relevant animal models of CKD. For example, adenine-treated
rats exhibited elevated plasma concentrations of urea and creatinine, proteinuria and renal
tubulointerstitial fibrosis. The most important finding was that Ad-CKD is associated with renal
tissue hypoxia, as indicated by the presence of positive pimonidazole staining in renal tissue 15
day after commencing adenine feeding.

Pimonidazole adduct immunohistochemistry has been used for assessing renal cellular hypoxia in
multiple forms of CKD (21, 58, 59, 61, 66). In the experiments described in Chapter 3, | identified

that pimonidazole adduct immunohistochemistry, using the standard monoclonal mouse anti-
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pimonidazole antibody, can produce artefactual staining of non-cellular components of the kidney
tissue of adenine-treated rats. This artefactual staining was particularly prominent in tubular casts
and cellular debris within the tubular lumen. Our findings indicated that it is caused by non-specific
binding of the anti-mouse secondary antibody to damaged renal tissue and tubular casts. | solved
this problem by using a combination of an anti-pimonidazole antibody raised in rabbit and an anti-
rabbit secondary antibody. Using this new method | was able to confirm the presence of hypoxia
(as shown in Chapter 2) in the kidneys of adenine-treated rats, which appears to be specifically
localized to the tubular epithelium. Thus, | was able to demonstrate that CKD develops within two
weeks of adenine-feeding and that Ad-CKD is associated with renal hypoxia. Thus, | established
the potential that this model could be used to examine the temporal relationship between hypoxia

and the development of CKD.

7.2 ARE RENAL TUBULAR HYPOXIA AND INTERSTITIAL FIBROSIS SPATIALLY
ASSOCIATED IN ADENINE-INDUCED CHRONIC KIDNEY DISEASE?

Ow et al argued that, to characterize the role of renal tissue hypoxia in progression of CKD, | need
a better understanding of the spatial relationship between renal tissue hypoxia and tissue damage.
To date, this issue has received little attention.

In the experiments described in Chapters 2 and 3 of this thesis | generated evidence that renal
tubular hypoxia is spatially associated with renal fibrosis in Ad-CKD. Under normal physiological
conditions almost 80% of oxygen consumption in the kidney is utilized for sodium reabsorption
by the Na-K-ATPase pumps located on the basolateral surface of the renal tubules (14). This high
consumption of oxygen is one of the factors that render the kidney susceptible to hypoxia if oxygen
supply from capillaries to renal tubules is restricted. Interstitial fibrosis would be expected to
impair oxygen diffusion from peritubular capillaries to renal tubules by increasing the diffusion
distance (16, 40). Furthermore, there is now strong evidence that tubulointerstitial fibrosis is
associated with progressive loss of peritubular capillaries in experimental model of CKD (1, 3, 47).
In the fibrotic kidney the gradual loss of PTCs appears to be preceded by changes in their
ultrastructure, such as swelling of endothelial cells, loss of endothelial fenestrations, and formation
of subendothelial electron-lucent spaces (1). These structural alterations of PTCs are associated
with downregulation of vascular endothelial growth factor (1, 27, 47), the proangiogenic factor
required for maintenance of renal PTCs under normal physiological conditions (8). Loss of PTCs
would be expected to further restrict the downstream blood flow from glomerular capillaries and

thus limit oxygen supply to the renal tubules (35). Thus, interstitial fibrosis likely has a dual action
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to promote hypoxia, both by directly impeding the diffusion of oxygen from peritubular capillaries

to tubules and indirectly by promoting loss of the microvasculature.

Despite the evidence of association between renal fibrosis and development of renal hypoxia in
multiple forms of CKD, a causal association between renal fibrosis and hypoxia has not been
determined yet. This might be due to a lack of effective therapeutic agents for prevention of renal
fibrosis. Pirfenidone, an anti-fibrotic agent, has received considerable attention due to its beneficial
effects in prevention of fibrosis in numerous disorders including idiopathic pulmonary fibrosis (23,
24) and fibrotic renal disorder (6, 55). This therapeutic agent reduces fibrosis most likely by
suppressing the transcription of the gene for transforming growth factor-p (23), the master
regulator of fibrosis (39). | hypothesize that amelioration of development of renal fibrosis by
pirfenidone or related anti-fibrotic therapies could maintain the structure of PTCs and thus inhibit
the progression of renal hypoxia in Ad-CKD. This hypothesis could be tested in the rat model of
Ad-CKD used in the studies described in this thesis. Radiotelemetry could be a particularly useful
method to examine the effects of anti-fibrotic therapy in Ad-CKD, since it allows long-term and
continuous monitoring. It could also be used to guide the choice of time-points for collection of
renal tissue, from separate groups of animals, for assessment of the structure and density of PTCs
(e.g. using techniques similar to those described in Chapter 6 of this thesis), quantification of
fibrosis (e.g. picrosirious red staining), and analysis of the signaling cascades that drive fibrosis

and capillary rarefaction.

7.3 DOES HYPOXIA PRECEDE RENAL DYSFUNCTION IN ADENINE-INDUCED
CHRONIC KIDNEY DISEASE?

If renal hypoxia is a pathogenic factor in the initiation and progression of CKD, we should be able
to detect renal hypoxia before overt renal dysfunction (50). This appears to be the case in the
remnant kidney model of CKD (38), in diabetic nephropathy (51, 60) and in hypertensive CKD
associated with activation of the renin-angiotensin system (12). However, this issue has not been
addressed in detail, in part due to the unavailability, until recently, of methods that allow changes
of renal tissue PO, to be monitored continuously in freely living animals. A newly developed
radiotelemetric method for measurement of renal oxygenation in unanesthetized rats now provides
a method for characterizing the time-course of changes in renal tissue PO> in rodent models of
CKD (31, 32).
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In the experiments described in Chapter 4 of this thesis, | found no evidence of renal hypoxia
during the first week of development of Ad-CKD in unanesthetized rats. This conclusion was
supported both by observations generated using the newly developed radiotelemetric technique
and by assessing expression of hypoxia-inducible factor-1a and -2a protein. Our inability to detect
renal hypoxia using radiotelemetry is unlikely to be due to a deficit in the sensitivity of the method.
Koeners et al (31) showed that radiotelemetry could detect acute changes in renal tissue PO2 when
rats were subjected to acute changes in inspired oxygen content (hyperoxia or hypoxia) (31).
Furthermore, Emans et al (12) were able to detect renal cortical hypoxia within the first 15 h after
activation of the endogenous renin-angiotensin system in an animal model in which overt CKD
does not develop until 4 weeks later. In contradistinction to our findings in unanesthetized rats
using radiotelemetry, in anesthetized adenine-treated rats medullary tissue PO2, measured by the
‘gold standard’ Clark electrode technique, was less compared to the medullary tissue PO2 in
corresponding control rats. However, our findings indicate that the relative medullary hypoxia
observed in anesthetized adenine-treated rats might be due to effects of anesthesia and laparotomy

on medullary oxygenation, which appear to be altered by chronic adenine-feeding.

Our inability to detect renal hypoxia in the early stages of Ad-CKD might be a consequence of the
nature of the pathophysiology in this disease model. Ad-CKD is a model of crystal-induced
nephropathy (41). Deficiency of the enzyme adenine phosphoribosyl transferase (26, 41, 62) or
excessive dietary adenine (54, 75) leads to accumulation of adenine in the blood, which further
results in formation of insoluble crystals of 2,8-dihydroxyadenine in the renal tubules (74). These
tubular casts cause obstruction of tubular flow, which in turn initiates renal disease (4, 11). The
tubular obstruction would be expected to increase proximal tubular free-flow pressure (intratubular
hydrostatic pressure) (43) and subsequently might lower the net hydraulic pressure gradient across
the glomerular capillary wall and thereby decrease GFR (64). In our study the marked deficit of
GFR (66%) in adenine-treated rats likely provide some protection against development of renal
hypoxia by limiting renal oxygen consumption (VO2, which was reduced by ~65% in adenine-
treated rats). Similar observations have been made in rats during the sub-acute phase of renal
ischemia/reperfusion injury (49). In that study renal hypoxia could not be detected in the first 5
days after reperfusion and both GFR and real VO2were reduced significantly. Renal VO and GFR
are closely associated (56, 65), as the latter determines the tubular load and thereby sodium

reabsorption.
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Renal oxygenation is maintained by the balance between renal oxygen delivery (DO2) and VO
(15). Disruption of this balance has been shown to be associated with renal hypoxia in multiple
form of CKD (7, 37, 51). In our study the relative preservation of renal tissue PO, within the first
7 days of adenine treatment may be because the deficit in VO2 (65.2%) matched or exceeded that
of DO2 (50.6%).

Our findings also raise some important questions about the time-course of development of renal
hypoxia in Ad-CKD. As demonstrated in the experiments described in Chapters 2 and 3, renal
tissue hypoxia is clearly evident after two weeks of adenine feeding. However, renal hypoxia
appears not to be present after 7 days of adenine feeding. It would be of great interest to identify
the point at which hypoxia begins to develop. | hypothesize that this transition point should occur
when the deficit in renal tissue oxygen delivery exceeds that of renal tissue oxygen consumption.
If this prediction holds we could more confidently accept the proposition that kidney disease could
be associated with renal hyperoxia, normoxia or hypoxia, depending on the balance in changes in
local renal tissue oxygen delivery and consumption. However, there are a number of technical
barriers to the successful completion of such an experiment. Firstly, we should ideally be able to
measure whole kidney DO> and VO: in the conscious animal. Such experimental measurements
are technically feasible in large animals (5) but are far more difficult in rodents. Another current
methodological limitation is the lack of methods for assessing local oxygen delivery and
consumption (13, 50). If these technical limitations could be overcome, it should be feasible to
more precisely define the biophysical basis of renal oxygenation in CKD.

Our current observations are not consistent with a role of renal hypoxia as a pathogenic factor in
the early stages of Ad-CKD, but this conclusion cannot be generalized to other forms of CKD. For
example, renal hypoxia was demonstrated, using electron paramagnetic resonance oximetry, as
early as three days after induction of diabetes by STZ in mice (18). In that study, renal hypoxia
was observed well before the onset of diabetic nephropathy. However, the major limitation of that
study, and indeed most other previous studies of the role of renal hypoxia in the pathogenesis of
CKOD, is that renal oxygenation was measured in anesthetized animals, and only over a brief period
of time. Thus, a potentially confounding effect of anesthesia could not be excluded. Our
radiotelemetric technique may overcome this limitation. In future, radiotelemetry could be used to
monitor the changes of renal tissue PO in rodent models of type 1 diabetes and other forms of
CKD. This method provides a means to identify the precise time-point of development of renal

hypoxia and thereby the temporal relationship between renal hypoxia and progression of CKD.
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7.4 1S GLOMERULAR HYPERFILTRATION, WHICH WOULD BE EXPECTED TO
DRIVE RENAL HYPOXIA, AN EARLY EVENT IN TYPE 1 DIABETES?

Renal hypoxia is an early and persistent characteristic of experimental type 1 diabetes (10, 57).
Glomerular hyperfiltration, also a characteristic of type 1 diabetes (22, 25, 63, 71), may contribute
to the development of renal hypoxia in type 1 diabetes. Under normal physiological conditions,
approximately 80% of renal VO is utilized for tubular sodium reabsorption (14). Hyperfiltration
would be expected to promote renal hypoxia by increasing the filtered load of sodium and thereby
reabsorption of sodium by Na-K-ATPase pumps on the basolateral membrane of renal tubules. To
examine the causal relationship between glomerular hyperfiltration and development of renal
hypoxia, it would first be necessary to assess the time courses of development of these phenomena.
Thus, the first step in this process was to characterize the time-course of changes in GFR in an
experimental model of type 1 diabetes.

In the experiment described in Chapter 5 of this thesis | employed transcutaneous measurement of
fluorescein isothiocyanate (FITC)-sinistrin clearance in conscious rats to calculate the excretion
half-life (t2) of FITC-sinistrin and thus allow estimation of GFR. | compared four different kinetic
models to calculate the ti» of FITC-sinistrin and thus estimation of GFR. This included a one-
compartment kinetic model (1-COM), a two-compartment kinetic model (2-COM), a three-
compartment kinetic model (3-COM) and a three-compartment kinetic model with baseline
correction (3-COMB). From a theoretical prospective, | reasoned that the 3-COMB method is the
most valid of these four approaches as this model describes the complete course of clearance
kinetics for FITC-sinistrin, from the point of injection, with automated baseline correction. Using
the 3-COMB method | found that glomerular hyperfiltration is a prominent characteristic of the
early stages of STZ-induced type 1 diabetes and thus is a potential driver of diabetic nephropathy.
In ongoing studies, our group is using blood oxygen level-dependent magnetic resonance imaging
(BOLD-MRI) to characterize the time course of development of renal hypoxia in STZ-induced
diabetes. Comparison of these data sets should provide a unique insight into the temporal
relationship between glomerular hyperfiltration and renal hypoxia in type 1 diabetes. Nevertheless,
while both these methods allow repeated measurements to be made in the same animals, they are
limited to snap-shots in time. Thus, as discussed above, it would also be of considerable interest to
apply radiotelemetry to more precisely define the time-course of development of renal hypoxia in

type 1 diabetes.
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Our findings may also provide the basis for further investigation of the mechanistic link between
hyperfiltration and hypoxia in the diabetic kidney. This causal relationship could be investigated
using a sodium-dependent glucose co-transporter 2 (SGLT-2) inhibitor (42), a new class of
antidiabetic agent, in STZ-diabetic rats equipped with a radiotelemeter for measurement of renal
tissue PO2. SGLT-2, located on the luminal aspects of the proximal tubule, is responsible for
reabsoprtion of ~90% of proximal tubular glucose in animals and humans under normoglycemic
conditions (69, 70). In diabetes, the high concentration of glucose in glomerular filtrate, and thus
the large quantity of glucose reabsorbed in the proximal tubule, leads to increased reabsorption of
sodium in the proximal tubule (2). Inhibition of SGLT-2 reduces reabsorption of both glucose and
sodium in the proximal tubule, increasing distal solute delivery, and thus ameliorating the
tubuloglomerular feedback signal that drives hyperfiltration (68). Collectively, these actions
should ameliorate renal hypoxia, at least in the cortex. Consistent with this idea, O'Neill et al
showed that the non-specific inhibitor of both SGLT1 and SGLT2, phlorizin, increased renal
cortical tissue POz in anesthetized rats with type 1 diabetes (46). Telemetric measurement of renal
tissue PO> provides an opportunity to examine this effect in the absence of the confounding effects
of anesthesia and with exquisite temporal resolution. Such future studies are warranted.

7.5 SPATIAL ARRANGEMENT OF PERITUBULAR CAPILLARIES AND RENAL
TUBULES.

Computational models have made a particularly important contribution to renal physiology (67).
In part, this can be attributed to the complexity of renal physiological processes. In the case of
renal oxygenation, this complexity is writ large (15, 33). Over recent years, models of oxygen
transport in the kidney have been developed with ever-increasing complexity. In the case of our
research group and collaborators, this process started with development of a one-dimensional
model only incorporating the axial geometry of the pre-glomerular circulation (19). Two-
dimensional models were then developed that incorporated first idealized (20), and then realistic
(44), representations of the radial geometry of artery-vein pairs. More recently, these models were
combined into a pseudo three-dimensional model of oxygen transport in the renal cortex (35, 36)
that allows estimation of oxygen fluxes throughout the renal cortex. Most recently, this has been

combined with a computational model of oxygen transport in the renal medulla (34).

These evolving computational models all operate on the principle of multiscale modelling. That is,
to describe the system, individual components are modelled separately but simultaneously. The

quality of these individual models depends heavily on the accuracy of the information they are
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based on, including anatomical details. In the case of the renal circulation, we now have very
detailed anatomical information upon which to base models of oxygen transport in the pre-
glomerular circulation (28, 44, 45) and in the renal medulla (34). However, our understanding of
the geometric relationship between peritubular capillaries and renal tubules remains poor. This
information is critical because, even in the healthy kidney, oxygen delivery to cortical tissue
appears to be ‘diffusion limited’ by capillary surface area (35). Furthermore, microvascular loss
and thus capillary rarefaction is a common characteristic of CKD, regardless of the etiology of the

disease (1).

In the experiments described in Chapter 6 | performed a preliminary investigation to generate high
resolution reconstructions of the spatial relationships between peritubular capillaries and their
associated tubules. We were able to visualize peritubular capillaries by filling the renal vasculature
with a solution of gelatin containing fluorescein isothiocyanate (FITC) conjugated albumin.
Consequently, we reconstructed a 3-D network of peritubular capillaries from a series of optical
sections. | was unable to label the renal tubules with in kidney by using monoclonal pan cytokeratin
antibody conjugated with Alexa Fluor 647. However, we could identify the renal tubular network
to some extent, albeit incompletely, by using endogenous autofluorescence. Our preliminary
experiment provides some initial progress in development of methods to assess the spatial
arrangement between renal tubules and the renal vascular network. A number of challenges remain
if we are to develop a method for high throughput analysis of renal vascular geometry so that we
can apply the imaging methods developed in the experiments described in Chapter 6 to models of
CKD.

The first challenge is the labeling of renal tubules within the kidney for visualization and
subsequently 3-D reconstruction of the renal tubular network. Labeling of renal tubules could be
achieved using either specific fluorescently labeled antibodies or by relying on the endogenous
autofluorescence of renal tubules. A number of specific antibodies for labeling the tubular
epithelium are available, which target members of the cadherin superfamily (transmembrane
proteins; e.g. anti-N cadherin conjugated to Alexa Fluor® 647, anti-E cadherin conjugated to Alexa
Fluor® 647) or members of the claudin family (tight junction membrane proteins; e.g. anti-claudin-
4 conjugated to Alexa-Fluor®-594), which could be used to label renal tubules within the kidney.
A major challenge in the use of such antibodies in thick slices of tissue, particularly when antigen
retrieval methods must be avoided to maintain tissue integrity, is ensuring penetration of the

antibody into the tissue slice. In future studies, the effects of variations in both the thickness of the
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kidney slices and the length of the incubation period should be investigated in an effort to optimize
staining. Alternatively, it may be possible to utilize endogenous tubular autofluorescence for
identifying renal tubules. Thus, future investigations to optimize the imaging conditions, including
wavelengths of emitted and detected light and gain setting, could potentially allow imaging of the

renal tubules without the need for a specific fluorescent antibody.

An additional challenge will be the accurate measurement of diameter of PTCs after optical
clearing of tissue. Fixation and optical clearing might cause shrinkage of tissue and/or of the gelatin
within the renal vasculature (30). In our study shrinkage of the gelatin could be a particular problem
because it might lead to under-estimation of the true diameter of PTCs. Previously, our group has
used comparison with histological images generated by standard light microscopy to validate
synchrotron-based micro-computed tomography of the renal vasculature (45). A similar approach
could be taken to determine the degree to which shrinkage or other changes in tissue morphology
confound our ability to generate accurate quantitative information about the renal vasculature from
3-D reconstructions generated using the gelatin-FITC method. Refinement of our current
experimental approach may generate an imaging method that could be used to quantify the
geometry of the relationships between PTCs and tubules within the kidney in both the healthy and
diseased condition. Such a method could open a new avenue for understanding the roles of capillary

rarefaction and fibrosis in the initiation and progression of CKD.

In conclusion, in the experiments described in this thesis | investigated the roles of renal hypoxia
in the initiation and progression of Ad-CKD. | deployed a suite of methods for assessing renal
oxygenation and its determinants. Taken collectively, my findings support the concept that renal
tissue hypoxia is a common characteristic of CKD. The major drivers of this hypoxia probably
differ depending on the etiology of the CKD. For example, fibrosis may be a critical event in
driving hypoxia in Ad-CKD while hyperfiltration may be a critical early event that drives hypoxia
in diabetic CKD. The fact that renal dysfunction can be detected in Ad-CKD before renal hypoxia
does not support the idea that renal hypoxia is an absolute requirement for progression of CKD.
Thus, perhaps in answer to the question we recently posed (50): hypoxia might sometimes be a

cause, sometimes a consequence, and sometimes both a cause and consequence, of CKD.

192
Chapter 7



Perspectives and future directions

7.6 REFERENCES

1. Babickova J, Klinkhammer BM, Buhl EM, Djudjaj S, Hoss M, Heymann F, Tacke F,
Floege J, Becker JU, and Boor P. Regardless of etiology, progressive renal disease causes
ultrastructural and functional alterations of peritubular capillaries. Kidney Int 91: 70-85, 2017.

2. Bank N, and Aynedjian HS. Progressive increases in luminal glucose stimulate proximal
sodium absorption in normal and diabetic rats. J Clin Invest 86: 309-316, 1990.
3. Basile DP, Donohoe D, Roethe K, and Osborn JL. Renal ischemic injury results in

permanent damage to peritubular capillaries and influences long-term function. Am J Physiol Renal
Physiol 281: F887-899, 2001.

4. Bollee G, Dollinger C, Boutaud L, Guillemot D, Bensman A, Harambat J, Deteix P,
Daudon M, Knebelmann B, and Ceballos-Picot I. Phenotype and genotype characterization of
adenine phosphoribosyltransferase deficiency. J Am Soc Nephrol 21: 679-688, 2010.

5. Calzavacca P, Evans RG, Bailey M, Lankadeva YR, Bellomo R, and May CN. Long-
term measurement of renal cortical and medullary tissue oxygenation and perfusion in
unanesthetized sheep. Am J Physiol Regul Integr Comp Physiol 308: R832-839, 2015.

6. Cho ME, and Kopp JB. Pirfenidone: an anti-fibrotic therapy for progressive kidney
disease. Expert opinion on investigational drugs 19: 275-283, 2010.

7. Deng A, Tang T, Singh P, Wang C, Satriano J, Thomson SC, and Blantz RC.
Regulation of oxygen utilization by angiotensin Il in chronic kidney disease. Kidney Int 75: 197-
204, 2009.

8. Dimke H, Sparks MA, Thomson BR, Frische S, Coffman TM, and Quaggin SE.
Tubulovascular cross-talk by vascular endothelial growth factor a maintains peritubular
microvasculature in kidney. J Am Soc Nephrol 26: 1027-1038, 2015.

9. Ding A, Kalaignanasundaram P, Ricardo SD, Abdelkader A, Witting PK, Broughton
BR, Kim HB, Wyse BF, Phillips JK, and Evans RG. Chronic treatment with tempol does not
significantly ameliorate renal tissue hypoxia or disease progression in a rodent model of polycystic
kidney disease. Clin Exp Pharmacol Physiol 39: 917-929, 2012.

10.  dos Santos EA, Li LP, Ji L, and Prasad PV. Early changes with diabetes in renal
medullary hemodynamics as evaluated by fiberoptic probes and BOLD magnetic resonance
imaging. Invest Radiol 42: 157-162, 2007.

11. Edvardsson V, Palsson R, Olafsson I, Hjaltadottir G, and Laxdal T. Clinical features
and genotype of adenine phosphoribosyltransferase deficiency in iceland. Am J Kidney Dis 38:
473-480, 2001.

12. Emans TW, Janssen BJ, Pinkham MI, Ow CP, Evans RG, Joles JA, Malpas SC,
Krediet CT, and Koeners MP. Exogenous and endogenous angiotensin-11 decrease renal cortical
oxygen tension in conscious rats by limiting renal blood flow. J Physiol 594: 6287-6300, 2016.
13. Evans RG, Gardiner BS, Smith DW, and O'Connor PM. Methods for studying the
physiology of kidney oxygenation. Clin Exp Pharmacol Physiol 35: 1405-1412, 2008.

14, Evans RG, Harrop GK, Ngo JP, Ow CP, and O'Connor PM. Basal renal O2
consumption and the efficiency of O2 utilization for Na+ reabsorption. Am J Physiol Renal Physiol
306: F551-560, 2014.

15. Evans RG, Ince C, Joles JA, Smith DW, May CN, O*Connor PM, and Gardiner BS.
Haemodynamic influences on kidney oxygenation: clinical implications of integrative physiology.
Clin Exp Pharmacol Physiol 40: 106-122, 2013.

16. Fine LG, and Norman JT. Chronic hypoxia as a mechanism of progression of chronic
kidney diseases: from hypothesis to novel therapeutics. Kidney Int 74: 867-872, 2008.

17. Fine LG, Orphanides C, and Norman JT. Progressive renal disease: the chronic hypoxia
hypothesis. Kidney Int Suppl 65: S74-78, 1998.

193
Chapter 7



Perspectives and future directions

18. Franzen S, Pihl L, Khan N, Gustafsson H, and Palm F. Pronounced kidney hypoxia
precedes albuminuria in type 1 diabetic mice. Am J Physiol Renal Physiol 310: F807-809, 2016.
19. Gardiner BS, Smith DW, O'Connor PM, and Evans RG. A mathematical model of
diffusional shunting of oxygen from arteries to veins in the kidney. Am J Physiol Renal Physiol
300: F1339-1352, 2011.

20.  Gardiner BS, Thompson SL, Ngo JP, Smith DW, Abdelkader A, Broughton BR,
Bertram JF, and Evans RG. Diffusive oxygen shunting between vessels in the preglomerular
renal vasculature: anatomic observations and computational modeling. Am J Physiol Renal Physiol
303: F605-618, 2012.

21.  Goldfarb M, Rosenberger C, Abassi Z, Shina A, Zilbersat F, Eckardt KU, Rosen S,
and Heyman SN. Acute-on-chronic renal failure in the rat: functional compensation and hypoxia
tolerance. Am J Nephrol 26: 22-33, 2006.

22. Hostetter TH, Troy JL, and Brenner BM. Glomerular hemodynamics in experimental
diabetes mellitus. Kidney Int 19: 410-415, 1981.

23. lyer SN, Gurujeyalakshmi G, and Giri SN. Effects of pirfenidone on transforming
growth factor-beta gene expression at the transcriptional level in bleomycin hamster model of lung
fibrosis. J Pharmacol Exp Ther 291: 367-373, 1999.

24, lyer SN, Wild JS, Schiedt MJ, Hyde DM, Margolin SB, and Giri SN. Dietary intake of
pirfenidone ameliorates bleomycin-induced lung fibrosis in hamsters. J Lab Clin Med 125: 779-
785, 1995.

25. Jensen PK, Christiansen JS, Steven K, and Parving HH. Renal function in
streptozotocin-diabetic rats. Diabetologia 21: 409-414, 1981.

26. Kaartinen K, Hemmila U, Salmela K, Raisanen-Sokolowski A, Kouri T, and Makela
S. Adenine phosphoribosyltransferase deficiency as a rare cause of renal allograft dysfunction. J
Am Soc Nephrol 25: 671-674, 2014.

27. Kairaitis LK, Wang Y, Gassmann M, Tay YC, and Harris DC. HIF-1alpha expression
follows microvascular loss in advanced murine adriamycin nephrosis. Am J Physiol Renal Physiol
288: F198-206, 2005.

28. Khan Z, Ngo JP, Le B, Evans RG, Pearson JT, Gardiner BS, and Smith DW. Three-
dimensional morphometric analysis of the renal vasculature. Am J Physiol Renal Physiol 314:
F715-F725, 2018.

29. Kiran G, Nandini CD, Ramesh HP, and Salimath PV. Progression of early phase
diabetic nephropathy in streptozotocin-induced diabetic rats: evaluation of various kidney-related
parameters. Indian J Exp Biol 50: 133-140, 2012.

30. Klingberg A, Hasenberg A, Ludwig-Portugall 1, Medyukhina A, Mann L, Brenzel A,
Engel DR, Figge MT, Kurts C, and Gunzer M. Fully automated evaluation of total glomerular
number and capillary tuft size in nephritic kidneys using lightsheet microscopy. J Am Soc Nephrol
28: 452-459, 2017.

31. Koeners MP, Ow CP, Russell DM, Abdelkader A, Eppel GA, Ludbrook J, Malpas SC,
and Evans RG. Telemetry-based oxygen sensor for continuous monitoring of kidney oxygenation
in conscious rats. Am J Physiol Renal Physiol 304: F1471-1480, 2013.

32. Koeners MP, Ow CPC, Russell DM, Evans RG, and Malpas SC. Prolonged and
continuous measurement of kidney oxygenation in conscious rats. Methods Mol Biol 1397: 93-111,
2016.

33. Layton AT. Recent advances in renal hypoxia: insights from bench experiments and
computer simulations. Am J Physiol Renal Physiol 311: F162-165, 2016.

34. Lee CJ, Gardiner BS, Evans RG, and Smith DW. A model of oxygen transport in the
rat renal medulla. Am J Physiol Renal Physiol 2018.

194
Chapter 7



Perspectives and future directions

35.  Lee CJ, Gardiner BS, Ngo JP, Kar S, Evans RG, and Smith DW. Accounting for
oxygen in the renal cortex: a computational study of factors that predispose the cortex to hypoxia.
Am J Physiol Renal Physiol 313: F218-F236, 2017.

36. Lee CJ, Ngo JP, Kar S, Gardiner BS, Evans RG, and Smith DW. A pseudo-three-
dimensional model for quantification of oxygen diffusion from preglomerular arteries to renal
tissue and renal venous blood. Am J Physiol Renal Physiol 313: F237-F253, 2017.

37. Legrand M, Almac E, Mik EG, Johannes T, Kandil A, Bezemer R, Payen D, and Ince
C. L-NIL prevents renal microvascular hypoxia and increase of renal oxygen consumption after
ischemia-reperfusion in rats. Am J Physiol Renal Physiol 296: F1109-1117, 2009.

38. Manotham K, Tanaka T, Matsumoto M, Ohse T, Miyata T, Inagi R, Kurokawa K,
Fujita T, and Nangaku M. Evidence of tubular hypoxia in the early phase in the remnant kidney
model. J Am Soc Nephrol 15: 1277-1288, 2004.

39.  Meng XM, Nikolic-Paterson DJ, and Lan HY. TGF-beta: the master regulator of fibrosis.
Nat Rev Nephrol 12: 325-338, 2016.

40. Nangaku M. Chronic hypoxia and tubulointerstitial injury: a final common pathway to
end-stage renal failure. J Am Soc Nephrol 17: 17-25, 2006.

41. Nasr SH, Sethi S, Cornell LD, Milliner DS, Boelkins M, Broviac J, and Fidler ME.
Crystalline nephropathy due to 2,8-dihydroxyadeninuria: an under-recognized cause of irreversible
renal failure. Nephrol Dial Transplant 25: 1909-1915, 2010.

42. Nespoux J, and Vallon V. SGLT2 inhibition and kidney protection. Clin Sci 132: 1329-
1339, 2018.

43. Neugarten J, Aynedjian HS, and Bank N. Role of tubular obstruction in acute renal
failure due to gentamicin. Kidney Int 24: 330-335, 1983.

44, Ngo JP, Kar S, Kett MM, Gardiner BS, Pearson JT, Smith DW, Ludbrook J, Bertram
JF, and Evans RG. Vascular geometry and oxygen diffusion in the vicinity of artery-vein pairs in
the kidney. Am J Physiol Renal Physiol 307: F1111-1122, 2014.

45, Ngo JP, Le B, Khan Z, Kett MM, Gardiner BS, Smith DW, Melhem MM,
Maksimenko A, Pearson JT, and Evans RG. Micro-computed tomographic analysis of the radial
geometry of intrarenal artery-vein pairs in rats and rabbits: Comparison with light microscopy.
Clin Exp Pharmacol Physiol 44: 1241-1253, 2017.

46. O'Neill J, Fasching A, Pihl L, Patinha D, Franzen S, and Palm F. Acute SGLT
inhibition normalizes O2 tension in the renal cortex but causes hypoxia in the renal medulla in
anaesthetized control and diabetic rats. Am J Physiol Renal Physiol 309: F227-234, 2015.

47.  OhashiR, Shimizu A, Masuda Y, Kitamura H, Ishizaki M, Sugisaki Y, and Yamanaka
N. Peritubular capillary regression during the progression of experimental obstructive nephropathy.
J Am Soc Nephrol 13: 1795-1805, 2002.

48. Ow CP, Abdelkader A, Hilliard LM, Phillips JK, and Evans RG. Determinants of renal
tissue hypoxia in a rat model of polycystic kidney disease. Am J Physiol Regul Integr Comp Physiol
307: R1207-1215, 2014.

49, Ow CPC, Ngo JP, Ullah MM, Barsha G, Meex RCR, Watt MJ, Hilliard LM, Koeners
MP, and Evans RG. Absence of renal hypoxia in the subacute phase of severe renal ischemia
reperfusion injury. Am J Physiol Renal Physiol 315: F1358-F1369, 2018.

50. Ow CPC, Ngo JP, Ullah MM, Hilliard LM, and Evans RG. Renal hypoxia in kidney
disease: Cause or consequence? Acta Physiol 222: 12999, 2018.

51. Palm F, Cederberg J, Hansell P, Liss P, and Carlsson PO. Reactive oxygen species
cause diabetes-induced decrease in renal oxygen tension. Diabetologia 46: 1153-1160, 2003.

52. Palm F, Ortsater H, Hansell P, Liss P, and Carlsson PO. Differentiating between effects
of streptozotocin per se and subsequent hyperglycemia on renal function and metabolism in the
streptozotocin-diabetic rat model. Diabetes Metab Res Rev 20: 452-459, 2004.

195
Chapter 7



Perspectives and future directions

53.  Papazova DA, Friederich-Persson M, Joles JA, and Verhaar MC. Renal transplantation
induces mitochondrial uncoupling, increased kidney oxygen consumption, and decreased kidney
oxygen tension. Am J Physiol Renal Physiol 308: F22-28, 2015.

54, Rahman A, Yamazaki D, Sufiun A, Kitada K, Hitomi H, Nakano D, and Nishiyama
A. A novel approach to adenine-induced chronic kidney disease associated anemia in rodents.
PLoS One 13: e0192531, 2018.

55. RamachandraRao SP, Zhu Y, Ravasi T, McGowan TA, Toh I, Dunn SR, Okada S,
Shaw MA, and Sharma K. Pirfenidone is renoprotective in diabetic kidney disease. J Am Soc
Nephrol 20: 1765-1775, 2009.

56. Redfors B, Sward K, Sellgren J, and Ricksten SE. Effects of mannitol alone and
mannitol plus furosemide on renal oxygen consumption, blood flow and glomerular filtration after
cardiac surgery. Intensive Care Med 35: 115-122, 20009.

57.  Ries M, Basseau F, Tyndal B, Jones R, Deminiere C, Catargi B, Combe C, Moonen
CW, and Grenier N. Renal diffusion and BOLD MRI in experimental diabetic nephropathy.
Blood oxygen level-dependent. J Magn Reson Imaging 17: 104-113, 2003.

58. Rosenberger C, Goldfarb M, Shina A, Bachmann S, Frei U, Eckardt KU, Schrader T,
Rosen S, and Heyman SN. Evidence for sustained renal hypoxia and transient hypoxia adaptation
in experimental rhabdomyolysis-induced acute kidney injury. Nephrol Dial Transplant 23: 1135-
1143, 2008.

59. Rosenberger C, Heyman SN, Rosen S, Shina A, Goldfarb M, Griethe W, Frei U,
Reinke P, Bachmann S, and Eckardt KU. Up-regulation of HIF in experimental acute renal
failure: evidence for a protective transcriptional response to hypoxia. Kidney Int 67: 531-542, 2005.
60. Rosenberger C, Khamaisi M, Abassi Z, Shilo V, Weksler-Zangen S, Goldfarb M,
Shina A, Zibertrest F, Eckardt KU, Rosen S, and Heyman SN. Adaptation to hypoxia in the
diabetic rat kidney. Kidney Int 73: 34-42, 2008.

61. Rosenberger C, Rosen S, Paliege A, and Heyman SN. Pimonidazole adduct
immunohistochemistry in the rat kidney: detection of tissue hypoxia. Methods Mol Biol 466: 161-
174, 2009.

62.  Sahota A, Chen J, Behzadian MA, Ravindra R, Takeuchi H, Stambrook PJ, and
Tischfield JA. 2,8-Dihydroxyadenine lithiasis in a Japanese patient heterozygous at the adenine
phosphoribosyltransferase locus. Am J Hum Genet 48: 983-989, 1991.

63.  Scholey JW, and Meyer TW. Control of glomerular hypertension by insulin
administration in diabetic rats. J Clin Invest 83: 1384-1389, 19809.

64.  Selkurt EE, Deetjen P, and Brechtelsbauer H. Tubular pressure gradients and filtration
dynamics during urinary stop flow in the rat. Pflugers Arch Gesamte Physiol Menschen Tiere 286:
19-35, 1965.

65. Sward K, Valsson F, Sellgren J, and Ricksten SE. Differential effects of human atrial
natriuretic peptide and furosemide on glomerular filtration rate and renal oxygen consumption in
humans. Intensive Care Med 31: 79-85, 2005.

66. Tanaka T, Kato H, Kojima I, Ohse T, Son D, Tawakami T, Yatagawa T, Inagi R,
Fujita T, and Nangaku M. Hypoxia and expression of hypoxia-inducible factor in the aging
kidney. J Gerontol A Biol Sci Med Sci 61: 795-805, 2006.

67. Thomas SR, Layton AT, Layton HE, and Moore LC. Kidney modeling: Status and
perspectives. Proceedings of the IEEE 94: 740-752, 2006.

68.  Thomson SC, Rieg T, Miracle C, Mansoury H, Whaley J, Vallon V, and Singh P. Acute
and chronic effects of SGLT2 blockade on glomerular and tubular function in the early diabetic
rat. Am J Physiol Regul Integr Comp Physiol 302: R75-83, 2012.

69. Vallon V, Rieg T, Cunard R, and H. K. Impaired proximal tubular and kidney glucose
reabsorption in gene-targeted mice lacking SGLT1. Am Soc Nephrol 21: 262A: 2010.

196
Chapter 7



Perspectives and future directions

70.  Vallon V, Platt KA, Cunard R, Schroth J, Whaley J, Thomson SC, Koepsell H, and
Rieg T. SGLT2 mediates glucose reabsorption in the early proximal tubule. J Am Soc Nephrol 22:
104-112, 2011.

71.  Vallon V, Richter K, Blantz RC, Thomson S, and Osswald H. Glomerular
hyperfiltration in experimental diabetes mellitus: potential role of tubular reabsorption. J Am Soc
Nephrol 10: 2569-2576, 1999.

72.  Welch WJ, Baumgartl H, Lubbers D, and Wilcox CS. Nephron pO2 and renal oxygen
usage in the hypertensive rat kidney. Kidney Int 59: 230-237, 2001.

73.  Welch WJ, Baumgartl H, Lubbers D, and Wilcox CS. Renal oxygenation defects in the
spontaneously hypertensive rat: role of AT1 receptors. Kidney Int 63: 202-208, 2003.

74.  Wyngaarden JB, and Dunn JT. 8-Hydroxyadenine as the intermediate in the oxidation
of adenine to 2, 8-dihydroxyadenine by xanthine oxidase. Arch Biochem Biophys 70: 150-156,
1957.

75.  Yokozawa T, Zheng PD, Oura H, and Koizumi F. Animal model of adenine-induced
chronic renal failure in rats. Nephron 44: 230-234, 1986.

197
Chapter 7



APPENDIX 1

Appendix 1



Received: 4 September 2017

Revised: 10 November 2017

Accepted: 15 November 2017

DOI: 10.1111/apha.12999

REVIEW ARTICLE

ACTA PHYSIOLOGICA

Renal hypoxia in Kidney disease: Cause or consequence?

C.P.C.Ow | J.P.Ngo | M. M. Ullah | L. M. Hilliard | R. G. Evans

Cardiovascular Disease Program,
Biomedicine Discovery Institute and
Department of Physiology, Monash
University, Melbourne, Vic., Australia

Correspondence

R. G. Evans, Department of Physiology,
Monash University, Melbourne, Vic.,
Australia.

Email: roger.evans @monash.edu

Funding information

The authors” work was supported by
grants from the National Health and
Medical Research Council of Australia
(GNT1050672 and GNT1122455), the
National Heart Foundation of Australia
(VG-2016-101377) and the Australian
Research Council (DP140103045).

1 | INTRODUCTION

Abstract

Tissue hypoxia has been proposed as an important factor in the pathophysiology
of both chronic kidney disease (CKD) and acute kidney injury (AKI), initiating
and propagating a vicious cycle of tubular injury, vascular rarefaction, and fibrosis
and thus exacerbation of hypoxia. Here, we critically evaluate this proposition by
systematically reviewing the literature relevant to the following six questions: (i) Is
kidney disease always associated with tissue hypoxia? (ii) Does tissue hypoxia
drive signalling cascades that lead to tissue damage and dysfunction? (iii) Does tis-
sue hypoxia per se lead to kidney disease? (iv) Does tissue hypoxia precede
pathology? (v) Does tissue hypoxia colocalize with pathology? (vi) Does preven-
tion of tissue hypoxia prevent kidney disease? We conclude that tissue hypoxia is
a common feature of both AKI and CKD. Furthermore, at least under in vitro con-
ditions, renal tissue hypoxia drives signalling cascades that lead to tissue damage
and dysfunction. Tissue hypoxia itself can lead to renal pathology, independent of
other known risk factors for kidney disease. There is also some evidence that tissue
hypoxia precedes renal pathology, at least in some forms of kidney disease.
However, we have made relatively little progress in determining the spatial
relationships between tissue hypoxia and pathological processes (i.e. colocaliza-
tion) or whether therapies targeted to reduce tissue hypoxia can prevent or delay
the progression of renal disease. Thus, the hypothesis that tissue hypoxia is a

“common pathway” to both AKI and CKD still remains to be adequately tested.

KEYWORDS
acute kidney injury, chronic kidney disease, hypoxia, hypoxia-inducible factors, oxygen consumption,

oxygen delivery

potential to initiate a vicious cycle. More recently, consid-
erable evidence has been generated to support associations

Renal tissue hypoxia has been proposed as a critical media-
tor of both acute kidney injury (AKI) and chronic kidney
disease (CKD).l’3 For example, in 1998, Fine et al*?
proposed the “chronic hypoxia hypothesis” for the
pathogenesis of CKD. Their argument was largely based
on the proposition that tubulointerstitial injury (especially
fibrosis and capillary rarefaction) is a hallmark of all pro-
gressive renal diseases and that hypoxia drives fibrogenesis
in the kidney. Thus, they proposed that any insult that
induces either hypoxia or tubulointerstitial injury has the

between tissue hypoxia and multiple forms of CKD.
However, as discussed in detail herein, direct evidence of
causation is rather limited.

It has also been proposed that tissue hypoxia plays a
critical role in the initiation and progression of AKL®’ In
hospital settings, AKI commonly occurs in sepsis,® and
after procedures associated with temporary cessation of
renal perfusion or reduced renal blood flow or oxygen
delivery. Such procedures include renal transplantation,’
cardiac and other major surgery,'® resection of renal mass''
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and reparation of an aneurysm.'” The heavily respiring
outer medulla is particularly sensitive to acute reductions in
renal oxygen delivery.'>'* Outer medullary hypoxia can
then result in tubular necrosis, tubular and capillary
obstruction,'® loss of mitochondrial integrity'® and oxida-
tive stress.'” In the longer term, tissue hypoxia could con-
tribute to the interstitial fibrosis and vascular rarefaction
that characterizes progression from AKI to CKD,'® as pre-
dicted by the chronic hypoxia hypothesis.

In this review, we critically evaluate the evidence that
dysregulation of renal tissue oxygenation plays specific
roles in the pathogenesis of both CKD and AKI. Thus, we
focus more on the identification of the gaps in our knowl-
edge than on the evidence supporting the roles of hypoxia.
To achieve this aim, we performed a systematic review of
the literature related to the potential roles of hypoxia in
renal pathology. In a MEDLINE search, we used the Medi-
cal Subject Headings (MeSH) and keywords “AKI” (44509
results) or “acute renal failure” (48552 results) or “CKD”
(37883 results) or “polycystic kidney disease (PKD)”
(10820 results) and “hypoxia” or ‘“anoxia” (140468),
giving a combined return of 10914 results (from 1956 to
November 2017). Additional articles were sourced from the
references of articles obtained from the search and from an
examination of articles that cited the papers identified in
our search. The final analysis included only original studies
with at least an abstract written in English.

With analogy to Koch’s'® postulates regarding the roles
of specific bacteria in infectious disease, we propose six lines
of evidence that are required in order to confirm or refute the
hypothesis that renal tissue hypoxia initiates and drives the
progression of CKD and AKI. These are presented below as
a series of questions, which we then address in turn.

1). Is kidney disease always associated with tissue
hypoxia?

2). Does tissue hypoxia drive signalling cascades that lead
to tissue damage and dysfunction?

3). Does tissue hypoxia per se lead to kidney disease?

4). Does tissue hypoxia precede pathology?

5). Does tissue hypoxia colocalize with pathology?

6). Does prevention of tissue hypoxia prevent kidney
disease?

2 | IS THE DEVELOPMENT OF
KIDNEY DISEASE ALWAYS
ASSOCIATED WITH TISSUE
HYPOXIA?

Before directly addressing this question, we must consider
the strengths and limitations of the various techniques used
for the assessment of renal tissue oxygenation. These have

previously been reviewed in detail**' In brief, polaro-
graphic electrodes such as the Clark-type electrode can
directly quantify tissue oxygen tension (PO,)?* This
method is highly invasive so does not allow for long-term
measurements or studies in freely moving animals. It is also
not suitable for use in the clinical setting. Immunohisto-
chemical methods such as pimonidazole adduct immunohis-
tochemistry provide qualitative
hypoxia with high spatial resolution.®> This technique has
been relatively well validated for the detection of cellular
hypoxia in cultured tumour cells that were <10 mmHg.**
Caveats that should be applied to this method include that it
can only be applied at discrete time-points, is not quantita-
tive and can be confounded by false-positive staining in the
injured kidney,?” and in other tissues under relatively well-
oxygenated conditions.***’

Blood oxygen level-dependent magnetic resonance imag-
ing (BOLD-MRI) is non-invasive and can be used in experi-
mental and clinical settings over multiple time-points. Thus,
BOLD-MRI has the potential to characterize the evolution of
renal hypoxia during the development of kidney disease. Its
major limitation arises from the fact that it provides a mea-
sure of the ratio of deoxyhaemoglobin to oxyhaemoglobin in
the blood®® and thus only provides a semi-quantitative and
indirect measurement of tissue PO,. Similar to BOLD-MRI,
electron paramagnetic resonance utilizes the paramagnetic
nature of oxygen to attenuate magnetic resonance. This
method requires the invasive implantation of a paramagnetic
probe into the tissue of interest.”” Once implanted, it allows
for the direct quantification of tissue PO, over extended peri-
ods non-invasively®° and thus potentially allows for determi-
nation of the temporal relationship between tissue hypoxia in
the pathogenesis of kidney diseases.

Assessment of the expression of hypoxia-inducible fac-
tors (HIF) and their downstream targets provides informa-
tion regarding the cellular responses to hypoxia rather than
hypoxia itself, which likely vary depending on physiologi-
cal and pathological conditions.>’ Most recently, methods
have been described that allow continuous measurement of
renal tissue PO, in unanaesthetized experimental animals.*>
35 These techniques promise to deliver exquisite temporal
resolution of kidney oxygenation in both small and large
animal models of kidney disease. However, they are yet to
be widely employed to study models of kidney disease.*®*

assessment of tissue

21 |

Chronic kidney disease is a complex and multifactorial dis-
ease often complicated by comorbidities such as diabetes
and hypertension. However, despite the seemingly varying
underlying aetiology across different forms of CKD, tissue
hypoxia almost always develops at some stage during
progression of the disease (Figure 1).

Chronic kidney disease
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FIGURE 1 Evidence of renal hypoxia in various forms of chronic kidney disease (CKD). Panel A shows cortical tissue oxygen tension

(PO,) measured by Clark electrode in control rats (Lewis), and in the renal parenchyma (LPK(P)) and within the renal cysts (LPK(C)) in a rat

model of polycystic kidney disease. Panel B shows images generated by blood oxygen level-dependent magnetic resonance imaging (BOLD-

MRI) from patients with and without diabetic nephropathy. Note the greater proportion of deoxyhaemoglobin (indicated by the greater R2*) in

the blood within the kidney in the individual with diabetic nephropathy than the control subject. Panel C shows glomeruli in renal sections from

a mouse with lupus nephritis (LN) and a control mouse. Note the positive (brown) staining for hypoxia-inducible factor-1a in the glomerulus

from the mouse with LN. Panel D shows immunohistochemical staining for pimonidazole adducts (brown) in kidney tissue from a control rat
and a rat with CKD induced by the removal of 5/6th of the kidney (remnant kidney). Images were reproduced from (A)42; (B)5 3, (C)47; (D)63

with permission

Polycystic kidney disease, the most common genetic
form of CKD, is characterized by excessive and uncon-
trolled tubular epithelial proliferation resulting in the for-
mation of fluid-filled cysts®® and thus renomegaly.*® The
increased total kidney volume, in conjunction with
increased angiogenesis, results in flattened and tortuous
capillaries and arterioles.*’ Vascular remodelling and the
expansion of the tubules in PKD not only has the potential
to decrease tissue perfusion, it also has the potential to
increase the distance over which oxygen must diffuse to
reach renal tissue. There is also evidence that oxygen
demand, at least in proportion to the level of sodium reab-
sorption, is augmented in PKD.* Thus, both decreased
oxygen supply to the tissue and inappropriately high
oxygen consumption likely contribute to the severe tissue
hypoxia that has been observed using both quantitative
(Figure 1A)** and qualitative®*** methods.

Systemic lupus erythematous is a polygenic autoimmune
disorder of non-cystic nature characterized by the presence
of antinuclear antibodies indicative of an aberrant immune
response to autoantigens.*> In lupus nephritis (LN), inflam-
matory cytokines mediate fibrogenesis.*® The resultant

expansion of extracellular matrix could promote tissue
hypoxia by increasing the distance for diffusion of oxygen
to tissue. Deng et al*’ showed the upregulation of glomeru-
lar hypoxia-inducible factor 1-o (HIF-1or) in renal biopsies
obtained from patients with LN. HIF-1a expression was
positively correlated with severity of the disease and prolif-
erative index in LN.* Critically, the expression of HIF-1a
can be upregulated in the presence of IL-6, even under nor-
moxic conditions, suggestive of molecular crosstalk between
inflammatory mediators and induction of HIFs.*® However,
we are not aware of studies in which renal oxygenation has
been examined in LN using more direct methods.

Cellular®® and tissue®®! hypoxia in the kidney is a
common finding in animal models of diabetic nephropathy.
Treatment with insulin abolished cellular hypoxia, suggest-
ing that the hypoxia is dependent on hyperglycaemia.*’
Extending these observations to the clinical setting, several
studies using BOLD-MRI have provided evidence of
hypoxia in the cortex and medulla in patients with diabetic
nephropathy.’>** In contrast, using the same technique,
Wang et al®* could not detect differences in the BOLD
signal in the renal cortex of patients with diabetic
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nephropathy compared to healthy volunteers (Figure 1B).
Indeed, the medulla actually appeared to be better oxy-
genated in patients with diabetic nephropathy than in con-
trols.>* Additionally, renal hypoxia was also not detected in
a recent BOLD-MRI study of patients with CKD, inclusive
of patients with diabetic nephropathy.>

The discrepancies in these clinical observations may be
due to (i) the relative sensitivity of the BOLD-MRI tech-
nique to changes in tissue oxygenation per se and/or (ii)
differences in the severity of CKD in the populations
included in the various studies. Importantly, the disparity
in observations using BOLD-MRI in human diabetic
nephropathy indicates that the relationship between tissue
hypoxia and progression of the disease is likely complex.
The absence of tissue hypoxia during any particular stage
cannot rule out a pathogenic role during an earlier or later
stage. On the other hand, the presence of hypoxia, even if
throughout the natural history of kidney disease, does not
provide evidence that hypoxia contributes mechanistically
to the development of diabetic nephropathy.

Reduction in renal mass reduces the number of viable
nephrons, resulting in compensatory increases in single
nephron glomerular filtration rate (GFR).>® The increase in
single nephron GFR appears to drive increased oxygen
consumption in the remaining viable nephrons.’®>’ This,
and other factors such as fibrosis®™>® and oxidative
stress,**®! may drive the development of tubulointerstitial
hypoxia (Figure 1D). In these so-called remnant kidney
models, hypoxia has been observed in both the cortex®'®?
and medulla.®®> Tn contrast, Priyadarshi et al® observed that
cortical and medullary tissue PO, was greater, 6-8 weeks
following renal mass reduction. The discrepancy between
these observations may be related to the time-course of
progression of the disease. That is, tissue hypoxia may be
important in the acute and subacute phases following
reduction in renal mass, but not in the longer term.
Nevertheless, the balance of evidence suggests that tissue
hypoxia is a characteristic of the remnant kidney model.

In renovascular disease, once the narrowing of the main
renal artery or its proximal branches reaches a critical
stage, marked reductions in renal blood flow occur.®’
Examination of renal tissue oxygenation in animal models
of renovascular disease has yielded conflicting results,
likely due to differences in severity and the time-course of
progression of the disease. Palm et al found, in a rat model
of renovascular disease, that cortical hypoxia developed
3 weeks after stenosis and was accompanied by a reduction
in renal blood flow.°®%” In contrast, Rognant et al,68 using
BOLD-MRI, found that renal blood oxygenation changed
little in the 4 weeks following stenosis. In the clinical
setting, patients with renovascular disease had rather
well-oxygenated renal blood in comparison with the
contralateral kidney, despite reductions in cortical and

medullary blood flow.%*””" However, it appears that cortical
hypoxia may develop once the stenosis reaches a critical
level (>70%) so that cortical blood flow is markedly
reduced.”” The explanation for these disparate findings
may lie in the effect of a stenosis on the balance between
oxygen delivery and oxygen demand. Importantly, reduc-
tions in GFR induced by a stenosis should act to reduce
renal oxygen demand for sodium reabsorption and so
reduce the risk of renal hypoxia.®

In summary, renal hypoxia is a common, but not uni-
versal, characteristic of CKD. It is also relevant here to
consider recent evidence that interstitial fibrosis, microvas-
cular dysfunction and capillary rarefaction are characteris-
tics of CKD, regardless of its aetiology.””

2.2 | Acute Kkidney injury

Acute kidney injury is associated with increased morbidity,
increased length of stay in hospital in the case of hospital-
acquired AKI and increased risk of death.”* Furthermore,
patients who recover from AKI are at increased risk of
development of CKD and end-stage renal disease.”>’® Evi-
dence of renal tissue hypoxia has been observed in multiple
forms of AKI (Figure 2).

Ischaemia-reperfusion injury (IRI) is the leading cause
of AKI in the hospital setting.”” Flow to the kidney is tem-
porarily occluded during surgical procedures such as renal
transplantation (cold ischaemia), or resection of a renal
tumour or reparation of an abdominal aneurysm (warm
ischaemia). Consequentially, oxygen delivery to the kidney
ceases and the kidney becomes anoxic. Following reperfu-
sion, the kidney, particularly the medulla, has been
observed to be hypoperfused.”® Hypoperfusion is likely dri-
ven by multiple factors, including capillary obstruction
resulting from infiltration of immune cells, vasoconstriction
and loss of endothelial integrity.">”*® Hypoperfusion
following  reperfusion  compromises oxygen
delivery? 738182 and thus promotes tissue hypoxia.’> %

Cardiac surgery, particularly when requiring cardiopul-
monary bypass (CPB), is a major cause of AKL®® Ischae-
mia and reperfusion injury likely make an important
contribution to the pathophysiology of AKI in this setting.
Renal oxygen delivery is decreased by ~20% during CPB
in humans.®® However, renal oxygenation during CPB has
only been measured directly in experimental animals. Staf-
ford-Smith et al, using a blood gas probe, examined medul-
lary oxygen tension in a porcine model of CPB. They
found that 30 minutes into CPB, medullary PO, was mark-
edly reduced.®” Medullary hypoxia in these pigs did not
appear to recover 30 minutes post-CPB,*’ suggesting the
presence of persistent medullary hypoxia after CPB.
Medullary hypoxia was also observed to develop in rats
during CPB and was augmented by anaemia.®®

renal
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FIGURE 2 Evidence of renal hypoxia in various forms of acute kidney injury. Panel A shows the response of medullary tissue oxygen
tension (PO,), measured by Clark electrode in rats, to administration of an iodinated radiocontrast agent (CM). Panel B shows
immunohistochemical staining for pimonidazole adducts (brown) in a control mouse and a mouse with sepsis induced by caecal puncture and
ligation. Panel C shows medullary tissue PO, in pigs, measured by fibre-optic probe, 24 h after cardiopulmonary bypass (CPB), CPB and
treatment with endothelin A receptor antagonist (CPB + ET-A RA) or sham surgery. Panel D shows images generated by blood oxygen level-
dependent magnetic resonance imaging in at baseline, during renal ischaemia and 24 h after reperfusion. Note the greater proportion of

205,

deoxyhaemoglobin in the blood within the kidney during ischaemia. Images were reproduced from (A)*; (B)'%; (C)*%; (D)** with permission

Mathematical models have also predicted that haemody-
namic conditions associated with CPB, including haemodi-
lution and hypotension, render the medulla susceptible to
hypoxia.®>-%°

Renal hypoxia in AKI that occurs after CPB might be
associated with abnormalities in both renal oxygen delivery
and consumption. In a prospective study, Redfors et al
compared renal oxygen delivery and consumption in
patients with AKI relative to those with normal postopera-
tive renal function following cardiac surgery requiring
CPB. They demonstrated that renal blood flow (~40%) and
hence renal oxygen delivery were markedly reduced in
patients with AKI compared to those without AKL°" GFR
and hence tubular sodium reabsorption were also greatly
decreased. Interestingly, the reduction in tubular workload
had no detectable effect on renal oxygen consumption.”’
This may be indicative of inefficient oxygen utilization for

sodium reabsorption in AKI, which could be an important
contributor to renal tissue hypoxia. Renal tissue hypoxia
has also been observed after CPB in experimental ani-
mals.®”#%92 In pigs, Patel et al’® found that 24 hours after
CPB, total renal blood flow was decreased and the medulla
was hypoxic. Taken collectively, these experimental and
modelling studies provide evidence for medullary hypoxia
during and after CPB.

Administration of iodinated contrast agents can lead to
AKL? Medullary hypoxia has been consistently observed
in animals administered contrast agents.”*® Furthermore,
administration of contrast agents was associated with
increased deoxyhaemoglobin content in the medulla of
healthy human subjects.”” The mechanisms mediating
medullary hypoxia after contrast administration remain to
be definitively established. Contrast agents have been
shown to promote constriction of vasa recta, at least in part
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due to endothelial dysfunction.”® Tubular dilation associ-
ated with contrast administration may also promote com-
pression of vasa recta.” Increased tubular sodium
reabsorption, and thus oxygen consumption, could also
play a role.”” Thus, renal tissue hypoxia may contribute to
the pathogenesis of contrast-induced nephropathy, How-
ever, other factors are also likely to be important, including
direct toxic effects of contrast agents'® and their propen-
sity to increase intratubular pressure secondary to their vis-
cosity (reviewed in”%).

Sepsis is one of the most common causes of AKI in the
intensive care unit (ICU), with an incidence of 10%-48% in
the ICU.'®" The mortality rate for septic AKI of ~70% is
considerably greater than AKI of non-septic nature
(~45%)'°% or sepsis alone (~35%).'9 Rodent models of
septic AKI are characterized by global vasoconstriction and
consequently renal hypoperfusion.'® But sepsis in these
models is commonly induced by
lipopolysaccharide (LPS), a component of the outer surface
membrane of gram-negative bacteria, resulting in systemic
inflammation and ultimately renal vasoconstriction.'® In
LPS-induced septic AKI, renal blood flow is markedly
reduced, so it is unsurprising that renal hypoxia has been
observed in this setting using multiple methods.'?"'% In
contrast, Tran et al''' could not detect renal hypoxia using
BOLD-MRI in mice with septic AKI induced by LPS.
Clinically, sepsis is caused by bacterial infection. This can
be associated with a hyperdynamic state.''* Using a clini-
cally relevant ovine model of sepsis induced by infusion of
live Escherichia Coli, Calzavacca et al®® recently demon-
strated selective ischaemia and hypoxia in the renal
medulla, despite systemic and global renal hyperaemia and
well-maintained cortical perfusion and oxygenation. Thus,
even in the absence of global renal ischaemia, hypoxia in
the renal medulla appears to be a common characteristic of
septic AKI.

In summary, renal hypoxia, particularly in the medulla,
appears to be a common characteristic of AKI. However,
in both AKI and CKD, the presence of hypoxia does not
necessarily show it has pathophysiological roles. Below,
we turn our attention more specifically to the issue of
causation.

most infusion of

3 | DOES TISSUE HYPOXIA DRIVE
SIGNALLING CASCADES THAT
LEAD TO TISSUE DAMAGE AND
DYSFUNCTION?

Upregulation of HIFs has been observed in multiple forms
of kidney disease in both humans*’#+'"311% and experi-
mental animals.''>''® HIFs are heterodimeric transcription
factors consisting of an oxygen-sensitive o subunit and a

constitutively expressed B subunit."'” In response to hypox-
ia, the o subunit is stabilized and subsequently translocates
to the nucleus. Dimerization of the o and [ subunits results
in the downstream transcription of hypoxia-responsive ele-
ments.''”'"® There are many known HIF target genes,
including but not limited to EPO, VEGF, TGF-B, ET-1,
MMP, NOS2 and Bcl-2. Hence, HIFs have complex effects
on cellular activities (Table 1).“9’120 The downstream acti-
vation of hypoxia response genes in response to the activa-
tion of HIFs can be beneficial in some cases, but

deleterious in others.'?!

3.1 | HIFs and erythropoietin

Erythropoietin, transcribed from the EPO gene, is the mas-
ter regulator for the production of erythrocytes.'** HIF is
the key factor that directs transcription of the EPO gene
within peritubular fibroblasts in the kidney.'*® Thus, arte-
rial hypoxaemia and/or anaemia cause renal hypoxia,® and
thus increased synthesis and release of erythropoietin.'*?
The general consensus is that, during a hypoxic event, the
stabilization of HIF-2a results in the transcription of EPO
and the subsequent production of erythrocytes.'*!'*> The
importance of this pathway is further highlighted by the
observation that mutations in HIFs themselves, or factors
involved in stabilization/degradation of HIFs, often result
in erythrocytosis.'** Further to its role in the production of
red blood cells, it appears that erythropoietin may modulate
tissue injury after an ischaemic event by exerting anti-apop-
totic'?*'?” and anti-inflammatory'®® effects. It thus appears
that hypoxia-induced production of erythropoietin may be
renoprotective. However, there is emerging evidence of
deleterious outcomes in the longer term that may contribute
to worsening/predisposition to CKD. For example, Gobe
et al'® recently found that administration of recombinant
human erythropoietin at the time of reperfusion after
ischaemia exacerbated the later development of renal fibro-
sis. Taken together, the available data indicate that erythro-
poietin may be an effective treatment during the acute
phase of IRI but may contribute to development of CKD in
the longer term.

3.2 | HIFs and fibrogenesis

Fibrosis and associated microvascular rarefaction is a hall-
mark of CKD.”® Together, these phenomena are predicted
to impede the diffusion of oxygen into renal tissue, thus
exacerbating hypoxia.’

There is a delicate balance between the production of
extracellular matrix (ECM) and its destruction. In response
to tissue hypoxia in vitro, expression of genes for the pro-
duction of collagen, Coll-1 and TGF-§, increases. 307132
There is also upregulation of the other constituents of the
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TABLE 1 The adaptive and maladaptive responses to downstream transcription of various hypoxia-responsive genes induced by the

activation of hypoxia-inducible factors (HIF)

Target gene of

HIF activation Function Adaptive response

Erythropoietin Erythropoiesis Increased erythrocyte

production, anti-apoptosis,

anti-inflammatory

Vascular endothelial ~ Angiogenesis

growth factor

Transforming growth Cellular survival
factor 8

Endothelin-1 Vascular tone

Matrix Extracellular

metalloproteinases matrix metabolism

Nitric oxide synthase Vascular tone Vasodilatory

Insulin-like
growth factor 1

Cellular proliferation Mediator for growth

Haem oxygenase 1 Oxidative stress Anti-apoptotic and

regulation anti-autophagic

Glucose transporter 1  Glucose metabolism Increased anaerobic

glycolysis

ECM such as fibronectin.'*® The profibrotic matrix metal-
loproteinases (MMPs) such as MMP-9 and MMP-2, whose
production is regulated by the activity of transforming
growth factor B (TGF-B), can degrade the basement mem-
brane.'** This may in turn result in a chemotactic response,
attracting neutrophils and macrophages.'*> The influx of
immune complexes may ultimately result in the remod-
elling of the ECM, so contributing to the pathology of vari-
ous kidney diseases.'*® The activity of MMP inhibitors, the
TIMPs, has been reported to increase in kidney diseases.'*°
It appears that the activities of TIMP-1 and TIMP-2
increase in response to hypoxic conditions, in association
with increased TGF-B and Coll-1."*” Thus, hypoxia-depen-
dent stabilization of HIF-1o and consequent translation of
downstream genes that promote fibrogenesis may be a criti-
cal pathogenic event in the progression of CKD.

3.3 | HIFs and the innate immune system

The activation (or overactivation) of the innate immune sys-
tem, and its priming for the activation of the adaptive
immune system following injury, may be detrimental to the
cell.”” Rama et al'*® found that exposure of immature den-
dritic cells to hypoxia (0.5% O,) resulted in their differentia-
tion and maturation, which was associated with a threefold
increase in HIF-1oo mRNA. This observation suggests that
the activation of innate immunity may be dependent on
hypoxia-induced stabilization of HIF-lo.'*®* Furthermore,
HIF-1o activation in response to hypoxia results in the
upregulation of translation of mRNA for Toll-like receptors

Increased vascular growth

hormone and thus repair

Reference Maladaptive consequence Reference
123, 188, 189 Increased fibrosis 129
190 Pro-inflammation 191
Increased fibrosis 192
Increased vasoconstriction 193
Epithelial-mesenchymal 194, 195
transition, metastasis
Pro-inflammation 196
Stimulate production of extracellular 197, 198, 199
matrix proteins and thus fibrosis
200, 201 Arrest of cellular growth 202
203 Increased tubular 204

reabsorption of glucose

2 and 6 on human dendritic cells, ultimately resulting in the
production of the pro-inflammatory cytokine interleukin-
6."% In response to the oxygen-starved cellular environ-
ment, neutrophils are upregulated by HIF-1o-dependent reg-
ulation of nuclear factor (NF)—I<B.140’141 On the other hand,
the accumulation of macrophages at sites of tissue injury,
under hypoxic conditions, increases the gene expression of
numerous proangiogenic, pro-inflammatory, cytotoxic and
immunosuppressive factors.'*> The expression of these
immune complexes can in turn be modulated through the
stabilization of HIF-la in hypoxic conditions. Thus, the
activation of innate immunity during hypoxia has a wide
range of downstream effects including mechanical plugging
of the vasculature by immune cells, possibly further com-
promising blood flow. Consequentially, further recruitment
of immune cells may result in propagative tissue injury and
deranged cellular integrity.'*>'4*

One of the caveats to consider with regard to the obser-
vations described above is that many of these studies were
performed under in vitro conditions. As such, immortalized
cells are often used and they may not mimic the normal
physiology of renal cells in vivo. Furthermore, cultured
cells may adapt to incubation conditions, so may respond
to stimuli in a different manner to the cellular response
in vivo. Therefore, it is imperative that we extend these
studies to in vivo conditions that closely represent the
physiological adaptations and responses to hypoxic
conditions. One way that we can examine the role of the
activation of HIFs and its contribution to the maladaptive
responses to IRI in vivo is through imaging studies. The
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improvements in multiphoton imaging in recent years have
greatly improved our ability to image the kidney in living,
albeit anaesthetized, rodents."*>1%® Tt is now possible to
simultaneously examine multiple physiological parameters
such as blood flow,147 mitochondrial energetics,148 oxida-
149 and leucocyte activity'>® in vivo. Harnessing
the advantages of this imaging technique, one could exam-
ine the involvement of HIFs by examining these parameters
in renal disease using multiphoton imaging in models of
HIF knockout, HIF inhibition or HIF activation. One limi-
tation of this method is that, because of the limitation in
tissue penetration of the light source, imaging of the kidney
is often restricted to the renal cortex.'! Nevertheless, the
combination of multiphoton imaging and models of altered
HIF activity might shed more light on the role of HIFs in
the initiation and progression of kidney disease.

tive stress

3.4 | HIFs, VEGF and angiogenesis

The relationships between VEGF, HIF and capillary angio-
genesis are likely complex. There are indeed many reports
documenting close correlation between microvascular rar-
efaction and tissue hypoxia.®*'>* VEGF is one of the many
HIF-induced target genes. Tissue hypoxia as a result of
microvascular rarefaction might be expected to upregulate
HIF and thus VEGEF, thereby reversing microvascular loss.
Indeed, expression of VEGF was shown to be strongly
induced in cultured proximal tubular epithelial cells'”* and
human epithelial cells'>* exposed to hypoxia. Furthermore,
TGF-B and hypoxia appear to act independently and
synergistically to upregulate VEGF.'>* But VEGF can be
downregulated in CKD. For example, in murine adriamycin
nephrosis, expression of VEGFA was found to be reduced
despite induction of HIF-1.'% Furthermore, in a remnant
kidney model, Kang et al'>® found peritubular capillary rar-
efaction was associated with decreased VEGF expression.
VEGF administration in this model reduced renal fibrosis
and stabilized renal function."”’ Treatment with VEGF-
121, given at the time of reperfusion, also ameliorated cap-
illary rarefaction in the chronic phase of IRL'*® On the
other hand, upregulation of VEGF in the tubules of adult
mice led to fibrosis, cyst formation and glomerular hyper-
trophy, along with proliferation of peritubular capillaries.'””
Thus, VEGF remains an attractive target to combat hypox-
ia-induced microvasculature loss, but off-target effects may
limit its utility.

3.5 | Protective effects of HIF activation

Given the potential beneficial effects of HIF activation on
renal pathology, upregulation of HIF abundance by inhibi-
tion of prolyl hydroxylase domain-containing protein (PHD),
which mediates degradation of HIF-la, is an attractive

therapeutic target. However, these therapies have had mixed
success. It seems that the effectiveness of PHD inhibition
depends critically on the time at which interventions are
given during the course of disease, and also on the specific
pathological features of the renal disease in question.

In terms of AKI, Bernhardt et al'®® demonstrated ame-
lioration of graft injury and improved survival in a rat
model of allogenic renal transplant, by prophylactic treat-
ment of donor rats with the PHD inhibitor FG-4497. The
same group demonstrated amelioration of renal IRI by pro-
phylactic treatment with FG-4497 or 2-(1-chloro-4-hydro-
xyisoquinoline-3-carboxamido) acetate (ICA).'®" However,
PHD inhibition was not effective when given after the
ischaemic insult.'®?

In terms of CKD, Nordquist et al'®® found that upregula-
tion of HIFs by chronic treatment with cobalt chloride
blunted diabetic nephropathy in rats. It also ameliorated renal
hypermetabolism and renal tissue hypoxia. Cobalt chloride
also inhibited tubulointerstitial injury in Thyl nephropa-
thy.'®* There is also some evidence that HIF activation can
blunt progression from AKI to CKD, as reviewed by Tanaka
et al'® However, in a model of hypertension and CKD
induced by blockade of nitric oxide synthase and a high salt
diet, the PHD inhibitor dimethyloxallyl glycine exacerbated
hypertension and urinary protein excretion.'®>

4 | DOES TISSUE HYPOXIA PER SE
LEAD TO KIDNEY DISEASE?

The available evidence relating to this question is scarce.
Friederich-Persson et al'®*'®” used the mitochondrial uncou-
pler 2,4-dinitrophenol and the thyroid hormone triiodothy-
ronine to induce tissue hypoxia by increasing renal oxygen
consumption independent of tubular workload. Chronic treat-
ment of rats with either 2,4-dinitrophenol or triitodothyronine
resulted in increased renal oxygen consumption (Figure 3A)
and renal tissue hypoxia (Figure 3B).'°®'®7 Interestingly, tis-
sue hypoxia in this model was associated with proteinuria
(Figure 3C).'%*'%7 Additionally, they found that renal tissue
hypoxia induced by treatment with 2.,4-dintrophenol was
associated with nephropathy even in the absence of con-
founding factors such as diabetes, hypertension, oxidative
stress or tubular damage.'®” Thus, chronic tissue hypoxia per
se may drive tissue injury independent of traditional risk
factors for CKD. Arguably, these studies provide the stron-
gest available evidence for a causative role of tissue hypoxia
in CKD.

A major impediment to further progress in our under-
standing of the role of tissue hypoxia in the development
of kidney disease relates to the nature of the models we
study. Most experimental methods for inducing kidney dis-
ease inevitably also induce tissue hypoxia. For example, in
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FIGURE 3 Evidence that renal tissue hypoxia per se leads to kidney disease. Panel A shows the renal oxygen consumption in rats that

underwent chronic treatment with either triiodothyronine, dinitrophenol or their vehicle (control). At the end of the treatment regimen, renal

cortical tissue oxygenation was assessed using a Clark electrode under anaesthesia (B). Panel C shows protein excretion at the end of the study.

Images were reproduced from Ref. (166) with permission

IRI, blood flow, and thus oxygen delivery to the kidney,
temporarily ceases. Similarly, removal of 5/6th of renal
mass results in hyperfiltration and thus presumably
increased oxygen consumption by individual tubules.’®
Along the same lines, CKD is often accompanied by the
development of anaemia.'®® Anaemia, in turn, reduces renal
oxygen delivery and promotes renal tissue hypoxia. Never-
theless, correction of anaemia by erythropoietin therapy has
not been shown to delay progression of CKD.'®® Thus, it
is often hard to delineate whether tissue hypoxia is a cause
or consequence, or both, of the kidney disease. New exper-
imental models of kidney disease, and new methods to fol-
low the temporal and spatial relationships between hypoxia
and renal damage, are required to overcome this limitation.

5 | DOES TISSUE HYPOXIA
PRECEDE PATHOLOGY?

One of the important factors to consider for the development
of therapeutic interventions to mitigate renal tissue hypoxia
(discussed later in detail) is the timing of the intervention.
Thus, it would be valuable to assess the time-course of devel-
opment of tissue hypoxia relative to tissue injury.

Traditional and emerging biomarkers of AKI and CKD
such as kidney injury molecule-1, neutral gelatinase-asso-
ciated lipocalin and cystatin C are markers of kidney injury.
Thus, if hypoxia causes kidney injury, we would expect
hypoxia to precede the increased expression of these mole-
cules. Unfortunately, to the best of our knowledge, there
have been no reports of the temporal relationship between
the onset of tissue hypoxia and the earliest time-point where
upregulation of markers of kidney damage can be detected.

Due to the highly invasive nature of most methods for
the direct assessment of tissue oxygenation in animal mod-
els of kidney disease, renal tissue oxygenation is often only
assessed at single time-points, providing only ‘“snapshots”
of the natural progression of disease. Recently, this techni-
cal limitation has been addressed through development of
new methods.

Electron paramagnetic resonance oximetry provides a
partial solution to the limitation described above. Franzen
et al®® recently used this technique to demonstrate tissue
hypoxia as early as 3 days after induction of type 1 dia-
betes that was sustained for at least 15 days (Figure 4A).
Critically, tissue hypoxia in this model of type 1 diabetes
was evident before the onset of significant albuminuria
(Figure 4B).'7°
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FIGURE 4 Evidence that renal tissue hypoxia precedes renal dysfunction in diabetic nephropathy and sepsis. Panel A shows the responses

of renal tissue oxygen tension (PO,), measured by paramagnetic resonance in mice, across a 15-d period in control mice and before and after

administration of alloxan to render them diabetic. Panel B shows urinary albumin excretion in the same mice at the end of the study. Panel C

shows medullary tissue PO,, measured by fibre-optic probe, in sheep rendered septic by intravenous infusion of live Escherichia coli. Panel D

shows the time-course of creatinine clearance in the same sheep. Images were reproduced from: (A) and (B),50 (C) and (D)36 with permission

A telemetric method has been developed for use in unre-
strained rats that allows continuous measurement of renal tis-
sue oxygen tension via the electrochemical reduction of
oxygen at the tip of an implanted carbon paste electrode.**
Using this technique, Emans et al’’ found that cortical tissue
hypoxia developed 15 hours after the activation of the endoge-
nous renin-angiotensin system in CyplalRen2 transgenic rats,
a model of angiotensin II-dependent hypertensive CKD.
Importantly, tissue hypoxia in this model of CKD was present
well before the development of renal damage, consistent with
the proposition that renal hypoxia could contribute to CKD
induced by activation of the renin-angiotensin system.'’"*!”*

Calzavacca et al*® used chronically implantable fibre-
optic probes to investigate the time-course of development
of tissue hypoxia in an ovine model of sepsis. In conscious
sheep, they demonstrated reduced medullary tissue perfu-
sion and PO, in response to infusion of live bacteria

(Figure 4C).*® Critically, medullary hypoxia developed
before overt changes in creatinine clearance occurred (Fig-
ure 4D), suggesting that medullary hypoxia precedes the
development of renal dysfunction in this model of AKIL*®

The recent observations described above, using tech-
niques that allow long-term measurement of renal tissue
PO,, are consistent with the hypothesis that tissue hypoxia is
a driver of pathophysiology of various forms of kidney dis-
ease. However, they do not yet constitute a “smoking
gun.”'”® There is considerable scope for further use of these
methods to generate more detailed information regarding the
temporal relationships between hypoxia, the molecular dri-
vers of kidney disease, and renal damage and dysfunction.
However, we also require information regarding the spatial
relationship between tissue hypoxia and renal pathology, and
most of all, on the efficacy of treatments for AKI and CKD
that target renal hypoxia.
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FIGURE 5 Evidence of colocalization of tissue hypoxia and pat