
 
 
 
 
 
 
 
 
 
 
 

 
 

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 

(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 

terms and conditions of use: 

 

This work is protected by copyright and other intellectual property rights, which are 

retained by the thesis author, unless otherwise stated. 

A copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. 

This thesis cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the author. 

The content must not be changed in any way or sold commercially in any format or 

medium without the formal permission of the author. 

When referring to this work, full bibliographic details including the author, title, 

awarding institution and date of the thesis must be given. 

 



 

Perivascular cells and their sub-types in 
healthy, aged and diseased kidney. 

 
Isaac William Shaw 

 
  

Submitted for the degree of Doctor of Philosophy 
The University of Edinburgh 

2018 





Declaration 

I, Isaac Shaw, declare that this thesis is entirely composed by myself. All work contained 

herein was performed by me, except where explicitly indicated, and has not been 

submitted for any other degree or professional qualification.  

 

 

29/8/18 

  



Perivascular cells and their sub-types in healthy, aged and diseased kidney.   

 iv 

Abstract 

Acute kidney injury (AKI) can lead to chronic kidney disease (CKD), and these cause 

significant morbidity and mortality in hospital patients, either alone via renal failure or by 

aggravating other conditions such as cardiovascular disease. Perivascular cells of the 

vasculature, such as pericytes, have a major role in the progression of AKI and CKD. Their 

normal function in the kidney is to structurally support blood vessels, regulate blood 

pressure, and fine tune the distribution of blood flow, however they are activated following 

injury to perform new functions such as becoming myofibroblasts. The niches they occupy 

are diverse in both function and physiological environment, and there is heterogeneity in 

cell morphology and surface marker expression. However, little is known about the 

functional significance of this heterogeneity in the context of normal and diseased kidney.  

To investigate perivascular cell heterogeneity at homeostasis, common perivascular cell 

surface markers (CD146, PDGFR-β, PDGFR-α, NG2 and α-SMA) were used to identify 

and define subpopulations in mouse kidneys. The anatomical locations and relative 

numbers of these subpopulations were quantified in different kidney regions, and across a 

range of ages. It was found that perivascular cells are indeed highly heterogeneous with 

respect to these markers; markers are expressed to different degrees between regions, 

and broad patterns of marker expression are conserved in other species (cat, dog, human). 

To investigate perivascular cell response during injury, young (2 months) and old (18-24 

months) mice were subjected to a moderate unilateral ischaemia-reperfusion injury (IRI), 

which preserves contralateral kidney function, and kidneys harvested at one, four and 28 

days post-IRI. A dynamic response of the subpopulations was observed following injury, 

with both transient and sustained rises in the prevalence of certain markers and marker 

combinations, and this response was modified in aged animals. Injury was equivalent in 

young and old mice in this model.  

Subpopulations were sorted from murine kidneys via flow cytometry, however long term 

culture was not possible. Instead, because perivascular cells have been shown to give rise 

to mesenchymal stromal cells (MSCs), cultures were established of murine kidney-derived 

MSCs from different kidney regions. Using in vitro assays the effects of variation in renal 

physiological conditions, such as hypoxia and salt balance, on cell properties such as 
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migration, viability and immunosuppression, were investigated in murine kidney- and 

human adipose-derived MSCs.  

Together this work highlights that the renal perivascular interstitial compartment 

comprises of a multitude of cell subpopulations that respond in idiosyncratic ways to 

kidney injury, and should therefore not be treated as one homogenous population. In 

addition, insights are made into how ageing, the strongest risk factor for CKD, affects the 

distribution of perivascular cell subpopulations and modifies their response to injury.  
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Lay Abstract 

This thesis concerns perivascular cells in the kidney, specifically how they are distributed 

in the kidney’s various regions, how they change in response to kidney injury, kidney 

ageing, or both, and how they react to certain environmental stimuli when cultured. A 

‘perivascular cell’ (PC) is any cell that is closely associated spatially with blood vessels, on 

a semi-permanent to permanent basis. PCs have been shown to give rise to ‘mesenchymal 

stromal cells’ (MSCs), an important potential cell therapy product, when artificially 

cultured. 

In the kidney, there are many subtypes of PC and they have important roles both in 

maintaining normal kidney function and in the progression of kidney disease. In this work, 

PC subtypes were identified and defined by detecting combinations of proteins expressed 

on the cell surface. To help understand their function, the distribution of PC subtypes in 

different kidney regions, and anatomical locations within those regions, was examined. 

The response of PC subtypes following a kidney injury was analysed in both young and 

aged mice, as ageing affects the ability to recover from such injuries in humans.  

This analysis showed that there are different proportions of PC sub-types, as defined by 

these surface protein combinations, in the different regions of the kidney. There are 

complex changes in these proportions as a kidney injury heals.  Aged kidneys have 

generally less PC, and ageing affects the initial PC subtype distribution between regions 

and how they respond during injury. In addition, aged animals do not get worse injury than 

young when kidney function is maintained during kidney injury.  

Pure populations of PC subtypes were isolated from digested mouse kidneys, but it was 

not possible to grow them in culture. Instead, as MSCs are derived from PC, the response 

of MSCs from different regions of the kidney to environmental and physiological stimuli 

such as low oxygen, oxidation induced cell damage, and high salt and urea was examined. 

All three treatments impaired the cells’ ability to migrate in culture, but whilst MSCs from 

the outer part of the kidney (the cortex) were sensitive to oxidative damage, those from 

the inner regions (the medulla) were not.  

These findings expand our knowledge of kidney PCs, of both their nature in healthy kidney, 

and how they respond to injury, ageing and other environmental stimuli. Such knowledge 
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will help to comprehend the complex environment of the kidney during disease and 

untangle the legion of perivascular cell types that abound in the body. Through this 

understanding more effective and targeted therapies can be developed. 
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Chapter 1 Introduction 

Chapter 1 Introduction 

1.1 General introduction 
This thesis investigates the existence of perivascular cell sub-types in the kidney, 

attempting to define them by surface marker expression, and investigate their functional 

properties and response to injury and ageing. Recent evidence suggests that perivascular 

cells are prominent players in baseline kidney function and the progression of disease. Yet 

this evidence often reaches apparently contradictory conclusions, indicating perivascular 

cell biology is incompletely understood. Evidence strongly indicates that the perivascular 

cell niche contains a heterogeneous population of cells, but these are far from defined. A 

second paradigm of renal disease is the profound effect of ageing. Yet most studies are 

performed in young mice, and knowledge of how renal perivascular cells are affected by 

ageing is sparse. It is therefore critical to investigate both renal injury in an ageing context, 

and how this interacts with perivascular cell function. Here, natural surface marker 

heterogeneity in renal perivascular cells has been exploited to identify sub-types, and 

investigate the hypothesis that they represent functionally distinct populations within the 

kidney. Sub-type population dynamics are examined with age and following injury, and 

regional differences in perivascular cells are investigated using in vitro assays.  

1.2 Kidney 
The kidney’s primary function is to filter the blood, removing metabolic waste products 

and unwanted solutes, and to maintain blood pH and salt concentration within 

physiological limits. It has also evolved endocrine functions, controlling systemic blood 

pressure by means of the renin angiotensin system1, and red blood cell production through 

the secretion of erythropoietin2. The kidney can be separated into four major regions, 

namely the cortex on the periphery, the outer and inner stripes of the outer medulla, and 

the inner medulla (e.g. see Figure 3-5). The initial blood filtration happens in the cortex, 

via glomeruli, and here solutes are selectively reabsorbed. The major function of the 

medulla in in the concentration of urine3.  
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1.2.1 Kidney physiology 

Epithelium 

Adult human kidneys consist of 800,000-1,200,000 functional epithelial units called 

nephrons, interspersed with a highly structured vascular architecture. Blood entering the 

kidney passes through glomeruli: tufts of capillaries through which an initial filtrate passes 

by a hydrostatic impetus4. This filtrate consists of small molecular entities (<50Å) and 

flows through the first section of the nephron, the proximal tubule, where useful solutes 

such as glucose, amino acids, carbonate, phosphate, and small peptides are reabsorbed3. 

The nephron then descends from the cortex into the medulla of the kidney, performs a 

hairpin turn, and re-ascends to the cortex (collectively known as the loop of Henle). The 

purpose of this is to establish an increasing solute gradient towards the centre of the 

medulla. The countercurrent exchange mechanism by which this occurs is outlined in 

Figure 1‐1. The final portion of the nephron, the distal tubule, is in the cortex, and feeds 

directly into collecting ducts. The filtrate here is hyposmotic compared to the serum. 

Collecting ducts descend back through the medulla, successively fusing until they emerge 

at the renal calyx, from which the urine flows on down through the ureter to the bladder. 

Urine is concentrated by controlling the permeability of collecting ducts to water (through 

action of vasopressin released by the pituitary gland). Water is drawn out of the urine as 

fluid flows through the collecting duct in the hyperosmotic medullary interstitium. A large 

variety of epithelial cell types exist along the nephron axis that facilitate the establishment 

of the osmotic gradient and urine concentration.3 

Vasculature 

The complex architecture of the renal epithelium in space and along the nephron axis is 

matched by that of the vasculature. All blood enters the kidney through the hilum via the 

renal artery, except in rare cases when ancillary arteries have formed during 

development5. A schematic of the renal vasculature is shown in Figure 1‐2. All perfusive 

blood flow in the kidney passes first through glomeruli, via the afferent and efferent 

arterioles6. Most post-glomerular blood flow feeds the cortical peritubular capillaries, 

which are drained by a mirrored arrangement of venules and veins. Juxtamedullary 

glomeruli residing on the corticomedullary border, a minority, provide all blood flow to 

the medulla. Juxtamedullary efferent arterioles branch in the outer stripe and feed into 

the vasa recta6.  
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The vasa recta are bundles of straight vessels descending towards the inner medulla 

(descending vasa recta, DVR), and a parallel set re-ascending to the cortex (ascending vasa 

recta, AVR) (Figure 1-2). This arrangement facilitates countercurrent exchange between 

DVR and AVR, and allows perfusion of the hyperosmotic medulla whilst maintaining the 

concentration gradient3,4 (Figure 1-1). Vessels sequentially peel off from the DVR to 

perfuse peritubular capillary beds in the medulla, and these are drained by non-vasa recta 

venules6. A feature of the vascular setup in the kidney is that the inner medulla is highly 

hypoxic, with oxygen tension (pO2) reported at ~15mmHg in mice7. Although it is a highly 

metabolically active tissue through its solute transport activities, the kidney can survive at 

low pO2 by virtue of the high blood flow it receives4, commonly quoted as ~20% of cardiac 

output (kidneys represent <0.5% total body weight). The diverse architecture and 

functions of the vasculature in the kidney create a wide variety of unique perivascular 

niches. This likely precipitates the need for functionally differentiated perivascular cells.  

Interstitium 

‘Interstitium’ as used here represents the area between the endothelial and the tubular 

basement membranes. This encompasses mesangial cells of the glomeruli, the peritubular 

colloid space, and perivascular cells. Despite being often overlooked, the interstitium is 

absolutely critical to the kidney both structurally and functionally. The mesangium 

prevents the collapse of glomerular capillary tufts8, thus facilitating a high surface area for 

filtration. Pericytes in the afferent arterioles produce renin to control blood pressure1, 

and interstitial fibroblasts secrete erythropoietin in response to hypoxia9 – the kidneys 

two primary endocrine functions. Blood vessels and tubules of the vasa recta, pars recta, 

and Henle’s loop are anchored to the interstitium, preventing their collapse in response 

to hydrostatic and osmotic forces (Figure 1-2 Box)10,11. Finally, the colloid osmotic 

pressure exerted by the interstitium is a key force in renal osmo-dynamics4. Indeed, it is 

the interstitium that ‘holds’ the hyperosmotic gradient that facilitates the kidney’s urine 

concentrating ability. Beyond these manifest functional properties, there are myriad more 

subtle roles in endothelial support, inflammation and regeneration performed by cells of 

the interstitium. Perivascular cell roles will be discussed further in later sections.  
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Figure 1-1 Countercurrent exchange in the renal medulla. Schematic showing solute transport in the 
nephron and the vasa recta as they descend into and re-ascend from the inner medulla. Kidney regions 
and approximate osmolarity shown on the left. White arrows indicate direction of fluid flow. 
Nephron: Filtrate enters the descending limb approximately isosmotic with the serum (~300osm). 
Osmolarity increases towards the inner medulla. The descending thin limb is permeable to water and 
solutes (dark grey arrows). Therefore the filtrate equilibrates with its surroundings, so that in the 
loop of Henle it is equivalent to the inner medulla (~1200osm in humans). In the ascending thick limb, 
sodium (Na+) is actively reabsorbed into the interstitium. This is the driving force that creates the 
osmotic gradient. As sodium is pumped out and H2O is allowed to enter, the filtrate becomes dilute, 
again equilibrating with its surroundings as it rises back to the cortex. Countercurrent exchange 
ensures the difference is gradient is only small at any point, reducing the energy required to move 
solutes, and minimising gradient leakage. vasa recta: Countercurrent exchange also occurs in the vasa 
recta, to prevent blood flow washing out the concentration gradient. The descending vasa recta 
(DVR) is extremely permeable to water. Water exits following the gradient, which increases plasma 
osmolarity, and solutes are allowed to enter via transporter proteins which also increases plasma 
osmolarity. The ascending vasa recta (AVR) is fenestrated, and is thought to allow free passage of 
ions. The AVR also has a bigger cross section but receives the same blood flow, therefore blood 
moves more slowly. The slow flow and free permeability are thought to allow passive equilibration. 
Exceptions: This is a general and simplified scheme, illustrating the principles of countercurrent 
exchange. Considerable heterogeneity exists in medullary structure and function between species10. 
Reference: Navar et al. 2008 (4).  
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Figure 1-2 Schematic of the renal vasculature. The anatomical kidney regions are labelled in boxes, 
and the borders indicated with a dashed line. Arcuate arteries and veins run along the border of 
the cortex and the outer stripe of the outer medulla. These branch laterally into to the cortex, 
giving rise to radial arteries. Radial arteries branch to give rise to afferent arterioles that feed 
glomeruli. Efferent arterioles exit the glomeruli and give rise to the cortical capillary plexus or (in 
the case of juxtamedullary glomeruli) descend into the medulla and branch into the DVR. Some 
DVR peel off to feed the dense inner stripe capillary plexus, whilst others continue into the inner 
medulla before branching. All AVR originate in the inner medulla and travel uninterrupted into the 
outer stripe, where they fuse and drain into the arcuate vein. The peritubular capillary plexuses in 
the cortex also fuse to form veins that drain to the arcuate vein. In the outer medulla the same 
occurs but these veins are independent of the AVR. Box: Detailed view of vasa recta. DVR (red) 
are thinner with continuous endothelium. AVR are fewer, wider, and have a fenestrated 
endothelium. Interstitum contains interstitial fibroblasts that contact multiple vessels/tubules to 
maintain structure (larger bodies). Pericytes are also present (rounded bodies) predominantly (not 
shown in figure) on DVR. DVR and AVR are interspersed, the inclusion of tubules is species specific. 
Figure adapted from Shaw et al. 2018 (12).  
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1.2.2 Kidney disease 
Kidney disease can be divided into two interlinked categories of acute kidney injury (AKI) 

and chronic kidney disease (CKD)13. Acute injuries are due to transient causes that impair 

renal function. If survived, the patient will either recover or the kidney will go into a long 

term progressive decline, i.e. CKD14,15. CKD can also arise in the absence of clinical AKI, 

through repeated low-level attrition of kidney function13,16. End stage renal disease (ESRD) 

describes the complete loss of kidney functionality, regardless of cause.  

AKI is a great burden on western health systems: 5 to 10% of all hospital admissions have 

a declined renal function17–20. Declined renal function, from AKI or CKD, is in turn a 

substantial risk factor for mortality21–23. A loss of renal function can result in uncontrolled 

salt or pH balance in the blood, which can be fatal in itself. Causes of ill health during renal 

failure include reduced clearance of toxic substances (e.g. drug metabolites)24, anaemia25, 

malnutrition 26, dehydration, and an impaired blood pressure control27. The systemic 

consequences of renal failure become striking when one considers that cardiovascular 

events are the main cause of death following kidney injury28. A more insidious consequence 

of kidney disease arises from drug toxicity. Sufficient doses of nephrotoxic drugs, such as 

certain antibiotics29 or chemotherapeutics30, cannot be administered to those with renal 

failure. Therefore, there would be extensive public health benefits in developing effective 

renoprotective strategies. 

The prevalence of AKI is a result of the numerous pathways through which it can occur. 

These can be grouped into pre-renal, post-renal, and intrinsic31. Pre-renal causes include 

a loss of blood due to other diseases such as heart failure. Post-renal causes are due to 

physical blockage of urine exit, most commonly caused by prostate or peritoneal 

disorders31. Intrinsic disorders are those that directly affect renal tissue as a primary cause, 

and encompass ischemic, toxic and immune related injuries to the nephrons, vessels or 

interstitium of the kidney31. 

Ischemia, the loss of blood-flow to tissue, is a common cause of kidney injury in humans. 

The kidney receives, and requires, a high blood-flow volume and therefore is susceptible 

to loss of flow rate. As such, there are many causes of ischemia in real world scenarios31,32, 

and many pre-renal and intrinsic causes ultimately lead to ischaemic disease. Systemic pre-
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renal causes include shock, sepsis, heart failure, hypotension, hepatorenal syndrome, and 

blood loss (e.g. from surgery, haemorrhage). There can also be localised thrombosis, 

stenosis or other occlusion of the renal artery (e.g. tumours)16,33. Intrinsic causes include 

vascular disease in the small vessels, interstitial nephritis, transplant rejection, azotaemia, 

and nephrotoxic agents such as cisplatinum, aminoglycoside antibiotics, and radio-contrast 

agents31. The microvasculature can become occluded by large scale leukocyte and platelet 

adherence34,35, or via hydrostatic pressure exerted by the interstitium that has swollen due 

to endothelial and tubular barrier breakdown36,37. A further effect of endothelial 

dysfunction is a loss of nitric oxide production37,38, which normally causes vasodilation (and 

therefore increased perfusion) through action on pericytes and SMCs39,40.  

During ischaemic disease there is large-scale death of straight tubular segments, occurring 

first in the outer medulla and particularly in the outer stripe, and vascular rarefaction33,41. 

In mild to moderate cases the tubular epithelium recovers by dedifferentiation and 

proliferation42, but there is often residual fibrosis and a lasting loss of vessel density 

(predisposing to future disease). In severe cases the tubular epithelium fails to regenerate, 

it is thought due to inadequate recovery of vascular support, and widespread unresolved 

fibrosis pushes the kidney into ESRD33,41. The nature of ischaemic disease progression 

suggests that vascular survival43 and an appropriate response of the interstitial 

compartment44 are key to successful resolution of ischaemic disease. This is supported by 

a study showing that when senescence is blocked in a renal transplant model fibrosis is 

prevented. This is because in INK4α-/- kidneys, in which the p16INK4α senescence pathway 

is blocked, epithelial cells proliferation is improved preventing the expression of 

proinflammatory cytokines and subsequent fibrosis45. Therefore if epithelial health can be 

maintained, by preventing vessel loss, fibrosis will not be activated.  

1.2.3 Kidney disease models in vivo  
The study of kidney injury benefits from a diverse range of rodent injury models that 

effectively replicate the many forms of kidney injury. Nephrotoxic insults such as 

cisplatium and cyclosporine are easy to administer and are a common cause of kidney 

injury in clinic46–48. These can also easily be applied to models such as zebrafish49. Unilateral 

ureterial obstruction (UUO) is a commonly used and well characterised model of a post-

renal syndrome. It involves ligation of the ureter, inducing a build-up of pressure in the 
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kidney. This causes a progressive fibrotic phenotype that is irreversible unless a reversal 

procedure is performed50. Subtotal nephrectomy (SNx) is a model of CKD51. In SNx, a 

unilateral nephrectomy is combined with a 2 3 resection of the contralateral kidney52. Due 

to the high workload, the resulting fragment undergoes a progressive decline in function, 

nephron loss, and increased interstitial fibrosis.  

Ischaemia reperfusion injury (IRI) replicates ischaemic kidney disease via a transient 

occlusion of the renal artery (and any other ancillary vessels), and is the model of choice 

for this work. IRI is versatile in that the degree of injury can be titrated by the duration of 

ischaemia53. Moderate injuries lead to nephron necrosis predominantly in in the straight 

tubules33,54 (pars recta). This is due to the naturally hypoxic environment in the medulla, 

and the reliance of these cells on oxidative phosphorylation for energy production – other 

nephron segments can initiate glycolysis under anaerobic conditions55. In immediate 

response to ischaemia and tubular cell death there is a substantial influx of immune cells, 

within as little as 30 minutes, including substantial quantities of neutrophils and 

macrophages56. Macrophages are initially proinflammatory, but switch to a reparative 

remodelling phenotype in the following days after injury, expressing markers such as 

arginase 1 and CD20657. Immune influx can exacerbate ischaemic injury by releasing 

damaging oxidative mediators58. Also, by blocking capillaries and invading tissue they can 

prevent further blood flow and increase the degree of ischaemia34.  

Depending on injury severity there are a number of outcomes. A few weeks after a mild 

injury it is possible for there to be no detectible difference between a post-ischaemic and 

healthy kidney, although the post-ischaemic kidney may be more predisposed to future 

insults 59,60. In a moderate injury the tubular epithelium normally recovers fully, but there 

is persistent interstitial fibrosis and loss of vessel density several weeks after ischaemia 

33,61. The most severe injuries lead to more extensive nephron and blood vessel loss that 

spreads to other sections of the medulla and also to the cortex (e.g. see Figure 3-5). In 

such cases, vessel loss is unrecoverable and unperfused sections undergo tubular 

atrophy62. Interstitial fibrosis becomes uncontrolled and progressive, leading to further 

vessel rarefaction, nephron loss, and ultimately ESRD 33,62,63.  

IRI can either be induced in one kidney (unilateral) or both kidneys (bilateral). Bilateral IRI 

leads to renal failure measurable by decreases in creatinine clearance, whereas in unilateral 
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IRI the remaining functional kidney maintains healthy renal function53,61. The unilateral IRI 

method used in this work can be performed with minimal morbidity to mice, an important 

technical consideration as the studies utilised aged mice. Aged mice are a precious 

resource with limited availability, and have an increased chance of death following models 

that induce systemic kidney failure64. Renal failure following bilateral IRI can be a 

confounding factor in experimental studies65. Renal failure can both lead to high 

mortality61, or if survived the uremic state and other effects can provide a protective 

environment that ameliorates long term injury66–69.  As perivascular cells are the subject 

of study, an ischaemic model was deemed most appropriate due to its involvement of the 

vasculature. IRI recovery involves both regenerative and fibrotic phases. The regenerative 

phase immediately following injury is characterised by proliferation of tubular epithelium 

to repopulate damaged tubules with functioning cells, thereby restoring kidney function 33. 

Following sufficient initial injury chronic activation of myofibroblasts leads to a progressive 

fibrotic phenotype that defines the fibrotic phase33. Given the variety of cellular processes 

involved in this biphasic response, IRI was deemed most  likely to capture pericyte sub-

type specific effects. The post-ischaemic effects were analysed at 24 hours, 4 days and 28 

days post ischaemia. The rationale here was to capture the initial inflammatory 

environment, the regenerative phase of tubule regeneration, and the resulting fibrotic 

environment65.  

1.3 Perivascular cells 
The term ‘perivascular cells’ as used here is broad, representing effectively all non-immune 

cells of the renal interstitium. This population consists of several distinct types. Pericytes 

are cells closely associated with arterioles, venules and capillary endothelial cells. The 

formal definition of a ‘bona fide’ pericyte, which was formulated mainly from studies of 

retinal pericytes, is a cell that contacts the endothelium and is embedded in the vascular 

basement membrane83,84. This definition describes what is considered a bona fide pericyte 

in this work, however note that given the diverse requirements and architectures of the 

vasculature in different organ systems, this definition may not strictly apply universally. 

Pericytes, when sorted from tissue and cultures, give rise to mesenchymal stromal cells 

(MSCs)85. MSCs are a culture derived cell type with promising therapeutic applications, 

discussed later.  Vascular smooth muscle cells (SMC) are contractile cells associated with 

arteries and veins, and are in a continuum of differentiation with pericytes. Together 
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pericytes and SMCs can be labelled mural cells. Within the glomerulus there are two 

populations of cells closely contacting the endothelium. Mesangial cells structurally 

support the capillary loops, produce extracellular matrix, have contractile function, and 

share a common developmental origin with other renal perivascular populations and can 

thus be considered as specialised pericytes. The other cell population, podocytes, are 

continuous with the tubular epithelium, share a common developmental origin with renal 

epithelial populations, and lack expression of perivascular markers, and are therefore not 

considered as perivascular cells in this work. The peritubular interstitium houses 

interstitial fibroblasts, mesenchymal derived cells that produce the collagenous interstitial 

matrix. Similar to these are perivascular fibroblasts, which are described as residing in the 

adventitial layer of arteries and arterioles86,87. The line between interstitial and perivascular 

fibroblasts becomes blurred as vessels get smaller and more embedded in peritubular 

interstitium. Within this group are adventitial cells, which express CD34 and unlike other 

fibroblasts can give rise to MSCs88. They have also been shown in vivo to give rise to SMC 

and regenerate the vessel wall following a femoral artery wire injury89.  

It is not trivial to distinguish between pericytes and interstitial fibroblasts. Study of these 

various interstitial populations is confounded by lack of specific surface markers, and 

definitions based on ultrastructural or culture derived properties. Interstitial fibroblasts 

for example share much surface marker expression with pericytes. Routine 

immunofluorescence staining lacks the resolution to distinguish faithfully between cells on 

the continuum from pericytes to interstitial fibroblasts.  It is possible that they have distinct 

roles in homeostasis and responses to injury, and their conflation could the reason behind 

contradictory results from studies of renal interstitial cells. It is therefore imperative that 

these cell populations are defined with greater precision, to allow their individual roles to 

be dissected.   

1.3.1 Developmental origins of perivascular cells 
The metanephric kidney forms in the intermediate mesoderm when the ureteric bud (UB) 

emerges from the mesonephric duct and invades the metanephric mesenchyme (MM, a 

region of the nephrogenic cord). The UB undergoes rounds of branching morphogenesis, 

forming the collecting ducts90. MM cells are induced into two populations at the tips of 

these branches: one that will form the nephrons and the other, positive for forkhead box 

protein D1 (FoxD1) that will form the kidney stroma91,92. Most, if not all, perivascular cells 
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derive from FoxD1+ stroma93. There is evidence that some of this FoxD1+ stroma may 

not derive from the MM12. Other sources that may later give rise to FoxD1+ stroma 

include cells from the paraxial mesoderm94, P0 expressing neural crest cells95, and T- box 

transcription factor 18 (TBX18) expressing mesenchyme that resides between the 

metanephros and the mesonephric duct96. A FoxD1- perivascular population may also 

exist, as ~10% of interstitial platelet derived growth factor receptor-β+ (PDGFR-β+) or 

CD73+ cells are not labelled following lineage tracing using FoxD1-GC;R26R mice93. Also, 

multiple studies ablating FOXD1+ cells report a persistence of some of the stromal 

population97–99. These results may reflect inefficient genetic constructs or ablation induced 

effects, so the question of a FOXD1- progenitor remains open. It is important to 

investigate alternative sources of renal stromal cells, as they may explain how some of the 

distinct perivascular populations in the kidney arise. The molecular signals that generate 

the palette of interstitial cell types, and pattern the vascular architecture, are largely 

unknown. Glomeruli and mesangial cells are an exception here, where Notch and PDGF 

signalling are known to have key roles12. Recognisable glomerular phenotypes following 

disruption of mesangial recruitment have likely facilitated such studies, whereas lack of 

knowledge of interstitial stromal cells has probably impaired our ability to recognise 

mutant phenotypes in these cases. Better characterisation of the perivascular niche will 

therefore benefit renal developmental biology in this respect.  

1.3.2 Perivascular cell functions in homeostasis 
Some of the functions of the renal interstitium have been outlined already. Pericytes in 

particular have a profound influence on blood filtration by kidneys. Pericytes of the afferent 

and efferent arterioles, for example, help to control blood pressure both locally and 

systemically. It is these cells that store and release renin, the rate limiting enzyme that 

regulates the renin-angiotensin system, in response to physiological cues. At the same 

time, blood flow into the glomerulus is tightly regulated, in response to systemic 

fluctuations, to maintain a sufficient glomerular filtration rate (GFR) without damaging the 

delicate glomerular capillaries100. The efferent arteriole constricts blood flow to increase 

local hydrostatic pressure in the glomerulus, facilitating filtration, and the afferent arteriole 

can restrict or relax in response to systemic blood pressure to protect the glomerular 

capillaries from damage101. The afferent arteriole also constricts in response to signals 
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from the macula densa, which senses solute concentrations in the distal nephron102. Thus 

both the systemic blood pressure and GFR are under direct control of pericytes. The 

differential behaviours of pericytes on the afferent and efferent arterioles implies a 

specialisation of pericytes into sub-types. It is likely that there are also differences in 

afferent arteriole pericytes from cortical and juxtamedullary locations, as the latter are 

the source of medullary blood flow.  

A second key determinant of kidney filtration, and an important factor in renal health, is 

medullary blood flow (MBF). An overzealous blood flow to the medulla risks ‘washing out’ 

the osmotic gradient required for urine concentration103. Blood flow is therefore under 

strict control. The DVR are covered in contractile pericytes that can respond to many 

vasoactive substances, such as the hormones angiopoietin 2 and vasopressin, or paracrine 

signalling factors such as nitric oxide, prostaglandin E2, and kinins4. The more centrally 

located DVR in vascular bundles travel deeper into the medulla, and therefore differential 

vasoconstriction will control the regional distribution of blood within the medulla4. This 

implies there may be sub-types of pericytes on different vessels in the vasa recta to 

facilitate this differential constriction.  

Pericytes cover capillaries of the peritubular plexus in kidneys. The function of these 

pericytes becomes apparent when they are ablated by genetic means. Ablation of either 

FoxD1 lineage cells97 (the majority of the interstitium), or of Gli1+ cells104 (a marker of a 

selected population of pericytes) both lead to vascular rarefaction, and a resultant fibrotic 

phenotype in the kidneys in question. Pericytes on peritubular capillaries are therefore 

critical to vascular stability and survival. Mesangial cells are also important structurally. 

PDGFR-β mutant mice, which lack mesangial cells, cannot form the looped capillaries of 

the glomeruli105. Deletion of the Pdgfrb gene postnatally by the cre-lox system reduces 

glomerular cell number and caused defects in glomerular morphology following SNx106. 

Complete ablation of the mesangial cell population in adulthood using anti-Thy1 antibody 

is a model of glomerulonephritis, and causes ballooning of glomerular capillaries and 

microaneurisms107.   
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1.3.3 Perivascular cell markers 
The most widespread current method for identifying cells of all types is by their expression 

of certain key markers, which are usually proteins, but can also be glycosylation 

molecules108, RNAs109, or experimentally administered molecules110. Multiple markers 

have been identified for pericytes, but none of them is the ‘ideal’ marker being sensitive 

to all pericytes and specific only to pericytes84. Widely used markers include PDGFR-β; 

melanoma-associated cell adhesion molecule (CD146, or MCAM); the chondroitin 

sulphate proteoglycan neural glial 2 (NG2); and α smooth muscle actin (α-SMA)84,111,112. 

Many studies utilise some or all of these markers, and others besides, to label pericytes 

and make inferences about their behaviour. However, any selection of markers, due to 

pericyte marker heterogeneity, will automatically select only a subset, the selection of 

which could have implications for the phenotype of the resulting cells. In addition, since 

cell selection procedures such as fluorescence activated cell sorting (FACS) and genetic 

techniques are insensitive to spatial information, they will also target non-pericyte cells 

that express promiscuous pericyte markers (e.g. PDGFR-β on renal interstitial fibroblasts).  

As well as exhibiting heterogeneity, which allows separation of subtypes, the markers 

being considered also have functional properties within the cell that will in turn have a 

direct influence on the cells’ behaviour. Although research on their direct significance in 

perivascular cells is limited (outlined below) their functional roles in the cell will likely be 

important if they turn out to identify perivascular subtypes with distinct roles in the injury 

response.  

Platelet derived growth factor receptor-α (PDGFR-α) and -β (PDGFR-β)  

Platelet derived growth factor (PDGF) receptors are membrane receptor tyrosine kinases 

that form homo- or hetero-dimers, and respond to signalling from dimers of PDGF-A, -B, 

-C, and –D. The accepted interaction between these forms is shown in Figure 1‐3. The 

precise functions of each receptor ligand pair are not known, and they may vary with 

tissue origin113. Although there is much redundancy in PDGFR function, the receptors are 

individually lethal when genetically deleted, suggesting unique individual or vital additive 

roles114,115. In adulthood, PDGFs act as mitogens, survival signals and 

chemoattractants116,117. PDGFR-β (alias CD140b) is expressed on multiple mesenchymal 

cells types throughout the body, and is widely expressed in the kidney interstitium. It is 
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commonly associated with angiogenesis, with its expression on pericytes necessary for 

their recruitment to the sprouting angiogenic tip118–120. PDGFR-α (alias CD140a) is more 

commonly associated with fibroblasts (including perivascular fibroblasts)86. It is a potential 

marker of a fibrotic cell population in skeletal muscle116,121. 

CD146 

CD146 (aliases melanoma cell adhesion molecule (MCAM), or MUC18) is an adhesion 

molecule originally associated with endothelial cells 122 that binds laminin-α-4 of the 

endothelial basement membrane123,124. CD146 also has signalling properties in 

angiogenesis125,126, and can engage with the actin cytoskeleton127 and induce calcium 

signalling128.  It has specifically been shown to work alongside VEGFR-2129 and PDGFR-

β130,131. In the latter case, the dimerization of CD146 and its interaction with PDGFR-β 

were shown to be critical for sufficient PDGFR-β signalling during blood brain barrier 

(BBB) formation. In the absence of this interaction, and an interaction with the 

cytoskeleton, in pericytes there was insufficient coverage of brain vessels with pericytes 

to attain BBB integrity130,131. CD146 expression on murine kidney pericytes has not yet, 

to my knowledge, been demonstrated.  

Neural glial 2 (NG2) 

NG2 (alias chondroitin sulfate proteoglycan 4) is a cell surface proteoglycan. It is a well-

known marker of oligodendrocyte progenitors132, and in non-neural tissues is relatively 

specific for pericytes. It shows selective expression on pericytes, for example in human it 

is not expressed on venules85 and it is thought to be lost with terminal differentiation of 

pericytes86 and developing chondrocytes133. It has potential roles in detecting ECM and 

relaying signals to the cytoskeleton. For example it can bind collagen V and induce 

cytoskeleton remodelling when bound to collagen VI134. Specifically for pericytes, it is 

necessary for full pericyte coverage of retinal vessels, and has a potential role in 

angiogenesis135. Also it mediates cell survival signalling, since exposure to fibronectin 

degradation products initiates the anoikis pathway (‘loss of home’ induced cell death) in 

an NG2-dependent manner136,137. Its specific functions on kidney pericytes remain to be 

elucidated.  
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α-smooth muscle actin (α-SMA) 

α-SMA (alias α-actin-2) is a functional protein of smooth muscle cells, indicates contractile 

ability138, and is also found on some pericytes85. There is a suggestion that it is present in 

all pericytes, but with an abundance too low to detect by immunostaining139. In the kidney 

interstitium, it is regarded as a definitive marker of myofibroblasts when not within the 

vessel wall. Imperfect co-localisation of α-SMA and green fluorescent protein (GFP) in 

col1a1-GFP mice has been noted86,140, although in both references this may represent 

inefficient reporter constructs.  

Hematopoietic progenitor cell antigen CD34 (CD34)  

CD34 has expression on endothelial and haematopoietic cells, and is used as a histological 

marker of the endothelium in this work. CD34 also identifies adventitial cells. In flow 

cytometry, following exclusion of haematopoietic and endothelial populations with other 

markers, CD34+ cells (i.e. adventitial cells) give rise to MSCs when cultured85. 

Cell identification using the above markers 

It is expected that bona fide capillary pericytes and mesangial cells will express CD146, 

PDGFR-β and NG2, although it is expected that they will exhibit heterogeneity for these 

markers. CD146 expression can also be expected on endothelial cells, the cell type on 

which it was initially identified125, however as will become apparent in the results sections 

much of the endothelium lacks CD146 expression (e.g. Figure 3-2). Pericytes/SMCs 

around larger vessels and arterioles (>5um diameter) are likely to have strong expression 

of α-SMA, but lower/absent expression of PDGFR-β. Both endothelial cells and adventitial 

cells are identified by CD34; distinguishing these cell types from one another is trivial using 

morphology or additional endothelial markers85. PDGFR-α is expected to be present on 

interstitial/perivascular fibroblasts but not on bona fide pericytes189.  

The above selection of markers is not exhaustive, however, those described are some of 

the most commonly used, and have interesting functional distinctions, making them an 

ideal starting point. Table 1‐1 outlines the combinations of markers used to identify 

pericytes, either for fate tracing, quantification, or sorting, in a selection of studies on 

kidney pericytes. The variety of markers and marker combinations used highlights the lack 

of standardisation in kidney pericyte biology. Lack of standardisation in markers makes 
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comparison of study results difficult. This is especially true when trying to equate results 

from cell sorting, in which spatial information is lost, to histological imaging data. 

Study  Pericyte  marker  expression  on 
cells of interest 

Type of experiment 

Lemos et al., 2016 (97)  (FoxD1lineage) PDGFR‐+ Desmin+ 

‐SMA‐  

Ablation 

Leuning et al., 2016 (141)  (NG2+) PDGFR‐β+ CD73+ CD90+ 
CD105+ CD146+/‐ 

Enriched for in vitro and 
in vivo assays 

Stefanska et al., 2016 (142)  (CD146+)  Sorted for in vitro 
assays 

Kramann et al., 2015 (44)  (Gli1+) PDGFR‐α+ PDGFR‐β+ 
Nestin+ 3G5+ 
CD146‐NG2‐CD73‐ STRO1‐ 

Tracing, ablation 

Stefanska et al., 2015 (143)  PDGFR‐β+ NG2+  Quantification 

Birbrair et al., 2014 (144)  NG2+ Nestin+ or NG2+ Nestin‐  Quantification 

LeBleu et al., 2013 (145)  NG2+ or PDGFR‐β+  Tracing, ablation 

Humphreys et al., 2010 
(93) 

(FoxD1lineage) PDGFR‐β+ CD73+ 
α‐SMA‐ 

Tracing 

Lin et al., 2008 (86)  (Collagen I+), PDGFR‐β+, NG2+/‐ 

α‐SMA‐ 
Quantification  

Plotkin & Goligorsky, 
2006 (146) 

(Tie2+) CD44+ PDGFR‐β+ 
Vimentin+ Nestin+ CD34+ CD73+/‐ 

Sorting for in vitro 
assays 

Table 1-1 Studies examining kidney pericytes alongside markers used and type of experiment.     For clarity, 
markers coloured green for positive, red for negative, and amber for dual expression. Brackets indicate 
marker used to isolate the population. 

-------------------------------------------------------------------------------------------------------

 

Figure 1-3 Platelet derived growth factor receptors and their ligands. PDGFs form dimers, and 
PDGF-A and –B can form a heterodimer. PDGFR-α and –β can form homo- or heterodimers in the 
cell membrane, and these have specificity for different PDGFs. The PDGFs that bind each receptor 
dimer are shown above. Based on a figure from Donovan et al. 2013 (113).  
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1.3.4 Perivascular cells in kidney disease 

Contribution of perivascular cells to fibrosis 

Cells intrinsic to the kidney can generally be applied to four main lineages, namely cells of 

the collecting ducts (developmentally expressing homeobox protein Hox-B7 [HoxB7]399), 

tubular epithelial cells (developmentally expressing homeobox protein SIX2 [Six2]), 

stromal cells of the interstitium including all perivascular cells (developmentally expressing 

forkhead box protein D1 [FoxD1]), and endothelial cells, the developmental origins of 

which are less well defined but likely emerge via invasion and growth of extrarenal 

vessels12.  

The interstitial compartment of kidney, and perivascular cells in particular, have steadily 

gained prominence over the past decade as landmark papers have revealed the key role 

the vasculature plays in the aetiology of kidney disease and the contribution of cells from 

the interstitial compartment to kidney fibrosis. A study by Humphreys et al. 2010 utilised 

genetic fate tracing using Six2GC; Z/Red and HoxB7-Cre; Z/Red mice to show that there 

was no contribution of tubular or collecting duct cells to the myofibroblast pool, but 

instead that they derived from FoxD1-lineage cells (using FoxD1-GC; R26R and FoxD1-

GCE; R26R mice)93. The FoxD1lineage interstitial cell population is extremely 

heterogeneous12, leaving a multitude of candidate cells that could be contributing to 

fibrosis. Addressing this, contemporaneous work from the same lab (Lin et al. 2008) 

utilised transgenic mice with GFP under control of the collagen 1 α chain 1 promotor 

(Col1a1-GFP) and showed that in healthy mice it was predominantly pericytes that 

produced collagen in the kidney, and provided circumstantial evidence and kinetic 

modelling suggesting it was these cells that gave rise to myofibroblasts86. They also ruled 

out any major contribution of fibrocytes (circulating myofibroblast progenitors) in their 

model: They performed bone marrow (BM) transplants from Col1a1-GFP mice into WT 

before performing UUO, and observed very few GFP+ cells infiltrating fibrotic kidneys. In 

apparent contrast to these findings, work by Le Bleu et al. showed that there was a 

significant contribution of bone marrow derived (i.e. circulating) cells to UUO-induced 

fibrosis (~35%) using α-SMA-RFP mice145. To reconcile these results, consider that Lin et 

al. showed that ~25% of α-SMA+ cells were not GFP+ with their reporter mouse. This 

suggests either an inefficient Col1a1-GFP construct that did not activate in BM-derived 
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cells, or that there is a BM-derived α-SMA+ cell population that does not produce collagen 

I. 

In addition, LeBleu et al. observed that ablation of either PDGFR-β+ or NG2+ cells did not 

result in detectable decrease in fibrosis following UUO, and there was minimal overlap of 

NG2 or PDGFR-β lineage cells with α-SMA expression145. They concluded that ‘pericytes’ 

probably did not contribute to fibrosis in the kidney. The efficiency of ablation was not 

high in this case, at ~55% and ~80% respectively. There is therefore considerable scope 

for compensation by the residual unablated population, or a pro-fibrotic sub-type that 

escaped ablation. This finding is supported however in work by Birbrair et al. that did not 

detect collagen I expression in NG2+ cells following UUO, despite them expanding in 

numbers144. This study did not, however, use lineage tracing genetic constructs, leaving 

scope for cells that downregulate these markers upon myofibroblast differentiation. This 

question of a perivascular origin for myofibroblasts was apparently reconciled in 2015 by 

Kramann et al. Fate-tracing of cells expressing the Gli1 transcription factor, that is 

restricted to a subpopulation of pericytes, revealed that these cells give rise to ~45% of 

total myofibroblasts during UUO and IRI models of kidney disease, and that ablation of 

Gli1+ cells prior to injury reduced fibrosis by around 50%44 - strong evidence that this 

subset of pericytes gives rise to fibrosis producing myofibroblasts following AKI, and also 

that functionally distinct pericyte sub-types exist within the perivascular niche.  

So what is the role of pericytes in renal fibrosis? FoxD1 is a pan-interstitial lineage 

marker92. Therefore the failure to detect a PDGFR-β+ or NG2+ myofibroblast 

progenitor144,145 is reconcilable with a FOXD1lineage myofibroblast progenitor93, since the 

former studies may not have targeted, or efficiently targeted,  the relevant FoxD1lineage
 

subpopulation. Positive findings following fate tracing of Gli1+ cells, which were induced 

and localised only to perivascular and adventitial locations, strongly indicate that pericytes 

do play a role in fibrosis. Gli1 cells at baseline are positive for PDGFR-β but not NG2, and 

since they constitute a small proportion of total PDGFR-β cells, and exhibit a quite 

substantial expansion44, it is feasible that these cells escaped ablation in the above work. 

Whilst the prospect of an epithelial source of myofibroblasts is dim93, a substantial 

contribution of circulating cells to the α-SMA+ pool remains likely. The influence of 
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compensatory mechanisms and model-specific effects also cannot be ruled out. The above 

results indicate that there could be substantial functional heterogeneity in the renal 

interstitial cell populations, and highlight the need to better define these cells to properly 

interpret the results of genetic studies. 

Perivascular cells and vascular support 

Fibrosis occurs in response to other pathologies such as vascular rarefaction, chronic 

inflammation and tubular atrophy147. Indeed, although chronic or uncontrolled fibrosis is 

maladaptive, acute fibrosis in response to AKI is probably beneficial. As has been noted, 

pericytes are required for vascular stability and ablation leads to vascular loss and 

fibrosis97,104. Also interventions that lead to vascular defects ultimately end in fibrosis: 

Treatment with calcineurin inhibitor class immunosuppressants leads to overactive 

vasoconstriction that results in tubular death and fibrosis148, and deletion of Dicer miRNA 

processing enzyme from renin cells has the same outcome but via faulty vessel structure 

causing hypoperfusion149.  Protecting the vasculature, and therefore epithelial health and 

recovery, is likely to be an effective therapeutic strategy. In support of this a study that 

reduced pericyte migration from vessels following UUO or IRI injuries, via blockade of 

PDGFR-β or VEGFR2 signalling, prevented vascular rarefaction87. This in turn reduced 

fibrosis, although note that the blockade also influenced innate immunity. In a human 

setting, a study took biopsies from kidneys destined for transplant, and compared the 

degree of injury in certain vascular components to whether the kidney went on to be fully 

functional or suffer sustained AKI. Both groups almost always had damage to 

artery/arteriole SMCs and endothelial cells, indicating these are not important predictors. 

However the majority of recovering kidneys, and yet none of the AKI-destined kidney, 

had fully intact peritubular capillary pericyte staining150. All of which indicates that 

maintaining perivascular support of vessels is an effective therapeutic strategy.  

1.3.5 Perivascular cells and MSCs 
MSCs are a culture derived cell type that are of interest to medicine due to several 

properties that make them promising therapeutic agents. Properties relevant to 

regenerative medicine include ability to differentiate into several mesodermal cell types in 

vitro, namely adipocytes, osteocytes, chondrocytes, and myocytes151. Evidence also exists 

for differentiation into ecto- and endodermal lineages, namely neuronal cells, hepatocytes, 
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and pancreatic cells152. Outside of direct differentiation, they can moderate immune 

responses both in vitro and in vivo, and secrete a wide variety of immunomodulatory 

cytokines153. MSCs also harbour properties that are practically convenient in cell 

therapeutics. They lack expression of major histocompatibility complex class I molecules, 

meaning they can avoid allogenic immune rejection154. Furthermore, the method of 

isolation is simple and they expand well in culture.  

MSCs can be isolated from any vascularised tissue in the body, by dissociating the tissue 

and plating on tissue culture plastic in the appropriate media85,155. MSCs are in fact an 

artefact of culture, as it is not currently thought that a cell with the above differentiation 

capacity and immune phenotype exists in vivo in any practical sense156. Their in vivo 

progenitors were shown to be pericytes and adventitial cells85 and these perivascular cells 

are the only originators of MSCs yet discovered in situ. However, definitive proof that 

conventional MSC cultures are entirely derived from perivascular cells, is lacking. The 

relatively crude method of MSC isolation, and the mainly functional characteristics used 

to define them, result in heterogeneity both between and within MSC cultures. For 

example, individual clones isolated from within the same MSC culture had different 

properties in a matrigel tube forming assay157. Also MSCs appear to have a ‘memory’ of 

their tissue of origin: skeletal, smooth or cardiac muscle derived MSCs can only 

differentiate into their respective muscle types158, and bone marrow is the only source 

producing MSCs that can support haematopoietic stem cells159. Finally, the method of 

isolation also impacts MSC properties, as MSCs isolated without enzymatic digestion (i.e. 

only mechanical) maintained expression of perivascular surface markers, and had a greatly 

altered secretory phenotype153,159,160. These findings could be explained by the existence 

of perivascular sub-types between and within tissues that give rise to MSC clones with 

distinct properties, and which have altered survival based on the method of dissociation.  

1.4 Ageing in the kidney 

1.4.1 Ageing and kidney disease 
Ageing has a profound and yet subtle effect on the kidney. In humans when there is no 

overt disease, filtration capacity generally remains sufficient for the entire lifespan. 

However there is a progressive decline in GFR in most individuals from age 30161,162 and 
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in renal mass from age 40-50163–165. Tubular transport functions also decline from around 

the age of 30166. No outward signs of renal dysfunction may exist despite multiple 

pathological lesions that are ubiquitously observed upon examination of any sufficiently 

aged kidney sample167. And yet, patients with AKI are more likely to be old21,168, and age 

is one of the biggest risk factors for progression to ESRD or death14,15,169,170. Although 

‘old’ is commonly defined as over the age of around 70 in these studies, generally the risk 

progressively increases with age, and the upper age limit of the youngest group is usually 

around 30-40. Furthermore, given the importance of the kidney in cardiovascular 

health23,171, many cardiovascular deaths may more rightly be assigned to defects in renal 

function.  

Aged kidneys appear more sensitive to stressors that are subclinical in younger patients, 

for example aged individuals are more susceptible to drug induced hyperkalemia148. An 

equivalent ‘hit’ of AKI is more likely to lead to ESRD in an older versus a younger 

individual16,147,169,172.Whether this is due to ageing of the kidney itself, or the systemic 

ageing phenotype of the organism in which it resides (or both), is not altogether clear. For 

example higher drug toxicity in the aged can be due to a longer exposure caused by the 

general reduction in GFR and drug metabolism in the liver that accompanies ageing, rather 

than ages cells being more sensitive to damage24. On the other hand, it is well documented 

that there is a decrease in vascular density with age in the kidney173–175, which will likely 

reduce resilience to, for example, ischaemic injury. Interestingly heterochronic parabiosis 

studies have shown a decrease in ‘aged’ phenotype in old kidneys exposed to young blood 

for 5 weeks176. Compared to old-old pairs and lone old animals there were decreases in 

senescence and apoptotic markers, autophagy was increased and histological scores were 

improved. It is therefore probable that both the systemic ageing phenotype and features 

intrinsic to the aged kidney contribute, and interact, to generate age-linked susceptibility 

to renal disease.  

1.4.2 Ageing and the kidney perivasculature 
The effect of age on the kidney perivasculature is under-investigated, and there is only one 

study that I am aware of to date that has directly compared kidney pericyte coverage 

between ages. The authors used NG2 and PDGFR-β pericyte markers to identify 

peritubular pericytes and found reduced numbers in both cortex and medulla142. They also 
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found a decrease in arteriolar pericytes. Interestingly, pathologically dilated capillaries 

were associated with decreased pericyte coverage. Although causation cannot be inferred 

from such a study, it has already been noted that pericyte loss per se can lead to capillary 

defects. This suggests that loss of pericytes through some age-linked mechanism may be 

the cause of vascular rarefaction and subsequent impairment of kidney function. This study 

selected NG2+ PDGFR-β+ cells as pericytes, which given the variation in marker 

expression with age86 and their heterogeneity may not have accounted for all pericytes in 

the organ. In humans, there have been several studies examining PDGFR-β in the context 

of renal clear cell carcinoma tumours. PDGFR-β+, but not α-SMA+, vessel coverage was a 

predictor of worse prognosis in older individuals. However total coverage was not 

published and this was in tumour tissue177. Quantification of PDGFR-β+ cells in glomeruli 

of diabetic patients found no association with age, however this was not the main aim of 

the study178. 

There are thus open questions as to how pericyte populations change in aged kidneys 

following injury, and how the dimension of perivascular sub-types plays into the equation. 

These questions have not yet been addressed in the literature.  

1.4.3 Cellular senescence 
Cellular senescence was initially identified as a loss of proliferative capacity in fibroblasts 

following extended culture, despite still being metabolically active179. It was therefore 

associated with ‘ageing’ of cells. Senescence is now defined as an irreversible cell cycle 

arrest, normally in response to cellular stress180. A pro-inflammatory senescence 

associated secretory phenotype (SASP) is also associated with senescent cells181. In culture 

senescence cells tend to spread out on culture plastic and have prominent stress fibres. 

Senescence is a double edged sword in the body: it plays and active role in embryonic 

development, and in regulated wound healing, e.g. in the liver. It is also a key mechanism 

to prevent neoplasm. These beneficial effects can be termed ‘acute senescence’, and such 

cells are normally cleared by the immune system in due course180. However senescent 

cells that persists can cause harm to tissue due to dilution of effective progenitor cell 

populations and the persistent inflammatory phenotype from the SASP. This can be 

termed ‘chronic senescence’.  
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Inducers of senescence in adulthood include DNA damage (including telomere loss), 

activation of oncogenes, damage from reactive oxygen species (ROS); and cellular stresses 

such as epigenetic stress, proteotoxic stress, spindle stress, nucleolar stress, and 

endoplasmic reticulum stress181. The causes of these inducing stimuli can of course range 

widely and are tissue and cell type specific. In addition, the SASP can induce senescence in 

neighbouring cells by way of ‘paracrine senescence’182.  

The regulatory mechanisms governing cellular senescence have not been fully elucidated, 

but they initially work via the well-studied p53 and p21 cell cycle arrest program. 

Alternatively, there is a program induced by activation of p16INK4α. Both programs result 

in inhibition of Rb inactivation, thus maintaining E2F gene repression and preventing the 

onset of S-phase181. How this cell cycle arrest leads to permanent cell cycle exit and other 

senescent phenotypes is more obscure.  

In the kidney it has been convincingly shown that cell cycle arrested senescent cells are 

detrimental to function in homeostasis and during acute kidney repair45,147,183, and can 

promote fibrosis184, however beneficial effects of fibrosis are also thought to exist185. This 

balance of roles makes targeting senescence in therapy complicated186. In this regard, it is 

possible that perivascular cell sub-types have different senescent tendencies and 

behaviours, and this prospect deserves investigation in order to aid understanding in the 

development of anti-senescence renal therapies187.  

1.5 Summary 
Pericytes have critical roles to play in the physiology and pathology of the kidney, yet the 

cells residing in the numerous distinct renal perivascular niches have so far been 

inadequately characterised. This fact is highlighted by the contradictory results that have 

been reported following fate tracing of pericytes in renal injury. There is native 

heterogeneity in perivascular marker expression and this may be a route to identify 

functionally distinct sub-types within the perivascular interstitial population that can 

provide an answer to these contradictions, and shed new light on perivascular kidney 

physiology. The dimension of age, despite being a major factor in kidney disease, is 

underexplored in the laboratory study of renal injury, and especially the role of pericytes 

in this.   
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1.6 Hypotheses 
There are several hypotheses to be tested in this thesis. Firstly, that there are 

functionally distinct subtypes of perivascular cells that have roles in the normal functions 

of the kidney. Secondly, that following injury and in the resulting wound healing 

response, distinct roles are played by particular subtypes of perivascular cells, that 

accordingly increase or decrease in number during the different phases of wound 

healing. Finally, that in aged animals reduced kidney function at baseline, increased 

mortality following kidney injury and impaired recovery during kidney wound healing are 

as a result of differences in the initial distribution and subsequent dynamic changes in 

perivascular subtype abundance. Comparing observations in a young and an aged system, 

where the injury response is reportedly naturally impaired, could give insights into what 

is required for an appropriate response to injury.  

1.7 Objectives 
It is clear that there is heterogeneity in the perivascular niche of the kidney and that 

perivascular cells are insufficiently characterised. There are also signs of vascular decline 

with age, and age is one of the biggest risk factors for kidney disease. Given the importance 

of the vasculature in the progression of kidney disease, the following objectives were 

decided: 

1. Perform multi‐labelling  of  kidneys  using  common  pericyte markers  (CD146,  PDGFR‐α, 

PDGFR‐β, NG2, α‐SMA) to  identify perivascular sub‐types with distinct combinations of 

expression and anatomical localisation.  

2. Observe the behaviour of pericyte sub‐types following acute  ischaemia  in mice, during 

injured, recovering, and fibrotic phases post‐injury.  

3. Characterise  how  sub‐type distributions  and behaviours  following  injury  differ  in  aged 

mice compared to young 

4. Investigate  whether  and  how  pericyte  sub‐types  differ  in  their  response  to  injury 

parameters such as hypoxia and oxidative stress in vitro 
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Chapter 2 Methods 

2.1 Tissue procurement 

2.1.1 Human kidney tissue 
Kidneys were acquired following informed consent from patients at the Western General 

Hospital (Edinburgh, UK) undergoing uninephrectomy due to the presence of carcinoma 

in the tissue. All patients had a GFR greater than 60 ml·min-1·1.73m-2, implying their renal 

function was normal. Directly following resection, kidneys were bivalved and inspected 

macroscopically for the presence of tumours. An area of macroscopically normal kidney 

at maximum distance from any tumours was selected, and a biopsy of mid cortex and 

nearby outer medulla was taken with a 4mm biopsy punch. Tissue was fixed in 10% neutral 

buffered formalin overnight then embedded in paraffin. Ischemia time from the moment 

of vascular clamping during surgery until biopsy was 90 minutes. These procedures were 

performed and the tissue kindly provided by Dr Kevin Gallagher. N=4 human kidne 

samples were analysed in this work.  

2.1.2 Human adipose tissue 
Adipose tissue was acquired following informed consent from patients undergoing 

liposuction or abdominoplasty for cosmetic purposes, from the Murrayfield and Shawfair 

Park hospital, Edinburgh, UK.  

2.1.3 Cat and dog kidney tissue 
Dog and cat post mortem kidney tissue was acquired following humane euthanasia 

performed at The Royal (Dick) School of Veterinary Studies, University of Edinburgh. 

Animals originated from the Edinburgh Dog and Cat Home. Euthanasia was performed by 

overdose of pentobarbital. Four dogs were euthanised in total for either aggression (n=3) 

or multiple tumours (n=1), aged between 10 months and 13 years. One cat was 

euthanised for renal failure, aged between 5 and 7 years. Tissue was acquired within one 

hour of euthanasia and fixed in methacarn (60% absolute methanol [Fisher Chemical], 30% 

chloroform [Fisher Chemical], 10% glacial acetic acid [VWR], by volume) for 24 hours. It 

was rinsed in 70% v/v industrial methylated spirits (IMS) and stored in 70% IMS until 

paraffin embedding was performed.  
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2.1.4 Mouse tissue harvest 
For routine tissue harvest mice were culled by immersion in a rising CO2 concentration 

for five minutes and then holding in CO2 for five minutes, and death was confirmed via 

cervical dislocation. Mice were perfused by exposing the heart, cutting the right atrium, 

puncturing the left ventricle and perfusing with at least 20ml ice cold phosphate buffered 

saline (PBS) with a manual syringe or motor driven pump. Kidneys were extracted either 

directly into methacarn for histology, snap frozen on dry ice for RNA extraction, or placed 

in ice cold FACS buffer (2% foetal calf serum [FCS, Life Science Production] in culture 

grade PBS [Sigma Life Sciences]; Table 2-8) for flow cytometry. For IRI experimental tissue, 

kidneys were halved in the transverse plane. One half was taken for histology. The other 

was halved again in the coronal plane, to maintain all anatomical regions in each quarter, 

and these two pieces were used for flow cytometry and RNA extraction respectively 

(Figure 2-1).  

2.1.5 Aged mice 

FVB mice at a range of ages were provided by the National Institute of Ageing colony 

(Charles River, Boston, USA). Alternatively, FVB mice of a range of ages were maintained 

in house at the University of Edinburgh Central Bioresearch Services. In accordance with 

UK Home Office guidelines, after 12 months of age mice were weighed and inspected 

monthly to detect any signs of ill health, in which case they were humanely culled. After 

18 months of age weightings and inspections were carried out weekly.  
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Figure 2-1 Diagram of mouse kidney dissection following IRI surgery. (A) Kidneys were halved in 
the transverse plane (dashed line). (B) The cut surface following initial resection in A, with the 
kidney regions indicated. The medial side if the kidney is at the bottom of this diagram. This piece 
was halved again in the coronal plane (dashed line), ensuring all regions are present in RNA and 
flow cytometry specimens.   
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2.1.6 PDGFR-β direct reporter mice 

Transgenic mice expressing enhanced GFP under the PDGFR-β promotor (PBAG mice), 

genotype tg(pdgfrβ-EGFP)JN169Gsat/Mmucd,  were kindly provided by Phoebe Kirkwood 

of Prof. Philippa Saunders’ lab, Centre for Inflammatory Research, University of Edinburgh. 

PBAG mice were generated following insertion of a bacterial artificial chromosome (BAC, 

clone RP23-10L16) containing the Pdgfrb gene promotor sequences from mouse (Mus 

musculus), modified to replace the open reading frame with that of EGFP (from Aequorea 

victoria). The BAC was generated by the GENSAT project (Gene Expression Nervous 

System Atlas; Rockerfeller University, USA) and the mouse line distributed by the Mutant 

Mouse Regional Resource Centre (Boston, USA), stock number 031796-UCD.  

2.1.7 mTmG constitutive PDGFR-β lineage reporter mice 

Tracing the contribution of PDGFR-β+ cells to MSC was performed on cultures derived 

from mTmG;Pdgfrb-Cre mice (mTmG mice), established by breeding mTmG homozygous 

female mice (Jackson Laboratory) with PDGFR-β-Cre male mice (donated by Ralf Adams, 

University of Münster, Germany).  mTmG mice express membrane targeted TdTomato 

(mT) in all cells, except those in which Cre recombinase has been activated under the 

influence of the PDGFR-β reporter, whereby the construct recombines to deactivate 

TdTomato expression and activate membrane targeted GFP expression (mG)188,189. This 

is a permanent labelling event that is inherited by all the cell’s progeny. 

2.2 In vivo experiments 

2.2.1 Unilateral ischaemia reperfusion injury 
Mice were anaesthetised using 2-4% isoflurane (Merial) in a mixture of oxygen and air and 

placed on a heated pad with a rectal thermometer to maintain body temperature at 37°C. 

The left flank was shaved, a 1cm incision made, and held open using a self-retaining 

retractor. A sterile surgical drape was applied, and the kidney was exposed and examined 

for any major signs of ill health (discolouration, multiple cysts, etc). These signs were 

occasionally observed in old animals, but they were mild. A surgical bulldog clamp was 

applied across the whole renal pedicle, and a timer started. Ischaemia was confirmed by 

observing discolouration in the whole of the kidney. Following confirmation, the kidney 

was placed back inside the body, and the wound covered with a surgical gauze dampened 

with sterile saline solution. Ischaemia was maintained for 25 minutes, at which point the 
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bulldog clamp was removed, and the kidney examined to ensure its natural colour 

returned. The wound was sutured, the skin stapled and 0.5ml saline was injected 

subcutaneously to maintain hydration. Buprenorphine (Buprecare, 0.1mg/kg, Alstoe 

Animal Health) was also administered subcutaneously once daily for three days post-

surgery. After 24 hours, 4 days or 28 days, mice were anaesthetised using 2-4% isoflurane, 

and exsanguinated by cardiac puncture. Following this, the right atrium was cut and mice 

perfused with at least 20ml cold PBS. Median ischaemia time was 24min 55s with an 

interquartile range of 18s. Contralateral kidneys of all animals looked physiologically 

normal.  

2.3 Tissue processing for cell isolation 

2.3.1 Flow Cytometry identification of murine renal perivascular 
cells 

After harvest, tissues were kept in FACS buffer on ice until the time of processing (max. 

3h). 

Dissection of cortex and medulla 

If required, cortex and medulla regions were dissected. Cortex was isolated by taking thin 

superficial slices from the surface of the kidney using a scalpel and forceps. Medulla was 

isolated by cutting a pyramidal piece of tissue from the kidney pelvis using a scalpel and 

forceps. Any contamination by cortex tissue was reduced by scraping away the loosely 

bound cortex tissue from the more fibrous medullary part. The resulting medullary piece 

consisted of inner medulla and inner stripe tissue.  

Dissociation enzyme cocktail 

Mouse kidneys were dissociated in a cocktail of Pronase (protease from Streptomyces 

griseus, Sigma-Aldrich) and Collagenase D (collagenase from Clostridium histolyticum, 

Sigma-Aldrich).  Cocktail was made up in Dulbecco’s modified Eagle medium (DMEM, high 

glucose with GlutaMAX, Gibco), Pronase was used at a final concentration of 3mg.mL-1. 

Collagenase D concentration was calculated based on the Wunch units (WU) rating of 

the enzyme batch, was used at a final concentration of 0.53WU.mL-1. 2.1ml was used per 

half of a kidney.  



Perivascular cells and their sub-types in healthy, aged and diseased kidney.   

Chapter 2 Methods 38 

Cell dissociation 

If cells are destined for sorting and culture, then the following steps were performed in a 

laminar flow hood to maintain sterility. Tissue was placed in a sterile petri dish on ice with 

a small amount of serum-free buffered media. Tissue was minced with a scalpel and 

scissors until it could pass through a p1000 pipette tip. It was then mixed with the 

digestion enzyme cocktail in a 50ml Falcon tube, and re-suspended by pipetting. Tubes 

were placed in a shaking water bath at 37°C for 30-60 minutes. Digestion tube contents 

were poured through a 70µm cell strainer into a second tube. Digestion tubes were 

swilled with 25ml of FACS buffer and this was also passed through the 70µm filter into 

the second tube. Contents were then centrifuged at 200r.c.f for 7 minutes. Supernatants 

were discarded and cell pellet re-suspended in 1-5ml of hybri-max red blood cell lysing 

buffer (Sigma-Aldrich), depending on pellet size. After two minutes of incubation 20ml of 

FACS buffer was added to tubes, contents were passed through a 40µm cell strainer and 

centrifuged at 200r.c.f for 7 minutes. Supernatant was discarded and pellet was re-

suspended in an appropriate volume of FACS buffer. 

Cell staining 

Single cell suspensions were blocked with 10% mouse serum in FACS buffer for at least 

10 minutes on ice and antibody stains were added directly to this solution. Table 2-1 lists 

the details of antibodies used in selecting kidney perivascular cells, and Table 2-2 lists the 

isotype antibodies used in controls. The combinations used in each application are given 

in Table 2-3. In some cases, a master mix was made beforehand, where antibodies were 

first combined in a tube then added simultaneously for each sample. Stains were incubated 

for 30 minutes on ice in the dark. After staining, 1 ml FACS buffer was added to each 

tube, and tubes were spun at 200r.c.f. for 7 minutes. Supernatant was discarded, and tube 

rim blotted on tissue paper, before cells were re-suspended in a further 2ml FACS buffer 

and spun down again. This wash procedure was repeated at least twice. Cells were re-

suspended in an appropriate volume of FACS buffer and filtered through a 40µm FACS 

tube lid filter. Just prior to analysis cells had 4′,6-diamidino-2-phenylindole (DAPI) added 

at 100ng.mL-1. UltraComp eBeads compensation beads (ThermoFisher Scientific) were 

stained with single antibodies following the same scheme, minus the serum blocking step.  
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No.  Antigen 
(cell type) 

Fluorochrome  Dilution  Excitation 
(Emission 
Filters) 

Company 
(Cat #) 

1  CD34 
(Endothelium, 
adventitia) 

AF700  1:25‐
1:50 

640nm 
(670/30) 

BioLegend 
(343526) 

2  CD45 
(Haematopietic) 

PE‐Cy7  1:200  561nm 
(780/60) 

BD 
Pharmingen 
(552848) 

3  CD45 
(Haematopietic) 

PerCP‐Cy5.5  1:500  488nm 
(710/50) 

BD 
Pharmingen 
(550994) 

4  CD146 
(Pericyte, 
endothelium) 

BV711  1:75  ‐
1:100 

405nm 
(710/50) 

BD Optibuild 
(740827) 

5  CD146 
(Pericyte, 
endothelium) 

PerCP‐Cy5.5  1:50  488nm 
(710/50) 

BioLegend 
(134709) 

6  CD206 
(Macrophage) 

BV605  1:100  405nm 
(610/20) 

BioLegend 
(141721) 

7  ICAM2 
(Endothelium, 
haematopoietic) 

AF647  1:100  ‐
1:500 

640nm 
(670/30) 

BioLegend 
(105612) 

8  NG2 
(Pericyte) 

Cy3  1:50  561nm 
(586/15) 

Millipore 
(AB5320C3) 

9  NG2 
(Pericyte) 

AF488  1:50  488nm 
(530/30) 

Millipore 
(AB5320A3) 

10  PDGFR‐α 
(Fibroblastic) 

PE‐Cy7  1:50  561nm 
(780/60) 

Biolegend 
(323508) 

11  PDGFR‐β 
(Pericyte, 
fibroblastic) 

PE  1:50 ‐ 
1:150 

561nm 
(586/15) 

BioLegend 
(136006) 

Table 2-1 Flow cytometry positive antibodies. AF = AlexaFluor; BV = Brilliant Violet; PE = phycoerythrin; 
Cy = Cyanine; PerCP = Peridinin-chlorophyll.  

Fluorochrome  Fragment  Company  Cat #: 

AF488  IgG1 κ  BD Pharmingen  5546769 

AF647  IgG2b κ  BD Pharmingen  553991 

AF700  IgG1 κ  BioLegend  400143 

BV605  IgG2a κ  BioLegend  400539 

PE  IgG2a κ  BioLegend   400508 

PE‐Cy7  IgG2b κ  BD Pharmingen  552849 

PerCP‐Cy5.5  IgG2b κ  BD Bioscience  550764 
Table 2-2 Flow cytometry isotype antibodies 

  



Perivascular cells and their sub-types in healthy, aged and diseased kidney.   

Chapter 2 Methods 40 

 

Experiment 
 

Primary  antibodies  used  from 
Table 2‐1 

Ischaemia‐Reperfusion 
experiment analysis 

1, 2, 5, 6, 7 (1:100); 8, 11 (1:50);  

PBAG pericyte isolation 
(Figure 6‐1, Sorts 2 & 3) 

3, 7 (1:500) 

Wild  type pericyte  isolation 
(Figure 6‐2, Sorts 4 & 6) 

1  (1:25);  3,  7  (1:500);  9,  11 
(1:150) 

PBAG pericyte isolation  
(Figure 6‐2, Sort 7) 

3,  4  (1:75);  7  (1:500);  10,  11 
(1:50) 

PBAG pericyte isolation 
(Figure 6‐2, Sort 5 & 8) 

3, 4 (1:100); 7 (1:500); 8 

Table 2-3 Flow antibody panels for pericyte analysis. Where the dilution is different between panels, it is 
shown in brackets, otherwise refer to Table 2-1. 

 

Flow cytometry analysis 

For analysis, cell suspensions were run on a Fortessa 5-laser flow cytometer (BD 

Biosciences, Oxford, UK) using the BD FACSDiva v8 software. . Voltage settings were 

altered to centre the peak fluorescence of unstained cells at 102 intensity, but reduced if 

this resulted in overexposure of compensation beads or fully stained cells. Compensation 

parameters were set using stained compensation beads, except for the DAPI single stain 

which used a cell suspension, and the automatic software functions. To identify cells, first 

a side scatter area (SSC-A) and forward scatter area (FSC-A) plot was used to exclude 

the majority of debris. An FSC-A and forward scatter height (FSC-H) plot was used to 

exclude cell doublets, by selecting only cells on the linear portion of the plot. Events 

positive for DAPI staining were then excluded, followed by exclusion of cells positive for 

CD45, a marker of haematopoietic cells, or intracellular adhesion molecule 2 (ICAM2), a 

marker of endothelial cells. Combinations of pericyte markers were then examined in the 

resulting population. The threshold for positivity in all cases was set using fluorescence-

minus-one (FMO) controls, in which the antibody in question is excluded from the 

digestion mix, and replaced with isotype antibody if available.  
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2.3.2 Fluorescence activated cell sorting of murine perivascular 
and endothelial populations 

Mouse cells were sorted on a BD FACSAria II flow cytometer (BD Biosciences, Oxford, 

UK). Voltages and compensation parameters were set in the same way as for analysis, 

above, and cell selection also followed the same scheme. Perivascular populations were 

examined for their relative abundances, before selecting the most numerous populations 

to sort. Cells were sorted directly into polyethylene FACS tubes (Corning) containing 

EGM-2 SingleQuots media (EGM-2; Lonza Bioscience). Dr Claire Cryer of the Centre for 

Regenerative Medicine cytometry facility (Edinburgh, UK) assisted with mouse cell sorting 

and cytometer operation.  

2.3.3 Fluorescence activated cell sorting of human adipose 
perivascular cells 

Tissue processing 

Following abdominoplasty, adipose tissue was grated using a cheese grater (Sainsbury’s) 

to dissociate before digestion using a combination of collagenase II (0.5mg.mL-1, Gibco) 

and dispase (0.5mg.mL-1, Gibco). Following digestion for one hour, the sample was spun 

at 200r.c.f for 5 minutes to create a cell pellet. The top layer of adipocytes and oil, and 

the intermediate aqueous layer were discarded, and the pellet washed several times using 

FACS buffer, by spinning and resuspending, to remove traces of oil. The resulting stromal 

vascular fraction was either plated in D20 media (80% DMEM; 20% FCS; 100U.mL-1 

penicillin [Invitrogen]; 100µg.mL-1 streptomycin [Invitrogen]; Table 2-8) directly, for the 

generation of MSCs, or else stained for flow cytometry. 

Cell staining 

Tissue was stained with antibodies as detailed in Table 2-4. Antibodies were incubated 

with cells for 30 minutes on ice in the dark. After staining, cells were washed thrice with 

FACS buffer by spinning down and resuspending. Cells were then filtered through a 40µm 

FACS tube lid filter just prior to sorting. UltraComp eBeads compensation beads 

(ThermoFisher Scientific) were stained with single antibodies following the same scheme, 

minus the serum blocking step. 
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Cell sorting 

Perivascular cells were sorted from human adipose stromal vascular fraction were sorted 

on a BD FACSAria III Fusion flow cytometer (BD Biosciences, Oxford, UK) by Dr Fiona 

Rossi of the Centre for Regenerative Medicine cytometry facility (Edinburgh, UK) under 

the direction of Mario Armando Gomez Salazar or Dr Nusrat Khan. Pericytes were 

identified as CD146+ CD34- CD31-CD45-CD56-DAPI- cells, whereas adventitial cells were 

identified as CD34+ CD146-CD31-CD45-CD56-DAPI- cells.  

Antigen  Fluorochrome  Dilution  Excitation 
(Detection) 

Positive or  
Negative selection? 

Company  & 
Cat# 

CD31  V450  1:100  405nm 
(450/50) 

‐  BD Horizon  
561653 

CD34  FITC  1:100  488nm 
(530/30) 

+ (Adventitial cells) 
‐ (Pericytes) 

Macs  
130‐081‐001 

CD45  V450  1:100  405nm 
(450/50) 

‐  BD Horizon  
560367 

CD56  V450  1:100  405nm 
(450/50) 

‐  BD Horizon  
560360 

CD146  BV711  1:100  405nm 
(710/50) 

+ (Pericytes) 
‐ (Adventitial cells) 

BD Horizon 
563186 

Table 2-4 Flow cytometry antibodies for the isolation of human perivascular cells from adipose tissue. 
Detection figures in brackets denote the central detection frequency followed by the bandpass. Markers are 
either negatively (-) or positively (+) selected, depending on target cell type (given in brackets).   

2.3.4 Isolation of proliferating blood mononuclear cells and T 
cells 

Human volunteers were recruited under the University of Edinburgh Centre for 

Inflammation Research project “The role of inflammation in human immunity” (research 

ethics committee reference number 08/S1103/38). Blood was taken and proliferating 

blood mononuclear cells (PBMCs), consisting of circulating lymphocytes and monocytes, 

were isolated and kindly provided by Thane Campbell, Jennifer Felton and Julia Chu of the 

Queens Medical Research Institute, University of Edinburgh, UK. They were isolated in 

the following way: whole blood was taken into tubes containing sodium citrate to prevent 

coagulation. Blood was diluted 3x with PBS then 35ml of this solution was layered over 

15ml of Ficoll-Paque (Sigma-Aldrich) in a 50ml Falcon tube. This tube was spun for 30 

minutes at 400r.c.f at room temperature (RT). The top layer of plasma was aspirated then 

the mononuclear cell layer was carefully collected and transferred to a new 50ml tube and 

re-suspended in PBS. The tube was then spun thrice more to remove contaminating 
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platelets, plasma and Ficoll. Firstly at 300r.c.f, and the subsequent two at 200r.c.f, for 10 

minutes and in each case the supernatant was removed and the pellet re-suspended in 

PBS.  

T cells were generously provided by Mario Armando Gomez Salazar of the centre for 

Regenerative Medicine, University of Edinburgh. They were isolated using an EasySep 

CD4+ T Cell Enrichment kit (Stem Cell Technologies), following the manufacturer’s 

instructions. A PBMC preparation was made at 5 × 107 cells.mL-1 in a polystyrene round-

bottomed tube. 50µL.mL-1 of Enrichment Cocktail was added to the solution, mixed, and 

incubated for 10 minutes at RT. Magnetic Particles were then vortexed briefly before 

100µL.mL-1 was added to the sample, mixed, and incubated for 5 minutes at RT. T cell 

medium was added up to a volume of 2.5ml, if necessary, gently mixed, and placed in a 

purpose build magnetic holder (Stem Cell Technologies, Cat#: 18000) for 5 minutes at 

RT. Finally, the magnet and tube were together inverted, and the supernatant enriched in 

T cells was collected in a new tube.  

2.3.5 Kidney stromal vascular fraction culture to generate MSC-
like cells 

Murine kidney tissue was minced, digested and processed as for flow cytometry 

preparation in Section 2.3.1, except the final cell pellet was instead re-suspended in D20 

media, and directly plated in a vented t-25 tissue culture flask (Corning). This constitutes 

what is termed the stromal vascular fraction (SVF). For the isolation of cortex and medulla 

MSC-like cells prior to mincing cortex and medulla regions were dissected as described 

in Section 2.3.1. Cells were allowed to adhere for 3-4 days before flasks were washed and 

fresh media applied. 

2.4 Cell culture 

2.4.1 Standard culture conditions 
Cells were cultured on normal tissue culture plastic at 37°C and 5% CO2 in a humidified 

atmosphere. Appropriate media for the cells in question was changed every 2-3 days. 

When cells approached confluence they were passaged. To passage, media was removed 

and cells washed with cell culture grade PBS. Following this, trypsin EDTA 0.25% solution 

(Life Technologies) was added and incubated for 5 minutes. D20 media was added to 

deactivate trypsin. The cell suspension was removed and spun at 200r.c.f for 5 minutes. 
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Supernatant was removed and cells re-suspended in the appropriate media for the cell 

type or experiment. If necessary cells were counted by mixing 15ul of suspension with 

15ul 0.4% trypan blue (BioRad) and adding 10µL to each chamber of a haemocytometer 

(Marienfeld). 

2.4.2 Cell freezing/thawing 

To freeze, cell suspensions were counted, spun down, and re-suspended at 1 × 106 

cells.mL-1 in freezing medium (10% dimethyl sulfoxide [DMSO, Sigma-Aldrich], 90% FCS, 

by volume). Solution was placed in cryotubes, insulated in absorbent roll, and placed at -

80°C, or -160°C for long term storage. To thaw, cryotubes were defrosted in a 37°C water 

bath until the ice pellet was mobile. The entire contents of the tube was then put into 

50ml of D20 media, spun down, and re-suspended in 5ml D20 media. This suspension was 

plated directly into a t25 culture flask.  

2.4.3 Routine cell culture imaging 
Images of growing cells were captured using an EVOS Fl microscope (Advanced 

Microscopy Group, Bothwell, USA). GFP and red fluorescent protein (RFP) fluorescence 

in live transgenic cell lines were captured using the built in filter cubes of the device.  

2.4.4 HK-2 cell line 
Cells were purchased from the American Type Culture Collection (Washington DC, 

USA).  HK-2 culture media consisted of Dulbecco’s Modified Eagle Medium/Nutrient 

Mixture F-12 (Gibco) with 1% FCS, 1% 100X  insulin-transferrin-selenium supplement 

(ITS, Sigma-Aldrich), L-glutamine 200mM (Invitrogen), 100U.mL-1 penicillin (Invitrogen), 

and 100µg.mL-1 streptomycin (Invitrogen) (Table 2-8).  

2.4.5 Early culture of FACS sorted cell populations 
After sorting, cells were spun at 200r.c.f for 5 minutes, supernatant discarded, and pellet 

re-suspended in EGM-2 media. Previously, polystyrene flat- or round-bottomed 96-well 

plates were coated with 0.2% gelatin (Sigma) for 1 hour at 4°C. Gelatine solution was 

removed, cells suspension added, and plate incubated in standard conditions. Media was 

partially removed and replaced (~50%) after 3-4 days in culture. Following attachment of 

cells, media was completely replaced every 3-4 days. When approaching confluence, cells 
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were trypsinised and passaged, and plated in a larger well in 50:50 EGM2:D20 media.  At 

the next feeding media was replaced with 100% D20 media. 

2.4.6 Hypoxic cell culture 
For hypoxic cell culture, culture vessels were placed in a hypoxic incubator (Eppendorf, 

Stevenage, UK). Physiological hypoxia gas balance was 3% O2, 5% CO2 and 92% N2. 

Pathological hypoxia gas balance was 1% O2, 5% CO2 and 94% N2. Oxygen tension (pO2), 

in mmHg, at different O2 concentrations can be estimated with the following equation: 

760	 32.00

44.01 32.00 28.01 18.02
	 

 Where c, o, n & w are the relative atmospheric proportions of CO2, O2, N2 and water 

vapour, respectively. Data suggests there is negligible difference O2 solubility between 

water, PBS and glucose containing solutions190. For induction of hypoxia at particular time 

points, media was first equilibrated by placing in the incubator within 150ml container 

(Thermo Scientific) with the cap unscrewed but still covering, and allowing to incubate for 

at least three hours. When plates were taken out for analysis procedures, the sides were 

taped together to minimise gas exchange. Data suggests that under culture conditions O2 

levels equilibrate in solution within one hour191.  

2.4.7 Oxidative stress by H2O2 administration 
30% v/v H2O2 (9800M, Sigma) was serially diluted using at least three iterations to working 

concentrations using the culture media required for the assay. H2O2 containing media was 

added to cells for two hours at 37°C. Following treatment, cells were washed thrice with 

PBS to remove trace H2O2. In assays also requiring mitomycin C treatment, mitomycin C 

(Sigma-Aldrich) was added in tandem with H2O2, at a concentration of 10µg.mL-1.  

Otherwise, it was added to cells not treated with H2O2.  

2.4.8 Preparation of hyperosmotic media 

Na+, K+ and Urea are the three major osmotic solutes in the kidney interstitium192. 

Hyperosmotic media was prepared with ratios of Na+, K+ and Urea reflective of what is 

found in the inner medulla of the kidney. The reference data used for these calculations 

was from Marsh et al. 1970, and derived from detailed measurements made in the golden 
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hamster193. This data was consistent with data from other sources192,194,195. Measured 

osmolarity was compared to the theoretical osmolarity calculated using the measured 

values of Na+, K+ and Urea concentration in the Marsh et al. data, and was found to roughly 

conform (Table 2-5). The calculation was as follows: 

2 2  

 

 Where N, K and U are the molar concentrations of Na+, K+ and urea, respectively. Na+ 

and K+ concentrations are multiplied by 2 to account for the chloride ions they are 

associated with. This also assumes that urea dissociates completely in solution. In 

calculations with higher urea concentrations, there was larger discrepancy between 

theoretical and observed osmolarity, suggesting this may not be true. The same calculation 

was applied to DMEM, using the published values of NaCl (110.3mM), KCl (5.3mM), 

NaHCO3 (49mM), NaPO4 (0.9mM) and glucose (25mM). A value of 330osm is reached, 

slightly different to the 290osm published value. This may be due to incomplete 

dissociation of the carbonate ion.  

Na+ 
(mM) 

K+ 
(mM) 

Urea 
(mM) 

Measured 
Osmolarity 
(Osm) 

Calculated Osmolarity 
(Osm) 

965  17.8  640  2386  2605 

492  18.2  310  1310  1330 

687  19.9  610  1780  2024 

855  20.4  207  2078  1957 
Table 2-5 Measured and theoretical osmolarities based on solute measurements in golden hamster. (data 

from 193) 

The average ratios of Na+, K+ and urea were taken from the published data, and the 

weights required for a 2000osm solution (i.e. 290osm media + 1710osm) were calculated. 

K+ didn’t vary with osmolarity, so was made up to the average value of 22.5mM. The ratio 

of Na+ to urea was 1:0.6. A representative dilution for 250ml DMEM is shown in Table 

2-6. 
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250ml DMEM NaCl KCl Urea 
millimoles 
Required 

160 4.375 96 

milligrams 9350 1.31 23.0 
Table 2-6 Solute quantities added to 250mL of 290osm DMEM to make 2000osm DMEM. 

To achieve a particular osmolarity by adding this solution to 290osm media, the following 

equation was applied: 

	  

Where Ot is the target osmolarity, Os is the starting solution’s osmolarity, Od is the 

osmolarity of the solution used to dilute, and R is the resulting ratio of the two solutions 

to use. This method assumes the osmolarity of FCS is similar to that of DMEM.  

2.4.9 Migration assay 

Cells were grown to 90-100% confluency in 12- or 24-well plates (Corning). In some cases 

cells were treated with mitomycin C and/or H2O2, as described (2.4.7). Plates were either 

scratched immediately or 24 hours following treatment, by dragging a p10 pipette tip 

across the monolayer. Additionally, plates were placed in normoxic or hypoxic incubators 

(Section 2.4.6), either 24 hours before the scratch or immediately following the scratch. 

Images were automatically acquired on a Zeiss Observer microscope using the Zen Pro 

software, by creating a template of the culture plate on the software and instructing the 

microscope to take tiled images in the centre of each well. The images were stitched 

together using the settings in Table 2-7 and exported as Tiff files using the built-in features 

of the Zen Pro software. Time points typically between 18 and 22 hours apart were used 

to quantify migration velocity, although in cases of very slow or fast migration this was 

modified to ensure an accurate result. 

  



Perivascular cells and their sub-types in healthy, aged and diseased kidney.   

Chapter 2 Methods 48 

Setting  Value 

Correct Shading  Automatic 

Edge detection?  False 

Minimum overlap  5% 

Maximum shift  10% 

Comparer  Optimised 

Global optimiser  Best 

Table 2-7 Zen software stitching parameters. 

 

2.4.10 AlamarBlue assay of cell viability 

Cells were plated at 5000 cells.well-1 in clear flat bottomed 96 well plates (Corning) and 

allowed to adhere. After administration of treatments, AlamarBlue cell viability dye 

(Invitrogen) was added to culture medium at a ratio of 1:10. Wells were excited with 

570nm light and fluorescence was measured at 600nm on a GloMax Explorer 

spectrometer (Promega, Southampton, UK) at 1 hr intervals to ensure a linear rate of 

change, and the three hour time point used for analysis. Fluorescence values for cell 

containing wells were zeroed based on readings from cell free wells containing AlamarBlue 

reagent in medium.  

2.4.11 Senescence-associated β-galactosidase detection 

Senescence-associated β-galactosidase (SA-β-Gal) detected on cultured cell monolayers 

using the Senescence β-Galactosidase Staining Kit (Cell Signalling Technology) following 

the manufacturer’s instructions. Reagents were prepared as instructed. Fresh cells had 

media removed and were washed once with PBS. Fixative Solution was added to each well 

and incubated for 10-15 minutes at RT. Fixative was discarded and the plate was washed 

twice with PBS. Β-Galactosidase Staining Solution was added to each well, the plate sealed 

inside three zip-lock bags (to avoid acidification by CO2 in the atmosphere), then placed 

in an incubator at 37°C overnight. The following day, wells were scanned on a Zeiss 

Observer microscope.  
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2.4.12 Immunocytochemistry 

Seeding cells on coverslips 

13mm glass coverslips were sterilised in 70% ethanol, washed in sterile distilled water 

then allowed to dry under sterile conditions. Coverslips were then either placed 

individually in the wells of a 24-well plate (Corning) or four coverslips were placed in the 

wells of a 6-well plate (Corning). Cells were seeded into the wells suspended in culture 

media, then allowed to adhere and grow on the coverslips until they were at the desired 

confluency. 

Fixation of cultured cells 

Cultured cells that were either adhered to glass coverslips or directly to the bottom of 

24-well culture plates (Corning) were rinsed briefly in PBS before being immersed in 4% 

w/v paraformaldehyde (PFA) for 15 minutes at RT. Following this, cells were washed three 

times in PBS, then stored in PBS at 4°C until required. Plates were sealed in parafilm 

(Sigma-Aldrich) to prevent evaporation during storage.  

Fluorescent immunocytochemical staining of cultured cells 

The following procedure was performed either on cells adherent to the bottom of a 24-

well culture plate, or to glass coverslips placed in 24-well plate wells. Fixed cells were 

washed with PBS before being permeabilised in a solution of 0.4% Triton X-100 (Acros 

Organics) in PBS for 10 minutes at RT. Cells were then washed three times in PBS before 

being blocked in a solution of 1% BSA (Sigma-Aldrich) and 0.1% Tween-20 (Fisher 

Scientific) in PBS (1% BSA PBS-T) for 1 hour at RT. This solution was aspirated and 

primary antibody was diluted in 1% BSA PBS-T and at least 125ul added to the culture 

wells. Plate was sealed with parafilm to prevent evaporation and incubated overnight at 

4°C on a rotary plate rocker (Grant Instruments, Shepreth, UK). Primary antibody solution 

was then aspirated and the plate was washed three times with PBS. Fluorescent secondary 

antibody was diluted in 1%BSA PBS-T and added to the plate following the same procedure 

as for the primary antibody and incubated on a rotary plate rocker for 90 minutes at RT. 

Plates were washed twice with PBS, then 250µL of DAPI diluted in PBS (10µg.mL-1) was 

added for 10 minutes at RT, before being washed twice more. Plates with cells adherent 

to the well were imaged with the cells immersed in PBS. For coverslip staining, coverslips 

were removed from wells using forceps. Coverslips were then mounted cell-side down 
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on glass microscope slides using Fluoromount G aqueous mounting media (Southern 

Biotech). 

2.4.13 T cell proliferation assay 
In this assay, T cells or PBMCs are stimulated to proliferate by binding the CD3 and CD28 

receptors with antibodies. The immunomodulatory ability of co-cultured cells is then 

measured as a decrease in T cell/PBMC proliferating following the same stimulus. T cell 

media was prepared by mixing RPMI 1640 media (Sigma) with 10% FCS L-glutamine 

200mM (Invitrogen), 100U.mL-1 penicillin (Invitrogen), and 100µg.mL-1 streptomycin 

(Invitrogen), and 50µM β-mercaptoethanol (Gibco) (Table 2-8). Round bottomed 96-well 

plates (Thermo Scientific) were used. If required, plates were seeded with 5,000 or 10,000 

co-culture cells (MSCs, pericytes, adventitial cells or HK-2 cells) on the preceding day. 

Isolated T cells/PBMCs were suspended at 1x106 cells.mL-1 in either PBS or PBS with 

1µg.mL-1 CellTrace CFSE (Life Technologies) and incubated in a shaking water bath at 

37°C for 20 minutes, to either label fluorescently or as a sham procedure. Cells then had 

serum containing media added to neutralise dye, were spun at 200r.c.f for 5 minutes then 

re-suspended in T cell media. Cells were counted then volume adjusted to 2x106 cells.mL-

1. 50µL of this solution (105 cells) was added to each well. 2X stimulation media was made 

by adding 50µL.mL-1 ImmunoCULT human CD3/CD28 T cell activator (Stem Cell 

Technologies). Experimental wells had 50µL of this solution added, whereas control wells 

received 50µL normal T cell media. Upon addition, media was mixed by pipetting up and 

down. Wells were seeded in triplicate. All co-culture conditions had both stimulated and 

unstimulated CFSE-stained T cells/PBMCs. For T cells/PBMCs cultured alone, stimulated 

stained, stimulated unstained, unstimulated stained, and unstimulated unstained groups 

were included.  

When testing an antibody coating stimulation method, 50µL of 5µg.mL-1 CD3 antibody 

(eBioscience, cat#: 16-0037-85) in PBS was added to each well and incubated for two 

hours at 37°C. After addition of cells in a 100µL volume, 5ul of 1µg.mL-1 CD28 antibody 

(eBioscience, cat#: 16-0289-85) was added to the culture wells, and mixed by pipetting up 

and down. In both stimulation methods, plates were left for 5-7 days before analysis via 

flow cytometry.  
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2.4.14 Quantification of T cell proliferation 
Plates were spun at 300r.c.f for 5 minutes, supernatants removed, then cells re-suspended 

in 200µL FACS buffer. Re-suspended T cells/PBMCs were transferred to FACS tubes 

(Corning Science). Cells were spun again and re-suspended in 100µL FACS buffer. Barring 

an unstained control, Pacific Blue conjugated CD3 antibody (1:100 dilution, BD 

Pharmingen, Cat#: 558124) was added to each tube along with  TO-PRO-3 iodide (2µM, 

Molecular Probes) live-dead stain and incubated in the dark on ice for 30 minutes. Cells 

were washed by addition of 1ml FACS buffer, spinning down as before, and re-suspending 

in 200-400µL FACS buffer. Flow cytometric analysis was performed on a LSR Fortessa 

cytometer, following the sorting scheme outlined in Figure 6-30. Cells were always run 

on the ‘low’ setting, as this improved the peak resolution of the CFSE dye plot.  
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Media Name Cells/Usage Composition 

FACS buffer Suspension of cells for 

flow cytometry 

2% FCS (Life Science Production) in 

culture grade PBS (Sigma Life 

Sciences) 

D20 growth 

media 

Culture of 

perivascular/mesenchymal 

cells 

80% High glucose DMEM with 

GlutaMAX (Gibco); 20% FCS; 

100U.mL-1 penicillin (Invitrogen); 

100µg.mL-1 streptomycin (Invitrogen) 

HK-2 growth 

media 

Culture of HK-2 cells DMEM/Nutrient Mixture F-12 

(Gibco) with 1% FCS; 1% 100X ITS 

(Sigma-Aldrich); L-glutamine 200mM 

(Invitrogen); 100U.mL-1 penicillin; 

100µg.mL-1 streptomycin 

T-Cell/PBMC 

growth media 

Culture of T cells/PBMCs RPMI 1640 media (Sigma) with 10% 

FCS; L-glutamine 200mM; 100U.mL-1 

penicillin; and 100µg.mL-1 

streptomycin; 50µM 

β-mercaptoethanol (Gibco) 

Table 2-8 Culture media compositions. DMEM = Dulbecco’s modified Eagle’s medium; FCS = foetal calf 
serum; ITS = insulin transferrin selenium; RPMI = Roswell Park Memorial Institute; PBMC = proliferating 
blood mononuclear cells.  

2.5 Molecular biology 

2.5.1 RNA extraction 
RNA extraction was performed using a PARIS RNA extraction kit (Invitrogen) following 

the manufacturer’s instructions. Frozen kidney quarters in cryotubes had 350µL ice cold 

Disruption Buffer added along with a sterile metal ball (Qiagen). Samples were processed 

in a MM301 shaker (Retsch, Hope, UK) for 90 seconds or until homogenisation was 

complete. The homogenate was mixed with an equal volume of 2xLysis/Binding solution, 

containing guanidinium thiocyanate, and the same volume of ACS (America Chemical 
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Society) grade 100% ethanol. Solution was mixed by gently pipetting up and down. The 

lysate mixture was applied to a spin column supplied with the kit and centrifuged at 16,000 

× g for one minute. The columns were then washed three times by addition of wash 

solutions and centrifugation for one minute. The first wash used 700µL of Wash Solution 

1, whilst the remaining two used 500µL Wash Solution 2/3. Following an extra 30 second 

spin to remove wash solution, 40-50µL of Elution Solution, heated to 95°C, was applied 

to the filter and centrifuged for 30 seconds. Following analysis by gel electrophoresis, any 

samples with contaminating genomic DNA were treated with a DNA-free kit 

(ThermoFisher Scientific) following manufacturer’s instructions. 5ul 10X DNase I Buffer 

and 1ul rDNase I was added to the samples and incubated for 30 minutes at 37°C. DNase 

Inactivation Reagent was then re-suspended and 5.5ul added to samples and incubated for 

2 minutes at RT, mixing throughout. Sample was then centrifuged at 10,000 × g for 90 

seconds and the supernatant containing RNA carefully removed. RNA was then either 

stored at -80 or processed immediately by reverse transcription.  

2.5.2 cDNA synthesis 
RNA samples were thawed on ice and nucleic acid concentration quantified using a 

NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Perth, UK). A 

Quantitect Reverse Transcription kit (Qiagen) was used to generate complimentary DNA 

(cDNA), following the manufacturer’s instructions.  Firstly a genomic DNA elimination 

reaction was performed, by mixing 1ug of RNA (calculated from nanodrop results) with 

2ul gDNA Wipeout Buffer 7x and RNase-free water to a total volume of 14ul, on ice. This 

solution was incubated at 42°C for 2 minutes, then placed on ice. Next this solution was 

mixed with a solution containing 1ul Quantiscript Reverse Transcriptase, 4ul Quantiscript 

RT Buffer and 1ul RT Primer Mix, and the resulting solution incubated for 15 minutes at 

42°C to facilitate the synthesis of cDNA. Following this, the solution was incubated at 

95°C to deactivate the reverse transcriptase. Resultant cDNA was stored at -20°C until 

required for quantitative polymerase chain reaction (qPCR).  

2.5.3 Agarose gel electrophoresis 

1.2 – 1.5% w/v agarose gels were prepared by mixing agarose (Sigma Aldrich) with TAE 

buffer (pH 8.3, 40mM Tris, 20mM acetic acid, 1mM ethylenediaminetetraacetic acid 
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[EDTA]) and 0.1‰ v/v SYBR Safe DNA gel stain (Invitrogen). 20µL of RNA sample was 

mixed with 4ul loading buffer. The gel was electrophoresed at 100V for one hour, before 

visualising in a U:Genius 3 EZ gel imaging system (Syngene, Cambridge, UK).  

2.5.4 Quantitative Real Time PCR 
Neat cDNA was diluted 20x before use in qPCR. Taqman probes (ThermoFisher 

Scientific) were used in combination with PerfeCTa FastMix II Probemaster reaction mix 

(Quantbio). A list of primer sequences is shown in Table 2-10. A mastermix of 

Probemaster:H2O:Taqman in the ratio 20:11:1 was made, and mixed 4:1 with cDNA. 

10µL of this reaction mix was loaded in triplicate wells of a 384-well plate (Sarstedt) and 

sealed with adhesive lids (Sarstedt). A negative control containing nuclease free water 

(Qiagen) instead of cDNA was included. A standard curve was generated by making serial 

dilutions of neat cDNA from all samples mixed together (pooled cDNA), from 8x down 

to 512x, and was also included on plates. Plates were run on a Light Cycler ® 480 

Thermocycler (Roche Applied Science, Burgess Hill, UK). The qPCR reaction cycle 

conditions are shown in Table 2-9.   

qPCR data analysis 

To generate a standard curve, crossing point values were plotted against the logarithm of 

the dilution value of the pooled cDNA serial dilutions mentioned above, resulting in a 

scale of arbitrary units. A value was then derived for each well using its crossing point 

value against this curve. If triplicate well crossing point values had a standard deviation 

>0.4, then the anomalous value was discarded and an average derived of the remaining 

two. If the standard deviation was still >0.4 the well was removed from analysis. Values 

for each sample were normalised to Hprt by dividing by Hprt transcript levels from the 

same sample in the same qPCR run. Hprt was chosen as a housekeeping gene because it 

is used extensively in our lab and has proved to be stable in similar past applications. 

Finally, all values for a particular gene were divided by the average value of the day-28 

young contralateral group for that gene, to show expression relative to this group.   
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Number of cycles  Temperature (°C)  Duration  

1  95  5 min 

40‐45  95  10s 
60  25s 

1  40  10s 
Table 2-9 Taqman qPCR cycle timings and temperatures 

Gene 
(Cat #) 

Catalogue 
Number 

Cdkn2a  mm00494449_m1 

Col1a1  mm00801666_g1 

Col3a1  mm01254476_m1 

Havrcr1  mm00506686_m1 

Hprt  mm03024075_m1 

Pdgfrb  mm00435553_m1 

Tgfb1  mm01178820_m1 
Table 2-10 Taqman qPCR primer details. All from ThermoFisher Scientific.  

2.6 Histology  

2.6.1 Paraffin embedding and sectioning 
Tissues were fixed in methacarn for 24-48 hours at RT, before washing and storing in 70% 

ethanol or IMS in water. For paraffin embedding, fixed tissue were dehydrated to 100% 

ethanol, cleared using xylene, and equilibrated in molten paraffin before mounting in a 

paraffin block. Dehydration and paraffinisation steps were performed on an automated 

machine (Leica Biosystems) in the Shared university Research Facility of the University of 

Edinburgh. For sectioning, paraffin blocks were cooled on ice then trimmed using a safety 

razor. Using a Leica microtome (RM2035 or RM2135; Leica Biosystems, Milton Keynes, 

UK) sections were cut at 5 or 7μm, floated on a water bath at 45°C before mounting on 

Polysine microscope slides (Thermo Scientific). Slides were left to dry on a heated rack 

for 24hrs. When required, slides were dewaxed in two changes (5 min) of xylene, and 

rehydrated through an ethanol series (100%, 100%, 95%, 80%, 70%; 20 seconds each) 

before immersion in running tap water (5 min).  

2.6.2 Tissue preparation for scanning electron microscopy 

7μm thick tissue sections from paraffin blocks were prepared as described above. Slides 

were dewaxed using two changes of xylene (5 min. each) followed by equilibration in two 

changes of 100% ethanol (5 min. each). Slides were then critical point dried (CPD) using 
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liquid carbon dioxide and mounted on aluminium stubs with carbon tabs attached. 

Specimens were sputter coated with 20nm gold palladium prior to imaging.  

2.6.3 Tissue preparation for transmission electron microscopy 
For transmission electron microscopy (TEM), freshly isolated kidney samples were fixed 

in 3% v/v glutaraldehyde in 0.1M sodium cacodylate, pH 7.3, for 24 hours then washed in 

three times in 0.1M sodium cacodylate (10min each). Specimens were then post-fixed in 

1% w/v Osmium Tetroxide in 0.1M sodium cacodylate for 45 minutes, then washed again 

three times in 0.1M sodium cacodylate  . These samples were then dehydrated in 50%, 

70%, 90% and 100% ethanol for 15 minutes each, then in two 10-minute changes in 

Propylene Oxide. Samples were then embedded in TAAB 812 resin. Semi-thin sections, 

1μm thick, were cut on a Supercut 2050 ultramicrotome (Reichert-Jung), stained with 

toluidine blue (1% w/v Toluidine Blue O, 1% w/v sodium borate) and viewed in a light 

microscope to select suitable areas for investigation. Ultrathin sections, 60nm thick were 

cut from selected areas using a Leica Ultracut ultramicrotome, and stained in Uranyl 

Acetate and Lead Citrate prior to imaging. With the exception of tissue harvest, 

glutaraldehyde fixation, semi-thin sectioning, and image acquisition, all steps above were 

performed by Dr Stephen Mitchell of the University of Edinburgh School of Biological 

Sciences electron microscopy facility, which is supported by the Wellcome Trust Multi 

User Equipment Grant (WT104915MA). 

2.6.4 Haematoxylin and eosin staining 
Rehydrated slides were immersed in Harris haematoxylin solution (Thermo Scientific) for 

1-2 minutes, washed in running tap water until solution ran clear, then immersed in Scott’s 

tap water substitute (25mM NaHCO3, 150mM MgSO4) for 20-30 seconds before being 

washed in tap water again. Slides were then immersed in aqueous eosin Y solution 

(Thermo Scientific) for 5-10 seconds then washed in tap water. Slides were dehydrated 

through an ethanol series (70%, 80%, 95%, 100%, 100%; 20 seconds each) then immersed 

in two changes of xylene (5 min). Finally, slides were allowed to partially dry before 

mounting using Pertex mounting media (Histolab) and glass coverslips. 
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2.6.5 Picrosirius red staining 

Picrosirius red (PSR) solution was prepared by dissolving 0.1% w/v Sirius red F3B (Sigma 

Aldrich) in saturated (1.3%) aqueous picric acid solution (Sigma Aldrich). Rehydrated 

paraffin slides were immersed in PSR solution for 90 minutes. Slides were then washed 

twice in 0.5% v/v glacial acetic acid in distilled water (1 min each). Excess water was 

removed by agitation, before dehydrating in three changes of 100% ethanol (1 min each). 

Slides were then placed in two changes of xylene (5 min each) before mounting with glass 

coverslips using Pertex mounting media. 

2.6.6 Immunostaining using fluorescent secondary antibodies 
Following rehydration, tissue sections were mounted in Shandon Sequenza 

Immunostaining racks (Fisher Scientific) using PBS and washed three times with PBS. 

Protein Block (3 drops per slide, Dako) was applied for 10 minutes then slides were 

washed three times with PBS. Slides were then incubated in a buffered serum solution for 

one hour at RT, using serum of the same species that the secondary antibody was raised 

in. Primary antibodies or isotype controls were diluted in either the same serum solution, 

Antibody Diluent Reagent Solution (Ab Diluent, Life Technologies), or 1% w/v bovine 

serum albumin (BSA, Sigma-Aldrich) in PBS, and 100µl was applied directly to the blocked 

slides. Alternatively, isotype antibody in the same solution, or 2 drops of an isotype 

antibody solution were applied (Table 2-12). Slides were incubated for either 1-2 hours 

at RT or 4°C overnight. Slides were washed 3 times with PBS. 100µl of secondary 

antibodies diluted in either serum solution, Ab Diluent, or 1% BSA in PBS were applied to 

sections and incubated for 1-2 hours at RT. Alternatively as a control only the diluent was 

added. 

Controlling for potential promiscuity in PDGFR-α and PDGFR-β antibodies 

PDGFR-α and -β proteins are relatively homologous116, and there is a possibility that 

antibodies with apparent specificity for one may cross react with the other. To control 

for this, skeletal muscle tissue from C57Bl/6 mice was stained for either PDGFR-α or -β, 

because the localisation of these markers in muscle tissue has been documented 

previously189. As expected, in arteries PDGFR-α localised only to cells in the adventitial 

layer, whereas PDGFR-β localised to both the smooth muscle layer and the adventitial 
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layer, showing that PDGFR-α antibody is not staining PDGFR-β antigen (Figure 2-2A). 

There was no similar anatomical localisation of PDGFR-α that was exclusive of PDGFR-β, 

so this cross reaction could not be tested. 
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Figure 2-2 PDGFR-α and PDGFR-β 
dual-labelling control images. Single 
stains for PDGFR-α (green, left 
panels) or PDGFR-β (red, right 
panels) with rabbit isotype show 
clear positive staining and little 
cross-reaction in (A) muscle tissue 
and (B) kidney tissue. Arrows 
indicate areas of single positive 
staining, indicating little cross 
reaction.  
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Antigen/ 
agglutinin 
name(biotinylati
on) 

Dilution 
For 2° (for 
tyramide) 

Species 
used in 

Cells identified  Company &  
Cat #: 

α‐SMA  1:500  Ms, Hu   SMC, pericytes, 
myofibroblast 

Sigma A2547 

CD31  1:25  Ms  Endothelium  DIanova DIA‐
310 

CD34  1:100 
(1:1000) 

Ms, Hu, Do   Endothelium, 
adventitia 

Abcam ab81289 

CD44  1:100  Ms  MSC  BD 550392 

CD73  1:100  Ms  MSC  Invitrogen 41‐
0200 

CD90  1:100  Ms  MSC  BD Pharmingen 
555595 

CD105  1:100  Ms  MSC  Invitrogen 
MHCD 
10500 

CD146  1:100 
(1:750) 

Ms, Hu, Do, 
Ca 

Pericyte, 
Endothelium 

Abcam Ab75769 

Collagen I  1:100  Ms  Extracellular  Sigma C2456 

Collagen III  1:200  Ms  Extracellular  Southern 
Biotech 1330‐10 

GFP  1:100  Ms  PDGFR‐β+ cells  Abcam ab13970 

NG2  1:50  Ms  SMC, pericytes  Millipore 
Ab5320 

p16INK4α  1:100  Ms  Senescent cells  BioRad 
AHP1488 

PDGFR‐α  1:75  Ms, Hu  Fibroblastic cells  Cell Signalling 
3174S 

PDGFR‐β  1:50 
(1:500) 

Ms, Hu, Do, 
Ca 

Pericytes, 
fibroblastic cells 

Abcam Ab32570 

CD206  1:50  Ms  Macrophages 
(M2) 

Novus 
Biologicals 
NBP1‐90020 

Griffonia 
simplicifolia 
Lectin I ‐ isolectin 
B4 (biotinylated) 

1:500  Ms  Endothelium 
(mouse) 

Vector B‐1205 

Ulex europaeus 
Agglutinin I 
(biotinylated) 

1:200  Hu  Endothelium 
(human) 

Vector B‐1065 

Table 2-11 Primary antibodies used in immunofluorescent staining. Ca = Cat, Do = Dog, Hu = Human, 
Ms = Mouse; SMC = smooth muscle cells; MSC = mesenchymal stromal cells. Dilutions for tyramide 
given in parentheses.  
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Product Name  Application  Company 
(Cat #) 

Normal Rabbit Serum 
Control  
(0.5µg.mL‐1 Ig mix) 

Solution added directly to 
slides 

Invitrogen 
(08‐6199) 

Novex Normal Mouse 
Serum Control 
 (0.5µg.mL‐1 IgG) 

Solution added directly to 
slides 

Life Technologies 
(08‐6599) 

Purified Mouse IgG2b, κ 
Isotype Control  
(0.5mg.mL‐1) 

Diluted to match primary 
antibody concentration 

BD Biosciences 
(557351) 

Purified Mouse IgG1, κ 
Isotype Control  
(0.5mg.mL‐1) 

Diluted to match primary 
antibody concentration 

BD Biosciences 
(555746) 

Table 2-12 Isotype antibodies used in immunofluorescent staining 

 

Antibody  Fluorochrome  Dilution  Company  Cat #: 

DyLight Horse anti‐Goat  AF488  1:200  Vector Labs  DI‐3088 

DyLight Horse anti‐Mouse  AF488  1:250  Vector Labs  DI‐2488 

Goat anti‐Chicken  AF568  1:250  Invitrogen  A11041 

Goat anti‐Mouse IgG  AF488  1:250  Life 
Technologies 

A11029 

Goat anti‐Mouse IgG  AF555  1:250  Invitrogen  A21422 

Goat anti‐Mouse IgG  AF647  1:250  Invitrogen  A21236 

Goat anti‐Rabbit IgG  AF488  1:250  Invitrogen  A11034 

Goat anti‐Rabbit IgG  AF555  1:250  Invitrogen  A21428 

Goat anti‐Rabbit IgG  AF647  1:250  Invitrogen  A21245 

Goat anti‐Rat IgG  AF488  1:250  Life 
Technologies 

A11006 

Goat anti‐Rat IgG  AF647  1:250  Invitrogen  A21247 

Streptavidin  AF488  1:200  Invitrogen  S32354 

Streptavidin  AF647  1:200  Invitrogen  S21374 
Table 2-13 Secondary antibodies used in immunofluorescent staining. AF = AlexaFluor 

 

2.6.7 Immunostaining by tyramide amplification 
Tyramide amplification involves binding a primary antibody with a horseradish 

peroxidase (HRP) conjugated secondary antibody, then visualising with TSA-Plus 

tyramide reagents (Fluorescein, Cyanine 3 [Cy3], or Cyanine 5 [Cy5]; PerkinElmer) 

which covalently binds fluorescent molecules to nearby proteins in the presence of 
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HRP196. For further amplification this was usually combined with ImmPRESS HRP-

conjugated secondary antibodies (Vector Labs), which have multiple HRP units 

polymerised to each individual antibody unit197. 

The general immunofluorescence protocol in 2.6.6 was followed with the addition of 

a 3% v/v H2O2 block (10 min) plus three washes in PBS prior to the protein block 

step. Secondary antibody was 2-3 drops of species matched ImmPRESS reagent for 

30 minutes at RT. Tyramide reagent was added to the provided buffer (1:50) 

immediately prior to use. After washing off the secondary antibody, slides were 

removed from Sequenza racks, then immersed in distilled water. Slides were 

superficially dried before application of tyramide reagent. Tyramide was applied so it 

completely covered the section (usually 20-30µl) and incubated for 5-10 minutes at 

RT depending on the primary antibody. Slides were washed again, and staining 

proceeded as normal. 

2.6.8 Tyramide dual staining 
For double staining with tyramide reagent, a second hydrogen peroxide block was 

performed before protein block in the second round of staining, this time for 15 

minutes, and appropriate controls were included to ensure no cross reaction was 

occurring. 

Lack of reliable antibodies for many antigens meant that in some cases double staining 

was necessary using antibodies raised in the same species (e.g. both rabbit). In such 

cases the robustness of the tyramide stain was exploited to allow staining to persist 

under conditions that denature the original primary antibody. Since fluorescent-

conjugated tyramide crystals are deposited on adjacent protein198, they do not rely 

on the survival of the primary-secondary antibody conjugate. After performing the 

first stain using tyramide (2.6.7) primary antibodies were denatured by microwaving 

in pH6.0 citrate buffer until boiling and maintaining the boil for five minutes199. Slides 

were left 20-30 minutes to cool before rinsing in tap water and re-mounting in 

Sequenza racks using PBS. Second antigen staining then proceeded as described above 

(using either conventional or tyramide immunofluorescence). Appropriate controls 
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were included to rule out the possibility of the first primary antibody was not 

completely destroyed (leading to false positive labelling in the second round).  

Validation of CD146 and PDGFR-β double stain 

This technique was optimised and used extensively with CD146 and PDGFR-β 

stainings on mouse tissue, because effective antibodies for these antigens were both 

raised in rabbit. Slides were stained against PDGFR-β in the red channel using Cy3 

tyramide, and a rabbit isotype as applied as the second primary antibody. Following 

treatment with anti-rabbit-HRP and tyramide amplification a second time using 

fluorescein tryamide, no green fluorescence was detected even in locations of high 

intensity PDGFR-β staining (Figure 2-3). As tyramide amplification is a very sensitive 

technique, this indicates that there is no residual primary rabbit antibody on the slide 

to cause fluorescent labelling.  

Covalent attachment of the tyramide substrate could obscure native antigens and give 

false negative staining. For this reason, a double staining procedure was performed 

with two antigens known to co-localise but also have mutually exclusive locations of 

single staining. PDGFR-β was co-stained with the intermediate filament vimentin. 

Multiple instances of double staining, as well as locations of mutually exclusive 

individual staining were observed, indicating that previous deposition of a tyramide 

substrate does not obscure antigens (Figure 2-3C). Vimentin is a highly abundant 

antigen, however, so it possible that lower abundance antigens can be obscured by 

this procedure. 

  



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 2 Methods 64 

 
Figure 2-3 Controls for double tyramide staining. (A) Control staining of cortex (top panel) and a 
vascular bundle (bottom panel) labelled first with rabbit anti-PDGFR-β followed by Cy3 tyramide 
amplification (red), then with rabbit isotype antibody followed by fluorescein tyramide amplification 
(green). There is no detectable green staining above the background level, indicating that 
microwaving in citrate buffer effectively destroys residual rabbit anti-PDGFR-β antibody. (B) 
Representative control staining of inner stripe and inner medulla, with rabbit isotype used first and 
amplified with Cy3 tyramide, followed by rabbit anti-CD146 amplified with fluorescein tyramide. 
Very little non-specific staining is observed, and it does not overlap with CD146 areas. (C) PDGFR-
β (red, 1st) and Vimentin (green, 2nd) dual-staining, both raised in rabbit and visualised with 
tyramide. Multiple double positive cells are apparent (arrows) along with areas of mutually exclusive 
staining. 
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2.6.9 5-colour immunostaining  
The primary antibodies used in this procedure are detailed in Table 2-14. There were 

several technical hurdles to multiplexed pericyte marker immunofluorescence. Firstly, 

three of the necessary antibodies are raised in rabbit. This cross-reactivity problem 

is overcome using the dual-staining tyramide approach, described above (section 

2.6.8), and applied twice in succession. It was necessary to perform these three stains 

first, to avoid denaturing of the conventional secondary antibody labelling applied to 

the other antigens. Secondly, to avoid overlap between fluorescent channels two non-

standard fluorochromes were required, namely BV480 and BV421 (BD Biosciences), 

which fluoresce in the cyan and violet regions of the spectrum, respectively. 

Secondary antibodies used are detailed in Table 2-15. Finally, to avoid spillover from 

the multiple channels, the laser power and emission spectrum settings on the confocal 

microscope had to be carefully adjusted, and fluorochromes assigned to reflect dye 

and staining intensity. The microscope settings are outlined in Table 2-16.  

Rehydrated tissue sections were mounted in Sequenza racks and blocked with 3ml 

3% H2O2 (Sigma-Aldrich) for 10 minutes, washed 3 times with PBS, then had 3 drops 

of protein block (Dako) added for 10 minutes. They were thrice washed again before 

incubation in 3 drops 2.5% horse serum (Vector Labs) for 1 hour at RT. PDGFR-β 

antibody in Ab Diluent was added and incubated for 1 hour at RT. After three washes 

slides were incubated with 2 drops of ImmPRESS anti-rabbit HRP for 30 minutes at 

RT. Slides were washed thrice with PBS, immersed in distilled water (dH2O) then laid 

flat in a humidified container and had 20µl of freshly prepared TSA-Plus Cy5 tyramide 

reagent (Perkin Elmer) added for 8 minutes, protected from light. After a brief rinse 

in dH2O they were immersed in citrate buffer (pH6.0), microwaved until boiling, 

boiled for 5 minutes, left to cool for 5 minutes, and then rinsed in tap water. Slides 

were then re-mounted in Sequenza racks, and had a second H2O2 block applied, this 

time for 15 minutes. After washing thrice with PBS, the protein block and horse 

serum steps were repeated, before addition of CD146 antibody in Ab Diluent for 90 

minutes at RT. Slides were thrice washed, and again incubated with two drops 

ImmPRESS anti-rabbit HRP (Vector) for 30 minutes at RT. Slides were washed thrice 
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with PBS, immersed briefly in dH2O, then stained with 20µl freshly prepared TSA-

Plus Fluorescein tyramide reagent (PerkinElmer) for 9 minutes, flat in a humidified 

container, protected from light. Slides were rinsed in dH2O before being boiled again 

in citrate buffer as before. Slides were then re-mounted in Sequenza racks and 

blocked with 5% goat serum (Sigma-Aldrich) in PBS for 30 minutes. CD31 antibody 

in 5% goat serum was directly applied overnight at 4°C. The next day slides were 

washed thrice with PBS before application of anti-rat BV480 antibody in 5% goat 

serum, and incubation for 90 minutes at RT. Slides were then washed, and the protein 

block and goat serum blocking steps were repeated. α-SMA antibody in 5% goat 

serum was applied to slides for 90 minutes at RT. Slides were then washed thrice 

with PBS then incubated with anti-mouse BV421 in 5% goat serum for 90 minutes at 

RT. After washing, the protein block and goat serum steps were again repeated, and 

the slides incubated with NG2 antibody in 5% goat serum overnight at 4°C. Slides 

were washed thrice with PBS, then incubated with AF555 conjugated anti-rabbit 

antibody (Invitrogen, Cat#: A21428) for 90 minutes at RT. This antibody was 

removed with three PBS washes, the slides were immersed briefly in dH2O, then 

mounted with glass coverslips using Fluoromount G (Southern Biotech).  

Order  Antigen  Raised in  Company  Dilution  Cat # 

1  PDGFR‐β  Rabbit  Abcam  1:500  Ab32570 

2  CD146  Rabbit  Abcam  1:750  Ab75769 

3  CD31  Rat  Dianova  1:25  DIA‐310 

4  α‐SMA  Mouse  Sigma  1:500  A2547 

5  NG2  Rabbit  Millipore  1:50  Ab5320 
Table 2-14 5-colour immunostaining primary antibodies 

Order  Conjugate  Raised in  Company  Dilution  Cat # 

1  HRP  Horse  Vector Labs  NA  MP‐7401 

2  HRP  Horse  Vector Labs  NA  MP‐7401 

3  BV480  Goat  BD Biosciences  1:250  564878 

4  BV421  Goat  BD Biosciences  1:250  563846 

5  AF555  Goat  Invitrogen  1:200  A21428 
Table 2-15 5-colour immunostaining secondary antibodies. HRP = Horseradish peroxidase; BV = 
Brilliant Violet; AF = Alexa Fluor 
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Antigen  Fluorochrome  Laser  Laser 
power 

Detection 
Range (nm) 

Gain/Smart 
gain 

α‐SMA  BV421  405nm  69.1%  411‐451  714 

CD31  BV480  458nm  47.7%  460‐490  300 

CD146  Fluorescein  488nm  9.88%  533‐582  565 

NG2  AF555  561nm  4.7%  611‐633  366 

PDGFR‐β  Cy5  633nm  1.6%  650‐699  571 
Table 2-16 5-colour immunostaining confocal microscope settings. BV = Brilliant Violet; AF = Alexa 
Fluor; Cy5 = cyanine 5 

2.7 Imaging  

2.7.1 Widefield fluorescent imaging 

Images of stained tissue sections were acquired on an Olympus BX61 microscope 

(Olympus, Southend-on-Sea, UK), with CoolLED p300 light source (CoolLED, 

Andover, UK). Monochromatic fluorescent images were acquired on a Retiga 6000 

camera (QImaging, Surrey, Canada), whilst brightfield images were acquired using a 

Micropublisher 3.3 RTV colour camera (QImaging, Surrey, Canada), and utilising 

either the Volocity v6.3 or MicroManager v1.4 software. Alternatively, when multi-

point tiled images were required, images were acquired on a Zeiss Observer 

microscope with a Colibri7 LED light source (Zeiss, Cambridge, UK). A Hamamatsu 

Flash 4.0 v3 camera (Hamamatsu Photonics, Welwyn Garden City, UK) was used for 

monochromatic fluorescent and brightfield images, or a Zeiss MRc camera (Zeiss, 

Cambridge, UK) was used for colour brightfield images. Acquisition was controlled 

using Zen Pro (blue edition) v2.3 software.  

2.7.2 Widefield polarised light imaging 
PSR stained tissue sections were illuminated with linearly polarised light. A second 

linear polarising filter was placed between the sample and the detector, aligned 

perpendicularly to the first. Only light differentially polarised by collagen fibrils bound 

to Sirius red dye could reach the detector200.  

2.7.3 Confocal fluorescent imaging 
Confocal imaging was performed on a Leica TCS SP8 5 detector microscope, with 

two Leica HyD detectors and three Leica PMT detectors (Leica Microsystems, Milton 

Keynes, UK) and images acquired using the Leica LasX software. Fluorochromes were 

excited using the laser closest to their excitation maxima, except where this caused 
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unacceptable bleed through between channels. Spectral ranges for detection were set 

around the maximum peak emission for each fluorochrome, and modified to 

maximise signal and prevent bleed through.  

2.7.4 High content imaging 
Fluorescent scanning of whole kidney sections was performed on an Operetta 

microscope (Perkin Elmer, Seer Green, UK). Slides containing mouse kidney tissue at 

a range of ages and stained for CD34, CD146, PDGFR-β and DAPI were loaded using 

an insert housing 4 slides. For each slide, an initial stack was taken in one field to 

determine the correct focal plane. An initial scan at low (2X) magnification was then 

performed, and used to determine the region to be scanned at high resolution. Images 

were scanned with the 20X objective, as it offered sufficient resolution to discern 

perivascular cells, but was less sensitive to small fluctuations in the focal plane.  

2.7.5 Electron microscopy 
Scanning electron microscopy (SEM) samples were viewed using a Hitachi S-4700 

scanning electron microscope at 5kV. TEM ultrathin sections were viewed in a JEOL 

JEM-1400 Plus TEM at 80kV, and representative images were collected on a 

GATAN OneView camera.  

2.8 Image processing and analysis 

2.8.1 Histological injury scoring 

Acute tubular necrosis (day 1 post-IRI) 

Four random fields of view (FOV) at 20x magnification were acquired in the outer 

stripe region of kidneys. The FOV were blinded and randomised before scoring. 

During scoring, the number of tubules was counted, then classified as healthy or 

necrotic. A tubule was necrotic if there was any instance of exposed basement 

membrane due to loss of tubular cell coverage.  

Semi-quantitative injury scoring (day 4 post-IRI) 

Overview images of each kidney were acquired at 4x magnification. Images were 

randomised and blinded, then scored as outlined in Figure 4-2. 
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2.8.2 Quantification of CD146+/PDGFR-beta+/CD34 
immunostaining area 

Sets of random FOV confined to the cortex, outer stripe, inner stripe or inner 

medulla were extracted manually from stitched images of whole kidneys stained with 

CD146, PDGFR-β and CD34, acquired using the Operetta microscope (see section 

2.7.4). 6-8 FOV were acquired per kidney per region. Quantification of the 

proportion of an image positive for an immunofluorescence stain was performed on 

Fiji in a semi-automated process, using the macro code in Appendix Macro 1. FOV 

were randomised prior to analysis. The code extracts the individual channels then 

asks the user to set a threshold of intensity for each channel in each image, above 

which the staining intensity is deemed positive. This manual thresholding avoids 

inaccuracies created by differences in staining intensity between kidneys and regions 

of a kidney.  Next, the code calculates the positive area for each channel, then 

superimposes the positive areas to calculate and record areas of co-localisation. 

Regions of interest (ROIs) generated from the co-localisation of DAPI staining with 

CD146 and PDGFR-β are used later in the counting of positive nuclei.  

For each animal, the % positive area for each channel is averaged across all FOV for 

each region. To normalise perivascular values by the total amount of vasculature 

surveyed, the total CD146+ or PDGFR-β+ area (i.e. the sum of all FOV for a given 

animal) was divided by the total (CD34+) vascular area for that animal. The units for 

this value are effectively the ratio of vascular area to CD146+/PDGFR-β+ area. To 

make this value more relatable to the non-normalised values, it was then multiplied 

by a constant: the average vascular area for all animals surveyed. The unit for this 

value can be interpreted as the percentage area stained if all regions had a similar 

vascular density.  

2.8.3 Positive nuclei counting: CD146 & PDGFR-β 
During the area quantification macro in section 2.8.2, areas dual-positive for DAPI & 

CD146, DAPI & PDGFR-β, or triple-positive for DAPI, CD146 & PDGFR-β are 

identified, and the Analyze Particles function is used to create an individual ROI for 

each nuclei, which are all saved. However, these selected nuclei contain many false 
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positive co-localisations, which can only be deciphered by manual scoring (Figure 2-4). 

This manual scoring is aided by several macros (Appendix Macro 2, Macro 3, Macro 

4). The first macro (Macro 2) selects each nucleus, marks its border on the image 

(black boxes in Figure 2-4), then draws a larger ROI, to capture the local area (FOV 

in Figure 2-4). These ROIs are all extracted from the image and saved into one file, 

to produce a stack of snapshots, each containing a marked potential positive nuclei.  

After randomisation, these stacks are used in the second macro (Macro 3). A stack 

is opened and each image is sequentially shown to the user, who scores it as a positive 

co-localisation or not. PDGFR-β+ and CD146+ stacks are processed together, so the 

user is in principle also blinded as to which stain they are quantifying. Double positive 

nuclei are processed with a slightly modified code that asks the user about each 

channel in turn (Macro 4). Ultimately, the number of positive nuclei for each FOV is 

recorded. This method provides a combination of human-level accuracy in 

quantification, and a relatively high throughput unbiased workflow.  

This strategy is applied both to the age range mouse kidneys, and the old and young 

ischaemic kidneys from the in vivo ischaemia experiment.  

2.8.4 Positive nuclei counting: PDGFR-α & PDGFR-β 
A similar strategy to section 2.8.3 was utilised here, but the procedure modified to 

fit the different nature of the staining. The macro code for this section is in Appendix 

Macro 5. The macro first performs a number of functions to accurately identify nuclei 

and create an individual ROI for each one. Then the user is asked to define a threshold 

for PDGFR-α and PDGFR-β channels individually. Then, each nuclei is tested to see 

whether it meets the criteria for a single or double positive. Selected nuclei again 

have a snapshot taken of them, and are arranged into a stack for subsequent manual 

scoring. 

Because of the nature of the staining, which is more punctate than staining analysed 

for CD146 and PDGFR-β dual labelled slides, nuclei are selected based on the 

maximum pixel intensity within the ROI. Accordingly the manual thresholds are set 

to reflect this. This avoids false positives due to background staining raising mean 
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pixel intensity in nuclei, and reduces false negatives due to positively stained puncta 

not contributing enough intensity to raise the mean for the nucleus sufficiently high.  

2.8.5 Positive nuclei counting: NG2 & α-SMA 
This staining combination also had features that required a slightly different approach 

to analysis. Robust α-SMA+ staining was achieved, but NG2 staining was subject to a 

high degree of background, and it was not possible using the functions on Fiji to 

automatically identify NG2+ cells. In an attempt to overcome this, images were 

uploaded to Columbus, an online module based image analysis platform 

(PerkinElmer), designed to be used following high content imaging on platforms such 

as the Operetta. Here, algorithms are built by piecing together individual units pre-

coded into the system, allowing more sophisticated analysis schemes than are possible 

in the same amount of time on Fiji (but relying on units that are not completely 

customisable). However, whereas an efficient identification of α-SMA positive cells 

was achieved, using the scheme outlined in Appendix Macro 6, NG2+ cells could still 

not be automatically identified to a satisfactory degree. During the scheme intensity 

statistics in the NG2 channel were collected for individual interstitial nuclei, α-SMA+ 

nuclei, and tubular cell nuclei, and compared in histograms and dot plots to decipher 

NG2+ cells, but this was also unsuccessful.  Therefore, manual counting was 

performed by using Columbus to highlight the detected nuclei in each FOV and 

deciding for each one whether NG2 was above background levels. 
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Figure 2-4 Examples of positively counted nuclei in CD146, PDGFR-β, CD34 triple labelled slides. 

Examples of CD146 single positive (top row) PDGFR-β single positive (middle row) and 

CD146+PDGFR-β+ double positive (bottom row) nuclei identified by macro code then manually 
verified are shown. The nuclei to be verified appears in the centre of the image in a black box that 
is generated by the macro. The leftmost column shows the antibody stains, whilst the other three 
show the individual stains along with DAPI in a high contrast colour (co-localisations with DAPI 
appear grey). Positive cells must be CD34- and present in the interstitial space (For example, the 

CD146+PDGFR-β- nuclei in the bottom row would not be counted ad CD146+ for these reason). 
Note: this is an illustration of positive nuclei, not an example of images shown to a user during 
automated quantification.  
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2.8.6 Calculating area positive for cells in culture images 
A macro was devised that detects blank space on a phase contrast image of cultured 

cells (Appendix Macro 7). A combination of two background reduction techniques 

and the Despeckle tool on Fiji, followed by thresholding of the darkest areas, 

effectively approximates the cell free space. 

2.8.7 Migration assay processing and quantification 
Migration assay images were stitched using the stitching function on the Zen Pro 

software using the parameters in Table 2-7. Stitched images from time point 0 (t0) 

were processed in Fiji using the macro code in Appendix Macro 8, which served to 

reduce background aberrations and make it easier to digitally define the border of 

the cell monolayer (Figure 2-5A,B). After this processing, the Wand tool (“Legacy” 

mode, Tolerance = 1) was used to automatically find the scratch border, by clicking 

in the centre of the scratch. ROIs generated this way were saved then superimposed 

on the original t0 images, to verify their correct placement and modify the shape 

manually if necessary using the Freehand Selection tool. Next, the areas of these ROIs 

were measured. Then, the border of the scratch was traced using the Segmented Line 

tool, and the length measured. This controls for differences in scratch length caused 

by undulations in its path. The ROIs from t0 were then superimposed on time point 

one (t1) images, and the areas of cell invasion into the t0 ROI were deleted from the 

ROI manually using the Freehand Selection tool (Figure 2-5C,D). The area of these 

t1 ROIs was then measured and compared to t0. Migration velocity was calculated 

using the following equation: 

0.5	 	  

Where v is velocity, l is scratch length, t is time, and A0 and A1 are the scratch areas 

at t0 and t1, respectively. Multiplication by 0.5 accounts for the fact that there are 

two scratch fronts moving towards one another.   
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Figure 2-5 Scratch assay quantification example. (A)Unedited image at timepoint 0. (B) Background 
subtraction techniques are applied to allow the Wand tool to automatically detect scratch 
boundaries. Inaccuracies are manually modified. (C) Image from timepoint 1 (24 hours later). The 
scratch boundary from timepoint 0 is superimposed. (D) The boundary is manually resected to 
the new scratch boundary. Alternatively, when less migration has occurred, the same background 
reduction as in B can be applied and the Wand tool used.  
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2.8.8 SA-β-Gal and PSR red positive area quantification 
Stained culture wells were scanned using the Zeiss observer in both brightfield and 

phase channels. Images were randomised and blinded, and the red colour channel was 

extracted from brightfield images and thresholded manually to detect the darkest 

areas. An ROI was generated from this and applied to the original brightfield image 

to ensure accuracy and manually remove and false positive quantification due to 

anomalies such as salt precipitated from the staining solution. A similar strategy was 

applied to PSR stained slides, except the green channel was used for quantification. 

The ROI area (X-gal/Sirius Red positive area) was measured. In SA-β-Gal 

quantification, phase contrast images were analysed with the macro in Appendix 

Macro 7 to identify cells, and the area covered by cells was quantified. The X-gal 

positive area was expressed as a percentage of this total area.  

2.8.9 p16INK4α nuclear quantification 

The intensity of p16 staining in individual nuclei following immunocytochemistry 

(ICC) was quantified by applying the Fiji macro in Appendix Macro 9 to multi-channel 

fluorescent images. The macro first applies a threshold the DAPI channel and uses 

the Analyze Particles function on the resultant binary image to create an individual 

ROI for each nucleus in the field. Then, each nucleus is selected in turn and the mean 

pixel intensity in the p16 channel is measured. Data was exported to Microsoft Excel 

and plotted to reveal the distribution of fluorescence intensity between nuclei. ROIs 

and the binary mask are saved for each file for quality control by manual inspection.  

2.8.10 Image deconvolution 
When images were destined for deconvolution, the Nyquist formula was used to 

calculate the minimum step size: 

	
1.67

 

Where R is the resolution in step size required, λ is the wavelength of light detected 

and NA is the numerical aperture of the objective lens. Deconvolution was performed 

on the Huygens software (Scientific Volume Imaging, Hilversum, The Netherlands) 

using the deconvolution wizard. 
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2.9 Data methods 

2.9.1 Quantification details and experimental n-numbers 
Qualitative observations in all cases are representative of at least three independent 

experiments and samples, and often many more, except in the case of cat tissue (n=1). 

All mouse work displayed in this thesis was performed on FVB mice.  

Chapter 3 

Positive area quantification was performed on eight FOV (0.35 mm2 total) per region 

per animal that were digitally extracted from scanned slides. Nuclei counting 

quantification was performed on the median four FOV from the above eight, with 

approximately 1,800 nuclei surveyed in total per region per animal of which around 

300 nuclei were manually scored per region per animal. N-numbers are as indicated 

in Table 2-17.   

Chapters 4 & 5 

N-numbers for the age range are as indicated in Table 2-17. N-numbers for the IRI 

experiment are as indicted in Table 2-18. For CD146 and PDGFR-β quantification 

outer stripe area was digitally selected from large slide scan areas and surveyed, 

representing a median area of 0.89 mm2. For PDGFR-α & -β quantification, six high 

power (60x) fields were surveyed per animal, totalling 0.09mm2. For α-SMA and NG2 

quantification, outer stripe area was digitally selected from large slide scan areas and 

surveyed, representing a median area of 0.17mm2. 

Chapter 6 

In this chapter, the n-numbers displayed on graphs and used for statistical analysis are 

often a combination of both ‘biological’ and ‘experimental’ replicates. A biological 

replicate would be for example cell lines isolated from separate animals. Experimental 

replicates would be for example the same cell line tested in separate independent 

experiments, and therefore different passage numbers. These have been combined to 

maximise statistical power, and because minimal differences were observed between 

the behaviour of different equivalent cell lines. All biological and experimental 

replicates represent the average of multiple technical replicates, i.e. multiple culture 

wells run within the same experiment. Technical replicates for each experiment 
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always included at least three culture wells. In scratch assay quantification the number 

was usually six. The length of scratch that was surveyed was in the range of 3-6mm 

per well in most cases.  

Age  
Region ↓ 

3-5 Months 14 Months 18 Months 24 Months 

Cortex 7 3 9 6 
Outer stripe 6 3 9 6 
Inner stripe 5 3 9 3 
Inner medulla 3 2 8 0 

Table 2-17 Animal numbers used in perivascular quantification at a range of ages 

Day 1 Day 4 Day 28 
Young Old Young Old Young Old 

6 6* 4†  3 10 8 
Table 2-18 Animal numbers involved in each group for ischaemia reperfusion experiment. * = 
surgery failed in two animals, leaving an effective n of 4. † = only three ischaemic kidneys as one could 

not be harvested.  

2.9.2 Data processing 
In some cases, data output from flow cytometry or image quantification was in 

extremely large file sizes or in convoluted unworkable formats. In these cases R 

programming software was used to re-format the data or extract the key information.  

2.9.3 Statistical analysis 

The specific statistics used in each case is given in the legend of the figure where the 

data occurs. Statistics were performed using the Graphpad Prism v5 software, except 

in the case of power calculations which were performed using the online calculators 

at www.powerandsamplesize.com (HyLown Consulting LLC, Atlanta, USA). When 

used, power calculations were performed post-hoc, to assess the reliability of certain 

‘non-significance’ results. 

For multiple comparisons, ANOVA was performed. One-way or two-way ANOVA 

was performed depending on whether there were one or two dependent variables, 

respectively. Repeated measures ANOVA was performed when data was paired. The 

familywise error rate was always set to 0.05. For two-way ANOVA, where 

significance was detected for the effect of interaction, the results of post-tests were 

used for interpretation of the main effects. Where all comparisons following ANOVA 
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were to be made, Tukey’s post-tests were performed as this is the most powerful of 

the appropriate tests for this circumstance. Where only selected comparisons were 

made, Bonferroni post-tests were performed. Whilst more conservative, Bonferroni 

tests offer reasonable power when only limited comparisons are made, and since the 

Bonferroni method is widely applicable it allows consistency between the varied 

datasets that are tested within this thesis. In limited cases data appeared non-normally 

distributed. In such cases where the data appeared skewed in one direction, a 

logarithmic transformation was performed prior to analysis. In other cases, for single 

comparisons the (non-parametric) sign test was performed. For parametric single 

comparisons, the appropriate form of the t test was performed. No tests for 

normality were performed, because they are ineffective for datasets of the magnitude 

used here, having a high false-negative error rate. 

In some cases, it was appropriate to perform a paired analysis. A common 

misconception is that paired analyses are only appropriate when comparing repeated 

measurement in time on the same subject, e.g. measuring a person’s blood pressure 

before and after administering a drug. However, they can also be applied to two 

different analyses performed simultaneously, e.g. comparing two methods of blood 

pressure measurement. Paired analyses compare the mean of the differences and 

opposed to the difference between means. In, for instance, the ischaemia timecourse 

experiment fibrosis is measured in both the contralateral and ischaemic kidneys of 

the same animal (Section 4.3.4). These values are paired because it can reasonably be 

expected that there was no difference in fibrosis between the kidneys prior to the 

ischaemic insult, and therefore the difference in fibrosis (or any other parameter) 

between the contralateral and ischaemic kidneys will be a direct result of the variable 

being tested201. Using paired analysis has the advantage of increased statistical power. 

Using a one sample t test to interrogate whether a set of log ratios are significantly 

different to 1 is a method of performing this paired analysis that was used extensively 

in this work.  
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Chapter 3 Perivascular Cell Sub-types and 
their Localisation in Murine Kidney 

3.1 Introduction 
In fields of study such as that of the cellular components of blood, surface markers 

have been extremely useful in separating various functional classes of cells, and indeed 

contemporary studies of macrophages and T cells regularly report new subdivisions 

based on novel surface markers202,203. The diverse cell types of the perivascular niche88 

will benefit from greater characterisation of surface marker phenotype. For pericytes 

in particular the anatomical location will also be informative as to function. The 

perivascular niches of the kidney, being perhaps amongst the most diverse in the 

human body, provide a rich resource in which to mine pericyte heterogeneity. 

Previous research utilising kidney pericytes has opted for numerous and diverse 

marker combinations (Table 1‐1). Elucidating the possible anatomical origins of the 

cells used in this previous research, alongside knowledge of the vascular biology of 

the kidney, should help enlighten our interpretation of previously reported findings.  

3.2 Hypotheses and aims 
The multiple perivascular niches in the kidney vary in a number of factors, including 

degree of osmolarity, hypoxia, and volume of blood flow. There are also diverse roles 

that must be played in the afferent and efferent arterioles, the vasa recta, and the 

mesangial and interstitial compartments. This variety implies there will be a 

heterogeneous pool of perivascular cells that can sense and respond to cues in their 

niche appropriately. The work in this chapter aims to investigate the anatomical 

distribution of common pericyte markers, which naturally are heterogeneous, in 

healthy young adult murine kidney tissue, with the hypotheses that: 

Hypothesis 1 The perivascular niche will harbour a heterogeneous population of cells 
with regards to common pericyte markers. 

Hypothesis 2 Certain marker combinations will be correlated with particular regions 
and structures in the kidney. 

Hypothesis 3 The anatomical regions of the kidney will harbour varying proportions 
of pericyte sub-types as defined by the expression of common surface markers. 



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 3 Perivascular cell sub-types  
and their localisation in murine kidney 80 

To address this hypothesis, murine kidney tissue from healthy young adult mice was 

stained for combinations of common pericyte markers, and heterogeneity in marker 

expression has been qualitatively assessed. The degree of staining for some markers 

has been quantified in the different kidney regions using immunostaining and semi-

automated image analysis. Qualitative assessments have been compared to tissue 

from companion animals (dog and cat) and human donors to assess the conservation 

of the phenotypes seen. Finally, an electron microscopy method has been developed 

and tested for its ability to aid in the study of pericytes and the kidney in general.  

3.3 Results 

3.3.1 PDGFR-β has a wide interstitial distribution in the adult 
murine kidney 

PDGFR-β immunostaining of mouse kidneys revealed an extensive network of 

PDGFR-β+ cells in all regions of the interstitial compartment of the renal parenchyma 

(Figure 3-1), although it was not observed in the very deepest parts of the inner 

medulla (see Section 3.3.6). In addition, weak PDGFR-β positivity was observed in 

smooth muscle cells and in the adventitial layer of large arteries. Occasional PDGFR-

β+ nuclei were closely abutted to endothelial cells indicating a pericyte, but the 

majority of positively labelled cells were further from the peritubular capillaries, 

suggesting interstitial fibroblasts.  
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Figure 3-1 PDGFR-β localisation in the various regions of the murine kidney by widefield 
immunofluorescence. Murine kidney sections stained with CD31 for endothelium (green), DAPI for 
nuclei (blue) and PDGFR-β pericyte marker (red). PDGFR-β localises in the interstitium of all 
regions, including (A) cortex, (B) outer stripe of the outer medulla, (C) inner stripe of the outer 
medulla, (D) between vessels of the vasa recta, and (E) the inner medulla. Note the especially 
widespread staining in the inner stripe and the inner medulla. (F) Rabbit isotype primary antibody 
in red on outer stripe. 
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3.3.2 CD146 has an extensive interstitial distribution and is 
closely apposed to a subset of the adult murine kidney 
endothelium 

CD146 is reportedly a ubiquitous pericyte marker in human but is not commonly 

used in mouse studies of kidney pericytes. CD146 was therefore tested for its ability 

to identify murine renal pericytes. Immunostaining shows extensive interstitial 

distribution of CD146 in all kidney regions of mouse kidneys (Figure 3-2). CD146 

positivity was associated with the majority of peritubular capillaries in the cortex, 

outer stripe and inner stripe, but only on a smaller subset in the inner medulla and 

was lost altogether deep in the papilla (Section 3.3.6). Further investigation later in 

this thesis reveals that CD146 is likely to be perivascular, but is also present on a 

subset of endothelial cells such as in the glomerulus (Figure 3-14) and afferent 

arterioles (Figure 3-16). See CD146 discussion in section 3.4.3. 

3.3.3 α-SMA identifies a restricted subset of pericytes around 
larger vessels in healthy young adult mouse kidney 

-SMA labelling was observed, as expected, in smooth muscle cells of arteries and 

the mural cells of veins (Figure 3-3). Both afferent and efferent arteriolar pericytes 

are positive for α-SMA, and a minority subset of vessels in the vasa recta and inner 

medulla are encircled by -SMA labelling. -SMA+ interstitial cells were very rarely 

observed in young adult mice (Figure 3-3E). These may represent occasional activated 

myofibroblasts.  

3.3.4 NG2 identifies a perivascular population of cells in all 
regions of the kidney 

NG2 labelled cells were observed in interstitial perivascular locations in all regions of 

the kidney (Figure 3-4), although NG2 expression was less widespread than that of 

CD146 and PDGFR-β. In the inner stripe and inner medulla the distribution was 

similar to that of CD146. NG2 immunostaining identified a sub-population of the 

vessels in the vasa recta, pericytes of the arterioles, and mural cells around arcuate 

veins. Faint but consistent NG2 staining was also observed in the smooth muscle cells 

of arteries.    
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Figure 3-2 CD146 localisation in the various regions of murine kidney by widefield 
immunofluorescence. Murine kidney sections stained with CD31 for endothelium (green), DAPI for 
nuclei (blue) and CD146 pericyte marker (red). CD146 localises in the interstitium of all regions, 
closely associated with blood vessels, including in (A) cortex, (B) outer stripe of the outer medulla, 
(C) inner stripe of the outer medulla, and around certain vessels of the (D) vasa recta and (E) inner 
medulla. (F) Rabbit isotype antibody in red on medulla. 
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Figure 3-3 α-SMA localisation in the various regions of murine kidney by widefield 
immunofluorescence. α-SMA can be detected only on a limited subset of vessels in healthy young 
murine kidney. α-SMA is shown in red and nuclei stain with DAPI in blue. Autofluorescence of the 
tubules is shown in green. (A) Afferent (arrow) and efferent (arrowhead) arterioles consistently 
exhibit α-SMA positive pericytes. Glomeruli outlined with dotted lines. (B) Larger vessels also 
exhibit α-SMA positive mural cells, here shown on an arcuate artery (arrow) and vein (arrowhead, 
lumen marked with asterisk). (C,D) Selected vessels of the vasa recta (C, outlined) and inner medulla 
(D) also exhibit aSMA staining. (E) In healthy young mice, interstitial α-SMA positive cells are rarely 
observed but do occur (arrowheads). (F) Isotype primary antibody staining shows non-specific 
binding of anti-mouse secondary antibody to mouse tissue (vasa recta outlined in dotted lines). As 
it labelled the endothelial lumen, it did not interfere with the detection of perivascular cells. 
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Figure 3-4 NG2 localisation in the various regions of murine kidney by widefield immunofluorescence. 
NG2+ pericytes can be seen localised in the interstitium of the cortex (A), in the outer (B) and inner 
(C) stripes of the outer medulla, and in the inner medulla (D, arrowheads).  (E) NG2+ pericytes are 
observed around certain vessels of the vasa recta (vasa recta outlined). (F) Pericytes of small arterioles 
are NG2+ (arrow, top right). There is weaker positive staining on smooth muscle cells (lower arrow). 
NG2+ cells were also observed on mural cells of the arcuate veins (asterisk and arrowhead). 
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3.3.5 CD146 and PDGFR-β exhibit little co-localisation despite 
both being common pericyte markers  

Double immunostaining was performed to test the extent of co-localisation between 

CD146 and PDGFR-β, which both exhibited extensive interstitial distribution. 

Healthy young adult murine kidney was co-stained for CD146 and PDGFR-β, and a 

striking pattern was observed throughout the various regions (Figure 3-5). Although 

both are pericyte markers, the majority of stainings do not overlap. In glomeruli there 

is clear co-labelling of mesangial cells alongside some single positive CD146+ cells, 

likely glomerular endothelial cells (see 3.3.9). Pericytes of the afferent and efferent 

arterioles are also dual-labelled (Figure 3-6A). The PDGFR-β signal on these arteriolar 

pericytes is relatively dim, especially compared to CD146-PDGFR-β+ cells on the 

adventitial aspect of the vessels, outwith the CD146+ cell layer (i.e. perivascular 

fibroblasts).   

On the peritubular capillaries of the cortex, outer- and inner- stripes of the outer 

medulla, and inner medulla, nuclei with double positive perinuclear staining are 

observed in perivascular locations (Figure 3-6B,C; Figure 3-7B,C), however the 

majority of  stained cells are single positive. In the vascular bundles there is a major 

population of CD146+PDGFR-β- pericytes enwrapping the vasa recta, alongside other 

vessels with double positive nuclei associated (Figure 3-7A). An abundant population 

of CD146-PDGFR-β+ cells exists in the interstitial compartment, less closely 

associated with vessels, that are likely to be fibroblasts.  
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Figure 3-5 Global pattern of CD146 and PDGFR-β staining in murine kidney. An unannotated (left) 
and annotated (right) view of a young adult murine kidney stained for CD146 (green) and PDGFR-
β (red). PDGFR-β is highly abundant in the cortex, inner stripe and inner medulla, with lower 
abundance in the outer stripe. Staining is also present in the glomerulus (arrows) and in the 
adventitial layer around arteries and veins (location of arcuate vein and artery marked with an 
asterisk). CD146 is in highest abundance in the outer stripe, followed by the inner stripe and cortex, 
and the inner medulla. CD146 is also present in glomeruli (arrows), in the smooth muscle layer of 
arteries (asterisk) and encircling vessels in the vasa recta. Strikingly, for two common pericyte 
markers, the majority of expression does not seem to overlap. 

PDGFR‐ β 
CD146 
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Figure 3-6 CD146 and PDGFR-β co-localisation in the cortex and outer stripe. Young adult FVB kidneys doubly stained with CD146 (green) and PDGFR-β (red). 
(A) CD146 and PDGFR-β co-localise on mesangial cells of the glomerulus. Juxtaglomerular arterioles exhibit double positive pericytes (arrows) and PDGFR-
β+CD146- perivascular cells are also observed on the adventitial aspect of these vessels, beyond the CD146+ layer (arrowheads). (B,C,D) The majority of CD146 
and PDGFR-β staining are  mutually exclusive in the interstitium of the cortex and outer medulla, leading to a striking pattern of alternating colours around kidney 
tubules. Double positive nuclei are observed (arrows), which further suggests that lack of co-localisation is not due to antigen masking by the tyramide reagent.  
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Figure 3-7 CD146 and PDGFR-β co-localisation in the inner stripe and inner medulla. (A) 
CD146+PDGFR-β+ cells (arrows) occur relatively frequently in the vascular bundles of the vasa recta 
(encircled area), but the staining is still largely exclusive, with CD146 closely encircling vessels and 
PDGFR-β occupying the interstitium. (B,C) The inner medulla has largely exclusive localisation, but 
double positive cells are seen closely associated with vessels (arrows). 
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Quantification of CD146+ and PDGFR-β+ immunostaining areas 

The %-area positive for CD146, PDGFR-β, CD146 and PDGFR-β, and CD34 (here 

used to identify endothelium) was digitally assessed on 7m thick kidney sections. 

FOV lacking glomeruli or vascular bundles were used. PDGFR-β coverage ranged 

from ~10% in outer stripe and cortex to ~20% in inner stripe and ~30% in the inner 

medulla (Figure 3-8B). CD146 consistently covered around 8% of total area (range 4-

14%) and no differences were detected between regions (Figure 3-8A). Double 

positive area was around 3% of total area and was significantly higher in the inner 

stripe compared to the outer stripe (p<0.05, Figure 3-8C). This shows that less than 

half the area covered by CD146 is PDGFR-β+. The proportion of PDGFR-β+ area that 

is CD146+ ranges from 10 to 20%. Note that the thickness of sections could result 

in superimposition of cells, and the automated analysis will detect this as double 

positive, resulting in a slight overestimate for this value. The impact of this effect is 

likely to be negligible, however, because following manual nuclei counting in the 

cortex and inner stripe (see below) the relative difference between these two regions 

in double positive cells is similar to what is seen here using the automated area 

measurement. Finally, CD34+ area quantification showed that vascular density was 

increased in the inner stripe. Note that since FOV are chosen that exclude large 

vessels, CD34 is present exclusively on the endothelim. 

The above quantification measures the absolute quantity of each pericyte marker in 

kidney regions. Differences in vascular density between regions could artefactually 

produce or mask differences in pericyte density on vessels. Absolute area of pericyte 

markers was therefore normalised by vascular density (CD34+ area) producing a 

readout of pericyte density relative to the vasculature. This revealed that there was 

a significant reduction in CD146+ area from the cortex to the inner stripe (Figure 

3-9A). In addition, PDGFR-β coverage remained relatively stable with respect to the 

amount of vasculature, with no differences detected between regions (Figure 3-9B). 

Double positive staining also exhibited no significant difference between regions 

(Figure 3-9C).  



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 3 Perivascular cell sub-types  
and their localisation in murine kidney 91 

As a more accurate measure of cell number, semi-automated nuclei counting was 

performed in the cortex and inner stripe for CD146 and PDGFR-β. The relative 

abundance of double and single positive cells was roughly the same as for area 

quantification (Figure 3-10). Interestingly, PDGFR-β single positive cells were more 

numerous in the inner stripe even after normalisation for vascular area, suggesting a 

higher density in the same interstitial space (Figure 3-10B). The abundance of CD146+ 

or double positive cells was constant between the cortex and the inner stripe, 

suggesting pericyte ratio is unchanged.  
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Figure 3-8 Quantification of vascular and perivascular markers in young adult kidney regions. 
Quantification of areas positive for CD146, PDGFR-β, CD34, or co-localised CD146 and PDGFR-
β in young adult (3-5 months) FVB mice. (A) CD146 may be slightly lower in the outer stripe. 
ANOVA detected a significant difference between groups, but post tests could not detect precisely 
where. (B) PDGFR-β shows a clear pattern of increase from the cortex to the medulla. (C) Co-
localisation of CD146 and PDGFR-β is variable between animals, but there is similar evidence that 
the outer stripe contains fewer pericytes compared to the inner stripe. (D) CD34 staining shows a 
pattern of increased vascular density from the cortex/outer stripe to the inner stripe. Inner medulla 
measurements were omitted from statistics due to low n-numbers. Repeated measures ANOVA 
with Tukey’s post-test was performed. * = p<0.05, ** = p<0.01, *** = p<0.001. 
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Figure 3-9 Pericyte marker quantification normalised by vascular area (CD34+). Same data as in 
Figure 3 12, but for each animal the perivascular marker area was divided by the CD34+ area, then 
multiplied by a constant value (the average CD34+ area, see Section 2.4.1). (A) CD146+ area 
significantly decreases from cortex to inner stripe (B) No significance difference in PDGFR-β+ areas 
between regions detected. (C) No significance difference in CD146+PDGFR-β+ areas detected 
between regions. (D) CD34+ area values given for comparison (same as in Figure 3-8). Paired values 
were compared using a repeated measures one-way ANOVA, inner medulla values excluded from 
the analysis because in many cases n < 3. 
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Figure 3-10 CD146 and PDGFR-β in young cortex and inner stripe quantified by counting nuclei. 
(A) Counts of total CD146+, total PDGFR-β+, and double positive nuclei per FOV in the cortex and 
outer stripe. PDGFR-β+ cells are significantly more numerous in the inner stripe than the cortex. 
(B) When normalised by vascular density (CD34+ area) the number of PDGFR-β positive cells is 
still significantly higher in the inner stripe. There is no difference in CD146+ or double positive cells 
between regions. Paired t-tests performed; *** = p<0.001. 
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3.3.6 Compartmentalisation of the inner medulla following 
CD146 and PDGFR-β co-labelling 

Three subdivisions of the inner medulla become apparent when stained for CD146, 

PDGFR-β and CD34 (Figure 3-11). Counting from the start of the inner medulla 

adjacent to the inner stripe, the first region (Figure 3-11B) is characterised by 

abundant staining of both CD146 and PDGFR-β. CD146 is closely associated with 

vessels. PDGFR-β localisation is widespread in the interstitium, similar to other 

regions of the kidney. The second region (Figure 3-11C) has much less intense CD146 

staining, bordering on undetectable. PDGFR-β+ cells exhibit a ladder-like morphology 

that is characteristic of this region10,204. Finally, in the region nearest the papillary tip 

there is an absence of both pericyte markers, suggesting the vessels in this location 

lack pericytes completely (Figure 3-11D). Instead the vessels are closely associated 

with the collecting duct epithelia. The loss of PDGFR-β+ localisation is coincident with 

a more swollen morphology of the papillary epithelium (compare Figure 3-11C &D). 
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Figure 3-11 PDGFR-β 
and CD146 staining 
demarcate distinct 
regions of the inner 
medulla/papilla. 
Annotated and 
unannotated views of 
murine inner medulla 
stained with CD146 
(red) PDGFR-β 
(green) and CD34 
(endothelium, blue). 
Distinct regions with 
regards to pericyte 
staining can be 
identified. (A) Outer 
medulla. (B) Both 
CD146 and PDGFR-β 
associated with 
vessels. (C) PDGFR-β 
alone associated with 
vessels. (D) Neither 
pericyte marker 
present. The green 
signal visible is 
autofluorescence (see 
Figure 3 16 for a 
more detailed view of 
PDGFR-β and CD146 
staining in the inner 
medulla.) 

CD34 PDGFR‐ β CD146 
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Figure 3-12 A more 
detailed view of PDGFR-
β and CD146 staining in 
the inner medulla. Panels 
B, C and D are close up 
FOV from their 
respective areas labelled 
in Figure 3-11. Closed 
arrowheads indicate co-
localisations between 
CD146 and CD34. In C 
these occur rarely and 
are only ever very dimly 
stained with CD146. 
Notched arrowheads 
indicate PDGFR-β 
positive cells 
concentrically aligned 
around a blood vessel. 
Arrows indicate vessels 
where both CD146 and 
PDGFR-β are present. 
Only a selection of the 
above features are 
labelled. Note the lack 
of perivascular staining 
in region D despite a 
high degree of 
vascularisation.  
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3.3.7 Pericytes of the afferent arteriole exhibit a variety of 
surface marker phenotypes 

To interrogate the extent of pericyte marker heterogeneity further, kidneys were 

stained for four pericyte markers simultaneously (CD146, PDGFR-β, NG2, α-SMA) 

plus an endothelial cell marker (CD31). There was no evidence of cross-reaction or 

bleeding between channels. Figure 3-13 shows an example image of an afferent 

arteriole. The majority of afferent arteriolar pericytes are 

α-SMA+CD146+NG2+PDGFR-βdim, alongside cells that are exclusively CD146+NG2+, 

exclusively PDGFR-β+(bright), exclusively NG2+PDGFR-β+, and exclusively α-SMA+. 

Note also the endothelial cells (CD31+) that dual stain with CD146+.   

In many figures of 5-colour stained images below, individual pairs of fields representing 

all combinations of the pericyte markers CD146, PDGFR-β, NG2 and α-SMA are 

expanded with one marker shown in green and another in magenta. An area of co-

localisation will appear white.  
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Figure 3-13 Five colour immunostaining of an afferent arteriole in murine kidney. Afferent arteriole in the cortex of a murine kidney stained with α-SMA (magenta), 
CD31 (blue), CD146 (green), NG2 (yellow), and PDGFR-β (red). Observe endothelial cells double positive for CD146 and CD31. Also pericytes here positive for 
α-SMA, CD146, NG2 and dimly for PDGFR-β. Brighter PDGFR-β cells are observed on the adventitial aspect of the vessel. 

 

α‐SMA CD31 CD146 NG2 PDGFR‐β 
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3.3.8 CD146, NG2 and PDGFR-β mark homogenous mesangial 
and peritubular capillary cell populations, and CD146 
marks a subset of glomerular capillaries in mouse kidney 

In glomeruli, mesangial cells stain triple positive for CD146, PDGFR-β and NG2, are 

negative for α-SMA, and represent a homogeneous population with respect to these 

markers (Figure 3-14A,C).  In multiple instances CD146 does not co-localise with 

PDGFR-β and NG2, and is likely labelling glomerular capillaries (see 3.3.9) (Figure 

3-14B).  

The peritubular capillary pericytes of the murine kidney exhibit high heterogeneity in 

pericyte marker coverage. Many pericytes of the peritubular capillaries are triple 

positive for CD146, PDGFR-β and NG2 (Figure 3-15, arrows), however there are 

also instances of CD146+NG2+PDGFR-β- and CD146+PDGFR-β+NG2- pericytes 

(Figure 3-15, notched and open arrowheads, respectively). As in all other regions of 

the kidney, there are multiple instances of PDGFR-β+ interstitial cells that do not stain 

with other pericyte markers. Finally, there are thin projections of CD146 staining 

closely apposed to the endothelium that are also absent for other pericyte markers 

(Figure 3-15, arrowhead).   

3.3.9 Endothelial cells on arterioles and a subset of glomerular 
capillaries express CD146 

CD146 was first identified as an endothelial cell marker but is also often used to mark 

perivascular cells. It is important to establish which cells CD146 is marking precisely, 

because this information will affect the interpretation of the quantification of CD146+ 

areas from immunostaining presented throughout this thesis. 5-colour 

immunostaining allows more confidence in identifying what is vascular and what is 

perivascular, especially given the resolution limits of confocal microscopy (~250nm) 

and the thickness of endothelial and pericyte cytoplasm in some locations (~80nm, 

see Figure 3-34B).  
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In the case of glomeruli, multiplexed pericyte markers show that CD146 identifies a 

population in addition to mesangial cells. Comparison with the CD31 channel (Figure 

3-17) shows that indeed CD146 co-localises with some, but not all, cells positive for 

CD31. CD146+ endothelium can be observed on the afferent and efferent arterioles 

of glomeruli (Figure 3-16). Observation alongside other pericyte markers and CD31 

shows that CD146 co-localises with CD31, but is also in the pericyte layer, and co-

localises with both α-SMA and NG2. Whereas α-SMA and NG2 completely co-

localise with one another, CD146 can also be seen to localise luminally with respect 

to these pericyte markers. This effect is strongest on the central vessel of the figure, 

shown entering the glomerulus, where endothelium shows a high intensity of CD146 

staining. Here, CD146 appears absent from the pericyte layer except in the position 

most distal from the glomerulus. 

In the 5-colour technique, CD146 is visualised using tyramide amplification. In this 

process, highly reactive fluorochrome-conjugated tyramide radicals bind to nearby 

protein, but they may diffuse a short distance first, reducing the effective resolution 

compared to conventional immunofluorescence196. For this reason confocal 

microscopy of a CD31 and CD146 dual-stain, using conventional 

immunofluorescence was performed to interrogate the co-localisation of these 

markers. Co-staining can be observed in interstitial locations in the cortex, although 

this represents a minority of total staining area (Figure 3-17A). Co-localisation was 

again observed on a subset of glomerular endothelial cells (Figure 3-17B). In a 

superimposed view of both markers at a site of co-localisation (Figure 3-17C) CD31 

and CD146 appear to overlap, indicating expression in the same cell. However, when 

the separate channels are viewed, the width of the lumen in the CD146 channel is 

larger than that in the CD31 channel, suggesting very close apposition but separate 

cells (or subcellular localisation) nonetheless.  
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Figure 3-14 5-Colour staining of pericyte markers on glomeruli. 5-colour stained young adult FVB 
mouse kidney. The same image is displayed in all panels. (A) CD31 (endothelial marker), CD146, 
NG2 and PDGFR-β are all present within murine glomeruli. (B) CD146, as well as labelling the 
mesangium, also labels some, but not all, of the glomerular endothelial cells (arrowheads ). (C) Pairs 
of markers PDGFR-β, CD146, α-SMA and NG2 have been extracted and displayed in green or 
magenta channels, as indicated. α-SMA is not located within glomeruli. PDGFR-β clearly marks the 
mesangial cells, and overlaps completely with NG2. CD146 also marks mesangial cells, but also a 
subpopulation of the glomerular endothelial cells. 
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Figure 3-15 Pericyte sub-types in the cortical peritubular capillaries. 5-colour stained young adult 
FVB mouse kidney. Pairs of markers PDGFR-β, CD146, α-SMA and NG2 have been extracted and 
displayed in green or magenta channels, as indicated. Multiple pericytes can be seen staining positive 
for PDGFR-β, CD146 and NG2 (arrows) closely apposed to peritubular capillaries. Areas that may 
be PDGFR-β+CD146+NG2- (notched arrowhead) or PGDFR-β-CD146+NG2+ (open arrowhead) are 
also apparent. The majority of CD146 localisation that stretched thinly between tubules (closed 
arrowhead) does not co-localise with other pericyte markers tested here. 
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Figure 3-16 CD146 labels the endothelium of some arterioles and especially those entering the 
glomerulus (legend overleaf). 
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(Figure 3-16 legend) 5-colour stained young adult FVB mouse kidney. Pairs of markers CD31, 
CD146, α-SMA and NG2 have been extracted and displayed in green or magenta channels, as 
indicated. CD146 can be observed to co-localise with CD31 (arrows). α-SMA and NG2, which also 
stain arteriolar pericytes, co-localise with CD146 (closed arrowheads) but also encircle a layer of 
CD146+ staining on the luminal side (notched arrowheads). This is most clear in the case of the 
centrally located vessel that is entering the glomerulus.  In this location, CD146 is not detectable 
on the pericytes, although it begins to be distal to the glomerulus. 

 

Figure 3-17 CD146 & CD31 do not always co-localise on capillaries when imaged by confocal 
microscopy. Confocal images of murine kidney showing endothelium stained with CD31 (green) 
and pericyte marker CD146 (red). (A,B) CD146 expression is widespread on cortical peritubular 
capillaries, but coverage is not ubiquitous. On larger vessels CD146 clearly surrounds the 
endothelial layer (arrowheads). On smaller vessels the markers appear to co-localise (arrows). 
These images have been modified with the ‘Despeckle’ tool on ImageJ to improve clarity. Asterisk 
marks a glomerulus, where the mesangial cells are strongly positive for CD146. (C) Peritubular 
capillary. Although CD31 and CD146 appear to co-localise in the merged image, in the separate 
channels the lumen is larger in the CD146 channel than the CD31 channel.   
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3.3.10 CD146, NG2, PDGFR-β and α-SMA together mark 
sub-types of pericytes in the vascular bundles and inner 
medulla of mouse kidney 

Following 5-colour immunostaining, pericytes of the vascular bundles exhibit high 

heterogeneity with respect to the common pericyte markers here tested. The major 

type expresses CD146, NG2, and α-SMA, but other types occur expressing in 

addition PDGFR-β, expressing exclusively CD146, or exclusively PDGFR-β (Figure 

3-18). Although PDGFR-β staining is extensive in this region, it often occupies the 

interstitium between vessels as opposed to lying close to the endothelium as the 

other pericyte markers do. PDGFR-β can often be seen localising basally to these 

other pericyte markers in thin sections of interstitium next to vessels (Figure 3-18, 

filled arrowheads).  

A high proportion of the vasculature in the inner medulla is vasa recta. It is intriguing 

then that there are some distinct departures in pericyte marker expression in the 

inner medulla compared to the vascular bundles (Figure 3-19A). In the inner medulla 

there are no α-SMA+ pericytes (Figure 3-19B). Although there is the same abundant 

population of PDGFR-β+ interstitial cells, PDGFR-β does not co-localise with the 

other pericyte markers. Instead, pericytes are seen stained singly for either CD146 

or NG2, or double labelled for both (Figure 3-19B).  

3.3.11 PDGFR-α and PDGFR-β identify sub-types of 
pericytes within murine kidney tissue 

In the glomeruli, where mesangial cells are PDGFR-β+, PDGFR-α completely co-

localised with PDGFR-β, suggesting mesangial cells are a homogenous population with 

respect to expression of these two markers (Figure 3-21A). This contrasted with 

cortex perivascular interstitial cells, where although the majority of cells co-labelled 

for both markers (see Figure 3-23), a sub-type was observed that was single positive 

for PDGFR-α (Figure 3-20A). The case was similar in the interstitial populations of 

the outer medulla, where both double and single positive populations were observed 

(Figure 3-20C,D Figure 3-21B). In the inner medulla the double positive population 

was abundant, with only very few single positive cells observed (Figure 3-20C). 
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Figure 3-18 Pericyte 
sub-types in the 
vascular bundles of 
the inner stripe. 5-
colour stained young 
adult FVB mouse 
kidney. The top left 
panel is a composite 
image, and the others 
are single channels. 
Multiple sub-types  
can be discerned 
within the vascular 
bundle niche based 
on this staining. 
Namely CD146+ 
(notched 
arrowheads); 
PDGFR-β+ (open 
arrowhead) 
CD146+NG2+α-SMA+ 
(closed arrows); and 
CD146+NG2+α-
SMA+PDGFR-β+ 
(open arrows). Note 
that PDGFR-β 
staining in the 
interstitium is often 
located basally to 
other pericyte 
markers (closed 
arrowhead). 
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Figure 3-19 Pericyte heterogeneity in the upper portion of the inner medulla. Upper part of the 
inner medulla in a 5-colour stained young adult FVB mouse kidney. (A) There is a large population 
of interstitial PDGFR-β positive cells, that do not express other pericyte markers. The tissue is 
highly vascularised, as exhibited by CD31+ capillaries, although most of these do not have obvious 
pericyte coverage. (B) Pairs of markers PDGFR-β, CD146, α-SMA and NG2 have been extracted 
and displayed in green or magenta channels, as indicated. Some structures are encircled by an 
NG2+CD146- layer (arrows), some an NG2-CD146+ layer (notched arrowheads) and some an 
NG2+CD146+ layer (filled arrowheads) demonstrating pericyte heterogeneity in the inner medullary 
pericyte pool. No convincing α-SMA staining is observed at this position. 
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Figure 3-20 PDGFR-α and PDGFR-β double labelling and co-localisation in the cortex and outer 
stripe. Kidney tissue from young adult mice was dual-labelled for PDGFR-α and -β. (A) In the 
interstitial space around peritubular capillaries of the cortex, nuclei that are single positive for PDGFR-
α (arrows) and double positive for PDGFR-α and -β (arrowheads) are observed. (B) Double positive 
perivascular interstitial cells were observed in the outer stripe region (filled arrowhead). In addition, 
around larger vessels, presumably efferent arterioles descending to the vasa recta, single positive 
PDGFR-β+ cells were observed in the pericyte niche (arrow), with single positive PDGFR-α+ cells 
localised basally to this (notched arrowhead), potentially representing perivascular fibroblasts 
(expanded in C). 
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Figure 3-21 PDGFR-α and PDGFR-β co-localisation in glomeruli and medullary regions. Young adult 
FVB mouse kidney tissue dual-stained for PDGFR-α and -β. (A) Mesangial cells of the glomerulus 
stain robustly for both markers (arrows). The mesangial cell population appears homogenous with 
respect to PDGFR-α and -β co-localisation. (B) In the inner stripe region, there are double positive 
cells, and cells single positive for PDGFR-β (arrow) and PDGFR-α (arrowheads). (C) The inner 
medulla exhibited extensive staining for both markers that mostly co-localised, but examples of 
single positive PDGFR-β+ (arrow) and PDGFR-α+ (arrowhead) cells were also seen. 



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 3 Perivascular cell sub-types  
and their localisation in murine kidney 111 

3.3.12 Flow cytometry can detect perivascular cell sub-
types with varying efficiency in murine kidney 

Flow cytometry can quantitatively survey every cell type in a tissue for multiple 

markers. As such, it was applied to kidney tissue for the detection of perivascular 

sub-types, although since flow cytometry lacks spatial information the true origin of 

the cells identified can only be inferred. The sorting strategy involved selecting viable 

cells and single cells based on forward- and side-scatter properties, exclusion of dead 

cells using DAPI, then negative selection of CD45+ and ICAM2+ cells, which are 

haematopoietic and endothelial cells respectively (Figure 3-22, 1-4). ICAM2 is used 

because our conventional FACS endothelial marker, CD31, is cleaved by Pronase in 

the digestion cocktail. A minority of the resulting population stained positive for 

pericyte markers such as CD146 and NG2, although they were mostly mutually 

exclusive (Figure 3-22).  

To validate the isolation of perivascular cells, flow cytometry was performed on 

PBAG Pdgfrb-GFP reporter mice (Section 2.1.6), which have been previously 

validated as labelling PDGFR-β+ cells (He et al. 2016[205] and personal communication 

from Phoebe Kirkwood). A robust population of GFP+ cells was observed, that 

appeared to consist of two overlapping populations. A minority of GFP+ cells stained 

for PDGFR-β antibody (Figure 3-23A), but the majority of PDGFR-β antibody labelling 

was non-specific (i.e. also seen in isotype controls) suggesting this antibody is not 

suitable for PDGFR-β labelling in kidney tissue digests. Note this antibody was a 

different clone to that used for histological labelling.  

Dissociated PBAG mouse kidney cells were also stained for CD146, NG2 and 

PDGFR-α. The brighter of the GFP+ populations stained positive for NG2, although 

this NG2+ population was a minority of total NG2+ cells (Figure 3-23C, top row). 

When plots were coloured by CD146 intensity, the brightest NG2+PDGFR-β+ cells 

were also bright for CD146 (Figure 3-23C, middle top, middle middle).When 

coloured by PDGFR-α intensity, the brightest NG2+GFP- cells were PDGFR-α+ 

(Figure 3-23C, top right, middle right).  Little evidence of co-localisation was observed 

between PDGFR-β and -α (Figure 3-23, middle left).  
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Quantification by kidney region 

Young mouse kidneys were macroscopically dissected into cortex and medulla, 

processed for flow cytometry, and cells positive for CD146, NG2, CD34 or PDGFR-

β (via GFP+) were quantified (Figure 3-24). Note that here CD34 is used to identify 

adventitial cells, following negative selection of endothelium using ICAM2. No 

significant differences in any markers were detected using this technique. When 

markers were compared within regions (Figure 3-24E,F) the trends expected from 

imaging were not observed, with NG2+ cells appearing to be more abundant than 

CD146+ or PDGFR-β+ cells, however this was not tested statistically.  
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Figure 3-22 Flow cytometry gating strategy for perivascular cells in murine kidney. A single cell 
suspension was prepared by digestion of healthy young adult mouse kidneys. Numbers indicate the 
order of gating. 1. General location of cells selected on forward and side scatter plot. Note the 
large amount of debris following kidney digests. 2. single cells enriched using forward scatter –area 
and –height variables. 3. Live cells selected as those negative for DAPI. 4. Negative selection of 
haematopoietic (CD45+) and endothelial (ICAM2+) cells. 5. Graph shows representative plot of 
NG2 and CD146 staining. Control cells receiving only isotype control antibodies shown for 
comparison. 
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Figure 3-23 Flow staining of pericyte markers on PDGFR-β reporter mouse tissue. (A) Reporter 
derived cells stained with PE-conjugated anti-PDGFR-β antibody. Note that despite a significant 
amount of PDGFR-β staining and GFP+ reporter cells, there is little overlap in the two 
methodologies. (B) Wild type cells, demonstrating that the spread of the data is background and 
not low level expression of GFP. (C) Top row shows GFP on the x-axis and anti-NG2 antibody 
staining on the y-axis. Dots on the middle and right hand panels are coloured by their staining 
intensity for CD146 and PDGFR-α respectively. The very brightest GFP+ cells are NG2+, and the 
brightest of these are CD146+. A large population of cells staining with the NG2 antibody are 
PDGFR-β negative, and the brightest of these show positivity for PDGFR-α. The middle row shows 
the same markers in different combinations. The bottom row shows an unstained control (from 
reporter tissue). 
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Figure 3-24 Pericyte marker quantification in cortex and medulla by flow cytometry. Mouse kidney 
cortex and medulla were separated by dissection and processed for flow cytometry. Figures show 
percentages of live cells positive for the respective markers. (A) NG2. (B) CD34 (ICAM2-). (C) 
CD146. (D) PDGFR-α. (E) Cortex values for the above markers. (F) Medulla values for the above 
markers. Difference in means not significant by paired t-test (A, B) or sign test (C,D). 
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3.3.13 The broad patterns of CD146 and PDGFR-β 
expression are replicated in canine kidney tissue 

Dog kidneys from otherwise healthy adult dogs that were euthanised due to 

aggression or presence of tumours were harvested (n=4) and stained for multiple 

pericyte markers. Many of the markers used in mice were not reactive in dog tissue, 

however antibodies against PDGFR-β, CD146 and CD34 gave acceptable levels of 

staining.  

Staining of CD146 and PDGFR-β was broadly similar to that seen in mouse. In 

glomeruli these markers completely co-localised on mesangial cells (Figure 3-25A), 

and pericytes of efferent arterioles were dual-positive (Figure 3-25C). A departure 

from the mouse was that PDGFR-β could not be detected on afferent arteriolar 

pericytes and SMCs of large vessels (Figure 3-25A,D). In the inner medulla PDGFR-β 

exclusively stained an interstitial cell population, whilst CD146 was closely localised 

around vessels (Figure 3-25B) and no dual-positive pericytes were observed, similar 

to the mouse.  

Whilst PDGFR-β could be detected in peritubular interstitial locations, as seen in 

mouse, CD146 was often not detected except in a few isolated cases. It has been 

previously documented that quiescent pericytes in adult mice lose expression of 

pericyte markers86, and this combined with sub-optimal antibodies may explain  the 

lack of detectable CD146 staining around dog peritubular capillaries. Nevertheless, 

CD146 was observed in certain locations, often adjacent to lesions in the 

parenchyma, closely apposed to blood vessels, as shown in combination with CD34+ 

endothelium(Figure 3-26B). In combination with PDGFR-β, both CD146+PDGFR-β- 

and CD146+PDGFR-β+ cells were observed (Figure 3-26A).  

Finally, the vascular bundles of dog kidney also exhibited CD146 and PDGFR-β 

staining similar to that seen in mouse. CD146 tightly enwrapped blood vessels (Figure 

3-27A) and PDGFR-β was observed mostly in interstitial locations (Figure 3-27B). 

Unlike in mouse, there was no co-localisation of CD146 and PDGFR-β observed in 

dog vascular bundles (Figure 3-27B). An interesting pattern was seen in sections down 
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the bundle axis, whereby the PDGFR-β+ interstitial cell processes appeared to 

interdigitate between CD146+ pericytes and contact the endothelium (Figure 3-27C). 

It is the current view that endothelial cell contact with the interstitium helps prevent 

collapse of the vessels in the face of positive pressure from the tubules and 

interstitium in their local environment11,206, and this cell contact may be part of that 

mechanism.  

3.3.14 The broad patterns of CD146 and PDGFR-β 
expression are replicated in feline kidney tissue 

Only one sample of cat kidney was acquired, and that from an animal euthanised due 

to renal failure (a common reason for euthanasia in cats). Feline kidney was 

immunoreactive to the CD146 and PDGFR-β antibodies hitherto used in mouse 

samples. Faint staining of both CD146 and PDGFR-β was detected in mesangial cells, 

as in mouse and dog. Pericytes of the afferent arterioles were positive for CD146 

and negative for PDGFR-β (Figure 3-28A) as were the smooth muscle cells of arteries 

(Figure 3-28F), same as observed in dog but again contrary to mouse. CD146 staining 

in the interstitium was much less extensive than in mouse; pericytes around some 

peritubular capillaries were exclusively CD146+, whereas others were exclusively 

PDGFR-β+, and just as in mouse and dog there was an extensive PDGFR-β+ population 

in the interstitium (Figure 3-28B, C). Small arterioles had a clear CD146+ pericyte 

layer that was also faintly PDGFR-β+ (Figure 3-28C), much like similar vessels 

observed in dog and in mice (Figure 3-28B, Figure 3-28C). In vascular bundles CD146 

and PDGFR-β staining was similar to dog and mouse, with vasa recta pericytes largely 

if not completely CD146+PDGFR-β-, and an interstitial population of cells exclusively 

PDGFR-β+ (Figure 3-28D). The inner medulla of this feline kidney sample was 

disorganised and had a particularly high density of interstitium, which is probably a 

feature of the kidney failure. The pericyte staining, however, showed a similar pattern 

to human and dog, with CD146+PDGFR-β- pericytes around vessels and PDGFR-

β+CD146- interstitial cells (Figure 3-28E). 
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Figure 3-25 CD146 and PDGFR-β stain mostly mutually exclusive populations in dog kidney. Kidney 
from healthy adult dogs euthanized for behavioural reasons stained for CD146 (red) and PDGFR-β 
(green). (A) Mesangial cells of glomeruli co-stain completely for CD146 and PDGFR-β (arrow). 
Pericytes of the afferent arteriole are single positive for CD146 (filled arrowhead) although some 
perivascular fibroblasts co-label for the markers (notched arrowhead). However, pericytes of 
efferent arterioles (C) are dual-positive (arrow). PDGFR-β single positive perivascular/interstitial 
fibroblasts are also observed (filled arrowhead), and endothelial cells are negative for CD146 
(notched arrowhead). Border of Bowman’s space indicated by dotted line. (B) In the inner medulla, 
CD146 and PDGFR-β are fully separated. CD146 signal closely enwraps the vessels (arrows) and 
whilst PDGFR-β is seen throughout the interstitium (arrowheads). (D)  Large vessels exhibit CD146 
single positive smooth muscle cells, and have a PDGFR-β positive adventitial layer.  
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Figure 3-26 Limited detection of pericyte markers on peritubular capillaries of healthy adult dog kidney tissue. (A) Dual-staining for CD146 and PDGFR-β. CD146 
was often undetectable on peritubular capillaries in the dog, however when it was it was normally associated with tissue lesions. CD146+ pericytes (arrow) are 
faintly positive for PDGFR-β, however brighter PDGFR-β+ fibroblasts are observed in the interstitium (arrowheads). (B) Dual-staining for CD146 and CD34 
endothelial marker. In a few isolated cases, CD146 is clearly seen on nuclei and encircling CD34+ vessels (arrows). However, multiple microvessels are negative for 
both markers (arrowheads). 
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Figure 3-27 Pericyte markers on the vasa recta of dog kidney. (A) With endothelium marked with 
CD34 in green, CD146+ pericytes can clearly be seen encircling vessels (CD34+) of the vasa recta. 
There is no indication that endothelial nuclei are positive for CD146 in the dog vasa recta (arrows). 
(B,C) CD146 and PDGFR-β dual staining on dog kidney showing vessels of the vasa recta. (B) Cross-
sectional view. CD146 and PDGFR-β do not at all co-localise, but instead CD146+ pericytes are 
observed closely associated with vessels (arrows) whilst PDGFR-β occupies the perivascular interstitial 
spaces (arrowheads). (C) Sagittal view. PDGFR-β+ cells extend between adjacent vessels of the vasa 
recta (arrows). There is evidence that PDGFR-β+ pericytes may contact the vessel at positions in 
between CD146+ pericytes. 
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Figure 3-28 CD146 and PDGFR-β expression in cat kidney. (legend overleaf) 

B – Peritubular capillaries 

C – Peritubular capillaries 

D – vasa recta 

E – Inner Medulla 

F ‐ Artery 

DAPI CD146 PDGFR‐β 
A ‐ Glomerulus 
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(Figure 3-28 legend) Kidney tissue from an euthanised cat with kidney failure labelled for CD146 
(green) and PDGFR-β (red). Mesangial cells of the glomeruli show faint staining for CD146 and 
PDGFR-β (arrows, A and F). Afferent arteriole pericytes label positive for CD146 but negative for 
PDGFR-β (arrowhead, A). (B, C) Pericytes of peritubular capillaries and larger vessels stain positive 
for CD146, but not for PDGFR-β (arrows). PDGFR-β interstitial positivity is apparent in 
perivascular locations (arrowheads). (D, E) Vessels of the vasa recta (D) and the inner medulla (E) 
are positive for CD146 but not for PDGFR-β (arrows). PDGFR-β positive cells are seen in 
interstitial perivascular locations (arrowheads). (F) Smooth muscle cells of large vessels are single 
positive for CD146. PDGFR-β positive adventitial cells are observed. Note that image D had non-
linear background subtraction applied (gamma = 0.5).   
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3.3.15 CD146 and α-SMA identify sub-types of pericytes in 
adult human kidney 

Human kidneys were triple-stained for CD146, α-SMA and with the lectin Ulex 

europaeus agglutinin 1 (UEA1), which specifically binds human endothelium. Ulex was 

used as it exhibits robust staining, and does prevent use of other primary antibodies 

due to species clashes. CD146 labelled mesangial cells in human glomeruli (Figure 

3-29). Some CD146+ cells were also positive for α-SMA, suggesting they may have 

acquired a myofibroblast phenotype. Alternatively, this could signal a contractile role. 

Pericytes of arterioles appeared double positive for CD146 and α-SMA, consistent 

with a more contractile ‘smooth muscle-like’ phenotype in this anatomical location. 

When small arterioles were imaged using confocal microscopy, it became apparent 

that there was heterogeneity in pericyte marker expression even within arterioles. 

Often single CD146+ pericytes were observed directly contacting the endothelium, 

with double positive pericytes observed more basally (Figure 3-31, middle and bottom 

panels). These double positive pericytes could represent contractile pericytes, or 

perivascular fibroblasts that have acquired or are in the process of acquiring a 

myofibroblast phenotype. The middle panel shows an α-SMA+ cell that is closely 

enwrapping the vessel circumference, suggestive of a contractile cell, whereas on the 

bottom panel the α-SMA+ pericyte appears less integrated and could represent a 

myofibroblast. 

CD146 and α-SMA show heterogeneous staining in the interstitium and on pericytes 

of peritubular capillaries in human kidney tissue. CD146 staining was fairly extensive 

in the interstitium as seen in mouse, despite staining not being as robust. Examples of 

capillary pericytes single and double positive for both α-SMA and CD146 were 

observed (Figure 3-30, A-C). To confirm the presence of these capillary pericyte sub-

types, confocal microscopy was performed, to definitively exclude the possibility of 

overlapping cell artefacts that are possible in wide-field microscopy. Figure 3-31A 

shows examples of exclusively CD146+, exclusively α-SMA+, and dual-positive 

CD146+α-SMA+ cells. There was widespread single positive α-SMA staining in the 

interstitium, a departure from what is seen in healthy young adult mice.  
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CD146+ Endothelium 

In mouse, CD146 was observed on the endothelium of some arterioles and 

glomerular capillaries. Confocal microscopy on human kidney samples revealed that 

the endothelium of some arterioles also stained positive for CD146 (Figure 3-31B, 

middle and bottom panels). In addition, the endothelium of some capillaries was also 

CD146+ (Figure 3-31B, top panel). In cases where a CD146+ endothelium was 

detected, it was always associated with CD146+ pericytes.
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Figure 3-29 CD146 and α-SMA in glomeruli of human kidney 
tissue. CD146 localises to the mesangial cell compartment 
(notched arrowheads) and is occasionally seen co-localised 
with α-SMA (filled arrowheads). 
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Figure 3-30 CD146 and α-SMA incompletely co-localise and identify pericyte sub-types in human 
kidney. Endothelial cells can be identified in the kidney using the Ulex europaeus  agglutinin, which 
specifically binds to endothelial cells. Vessels are observed in cortex interstitium both associated 
with CD146 (closed arrows) and non-associated (open arrows). Regions A-D are expanded below 
and highlight examples of cells that are (A) α-SMA-CD146+; (B) α-SMA+CD146-; (C) α-
SMA+CD146+; and (D) Ulex+ CD146+ (endothelial cell). 
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Figure 3-31 CD146+ α-SMA+ capillary pericytes confirmed by confocal microscopy, and CD146+ 
endothelium identified. (A) Confocal microscopy clearly shows pericytes singly expressing CD146 
(arrows) or α-SMA (filled arrowheads), or double expressing both markers (notched arrowheads). 
(B) The endothelial cells of some capillaries (top panel) and small arterioles (middle, bottom panels) 
clearly express CD146, as well as endothelial marker Ulex (arrows).  This double labelling is seen 
on nuclei protruding into the vessel lumen, characteristic of endothelial cells. CD146+α-SMA- 
(notched arrowheads) and CD146+α-SMA+ (filled arrowheads) cells are also observed. Note that 
CD146+ endothelium is always seen in conjunction with CD146+ pericytes.  
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3.3.16 PDGFR-α and -β co-localisation in human kidney 
exhibits an altered pattern to that in mouse 

There is evidence that PDGFR-α is a fibrosis marker, and in murine kidney it showed 

a high degree of overlap with pericyte marker PDGFR-β (which also increases during 

fibrotic injury models). Human kidney samples were triple-labelled for PDGFR-α, -β, 

-β, and Ulex ligand. Note that PDGFR-α showed a high degree of staining in nuclei 

that is likely non-specific. Mesangial cells were all PDGFR-α+-β+  (Figure 3-32A). 

PDGFR-β was undetectable on SMCs, but PDGFR-α showed some positivity (Figure 

3-32B). PDGFR-β stained the human interstitium extensively in both the cortex, 

medulla and within vascular bundles (Figure 3-33A,B,C). Many of the PDGFR-β+ cells 

co-stained with PDGFR-α. No PDGFR-α+-β‐  cells were observed, but there was a 

major population of PDGFR-α‐-β+ cells (Figure 3-33). In mouse PDGFR-α is associated 

with perivascular fibroblast cells situated in the adventitial layer of vessels and in areas 

of fibrosis. However in human PDGFR-α was often observed to label pericytes, and 

fibrotic lesions were conspicuous in their lack of PDGFR-α staining (Figure 3-33D).  

Adventitial cells 

CD34 is a marker of adventitial cells. Since PDGFR-α is associated with perivascular 

fibroblasts, which lie on the adventitial aspect of vessels, it was hypothesised that it 

may mark adventitial cells in human kidney. Dual-staining with PDGFR-α and CD34 

revealed that CD34+ cells in the adventitia of large vessels did indeed co-label with 

PDGFR-α, however there was also a population of single positive PDGFR-α+ cells 

(Figure 3-32C).  

Altogether these results appear to show that PDGFR-α and –β co-localise less 

extensively in the human kidney than in the mouse, however this would require 

confirmation by quantitative analysis. It must also be acknowledged that age is a 

confounding factor that may affect the proliferation of cells with a pro-fibrotic 

phenotype between these two systems.  
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Figure 3-32  PDGFR-α and -β mark perivascular populations in human glomeruli and artery 
adventitia. Human kidney tissues from healthy adult donors were stained for PDGFR-α, PDGFR-β 
and for endothelial cells via protein agglutinin Ulex (A,B); or for PDGFR-α and endothelial/adventitial 
cell marker CD34 (C). (A)  Mesangial cells of the glomeruli are universally PDGFR-α+-β+, as are 
pericytes of the juxta-glomerular apparatus (arrow). (B) Many cells in human arcuate artery 
adventitia (asterisk marks lumen) are PDGFR-β+ (arrowhead), and a subset of these are also PDGFR-
α+ (arrow). (C) CD34+ adventitial cells are also PDGFR-α+ (arrows). PDGFR-α+CD34- cells are also 
observed (arrowheads). Note that adventitial expression of CD34 is much lower than endothelial 
expression, thus requiring overexposure of the endothelial component of the stain. 
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Figure 3-33 PDGFR-α and -β mark incompletely overlapping populations in human perivascular 
interstitial cells. Human kidney tissues from adult donors without renal disease was were stained 
for presence of PDGFR-α, PDGFR-β and for endothelial cells via protein agglutinin Ulex. (A-C) The 
perivascular interstitium of all regions surveyed stains extensively for PDGFR-β (arrowheads), and 
a significant subset of these was also PDGFR-α+. No PDGFR-α+-β‐ cells were observed. (D) PDGFR-
α was observed on pericytes of the arterioles (arrow). Patches of fibrosis were often seen and these 
were always PDGFR-β+, but often PDGFR-α- (arrowhead). 
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3.3.17 Observations of perivascular cells by transmission 
electron microscopy 

There appear to be a number of different methods of association between interstitial 

cells and the endothelium that can be elucidated using TEM. The classical view of the 

pericyte is that it is embedded in the endothelial basement membrane. TEM imaging 

supports this view in the case of larger vessels, such as in Figure 3-36A. However, 

intimate associations between interstitial cells and endothelium, where the interstitial 

cell directly contacts and enwraps the capillary, are also seen but in the absence of 

observable basement membrane (Figure 3-34A,B). The thickness of the cytoplasm in 

Figure 3-34B is in the order of 80nm for the endothelial cell, demonstrating the 

difficulty in discriminating endothelial from pericyte staining using confocal 

microscopy.  

Observations of pericyte processes suggested they were spread thinly between the 

capillary and the tubular basement membrane. TEM observations suggest that whilst 

in some cases the endothelium directly contacts the tubular basement membrane 

(Figure 3-35D) in others there is a clearly defined layer of cytoplasm between the 

endothelial and tubular basement membrane, whose thickness is similar to that of the 

endothelial layer (Figure 3-34C,D). Perivascular markers were also often located on 

cells occupying the deltoid shaped space formed where two tubules and a capillary 

meet. Viewing cells of this morphology using TEM showed that they do directly 

contact the endothelium and their cytoplasm extends between the capillary and the 

tubular cells (Figure 3-35). Finally, perivascular cells that contact the endothelium are 

observed that do not appear to enwrap the capillary (Figure 3-36B) and instead their 

cytoplasm extends out into the interstitial space (Figure 3-36A).  

3.3.18 Ultrastructural features can be observed in paraffin 
embedded tissue samples.  

Electron microscopy requires special tissue processing methods that are not 

performed in most experimental tissue harvests, but questions may arise 

subsequently that require ultrastructural resolution imaging in the dataset. Such 

resolution is often required in pericyte studies, so a method was investigated to 

process methacarn-fixed paraffin embedded tissue for SEM. Paraffin sections of young 
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adult mouse kidney tissue were prepared for SEM microscopy by a process of 

rehydration, critical point drying (CPD) using liquid CO2, and sputter coating with 

gold-palladium (Section 2.6.2). Many ultrastructural features were preserved and 

observable by SEM. The imaged surface includes the cut surface of the section, but 

also the luminal surface of vessels and tubules, and any other surfaces for which there 

is a clear line of sight. Red blood cells in the lumen of vessels were clearly preserved 

and showed the expected morphology (Figure 3-37A). Surprisingly, intricate 

structures such as the interdigitating foot process of podocytes and the fenestrated 

endothelium of capillary glomeruli were also remarkably well preserved (Figure 

3-37B). Intercalating cells of the collecting duct can be identified ultrastructurally by 

their single cilium, and this too was observable in these samples (Figure 3-37C). In 

the inner medulla, capillaries and thin loops of Henle could be distinguished by the 

presence of microvilli on the latter (Figure 3-37D). On arteries, the elastic lamina was 

well defined, and endothelial cells could be seen coating the luminal surface (Figure 

3-37E). Intracellular structures were less well defined – the inside of cells that had 

been cut was amorphous and there was no hint of the numerous mitochondria that 

occupy proximal tubular epithelial cells, or interdigitating foot processes (Figure 

3-37F). The villi of proximal tubular cells were also not visible. Nuclei, however, were 

still preserved (Figure 3-37F), and were discernible even when they had been cut 

through (see Figure 3-37C, for example). 

These findings demonstrate that intricate and delicate structures, such as 

fenestrations, processes, villi, and cilia are all preserved by this method of processing 

archival tissue for SEM.  

3.3.19 Scanning electron microscopy of paraffin 
embedded tissue is not suitable for study of interstitial 
cells.  

The interstitial space of paraffin slides processed for SEM is more problematic to 

analyse. Due to the presence of extracellular matrix there is not a direct line of sight 

to perivascular cells and they are thus obscured (Figure 3-38). In addition, the well-

ordered bundles of collagen fibres observed in TEM have not maintained their 

consistency following this processing, making the picture yet more convoluted (Figure 
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3-38). For these reasons, without some further processing adjustments, this 

technique is not well suited to the study of perivascular cells in the kidney.  
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Figure 3-34 TEM of pericytes in peritubular interstitium. (A) Example of a pericyte enwrapping a 
capillary in the peritubular interstitium. Open arrow indicates the pericyte nucleus. The highlighted 
box is expanded in (B). (B) Zoomed view of the close contact between endothelium (arrow) and 
pericyte (arrowhead). Note that the pericyte is not embedded within a basement membrane. The 
length of the measurement bars are 87nm for the endothelium and 111nm for the pericyte. (C) A 
capillary between tubular cells. On the left side, endothelium directly contacts tubular basement 
membrane. On the right, pericyte processes intervene. Highlighted box expanded in (D). (D) 
Capillary cytoplasm (arrows) with fenestration (notched arrowhead) can be discerned. Cytoplasm 
of a pericyte can also be discerned, between the basement membrane of the capillary and the tubule 
(filled arrowhead).  

In all TEM images, asterisks mark red blood cells, dotted lines delineate the border of tubular cells. 
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Figure 3-35 Pericytes located in the deltoid space between tubules and capillaries observed by TEM. 
(A) Low power view showing the context of the pericyte between tubules and the capillary. 
Highlighted area expanded in B. (B) Pericyte, directly contacting the endothelium, lies in the deltoid 
shaped space between the tubules and the capillary. Pericyte nucleus marked with the hash symbol 
(#). Highlighted region expanded in C. (C) Pericyte cytoplasm (arrowheads) can be seen to extend 
between the tubule and the endothelium (arrow). (D) In some cases, there is no pericyte coverage, 
and the endothelium directly contacts the tubular basement membrane. Red blood cells in vessel 
lumen marked by asterisks. 
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Figure 3-36 Pericytes both embedded and not embedded in basement membrane. (A) A vessel, 
likely a venule, with a pericyte (arrow). Nearby is a capillary with a perivascular cell extending a 
cytoplasmic process into the interstitial space. (B) Higher-power view of capillary perivascular cell, 
which does not appear to be enwrapping the capillary. (C) Higher-power view of the highlighted 
region in A shows that the pericyte cytoplasm is embedded in a membrane (arrow) that is 
continuous with the endothelial basement membrane (notched arrowhead). Filled arrowhead 
highlights an endothelial tight junction. Asterisks label red blood cells. 
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Figure 3-37 Validation of paraffin section scanning electron microscopy. Paraffin embedded sections 
of mouse kidney tissue processed for SEM. (A) Blood cells in the lumen of a large vessel are intact. 
Arrow indicates a red blood cell. (B) Both the interdigitating foot processes of podocytes (arrow) 
and the fenestrated capillary endothelium (arrowhead) are well preserved in this technique. (C) The 
primary cilia of intercalating cells of the collecting duct is preserved in this technique. (D) In the 
inner medulla, the microvilli of the thin loop of Henle are preserved (arrow) and are shown here 
juxtaposed with the smooth surface of an endothelial vessel. (E) In an artery the elastic lamina is 
preserved (arrow) and endothelial cells covering the luminal surface are also in place. (F) Tubular 
cell. Although the nucleus is preserved (dashed line) other intracellular features are not discernible 
following this processing method  
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Figure 3-38 Peritubular capillary viewed using paraffin section SEM. (A) Shows the original image and (B) shows an image with false colours to indicate the endothelial 
vessel (red) the interstitial space (green) and the cut surface of the tubular cells (purple). The capillary endothelium is preserved. The interstitial space is a convoluted 
mass of extracellular matrix in which cell anatomy is difficult to discern. 
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3.4 Discussion  

3.4.1 Summary of findings 
The experiments in this chapter analysed the heterogeneity and distribution of 

perivascular cell surface markers using multi-labelling immunofluorescence and flow 

cytometry. Immunolabelling was tested in mouse, cat, dog, and human tissue. Finally, 

the ultrastructural properties of different perivascular sub-types in the renal 

interstitial niche were investigated. With regards to the initial hypotheses: 

Hypothesis 1 The perivascular niche will harbour a heterogeneous population of cells 

with regards to common pericyte markers. 

Hypothesis 2 Certain marker combinations will be correlated with particular regions 

and structures in the kidney. 

These hypotheses have been largely supported. Table 3-1 lists the various marker 

combinations that were observed following 5-colour immunolabelling and PDGFR-α 

and –β dual-labelling in mouse kidney, and Figure 3-39 summarises these in schematic 

form. It is clear from this table that even with this restricted selection of surface 

markers, considerable heterogeneity exists. In terms of correlating with anatomical 

location, α-SMA was most often observed on larger contractile vessels like arteries 

and arterioles. PDGFR-β had its brightest expression on interstitial cells that generally 

did not co-label with other pericyte markers. CD146 labelled cells with a distinctive 

morphology very closely associated with the endothelium. The morphological and 

anatomical distinctions suggests these markers do highlight cells with separate 

functional properties in the kidney. An exception here is mesangial cells, which in 

young mouse tissue showed little heterogeneity in their surface marker phenotype.  

Hypothesis 3 The anatomical regions of the kidney will harbour varying proportions 

of pericyte sub-types as defined by the expression of common surface markers. 

Quantification by anatomical region was performed on kidneys immunolabelled for 

CD146 and PDGFR-β, and labelled for multiple markers via flow cytometry. Flow 

cytometric quantification did not reveal differences in pericyte abundance between 
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cortex and medulla regions, but this technique may have lacked sensitivity. 

Histological quantification suggests that peritubular capillary pericyte numbers 

(CD146+PDGFR-β- or CD146+PDGFR-β+) remain broadly constant relative to the 

vasculature between kidney regions, but that quantities of interstitial cells increase 

from cortex to medulla.  

3.4.2 Types of renal perivascular cells identifiable by electron 
microscopy 

In order to better interpret immunofluorescence data below, it will first be useful to 

discuss the types of perivascular and interstitial cell and their morphology that can be 

identified by electron microscopy.  

The mesenchymal cells of the kidney interstitum are currently divided into two 

groupings: pericytes and interstitial fibroblasts. Their distinctions were introduced in 

an earlier Section 1.3.2. In the kidney of humans and rats, pericyte processes have 

been identified as being “sheathed in the endothelial basement membrane” (EBM) and 

having “close apposition with endothelial cells”87,207,208. Interstitial/perivascular 

fibroblasts, on the other hand have “no close appositions with endothelial cells”.   

Here in mouse, pericytes embedded in endothelial basement membrane were 

observed (Figure 3-36C). However, there were also examples of cells that were not 

likewise embedded in the EBM but that directly contacted the endothelium and had 

cytoplasm extending into the interstitial space (Figure 3-36B), or that enwrapped 

capillaries completely (Figure 3-34A). It is difficult to say whether these cells should 

be considered bona fide pericytes84, but it is clear that they would be indistinguishable 

from pericytes via conventional immunofluorescence. It would be interesting to see 

what markers they express, using ultrastructural immunolabelling techniques e.g. 

immunogold or DAB peroxidase staining207.  

Pericyte markers such as NG2, PDGFR-β and CD146 were often observed to occupy 

a relatively large cross-section localised to the deltoid-shaped space between tubules 

and capillaries, that was not characteristic of the conventional pericyte view i.e. a 

small cell body closely enwrapping the capillary139. Cells with this deltoid morphology 

were examined by TEM, and observed to have close association with the endothelium 
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and extend processes along the capillary, and between the capillary and the tubule 

(Figure 3-35). It is not clear either whether these cells are bona fide pericytes, as the 

basal aspect of their processes contacts the tubular basement membrane, so they are 

not embedded in EBM.  

For the purposes of quantification of immunofluorescent marker localisation in this 

work, given the above uncertainties, no distinction is made between pericytes and 

fibroblasts in peritubular capillary locations and not all the cells quantified will be bona 

fide pericytes. However, they are the cells that express the pericyte markers that are 

used across the literature44,145,209, and so any reporting of properties of cells with these 

markers will apply to those cells quantified here. This makes the results relevant in 

the context of the wider literature.  

Cell Type  5‐colour staining  PDGFR‐α & ‐β staining 

Mesangial cells  CD146+NG2+PDGFR‐β+α‐SMA‐  PDGFR‐β+ PDGFR‐α+ 

Arteriolar 
pericytes 

CD146+NG2+PDGFR‐βlowα‐SMA+ 

CD146+NG2+PDGFR‐βlowα‐SMA‐ 

CD146‐NG2+PDGFR‐βlowα‐SMA‐ 

CD146‐NG2‐PDGFR‐β+α‐SMA‐ 

PDGFR‐β+ PDGFR‐α ‐ 

Peritubular 
interstitium  
(cortex & outer 
medulla) 

CD146+NG2+PDGFR‐β+α‐SMA‐ 

CD146+NG2‐PDGFR‐β+α‐SMA‐ 

CD146+NG2+PDGFR‐β‐α‐SMA‐ 

CD146+NG2‐PDGFR‐β‐α‐SMA‐ 

PDGFR‐β+ PDGFR‐ α+ 
PDGFR‐β+ PDGFR‐α ‐

PDGFR‐β‐ PDGFR‐α +  

 

Peritubular 
interstitium 
(inner medulla) 

CD146+NG2+PDGFR‐β‐α‐SMA‐ 
CD146+NG2‐PDGFR‐β‐α‐SMA‐ 

CD146‐NG2+PDGFR‐β‐α‐SMA‐ 

CD146‐NG2+PDGFR‐β+α‐SMA‐ 

PDGFR‐β+ PDGFR‐α+ 
PDGFR‐β+ PDGFR‐α ‐

PDGFR‐β‐ PDGFR‐α +  

vasa recta  CD146+NG2‐PDGFR‐β‐α‐SMA‐ 
CD146‐NG2‐PDGFR‐β+α‐SMA‐ 
CD146+NG2+PDGFR‐β‐α‐SMA+ 
CD146+NG2+PDGFR‐β+α‐SMA+ 

PDGFR‐β+ PDGFR‐α ‐ 

Smooth muscle 
cells 

CD146+NG2+PDGFR‐βlowα‐SMA+  PDGFR‐βlow PDGFR‐α ‐ 

Table 3-1 Pericyte marker combinations observed in various perivascular locations 
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Figure 3-39 Summary of marker expression on perivascular cell types. Colours in the cells 
represent marker expression, as indicated. (A) An arteriole/artery. Thin red bars indicate that 
PDGFR-β expression is low. (B) Peritubular capillary pericytes and interstitial fibroblasts. PDGFR-
α is also included in this part of the figure.  
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3.4.3 General patterns in marker expression and anatomical 
localisation 

Table 3-1  and Figure 3-39 portray a confusing picture of perivascular heterogeneity, 

however there are patterns in marker expression that can be discerned from it.  

Homogenous marker expression on mesangial cells 

Mesangial cells derive from the same FoxD1+ stroma as pericytes93, express multiple 

pericyte markers (Figure 3-14), produce ECM210 and support the vasculature211, and 

so are considered a population of pericytes212. Mesangial cells showed homogeneity 

of pericyte marker expression, being consistently CD146+PDGFR-α+PDGFR-

β+NG2+α-SMA-. Some variation might have been expected, given that mesangial cell 

heterogeneity has been demonstrated through classical studies and using single cell 

RNA sequencing of the population213,214. However the markers used here may not 

necessarily be relevant to this heterogeneity. In contrast to mouse, some mesangial 

cells in human were α-SMA+, however as the human subjects were older, and had 

signs of natural kidney ageing such as increased interstitial area (by eye), avascular 

glomeruli and localised tubular atrophy215, it is likely this represents a sub-pathological 

myofibroblast transformation as opposed to a distinct sub-type. This ageing caveat 

must also be applied to the observations of PDGFR-α and -β co-localisation, and 

α-SMA positive cells in the interstitium, that differed in human compared to mouse.  

PDGFR-α+ PDGFR-β+ interstitial fibroblasts and myofibroblastic cells 

PDGFR-β+ localises to a large area of the interstitium, and is often not associated with 

CD146, NG2, or α-SMA pericyte markers. Comparing the staining morphology, 

CD146 is more closely associated with vessels, whereas the majority of PDGFR-β+ 

cells are localised to the interstitial space. A large part of this interstitial population 

co-localised for PDGFR-α. , whilst the minority of PDGFR-β+ PDGFR-α- cells were 

closely associated with blood vessels (e.g. Figure 3-20B,C). This suggests that the 

majority of the PDGFR-β+ population, the portion co-localising with PDGFR-α, 

corresponds to interstitial and perivascular fibroblasts, and PDGFR-β can be taken as 

a marker or bona fide pericytes only when it doesn’t co-localise with PDGFR-α.  
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CD146 is a ubiquitous marker for peritubular capillary pericytes 

Since CD146 is often used as a marker of endothelium, it is important first to 

ascertain its cellular localisation in the kidney. Although it is clear through anatomical 

observations that both endothelium and pericytes express CD146 is the afferent 

arterioles of mouse (Figure 3-16), and some arterioles of human (Figure 3-31), the 

question is less clear for peritubular capillaries: the relative sizes of the endothelial 

and pericyte layer make this technically challenging (Figure 3-34).  A substantial 

proportion of peritubular and glomerular CD31+ vessels lack CD146 coverage (Figure 

3-2), indicating a perivascular localisation (although heterogeneity in peritubular 

capillary expression cannot be ruled out). Confocal microscopy evidence also 

suggests separation of CD31 and CD146 localisation (Figure 3-17). Finally, CD146+ 

nuclei are often clearly localised to the basal aspect of vessels, and co-localise with 

other perivascular markers. It is therefore likely that the majority of interstitial 

CD146+ staining is allocated to perivascular cells. CD146 binds laminin-α4, a 

component of the endothelial basement membrane, which could explain its 

expression on both cell types, and its difficult to distinguish localisation in confocal 

microscopy. From the cortex to the inner stripe, there are abundant CD146+ cells in 

the interstitium and many co-localise with NG2 and/or PDGFR-β+. There are no 

NG2+CD146- peritubular capillary pericytes in these regions. Also it is likely that the 

PDGFR-β+CD146- population is the PDGFR-β+PDGFR-α+ fibroblastic population 

mentioned above, although this would need confirming with a CD146, PDGFR-β, 

PDGFR-α triple stain that has not yet been performed (all working antibodies are 

raised in rabbit and there are cross-reaction considerations between the two 

PDGFRs that make this technically challenging). With this caveat, it appears that the 

vast majority of peritubular capillary pericytes express CD146.  

Such a finding is in line with evidence from human pericyte studies where CD146 is 

regularly used, in combination with an endothelial marker for negative selection, to 

sort pericytes85,216. It is probably unsuitable for genetic manipulations, however, due 

to its co-expression on endothelial cells that is observed here. In addition the above 
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only applies in the cortex and outer medulla, since CD146-NG2+ perivascular cells 

were observed in the inner medulla.   

α-SMA+CD146+NG2+ pericytes with contractile or smooth muscle-like 
properties 

Smooth muscle cells around arteries, pericytes located around the afferent and 

efferent arterioles, and some of the vasa recta pericytes lie on a continuum of 

morphology and share a generally similar surface marker phenotype of α-

SMA+CD146+NG2+PDFGR-βlow/-PDGFR-α-. They are almost certainly contractile 

given their location and α-SMA expression. In arterioles they are the closest layer to 

the endothelium and generally completely surround the vessel (numerous examples 

in Figure 3-13, Figure 3-14, Figure 3-16). In the vasa recta they likely surround only 

DVR, as these are known to be contractile217. Due to these morphological 

characteristics, plus the fact that they express multiple pericyte markers, cells of this 

phenotype are likely bona fide pericytes embedded in the basement membrane, which 

engage in contractile function on non-capillary vessels.   

Heterogeneous perivascular populations associate with vessels in an 
adventitial location 

In the afferent and efferent arterioles, when there was heterogeneity in surface 

marker phenotype, it was seen on pericytes on the most adventitial aspect of the 

vessels. This is clear in Figure 3-13, where it is on the outside of the α-SMA+ area that 

areas of CD146+NG2+, lone PDGFR-β+, and NG2+PDGFR-β+ localisation occur. It is 

possible that this adventitial zone represents a niche for pericyte plasticity. Adventitial 

Cells (i.e. CD34+ MSC progenitors) have been shown to have more stem cell-like 

characteristics transcriptionally218 than pericytes and to act as progenitors for smooth 

muscle89. In addition, pericytes transitioning to fibroblasts in the kidney first migrate 

away from the vessel86. If pericytes residing on the adventitial aspect have progenitor 

functions, this may explain their more varied surface marker phenotype (Figure 3-13).  

3.4.4 Perivascular cells in the inner medulla 
The inner medulla is a hypoxic and hyperosmotic environment, with increasing 

intensity along its axis. In tandem, a sequential loss of pericyte markers was observed 
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towards the tip of the medulla (Figure 3-11). Specialisation of cells along the medullary 

axis is not unprecedented: macrophages are primed in the inner medulla to repel 

bacteria that may migrate up the ureter219. The functions that pericytes provide, such 

as vascular support and contractile ability, may become less necessary near the 

papillary tip. The lack of α-SMA in the inner medulla suggests a lack of contractile 

pericytes; if contractility is required in the vasa recta to redistribute blood flow4,103 it 

appears that in the inner medulla any further fine control of blood flow distribution 

has lost its benefit. The observed loss first of pericytes (CD146+) then of interstitial 

cells (PDGFR-β+) suggests that structural support of the remaining vasa recta is 

sufficiently supplied by the interstitial cells, or that pericytes could compromise the 

osmotic gradient at this point. In the inner medulla interstitial cells are horizontally 

aligned, forming a ‘ladder-like’ pattern that is thought to reduce diffusion along the 

papillary axis (thereby maintaining the osmotic gradient)10,204. Pericytes present on 

blood vessels could interrupt this interstitial structure, creating a site around the 

capillary where the osmotic gradient could leak through. At the papillary tip the vasa 

recta branches into a capillary network, and this is coincident with the loss of 

interstitial cells, perhaps suggesting this interstitial support is necessary to maintain 

vasa recta structure, but not that of the capillary plexus. It has been recorded that 

α-SMA is lost in the distal third of the rat inner medulla220 although elsewhere it is 

reported that interstitial cells increase in density towards the papillary tip221. It is not 

possible to tell definitively from this evidence whether interstitial cells are lost 

completely, or whether they just lose PDGFR-β expression, and this should be the 

immediate focus of future work. For example it would be informative to ablate either 

CD146+ or PDGFR-β+ cells and observe the effects on vascular stability and urine 

concentrating ability in the papilla 

3.4.5 Perivascular cells in the vasa recta 
The vascular bundles broadly contain two interstitial cell types, namely pericytes that 

are closely contacting and enwrapping the vasa recta, and interstitial fibroblasts in the 

surrounding milieu with strong PDGFR-β positivity. CD146 was a ubiquitous 

presence on vasa recta pericytes, but the same cannot be said for the other markers, 
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with an astonishing variety in expression. α-SMA has contractile functionality222 and is 

seen in most (but not all) vasa recta pericytes (Figure 3-18). The vasa recta can 

contract in response to neural and hormonal stimuli4,40,223,224, and it is likely that 

pericytes expressing α-SMA mediate this process. Those expressing α-SMA were 

either positive or negative for PDGFR-β, and it could be that this population of cells 

represents a subset that contracts under different conditions. Differential constriction 

of vasa recta can modulate the amount of blood flow to different regions of the 

medulla and thus affect filtration4, so it fits well to have different pericyte populations 

amongst vasa recta pericytes that will respond in different ways to the same 

environmental conditions. Whether PDGFR-β or NG2 have a direct role in this 

process, or are useful to differentiate functionally distinct vasa recta populations, is 

unclear and will require further study.   

3.4.6 Identifying perivascular cell sub-types by flow 
cytometry 

There were at least two populations of GFP+ cells visible in flow plots of PBAG kidney 

cells, with medium or high expression. Work in endometrial tissue observed the 

same; the medium population was confirmed as stromal and the high population as 

pericytic (personal communication from Phoebe Kirkwood). Here, the PDGFR-βhigh 

cells were NG2+ and CD146+. Based on histology then, they are either mesangial 

cells, peritubular capillary pericytes, vasa recta pericytes, or arteriolar 

pericytes/SMCs. The most likely identity is peritubular capillary pericytes.  The bright 

population was still observed in medulla-only digests, reducing the likelihood of 

mesangial cells, and PDGFR-β intensity was relatively low on arteriolar pericytes/SMC 

by immunostaining making these unlikely, although transgene expression and cell size 

can also affect intensity.  

NG2 was relatively sparse in immunostaining but a large population occurred in flow 

cytometry. One possible origin is smooth muscle cells, although the flow cytometry 

population lack convincing CD146 staining, and are continuous with a population that 

gains positivity in PDGFR-α (not seen on mouse SMCs). The difficulty of assigning cell 

populations in flow cytometry to anatomical locations in the kidney highlights the 
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information loss that occurs when sorting ‘pericytes’ from kidney using flow 

cytometry. However, it will be aided by better histological classification, and 

improvements in the flow cytometry procedure.  

3.4.7 Quantitative assessment of common pericyte marker 
localisation in the kidney 

Quantification of CD146 and PDGFR-β+ nuclei revealed that the ratio of 

CD146+PDGFR-β- pericytes to CD146+PDGFR-β+ pericytes remains a constant 2:1 

in the cortex and inner stripe. This indicates that only around one in three peritubular 

capillary pericytes is PDGFR-β+. On the other hand, the ratio of CD146-PDGFR-β+ 

interstitial cells to CD146+PDGFR-β+ pericytes is 2:1 in the cortex and ~5:1 in the 

inner stripe, indicating a much larger ratio of interstitial cells to pericytes in the inner 

stripe. This finding could have implications for the interpretation of studies claiming 

to be counting or ablating renal pericytes using just the PDGFR-β marker145,225. The 

density of both CD34+ vessels (i.e. vascular density) and PDGFR-β significantly 

increased in the inner stripe compared to the outer stripe and cortex (Figure 3-8). 

Normalisation by vascular area removed this increase, yet nuclei counting showed 

there were still more PDGFR-β+ cells, suggesting a higher PDGFR-β+ cell density in 

the inner medulla.  

The number of CD146+ pericytes (PDGFR-β+/-) remained constant between cortex 

and inner stripe, altogether indicating that pericyte numbers relative to vasculature 

are reasonably constant between regions, and the PDGFR-β+ increase is likely due to 

interstitial cells. In light of this, differences detected in CD146+ area from cortex to 

inner stripe likely reflect differences in cell morphology not number.  

3.4.8 Evolutionary conservation of observations 
The metanephric kidney exhibits a surprising variation in physiology, such as in the 

morphology and functional properties of tubular cells at different positions in the 

nephron, and the global organisation of the medulla10. These differences reflect the 

varied conditions of diet and hydration in which mammals must survive – desert 

rodent Psammomys, for example, has a single giant vascular bundle thought to 
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facilitate higher concentration of urine226. With such variation in mind, confirmation 

of murine findings across other species is important. Using the same pericyte markers 

as in mouse (α-SMA, CD146, PDGFR-α & -β) this work confirms the broad patterns 

of expression in cats, dogs, and humans. Notable departures include the lack of 

PDGFR-β detection on mural cells of larger vessels, such as afferent arterioles and 

vasa recta pericytes, and PDGFR-α localisation appearing less widespread in human. 

Cats occupy the opposite side of the placental mammal phylogenetic tree to primates 

and rodents227, so the corroboration in marker expression exhibits significant 

evolutionary conservation throughout the mammalian class. In other tissues, pericyte 

markers appear conserved across species, as CD146 has been used to sort pericytes 

from dog, sheep, and horse adipose tissue228–230. The significance of this conservation 

to kidney function is unclear; the interstitial compartment is known to be key to the 

dynamics of solute trafficking4 and pericytes can respond to multiple signals in the 

vasa recta to control constriction of vessels. Non-contractile or interstitial cells may 

have a more subtle role, dictated by the nature of the ECM that they deposit231.  

3.4.9 Technical limitations and considerations 
Some aspects of the study of kidney pericytes still have major limitations restricting 

progress in the field. The limitations relating to the current work are discussed below.  

Flow cytometry 

There was little corroboration between the results of the flow cytometry and imaging 

analysis of pericyte markers. Imaging studies suggest that PDGFR-β and CD146 are 

widespread in the kidney, whilst NG2 is scarcer. PDGFR-β+ cells, however, 

represented only a small proportion of total ‘live cells’ in kidney digests (1-3%), with 

CD146+ even less (0.2-2%) and NG2 relatively higher (~5%). In addition, whilst 

imaging data clearly show an increase in PDGFR-β+ cells towards the medulla, flow 

cytometry showed a non-significant trend in the opposite direction. There are several 

possible factors influencing these observations: 

1. Debris  in  cell  suspension –  the  large  fraction of  ECM  in  the kidney makes digests 

inherently  messy.  Debris  obscures  populations  in  cytometry  plots  and  reduces 

antibody staining efficiency 
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2. Highly embedded pericytes – pericytes and interstitial cells are highly embedded in 

ECM, reducing enzymatic extraction efficiency 

3. Protease  in digestion mix –  required  to  liberate pericytes  from ECM, but will  also 

cleave surface antigens. Carefully timed digests are therefore required.  

The use of PDGFR-β reporter mouse tissue shows that interstitial cell extraction is 

successful, however due to the multiple populations in situ it is impossible to say if all 

those observed in tissue are extracted equally. Indeed, in a recent single-cell RNA 

sequencing study only ~1.3% cells identified were classified as ‘fibroblasts’232. This is 

likely a gross underestimation of the true proportion of 

fibroblasts/pericyte/mesangial/smooth-muscle cells, and a smaller proportion than 

what was achieved in the current work. Other studies have also failed through 

digestion to isolate significant populations of interstitial cells233,234. Regarding the use 

of protease, it has been possible in our lab to sort kidney pericytes in the past without 

Pronase1, however this was in human foetal tissue which is naturally less fibrous and 

doesn’t require such aggressive dissociation. NG2+ staining of the GFPhigh cells 

suggests this antigen is not cleaved by protease, although the large smear of NG2 

positive staining indicated this antibody may bind non-specifically to debris, thus 

masking true positive cells. CD146 staining was highly variable between samples, 

suggesting it is susceptible to enzymatic cleavage. To conclude, it is arguable that 

under the conditions tested here, flow cytometry of kidney tissue is not an ideal 

method of quantifying perivascular or interstitial cells, as there is variation in cell 

extraction from different extracellular milieus and differential cleavage of antibodies 

by proteases, altering sub-type population proportions. A loss of spatial information 

in this mode will obscure the origin of identified cells and possible mask differences 

that occur in particular kidney regions.  

Quantification of pericyte markers on widefield-derived images 

Widefield, as opposed to confocal, imaging was chosen for the purpose of 

quantification. However, widefield detects light from the whole z-plane of the image, 

therefore superimposed cells can be mistaken for co-localisations. Imaging was 

performed using a widefield system because i) confocal would be too low throughput 

and ii) resolution limits in the z-axis mean it would not completely remove the 

problem of superposition of cells. Quantifications here must then be interpreted with 
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the caveat that some double positives may be false. The contribution of this error 

was minimised during nuclei counting by only quantifying as double positive staining 

that has a similar shape, and is clearly separated from other interstitial nuclei by >1 

nucleus width (~8µm). Due to the low frequency of double positives seen in some 

staining (e.g. CD146 and PDGFR-β), it was also necessary to confirm that double 

positives exist qualitatively using confocal microscopy.  

Paraffin embedded tissue SEM 

The ability to perform SEM on tissue that has been embedded in paraffin blocks could 

be useful in a number of scenarios, especially cases in which rare tissues have already 

been processed, such as with archived human biopsies that are often formalin fixed 

and embedded in paraffin as a matter of routine235. Also, as the procedure is 

performed on rehydrated slides, the tissue could be sequentially immunostained then 

processed for SEM, and the immunostaining results directly correlated with 

ultrastructural features. The experiments performed here have shown that intricate 

features of cell morphology in the kidney are preserved during paraffin processing 

and can be visualised by SEM, although structures such as collagen fibrils couldn’t be 

discerned. It has been shown in TEM that collagen structure is maintained following 

critical point drying236, and that methacarn, the fixative used, is able to preserve helical 

structures like collagen237, suggesting these should have been preserved and 

observable via SEM. The amorphous nature of the interstitial space that was actually 

observed may be as a result of other interstitial components that did not maintain 

their structure. Hyaluronic acid is a good candidate as it is a major constituent of the 

ECM and makes many bonds with water, meaning it may not survive the drying 

process well.  

Despite the success of preserving certain ultrastructural features, it was 

disappointingly difficult to observe the association of pericytes and endothelial cells 

using this technique. One amendment to the method that may improve this is the use 

of NaOH maceration204. This method dissolves extracellular matrix and leaves cell 

bodies intact, and has been shown to effectively reveal interstitial cells in rat kidney 

for SEM204.  
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3.4.10 Concluding remarks 
The findings presented here highlight the complexity of the renal interstitial niche. 

There is a high degree of heterogeneity in perivascular marker expression, yet also 

patterns in their distribution. Furthermore, many observations are conserved across 

a range of mammals. This information is relevant to the interpretation of past and 

future work utilising these markers in the renal context. Further work is still required 

to fully characterise the interstitial niche, and to determine whether the 

heterogeneity in marker expression identified here is reflective of functional 

differences between cells.   
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Chapter 4 Perivascular Cells Response to 
Kidney Injury 

4.1 Introduction 
The previous chapter explored the baseline distribution of perivascular markers in 

the kidney, particularly in the mouse, and perivascular sub-types with multiple surface 

marker combinations were identified. To interrogate whether these sub-types 

represent cell populations with distinct behaviours in a clinically relevant setting, a 

unilateral IRI injury model was performed in mice and the prevalence of perivascular 

sub-types was quantified. IRI was chosen as the disease progression has a strong 

vascular element. IRI kidneys experience initial nephron death, but also nephron 

recovery, and a fibrotic non-nephrotic end point. The model was followed for 1, 4 or 

28 days post-ischaemia to capture all these phases of ischaemic injury, as it is likely 

that pericytes have important roles in each. A unilateral model was chosen as this 

removes loss of systemic kidney function as a confounding factor. Injury was first 

characterised, and then pericyte sub-types were quantified. This analysis revealed 

dynamic changes in perivascular cell coverage that differed significantly by sub-type 

analysed.  

4.2 Hypotheses and aims 
The expected response following a 25-minute unilateral IRI (in our lab) is for acute 

tubular necrosis in the outer medulla, followed by a proliferative response from 

tubular cells, and ultimately for moderate fibrosis to occur. Pericytes are required for 

capillaries in the kidney to survive, and loss of capillaries leads to fibrosis. Fibrosis 

producing myofibroblasts are thought to derive from perivascular cells. Therefore: 

Hypothesis 4 Pericyte numbers will reduce immediately after injury due to cell death, 
followed by a proliferative response at later time points.  

 In addition, as perivascular cells have heterogeneous marker expression, it is possible 

that common surface markers detect populations more likely to die, or proliferate, 

or remain quiescent following ischaemic injury. PDGFR-β, for example, relays 

mitogenic and survival signals. Its ligand PDGF-B has very little expression at baseline 

but is in abundance during injury225. In CNS development and in pericyte cell lines 
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CD146 improves the efficiency of PDGFR-β signalling, meaning its possible they may 

cooperate in kidney injury too. PDGFR-α and α-SMA are markers associated with 

pro-fibrotic cells. On the other hand NG2 has been shown to positively regulate 

anoikis in response to ECM degradation products238. This suggests some expected 

behaviours of pericyte sub-types following injury: 

Hypothesis 5 NG2+ perivascular sub-types will reduce in number at early time points 
following ischaemia. At later time points perivascular sub-types exhibiting PDGFR-β, 
and CD146 positive staining will expand. α-SMA and PDGFR-α positivity will be 
associated with fibrosis.  

To interrogate the role of perivascular sub-types following ischaemic injury, unilateral 

IRI was performed and mice culled 1, 4 and 28 days post-ischaemia to capture the 

initial extent, regeneration, and resolution of injury respectively. The injury was 

characterised by several methods and analysis of perivascular cell sub-types 

performed.   

4.3 Results 

4.3.1 Moderate unilateral IRI was well tolerated by young FVB 
mice 

Animal Appearance & Mortality 

Following surgery, all animals recovered well and were awake, alert and active within 

a few hours. Some mild signs of discomfort, such as slight piloerection, hunched 

posture or lack of spontaneous activity, were occasionally observed in the first few 

days following surgery, but animals taken to the 28-day time point exhibited a 

complete recovery. Average weight change following surgery was 0.7±3.1% after the 

first 3 days (for day 4 and day 28 animals) which is not significantly different from 0, 

and within the 10% limit for mild severity.  

Ischaemia time and post-surgical observations 

Median ischaemia time was 24min 55sec with an interquartile range of 18sec. 

Contralateral kidneys of all animals looked physiologically normal. Ischemic kidneys 

at day 28 showed some slight variation in size that correlated with severity of fibrosis. 

The ischemic kidney from one day-28 animal was atrophied and yellow. 
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4.3.2 Robust injury is seen in young kidneys at day 1 post-IRI 
Gross examination of tissue histology by haematoxylin and eosin (H&E) staining in 

contralateral kidneys revealed no obvious aberrations or damage at day-1 post-

ischaemia. Tubular damage in ischemic kidneys was most profound in the outer stripe 

region of the outer medulla (Figure 4-1A). An acute tubular necrosis (ATN) scoring 

in this region confirmed a loss of 60-70% of tubules in ischaemic kidneys, indicating a 

robust injury was induced (Figure 4-1B). 

4.3.3 Persistent but varied damage at day-4 post-IRI 
For technical reasons, only four animals were ultimately included in the day-4 group, 

and the ischemic kidney of one of these could not be located during tissue harvest. A 

high degree of variation in the extent of injury was observed, illustrated in Figure 

4-2A, however all kidneys showed robust signs of injury when compared to 

contralateral counterparts, as assessed in the outer medulla by semi-quantitative 

injury scoring (Figure 4-2B). Dilated tubules and dead tubular cells were common, as 

was a high influx of immune cells into the interstitum. In the most severe of cases, 

injury criteria were also identified in the cortex (Figure 4-2). 

4.3.4 A varied fibrotic response observed at day 28 post-IRI 
The long-term effects of 25-minute IRI were assessed by PSR staining, which revealed 

variation in fibrosis between kidneys (Figure 4-3). Gross observation showed that 

whilst some showed little induced fibrosis, others had a dramatic expansion of red 

positive stained area, indicating fibrotic tissue (Figure 4-3A). As PSR brightfield staining 

is not entirely specific for collagen, slides were imaged using polarised light, whereby 

fibrillar collagen can be identified by its birefringent properties. A significant fibrotic 

response was observed (Figure 4-3B). 

Differential interstitial collagen localisation 

Under polarised light collagen I has red birefringence, whilst collagen III has green 

birefringence, and locations of green-only birefringence were observed in ischemic 

kidneys. To investigate further, dual staining of collagen I and III was performed in 

ischaemic kidneys, in which locations exclusively collagen III positive were also 

observed (Figure 4-4A; Figure 4-5). Quantification of positively stained area confirmed 
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that a larger cross-sectional area of the ischaemic kidney was positive for collagen III 

(Figure 4-4B).  

Dual stains of collagens I & III were analysed in more detail using images derived from 

deconvoluted widefield z-stacks (a method to increase resolution). This analysis 

confirmed the presence of collagen III exclusive areas of staining (Figure 4-5A); the 

majority of staining co-localised, although occasional rare cells single positive for 

collagen I were observed (Figure 4-5B). The low number of cells single positive for 

either collagen suggests that it is the same and not separate cell populations 

responsible for collagen I and III deposition, and the area restriction is likely regulated 

by local factors. The increased resolution offered by deconvolution revealed that the 

two collagens were often deposited adjacently to one another, with collagen I closely 

abutting the tubule and collagen III above this layer (Figure 4-5C). 
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Figure 4-1 H&E stains, and ATN scoring in day-1 post-IRI kidneys. (A) Representative overview 
fields taken at 4x magnification of H&E stained kidney slices from a day-1 post-IRI contralateral 
kidney and day-1, 4, and -28 post-IRI ischaemic kidneys. (B) Illustration of ATN scoring at day-1 
post-IRI. Example 20x fields taken from a contralateral and ischaemic kidney, as indicated. Green 
dots label tubules deemed healthy and red dots label those deemed necrotic. Quantification 
results in the far right panel show a robust increase in the proportion of non-healthy tubules in 
ischaemic kidney relative to contralateral. 

  



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 4 Perivascular cells response to injury 158 

 
Figure 4-2 H&E stains and injury scoring in day-4 post-ischaemia kidneys. (A) Representative 
overview images of H&E stained kidney from day-4 post-IRI ischaemic kidneys. Sections with 
relatively lower (left) and higher (right) degrees of injury are shown. (B) Table of semi-quantitative 
injury scoring at day-4 post-IRI. Each row is an individual kidney from either the contralateral 
(‘Contra’) or ischaemic (‘Isch’) side. Columns represent injury phenotypes, scored for each kidney 
as per the key below. Data cells are coloured to reflect the injury score.   
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Figure 4-3 Picrosirius red (PSR) stain and fibrosis quantification in day-28 post-IRI kidneys. (A) 
Representative overview images of PSR stained kidney from day-28 post-IRI kidney. Variation in 
fibrosis severity is illustrated with three examples of ischaemic kidneys. (B) Polarised light images 
of PSR stained kidney. Collagen I fibres bound by Sirius red have red birefringence, whilst Collagen 
III have green birefringence. Quantification of area positive is shown in the right-most panel, 
showing increased fibrosis in ischaemic kidneys (paired t-test. p < 0.01). 
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Figure 4-4 Collagen I and III staining and quantification in day-28 post-IRI ischaemic kidney. (A) 
Day-28 post-IRI kidneys were stained for collagen I (red) and collagen III (green). Multiple 
locations of co-localisation occur (arrowheads) but there are also distinct areas of collagen III-only 
staining (arrows). (B) Quantification of % area positive for collagen I or III. The ratio of collagen III 
to collagen I was significantly higher than 1 (One sample t-test on log ratios, p < 0.05). 
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Figure 4-5 Deconvoluted images of collagen I and III staining in day-28 post-IRI ischaemic kidneys. 
Images show staining for collagen I (red) and collagen III (green) in the outer stripe region. Nuclei 
stained with DAPI (blue). (A) Maximum projection of a deconvoluted z-stack showing areas single 
positive for collagen III (arrow) as well as dual-labelled areas (notched arrowhead). (B,C) Single 
slices from deconvoluted z-stacks. (B) Very rare areas single positive for collagen I observed 
(arrow). (C) Collagen I and III staining was often observed in two separate layers (arrowheads), 
three examples shown. Scale bar = 10µm. 
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4.3.5 Immune-cell influx observed following IRI 
Following tissue harvest, contralateral and ischaemic kidney tissue, containing all 

anatomical regions, was analysed by flow cytometry with endothelial (ICAM2, CD34) 

perivascular (NG2, CD146, CD34) and immune cell markers (CD45, CD206). 

CD206 is used as a marker for alternatively activated macrophages or dendritic cells. 

After isolating live cells by the strategy outlined in Section 3.3.12 (Figure 3-22), CD45+ 

and ICAM2+ cells were quantified directly (Figure 4-6A). CD206+ cells were identified 

within the CD45+ population (Figure 4-6B). Then, the CD45-ICAM2- population was 

selected and cells positive for pericyte markers selected when plotted against SSC-A 

(Figure 4-7; Figure 4-8).  As shown in Figure 3-23, the PDGFR-β flow antibody is 

untrustworthy and has been excluded, and CD146 staining in tissue digests was 

inconsistent (Figure 4-8).  

Day-1 post-IRI 

A significant immune influx was observed in day-1 ischaemic kidneys compared to 

contralateral controls. No changes were detected in CD206+ macrophages/dendritic 

cells; ICAM2+ endothelial cells; ICAM2-CD34+ cells (Figure 4-9) or CD146+ cells 

(Figure 4-12). In addition, there was a significant decrease in cells expressing NG2 in 

ischaemic kidneys, indicating a loss of pericytes at this time-point (Figure 4-9D,E). 

Day-4 post-IRI 

No differences in any markers were detected at day-4 post-IRI (Figure 4-10).  

Day-28 post-IRI 

No differences in any markers were detected at day-28 post-IRI (Figure 4-11), 

indicating the renal environment has largely resolved back to baseline levels in young 

animals following moderate IRI. A non-significant trend of increasing CD146+ cells 

could perhaps be observed by day-28 post-IRI (Figure 4-12), however this may reflect 

increased digestion efficiency as the experimental timecourse went on, as a similar 

increase is also observed in contralateral kidneys. 
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CD206 immunostaining 

The lack of CD206+ cell influx observed by flow cytometry was surprising, as 

macrophages are known to have a key role in early injury response. To investigate 

further, CD206 immunostaining was performed in day-1 and day-28 kidneys. Indeed, 

an abundant population of CD206+ cells was observed, localised mainly to the outer 

stripe in the region of greatest damage (Figure 4-13A,B). Quantification in the outer 

stripe revealed a 10-30 fold increase in CD206+ cell numbers compared to 

contralateral kidney, and this population had resolved to baseline by day 28 (Figure 

4-13C). As the outer stripe only represents ~8% of total kidney parenchymal mass239, 

this finding highlights the fact that region-specific changes can be masked by 

techniques lacking spatial resolution such as flow cytometry. 
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Figure 4-6 Flow cytometry plots of ICAM2, CD45 and CD206 staining from IRI time-course 
kidney digests.  All plots are shown after previously selecting cells, single cells and live cells, as 
outlined in Figure 3 22. (A) Representative plots of contralateral and ischaemic kidneys at day 1, 4 
and 28 post-IRI, showing CD45 and ICAM2 fluorescence. Gates used to select ICAM2+ 
endothelial cells, CD45+ haematopoietic cells, or double negative cells are shown. (B) The same 
data showing CD45 and CD206 fluorescence, and the gate used to select CD45+CD206+ cells.  
FMO plots, which lacked anti-CD206 antibody, are also shown. 
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Figure 4-7 Flow cytometry plots of NG2 and CD34 from IRI time-course kidney digests. All plots 
are shown after previously selecting CD45-ICAM2- cells, as outlined in Figure 4 6A. (A) Gating 
strategy for selecting NG2+ cells. (B) Gating strategy for selecting CD34+ (adventitial) cells. 
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Figure 4-8 Flow cytometry plots of PDGFR-β and CD146 from IRI time-course kidney digests.  All 
plots are shown after previously selecting CD45-ICAM2- cells, as outlined in Figure 4 6A. (A) 
Gating strategy for selecting PDGFR-β+ cells. (B) Gating strategy for selecting CD146+ cells. 
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Figure 4-9 Quantification of cells via flow cytometry in day-1 post-IRI kidney digests. Cells were 
quantified using gates indicated in previous figures, and expressed as a percentage of live cell 
events, for (A) CD45+ (B) NG2+ CD34+ (C) CD34+NG2- and (D) CD34-NG2+ cells. (E) Ratios of 
cell numbers in paired ischaemic and contralateral kidneys. CD45+ cells were significantly enriched 
in ischaemic kidneys. NG2+CD34+ and NG2+CD34- cells were significantly depleted in ischaemic 
kidneys. (One sample t-test on log ratios. * p < 0.05) 
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Figure 4-10 Quantification of cells via flow cytometry in day-4 post-IRI kidney digests.  Cells were 
quantified using gates indicated in previous figures. Ratios of cell numbers, as a percentage of live 
events, in paired ischaemic and contralateral kidneys are shown. There was no significant 
difference (ns) between contralateral and ischaemic kidneys for any cell populations tested (One 
sample t-test on log ratios). Graph shows geometric mean ± 95% CI.  
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Figure 4-11 Quantification of cells via flow cytometry in day-28 post-IRI kidney digests. Cells were 
quantified using gates indicated in previous figures, an expressed as a percentage of live cell events, 
for (A) ICAM2+ (B) NG2+ CD34+ (C) CD34+NG2- and (D) CD34-NG2+ cells. (E) Ratios of cell 
numbers in paired ischaemic and contralateral kidneys. There were no significant differences 
between contralateral and ischaemic kidneys. (One sample t-test on log ratios. * p < 0.05). E 
shows geometric means ± 95% CI.  

  

Day 28 NG2+ CD34+

Contra
la

te
ra

l

Is
ch

ae
m

ic

0

1

2

3

4

5

%
 o

f 
L

iv
e 

C
el

ls

Day 28 CD34+

D28
 C

ont
ra

la
te

ra
l

D28
 Is

ch
ae

m
ic

0.0

0.5

1.0

1.5

2.0

2.5

%
 o

f 
L

iv
e 

C
el

ls

Day28 NG2+

D28
 C

ontra
la

te
ra

l

D28
 Is

ch
ae

m
ic

0.0

0.5

1.0

1.5

2.0

%
 o

f 
L

iv
e 

C
el

ls

Changes at
 Day 28 post-Ischaemia

CD20
6+

IC
AM

2+

CD45
+

NG2+
CD34

+

CD34
+

NG2+

0.0

0.5

1.0

1.5

2.0
ns ns ns ns ns ns

R
at

io
 (

Is
ch

+
1/

C
o

n
tr

a+
1)

Day 28 ICAM2+

Contra
la

te
ra

l

Is
ch

ae
m

ic

0

5

10

15

20

25
Contralateral
Ischaemic

%
 o

f 
L

iv
e 

C
el

ls



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 4 Perivascular cells response to injury 170 

 

 

Figure 4-12 CD146+ pericyte quantification via flow cytometry of kidney digests across IRI time-
course. Cells were quantified using gates indicated in previous figures, and expressed as a 
percentage of live cell events. The numbers of cells detected was very low. No differences were 
detected between groups for either CD146+ cells (top) or CD146+NG2+ cells (bottom). 
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Figure 4-13 CD206 immunostaining in day-1 and day-28 post-IRI kidneys, and quantification in the 
outer stripe. (A,B) Day-1 (A) and Day-28 (B) post-IRI ischaemic kidney stained for CD206 (red) 
with nuclei marked using DAPI (green). Low magnification images have the outer stripe borders 
outlined in magenta. A halo of CD206+ staining can be seen in the outer stripe of day-1 post-IRI 
kidneys. Higher magnification excerpts of the areas bounded by the magenta boxes are also 
shown. In ischaemic kidney CD206+ cells localise around acellular necrotic tubules (asterisks). (C) 
Quantification of CD206+ nuclei at day-1 and -28 post-IRI in the outer stripe. There are 
significantly more CD206+ cells in day 1 ischaemic kidneys. 
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4.3.6 No gene expression differences detectable at day-28 
post-IRI 

It was only possible to isolate suitable quality RNA from a sufficient number of 

samples in the day-28 post-IRI group. At earlier time points RNA quality was 

extremely variable. This could be due to a combination of the diseased state of the 

tissue at these points, and the fact that the tissue harvest procedure was more 

streamlined in the later (i.e. day 28) harvests.  Genes analysed included injury 

biomarker Havcr1 (homolog of human KIM-1), fibrosis-associated genes (Col1a1, 

Col3a1, Tgfb1), senescence indicator Cdkn2a (p16INK4a), and perivascular marker 

Pdgfrb (Figure 4-14). No significant differences were observed, although there were 

trends of increased fibrosis and injury biomarkers (Figure 4-14A,B,C,D). Altogether 

this supports the notion that injury has largely resolved by day-28 post-IRI. 

4.3.7 Endothelial cells are the major proliferating population at 
day-1 post IRI 

To interrogate the precise cellular response to IRI, day-1 kidneys were stained for 

PDGFR-β, proliferation marker Ki67, and Griffonia simplicifolia isolectin B4 (IsoB4), 

which binds to endothelial cells. In contralateral kidneys occasional nuclei were 

positive for Ki67 (Figure 4-15A), but there was a marked upregulation by day-1 

(Figure 4-15B, Figure 4-16A). At this early time point no significant increase in tubular 

cell proliferation was detected (Figure 4-16D) although there was a trend in this 

direction. Likewise, PDGFR-β+ cells also showed no increase. Rather, it was 

endothelial cells, stained positive for IsoB4, that showed the largest increase in 

proliferation (Figure 4-16B,E) along with other non-tubular cells that were not stained 

with these markers. These other cells likely comprise mostly of infiltrating immune 

cells, and many of them were observed inside the lumen of blood vessels. 

  



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 4 Perivascular cells response to injury 173 

 
Figure 4-14 qPCR of injury, cell cycle and perivascular markers at day-28 post-IRI. cDNA from 
day-28 post-IRI kidneys was analysed by qPCR using primers against (A) Col3a1 (Collagen III 
protein), (B) Col1a1 (Collagen I protein), (C) Tgfb1, (D) Havcr1 (mouse homologue of human 
KIM-1), (E) Cdkn2a (p16INK4α protein) and (F) Pdgfrb. All data normalised to Hprt housekeeper 
gene. No significant differences were detected (paired t-test). Graphs show means ± SD. 
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Figure 4-15 Proliferation marker Ki67 in the outer stripe at day-1 post-IRI. Tissue from (A) 
contralateral and (B) ischaemic day-1 post-IRI kidneys was stained for Ki67 (green). Isolectin B4 
was used to identify endothelium (red) and DAPI used to identify nuclei (blue). Slides also stained 
with PDGFR-β (not shown, for clarity). (A) In contralateral kidneys very few cells are proliferating 
(arrowhead). (B) In ischaemic kidneys many more cells are proliferating, most of which co-localise 
with IsoB4 (arrows). Dead tubules are marked by asterisks. Note: green channel in A had artificial 
background subtraction in Fiji (“Subtract Background” command, rolling ball radius = 50). 
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Figure 4-16 Quantification of proliferating cells by type in the outer stripe at day-1 post-IRI. (A) 
Total proliferating cells are significantly increased in the outer stripe of ischaemic kidneys. (B) 
Breakdown of proliferating cell types in contralateral and ischaemic kidneys. (C) No difference in 
proliferating PDGFR-β+ cells or (D) proliferating tubular cells. Tubular cells identified via 
morphology, may also include collecting duct cells. (E) Proliferating endothelial cells (identified by 
isolectin B4 positivity and interstitial localisation) and (F) Other proliferating cells, defined as cells 
in the interstitum negative for other cell markers, were significantly more abundant in ischaemic 
kidneys. Panels A and C-F show geometric means with 95% confidence interval. One sample t-test 
on log ratios performed. * p < 0.05; ** p < 0.01. 
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4.3.8 CD146 and PDGFR-β dual-staining reveals a dynamic 
response over the injury time-course 

To interrogate the response of perivascular cells over the injury time-course, slides 

from day-1, -4 and -28 post-IRI kidneys were dual labelled for CD146 and PDGFR-β 

(Figure 4-17).  

Day 1 post-ischaemia 

Imaging in the outer stripe shows a dramatic increase in area stained positive for 

CD146, and to a lesser extent PDGFR-β (Figure 4-17A,B). Despite the complete 

absence of tubules in places (marked by asterisks in Figure 4-17B) the interstitial 

vascular compartment remains intact. When quantified by cell number, it emerged 

that there was no overall difference in single positive cells, but there was an increase 

in doubly stained nuclei (Figure 4-18).  

Day 4 post-ischaemia 

By day-4 post-IRI an increase in PDGFR-β+ cells is detected, as is an increase in 

CD146+ cells (Figure 4-19). Interestingly, locations of higher CD146+ staining are 

associated with protected tubules that have multiple nuclei and a lack denuded 

basement membrane (Figure 4-17C, top right) whereas locations with a greater 

proportion of damaged tubules are associated with higher interstitial PDGFR-β 

density (Figure 4-17C, bottom left). 

Day 28 post-ischaemia 

Injured areas of kidney at day-28 post-IRI have a large number of PDGFR-β+ 

interstitial cells (Figure 4-17D), and this is reflective of an overall increase in PDGFR-

β+ cells in the outer stripe compared to contralateral kidneys (Figure 4-20A). CD146+ 

cell numbers have returned to baseline levels, as have double positive cells (Figure 

4-20B,C), although areas with the highest numbers of PDGFR-β+ cells tend to lack 

strong CD146 expression (Figure 4-17D). 
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Comparison across time-course 

To examine the behaviour of perivascular cells throughout recovery, data from 

ischaemic kidneys across the IRI timecourse was compared directly, revealing some 

interesting patterns. PDGFR-β+ cell numbers at day 28 were significantly higher than 

at day-1 post-ischaemia and in day-28 contralateral kidneys (Figure 4-21A). Day-4 

post-IRI PDGFR-β+ cell numbers occupied an intermediate position. In contrast to 

this, CD146+ cells were significantly lower in day-28 ischaemic kidneys compared to 

day 1 (Figure 4-21B), and a similar trend was seen in double positive cells, although 

the ANOVA results did not reach the criteria for significance (Figure 4-21C). When 

days post-IRI was plotted against cell counts in ischaemic kidneys for each of these 

categories, a significant positive correlation for PDGFR-β+CD146- cells and a 

significant negative correlation for PDGFR-β- CD146+ and PDGFR-β+ CD146+ cells 

was observed (Figure 4-21D).  
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Figure 4-17 CD146 and PDGFR-β localisation in the outer stripe across the post-IRI time-course. 
Individual channels shown, with merged image in the left-most panel. Staining in the outer stripe 
for PDGFR-β (red), CD146 (green) and nuclei via DAPI (blue) are shown for (A) day 1 
contralateral (B) day 1 ischaemic (C) day 4 ischaemic and (D) day 28 ischaemic kidneys. 
Desquamated tubules marked with asterisks. Note the gradual increase in PDGFR-β prevalence, 
and the transient increase in CD146 prevalence that peaks at day 1, in ischaemic kidneys. 
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Figure 4-18 Quantification of CD146+ and PDGFR-β+ cells in the outer stripe of day-1 post-IRI 
kidneys. No difference in (A) PDGFR-β+ or (B) CD146+ single positive cells between contralateral 
and ischaemic kidneys. (C) Significantly more CD146+PDGFR-β+ cells in ischaemic kidneys. Bars 
show the geometric mean of the ischemic/contralateral ratio ± 95% CI. One sample t-test of the 
log ratios, * p < 0.05. 

 
Figure 4-19 Quantification of CD146+ and PDGFR-β+ cells in the outer stripe of day-4 post-IRI 
kidneys. Significantly more (A) PDGFR-β+ and (B) CD146+ single positive cells in ischaemic kidneys 
compared to contralateral. (C) No difference in CD146+PDGFR-β+ between ischaemic and 
contralateral kidneys. Bars show the geometric mean of the ischemic/contralateral ratio ± 95% CI. 
One sample t-test of the log ratios, * p < 0.05; ** p < 0.01. 
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Figure 4-20 Quantification of CD146+ and PDGFR-β+ cells in the outer stripe of day-28 post-IRI 
kidneys. (A) Significantly more PDGFR-β+ cells in ischaemic kidneys compared to contralateral. 
No difference in (B) CD146 single positive or (C) PDGFR-β+CD146+ cells between contralateral 
and ischaemic kidneys.  Bars show the geometric mean of the ischemic/contralateral ratio ± 95% 
CI. One sample t-test of the log ratios, ** p < 0.01. 
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Figure 4-21 CD146+ and PDGFR-
β+ cell numbers across the IRI 
recovery time-course. (A,B,C) 
Data for contralateral and 
ischaemic kidneys for all time-
points post-IRI are plotted and 
analysed by two-way ANOVA. (A) 
Significantly more PDGFR-β+ cells 
in day-28 ischaemic kidney 
compared to day-1 ischaemic and 
day-28 contralateral kidneys. The 
day post-IRI variable was not quite 
significant, however interaction 
was, as might be expected from 
the shape of the data. (B) 
Significantly more CD146+ cells in 
day-1 than day-28 ischaemic 
kidneys. (C) No significance 
detected by ANOVA in PDGFR-
β+CD146+ cells, although post-
tests did detect a significant 
increase in day-1 ischaemic 
kidneys. Bonferroni post-tests, * p 
< 0.05; ** p < 0.01; *** p < 0.001. 
(D) Perivascular marker 
quantification plotted against day 
post-IRI for ischaemic kidneys. 
Significant positive correlation for 
PDGFR-β+ cells and significant 
negative correlation for PDGFR-
β+CD146+ and CD146+ cells with 
day post-IRI, accounting for 22%, 

26% and 45%  of the variation, respectively. 

PDGFR+ Cells

Day
 1

Day
 4

Day
 2

8

Day
 1

Day
 4

Day
 2

8

2.0

2.5

3.0

3.5

4.0
Contralateral
Ischemic

***
**

ANOVA Results
Day: p = 0.054
Injury:  p < 0.001
Interaction: p < 0.05

lo
g

10
(C

el
ls

 p
er

 m
m

2
)

CD146+ Cells

Day
 1

Day
 4

Day
 2

8

Day
 1

Day
 4

Day
 2

8

1.5

2.0

2.5

3.0

3.5
Contralateral
Ischemic

ANOVA Results
Day: p < 0.05
Injury:  p = 0.15
Interaction: p = 0.26

*

lo
g

10
(C

el
ls

 p
er

 m
m

2
)

Double+ Cells

Day
 1

Day
 4

Day
 2

8

Day
 1

Day
 4

Day
 2

8

0.0

0.5

1.0

1.5

2.0

2.5
Contralateral
Ischemic

ANOVA Results
Day: p = 0.061
Injury:  p = 0.091
Interaction: p = 0.18

(  )* (  )*

lo
g

10
(C

el
ls

 p
er

 m
m

2
)

Linear Regression
 in Ischemic Kidney

0 10 20 30
0

1

2

3

4

r2 = 0.45
p = 0.0018 CD146+

Double+

r2 = 0.26
p = 0.0265

PDGFRb+

r2 = 0.22
p = 0.0419

Days post-injury

lo
g

1
0
(C

e
ll

s
 p

e
r 

m
m

2 )

A. B.

C. D.



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 4 Perivascular cells response to injury 182 

4.3.9 PDGFR-α+ -β+ cells increase in the outer stripe following 
IRI, whereas single positive PDGFR-β+ cells do not 

As shown in the previous chapter, PDGFR-β marks multiple populations of cells, both 

bona fide pericytes and other interstitial cells. To interrogate the PDGFR-β+ 

population that expands in response to IRI, day-28 post-IRI kidney sections were dual-

labelled for PDGFR-α and PDGFR-β (Figure 4-22). In contralateral kidney there was 

a majority PDGFR-α+-β+  interstitial population, a minority PDGFR-α+-β‐ interstitial 

population, and a PDGFR-α‐-β+  population that was closely associated to blood 

vessels (Figure 4-22B & Figure 4-23). In response to injury, the double and single 

PDGFR-α+ populations expanded 3-fold and 10-fold, respectively, whereas the 

PDGFR-β+ population remained unchanged (Figure 4-23). 

4.3.10 NG2 and α-SMA together highlight the different 
responses of pericyte and interstitial cell populations to 
ischaemic injury 

NG2 is a relatively specific marker of pericytes, whereas α-SMA is present both on 

pericytes and myofibroblasts. Day-1 and -28 post-IRI kidney sections were dual-

labelled for NG2 and α-SMA to further interrogate the behaviour of these cells 

(Figure 4-24). Although not normally detectable on capillary pericytes, α-SMA here 

stained a large number of interstitial perivascular cells even at day-1 post-ischaemia, 

where a significant increase in α-SMA+ cells was observed (Figure 4-24A,B; Figure 

4-25A). This increase had mostly resolved by day-28 post-IRI, indicating that there 

are few active myofibroblasts remaining by day 28 posit-IRI in these animals (Figure 

4-24C; Figure 4-25A). 

In contrast, NG2 was difficult to detect on naïve kidney, as has been reported 

elsewhere86, and was also hampered by high background fluorescence (Figure 4-24). 

Nevertheless, there was a significant increase at day 28 in both NG2+α-SMA- and 

NG2+α-SMA+ cells (Figure 4-24; Figure 4-25B,C). 
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Figure 4-22 PDGFR-α and –β staining in the outer stripe of day-28 post-IRI kidneys. Kidney 
sections stained for PDGFR-α (green) and PDGFR-β (red), nuclei labelled with DAPI (blue). (A) 
Day-28 contralateral kidney. Dual-labelled PDGFR-α+ -β+ interstitial cells observed (arrows) along 
with PDGFR-α‐ -β+ cells closely enwrapping blood vessels (notched arrowhead). (B) Day-28 
ischaemic kidneys exhibit many more dual-labelled cells (arrows) as well as multiple PDGFR-α+-β- 
cells (arrowheads). 
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Figure 4-23 Quantification of PDGFR-α+ and –β+ cells is the outer stripe of day-28 post-IRI 
kidneys. Significantly more (A) PDGFR-α+-β- and (C) PDGFR-α+-β+ cells in ischaemic than 
contralateral kidneys. (B) No change in PDGFR-α--β+ cells detected. (D) Total cell numbers and 
relative contributions of sub-types in day-28 post-IRI kidneys. A-C show geometric means of the 
ischaemic/contralateral ratio, ± 95% CI. One sample t-test performed on log ratios, * p < 0.05; ** 
p < 0.01. 
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Figure 4-24 α-SMA and NG2 staining in the outer stripe of day-1 and -28 post-IRI kidneys. Kidney 

sections co-stained for α-SMA (red), NG2 (green), nuclei labelled with DAPI (blue), in (A) day 1 
contralateral, (B) day-1 ischaemic and (C) day-28 ischaemic kidneys. Interstitial cells single positive 
for α-SMA (notched arrowheads), NG2 (arrows) and α-SMA+NG2+ (arrowheads) are observed.   
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Figure 4-25 Quantification of α-SMA+ and NG2+ cells in the outer stripe of day-1 and -28 post-IRI 
kidneys. (A) α-SMA+ cells are more numerous in day 1 ischaemic kidneys compared to 
contralateral, but no difference is then detected by day 28 post-IRI. (B) NG2+ cells are more 
numerous in day-28 ischaemic kidneys compared to day-1 contralateral and ischaemic kidneys. (C) 
There is a steady increase in α-SMA+NG2+ cells that reaches significance in day-28 ischaemic 
kidney. (D) Total numbers of cells quantified with relative contribution of sub-types. Note that α-
SMA detection was more effective than NG2 detection. One way ANOVA performed with 
Bonferroni post-tests, * p < 0.05; *** p < 0.001. 
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4.3.11 Covariance of injury and perivascular readouts 
Variation was seen in readouts of both injury and perivascular cell numbers. To 

investigate a potential link, pericyte marker readouts were plotted against injury 

readouts for individual animals. In day-1 post-IRI ischaemic kidneys, ATN (acute 

tubular necrosis) score and CD45+ cell numbers from FACS analysis were used as 

measures of injury, although ATN did not co-vary significantly with CD45+ cells 

(Figure 4-27A). The expected positive trend, but no significant correlation could be 

detected between ATN score and CD206 influx to the outer stripe (Figure 4-27A). 

No correlation was seen between ATN, or CD45 influx, and CD146/PDGFR-β dual-

stained groups (Figure 4-26A; Figure 4-27C). There was however a significant positive 

correlation between ATN score and NG2+α-SMA- cells in the outer stripe (Figure 

4-26B). CD45+ cells showed a strong and significant negative correlation with NG2+ 

and NG2+CD34+ cells detected via FACS (Figure 4-27B).  

Area of fibrosis was used as the injury variable for day-28 post-IRI ischaemic kidneys. 

PDGFR-β+CD146- cells showed a strong positive correlation with fibrosis (Figure 

4-28A), however PDGFR-α--β+ cells did not (Figure 4-28B). Instead, PDGFR-α+‐β+ 

cells correlated strongly with fibrosis (Figure 4-28B), suggesting it is a 

PDGFR-α+PDGFR-β+CD146- population exhibiting this relationship. In addition, 

α-SMA+NG2+ cells correlated significantly with fibrosis, whereas α-SMA+ cells did not 

exhibit the expected positive correlation (Figure 4-28C). There was no association 

between the variation in ischaemia time and extent of fibrosis (Figure 4-28D). 
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Figure 4-26 Perivascular marker stains in the outer stripe plotted against ATN score in day-1 
post-IRI ischaemic kidneys. Dashed lines show non-significant relationships and solid lines show 
significant relationships. (A) Perivascular marker quantification data from Figure 4-18 plotted 
against ATN scores from Figure 4-1. No significant relationships detected. (B)  Perivascular 
marker quantification data from Figure 4-25 plotted against ATN scores from Figure 4-1. NG2+α-
SMA- cell numbers showed significant positive correlation with ATN score. Linear regression 
analysis performed. 
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Figure 4-27 ATN score and vascular/perivascular marker quantification plotted against CD45 
influx in day-1 post-IRI ischaemic kidneys. Dashed lines show non-significant relationships and 
solid lines show significant relationships. (A) No correlation between ATN score and CD45 influx 
(Figure 4-9 data) or CD206+ cells in the outer stripe (Figure 4-13 data). (B) Flow cytometry cell 
quantification data plotted against CD45+ cells (Figure 4-9 data). Both NG2+CD34- and 
NG2+CD34+ cell numbers exhibit a significant negative correlation with CD45 cell numbers. (C) 
Perivascular marker quantification data from Figure 4-18 plotted against CD45+ cell numbers from 
Figure 4-13. No significant relationships detected. Linear regression analysis performed. 
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Figure 4-28 Perivascular marker staining plotted against fibrosis in day-28 post-IRI ischaemic 
kidneys. Dashed lines show non-significant relationships and solid lines show significant 
relationships. (A,B)  Perivascular marker quantification data from Figure 4-20 and Figure 4-23 
plotted against fibrosis score from Figure 4-3. PDGFR-β+CD146- and PDGFR-α+-β+ cell numbers 
showed a significant positive correlation with fibrosis score, but PDGFR-α‐-β+ cells did not. (C) 
Perivascular marker quantification data from Figure 4-25 plotted against fibrosis score from Figure 
4-3. NG2+α-SMA+ cell numbers showed a significant positive correlation with fibrosis. (D) No 
relationship was detected between fibrosis score (Figure 4-3 data) and exact duration of 
ischaemia.  Linear regression analysis performed. 
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4.4 Discussion 

4.4.1 Summary of results 
This chapter examined perivascular sub-type populations in the context of injury by 

examining population numbers at multiple time points following IRI. The degree of 

injury was characterised and evidence of a robust initial injury and fibrotic end-point 

was seen, as expected. The prevalence of perivascular sub-types was then examined 

by immunofluorescence and flow cytometry. Although few changes following 

ischaemia could be detected via flow cytometry, targeted analysis of the outer stripe 

region by immunostaining revealed dynamic changes in perivascular sub-types. The 

following hypotheses were proposed:  

Hypothesis 4 Pericyte numbers will reduce immediately after injury due to cell death, 

followed by a proliferative response at later time points. 

Hypothesis 5 NG2+ perivascular sub-types will reduce in number at early time points 

following ischaemia. At later time points perivascular sub-types exhibiting PDGFR-β, 

and CD146 positive staining will expand. α-SMA and PDGFR-α positivity will be 

associated with fibrosis. 

Contrary to Hypothesis 4, in the outer stripe where this analysis was performed 

there was little evidence of pericyte death immediately following IRI. Indeed, NG2 

and CD146, which likely localise to bona fide pericytes, exhibited increased 

immunostained area and number of positive cells in day-1 ischaemic kidneys. There 

was also an expansion of NG2+ cells by day 28, and of NG2+α-SMA+ at day 4 and day 

28. Yet supporting Hypotheses 4 & 5, less NG2+ cells were detected in day-1 

ischaemic kidneys than contralateral by flow cytometry, which may reflect a loss of 

perivascular cells elsewhere in the kidney.  There was no difference between kidneys 

in CD146+PDGFR-β- cells at day-1, whereas CD146+PDGFR-β+ cells were more 

abundant in ischaemic kidneys. This is in line with recent evidence showing a 

cooperative signalling role between these two proteins that promotes vessel 

coverage130,131, and supports Hypothesis 5. 
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PDGFR-α+-β- cells were drastically higher in ischaemic kidneys at day 28 (~9-fold). 

PDGFR-α+-β+ cells were more modestly increased (~3-fold), although as they 

represent a larger overall proportion the absolute increase in these cells was greater. 

Furthermore, in support of Hypothesis 5, PDGFR-α+-β+ numbers correlated strongly 

with fibrosis score. These cells likely represent myofibroblasts. Whilst PDGFR-β 

expression did label a population of cells that expanded in response to injury, 

PDGFR-α was a more faithful marker in this regard. There was no detectable 

difference in PDGFR-α--β+ cells, which given their localisation are probably bona fide 

pericytes. In summary, stark differences in cell abundance at different stages post-IRI 

were observed between cell sub-types as defined by their surface marker expression. 

There was some evidence of perivascular cell death, but in the outer stripe 

perivascular cells mostly maintained or increased in abundance. 

4.4.2 Characterisation of injury 
The final extent of renal impairment following transient ischaemia can range from full 

functional recovery to progressive ESRD65. The path taken is largely dictated by the 

degree of initial injury, and this in turn is affected by multiple factors such as 

temperature65, animal strain61, operator or surgical technique65, developmental 

features such as ancillary renal arteries240, and stochastic factors such as the ‘no 

reflow’ phenomenon16. For these reasons, ischaemia times must be titrated by 

individual labs to establish the threshold of injury. In this lab and with this operator, 

25 minutes was known to give a moderate ischaemic injury in the FVB background, 

resulting in robust fibrosis but not leading to ESRD, similar to other published times61. 

In these experiments the extent of initial injury was consistent as judged by day-1 

ATN scoring, and immune influx judged by both gross CD45+ cells in flow cytometry 

and CD206+ macrophages/dendritic cells localised to the outer stripe. However the 

downstream reaction was varied both at day-4 and -28, as judged by the degree of 

histological injury and quantification of fibrosis. Ischaemia times were consistent, with 

no correlation detected between ischaemia time and the extent of injury, and body 

temperature was consistently maintained using a heat mat and rectal thermometer. 

The contrast between the most and least injured kidneys suggests that the 25-minute 

ischaemia time used here is on the cusp of what could be a resolving or progressive 
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renal injury. This indicates that small variations, e.g. in temperature or operating 

procedure, may have led to range of fibrotic responses observed here (Figure 4-3). 

4.4.3 Perivascular cell response to injury in the outer stripe 
The expression of multiple perivascular markers was observed to be highly dynamic 

in response to IRI. This is somewhat expected, given the role the vasculature and 

pericytes in particular have been shown to play in the progression of kidney disease. 

Interventions that support the vasculature or promote angiogenesis ameliorate the 

effects of AKI in animal models87, and ablation of perivascular cells (FoxD1lineageor 

Gli1+) alone is enough to damage the vasculature and lead to ischaemic disease97,104. 

In this work, cells expressing perivascular markers were more numerous at day-1 

post-IRI in ischaemic kidneys, specifically those with the following phenotypes: 

CD146+PDGFR-β+, α-SMA+NG2-, and α-SMA+NG2+. CD146+ and NG2+ populations 

likely localise to bona fide pericytes. α-SMA positivity in NG2+ cells is consistent with 

pericytes acquiring myofibroblast phenotype86, although as a consequence of dynamic 

activation of these markers it in only possible to draw inferences on cell lineage 

relationships.  

At this early time-point these increases likely reflect newly activated expression 

rather than cellular proliferation, especially given the relatively low abundance of 

Ki67+ cells in the PDGFR-β+ population241 (Figure 4-15). This fits with the observation 

that pericytes lose expression of marker proteins during quiescence86; activation in 

an injury context suggests the markers themselves may have functional roles in 

damage prevention and recovery. CD146 subsequently declined throughout the time-

course, and so may be upregulated as an acute response to the hostile ischaemic and 

post-ischaemic environment.  

 NG2+ cell prevalence decreased via flow cytometry in day-1 ischaemic kidneys, yet 

showed no similar trend when pericytes were quantified in the outer stripe. NG2 is 

also detected on mesangial cells and smooth muscle cells, which were excluded from 

the pericyte counts, and is present throughout the rest of the kidney. As NG2+ cells 

are relatively sparse in the outer stripe, it is likely that cells in some other location 
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account for the decrease in observed via flow cytometry. NG2 positive area in the 

inner medulla is quantified in a later section and shows no change following ischaemia 

in young animals (Section 5.3.14). A study examining vasculature in biopsies from 

transplant-destined cadaveric kidneys, which experience transient ischaemia, found 

extensive damage to arterial smooth muscle compared to control, representing a 

possible source of NG2+ cell loss150. Mesangial cells, which express NG2, are also 

known to undergo cell death following injury242, although they are not often studied 

in association with ischaemic injury. There are therefore multiple possibilities for the 

loss in NG2+ cells and finding the source should be the subject of future investigation. 

The progression of disease in this model was accompanied by a steady accumulation 

of cells expressing PDGFR-β (Figure 4-21A,D). Co-staining with CD146 or PDGFR-α 

revealed that it is PDGFR-α+-β+ cells that are enriched in the ischaemic kidney at day 

28, with no difference in CD146+PDGFR-β+ cells detected (despite a rise at day 1). 

PDGFR-α‐ -β+ cells were usually observed closely associated with the vasculature, 

similar to CD146, implying a pericyte. PDGFR-α+-β+ and PDGFR-α+-β- cells on the 

other hand are observed often in groups within the interstitium and far (relatively) 

removed from capillaries. This, and previous research investigating the inhibition of 

PDGFR signalling in AKI, suggests they are myofibroblasts. Whether they originate 

from pericytes cannot be concluded from these results, but has been the question of 

much previous research44,86,93,145. Altogether this suggests that whilst there is an 

expansion of interstitial cells by day 28, there was no detectable increase (or 

decrease) in vessel-associated, bona fide, pericytes in this model.  

Much previous work has analysed the prevalence of pericyte-marker expressing cells 

following AKI using either IRI, or UUO a much more rapid and fibrosis inducing 

model. α-SMA and NG2 have both been observed to increase at early (day 2)86 and 

later (day 10-14)44,144,145,225 time points post-UUO, and a similar trend is seen for 

PDGFR-β145,243,244 and –α44,225. Less data is available in unilateral IRI, but increases at 

early time-points in PDGFR-β (day 7)243 and α-SMA (days 4-10)86,244 are also recorded. 

One study observing pericytes in bilateral IRI saw no differences in Desmin+ cells at 
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day-1 post-IRI, however no thorough quantification was performed. Altogether, 

increase in perivascular marker expression following ischaemia is consistently 

observed, and is consistent with the results seen here. This likely represents 

interstitial populations however, and may mask changes in bona fide pericytes. 

Analysis of CD146 localisation here suggests that pericytes are preserved, but do not 

expand. It is of course also possible that CD146+ pericytes are proliferating, 

contributing to the fibroblast population, and losing their pericyte phenotype in the 

process. This could result in no apparent increase in pericytes by the methods used 

here. Fate tracing of CD146+ cells, with the relevant controls to discount endothelial 

cell contribution, would be required to address this question definitively. 

Correlation of perivascular markers with injury severity 

From the experiments herein, one can observe several snapshots of the perivascular 

cell response to ischaemic injury. To gain more insight into how this response is 

modulated, whether through cause or effect, one can take advantage of the natural 

heterogeneity of the model to see whether quantified cell counts co-vary with injury 

readouts. During this analysis several highly significant relationships, and some less-

so, were detected. Strikingly, cells double positive for PDGFR-α and –β were strongly 

correlated with fibrotic outcome (p<0.0001, r2=0.86) and more-so than α-SMA+NG2- 

(ns) or α-SMA+NG2+ (p<0.05, r2=0.72) cells were. Cells of this marker combination 

have been identified as fibrosis depositing in other tissue245, and this correlation is 

evidence in support of that in the kidney too. Interestingly PDGFR-α+-β- cells did not 

correlate with fibrosis severity, implying interstitial cells with this phenotype are not 

engaged in fibrosis.  

Two measures, ATN score and CD45 influx, were used to represent injury in day-1 

ischaemic kidneys. These however did not show significant correlation with one 

another. As ATN score measures the outer stripe alone, it may not be sensitive to 

the global damage to the kidney that is better captured by CD45+ influx.  

Unexpectedly, CD45+ immune influx showed a significant negative correlation with 

NG2+ and CD34+NG2+ cells (p<0.001, r2=0.88 & 0.87 resp.). NG2+ CD34+ cells were 
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also shown to be PDGFR-αhi in Section 3.3.12, and NG2+ cells can be observed in the 

adventitial layer (Figure 4-29) suggesting they may represent a sub-type of adventitial 

fibroblasts. Co-localisation of NG2 and CD34 in situ has yet to be performed, 

although it has been observed previously in other organs such as the heart246. A loss 

of tissue resident cells at this early time point (day 1) is most likely due to cell death, 

perhaps due to the sudden loss of blood flow to this normally well-perfused area.  

NG2+ cells in the outer medulla correlated significantly with ATN score. Due to the 

number of comparisons performed, the Bonferroni correction would call this 

significance (of p=0.023) into question. However, as discussed above, NG2 

expression is activated in response to injury stimuli, and the association seen here 

may be a true reflection of this. 

4.4.4 Limitations of this work 
This work has primarily examined the pericytes and perivascular fibroblast markers 

during injury in the outer stripe of the outer medulla, the premier location of damage 

in response to ischaemic injury33. There will likely be changes in other regions of the 

kidney, such as the inner stripe and vasa recta which also receives significant damage 
247, the inner medulla, which is the most hypoxic region of the kidney, and in the 

afferent and efferent arterioles of the glomeruli which have been show to alter their 

constriction in response to AKI and ischaemia174.  

Direct functional roles of the pericyte markers and cell populations cannot be proven 

from the experiments here, however the evidence presented alongside knowledge 

from the literature can be used to infer likely functional properties that can be directly 

tested. Experiments were performed in one model from one experimental cohort of 

mice, and it is possible that different perivascular marker responses will be observed 

in milder or more severe ischaemic insults, and following different aetiologies. 

4.4.5 Concluding remarks 
In this chapter, a robust renal injury was induced in young adult mice that included a 

fibrotic end point. Perivascular populations in the outer stripe were quantified, and 

although many populations were observed to expand, subtleties in the response were 
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revealed when combinations of markers were utilised. This highlights the complex 

response of the interstitial niche during the various injury recovery phases, and 

suggests that taking full account of perivascular sub-types is necessary for a complete 

understanding of kidney wound healing. Further work is required to fully elucidate 

the functional properties and lineage relationships of the cells observed here.  
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Figure 4-29 Artery on the cortico-medullary boundary labelled for CD31, PDGFR-β, NG2 and 
CD146, showing NG2+ cells in the adventitial layer. (A) Kidney section stained for CD31 (greys) 
PDGFR-β (green) NG2 (blue) and CD146 (red). An artery with a clear smooth muscle layer 
(NG2+CD146+PDGFR-β-) visible. Fibroblast-like cells in the adventitial layer stain strongly for 
PDGFR-β, and a sub-type amongst these stain positive for NG2 (arrows). These cells also stain 
positive for CD146, but are not closely associated with CD31+ endothelial cells.(B) expanded 
view of the cells at the top of A. 
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Chapter 5 The Effect of Age on Renal 
Perivascular Cells and Their 
Response to Kidney Injury 

5.1 Introduction 
Given the high prevalence of kidney disease in the aged population, and the impact of 

age on patient outcomes, it is imperative to investigate how the cellular response 

differs in aged kidneys compared to young. Studies in aged mice are arguably more 

relevant to human kidney disease, which predominantly occurs in older individuals. In 

addition, it could give clues about the critical elements of the wound healing response 

that determine a more- or less-favourable outcome. Given the importance of 

perivascular cells in renal function and the progression of renal disease12, an 

investigation into the effect of age on their distribution and behaviour is merited.  

5.2 Hypotheses and aims 
In the limited previous literature examining renal perivascular cells with age, a loss of 

NG2+ and CD146+ pericytes was observed in elderly animals143. In contrast interstitial 

PDGFR-β+ and α-SMA+ cell numbers increased with age in the form of fibrosis 

producing myofibroblasts143. Regarding the response to injury, several IRI injuries 

have been performed comparing animal ages to date, however these have normally 

been bilateral, or unilateral with nephrectomy, both of which result in renal 

failure147,248–251. Regardless, an increased injury phenotype was generally detected in 

aged animals. All of which leads to the following hypotheses: 

Hypothesis 6. There will be a progressive decrease in pericytes with age that will 

affect all kidney regions equally. 

Hypothesis 7. Unilateral IRI will result in worse initial injury and subsequent fibrosis 

in aged mice. 

Hypothesis 8. Following injury pericyte numbers (CD146+, NG2+) will be lower in 

old animals compared to young, but fibrotic perivascular sub-types (α-SMA+, 

PDGFR-β+, PDGFR-α+) will be more numerous in old compared to young. 
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To address these hypotheses, the regional distribution of perivascular cells, identified 

by CD146 and PDGFR-β dual-labelling, was quantified in mice at a range of ages,  as 

were the changes in this regional distribution that occur with age. Then, the influence 

of age on injury and recovery following a unilateral IRI, which preserves renal function, 

was examined, and multiple perivascular markers were detected and quantified to 

examine perivascular sub-type population dynamics following injury. 

5.3 Results 

5.3.1 CD146 and PDGFR-β area coverage changes 
dynamically with age in FVB mice 

Previously, a distinctive pattern of CD146 and PDGFR-β expression was observed in 

young mice that varied with region. To interrogate whether age has an effect on 

perivascular cell populations as defined by these markers, CD146 and PDGFR-β dual 

labelling was performed on mice of a range of ages, classified in four groups of 3-5, 

14, 17-18 and 24-25 months old. Representative images of each kidney region and at 

each age are shown in Figure 5-1. There was no inner medulla tissue available in the 

24 month group, therefore the inner medulla values were excluded from statistical 

tests. Excluded values are indicated in the figures with a grey hatched background. 

The pattern of expression of the two proteins is broadly similar across the regions 

and between ages. To investigate more subtle changes, the area fraction was 

quantified. For clarity, the results below are displayed grouped both by region and by 

age. In the former, results of statistical tests comparing ages within regions are shown, 

and in the latter comparisons between regions within ages are shown. In addition, 

perivascular area fraction results are shown both before and after normalising for 

CD34+ vascular area. This equates respectively to the total presence in that region, 

or the presence relative to vascular density. Area fractions on widefield micrographs 

were quantified as described in Section 2.8.2. 

CD34+ vascular density 

Vascular area here includes the area positive for CD34, as well as the capillary lumens. 

Vascular density (% vascular area) was consistently higher in the inner stripe relative 

to the cortex and outer stripe at all ages except the 24-month group, where no 
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difference was detected (Figure 5-2B). Within regions, there appeared to be a general 

trend of increased vascular density from young to 14 months, followed by a 

progressive decline at 18 and 24 months (Figure 5-2A). These differences were 

statistically significant in the inner stripe, although no difference in vascular density 

could be detected between the young animals and the most elderly. The inner stripe 

appeared to have a higher vascular density than the other regions.  

CD146+ PDGFR-β- area  

In contrast to vascular density, the largest variation in CD146+ area was between age 

groups in the cortex and outer stripe (Figure 5-3A). The same pattern of increase by 

14 months followed by subsequent decline was observed. This pattern was 

ameliorated somewhat when vascular density was accounted for (Figure 5-3C) 

whereby age was no longer a significant variable by ANOVA. However, a significant 

score for interaction, alongside significant differences detected in the outer stripe but 

no other region by post-tests, suggests that age is having a particular effect on CD146+ 

area coverage in the outer stripe.  

Between regions, total CD146+ area is relatively consistent (Figure 5-3B). There is a 

possible loss in the inner stripe relative to the outer stripe/cortex at 18 months as 

this was significant by post-tests, and the interaction p-value approaches 0.05. In 

addition, a similar pattern is seen at 14 months, but not at 24 which may be due to 

lower values in the cortex and outer stripe by this point. However when vascular 

density, which is higher in the inner stripe, is accounted for there is significantly lower 

CD146+ area in the inner stripe relative to the cortex and outer stripe at 14 and 18 

months, that is not seen in young animals(Figure 5-3D). By 24 months, CD146+ area 

in the outer stripe remains higher compared to the cortex and inner stripe.  

The underlying patterns producing these observations appear complex. Currently, 

the most likely explanation is the following: In young animals, CD146 area relative to 

vascular area is consistent across the cortex and outer medulla. With age (by 14-18 

months) there in an increase in CD146+ area in the outer stripe, contemporaneous 

with either a slight increase in the cortex, slight decrease in the inner stripe, or both. 
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Finally, with advanced age (24 months) there is also a loss in the cortex and 

maintenance in the outer stripe of CD146+ area.  

In the inner medulla, CD146 coverage appears generally low compared to other 

regions. No conclusions can be drawn with respect to the effect of age.  

CD146-PDGFR-β+ area 

Earlier qualitative analysis (discussed in 3.4.3) suggests that the majority of CD146-

PDGFR-β+ cells are interstitial cells but not necessarily bona fide pericytes. Here, 

quantification within regions showed that total PDGFR-β+ area was relatively 

consistent with age (Figure 5-4A). There was a stark increase at 14 months in the 

inner stripe, however this was likely due to vascular density being higher as the 

association was lost following normalisation (Figure 5-4C). Instead, there was 

revealed a significant increase from young to 24 months in PDGFR-β+ area in the 

inner stripe, with 14 and 18 months intermediate and a similar non-significant trend 

in the cortex, consistent with previous findings143 (Figure 5-4C). Between regions, 

there was consistently higher PDGFR-β+ area in the inner stripe than the cortex and 

outer stripe across ages (Figure 5-4D). However when variation in vascular density 

between regions were accounted for these differences were only maintained in the 

most advanced age groups (18 and 24 months).  

The inner medulla appeared to have a high proportion of PDGFR-β+ area compared 

to other regions, although relative to vascular density in this region it appeared 

consistent with the other regions.  

CD146+PDGFR-β+ area 

When ages were compared within regions, the %-area that was CD146+PDGFR-β+ 

was higher in the cortex and outer stripe at 14-18 months, than it was either at 24 

months or in young mice (Figure 5-5A). This general pattern was maintained following 

normalisation for vascular density, especially so in the outer stripe (Figure 5-5C). 

Indeed, the interaction between age and region was deemed significant by two way 
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ANOVA, suggesting a particular effect of age in the outer stripe compared to other 

regions.  

No difference was detected in the total area co-localising for CD146 and PDGFR-β 

between regions within each age group (Figure 5-5B). When controlled for vascular 

density, however, it emerged that there was more CD146+PDGFR-β+ area per 

vascular area in the outer stripe at 14 months and the cortex and outer stripe at 18 

months (Figure 5-5D). These differences were no longer present by 24 months.  

Although the total amount of CD146+PDGFR-β+ area in the inner medulla was similar 

to other regions, when the high vascular density in this region was taken into account 

the true amount of co-localisation appeared relatively lower, consistent with 

qualitative observations earlier in this work.  
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Figure 5-1 CD146, PDGFR-β and CD34 localisation in all kidney regions at a range of ages. Images 
show CD146 (red), PDGFR-β (green) and CD34 (blue). Scale is indicated in the bottom right panel. 
Columns represent different age groups (right to left: 3-5, 14, 18, 24 months). Rows represent 
different kidney regions (top to bottom: cortex, outer stripe, inner stripe, inner medulla).  
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Figure 5-2 Quantification of CD34-positive area in the four kidney regions at a range of ages in 
mouse by widefield immunofluorescence. The same data shown in each graph, grouped either by 
(A) region or (B) age, for clarity. CD34+ area appeared to increase from young mice to 14 months, 
before subsequently declining. This pattern is significant in the inner stripe, and 14 months is 
significantly higher than 24 months in the cortex.   CD34+ area is significantly higher in the inner 
stripe than the outer stripe and cortex al all ages except 24 months. Analysed by two-way ANOVA. 
Inner medulla values excluded due to insufficient data (bars in hatched grey boxes). Bonferroni post-
tests performed, * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 5-3 Quantification of CD146+PDGFR-β- area in the four kidney regions at a range of ages in 
mouse by widefield immunofluorescence. Data grouped by region (A, C) or age (B, D). (A,B) 
CD146+ area as a percentage of total area. (C,D) The same data normalised by CD34+ area to 
account for the vascular density in that kidney region. (A) CD146+ area in the outer stripe and 
cortex appears to increase from young to 14 months, then subsequently decreases with age. (C) 
When vascular density is accounted for, the outer stripe has significantly higher CD146+ area at 14 
and 18 months than young animals. There is a significant interaction detected via ANOVA that 
validates the post-tests here. (B) No significant difference in CD146+ area detected between regions 
at any age, although significant post-tests, and an interaction score that approaches significance (p = 
0.071) suggest CD146 may be less abundant in the inner stripe at 18 months. (D) When vascular 
density is accounted for older mice have significantly less CD146 coverage in the inner stripe than 
in the outer stripe. At 24 months, the cortex also has less CD146 than the outer stripe. Analysed 
by two-way ANOVA. Inner medulla values excluded (bars in hatched grey boxes). Bonferroni post-
tests, * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 5-4 Quantification of PDGFR-β+CD146- area in the four kidney regions at a range of ages in 
mouse by widefield immunofluorescence. Data grouped by either region (A, C) or age (B, D). (A,B) 
PDGFR-β+ area as a percentage of total area. (C,D) shows the same data normalised by CD34+ area 
to account for the vascular density in that kidney region. (A) There is significantly higher PDGFR-
β+ area in the inner stripe at 14 months than at any other age. (C) When vascular density is taken 
into account, it emerges that there is a significant increase in PDGFR-β+ area in the inner stripe 
between young and 24 month old mice. (B) Total PDGFR-β+ area is significantly higher in the inner 
stripe than other areas consistently across all ages. (D) When vascular density is accounted for, 
PDGFR-β+ area is significantly higher in the inner stripe than other regions at 24 months, and higher 
than in the outer stripe at 14 months. Analysed by two-way ANOVA. Inner medulla values excluded 
due to insufficient data (bars in hatched grey boxes). Bonferroni post-tests performed, * p < 0.05; 
** p < 0.01; *** p < 0.001. 
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Figure 5-5 Quantification of CD146 and PDGFR-β dual-positive area in the four kidney regions at a 
range of ages in mouse by widefield immunofluorescence. Data grouped by either region (A, C) or 
age (B, D). (A,B) CD146+PDGFR-β+ area as a percentage of total area. (C,D) shows the same data 
normalised by CD34+ area to account for the vascular density in that kidney region. (A) In the 
cortex and outer stripe, CD146+PDGFR-β+ area significantly increases from young to 14 months, 
before subsequently decreasing. (C) When vascular density is accounted for, the significance of this 
pattern is maintained in the outer stripe. In the inner stripe, there is significantly less 
CD146+PDGFR-β+ area at 24 months than at 18. (B) No significant difference detected between 
regions in total area CD146+PDGFR-β+. (D) Accounting for vascular density, there is significantly 
less CD146+PDGFR-β+ area in the inner stripe than the outer stripe at 14 months, and than the 
outer stripe and cortex at 18 months. Analysed by Two-way ANOVA. Inner medulla values 
excluded due to insufficient data (bars in hatched grey boxes). Bonferroni post-tests performed, * 
p < 0.05; ** p < 0.01; *** p < 0.001. 
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5.3.2 Less CD146+ and/or PDGFR-β+ cells observed in the 
cortex and inner stripe of aged animals 

Quantifying the area fraction positive for CD146 and PDGFR-β provides a good 

general idea of cell abundance in a tissue region, but may be confounded by several 

factors. Examples include the ratio of tubular to interstitial volume, which is 

dependent on the hydration status of the animal when culled252 and aged mice are 

more susceptible to dehydration253. Also, changes in cell shape and extension of 

processes, and a higher density of cells may not correlate linearly with % area covered 

if they occur close together. Finally, % area fraction is more susceptible to falsely 

identify dual positives, by detecting overlap in widefield images, rather than bona fide 

co-localisation. For these reasons quantification by nuclei counting (Section 2.8.3), a 

true representation of cell number, was performed in young (3-5 months) and aged 

(18 months) FVB mice in the cortex and inner stripe, which are the two largest 

regions by volume in the kidney254.  

CD146+ and/or PDGFR-β+ cells at 18 months 

Consistently across the cortex and inner stripe, the relative density of the three cell 

types was: CD146-PDGFR-β+ > CD146+PDGFR-β- > CD146+PDGFR-β+. The total 

density of CD146+PDGFR-β- cells in cortex was higher than in the inner stripe (Figure 

5-6A), and this became more pronounced when the higher vascular density in the 

inner stripe was accounted for (Figure 5-6B). Likewise, there was a non-significant 

trend of higher CD146+PDGFR-β+ cell density in the cortex than the inner stripe, and 

this difference was significant when values were normalised by vascular density (Figure 

5-6B). In contrast, there was a significantly higher density of CD146-PDGFR-β+ cells 

in the inner stripe than the cortex (Figure 5-6A). This difference remained but was 

decreased in amplitude when vascular density was accounted for (Figure 5-6B). These 

results differ compared to similar analyses in young, where no difference in 

CD146+PDGFR-β- or CD146+PDGFR-β+ cell density was seen between cortex and 

inner stripe (see Figure 3-10). Young and old mice were therefore directly compared. 
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All values compared are normalised by vascular density. The density of 

CD146+PDGFR-β- cells was higher in young mice than old, both in the cortex and 

the inner stripe (Figure 5-7A). No difference in CD146-PDGFR-β+ cell density was 

detected in the cortex between young and old animals, but there was a significantly 

lower density in the inner stripe of old animals (Figure 5-7B). CD146+PDGFR-β+ cell 

density was lower in the inner stripe of old animals than young, and a similar but non-

significant trend was seen in the cortex (Figure 5-7C). For all of the above findings, 

no significant difference was detected in the %-area fraction data. Figure 5-7D shows 

total identified cell numbers and their relative proportions in each region of young 

and old mice. It highlights the lower density of perivascular staining in old mice in 

general, and the higher proportion in old mouse inner stripe of CD146-PDGFR-β+ 

cells compared to CD146+PDGFR-β- cells, whereas this proportion appears relatively 

consistent in the young.  
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Figure 5-6 Quantification of nuclei positively labelled for CD146 and PDGFR-β in the kidney cortex 
and inner stripe of 18 months old mice. Figure B shows data in A normalised by vascular density 
each region to give the number of cells per mm2 vasculature. (A) Compared to cortex, there is a 
slightly but significantly lower density of CD146+PDGFR-β- cells in the inner stripe, a higher density 
of CD146-PDGFR-β+ cells in the inner stripe, and no detectable difference in CD146+PDGFR-β+ cell 
density. (B) Following correction for vascular density the difference in CD146+PDGFR-β- cells 
becomes more pronounced. The difference in CD146-PDGFR-β+ cells is maintained but becomes 
less pronounced. There is a significantly lower density of CD146+PDGFR-β+ cells in the vasculature 
of the inner stripe compared to cortex. Paired t-test, * p < 0.05; *** p < 0.001. 
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Figure 5-7 CD146+ and PDGFR-β+ cell counts in the kidney cortex and inner stripe of young (3-5 
months) and old (18 months) mice. (A) Cells with CD146+PDGFR-β- perinuclear staining were less 
numerous in the cortex and inner stripe of old mice than in the corresponding regions of young 
mice. (B) Cells with CD146-PDGFR-β+ perinuclear staining were more numerous in the inner stripe 
in general, but less numerous in the inner stripe of old mice than young. (C) Cells with 
CD146+PDGFR-β+ perinuclear staining were less numerous in the inner stripe of old mice than the 
corresponding region in young mice, and a similar but non-significant trend seen in the cortex. (D) 
The relative proportions of each cell type in young and old cortex and medulla are shown. A-C 
show means ± SD; two-way ANOVA performed and results shown; * p < 0.05; ** p < 0.01; *** p 
< 0.001. D shows means ± SEM.   
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5.3.3 Moderate unilateral IRI was well tolerated by 18-24 
months old FVB mice 

The effect of age on injury and recovery following IRI with kidney failure (i.e. bilateral 

or unilateral with nephrectomy) has been examined before (see Table 7-1). However, 

the effect of unilateral injury, which preserves kidney function, on mice of advanced 

age has not hitherto been reported. Here the effect of age on injury, recovery,  and 

the perivascular cell response was examined in a cohort of male FVB mice, 

independent of those examined in sections 5.3.1 & 5.3.2, that was subjected to 

moderate (25 minutes) unilateral IRI. At the time of surgery, mice in the old cohort 

were aged between 77 and 99 weeks (17.9 and 22.7 months), with a median age of 

93.4 weeks (21.5 months).  

Mortality rate of unilateral IRI surgery was 0% for the young animals. Two old animals 

died during surgery within the ischemia induction period due to respiratory arrest, 

the cause of which is thought to be the inhaled anaesthetic, isoflurane. Although 

regarded as one of the safer anaesthetics, isoflurane can be sequestered by fatty 

tissues, possibly allowing its concentration to build up to unsafe levels in the fatter 

elderly animals. The deaths occurred early on in the experimental series, so 

subsequent elderly animals undergoing surgery had the isoflurane:O2 ratio reduced, 

and the level was adjusted in line with the animal’s breathing. No further deaths 

occurred intraoperatively or postoperatively.  A lower anaesthetic dose could be 

regarded as a confounding factor due to the effect of anaesthetic on respiratory rate 

and blood pressure. Also, isoflurane has been shown to have a protective effect in 

ischaemic injury, although this was over much longer exposure times255. However 

since the anaesthetic had a more profound effect on old animals, reducing the amount 

delivered should be regarded as maintaining the same ‘effective dose’ i.e. enough to 

induce deep anaesthesia without triggering respiratory arrest.  

5.3.4 Equivalent histological damage in young and old animals 
at day 1 post-IRI 

Examination of gross histology at day-1 post-IRI revealed kidneys with equivalent 

types and degrees of damage, exhibiting a halo of desquamated necrotic tubules in 

the outer stripe in both age groups (Figure 5-8A,B). Quantification of injury by ATN 
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scoring in the outer stripe confirmed there was no detectable difference in in tubular 

necrosis between old and young ischaemic kidneys (Figure 5-8C).  

Note that two old animals were excluded from this analysis as there was no evidence 

of histological damage. This is possibly due to a failure of surgery. Although both 

kidneys were observed to change colour upon application of the clamp, it is possible 

that only a partial reduction in blood flow was achieved, or that part of the kidney 

was supplied by undetected ancillary vessels.  

5.3.5 Less histological damage in old kidneys at day 4 post-IRI 
Semi-quantitative scoring of histological damage in contralateral and ischaemic 

kidneys at day-4 post IRI revealed less evidence of damage in old ischaemic kidneys 

compared to young ischaemic kidneys (Figure 5-9). All young ischaemic kidneys 

showed evidence of injury in all the assessed categories, whereas in the old this was 

only the case in one sample. Some old contralateral kidneys had histological lesions, 

which was not seen in young. This is likely a result of the natural ageing process as 

such lesions are often seen in kidney tissue from aged mice. When the histological 

damage score for each animal was totalled and the groups compared by two way 

ANOVA, young ischaemic kidneys were significantly more injured than contralateral, 

but no difference could be detected between old ischaemic and contralateral kidneys. 

In addition, young ischaemic kidneys were significantly more injured than old 

ischaemic kidneys. Although these results were significant, the low n-numbers used 

here (n = 3-4 per group) and the semi-quantitative nature of the analysis moderate 

their reliability. Therefore, until further tests are performed they should be viewed 

only provisionally. 
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Figure 5-8 ATN scoring in old and young day 1 post-IRI kidneys. (A,B) Top panels show low 
magnification views of (A) young and (B) old kidneys, scale bar 500µm. Lower panels show higher 
magnification view in the outer stripe. Green dots label tubules classified as healthy, whereas red 
dots label tubules classified as necrotic. Scale bar 50µm. (C) Quantification of injury score in young 
and old contralateral and ischaemic kidneys. No significant difference between old and young 
ischaemic kidneys by two sample t-test.  
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Figure 5-9 Semi-quantitative injury assessment in old and young day-4 post-IRI kidneys. 
Representative low magnification fields of (A) young contralateral, (B) young ischaemic, (C) old 
contralateral and (D) old ischaemic kidneys at day 4 post-IRI, scale bar 50µm. (E) Semi-quantitative 
assessment of histological injury in day-4 post-IRI kidneys. The injury phenotypes on the collumn 
titles were scored using the key shown to the right. Injury appears to be more substantial in young 
ischaemic kidneys compared to old ischaemic. Old contralateral kidneys showed evidence of some 
isolated lesions. When the total injury score for each animal was plotted and analysed, young 
ischaemic kidneys had significantly more damage than young contralateral or old ischaemic kidneys. 
Two-way ANOVA performed, * p < 0.05; ** p < 0.01. 
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5.3.6 More fibrosis in old kidneys at day 28 post-IRI, but not a 
larger increase in fibrosis.  

PSR staining in old kidneys revealed a higher degree of interstitium stained red in old 

compared to young contralateral kidneys. In ischaemic kidneys interstitial fibrosis was 

clearly increased compared to contralateral in old, as it was in young, and especially 

in the outer stripe region. To compare quantitatively, the red positive area fraction 

was calculated. There was a significant increase in fibrosis between old contralateral 

and ischaemic kidneys (Figure 5-12B). A significant increase in fibrosis was detected 

in old mice compared to young in both contralateral and ischaemic kidneys (Figure 

5-12C). Where there was a fibrotic response, it appears to have been more 

substantial in young animals: Young animals had a ~1.5 fold increase in red stained 

area (from 13% to 20%) whereas old mice only has a ~1.2 fold increase (from 22% to 

27%). However, whilst three young animals had no difference in fibrosis between 

contralateral and ischaemic kidneys (30%), this was only true for one old animal 

(14%). The combination of higher fold increases in young, yet more individuals with 

no increase, suggests there was a discrete ‘all or nothing’ response to ischaemia in 

young animal compared to a more consistent response in old. The change between 

old and young in fibrosis was compared statistically but no difference was detected 

(not shown), probably because of the variation in the young response. 

Fibrotic area was also measured by polarised light. This analysis revealed no significant 

difference between old contralateral and ischaemic kidneys, or between old and 

young kidneys, however all readings followed the same trend as for red-positive area 

(Figure 5-12). This suggests calculating red-positive area in brightfield is the more 

sensitive technique.  

Collagen type I & III immunostaining 

Following dual-labelling for collagen types I & III, a similar pattern of localisation was 

seen in old as for young. Most of the staining co-localised, but there were some areas 

single positive for collagen III (Figure 5-13A,B). When quantified, no differences could 

be detected in either collagen between old and young ischaemic kidneys (Figure 

5-13C). Whereas there was a higher ratio of collagen III in young kidneys, this 

difference was not detectable in old kidneys (Figure 5-13D).  
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Contralateral kidneys 

Day-1 and day-28 post-IRI contralateral kidneys from old and young mice were 

stained via PSR to investigate whether ischaemia was having a systemic fibrotic effect 

(Figure 5-11). There were was no indication from this staining that contralateral 

kidneys of any either age group were affected by ischaemia.  
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Figure 5-10 PSR stained kidney sections from young and old mice at day-28 post-IRI. Representative 
low magnification views of the outer stripe in (A) young contralateral, (B) young ischaemic, (C) old 
contralateral, and (D) old ischaemic kidneys. Scale bar = 50µm. The border of the outer stripe with 
the inner stripe (on the right) and the cortex (on the left) is highlighted with a black dashed line. 
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Figure 5-11 Contralateral kidneys exhibit no obvious signs of fibrosis accumulation at day 28 post-
IRI. Contralateral kidneys from day 1 (A, C) and day 28 (B, D) post-IRI were PSR stained. Neither 
young (A, B) nor old (C, D) kidneys exhibited any signs of increased interstitial red staining that 
would be indicative of fibrosis.   
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Figure 5-12 Quantification of fibrosis in old and young day-28 post-IRI kidneys. PSR stained sections were quantified for %-red area (A,B,C) or polarised light positive 
area (D,E,F). (A,D) Data from young animals shown for comparison. (B) All but one animal exhibits increased fibrosis in the ischaemic kidney compared to the 
contralateral. A significant increase is detected. (E) the same trend is observed under polarised light, but it does not reach significance. (C) Direct comparison of 
young and old contralateral and ischaemic kidneys reveals that in old animals both contralateral and ischaemic kidneys have more fibrosis than their young 
counterparts. By this analysis, no significant difference is detected between old contralateral and ischaemic groups. (F) By polarised light analysis, no difference is 
detected between old and young groups. Bars in A,B,D,E represent the geometric mean of the ratios ± 95% CI, one sample t-test on the log ratios was performed. 
Bars in C & F represent mean ± SD, two way repeated measures ANOVA with Bonferroni post-tests performed. 
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Figure 5-13 Collagen I & III staining in the outer stripe of day-28 post-IRI ischaemic kidneys. (A,B) 
Examples of Collagen I (red) and III (green) localisation in the outer stripe of (A) young (as seen in 
fig Figure 4-4) and (B) old day-28 ischaemic kidneys. Areas of co-localisation (arrowheads) and single 
Collagen III localisation (arrows) can be discerned. (C) Left panel: area positive for collagen I and 
collagen III is plotted for young and old day-28 ischaemic kidneys. A significant difference is detected 
by two-way ANOVA between collagen types, but post-tests could not identify the source of this 
difference. Right panel: ratio of collagen III and collagen I is plotted for old and young animals. Whilst 
the young kidneys are significantly enriched for collagen III (as shown in Figure 4-4) no such 
relationship is detected for old animals. One sample t-test on log ratios, * p < 0.05. 
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5.3.7 No differences in cell numbers detected by flow 
cytometry in old kidneys post-IRI 

Following animal sacrifice, old kidneys were processed and labelled with fluorescent 

antibodies in parallel with young kidneys. In contrast to young, there was no significant 

difference in NG2+CD34- or NG2+CD34+ cells between old day-1 ischaemic and 

contralateral kidneys (Figure 5-14E,F & Figure 5-15). Also, CD45+ cells were not 

significantly higher in old day-1 ischaemic kidneys than contralateral (Figure 5-14C & 

Figure 5-16). No other differences in cell number were detected between 

contralateral and ischaemic kidneys at any other time point in old animals (Figure 

5-14).  

5.3.8 CD45+ICAM2+ cells are highly enriched in old kidneys 
compared to young 

One striking difference in the flow cytometry plots between old and young kidneys is 

the presence of a population of cells double positive for ICAM2, here used to identify 

endothelial cells, and CD45, used to identify haematopoietic cells (Figure 5-16). 

Quantification revealed the cell numbers were significantly higher in old versus young 

kidneys at day 1, and at day 28 they were significantly higher in old contralateral 

kidneys, but not ischaemic kidneys (Figure 5-17B). Comparing within the old 

population, there were significantly more CD45+ICAM2+ cells at day 1 than at day 28 

(Figure 5-17A). The cell population was higher in contralateral kidneys at day 1 versus 

day 28, suggesting they may be a population of circulating cells activated by ischaemia. 

An argument against this is that total numbers of CD45+ cells at day 1 and 28 did not 

vary in the same way (not shown), however this could be because the majority of 

these cells were resident in the tissue. Another explanation is that the extraction 

efficiency was different for day-1 and day-28 kidneys, as by nature the day 28 group 

was performed some weeks after the day 1 group. Comparing the ischaemic to 

contralateral ratios of CD45+ICAM2+ cells revealed no significant differences in old 

or young at any time point, although there was a trend towards fewer in the ischaemic 

kidney at day 28 (Figure 5-17).  
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CD45+ICAM2+ cells are likely a subset of leukocytes, although expression of ICAM2 

is normally low on these cells256. ICAM2 is involved in cell adhesion256, the increase in 

old animals may represent a cell population more likely to stick to endothelial cells 

or infiltrate through the endothelium into the interstitium. Obstruction of small 

vessels by leukocytes is an important factor in the progression of renal disease33, and 

so the ICAM2+CD45+ cell presence may predispose old animals to this obstruction.  
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Figure 5-14 Quantification and comparison of cells identified by flow cytometry in old and young 
kidneys following IRI. Ratio of cell numbers in ischemic vs contralateral kidneys shown for (A) 
CD45+CD206+, (B) ICAM2+, (C) CD45+, (D) (ICAM2-)CD34+NG2-, (E) (ICAM2-)NG2+CD34+, and 
(F) CD34+NG2+ cell populations. Bars show geometric means ± 95% CI. One sample t-test 
performed on log ratios, * p < 0.05. 
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Figure 5-15 NG2+ and CD34+ cells by flow cytometry from single cell suspensions of young and old 
kidneys at day-1 post-IRI. Gating strategy for (ICAM2-) NG2 and CD34 cell sub-types . An identical 
strategy is used for CD34+NG2- cells. Representative plots for young and old contralateral and 
ischaemic kidneys at day 1 are shown. 
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Figure 5-16 CD45+ICAM2+ cells by flow cytometry from single cell suspensions of young and old 
kidneys at day-1,-4 and -28 post-IRI. Flow cytometry plots showing CD45 on the x-axis and ICAM2 
on the y-axis, following selection of live cells. A clear population of CD45+ICAM2+ cells is present 
in old animals under all conditions that is virtually absent in young. The bottom row of graphs show, 
from left to right, FMO plots for ICAM2 and CD45 superimposed, and the same analysis as above 
on naïve mice not subjected to any injury.  
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Figure 5-17 Quantification and comparison of CD45+ICAM2+ by flow cytometry in old and young 
kidneys. CD45+ICAM2+ cells were quantified and are expressed as a percentage of live cells, 
displayed grouped either (A) by age or (B) by injury status. (A) There are significantly fewer 
CD45+ICAM2+ cells in day 28 old kidneys compared to day 1 kidneys. No differences observed 
between young groups. (B) Significantly more CD45+ICAM2+ cells in old kidneys versus young in all 
conditions except day 28 ischaemic, where the same trend does not reach significance. Bars 
represent means ± SD. (C) The ischaemic to contralateral ratio of CD45+ICAM2+ cells is unchanged 
with age or time point. Bars show geometric means ± 95% CI. Two-way ANOVA performed in A 
& B with Bonferroni post-tests, *** p < 0.001; ** p < 0.01. One sample t-test on the log ratios 
performed in C. 
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5.3.9 CD206+ macrophages/dendritic cells exhibit similar 
behaviour in old as in young following IRI 

Old ischaemic kidneys exhibited the same influx of CD206+ macrophages/dendritic 

cells to the outer stripe at day 1 as observed in young (Figure 5-18). When quantified, 

the same pattern was seen as in young, with a large influx at day 1, and numbers 

returning to baseline by day 28 (Figure 5-19A). No differences in CD206+ cell 

numbers in the outer stripe were detected between young and old kidneys at day 1 

or day 28 (Figure 5-19B,C).  

5.3.10 Similar trends in Ki67+ cells observed in old 
kidneys at day 1 post-IRI as in young 

Identification of Ki67+ cells in the outer stripe of old day 1 post-IRI kidneys (Figure 

5-20) revealed a trend of increased proliferation, however this did not reach 

significance (Figure 5-21A). The relative ratios of proliferating cell types appeared 

similar to young, with more endothelial and ‘other’ non-tubular cells proliferating in 

ischaemic kidneys (Figure 5-21b). However, when individual cell types were analysed 

no differences were detected either between contralateral and ischaemic kidneys, or 

between old and young kidneys (Figure 5-21C-F).  

5.3.11 No difference in injury related markers detected at 
the transcript level between young and old mice 

To test whether injury response processes were still active at 28 days post-IRI, the 

transcript levels of a selection of marker proteins was analysed by qPCR. Poor RNA 

quality from some of the samples resulted in low n-numbers for this analysis. 

Transcript levels of Col1a1, Col3a1, Tgfb1, and Havcr1 all tended to be higher in 

ischaemic kidneys of both old and young animals (Figure 5-22A-C,F), but these 

differences were not statistically significant. Col1a1 and Col3a1 exhibited a positive 

correlation with fibrosis, as measured by PSR staining, in a relationship that fitted well 

with a semi-log curve (Figure 5-35). Cdkn2a tended to have lower transcript levels in 

the ischaemic kidneys of both age groups, however no significant association was 

detected(Figure 5-22D). Pdgfrb transcript levels were relatively consistent at this time 

point across old and young contralateral and ischaemic kidneys, and accordingly no 

difference was detected between groups (Figure 5-22E).  
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Figure 5-18 CD206 localisation in the outer stripe old and young kidneys at day-1 post-IRI. CD206 
(red) localisation in the outer stripe of  ischaemic kidneys of young animals at (A) day 1 and (B) day 
28, and of old kidneys at (C) day 1 and (D) day 28. DAPI labelled nuclei are shown in green. 
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Figure 5-19 Quantification of CD206+ cells in the outer stripe of young and old kidneys at day-1 
and -28 post-IRI. (A) CD206+ cell density in old mice is significantly higher in the outer stripe of 
ischaemic kidneys at day 1, compared to contralateral. By day 28, CD206+ cell density is again 
equivalent in contralateral and ischaemic kidneys. (B) No difference between ages in CD206+ cell 
density at day 1 post-IRI. (C) No difference between ages in CD206+ cell density at day 28 post-IRI. 
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Figure 5-20 Ki67 localisation in the outer stripe of young and old kidneys at day 1 post-IRI.  
Representative fields from young and old contralateral and ischaemic kidneys, as indicated. 
Proliferating cells labelled by Ki67+ (green) nuclear localisation. Endothelial cells labelled with 
Isolectin B4 (red) and nuclei labelled using DAPI. Arrows indicate proliferating endothelial cells, 
whilst arrowheads label other proliferating cells. Asterisks mark necrotic or denuded nephron 
tubules. Sections also labelled for PDGFR-β (not shown, for clarity).  
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Figure 5-21 Quantification of proliferating cells in young and old day-1 post-IRI kidneys. (A) Total 
proliferating cells in old and young, day-1 contralateral and ischaemic kidney. No significant 
difference detected between any group. (B) Total proliferating cells with the contribution of various 
cell types shown. Cell types examined were (C) PDGFR-β+, (D) tubular cells, (E) endothelial, defined 
as Isolectin B4+, and (F) other proliferating cells in the interstitium. No significant difference between 
groups was detected in any cell type. Analysed by two-way ANOVA. 
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Figure 5-22 qPCR analysis of day-28 post-IRI kidneys. Transcript values expressed in arbitrary units, 
normalised to Hprt housekeeping gene transcript levels, and transformed so that the values for day-
28 young contralateral kidney average to 1. (A) Col1a1, (B) Col3a1, (C) Havcr1 (murine orthologue 
of KIM-1), (D) Cdkn2a (gene for p16INK4α), (E) Pdgfrb, and (F) Tgfb1. No significance difference 
detected between any groups. Two-way ANOVA performed, n=4 per group.  
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5.3.12 PDGFR-β+ and CD146+ perivascular cell sub-types 
exhibit age-dependent changes in population dynamics 
following IRI 

To investigate the behaviour of perivascular cell sub-types in old animals following IRI, 

cells were identified by PDGFR-β and CD146 localisation and quantified in the outer 

stripe (Figure 5-23). Cell densities in contralateral and ischaemic kidneys from each 

time point were compared. No difference in cell density was detected in 

PDGFR-β+CD146- cells at day 1 or day 4 post-IRI (Figure 5-24A &Figure 5-25A), 

however by day 28 it was significantly higher in ischaemic kidneys (Figure 5-26A). 

PDGFR-β-CD146+ cell density did not exhibit any changes across the IRI timecourse 

(Figure 5-24B; Figure 5-25B; Figure 5-26B). It tended to be higher in ischaemic 

compared to contralateral kidneys at day 4 and day 28 post-IRI, however this did not 

surpass the threshold of significance. There appeared to be a transient increase in 

PDGFR-β+CD146+ cell density, which was unchanged at day 1 (Figure 5-24C) but 

significantly higher at day 4 post-IRI (Figure 5-25C). By day 28 post-IRI, there was 

again no difference detected (Figure 5-26C).  

Figure 5-27 shows representative images of PDGFR-β and CD146 immunolabelling in 

the outer stripe across the IRI timecourse in young and old animals side by side. 

Comparison of cell density values in ischaemic kidneys reveals some similar and some 

contrasting patterns in sub-type prevalence. In both young and old, the density of 

PDGFR-β+CD146- cells increases progressively with time post-IRI (Figure 5-28). No 

difference was detected between old and young animals.  

Whereas in young animals a large increase in PDGFR-β-CD146+ cells was observed 

in day 1 ischaemic kidneys followed by a subsequent decline (Figure 4-21A), in old 

animals PDGFR-β-CD146+ cell density remained consistent across the timecourse, 

and was significantly higher than young in day-28 ischaemic kidneys (Figure 5-28). 

CD146 labelling in young day 1 animals appears brightest around denuded tubules 

(which lack nuclei), whereas this pattern is not obvious in old animals. This drastic 
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upregulation of CD146, which may have roles in adhesion, could be an adaptive 

response to the drastically altered hydrostatic environment that likely occurs 

following loss of tubular integrity. It seems plausible that the altered response in old 

animals could be a cause of increased vessel rarefaction that is observed in other 

models of ageing kidney disease. 

Young kidneys also had an increase in CD146+PDGFR-β+ cell density at day 1 that 

subsequently declined (Figure 4-21C). By comparison, old kidneys saw no change in 

CD146+PDGFR-β+ cell density at day one (Figure 5-24), but at day 4 cell density was 

significantly higher than at day 28 (Figure 5-28C), indicating they also had a transient 

increase in this cell type, but that it may have been delayed compared to young 

kidneys.  
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Figure 5-23 CD146 and PDGFR-β localisation in the outer stripe of old kidneys across the IRI 
timecourse. Images of the outer stripe labelled for PDGFR-β (red), CD146 (green) and nuclei via 
DAPI (blue) from old mouse kidney following IRI. Merged fields in the far left panel alongside 
individual channels, for (A) day 1 contralateral, (B) day 1 ischaemic, (C) day 4 ischaemic, (D) day 28 
ischaemic. 
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Figure 5-24 Quantification of CD146 and PDGFR-β perivascular cells in the outer stripe at day 1 
post-IRI. (A) PDGFR-β+CD146- cell density. No difference detected. (B) PDGFR-β-CD146+ cell 
density. No difference detected. (C) PDGFR-β+CD146+ cell density. No difference detected. Bars 
represent geometric mean ± 95% CI. One sample t-test performed on log ratios.   

 

 

Figure 5-25 Quantification of CD146 and PDGFR-β perivascular cells in the outer stripe at day 4 
post-IRI. (A) PDGFR-β+CD146- cell density. No difference detected. (B) PDGFR-β-CD146+ cell 
density. A positive trend from contralateral to ischaemic, but no significant difference detected. (C) 
PDGFR-β+CD146+ cell density significantly higher in ischaemic kidneys compared to contralateral. 
Bars represent geometric mean ± 95% CI. One sample t-test performed on log ratios, * p < 0.05.   
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Figure 5-26 Quantification of CD146 and PDGFR-β perivascular cells in the outer stripe at day 28 
post-IRI. (A) PDGFR-β+CD146- cell density significantly higher in ischaemic kidneys. (B) PDGFR-β-

CD146+ cell density. A positive trend observed from contralateral to ischaemic, but no significant 
difference detected. (C) PDGFR-β+CD146+ cell density. No difference detected. Bars represent 
geometric mean ± 95% CI. One sample t-test performed on log ratios, * p < 0.05.   
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Figure 5-27 PDGFR-β and CD146 localisation in the outer stripe across the injury timecourse: old 
and young compared (legend overleaf).  
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(Figure 5 27 legend) Dual-labelled images for young (left column) and old (right column) day 1 
contralateral and days 1-28 ischaemic kidneys, as indicated. CD146 expression (green) is high in 
young day 1 ischaemic kidney and has relatively lower prevalence at day 28, contrasting with more 
consistent expression levels in old kidney. In both, a steady increase in PDGFR-β expression (red) 
is observed. 

  

Figure 5-28 Comparison of CD146 and PDGFR-β cell densities in the outer stripe of old and young 
ischaemic kidneys following IRI. (A) PDGFR-β+CD146- cell density. Old kidneys exhibit an increase 
in cell density with time, similar to young. No difference detected between young and old. (B) 
PDGFR-β-CD146+ cell density. Whilst there is a decrease with time in young animals this is not seen 
in old. Cell density is significantly higher in old versus young day-28 ischaemic kidneys. The post-
tests and differential reaction in old and young is validated by the significant score for interaction 
between variables by ANOVA. (C) PDGFR-β+CD146+ cell density. Density is higher in old day-4 
versus day-28 kidneys. Whilst young exhibit a successive decrease from day 1 to day 28, the pattern 
in old suggests a transient increase at day 4. Day 1 young was significantly higher than day 1 old by 
post-tests, although the p-value for interaction which would had validated this test is just outside 
the threshold of significance. Two-way ANOVA performed with Bonferroni post-tests, * p < 0.05; 
** p < 0.01. 
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5.3.13 PDGFR-α and PDGFR-β exhibit age-dependent 
differences in expression at day 28 post-IRI 

Previous work has shown that PDGFR-α, similar to PDGFR-β, is a key player in injury 

induced organ fibrosis225. Due to the higher fibrosis seen in old animals, PDGFR-α 

was investigated alongside PDGFR-β. Visualisation of PDGFR-α and –β in the outer 

stripe of old kidneys at day 28 post-IRI revealed a broadly similar pattern of 

localisation to young, with multiple PDGFR-α+-β+ cells in the interstitium following 

ischaemia (Figure 5-29). However there appeared to be more labelled cells in old 

contralateral kidneys. Quantification of PDGFR-α and –β localisation confirmed an 

increase in dual labelled cells in old ischaemic kidneys (Figure 5-30C). There was a 

trend toward increased PDGFR-α+-β- cells in old ischaemic kidneys, but this did not 

pass the threshold of significance, and there was no change in PDGFR-α--β- cells 

(Figure 5-30A,B).   

Age groups were then directly compared and some striking differences in cell quantity 

emerged. Young mice exhibit more PDGFR-α+-β- cells in the outer stripe of ischaemic 

kidneys than contralateral, yet the same density of PDGFR-α+ -β- cells was observed 

in old contralateral kidneys as was in young ischaemic (Figure 5-31A). A further 

positive trend is observed between old contralateral and ischaemic kidneys, but as 

mentioned above this was not significant (Figure 5-30B). PDGFR-α+-β- cells are thus 

less prevalent in the outer stripe of young animals at baseline, but exhibit a more 

substantial increase following ischaemia than in old, possibly signifying a persistent 

pathological state in the latter. 

PDGFR-α--β+ cell density in the outer stripe was significantly lower in the ischaemic 

kidneys of old mice compared to young, and a similar but non-significant trend was 

seen in contralateral kidneys (Figure 5-31B). This may represent a loss of bona fide 

pericytes in the aged animals.  

Density of PDGFR-α+-β+ cells in the outer stripe was almost identical in old and young 

kidneys. Both exhibited a significant increase in response to ischaemia (Figure 5-31C). 
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The relative contribution of each PDGFR-α/β sub-type is shown in Figure 5-31D, and 

serves to show general increases in response to ischaemia and, to a lesser extent, 

age, but with more subtle independent changes within the sub-types.  

5.3.14 NG2+ and α-SMA+ cells are more prominent in the 
outer stripe and inner medulla of old kidneys following 
injury than young 

Dual labelling of α-SMA and NG2 was performed on day-1 contralateral, day-1 

ischaemic and day-28 ischaemic kidneys. In general, NG2 immunoreactivity was 

stronger in old kidneys, and particularly so in old ischaemic kidneys (Figure 5-32). Cell 

numbers were quantified, and no difference in the density of α-SMA+NG2- cells in the 

outer stripe of old animals could be detected, but day 28 ischaemic kidneys of old 

animals had a significantly higher density of α-SMA+NG2- cells than detected in young 

animals (Figure 5-1A). This same pattern was also observed for α-SMA-NG2+ cells 

and α-SMA+NG2+ cells (Figure 5-33B,C). In general, cell numbers in young and old 

day 1 ischaemic kidneys are similar, but by day 28 old kidneys have significantly higher 

numbers of all three cell types tested here. In addition, α-SMA+NG2- cell numbers 

reduce from day-1 to day-28 in young ischaemic kidneys, but the opposite trend is 

observed in old. Comparison of the relative contribution of each sub-type (Figure 

5-33D) reveals a predominance of α-SMA+ cells that has been discussed previously 

(Section 4.3.10).  

NG2 in the inner medulla 

It was particularly apparent when observing slides labelled for NG2 that there were 

differences with injury and age present in the inner medulla. NG2 labelling appeared 

stronger in day-28 ischaemic animals, and particularly so in the old animals (Figure 

5-34A). NG2+ area in the interstitium was quantified in the inner medulla of old and 

young kidneys, and revealed that NG2+ area was higher in old day 28 ischaemic 

kidneys than day 1 contralateral or ischaemic kidney, as well as being higher than day 

28 young ischaemic kidney (Figure 5-34B). A similar trend was observed in young,  

but these differences were not statistically significant. 
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Figure 5-29 PDGFR-α and –β 
localisation in the outer 
stripe of young and old 
kidneys at day-28 post-IRI. 
Representative images of 
PDGFR-α (green) and 
PDGFR-β (red)  localisation 
in the outer stripe of young 
and old contralateral and 
ischaemic kidneys at day 28 
post-IRI, as indicated. 
Examples of perivascular cells 
labelled with marker 
combinations are indicated, 
including PDGFR-α+-β- (filled 
arrowheads), PDGFR-α--β+ 
(notched arrowheads), and 
PDGFR-α+ -β+ (arrows). 
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Figure 5-30 Quantification of PDGFR-α+ and -β+ cells in the outer stripe of old kidneys at day-28 post-
IRI. (A) No significant change detected in PDGFR-α--β+ cells between contralateral and ischaemic kidneys. 
(B) No significant change detected in PDGFR-α+-β- cells between contralateral and ischaemic kidneys, 
although there is a positive trend. (C) Significantly more PDGFR-α+-β+ cells in ischaemic kidneys than 
contralateral. Bars show geometric mean ± 95% CI. One sample t-test performed on log ratios, * p < 
0.05. 
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Figure 5-31 Comparison of PDGFR-α+ and –β+ cells in old and young kidneys. (A) There are significantly 
more PDGFR-α+-β- cells in old contralateral kidneys than young. There is a trend of increase from 
contralateral to ischaemic at both ages, but this is not significant in old. (B) PDGFR-α- -β+ cells tend to be 
more numerous in young than old kidneys, and this difference is significant between ischaemic kidneys. 
(C) PDGFR-α+ -β+ cells numbers significantly higher in ischaemic kidneys of both young and old mice. (D) 
Contribution of each sub-type to the total PDGFR-α/β+ population. Two-way ANOVA with Bonferroni 
post-tests performed, * p < 0.05. 
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Figure 5-32 α-SMA and NG2 localisation in the outer stripe of young and old kidneys at day-1 and day-
28 post-IRI. Sections stained for α-SMA (red), NG2 (green) and DAPI (blue). Images are from (A) day-1 
contralateral, (B) day-1 ischaemic and (C) day-28 ischaemic, young and old as indicated. Merged images 
on the far left panels are shown alongside individual channels. The occurrences of α-SMA+NG2- (notched 
arrowheads), α-SMA-NG2+ (arrows), and α-SMA+NG2+ (filled arrowheads) cells are indicated. High 
background in the NG2 channel is observed on tubular cells. 
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Figure 5-33 Quantification of α-SMA and NG2 in the outer stripe of young and old kidneys at day 1 and  
day 28 post-IRI. (A) α-SMA+ cell density is significantly higher in old versus young day-28 ischaemic 
kidneys. (B) α-SMA-NG2+ cell density is significantly higher in old versus young day-28 ischaemic kidneys. 
(C) α-SMA+NG2+ cell density is significantly higher in old versus young day-28 ischaemic kidneys. (D) 
Relative contributions of sub-types to total α-SMA+/NG2+ cell populations. Interactions in A-C tested by 
two way ANOVA with Bonferroni post-tests, *** p < 0.001. 
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Figure 5-34 NG2+ area is increased in the inner medulla of day-28 ischaemic kidneys in old mice but not 
in young. (A) Representative images of the inner medulla of young and old day-1 contralateral and day 
1/28 ischaemic kidneys, as indicated, showing NG2 localisation (green) alongside nuclei labelled with DAPI 
(blue). An increase in interstitial NG2+ area is apparent in old ischaemic kidneys.  Sections also stained 
for α-SMA, but this was generally absent and is not shown. (B) NG2+ interstitial area (excluding non-
specific fluorescence in the lumens) was quantified. NG2 was more prevalent in the inner medulla of old 
day-28 ischaemic kidneys compared to old day 1 kidneys, and young day 28 ischaemic kidney. Two way 
NAOVA with Bonferroni post-tests, * p < 0.05; *** p < 0.001. 
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5.3.15 Associations between age or fibrosis and the 
density of perivascular cell sub-types in the outer stripe 
of day 28 post-IRI ischaemic kidneys 

There was variation and in the ages of these animals, which ranged in the day 28 group 

from 77 to 97 weeks, and also in the degree of fibrosis. To investigate possible 

associations between fibrosis or age and other readouts, data were plotted and linear 

regression analysis performed.  

Fibrosis 

Fibrosis did not significantly co-vary with post-operative weight change or the precise 

ischaemia time, indicating that variation in these factors did not have a substantial 

effect on experimental outcome (Figure 5-35B,C). With regards to perivascular cell 

sub-types, a strong and significant correlation was detected between PDGFR-α+-β+ 

cell density and fibrosis, with an r2 value of 0.71 (Figure 5-35E). Independently of this, 

on sections labelled for PDGFR-β and CD146, a significant yet weaker (r2 = 0.58) 

correlation was detected between PDGFR-β+CD146- cell density and fibrosis (Figure 

5-35D). These two analyses likely capture the same population but with less specificity 

in the latter. Surprisingly, α-SMA+NG2- cell density did not significantly correlate with 

fibrosis,  but a strong (r2 = 0.81) and significant correlation detected for α-SMA-NG2+ 

cell density, as well as one approaching significance for α-SMA+NG2+ cell density 

(Figure 5-35F).  

Age 

The range of ages in this group represents ~20% of the lifespan of the median for the 

population, and so could reasonably be expected to influence injury parameters or 

other readouts. When plotted against fibrosis and weight change following surgery, 

no significant association was detected, suggesting variation in age within the old age 

group was not a major factor affecting experimental outcome (Figure 5-36A,B). Also, 

cell density of perivascular sub-types in the outer stripe did not vary significantly with 

age within this range for most values (Figure 5-36D,E). One exception is for 

α-SMA+NG2+ cells, which showed a strong and significant correlation with age (p < 

0.0027, r2 = 0.86, Figure 5-36F). The high significance value means this association is 

unlikely to be a result of chance following multiple hypothesis testing.  
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Figure 5-35 Covariance of fibrosis and perivascular cell quantification in the outer stripe of old day-
28 ischaemic kidneys. Fibrosis values as quantified by % area positive in the outer stripe of PSR 
stained kidney sections. (A) Transcript levels of Col1a1 (red) and Col3a1 (green) increased 
exponentially with fibrosis area. Lines fitted using Log (y-axis) linear (x-axis) line fitting tool on 
Graphpad Prism v5. (B) Weight change 3 days after surgery as a measure of animal health shows no 
association with fibrosis. (C) Precise ischaemia time shows no association with fibrosis. (D) PDGFR-
β and CD146 dual-labelling cell population quantification data. (E) PDGFR-α and –β dual-labelling 
cell population quantification data. (F) α-SMA and NG2 dual-labelling cell population quantification 
data. Lines fitted by linear regression, solid lines indicate significant relationships, and have r2 and p-
values displayed. 
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Figure 5-36 Covariance of precise animal age and perivascular cell quantification in the outer stripe 
of old day-28 ischaemic kidneys. Precise age in weeks at the time of surgery plotted against injury 
and perivascular cell quantification readouts. (A) No association between age and fibrosis. (B) No 
association between age and post-operative weight change. (C) PDGFR-β and CD146 dual-labelling 
cell population quantification data. (D) PDGFR-α and -β dual-labelling cell population quantification 
data. (E) α-SMA and NG2 dual-labelling cell population quantification data. Lines fitted by linear 
regression, solid lines indicate significant relationships, and have r2 and p-values displayed. 
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5.4 Discussion 

5.4.1 Summary of results 

The prevalence of perivascular cells positive for PDGFR-β and CD146, along with 

vascular density, were quantified in mice at a range of ages from young (3-5 months) 

to advanced age (~24 months), and dynamic changes were detected. Next, the results 

of an IRI injury in old mice were presented and compared to young. Finally, using 

dual-stainings of CD146 and PDGFR-β, PDGFR-β and PDGFR-α, and NG2 and α-

SMA, dynamic changes in pericyte sub-types following injury were detected and also 

compared to the same readouts in young. With regards to the hypotheses outlined 

in section 5.2: 

Hypothesis 6. There will be a progressive decrease in pericytes with age that will 

affect all kidney regions equally. 

There was indeed a decrease of CD146+PDGFR-β+/- area with age, however this was 

preceded by a dramatic increase between 3-5 and 14 months, meaning the net 

decrease from youth to advanced age was minimised. When nuclei counting was 

performed 18 months old kidneys had less CD146+PDGFR-β+/- pericytes than young, 

although interstitial cells (CD146-PDGFR-β+) remained constant. Perivascular cell 

numbers in the outer medulla (inner and outer stipes) appeared to be more 

profoundly affected by age than those of the cortex.  

Hypothesis 7. Unilateral IRI will result in worse initial injury and subsequent fibrosis 

in aged mice. 

The results are mixed regarding this hypothesis. Initial histological damage appeared 

similar or less severe in old animals compared to young. Subsequent fibrosis was 

higher in old animals but, accounting for significant fibrosis already present in old 

animals, the actual increase in fibrosis may have been substantially less.  
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Hypothesis 8. Following injury pericyte numbers (CD146+, NG2+) will be lower in 

old animals compared to young, but fibrotic perivascular sub-types (α‐SMA+, PDGFR-

β+, PDGFR-α+) will be more numerous in old compared to young. 

There were indeed differences in perivascular sub-type population dynamics in old 

mice compared to young. CD146+ cell numbers were generally higher in old 

ischaemic kidneys across the timecourse, in contrast to a transient increase in young. 

CD146+PDGFR-β+ increased at day four in old, a delay compared to the day 1 

increase observed in young. The numbers of NG2+ and α-SMA+ cells detected were 

quite profoundly higher in old day-28 ischaemic kidneys. Interstitial PDGFR-α+-β+ cells 

were similar between ages, and both exhibited a comparable increase in response to 

ischaemia at day 28 post-IRI. Interstitial PDGFR-α+-β- cells were more numerous in 

old vs young contralateral kidneys, yet exhibited a less substantial increase by day 28 

post-IRI than young. Finally, PDGFR-α-β+ cells, likely pericytes, were less numerous 

in old kidneys than in young, although these cells were not affected by ischaemia at 

either age.  

5.4.2 Dynamics of perivascular cell numbers with age 
Mice used in these experiments ranged from 3-25 months of age. It is difficult to 

equivocate mouse and human age for many reasons. As an estimation, 50-60% of FVB 

mice survive to the median age here of 22 months257,258. In humans the 60% survival 

rate, dependent on multiple factors, is in the region of 70 years259. Multiple studies 

have published data on vascular rarefaction in the kidney that occurs with age, often 

in a rat or human context175,260–262. In this study a significant increase in vascular 

density from 3-14 months preceded a downward trend to 24 months of age, such 

that no difference was detected between youngest and oldest mice. Given the trend, 

a detectible reduction compared to young would likely to occur with more advanced 

age. Indeed, one study found a ~25% capillary rarefaction in 27 months old C57BL/6 

mice143. The early rise in vascular density is not unprecedented, since human kidneys 

are known to continue to grow until the age of 40-50164,165,263, indicating they are 

not degenerating throughout middle age. In apparent contrast to findings here, 

another study found no difference in vascular density between young and 12 months 
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old C57BL/6 mice at baseline, although there was a slight downward trend147. This 

indicates there may be mouse line-related differences in renal vascular density, which 

indeed may explain the significant differences observed in ischaemic susceptibility 

between and within mouse lines53,264.  

5.4.3 Dynamics of perivascular cell sub-type numbers with 
age following injury 

Marker combinations of CD146 and PDGFR-β; PDGFR-α and PDGFR-β; and α-SMA 

and NG2, were used to follow pericyte sub-type dynamics following ischaemia, at 

one, four or 28 days post-ischaemia, in the outer stripe of the outer medulla. There 

were many similarities in sub-type dynamics, and also some stark differences, between 

ages. Both old and young exhibited a steady increase in PDGFR-β+(CD146-) cells in 

ischaemic kidney from day 1 to day 28. It was PDGFR-α+ sub-type of PDGFR-β+ cells 

driving this increase in both, with the PDGFR-α--β+ cell density remaining similar to 

that in contralateral kidney. This cell population is likely myofibroblasts225, for which 

α-SMA is considered a definitive marker.  Interestingly, whilst in young α-SMA+ cell 

density was higher in day 1 ischaemic compared to contralateral but reduced again 

by day 28, in old animals the α-SMA cell density was consistently high (relative to 

young). Since fibrosis deposition can be detected as little as three days following IRI265 

it is feasible that by day 28 in young animals myofibroblasts have begun to deactivate 

(given the loss of α-SMA) but not disappeared completely (given the persistence of 

PDGFR-α+-β+ cells). In contrast, α-SMA+ cell density remains elevated in old kidneys 

at day 28 post-IRI, and was higher at baseline, indicating a persistent fibrotic 

phenotype in these animals. Future experiments should track fibrosis longer after IRI 

to observe whether fibrosis persists in old animals or is turned over like in young266. 

PDGFR-α and PDGFR-β  

Despite the elevated fibrosis in old kidneys at baseline compared to young, there was 

not an equivalent elevation in PDGFR-α+-β+ cells (which correlated strongly with 

degree of fibrosis in ischaemic kidneys). Instead, there were elevated numbers of 

PDGFR-α+-β- cells, and this sub-type also increased following fibrosis in both old and 

young (Figure 5-31). It is not completely clear what the role of this population is. A 
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cell expressing PDGFR-α alone would in theory only lack the ability to respond to 

PDGF-DD isoform, compared to a PDGFR-α+-β+ cell113 (Figure 1‐3),  although there 

are multiple factors, such as binding affinity and downstream mechanisms, that may 

affect response to other PDGF isoforms. Following UUO and IRI injuries, PDGF-DD 

expression was upregulated on mesenchymal cells and also tubular cells, and Pdgfd-/- 

mice had significantly less tubulointerstitial fibrosis267. However is has been show that 

blockade of PDGFR-α or PDGFR-β causes a similar reduction in fibrosis, but that 

both together was not additive225.  Since PDGF-DD is PDGFR-β specific, it would 

therefore appear that both receptors must be activated together to induce fibrosis, 

especially since even very high doses of PDGF-AA, a PDGFR-α specific isoform, failed 

to induce any fibrotic renal pathology268,269. In muscle, PDGFR-α+-β+ cells were 

fibrotic, but the PDGFR-α+ -β- population was not investigated121. From this evidence, 

then, there is no indication that PDGFR-α+-β- cells are fibrosis forming and further 

investigation is required to elucidate the properties of this interstitial population.  

CD146 and PDGFR-β 

CD146+PDGFR-β+ cells appeared to have differential regulation at early time points 

following IRI. Whilst in young animals there was a dramatic increase in 

CD146+PDGFR-β+ cell density at day 1 post-IRI, followed by a steady decline back to 

baseline, in old animals there was no increase at day 1 but instead at day 4 (Figure 

5-28). This is also reflected in total CD146+PDGFR-β+ cell density at day 1, which is 

again increased in young ischaemic kidneys but exhibits little change in old animals. 

The differences in CD146 staining intensity are obvious in Figure 5-27. Since it is just 

24 hours after reperfusion, this increase may reflect activation of CD146 and/or 

PDGFR-β expression, especially since proliferation in the PDGFR-β+ compartment 

was relatively low (Figure 5-21). The cooperation of CD146 and PDGFR-β during 

vasculogenesis in the brain has been recently shown130, and CD146 is essential to 

generation of the vasculature during development270. Indeed, expression of 

developmental genes following injury is common271. It could be then that CD146 and 

PDGFR-β have a role in promoting vessel survival in the immediate aftermath of 

injury. A delay in this activation, as seems to be occurring in old animals, may 
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therefore exacerbate ischaemic injury, and be a contributing factor to injury induced 

vessel rarefaction that occurs in old kidney injury models147. It would be interesting 

to test such a hypothesis, perhaps by using antibodies that block the dimerisation of 

CD146, and thus its interaction with PDGFR-β, in a kidney disease model131. 

NG2 and α-SMA 

Although NG2 has been shown to be lost in kidney pericytes from the postnatal 

period to adulthood86, here it exhibited conspicuously better detection in elderly 

animals than in young. Following injury, although there was a loss of NG2+ cells in 

total kidney by flow cytometry in young at day 1, this was not observed in old kidneys 

(Figure 5-14), perhaps due to the increased expression that is seen on histology slides. 

There was a substantially higher density of NG2+ cells in old ischaemic kidneys at day 

28 post-IRI compared to young (Figure 5-33), and notably a distinct upregulation in 

inner medulla interstitial cells (Figure 5-34). Furthermore, NG2 positivity showed a 

strong correlation with the degree of fibrosis (Figure 5-35). This evidence points to 

a general upregulation of NG2 in response to disease stimuli, whether following IRI, 

or in the general diseased milieu of an ageing kidney. It also seems to be particularly 

upregulated in old diseased animals. NG2 has a potential role as an anoikis 

receptor137,238, so an increased expression in old animals suggests they may be more 

susceptible to unwanted cell death. Yet its presence also in association with α-SMA+ 

myofibroblasts doesn’t suggest it is promoting that function here in the actively 

fibrosing kidney. There are many signalling roles assigned to NG2, and its function on 

myofibroblasts is likely to be different to that on inner medullary interstitial cells. For 

example it binds to collagens V and VI and can mediate actin remodelling as a result272. 

It therefore likely has a role in detecting and communicating with the extracellular 

matrix, which is potentially important in cell migration, survival and matrix 

remodelling.  

In summary, stark differences in perivascular sub-type population dynamics were 

observed following ischaemia, but more work if required to elucidate the significance 

of these populations to disease.  
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5.4.4 Limitations of this work 
The results presented are all derived from one strain of mouse (FVB). There could 

be strain specific differences in the distribution of perivascular cells and sub-types, 

how they vary with age and how they respond to injury53. Aged mice are by nature 

heterogeneous – how their response to a particular injury differs from their young 

counterparts may be influenced by innumerable factors throughout their life that are 

unknown and cannot be controlled for. Therefore the only way to get a general 

picture of how age influences a phenotype is to perform multiple studies on different 

cohorts of animals, from multiple centres. The IRI results derive from one 

experiment. Other injury models with different underlying causes, e.g. immune such 

as IgA nephropathy273, or with different downstream progression dynamics, e.g. a 

progressive fibrosis model such as UUO, may engender alternative perivascular 

reactions. 

5.4.5 Concluding remarks 
The findings in this chapter suggest a less severe injury response in old mice compared 

to young in the unilateral IRI model. Furthermore, perivascular cell populations 

change in number and proportion with age, with the outer medulla the most affected, 

and there are key differences in the response of these populations following injury in 

the outer stripe.  The relationship between these perivascular changes and the 

difference in injury phenotype, both in this model and in previous research, must be 

the subject of future study. However new perspectives have been gained on the 

changes in renal perivasculature with age, with individual subtypes exhibiting 

idiosyncratic responses and further highlighting the complexity of the renal interstitial 

niche.
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Chapter 6 In vitro functional properties, 
response to injury variables, and 
heterogeneity of cultured renal 
mesenchymal cells 

6.1 Introduction 
The preceding chapters have identified surface marker heterogeneity in renal 

perivascular cells and used this heterogeneity alongside anatomical information to 

define sub-types of renal perivascular cells. The abundance and distribution of these 

sub-types was then tracked following an injury timecourse, and differences in 

abundance and distribution were observed to occur with age. To investigate the 

significance of these cell behaviours in the response to disease, it is necessary to gain 

insight into whether surface marker phenotypes identify cells with true functional 

differences, as observations in static post mortem tissues can only be indicative in this 

regard. In the absence of the appropriate genetic animal models, the following strategy 

was pursued: to sort cells of a particular surface phenotype by FACS and investigate 

their properties in functional in vitro assays. This chapter includes efforts to sort and 

culture perivascular sub-types from murine kidney, the culture properties of murine 

kidney-derived MSC-like cells, and some functional in vitro assays investigating the 

properties of these cells. In addition, procedures were developed to assay the ability 

of MSCs (or sorted perivascular populations) to modify the properties of epithelial 

cells in the kidney.  

6.1.1 Modelling mesenchymal and epithelial kidney cell 
interactions 

Truly faithful modelling of the kidney in vitro still requires vast advances in technology 

and engineering70. However cellular interactions can currently be investigated using 

available technology such as 2d cell culture assays, for example in toxicology 

screens71. Differentiated kidney epithelial cells in vivo do not typically proliferate 

except when required to replenish lost cells 72,73. During high levels of proliferation 

they dedifferentiate and assume a mesenchymal-like phenotype. Therefore, enabling 
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growth of differentiated kidney cells in vitro requires cell lines transformed to force 

cellular proliferation in the absence of de-differentiation74.  

HK-2 cells are a widely used kidney proximal tubular cell line that have published 

results in over 1000 studies to date.  They are derived from the transformation of 

primary proximal tubular cells with human papillomavirus75. The resulting 

immortalised cell clone has a cell surface phenotype resembling mature proximal 

tubular cells (positive for alkaline phosphatase, gamma glutamyltranspeptidase, leucine 

aminopeptidase, acid phosphatase, cytokeratin, integrin-α3β1, and fibronectin; 

negative for von Willebrand Factor [endothelial marker76], and 6-19 antigen [stromal 

marker77,78])79. They also exhibit functional characteristics of differentiated tubular 

cells, such as gluconeogenesis; sugar transport that is Na+ dependent and responsive 

to phlorizin;  and a response of adenylate cyclase to parathyroid hormone, but not 

diuretic hormone79. Other studies have found that HK-2 cells resemble primary 

tubular epithelial cells in their drug toxicity80, and their ability to secrete plasma 

proteins81, and in transcriptomic analysis they clustered away from kidney cancer cell 

lines82. Given the metabolic and surface marker similarities of HK-2 cells to their in 

situ counterparts, in vitro perturbations to HK-2 cells should illicit responses that are 

faithful to the behaviour of in vivo tubular cells.  

6.2 Hypotheses and aims 
 The in vitro properties of sorted cells are often reflective of their in vivo function. in 

vitro assays have the ability to precisely define differences in cell populations that can 

lead to more targeted and informative in vivo studies. It has been possible in other 

organs and species to sort and culture pericytes based on surface marker expression, 

leading to the hypothesis: 

Hypothesis 9 Murine kidney perivascular sub-types can be sorted based on their 
unique surface marker profile and established in culture, using standard methods. 

Several features of ischaemic disease can be modelled in vitro and various readouts 

used to assess the response of perivascular cells to these stimuli. Hypoxia is an 

important component of ischaemic disease as well as a normal feature of the renal 

medulla4, and can be readily replicated using a hypoxic incubator. Osmolarity likewise 
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varies with kidney region and has been shown to modify the properties of other injury 

response cells such as macrophages33,219. Oxidative stress, and the resulting cellular 

senescence, is a feature both of ischaemic injury and of ageing248,274,275, and can be 

modelled by the application of sub-lethal levels of hydrogen peroxide276 (H2O2), a 

strong oxidising agent. As these stimuli all represent features that vary between 

kidney regions and following injury and ageing, they are good candidates for signals 

that might generate a differential response in functionally distinct pericyte sub-types, 

suggesting the hypothesis that:   

Hypothesis 10 Perivascular cells will respond to stimuli such as hypoxia, oxidative 
stress and osmolarity in vitro, and the nature of this response will vary depending on 
the anatomical location and surface marker phenotype of the cells.  

Responses that are likely important for the kidneys injury response include cell 

viability277,278, collagen production225, senescence susceptibility45, immunomodulatory 

properties248, migratory capacity244, and the ability to control the migration of kidney 

parenchymal cells278. As the medulla is hypoxic and hyperosmotic relative to the 

cortex (and indeed many other tissues279) it follows that cells from this region will be 

more viable under such conditions and better able to support the migration of renal 

cells. Likewise, their lower oxygen exposure may predispose them to injury from 

oxidative stress, therefore: 

Hypothesis 11 Medulla-derived cell populations will show an improved response to 
hypoxic stimuli compared to cortex-derived populations, but a more severely 
negative response to oxidative stress. 

To address these hypotheses, perivascular sub-types were sorted from murine 

kidney. When it was not possible in most cases to establish them in culture, MSC-

like cell populations were derived from either cortex or medulla. These were used 

to establish in vitro assays investigating the effects of hypoxia, oxidative stress, and 

hyperosmolarity, alone or in combination, on properties relevant to the injury 

response such as cell viability, senescence susceptibility, migration capacity, and the 

ability to support migration. 
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6.3 Results 

6.3.1 PDGFR-β+ cell sorting using PDGFR-β reporter (PBAG) 
mice 

To isolate cells for subsequent culture, PBAG mice were used because, as has been 

discussed in previous sections (3.3.12), the PDGFR-β flow cytometry antibody was 

unreliable, and PBAG kidneys yielded an acceptably large population of PDGFR-β+ 

cells when dissociated. The sorts undertaken using these mice are outlined in Figure 

6-1 & Figure 6-2. PDGFR-β+ (i.e. GFP+) cells were sorted following exclusion of 

ICAM2+ and CD45+ cells, except in the case of sort 1 (Figure 6-1). CD45+ cells were 

never observed in the PDGFR-β+ population, although there was a population of 

PDGFR-β+ICAM2+ cells representing ~5-20% of the PDGFR-β+ population. These 

events likely represent doublets of endothelial cells and pericytes, that have escaped 

doublet gating, or else PDGFR-β+ cells with fragments of endothelium attached (or 

vice versa). To investigate their true nature they were sorted and cultured. In sorts 

5, 7, and 8, CD146+ cells were removed from the total PDGFR-β+ population, 

representing 2-22% of total PDGFR-β+ cells (Figure 6-2). PDGFR-β+ cells typically 

represented ~0.2-0.7% of total recorded events.  

Histological evidence shows PDGFR-β+ cells represent a large and varied population 

within the kidney (Chapter 3). To interrogate whether these cells differ between 

regions, in sorts 1-3 the kidneys were dissected into cortex and medulla regions 

before dissociation, and PDGFR-β+ cells sorted separately from these two tissues.  

It is clear from the FACS plots that there is a large population of cells with mid-level 

fluorescence in the GFP channel. This population is also present in non-reporter mice 

(Figure 3-23), yet it may mask true GFP positive cells that are not sufficiently bright 

in comparison to this autofluorescent population. It is possible then that this sorting 

strategy only isolates a subpopulation of PDGFR-β+ cells with the brightest reporter 

expression, and indeed that other supposedly PDGFR-β- populations sorted may not 

be truly negative for PDGFR-β expression.  
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6.3.2 Perivascular cell sorting using PDGFR-β reporter mice 
and perivascular surface markers 

To obtain cultures of perivascular cell sub-types, dissociated kidneys were stained for 

common perivascular surface markers and separated via their differential expression 

during sorts. Sorts 4-8 were treated in this way. Sorts 5-8 were performed on PBAG 

mice, whilst sort 4 was performed on a wild type C57Bl/6 mouse from the same 

colony. The sorting strategy is outlined in Figure 6-2. All populations except the 

endothelial populations in sorts 4 and 5 were CD45-ICAM2-.  

Previous work has shown that cell number is an important determinant in the 

likelihood that a perivascular population will survive in culture. In addition, as has 

been discussed previously, perivascular marker staining is temperamental in murine 

kidney digests. Therefore, different sorting strategies for perivascular sub-types are 

employed in order to maximise cell yield. The markers used were CD146, NG2, 

PDGFR-α, and CD34 (adventitial cells). The sort strategies and cell numbers acquired 

are outlined in Figure 6-2. Endothelial cells were sorted to provide a control cell 

population for in vitro assays. CD34+ adventitial cells were sorted from the non-

endothelial population, as these are another type of perivascular cell and are known 

to give rise to MSCs. Cell yields of perivascular sub-types were typically ~0.1% of 

total events.  
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Figure 6-1 FACS plots and sort results for murine kidney labelled for various perivascular markers 
(sorts 1-3). The general sort strategy is shown in the top row from one representative sort. 
Subsequent rows show the sorted populations following on from points in this general strategy 
(indicated by black arrows) and the cell numbers isolated in each population.  
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Figure 6-2 FACS plots and sort results for murine kidney labelled for various perivascular markers 
(sorts 4-8). The general sort strategy is shown in the top row from one representative sort. 
Subsequent rows show the sorted populations following on from points in this general strategy 
(indicated by black arrows) and the cell numbers isolated in each population.  

6.3.3 Culture dynamics of sorted perivascular sub-types 
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Although multiple perivascular sub-types were sorted, it was often not possible to 

establish a sufficiently large population for conducting in vitro assays. The culture 

dynamics of all sorted cell populations are outlined in Table 6-1. 

In the majority of cases, cells successfully attached to the culture vessel, indicating 

that a viable cell population was successfully isolated. An exception to this was with 

all NG2+ populations (NG2med & NG2hi from sort 4; NG2+CD146+PDGFR-β- from 

sort 8) which failed to exhibit adherence except in very rare instances. When viewed 

by microscopy, unattached NG2+ cells often had a rough appearance, as opposed to 

the more usual smooth sphere of a dissociated cell (Figure 6-3A). This rough 

appearance may reflect the blebbing of a cell undergoing apoptosis. One instance of 

cell adherence was observed, in the NG2med population after 11 days in culture, 

however the cells were wide and flat, an indicator of senescence, and did not 

proliferate (Figure 6-3B).  

Multiple CD146+(NG2-) populations were sorted, in various combinations with 

PDGFR-β and PDGFR-α. In most cases cells adhered successfully, indicating viable 

cells were isolated. In two cases, both involving PDGFR-β- cells (sort 5 PDGFR-β-; 

sort 7 PDGFR-β-PDGFR-α-), sufficient growth was achieved for the cells to be 

passaged. At passage 0 and early passage 1 they exhibited a spindle shaped 

morphology (Figure 6-4A,B). However in both cases growth subsequently ceased as 

the cells became senescent, obtaining a wide flat senescent-like morphology late in 

passage 1 (Figure 6-4A,B). CD146+PDGFR-α+PDGFR-β- cells (sort 7) also exhibited 

a spindle shaped morphology at passage 0 (Figure 6-4C), however they failed to 

proliferate following adherence. 

Adventitial cells from sort 6 successfully adhered to the culture vessel, and 

proliferated sufficiently to be passaged once. However after this point growth ceased. 

Endothelial cells grew more successfully than these perivascular populations, yet after 

several passages the culture was always overtaken by a mesenchymal/fibroblastic 

population. As mentioned above, some ICAM2+ cells were also PDGFR-β+, so it is 
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possible that the ICAM2+CD45- population does not completely consist of endothelial 

cells, or may be contaminated by mesenchymal populations as a result of doublets.  

6.3.4 Culture dynamics of sorted PDGFR-β+ cells 

In contrast to other sorted populations, cells that were exclusively PDGFR-β+ 

proliferated more successfully, although they usually became growth arrested by 

passage 2-3 (Table 6-1). Cell lines that failed to passage tended to be seeded at 

densities below 10,000 cells.cm-2.  Their morphology at passage 0 was similar to 

CD146+PDGFR-β- cells (Figure 6-5A). At passage 1 they form a dense monolayer, 

however by passage 2 they undergo a startling morphology change, becoming wide 

and flat with a stellate appearance, akin to what is seen in senescent cells of the other 

sorted populations, yet in many cases they continue to grow. The same morphology, 

along with the changes following passaging, are observed in both cortex- and medulla-

derived PDGFR-β+ cells (Figure 6-5), which speculatively may indicate they derive 

from an interstitial population common to both regions (as opposed to, for example, 

the horizontally arranged interstitial cells specific to the inner medulla204, or mesangial 

cells of the cortex). There was no obvious difference in culture survival between 

cortex- and medulla-derived PDGFR-β+ cells, except that in one case (sort 2 

medullary PDGFR-β+ cells) cells survived past passage 3 and could be expanded to 

sufficient numbers for in vitro testing. This cell line showed no signs of growth arrest 

by passage 8. In general, the duration of culture survival tended to correlate with 

seeding density, however sort 2 medulla PDGFR-β+ cells were seeded at a relatively 

low density compared to others that reached passage 3 (19,000 vs. ~60,000 cells.cm-

2) and had relatively high passaging ratios (11.9, 19.7 & 4.4 vs. ~3, ~5 & ~5 for p1, 2 

& 3 respectively). PDGFR-β+ from the cortex of the same animal had a slightly higher 

seeding density and were treated identically, yet only reached passage 2. The reasons 

for this can only be speculated upon, but it may be that a lower confluence at time of 

passage, thus reducing the proportion of cells that are contact inhibited, may be an 

important factor. 
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Cell Type/ Sort # Fig. 
Ref. Seeding density 

(cells.cm
‐2
)† 

Plastic 
adherence Max; 

Passage P1 ratio 
(area:area) P2 

ratio  P3 ratio 

PBAG GFP
+
 (PDGFR‐β

+
) 

     

1 ‐ cortex 6‐1 38,000 Yes p2 2 3 ‐ 
1 ‐ medulla 6‐1 4,000 Yes p0 ‐ ‐ ‐ 
2 ‐ cortex 6‐1, 6‐6 28,000 Yes p2 11.9 19.7  

2 ‐ medulla 6‐1, 6‐6 19,000 Yes p8+ 11.9 19.7 4.4 
3 ‐ cortex 6‐1 29,000 Yes p1 3 ‐ ‐ 
3 ‐ medulla 6‐1 9,000 Yes p0 ‐ ‐ ‐ 
5 ‐ (CD146

‐
) 6‐2 68,000 Yes p3 3 & 6 10 7.9 

7 - (CD146
‐
) 6‐2 51,000 Yes p3 1.5 & 3 4 2.5 

8 - (CD146
‐
, NG2

‐
) 6‐2 60,000 Yes p3 3 1 4 & 10 

CD146+ Populations 
5 ‐ PDGFR‐β

+ 6‐2 2,500 No ‐ ‐ ‐ ‐ 
5 ‐ PDGFR‐β

‐ 6‐2, 6‐5 7,500 Yes p1 NA ‐ ‐ 
6 6‐2 315 No ‐ ‐ ‐ ‐ 
7 – PDGFR‐β

+ 6‐2 29,000 Yes p0 ‐ ‐ ‐ 
7 – PDGFR‐β

‐
 PDGFR‐α

+ 6‐2, 6‐5 20,000 Yes p0 ‐ ‐ ‐ 
7 ‐ PDGFR‐β

‐
 PDGFR‐α

‐ 6‐2, 6‐5 12,000 Yes p1 3 ‐ ‐ 
8 – PDGFR‐β

+
 NG2

‐ 6‐2 7,500 Yes p0 ‐ ‐ ‐ 
8 – PDGFR‐β

‐
 NG2

‐ 6‐2 22,000 Yes p0 ‐ ‐ ‐ 
NG2+ Populations 
4 ‐ med 6‐2, 6‐4 12,500 No p0 ‐ ‐ ‐ 
4 ‐ hi 6‐2, 6‐4 8,000 No ‐ ‐ ‐ ‐ 
NG2

+
CD146

+
 populations 

8 – (PDGFR‐β
‐
) 6‐2 14,000 No p0 ‐ ‐ ‐ 

Adventitial Cells 
6 6‐2 8,000 Yes p1 3.3 ‐ ‐ 

Table 6-1 Growth characteristics of sorted perivascular cell sub-types. † surface area of a round 
bottom well in a 96-well plate taken to be 0.32cm2. 
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Figure 6-3 Sorted NG2+ cell populations. (A) NG2hi cells at day 6 post-isolation show no evidence 
of adherence to culture well, and have a rough textured appearance. (B) NG2med sorted cells at day 
6 and day 11 post-isolation. Most cells did not attach, but one occasion was observed with cells 
exhibiting a spread out or circular morphology reminiscent of a senescent phenotype.  
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Figure 6-4 CD146+ sorted cell populations. (A) CD146+ (PDGFR-β-) cells from sort 5 at day 14 
post-isolation that have formed a monolayer with a slightly compacted spindle shaped morphology. 
(Note this image is from a round bottomed 96-well plate.) However, many cells did not survive 
following passage and those that did acquired a spread out senescent morphology. (B) 
CD146+(PDGFR-α-PDGFR-β-) cells from sort 7. At day 8 following passage cells had a spindle 
shaped morphology, but this had become a more spread out senescent morphology by day 14. (C) 
CD146+PDGFR-α+(PDGFR-β-) cells from sort 7. One small colony of spindle shaped cells was 
observed, but it failed to proliferate. 
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Figure 6-5 Sorted PDGFR-β+ cell populations from cortex and medulla. (A) Cortex and (B) medulla 
derived PDGFR-β+ cells. Morphology between regions is similar throughout the cultured life of the 
cells. At early passage they form a dense monolayer, but from passage 2 onwards they acquire a 
more spread out stellate morphology reminiscent of senescent cells. In some cases they continue 
to proliferate, however. Passage 0 images taken in a round bottomed 96-well plate.  
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6.3.5 Kidney stromal vascular fraction as a source of MSC-like 
cells 

MSCs can be isolated from all vascularised tissues tested to date280–282. Tissue 

dissociation and plating on standard tissue culture plastic with appropriate media, and 

passaging several times, is normally sufficient for isolation of MSCs280,282. MSCs have 

been shown to derive from pericytes and adventitial cells85, although the possibility of 

an additional as yet unidentified source remains280. When the above technique is 

applied to murine kidney a population of MSC-like cells is isolated. In the absence of 

pure FACS sorted pericyte populations, regional variation in kidney mesenchymal 

cells was investigated by dissecting kidney cortex and medulla, dissociation and 

isolation of MSC-like cells from both. As pericytes behave similarly to MSCs in 

culture85,280, this also allows the optimisation of in vitro assays that can be applied to 

sorted perivascular populations in future.  

Cortex- and medulla-derived MSCs exhibit similar morphological properties in vitro. 

At p0, directly after seeding, there is a highly mixed population of cells, including 

spindle shaped cells, large flat stellate cells and more tightly packed polygonal cells 

(Figure 6-6). At passage 2, the population often remains mixed, however by p4 most 

if not all cells are of a homogenous spindle shaped morphology, as expected of MSCs. 

To determine if cells express the expected markers of MSCs, they were labelled for 

CD44, CD73, CD90 and CD105. These cells homogenously express MSC markers 

CD44 and CD90, when visualised using ICC (Figure 6-7A,B). CD73 and CD105 

antibodies were not optimal on murine cells as they were raised against human 

antigens, but some fluorescent staining was observed above background levels (Figure 

6-7). In addition, MSC-like cells express collagen I in response to TGF-β stimulation 

(Figure 6-8).  
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Figure 6-6 in vitro culture morphology of cortex and medulla derived MSCs. Phase contrast images 
of the cells acquired when cortex or medulla derived SVF is plated on tissue culture plastic in D20 
growth media. At p0 multiple cell types are observed, some of which persist multiple passages, such 
as in the p2 panels. By p4, cells have acquired a more homogeneous standard MSC morphology. 
Large flat cells with similar morphology to sorted PDGFR-β+ cells are indicated with arrowheads.  
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Figure 6-7 MSC marker expression by mouse kidney SVF-derived cells. (A) CD44 (white) is 
expressed on all cells. (B) CD90 (white) is expressed on all cells. (C,D) PBAG derived MSC-like 
cells stained for GFP (green) and either (C) CD73 or (D) CD105 (red). Although the antibodies are 
sub-optimal, both MSC markers appear positive. GFP was not detected. (E) Species specific isotype 
primary antibody control reveals no background staining visible, for either antibody combination. 
Nuclei visualised using DAPI, blue. Note that the red channels here had artificial background 
reduction (“Despeckle” tool run on Fiji).  
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Figure 6-8 TGF-β treatment induces collagen I expression in kidney derived MSC-like cells. Collagen 
I (green) localisation in cortex or medulla derived cells grown in DMEM media ± 10ng.mL-1 
recombinant human TGF-β1 protein.  
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6.3.6 PDGFR-β+ cells are present in early passage kidney 
stromal vascular fraction cultures but are subsequently 
lost 

PDGFR-β+ cells are highly abundant in the interstitium of kidney, and the wide stellate 

cells of early passage MSC-like cell cultures was similar to the morphology of sorted 

PDGFR-β+ cells. For these reasons, the contribution of PDGFR-β+ cells to kidney 

derived MSC-like populations was investigated. MSC-like cells were generated from 

PBAG kidney SVF. Surprisingly, very few adherent cells at p0 were GFP+, indicating 

the majority of adherent cells derive from PDGFR-β- cell sources (Figure 6-9). These 

images were taken two days after the attachment of the cells to the well bottom (6 

days post-seeding). As the half-life of GFP in the cell is typically ~24h, it would likely 

not be detectable if it was downregulated immediately following cell dissociation.  

To investigate the contribution of PDGFR-β+ cells to MSC-like cultures further, 

kidneys from mTmG mice were dissociated and plated in MSC conditions. In mTmG 

mice PDGFR-β lineage cells constitutively express GFP, whilst all other cells express 

TdTomato.  Passage 2 populations of mTmG kidney MSC-like cells contain wide 

stellate shaped cells positive for GFP, alongside cells with the typical MSC spindle 

morphology expressing TdTomato (Figure 6-10). The wide cells therefore derive 

from a PDGFR-β+ lineage, likely to be the actively PDGFR-β+ cells in the kidney, 

whereas the MSC-like cells derive from ancestors that have never been PDGFR-β+. 

PDGFR-βlineage cells are lost from later SVF passages, when the cells would be 

considered MSCs (Figure 6-10).   

ICC on kidney MSC-like cells and sorted PDGFR-β+ cells from established cultures 

(> passage 4) reveals that whilst MSC-like cells show no positivity for PDGFR-β,  

PDGFR-β+ sorted cells are ubiquitously positive for PDGFR-β+ (Figure 6-11). PDGFR-

β+ cells and MSC-like cells from the same donor were also labelled with anti-GFP 

antibody, and this again showed that PDGFR-β+ cells were GFP positive, but MSC-

like cells lacked detectable GFP.  This shows that sorted PDGFR-β+ cells maintain 

expression of this marker in culture, and is further evidence that MSCs do not derive 

from PDGFR-β+ cells.  
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Figure 6-9 Kidney SVF MSCs contain few cells of PDGFR-β+ lineage at p0. Cells imaged at day 6 
post-seeding, which equates to 2 days post-attachment. (A) GFP+ cells from PBAG mice can be 
detected in cultures derived from kidney SVF. Both GFP+ (arrows) and GFP- (arrowheads) cells are 
observed. MSC populations at p0 from (B) cortex- and (C) medulla-derived SVF contain a minority 
of GFP+ cells.  
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Figure 6-10 PDGFR-β lineage cells are morphologically distinct and are lost from SVF culture. SVF 
culture from an mTmG mouse. Two example images are shown from passage 2 kidney, and one 
from passage 3. PDGFR-β lineage cells (green) have the wide irregular morphology of sorted 
PDGFR-β+ cells. Non-PDGFR-β lineage cells (red) exhibit a more MSC-like morphology that is 
observed in established MSC cultures derived from kidney SVF. RFP positive cells dominate cultures 
at later passages.  
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Figure 6-11 PDGFR-β and NG2 expression on kidney derived MSCs and PDGFR-β+ sorted cells. 
Immunolocalisation reveals that PDGFR-β is absent on kidney MSC-like cells but present on all 
PDGFR-β+ sorted cells.  
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6.3.7 Explanted kidney tissue derives a high density of 
adherent PDGFR-β+ cells at p0 

The low frequency of adherent PDGFR-β+ cells following enzymatic kidney 

dissociation is surprising given their abundance and their mesenchymal origin, and 

suggests enzymatic dissociation selects against this population, and possibly others 

too. To investigate methods that will allow the isolation of cell populations susceptible 

to such treatment, kidney tissue from PBAG mice was dissected into cortex and 

medulla, mechanically dissociated and explanted in D20 growth medium. Two weeks 

after explantation, colonies of outgrowth cells were clearly visible and the majority 

of these cells were positive for GFP (Figure 6-12). This indicates that they derive from 

kidney PDGFR-β+ cells, and suggests that the enzymatic dissociation and filtering steps 

of conventional SVF preparation are deleterious to kidney PDGFR-β+ cells. It is 

possible that in the process of migrating away from kidney tissue, PDGFR-β- cells have 

activated PDGFR-β expression. However the resultant cells have a morphology more 

resembling sorted PDGFR-β+ cells than that of MSC-like cells.   
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Figure 6-12 Many explanted kidney outgrowth cells from PBAG mouse kidney are GFP positive. The majority of plastic adherent cells growing out from explanted 
pieces of (A) cortex and (B) medulla from PBAG mouse kidneys are GFP+ (arrowheads). Scale bar 400µm.  
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6.3.8 Differences in perivascular surface marker expression 
by PDGFR-β+ cells and kidney MSC-like cells in vitro. 

MSCs are known to alter their transcriptome and surface marker phenotype 

dramatically during in vitro culture218, therefore current expression of perivascular 

markers cannot be relied upon to determine their origins. However, surface marker 

combinations may be indicative of underlying functional properties, especially since 

their expression is plastic in vivo86. Therefore, MSCs and PDGFR-β+ cells were 

investigated for their expression of common perivascular surface markers. 

Both cell types exhibited α-SMA expression, although in each case there was a range 

of expression and a proportion of the population that lacked detectable levels of 

α-SMA (Figure 6-13A,B). This is consistent with the accepted view that mesenchymal 

cell populations gain a myofibroblast-like phenotype in vitro. Interestingly, this shows 

both populations, although apparently derived from different progenitors, are both 

able to activate a myofibroblast phenotype, suggesting multiple myofibroblast 

progenitors may exist in vivo too.  

Both MSC-like cells and PDGFR-β+ cells exhibited heterogeneity in CD146 

expression, which was observed on a scattered population of cells throughout each 

cell type (Figure 6-13C,D). By eye, CD146 appeared to localise to a minority of cells 

overall, and to a larger proportion of MSC-like cells than PDGFR-β+ cells, however 

this would need confirming with formal quantification.  

There was heterogeneity in NG2 expression between PDGFR-β+ and MSC-like cells. 

NG2 was highly expressed in a scattered population within the PDGFR-β+ cell culture, 

much like CD146 (Figure 6-13E). However, NG2 expression was not detectable on 

MSC-like cell populations.  
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Figure 6-13 Perivascular marker localisation on cultures of PDGFR-β+ sorted cells and kidney MSC-
like cells. (A,C,E) PDGFR-β+ cells or (B,D,F) MSC-like cells stained for (A,B) PDGFR-β; (C,D) 
CD146 or (E,F) NG2. α-SMA is expressed to varying degrees on most cells of both cell types. 
CD146 localises to cells scattered throughout both cell populations. NG2 is also seen on scattered 
cells throughout the PDGFR-β+ cell population, but is not observed on MSC-like cells.  
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6.3.9 Collagen I expression in MSCs and PDGFR-β+ cells at 
baseline and following H2O2 treatment 

Collagen expression by cells in vitro indicates that they may be contributing to fibrosis 

in vivo283, and a stimulus inducing collagen production in vitro may have implications 

for the progression of renal fibrotic disease284. Kidney MSC-like cells were therefore 

investigated for their baseline collagen expression, and expression in response to 

H2O2 and mitomycin C treatment. H2O2 treatment is a model of oxidative stress, 

common during acute injury and throughout ageing248,285. Mitomycin C is a cell cycle 

inhibitor that is used to prevent proliferation during migration assays and is used in 

combination with H2O2 later in this work. Both may also induce a senescent 

phenotype. 

Under standard culture conditions, PDGFR-β+ cells exhibit strong collagen I 

localisation in a scattered population of cells, with a lower density of staining 

distributed in other cells of the population (Figure 6-14). This is in contrast with 

MSCs, where little to no collagen I expression is observed. After H2O2 and mitomycin 

C exposure there is no obvious change in collagen I localisation in PDGFR-β+ cells, 

but collagen I is clearly localised in a large portion of the MSC population, indicating 

that oxidative stress or senescence induces collagen production in these cells (Figure 

6-14).  
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Figure 6-14 Collagen I expression on cultured mouse kidney derived MSCs and PDGFR-β+ cells, 
with or without H2O2 and mitomycin C treatment. Immunofluorescence detection of collagen I 
(green) reveals that a subset of the PDGFR-β+ population expresses this protein (arrowheads). This 
subset is also observed following H2O2 and mitomycin C treatment. In untreated MSCs no such 
subset is observed, however collagen I expressing cells do appear following H2O2 and mitomycin C 
treatment.  
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6.3.10 Titration of H2O2 treatment in kidney MSC-like cells 
to induce growth arrest without overt cell death 

Oxidative stress can be modelled in vitro by the application of H2O2 in the culture 

media276. The precise concentration and duration of treatment must be titrated 

because excessive doses will cause cell necrosis, whilst insufficient doses will fail to 

produce an effect. For kidney MSC-like cells, cell density also had an effect on the 

resilience of the population to H2O2 treatment. Therefore MSC-like cells seeded at a 

range of densities had H2O2 applied in a range of 0-100µM to identify optimum 

treatment conditions. Cell coverage of the well bottom was measured, to quantify 

cell death or growth following treatment.  

The results of the titration are shown in Figure 6-15. Representative images of cell 

cultures before and after 100µM treatment for the cell density range are shown in 

Figure 6-15B. At high H2O2 concentrations (80-100µM) cell death occurs in low cell 

densities such as in the 10,000-cell images (Figure 6-15B). At higher densities (e.g. 

25,000 cells) although there is a slight loss of coverage cells have a clearly identifiable 

spread out morphology. Lower concentrations of H2O2 (20-40µM) appear to have 

little effect on cellular proliferation and are therefore deemed ineffectual.  

6.3.11 MSC-like cells remain viable in hyperosmotic and 
hypoxic environments, but lose viability following H2O2 
treatment 

Hyperosmolarity, hypoxia and oxidative damage are all stressors that can impair cell 

function or induce cell death. Reduction in a functional readout caused by these 

stressors can be caused by either a biochemical impairment of cell metabolism, or 

changes in behaviour due to cell signalling. The two causes are difficult to distinguish. 

AlamarBlue reagent measures the reducing environment found inside healthy cells286. 

A loss of activity in this assay may indicate a defect in cell biochemistry, although not 

necessarily, whereas a maintenance or increase in activity should be a reliable 

indicator that metabolism is not impaired but rather is being modified by cellular 

signalling mechanisms.  
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When subjected to 1% hypoxia, increasing degrees of hyperosmolarity, or both, the 

cellular reducing environment of MSC-like cells consistently increased (Figure 6-17A), 

indicating that these stressors do not adversely affect the cell’s ability to metabolise 

and produce energy. Note that these are the results of a single experiment.  

MSC-like cells were then treated with various concentrations of H2O2 (60, 80, or 

120µM). By one way ANOVA, no difference was detected between groups. However, 

when the ratios of paired values were analysed separately, there was a significant 

decrease in viability at 80µM and 120µM, although the significance at 80µM was 

borderline (Figure 6-17B). This result is somewhat expected, since strong oxidisers 

damage cellular machinery and especially components of the electron transport chain. 

However, some of the effects seen may be due to overall lower cell numbers resulting 

from cell death and lower proliferation due to H2O2 induced senescence.  
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Figure 6-15 Titration of optimal H2O2 concentration accounting for cell density. Representative data 
from experimental titrations. (A) Lines represent distinct conditions, and show the cell coverage 
before and after H2O2 treatment. Colours represent different seeding densities, i.e. 50,000 (blue) 
25,000 (orange) 10,000 (green) and 5,000 (yellow). Shades represent different H2O2 concentrations 
with the darkest representing 0µM and the lightest 100µM, in 20µM gradations. Increasing H2O2 
concentration first reduces proliferation and then leads to cell death. (B) Representative images of 
cells before and after 100µM H2O2 treatment at a range of cell densities. Note how cells tend to 
get wider and flatter following treatment.  
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Figure 6-16 Effect of mitomycin, H2O2 and hypoxia on MSC and HK-2 cell proliferation. Cell 
proliferation was measured using CFSE cell dye. Proliferated cells were counted as those below the 
brightness of freshly stained cells. (A) In the DMSO control of MSCs 80-90% of cells had proliferated. 
This value was roughly halved in mitomycin C or H2O2 treated cells, but the reduction didn’t seem 
as substantial for cells grown in hypoxic conditions. (B) 70-80% of DMSO treated HK-2 cells had 
proliferated. There appeared to be a substantial reduction in proliferation following H2O2 or 
mitomycin treatment to around 20%. There was again an indication that hypoxic cells may have 
increased proliferation relative to normoxic following these treatments. Data in A are single values 
from two pooled wells in one experiment. Points in B represent technical replicates from a single 
experiment. Insufficient sample size precludes the use of statistics here.  

------------------------------------------------------------------------------------------------------- 

 

Figure 6-17 Cell viability assay on renal MSC-like cells exposed to hypoxia, hyperosmolarity and 
H2O2. (A) AlamarBlue cell viability assay on MSCs exposed to combinations of 1% hypoxia and 
several degrees of hyperosmolarity. Increased assay activity in response to these stimuli suggests 
cells are still viable. (B) AlamarBlue cell viability assay on MSCs treated with an array of H2O2 
concentrations. One way ANOVA detected no difference between groups, however observing the 
ratio of paired values at 80 and 120µM revealed a significant reduction in viability following H2O2 
treatment. Points in A represent technical replicates from one experiment. Points in B represent 
biological or experimental replicates. B analysed by one way ANOVA and one sample t-test on log 
ratios, * p < 0.05.  
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6.3.12  Expression of p16INK4α following H2O2 and 
mitomycin C treatment in PDGFR-β+ and MSC-like cells 

H2O2 treatment induces cellular damage that can lead to a senescent cell phenotype, 

characterised by irreversible growth arrest287,288, nuclear expression of proteins 

p16INK4α and p21 (289), SA-β-Gal activity290, a SASP291, and a widely spread culture 

morphology in vitro292,293. Since H2O2 treated cells were often observed to be growth 

arrested, the expression of p16INK4α was investigated following H2O2 and/or 

mitomycin C treatment in kidney MSC-like cells and PDGFR-β+ cells.  

Although p16 can be found in the cytoplasm294 it plays its active role in the nucleus295  

(Figure 6-18A, arrows). In order to quantify its activation, nuclei were selected using 

DAPI and the intensity of p16 localisation recorded. Figure 6-18B shows the intensity 

in each nucleus represented as a point on the graph. Note that these are the results 

of one single experiment. Following H2O2 treatment there is an apparent increase in 

the intensity of nuclear p16 staining compared to cells treated with DMSO (the 

mitomycin C solvent) or mitomycin C alone. 57% of H2O2 treated cells had a nuclear 

intensity as high as or higher than the top 5% of DMSO treated cells. Likewise, 47% 

of H2O2
+ mitomycin C treated cells had a nuclear intensity as high as or higher than 

the top 5% of mitomycin C treated cells.  

The results are strikingly different in PDGFR-β+ cells, where little to no increase in 

p16 nuclear localisation is observed following H2O2 addition (Figure 6-18A,C). 9% of 

H2O2 treated cells have a nuclear intensity as high as or higher than the top 5% of 

DMSO treated cells. Incidentally, mitomycin C treatment appears to have a profound 

effect on PDGFR-β+ cells, inducing cell death (as seen by lower cell density, Figure 

6-18A) and possibly inducing p16 nuclear localisation on its own (Figure 6-18A, 

arrows). 29% of mitomycin C treated cells had a nuclear intensity as high as or higher 

than the top 5% of DMSO treated cells. These results require more replicates to be 

reliable, but are an indication that PDGFR-β+ cells could be more resistant to H2O2 

treatment than kidney MSC-like cells.   
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Figure 6-18  p16INK4α staining and quantification in kidney MSCs and medullary PDGFR-β+ cells 
following H2O2 and mitomycin C treatment. (A) p16INK4α localisation on whole kidney derived MSCs 
or medulla derived PDGFR-β+ cells treated with either 60µM H2O2, mitomycin C, or both. p16 
localised to the nucleus is an indication of cells adopting a senescent phenotype (examples 
highlighted with arrows). (B,C) Measurement of p16 nuclear intensity. Each cross represents an 
individual cell nucleus plotted against the intensity of p16 detection within that nucleus. Although 
increases in intensity are observed in H2O2 treated MSCs (B) the same trend is not observed in 
PDGFR-β+ cells (C). Data are the result of a single experiment.  
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6.3.13 H2O2 treatment does not induce SA β-Gal activity in 
kidney derived MSC-like cells  

SA β-Gal activity in response to H2O2 treatment was measured in cultures of kidney 

MSC-like cells using a chromogenic assay that deposits blue coloured X-gal. Following 

quantification of X-gal positive area, no overall difference in SA-β-Gal reactivity could 

be detected in cells treated with H2O2 versus untreated controls (Figure 6-18A,B) 

although the study was underpowered to detect small differences. SA-β-Gal reactivity 

was remarkably high in the untreated MSC-like cells to begin with. When cultured in 

hypoxic conditions, which was only performed for two of the replicates, there was a 

clear loss of X-gal positive area in the images (Figure 6-18A) and this was reflected in 

the quantification (Figure 6-18C). No firm conclusions can be drawn from two 

replicates, but it appears from the substantial decrease seen that SA-β-Gal is not 

activated when MSC-like cells are cultured in hypoxic conditions.  

6.3.14 MSC-like cells require serum to migrate effectively 
The migratory capacity of mesenchymal cells is thought to be important in in vivo 

injury settings, where myofibroblasts are required to migrate towards injury sites to 

deposit collagen296,297, and pericytes required to migrate towards newly formed 

vessels during angiogenesis111,298. The signals that control migration may be 

idiosyncratic to mesenchymal cells from different tissues or tissue regions, which will 

have implications for the injury response. For these reasons, the influence of oxidative 

stress, hypoxia, and osmolarity on kidney MSC-like cell migration was investigated. 

Two variations of migration assay are performed here, either with or without a 

preceding mitomycin C treatment on the cells. For simplicity, cells not treated with 

mitomycin C shall be referred to as ‘unaltered’. This compound inhibits cell 

proliferation, a factor that may influence the perceived velocity of migration, but may 

have other deleterious effects on cells (e.g. see section 6.3.12).  

Migration velocity was measured in mitomycin C treated MSC-like cells cultured with 

or without serum and in normoxic or hypoxic (1% O2) conditions. Velocity was close 

to 0 in DMEM alone, whilst in D20 media robust migration was observed (Figure 

6-20A). In this test, MSC-like cells in hypoxia migrated significantly faster than their 
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normoxic counterparts. MSC-like cells in DMEM alone following H2O2 treatment 

were not viable and therefore migration under these conditions could not be 

measured.  

6.3.15 Hyperosmolarity may impair MSC-like cell 
migration 

Hyperosmolarity (600osm) impaired migration in unaltered MSC-like cells and this 

was not affected by hypoxia (Figure 6-21B), although these results are the product of 

a single experiment, limiting the conclusions that can be drawn. It is also possible that 

this impairment, if accurate, is the result of a reduction in cell proliferation caused by 

the hyperosmolarity, since mitomycin C was not used here. Given the timescale (20h) 

and the fact that monolayers were contact inhibited and showed no signs of 

overgrowth, the effect of proliferation is likely small. In contrast, hyperosmolarity 

likely affects cell proliferation as seen in HK-2 cells (see section 6.3.25). Therefore 

further investigation is required confirm this result and answer these outstanding 

questions.  
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Figure 6-19 SA-β-Gal activity measured following H2O2 treatment of MSCs in normoxia and 1% 
hypoxia. (A) Blue X-gal is deposited in areas of SA-β-Gal activity. Representative images of SA-β-
Gal reactivity in kidney MSCs with or without 60µM H2O2 treatment in normoxic or 1% hypoxic 
conditions. (B) Quantification of blue positive area reveals no significant increase in SA-β-Gal 
following H2O2 incubation in normoxia. (C) Although there are only two replicates per group, SA-
β-Gal tends to be downregulated in response to a hypoxic environment, both with and without 
H2O2 treatment. Points in both graphs represent biological or experimental replicates. 
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Figure 6-20 Effect of serum starvation, hypoxia, and hyperosmolarity on migration velocity. (A) In 
kidney MSCs with mitomycin C pre-treatment, removal of serum significantly reduced migration 
velocity in both normoxic and hypoxic (1% O2) conditions. (B) Hyperosmolarity significantly 
reduces MSC migration velocity in both normoxic and hypoxic conditions. Points in A represent 
biological or experimental replicates. Points in B represent technical replicates from one 
experiment, statistics have been applied for information only. Analysed by two-way ANOVA with 
selected Bonferroni post-tests, ** p < 0.01; *** p < 0.0001. 
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6.3.16 Hypoxia has no significant effect on MSC migration 
Hypoxia is a promising candidate as a positive migratory signal since it can indicate an 

area requiring neovascularisation, and therefore pericyte coverage. Alternatively, 

kidney pericytes may need to avoid such signals due to the hypoxic gradient that 

exists naturally in the kidney medulla. 

Migration velocity was slightly but significantly reduced by hypoxia in unaltered 

MSC-like cells (Figure 6-21A). In mitomycin C treated cells the opposite trend was 

observed, however it did not achieve significance (Figure 6-22A). This suggests that 

the loss in migration seen in unaltered cells is caused by a loss of proliferation due to 

the hypoxic conditions, rather than a true downregulation of migratory signals.  

6.3.17 Oxidative stress significantly reduces the 
migratory capacity of kidney MSC-like cells 

Oxidative stress may alter migration by several pathways. Oxidative damage to 

cellular machinery and metabolism may physically impair a cell’s ability to migrate299,300. 

Alternatively, signalling pathways may be activated that could be attractive or 

repulsive301.  

In normoxic conditions both unaltered and mitomycin C treated MSC-like cells 

migrated significantly slower following H2O2 treatment (Figure 6-21B; Figure 6-22B). 

The magnitude of the effect was similar following mitomycin C treatment, indicating 

that either proliferation is not affecting migration velocity, or else that it is not 

affected by H2O2 treatment.  

6.3.18 Interaction between oxidative stress and hypoxia 
and its effect on migration velocity 

In contrast to normoxia, in 1% hypoxia there is no significant reduction in migration 

following H2O2 treatment in either unaltered or mitomycin C treated MSC-like cells, 

although in the latter the magnitude of the trend is larger and it approaches 

significance (Figure 6-21C Figure 6-22C). Intuitively, one would expect a significant 

decrease in migration in unaltered MSC-like cells, as both hypoxia and H2O2 alone 

caused significant reductions in velocity, and they might be expected to act additively. 

The lack of a significant trend here indicates either a lack of statistical power, or an 
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interactive effect between H2O2 and hypoxia stimuli. The former is a possibility since 

with n = 5 values and the observed standard deviation there is only a 58% chance of 

detecting a difference this large or larger. Yet, in both unaltered and mitomycin C 

treated experiments there was no significant difference between hypoxia + H2O2 and 

normoxia + H2O2 populations (Figure 6-21D; Figure 6-22D). This suggests migration 

was reduced to the same level regardless of the oxygenation conditions, thus the 

effect of H2O2 ‘supersedes’ that of hypoxia as opposed to an additive interaction.  
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Figure 6-21 MSC migration velocity in response to hypoxia and H2O2 treatment, without mitomycin 
C treatment. (A) Migration velocity of MSCs under hypoxic (1% O2) conditions was slightly yet 
significantly lower than in normoxia. (B) H2O2 treatment induced a more substantial decrease in 
migration velocity at normoxia. In hypoxia (C) a similar but non-significant trend was observed. (D) 
Accordingly, no difference was detected between normoxic and hypoxic MSCs treated with H2O2. 
Points represent biological or experimental replicates. Bar shows geometric mean of the ratios ± 
95% CI. One sample t-test performed on the log ratios between groups.  
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Figure 6-22 MSC migration velocity in response to hypoxia and H2O2 treatment, following 
mitomycin C treatment. (A) No significant difference in MSC migration velocity was detected 
between normoxic and 1% hypoxic conditions following mitomycin treatment, although there was 
a slight positive trend. This trend is opposite to the effect seen in the absence of mitomycin C 
treatment. (B) There is a significant reduction in migration velocity following H2O2 and mitomycin 
C treatment in normoxic conditions. (C) A similar but non-significant trend is observed n hypoxic 
conditions. (D) No significant difference detected in migration velocity for H2O2 treated cells in 
normoxic or hypoxic conditions. Points represent biological or experimental replicates. Bar shows 
geometric mean of the ratios ± 95% CI. One sample t-test performed on the log ratios between 
groups.  
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6.3.19 Similar response to hypoxia of cortex and medulla 
derived MSC-like cell migration capacity  

Mesenchymal interstitial cells from the cortex and medulla exist in vastly different 

physiological environments to one another, especially in terms of hypoxia, with 

oxygen tension in the inner medulla being around 15mmHg (7) (compare typically 

~85mmHg in arteries, ~35mmHg in veins, and 30-60 in cortex)302,303. Migratory 

response to hypoxia of MSC-like cells derived from either cortex or medulla may 

therefore be expected to be different.  

Results of migration assays separated into cortex, medulla or whole kidney derived 

MSCs are shown in Figure 6-23 (unaltered) and Figure 6-24(mitomycin C treated) 

with absolute values in panel A and ratios in B-E. No statistics were performed on 

absolute values. These results reveal no obvious differences between groups in terms 

of their response to 1% hypoxia, in unaltered or mitomycin C treated cells (Figure 

6-23B; Figure 6-24B). This contrasts with the pooled results from all populations 

above, probably due to the relatively lower statistical power resulting from these 

smaller group sizes.  

6.3.20 Region-specific differences in the susceptibility of 
kidney MSC-like cells to oxidative stress.  

When region specific effects of H2O2 treatment are considered, unaltered cortex-

derived MSCs have significantly lower migration velocity in normoxic conditions 

(Figure 6-23C). The same trend was observed for 1% hypoxia, but did not reach 

significance, probably due to insufficient statistical power (Figure 6-23C). There were 

two replicates for medulla-derived MSC-like cells in these experiments, precluding 

statistical analysis, however they tend to be not as severely affected as cortex-derived 

MSC-like cells.  

When considering mitomycin C treated cells, again cortex-derived MSC-like cells 

have reduced migration capacity in response to H2O2 treatment at normoxia (Figure 

6-24C). In contrast, medulla-derived cells exhibit no significant difference following 

H2O2 treatment and are significantly less affected by H2O2 than cortex-derived MSCs 
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(as determined by statistical comparison of population ratios). This difference in effect 

size is also observed for H2O2 treated cells in hypoxic conditions (Figure 6-24D).  

In terms of the effect of hypoxia on H2O2 treated cells no statistical differences were 

detected (Figure 6-23E; Figure 6-24E), although whilst values for mitomycin C treated 

medulla-derived cells were evenly distributed around 1, cortex-derived cells 

exhibited a downward trend, suggesting with more replicates it may emerge that 

hypoxia and H2O2 treatment have an additively deleterious effect on migration.  

6.3.21 Medulla derived PDGFR-β+ cells exhibit opposite 
trends in migration to MSC-like cells in response to 
pathological stimuli 

The availability of PDGFR-β+ cells for experiments was severely limited by the fact 

that only one line was successfully established. In addition, it was decided to only use 

them between passages 4 and 6 (typical standard practice for MSCs in our lab), and 

their large surface area resulted in a relatively lower cell yield from each flask. 

However their migration properties in response to hypoxia and oxidative stress will 

be reported here, with the caveat that they represent one cell line and only one or 

two experimental repeats. Despite this, they often show opposite trends to those 

seen in kidney MSC-like cells.  

Hypoxia 

Unaltered PDGFR-β+ cells tended to migrate faster in response to hypoxia, the 

opposite trend to MSC-like cells (Figure 6-23B). In mitomycin C treated PDGFR-β+ 

cells the magnitude of this trend was increased (Figure 6-24B) and the absolute 

velocity was amongst the highest of all mesenchymal cells tested (Figure 6-24A).  

Oxidative stress and interaction with hypoxia 

Both unaltered and mitomycin C treated PDGFR-β+ cells tended to increase 

migration velocity in response to H2O2 treatment, whereas this was not seen in 

hypoxic conditions (Figure 6-23C; Figure 6-24C). Observing the absolute values for 

mitomycin C treated PDGFR-β+ cells suggests that whilst both H2O2 treatment and 

hypoxia increase migration, the effects may not act additively (Figure 6-23A; Figure 

6-24A).  
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Figure 6-23 Migration velocity of PDGFR-β+ cells, or MSCs derived from cortex, medulla, or whole 
kidney, in response to hypoxia and H2O2 treatment, without mitomycin C treatment. Data are for 
MSCs derived from either whole kidney (purple), cortex (red) or medulla (blue), as well as medulla-
derived PDGFR-β+ cells (black). Only 1-2 experimental replicates for PDGFR-β+ cells performed, 
precluding statistical analysis of this population. (A) Migration velocity in response to 1% hypoxia 
and/or H2O2 treatment. Migration speed is variable but appears similar between groups. (B) No 
difference detected between normoxic and hypoxic (1% O2) conditions. PDGFR-β+ cells exhibit the 
opposite trend to MSCs. (C) Cortex-derived MSCs migrate significantly slower following H2O2 
treatment. Medulla-MSCs exhibit a similar trend, and PDGFR-β+ cells the opposite. No significant 
difference in migration between (D) hypoxic cells treated with or without H2O2, or (E) H2O2 cells 
in normoxic or hypoxic conditions.  Points represent biological or experimental replicates. Bars 
show geometric mean ± 95% CI. When n>2, one sample t-test performed on the log ratios. * p < 
0.05. 
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Figure 6-24 Migration velocity of PDGFR-β+ cells, or MSCs derived from cortex or medulla, in 
response to hypoxia and H2O2 treatment, following mitomycin C treatment. Data are for MSCs 
derived from either kidney cortex (red) or medulla (blue), as well as medulla-derived PDGFR-β+ 
cells (black). Only one experimental replicate for PDGFR-β+ cells performed. (A) Migration velocity 
of mitomycin C treated cells in response to 1% hypoxia and/or H2O2 treatment. (B) No difference 
detected between normoxic and hypoxic conditions. PDGFR-β+ cells claim the highest ratio. (C) 
Cortex-derived MSCs migrate significantly slower following H2O2 treatment whilst medulla-derived 
MSCs do not. The difference in the ratios between cortex and medullary MSCs is significant. 
PDGFR-β+ cells exhibit the opposite trend. (D) In hypoxia cortex MSCs are significantly more 
affected by H2O2 than medullary MSCs. (E) No difference detected for either group between H2O2 
treated cells in normoxia or hypoxia. PDGFR-β+ cells claim the highest ratio. Bars show geometric 
mean ± 95% CI. When n>2, one sample t-test performed on the log ratios. Groups compared by 
two sample t-test. * p < 0.05; ** p > 0.01. 
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6.3.22 Characterisation of HK-2 cell migration in response 
to serum, mitomycin C and hypoxia  

Following AKI a large quantity of tubular epithelial cells often die304, and are 

subsequently replaced by surviving epithelial cells that proliferate and migrate up the 

tubule to repopulate it305–307. Tubular cell migration, and the conditions and signals 

that influence it, is therefore key to the kidney injury response304. The migration 

properties of the HK-2 proximal tubule cell line were investigated so that the 

influence of perivascular cells on their migratory capacity can be interrogated.  The 

following are preliminary results.  

Single experimental runs suggest that unaltered HK-2 cells grown in serum are 

unaffected by 3% hypoxic conditions (Figure 6-25D). However at 1% hypoxia their 

migration velocity is reduced by around half (Figure 6-25C). Mitomycin C treated HK-

2 cells under the same conditions (for which 3 experimental repeats were performed) 

have a slight but statistically significant reduction in migration (around 10%, Figure 

6-25A). This suggests the majority of the effect of 1% hypoxia on unaltered HK-2 

cells was due to reduced proliferation. Mitomycin C treated HK-2 cells in the absence 

of serum still exhibited appreciable migration but it appeared to be severely reduced 

compared to serum exposed cells (Figure 6-25B, one experimental repeat). In 

summary, although 3% hypoxia appears to be tolerated well by HK-2 cells, 1% hypoxia 

has a deleterious effect on migration. HK-2 cells do not appear to require serum to 

migrate, but it may substantially increase their migration velocity.  

6.3.23 Co-culture with kidney MSC-like cells can increase 
the migration of HK-2 cells grown in the absence of 
serum.  

As HK-2 cells appear to show decreased migration in the absence of serum, it follows 

that they migrate in response to signalling factors in the serum. MSCs often exert 

reported therapeutic effects through paracrine signalling mechanisms281. To 

interrogate whether kidney MSC-like cells can stimulate HK-2 migration, in a single 

experiment HK-2 cells were cultured in the absence of serum with or without the 

addition of 15,000 cortex- or medulla-derived MSC-like cells. Serum containing 

medium was also included as a positive control. Both cell populations appeared to 
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stimulate increased HK-2 migration velocity (Figure 6-26). Both cell lines induced 

faster migration in normoxic versus hypoxic conditions. In this single experiment the 

cortex-derived cells induced faster migration than those from the medulla, and 

matched the serum control in normoxic conditions, however it cannot be said from 

this evidence whether this is generally applicable. This experiment serves as a proof 

of concept that kidney MSC-like cells can support HK-2 cell migration.  

6.3.24 HK-2 cell migration is inhibited by H2O2 treatment at 
concentrations significantly higher than those used on 
MSC-like cells.  

To investigate the effect of oxidative stress on HK-2 cells, the dose of H2O2 required 

to induce a cellular response was titrated. There was no obvious effect at 150 or 

400µM concentrations, which were both lethal to MSC-like cells (data not shown). 

At 800µM there appeared to be a slight reduction in migration, and at 1200µM there 

was appeared to be a substantial reduction in migration velocity (Figure 6-27A). This 

titration was performed on unaltered cells, and so may be due to decreased 

proliferation of HK-2 cells. As a definitive test of the effect on migration, HK-2 cells 

were treated with 1200µM H2O2 and mitomycin C, and a migration assay performed 

in serum free media in co-culture with MSC-like cells. A substantial reduction in 

migration velocity was again observed (Figure 6-27B), indicating that oxidative stress 

affects the migratory capacity of HK-2 cells. As the results of a single experiment, 

these findings require confirmation by replication.  
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Figure 6-25 Quantification of HK-2 
cell migration velocity in response 
to hypoxia. (A) HK-2 cells in 5% 
serum with mitomycin C treatment 
exhibited a modest reduction in 
migration velocity in response to 
hypoxia (1% O2). (B) In the absence 
of serum, migration velocity was 
generally lower. (C) In the absence 
of mitomycin C treatment there 
appears to be a more drastic 
reduction in migration velocity in 
1% hypoxia. (D) However, this 
effect is not observed at more 
physiological O2 concentrations 
(3%). Points in A represent 
independent experiments. One 
sample t-test performed on the log 
ratio of the samples. Points in B-D 
represent technical replicates 
within one experiment.  
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Figure 6-26 Effect of MSC co-culture on HK-2 migration in the absence of serum. Migration appears 
lower in HK-2 cells grown in 0% serum compared to 5% serum, in both hypoxic (1% O2) and 
normoxic conditions. Addition of cortex or medulla derived MSCs appears to rescue the effects of 
serum starvation. In this experiment, cortex derived MSCs performed better in this respect than 
those derived from medulla. Points represent technical replicates from a single experiment.  
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Figure 6-27 Effect of H2O2 treatment on HK-2 cell migration. (A) In the absence of mitomycin C 
treatment, cell migration appears to be reduced in response to 1200µM H2O2 treatment, but with 
little or no effect of 800µM. (B) This effect is also observed in cells that have been treated with 
mitomycin C, suggesting it is not due to a reduction in proliferation. These cells were grown in 
serum free conditions, but with a co-culture of MSCs. All points represent technical replicates 
within one experiment. Each graph is an individual experiment.  
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6.3.25 Growth characteristics of HK-2 cells under various 
osmotic series 

The maximum osmolarity of human urine (which the inner medulla must at least 

match) is around 1200osm, and that of mouse can approach 4000osm308. Direct 

immersion of cells in media with osmolarities above 1000osm resulted in cell death. 

In order to test the effect of such osmolarities on cell behaviour required a specialised 

culture scheme to be developed. Multiple strategies of media change were tested and 

a digest of the results are presented in Figure 6-28. Cell proliferation or death was 

measured by the surface area coverage of the centre of the culture well, which could 

be readily quantified at multiple time points without disturbing the cell population 

(Figure 6-28I). The graphs in Figure 6-28A-H show the change in surface area 

coverage relative to the starting value in the black line. Points on the red line indicate 

the media osmolarity up until that time point.  

Constant 300osm media (normal serum osmolarity) maintains a steady growth of 

HK-2 cells (Figure 6-28A). An initial rise to 450 or 600osm is generally tolerated well 

and cells continued to grow (Figure 6-28B,C,E,F,H) although up to 750osm initiated 

growth arrest (Figure 6-28G) and any higher resulted in cell death (not shown). 

Likewise, from this point gradual increases in increments of 150osm were generally 

well tolerated (Figure 6-28B,E,H) but increases of 300osm lead to cell death (Figure 

6-28B,C,F). An osmolarity of ~900-1050osm was found to be the limit for HK-2 cells 

to continue to grow. Beyond this some cell death was unavoidable. As HK-2 cells are 

a proximal tubular cell line, a section of the nephron that extends only as far as the 

outer stripe, it is not unexpected that they cannot survive in osmolarities found in 

the deepest parts of the medulla.  
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Figure 6-28 Proliferation of HK-2 cells in different osmotic series. (A-H) Graphs showing the area 
covered by HK-2 cells alongside the associated osmolarity of the growth media in a timecourse. 
The black line represents the change in surface area covered by HK-2 cells. Points on the red line 
represent the osmolarity of the media in the 24 hours preceding that time point. Sharp rises in 
osmolarity lead to a stall in proliferation or cell death. More gradual changes allow higher 
osmolarities to be achieved in the absence of cell death. (I) Example field from the HK-2 area 
quantification macro. The left panel is the input field and the right is the output. Black area is 
quantified as HK-2+ area. Data from one experiment.  
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6.3.26 Migratory capacity of HK-2 cells is reduced by 
hyperosmotic media, and this effect is not ameliorated 
by hypoxia or co-culture with MSC-like cells.  

HK-2 cells (and any co-cultured cells used) were equilibrated to the correct 

osmolarity prior to these migration assays. Figure 6-29A shows the migration velocity 

of HK-2 cells at increasing osmolarities. Two experiments were conducted, and the 

technical replicates from each are shown in separate colours. Increasing osmolarity 

appears to substantially decrease HK-2 migration velocity. At 900osm it is virtually 

absent. HK-2 cells were pre-treated with mitomycin C, suggesting this is a direct 

effect on migration as opposed to reducing cell proliferation.  

In one of these experiments, the various osmolarities were also tested in combination 

with 1% hypoxia. As hypoxia and hyperosmolarity are found together in the kidney 

medulla, it is conceivable that they may interact to produce a unique effect. However, 

when tested is was observed that hypoxia did not ameliorate the migratory inhibition 

from hyperosmotic media (Figure 6-29B). 

In the second experiment, HK-2 cells were co-cultured alongside 40,000 MSC-like 

cells.  There is no suggestion from the data that these cells were able to ameliorate 

the migration inhibition caused by the hyperosmotic media (Figure 6-29C). However, 

as they are the result of a single experiment, further replicates are required to 

confirm this finding.  
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Figure 6-29 Effect of increased osmolarity on HK-2 cell migration. (A) HK-2 migration velocity 
appears to decrease with increasing osmolarity. (B) Decreasing migration in response to osmolarity 
also appears to occur in hypoxic (1%O2) conditions. At 900osm migration appears the same in 
hypoxic and normoxic conditions. (C) In serum containing media, co-culture with MSCs does not 
appear to modify the ability of HK-2 cells to migrate in hyperosmotic environment. In A, points 
represent technical replicates within an experiment. Two experiments were performed, indicated 
by colour. In B & C, points represent technical replicates from individual experiments.  
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6.3.27 T cell/proliferating blood mononuclear cell 
proliferation assay of perivascular cell 
immunomodulatory properties 

Much of the damage caused in AKI is as a direct or indirect result of the reaction of 

the immune system309. Immune cell infiltrates can block capillary lumens, for example, 

exacerbating ischaemic damage34,310,311. The ability of MSCs to modulate the immune 

system is well documented, and they have performed well in clinical trials  for the 

treatment of graft versus host disease312. The immunomodulatory properties of 

pericytes have been documented313,314 but this is not the case for adventitial cells, nor 

have the properties of sorted perivascular cells been directly compared to that of 

MSCs. A common assay of immunomodulatory ability is the T cell/PBMC proliferation 

assay, where T cells or PBMCs are stimulated with a combination of CD3 and CD28 

antibody, and the resultant degree of proliferation measured, in the presence or 

absence of the cell type or stimulus of interest315. It is difficult to obtain a sufficient 

quantity of mouse blood to isolate the cells for such an assay, therefore a human 

system was used and the immunomodulatory properties of sorted human pericytes 

and adventitial cells were investigated as a proof of concept that perivascular cells 

have similar properties to MSCs in this respect.  

Two methods of PBMC stimulation were tested to compare their effectiveness. The 

standard method involves plate bound anti-CD3 antibody and adding soluble anti-

CD28 antibody to the media. Another method involves adding a soluble commercial 

product (ImmunoCULT, Stem Cell Technologies) containing aggregates of both 

antibodies to the culture media. The second method is preferred in principle for its 

simplicity. In addition, a plate-bound antibody stimulus risks being obscured by an 

adherent layer of co-cultured cells. CellTrace CFSE dye is used to monitor 

proliferation of T cells/PBMCs. This dye fluorescently labels cells, and the intensity of 

staining diminishes stoichiometrically with each cell division. Figure 6-30 shows the 

flow cytometry gates and resulting histogram for each method plus the negative 

unstimulated control well. In the negative control (Figure 6-30A), after selection of 

cells, and singlets using FSC and SSC, live cells using TO-PRO live/dead stain and T 

cells using CD3 antibody staining, all resulting cells are bright for CFSE, indicating that 

no cell division has taken place. Following the same strategy for coated (Figure 6-30B) 
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and soluble (Figure 6-30C) stimulation strategies reveals a histogram with multiple 

peaks each representing cells that have undergone a different number of cell divisions. 

Superposition of histograms from the coated and soluble experiments reveals that a 

greater degree of stimulation is achieved using the soluble product, as more of the 

histogram is distributed to the left, and the peak of undivided cells is smaller (Figure 

6-30D).  A starting population of 104 or 105 PBMCs was tested for both conditions, 

and the histograms for each are shown superimposed in Figure 6-30D. Both seeding 

densities yielded a sufficient population of proliferating cells, although for the coated 

method the lower cell density was not as efficient as seen by the ratio of the undivided 

cell peak to the proliferated cell peaks.   
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Figure 6-30 Optimisation of PBMC stimulation conditions. Sorting strategy to identify proliferating 
T cells, showing populations for (A) unstimulated cells, (B) cells stimulated by coating the culture 
vessel and (C) cells stimulated using soluble antibody product. Blood cells are gated, followed by 
selection of single cells. Dead cells are excluded using the TO-PRO dye, and finally CD3+ T cells 
selected by Ab staining. The multiple peaks observed in the CFSE histogram represent cells that 
have undergone different numbers of divisions. (D) Comparison of conditions. Soluble stimulation 
(blue line) produces more proliferation than coated stimulation (red line). Also, when 104 cells only 
are plated and stimulated with each respective method (orange line) a lower proportion of cells 
proliferate (population statistics on graphs in A-C are for 105 cells, and in D are for 104 cells). 
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6.3.28 T cell proliferation might be modulated by 
adventitial cells, pericytes and HK-2 cells 

Figure 6-31 shows the percent of T cells that were proliferating following stimulation, 

either alone or in combination with human MSCs (hMSC), adventitial cells, or 

pericytes from human adipose, or the HK-2 cell line. Robust T-cell proliferation was 

observed in response to stimulation, with around 70% of T-cells having proliferated 

(Figure 6-31). Unexpectedly, in these tests, hMSCs did not induce a substantial 

reduction in T-cell proliferation. Adventitial cells appeared to reduce T-cell 

proliferation by around 50% and this difference was significant in the post test, 

however there was no significance by ANOVA. Pericytes also appeared to reduce 

proliferation, however as it is a single data point repeats are necessary to draw firm 

conclusions. Surprisingly HK-2 cells, which were included as an intended negative 

control, also appeared to downregulate T-cell proliferation. This raises the question 

of whether the modulation of T-cell proliferation seen here is a result of direct 

signalling, or via a secondary cause e.g. depletion of nutrients in growth media.  

6.3.29 Proliferating blood mononuclear cell activation is 
affected by the CFSE dye, and there is more 
heterogeneity in their response to perivascular cells than 
T-cells alone  

T-cells from PBMC cultures tended to proliferate more in the unstimulated groups 

than pure T-cells (Figure 6-32A), probably due to the presence of cytokines released 

by other immune cells.  In addition, they did not proliferate as robustly as pure T-

cells in response to stimulation. Visual inspection of culture wells revealed that 

control wells not stained with CFSE still exhibited robust proliferation (Figure 6-32A), 

suggesting the CFSE dye itself may be inhibiting proliferation (the staining procedure 

is unlikely to be the problem as control cells were taken through a sham staining 

procedure). Because PBMC proliferation was suboptimal, it is difficult to interpret the 

other values in these experiments. hMSCs, adventitial cells, pericytes and HK-2 cells 

all had similar proportions of proliferating T-cells, although the spread in the data was 

relatively large (Figure 6-32B).  
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Figure 6-31 Proliferation of T-cells when cultured alone or in combination with other cell types. 
Following stimulation, T-cells exhibited a significant increase in proliferation. Post-tests detected a 
significant decrease in in proliferation when cultured with adventitial cells, however ANOVA did 
not detect any significant difference in proliferation with cell type or interaction (pericytes and HK-
2 cells were excluded due to insufficient replicates). Two-way ANOVA performed, with Bonferroni 
post-tests, * p < 0.05; ** p < 0.01; *** p < 0.001.  
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Figure 6-32 Proliferation of PBMCs when cultured alone or in combination with other cell types. 
(A) Images of proliferation assay culture wells, either unstimulated (“Naïve”) or stimulated, with or 
without a preceding CFSE labelling. Labelled PBMCs appear to proliferate less than unlabelled 
controls. This is not the case for T-cells. (B) Quantification of PBMC proliferation. Stimulated 
PBMCs co-cultured with MSCs or adventitial cells proliferate significantly more than unstimulated 
controls, but there was no difference between these two cell types. There were insufficient sample 
numbers in other groups to compare statistically, but PBMCs alone showed no trend of increased 
proliferation. Two-way ANOVA with Bonferroni post-tests, ** p < 0.01.  
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6.4 Discussion 

6.4.1 Summary of results 
The work in the chapter set out to address the question of functional differences 

between perivascular cell types. First, sorting and culturing of perivascular sub-types 

was attempted. The early culture properties of sorted cells were examined, and a line 

of PDGFR-β+ cells was established. MSC-like cells were also isolated from the murine 

kidney, including separately from the cortex and medulla. Morphology and cell surface 

properties of MSC-like cells and PDGFR-β+ cells were compared. Assays were 

developed to test the effects of pathological and physiological variables (such as 

hypoxia, oxidative stress, and osmolarity) on migration in renal mesenchymal cell 

populations. These assays were then applied to MSC-like cells, and the individual 

effects on cortex- or medulla-derived MSCs compared. More preliminary studies into 

the migration of PDGFR-β+ cells and the HK-2 tubular cell line were also performed. 

Finally, the immunomodulatory properties of mesenchymal and perivascular cells 

were tested in a human system. The findings with regards to the hypotheses outlined 

in the opening sections are as follows: 

Hypothesis 9 Murine kidney perivascular sub-types can be sorted based on their 
unique surface marker profile and established in culture, using standard methods. 

It was possible to sort perivascular cells that were viable and could adhere to tissue 

culture plastic with the expected morphology. An exception was NG2+ cells that 

often were not able to adhere. In the majority of cases sufficient cell numbers and/or 

optimal culture conditions were not achieved to allow propagation and testing of 

these cells. One line of PDGFR-β+ cells was however isolated and they showed signs 

of having a functional phenotype distinct from renal MSC-like populations.  MSC-like 

populations used here did not derive from a PDGFR-β+ lineage.  

Hypothesis 10 Perivascular cells will respond to stimuli such as hypoxia, oxidative 
stress and osmolarity in vitro, and the nature of this response will vary depending on 
the anatomical location and surface marker phenotype of the cells. 

Hypothesis 11 Medulla-derived cell populations will show an improved response to 
hypoxic stimuli compared to cortex-derived populations, but a more severely 
negative response to oxidative stress. 
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The mesenchymal and perivascular populations tested did in many cases respond to 

these physiological and pathological stressors. Hyperosmoarity and serum starvation 

inhibited the ability of renal MSC-like cells to migrate. Hypoxia reduced migration of 

MSC-like cells, but this effect was reversed when proliferation was inhibited, and no 

differences between MSC-like cells from different regions were observed. Renal MSC-

like cells did not increase SA-β-Gal expression following H2O2 treatment, but it did 

affect their migratory capacity. Migration of cortex-derived MSC-like cells was more 

strongly affected by H2O2 treatment than those derived from the medulla. Some 

preliminary results were also obtained on the behaviours of PDGFR-β+ cells and the 

HK-2 tubular cell lines in migration assays, and on the immunomodulatory properties 

of perivascular cell types, and these will be discussed below.   

In summary, the technical aspects of murine renal perivascular cell sorting and culture 

have been explored. Effective in vitro assays have been developed for murine renal 

cells, and generated thought provoking results that merit further investigation.  

6.4.2 The in vivo origins of PDGFR-β+ and MSC-like cells 
MSCs are a heterogeneous population of cells, consisting of a mixed colony of 

multiple clones157,316,317. The minimal criteria defining (human) MSCs are adherence 

to culture plastic; tri-lineage differentiation potential (into adipocytes, osteocytes, and 

chondrocytes); positive for expression of CD73, CD90, CD105; and negative for the 

expression of CD45, CD34, CD14 or CD11b, CD79α or CD19 and HLA-DR(318). 

CD44 is also a common positive marker319. MSC-like cells were here isolated from 

the kidney because MSCs are thought to derive from perivascular cells, and that as 

such they may provide insights into the properties of renal perivascular cells. Kidney 

derived MSC-like cells here were positive for markers CD44, CD73, CD90 and 

CD105 (Table 6-2), indicative of an MSC phenotype. However, in the cells used here 

tri-lineage potential was not tested and so they cannot be definitively described as 

MSCs. Testing differentiation potential and observing a positive result would 

strengthen the assumption that the cells used here are MSCs and thus derive from 

renal perivascular cells. 



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Chapter 6 Functional properties and heterogeneity 
 in cultured renal mesenchymal cells  322 

MSCs have been isolated from murine kidney in multiple studies, usually by enzymatic 

digestion of whole kidney146,320–322, but also from glomeruli155. Often this is followed 

by selection for a particular subpopulation using a surface marker, e.g. Sca-1 or CD44. 

All the cited MSC populations exhibited differentiation potential to at least osteogenic 

and adipogenic lineages, although some exhibited wider potential than others. Most 

populations expressed the canonical MSC markers, although interestingly despite two 

populations being derived from Sca-1+ cells, one of the populations lacked classical 

markers such as CD44 and CD90320. The multiple modes of isolation, and 

heterogeneity in phenotype, suggest there may be many populations within the renal 

environment capable of giving rise to MSCs. Perivascular markers are seldom tested 

in these studies, but CD44-enriched MSCs exhibited a substantial proportion of 

PDGFR-β+ cells322. In human, MSCs have been derived from sorted foetal kidney 

pericytes1 (CD146+CD31-CD34-CD56-); and adult adherent stromal cells that were 

enriched for NG2+ cells at passage 1 using magnetic beads were also shown to be 

MSC-like, except that they lacked adipogenic differentiation capacity141. The foetal 

population maintained CD146 positivity but were varied in their NG2 and α-SMA 

expression, whereas the adult human population had uniform expression of CD146, 

PDGFR-β and NG2. Interestingly, the MSC-like cells isolated here completely lacked 

detectable PDGFR-β and NG2 expression. Since the adult human cells were enriched 

for NG2, this suggests the MSC populations isolated here do not derive from NG2 

or PDGFR-β+ pericyte populations. Supporting this, MSC-like populations derived 

from mTmG mice lacked GFP+ cells, suggesting no cells of PDGFR-β+ lineage are 

giving rise to the MSC-like populations observed here. This would rule out the 

majority of the interstitial cells and around one third of capillary pericytes (Section 

3.3.5) as a source. The most likely candidates then would be PDGFR-β-CD146+ 

pericytes, and adventitial cells. Further investigation, utilising lineage tracing 

constructs activated by other perivascular markers, would be required to fully 

elucidate the origins of renal MSCs. 

PDGFR-β+ cells, despite sharing PDGFR-β positivity with human and murine renal 

MSCs, did not show detectable MSC marker positivity for those tested (Table 6-2, 
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CD73 and CD105, data not shown) and also lacked classical spindle shaped MSC 

morphology (e.g. Figure 6-9). Therefore, their relationship to the MSC populations 

above is not altogether clear and would also require investigation. Although promising 

in vitro properties have been displayed by renal MSCs141,146,320,322, lack of knowledge 

of their precise ancestors within the kidney is impeding full therapeutic exploitation 

of these cells either in situ or as administered cell therapeutic products.   

The possibility of a non-mesenchymal origin for kidney MSCs 

One group has claimed isolation of MSC-like cells from the renal colleting duct using 

HoxB7 reporter mice323. HoxB7+ cells from adult mice expressed CD73, CD90, 

CD105, and HLA-ABC, and exhibited tri-lineage differentiation potential.  It is not 

clear what proportion of cells from bulk digested kidney will be derived from HoxB7+ 

populations. It was found that MSCs isolated from cortex (in which there were no 

HoxB7+ cells), medulla, and papilla had different colony forming properties and that 

the HoxB7+ population most resembled those of the papilla. In the current work, 

when cortex was separated from medulla the medullary fraction included the papilla, 

so it is possible that regional differences, i.e. in migration following oxidative stress, 

are as a result of contribution from this collecting duct-derived population. The vast 

majority of MSC isolations from other tissue to date that have involved any 

characterisation of progenitor cells have indicated a perivascular or at least 

mesenchymal origin for their MSCs. The MSCs derived from Wharton’s jelly, for 

example, may derive from connective tissue fibroblast cells324. Nevertheless, the 

possibility of even a partial collecting duct epithelium-derived contribution to the 

results in MSCs presented here cannot be ruled out.  
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 MSC-like cells PDGFR-β+ cells 
Marker Uniform Varied Absent Uniform Varied Absent 
PDGFR-β       
NG2       
CD146       
�-SMA       
CD73       
CD105       
CD44    Not performed 
CD90    Not performed 
Collagen I       

Table 6-2 Marker expression of cultured perivascular cell populations. Grey boxes indicate whether 
expression is uniform on the population (>80% coverage), varied, or absent from the population (< 
1%) 

6.4.3 Oxidative stress in AKI 
H2O2 treatment has here been used to model the effects of oxidative stress on cells, 

and decreased MSC-like cell migratory capacity. H2O2 induced oxidative stress can 

lead to protein and DNA damage and result in a permanent cell cycle arrest, i.e. 

senescence, and indeed it was informally observed that H2O2-treated MSC-like cell 

populations had absent or severely deficient proliferation following assay end-points, 

even in the presence of the high serum concentration of D20 media. Reactive oxygen 

species (ROS) can be signalling molecules in their own right325 which may also be 

causing the decrease in migratory phenotype observed in MSCs. Measuring changes 

in cell metabolism following H2O2 treatment indicates whether the doses 

administered are sufficient for a functional impact on cell behaviour. AlamarBlue is a 

commercial reagent that measures cell viability via the reducing activity inside 

mitochondria. The reagent is reduced to a fluorescent compound by mitochondrial 

enzymes that are actively producing NADPH.  80µM H2O2, which was used in MSC-

like cell assays here, caused a slight decrease in the reduction of AlamarBlue (it should 

be highlighted that H2O2 was not present in the media at the time, and cells were 

thoroughly washed following treatment). This indicates that H2O2 in these conditions 

is causing functional damage to mitochondria in these cells326. Any subsequent effects 

on cell behaviour could therefore be either due to this damage or to signalling 

mechanisms. In normal signalling, extracellular concentrations of H2O2 are in the 

region of 2-4µM, as measured in brain327, and the threshold for cellular stress is 

reported to be ~10µM328. As the doses used here substantially exceed this, the effects 
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are likely due to a functional rather than a signalling effect. In an in vivo inflammatory 

setting, H2O2 concentrations reach around 10-50µM329. Whilst this is not as high as 

concentrations used here, the exposure in vivo will likely be over a longer period, 

suggesting that the total H2O2 induced damage to the cell is reflective of an in situ 

scenario.  

Interestingly, although H2O2 appeared to upregulate p16 expression in the nucleus of 

MSC-like cells, there was no noticeable effect on SA-β-Gal expression. SA-β-Gal is a 

marker of a mature senescent phenotype; the assays were performed several days 

after the application of H2O2, which may have been insufficient time for a mature 

senescent phenotype to establish330. Therefore, the results of H2O2 assays presented 

here will be best interpreted as the acute effects of oxidative stress, e.g. during 

inflammatory injury. 

Studies that have examined the effects of H2O2 treatment on MSCs have found that 

non-lethal preconditioning improves their potential therapeutic efficacy. 

Preconditioning in 200µM H2O2 for 2h improved MSC’s ability to enhance 

contractility and neovascularisation following myocardial infarction in mice331. In 

contrast to the results reported here, H2O2 pre-treatment improved migratory 

capacity of conventional human MSCs, although migration was measured by the 

electrical impedance method through a transwell, and the treatment (100µM for 72h) 

was drastically different332. Harsh incubations like this would have proved fatal in the 

MSC-like cells used here. The striking finding that oxidative stress decreases 

migration in MSC-like cells derived from the cortex but not the medulla suggests that 

MSCs from the medulla may have greater native protection mechanisms. This seems 

counterintuitive given the lower general oxygen tensions in the medulla, but may 

reflect an increased likelihood of immune-derived oxidative stress e.g. following an 

acute injury, or bacterial infiltration via the ureter219.   

6.4.4 Hypoxia in AKI 
When MSCs are injected into animal injury models they have been shown to home 

to the site of injury333,334, which often includes an element of hypoxia (e.g. renal or 

cardiac IRI). Along with this, there is also the paradigm of immunosuppressive MSCs 
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in vivo migrating into the hypoxic tumour environment and downregulating the 

immune response335. As such there have been multiple studies on MSC migration in 

response to hypoxia, and most have found that 1-5% hypoxia is a positive signal for 

migration336–340, although some do find the opposite effect341 including with 0.1% 

hypoxia342. In the current study, in the absence of proliferation inhibitor mitomycin C 

there was a decrease in scratch closure in the migration assay with 1% hypoxia, yet 

in the presence of mitomycin C the opposite (non-significant) trend was observed. 

This could indicate that hypoxia has an inhibitory effect on proliferation, and yet 

promotes migration. The majority of the above cited hypoxia migration studies were 

not performed with cell cycle inhibitor. It seems counterintuitive that pericyte-

derived MSC-like cells would reduce proliferation in response to hypoxia. Mitomycin 

C works by alkylating DNA to prevent cell division, which can have other cellular 

effects, e.g. senescence inducing. However, in renal MSC-like cells no evidence of p16 

upregulation was observed following mitomycin C treatment. Reduced proliferation 

in response to AKI could therefore be a feature of a sub-type of pericytes that are 

giving rise to MSCs, but which do not function in the hypoxic angiogenic/wound 

healing response. This could be tested by deriving MSC clones from kidney cell 

dissociations, testing their angiogenic and migratory responses to hypoxia, and 

observing whether there is heterogeneity in- and a correlation between- these 

properties. Another reason for the apparent discrepancy could be that most of the 

above studies were performed using bone marrow derived MSCs (BM-MSC). BM-

MSCs function in the support of the hypoxic haematopoietic niche343, which may be 

a reason behind their inclination to low oxygen environments.  

Renal epithelial migration in hypoxia 

In contrast to MSCs, although somewhat surprisingly, there is not a lot of previous 

research into the in vitro migratory properties of renal tubular cells to hypoxia. 

Immortalised rat kidney proximal tubular cells exposed to 1% hypoxia exhibited a 

decrease in migration in both scratch assays and using a transwell approach344 (where 

migration of cells through a permeable membrane in response to chemoattractants 

is measured). Alternatively, stabilisation of hypoxia inducible factor 1-α (HIF1α), 

which replicates a post-translational mechanism regulating cellular hypoxia response, 
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showed the same negative response in both primary human tubular cells and a human 

kidney cell line345 (HKC-8 cells). Not data could be found on HK-2 cells, which in the 

current study exhibited a slight decrease in migration at 1% O2 with mitomycin C. 

Interestingly, in single experiments lacking mitomycin C, 1% hypoxia reduced 

migration by roughly half, whereas 3% had no effect. HK-2 proliferate rapidly, so if 

these latter results are confirmed they point to an additional inhibitory effect of 

hypoxia on HK-2 proliferation346, which fits with the knowledge that proximal tubular 

cells lack efficient glycolytic activity and rely on oxidative phosphorylation33,55. The 

HK-2 cells used here, and the above mentioned HKC-8 cells, are phenotypically most 

similar to proximal tubular kidney cells74,79, from which they likely derive. The 

proximal tubule straight portion is the worst affected nephron segment following 

ischaemia33, and is repopulated by migration and proliferation of remaining tubular 

cells. Decreased migration in hypoxia suggests that sufficient blood flow must be 

restored before the optimal regeneration process can begin, which further highlights 

the importance of protecting the vasculature in renal ischaemic disease.  

6.4.5 Limitations of this work 

In hypoxia tests, 1% atmospheric O2 equates to ~6.6mmHg oxygen tension. Whilst 

this is in the pathological range, tensions can potentially become effectively anoxic in 

ischaemic kidney and it is possible that the level of hypoxia used here did not surpass 

the threshold for effects on behaviours such as migration to be affected. The critical 

pO2 for proximal tubular cells is around 10-17mmHg347, so ischaemia was at levels 

that would, in a physiological setting, at least adversely affect tubular cells. H2O2 was 

generally administered on the limits of what the cells could receive and still survive. 

However its method of administration, in a two hour incubation, is likely not 

reflective of the dynamics of ROS exposure in vivo, and such severe acute treatment 

may illicit different effects to lower level, longer term exposure experienced 

physiologically.  

Finally, some experiments in this chapter represent results from individual 

experiments. They often reflect effects that are expected or in line with other results 

from similar experiments in the literature. Nevertheless, the validity of these findings 
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cannot be assured until the experiments are repeated. It will be especially necessary 

to isolate more PDGFR-β+ lines to further investigate their phenotype in relation to 

hypoxia, oxidative stress and migratory capacity. 

6.4.6 Concluding remarks  
The work in this chapter represents preliminary investigations into the functional 

differences between perivascular subtypes. Further work is required to refine the 

isolation and culture of perivascular subtypes, and to validate some of the findings 

herein. Nevertheless, promising leads appear to indicate there are key functional 

differences between MSC progenitors in different kidney regions, between 

progenitors with different surface marker expression, and between renal MSCs and 

MSCs from other organs. 
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Chapter 7 Discussion 

7.1 Major findings of this work 
There are several revelations that have come about as a result of the work in this 

thesis. Firstly, although the general heterogeneity of perivascular cell marker 

expression was known, their relative anatomical distributions have never been 

described in detail. The descriptions herein revealed regular patterns in the 

distribution of markers in certain localisations (mesangial cells, SMC-like pericytes, 

DVR) but wide heterogeneity in others (peritubular capillary pericytes, adventitially 

located perivascular cells), and highlighted the inadequacy of PDGFR-β as a specific 

marker of bona fide pericytes. All of which has implications for the interpretation of 

previous work on renal perivascular cells (discussed further below) and will aid in the 

planning of future studies, allowing them to ask more specific questions about 

particular perivascular and interstitial subtypes.   

Secondly, comparison of injury readouts following unilateral ischaemia in old and 

young animals produced highly suggestive results. Young animals, in exhibiting high 

variation in resultant fibrosis ranging from the undetectable to widespread renal 

atrophy, demonstrated a higher capacity for maladaptive fibrosis than old animals, in 

which fibrosis was more consistent but less extreme, This, along with reduced 

histological damage at day 4, indicates a lesser tendency of aged kidneys towards 

scarring behaviour following subclinical ischaemia, and suggests that worse clinical 

outcomes in elderly humans14,15,169,170 may result from systemic causes rather than 

those intrinsic to the cellular response of the kidney.  

Thirdly, there are peculiarities in the dynamics of perivascular marker expression 

following ischaemic injury. A dramatic increase in CD146 expressing pericytes 

directly following ischaemia in young animals could point to an adaptive response to 

the altered hydrostatic and structural environment following the loss of tubular cells 

and thus nephron integrity. Given its potential role in binding ECM components123, 

and mediating downstream signalling particularly in actin remodelling125, CD146 could 

have a key functional role in sensing and responding to hostile injury environments 

by mobilising pericytes and/or maintaining vascular integrity. The rapidity of this 
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response is not matched in old animals. This could result in less protection of the 

aged renal vasculature (causing more consistent injury) and/or reduced mobilisation 

of pericytes (in turn reducing eventual increases in fibrosis). There is an emerging 

trend in the literature of non-fibroblast interstitial cells that act to indirectly induce 

fibrosis400. In old kidneys (that have fibrosis at baseline) there is a population of 

PDGFR-α+-β- interstitial cells, and these same cells emerge during fibrosis in young 

animals (Figure 5-31). However, as they do not correlate as well with fibrosis as other 

populations here identified, they may represent this paracrine fibrosis supporting 

population. Thus, PDGFR-α and -β dual labelling may be a novel method of identifying 

them in situ. Finally, NG2 expression was highly correlated with fibrosis (Figure 

4-28C; Figure 5-35F). In young animals NG2 persisted at day 28 post-ischaemia, 

despite α-SMA+ myofibroblasts returning to baseline levels, and NG2 had generally 

higher expression in aged animals. NG2 may therefore label cells of a persistent 

activated phenotype in interstitial cells, suggesting that even in the absence of 

myofibroblast markers, post-injury kidneys may be primed towards further fibrosis 

for some time.  

7.2 New perspectives on renal perivascular cells in 
light of novel surface marker heterogeneity 

Chapter 3examined the native heterogeneity in renal perivascular cells. There are 

multiple markers that are commonly used to identify perivascular cells (examples in 

Table 1-1). The heterogeneity in these markers has occasionally been examined in a 

pairwise fashion144 but largely standard practice is to choose a selection of markers 

and define pericytes by a single combination. The perivascular markers examined in 

this study (CD146, PDGFR-α, PDGFR-β, NG2, α-SMA) were chosen as they are 

some of the most commonly used, and due to indications of their functional 

significance to cell biology (Section 1.3.3). Work in this thesis suggests that most 

combinations of common pericyte markers used in the literature select only a sub-

population of perivascular cells, and targeting of single markers alone is very likely to 

capture a variety of cell types. The marker combinations observed for each region 

following 5-colour staining are summarised in Table 3-1, highlighting the high 
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heterogeneity especially on capillary pericytes. In light of these data, studies in Table 

1-1 can be subjected to fresh interpretation. 

7.2.1 Renal pericyte numbers with age 
Stefanska et al. examined how renal pericyte numbers changed with age, defining 

peritubular capillary pericytes as PDGFR-β+NG2+ cells143. The results of 

immunostainings performed in the current work suggest that PDGFR-β and NG2 will 

only capture a subset of the total pericyte pool, as pericytes were detected lacking 

either or both of these markers. This is likely to have affected the ultimate conclusions 

of the study. When these two markers were quantified in day 1 contralateral kidneys 

here (albeit separately), a decrease in PDGFR-β+ cells was indeed observed in the 

outer stripe, however there was a marginal (non-significant) increase in NG2+ 

pericytes in old compared to young. In general detection of NG2 in old mice was 

much more robust compared to young in these experiments. This suggests that there 

are nuances to the prevalence of perivascular cells that occur with age, and that 

certain sub-types may be affected in different ways.   

7.2.2 Perivascular myofibroblast progenitor 

In Section 1.3.4 the literature surrounding the role of pericytes as myofibroblast 

progenitors was reviewed.  

LeBleu et al. detected little contribution of pericytes to fibrosis in contrast with other 

studies44,86,93,145, and this discrepancy may be explained by the finding here that 

numerous pericyte populations have mutually exclusive PDGFR-β and NG2 

expression. Ablation of one population, e.g. PDGFR-β+
 would leave living NG2+ 

pericytes. If both are sufficiently able to proliferate and produce myofibroblasts then 

loss of one population wouldn’t affect the resultant fibrosis score.  

Lin et al. used a Col1a1-GFP reporter mouse to show that ‘pericytes’ in the 

interstitium, that were GFP positive, likely gave rise to collagen producing cells 

following UUO86. Interestingly they concluded that GFP+ cells at baseline were 

pericytes because they had close contacts with endothelial cells, even though they 

sometimes resided outside the laminin+ basement membrane. TEM observations in 
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Chapter 3 have shown that interstitial cells can have such close contacts, and yet have 

cytoplasm extending into the interstitum, thus more resembling fibroblasts than 

classical bona fide pericytes. This observation is especially interesting when taken in 

conjunction with the findings of Kramann et al, who showed that the ‘perivascular’ 

cells giving rise to myofibroblasts in the kidney had the phenotype 

PDGFR-α+PDGFR-β+CD146-NG2-(44). Analysis of stained tissue here suggests that 

PDGFR-α+-β+ cells are interstitial fibroblasts, whereas all bona fide pericytes are 

CD146+(NG2+/-). By this reasoning, then, the fibrosis producing perivascular cells in 

the kidney are derived from an interstitial fibroblast population, rather than a bona 

fide pericyte one. Col1a1-GFP+ cells never co-localised with α-SMA, but instead 

resided on the adventitial aspect of α-SMA pericyte coated vessels, even when the 

vessels in question were relatively minor. An image from the paper is reproduced in 

Figure 7-1 to illustrate. This anatomical positioning correlates with the peri-arteriolar 

cells observed in Chapter 3 that exhibited the most heterogeneous marker 

expression (Figure 3-13). Given their distinct surface marker phenotype, anatomical 

localisation, and potential link to fibrosis causing cells described by Kramann et al., 

these ‘perivascular fibroblasts’ represent a novel cell type distinct from pericytes to 

target in renal disease. Perivascular fibroblasts have of course been already 

documented, but usually associated with large vessels such as arteries. This analysis 

suggests that, in the kidney, they are preserved on arterioles and possibly capillaries 

too. Figure 7-2 shows TEM images of 10µm and 5µm vessels with adventitially 

positioned cells that could represent perivascular fibroblasts.  

A perivascular fibroblast progenitor of myofibroblasts is in line with other evidence. 

Pericytes are morphologically specialised to their role in enwrapping capillaries, and 

are embedded in the basement membrane84. By this very nature they face more 

barriers to migrating away and proliferating, especially since this would leave the 

capillaries structurally vulnerable. By residing in and maintaining the perivascular 

extracellular matrix, perivascular fibroblasts are already primed to be fibrosis 

producing cells. In addition, adventitial cells, which are a subset of perivascular 

fibroblast, are thought to be developmentally more primitive than pericytes218, and in 

our experience those derived from human adipose tissue proliferate more readily 
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than pericytes.  Also adventitial cells were here shown to have immunomodulatory 

properties on activated T-cells, similar to pericytes and MSCs (Section 6.3.28). Finally, 

Gli1+ cells have also been shown to localise to the adventitial layer of large arteries, 

where they act as progenitors for smooth muscle cells89. Perivascular fibroblasts, 

therefore, have a proven plasticity and occupy a naturally advantageous position to 

become myofibroblasts. 

 

Figure 7-1 Col1a1-GFP localisation around a minor α-SMA positive vessel. Blue = DAPI; Red = α-
SMA; Green = Col1a1-GFP. GFP+ cells reside on the adventitial aspect of α-SMA+ pericytes. Image 
reproduced from Lin et al. 2008 (86), Copyright © American Society for Investigative Pathology. 

7.2.3 Pericytes in vascular support 
Two studies have shown that ablation of pericytes leads to a loss of blood vessel 

integrity in the kidney and subsequent fibrosis. Lemos et al. ablated all FoxD1 lineage 

cells in the kidney97. FoxD1 is a pan-interstitial lineage marker92 and so would be 

expected to target pericytes as well as fibroblastic populations, although in this model 

mesangial cells and α-SMA+ arteriolar pericytes were not affected. This also calls into 

question whether capillary pericytes were affected, as the markers used to confirm 

ablation of pericytes were Desmin (not tested here) and PDGFR-β. It was shown 

here that only one in three capillary pericytes were PDGFR-β+ (Figure 3-10) meaning 

there was a significant proportion that were not surveyed. In the second study, Gli1+ 
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cells were ablated. As has been discussed above, the surface marker phenotype of 

Gli1+ cells (PDGFR-α+PDGFR-β+CD146-NG2-) suggests they are interstitial 

fibroblasts as opposed to bona fide pericytes. Under this reasoning, then, it may be a 

loss of interstitial fibroblasts that leads to capillary damage in these studies.  
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Figure 7-2 Potential perivascular fibroblasts on small calibre renal vessels. In all cases vessel 
lumens are marked with asterisks. (A) A vessel of approx. 10µm calibre embedded in ECM. Most 
of the circumference is covered by a single perivascular cell layer, however a cell of similar 
morphology is positioned on the outside of this layer (arrow). (B) A close up view of the 
adventitially positioned cell in A shows that it is likewise embedded in the basement membrane, 
which is continuous with that of the adjacent pericyte. (C) A vessel of approx.. 5µm calibre. There 
are two cells of a fibroblastic morphology closely associated on the adventitial aspect (arrows). 
(D) Close up view of the upper cell in C. The cell has a thin cytoplasm that closely encircles the 
vessel, outwith the basement membrane (arrowheads).  
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7.3 What markers should be used to target renal 
pericytes? 

The synthesis of the current dataset and previous renal perivascular cell research 

highlights the difficulty in sensitively and specifically targeting, or even classifying, 

distinct perivascular populations in the kidney using currently available markers. The 

findings presented here can help guide the choice of markers used and what 

conclusions can be drawn from the results. 

7.3.1 The significance of CD146 for renal pericyte 
identification 

CD146 localised to a widespread population of pericytes that were often negative 

for other pericyte markers, had a distinctive morphology, and extended thinly 

between tubules (Figure 3-2B). In fact, staining distribution  suggested that CD146 

staining is  endothelial, and CD146 is a common endothelial marker claimed to be on 

all endothelial cells125,348 although this is not seen here. By flow cytometry roughly 

one third of ICAM2+ cells were CD146+, although the expression was dim (data not 

shown). Evidence from confocal microscopy in humans suggests that although CD146 

is found on some endothelium of the capillaries (Figure 3-31), it is not seen in the 

absence of CD146+ pericyte coverage (Figure 3-31A, lower panel). There was no 

discernible pattern in the presence of CD146 on peritubular capillaries. Expression 

could be dictated by ECM components, for example laminin-α4 is a CD146 ligand 

that can induce an intracellular signalling response, and laminin-α4 on basement 

membranes causes CD146 expression. However, laminin-α4 appears ubiquitous on 

kidney endothelial basement membrane124. 

Pericytes are necessary to vascular survival. Due to the function of CD146 as an 

adhesion molecule, it may have a role in binding structural components to maintain 

vascular integrity. Interestingly in young animals at day 1 post-IRI the brightest CD146 

expression was around completely desquamated tubules (Figure 4-17), potentially 

representing a survival response to a drastically altered structural environment. Mice 

with laminin-α4 mutations develop glomerular and tubulointerstitial fibrosis due to 
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an upregulation of PDGF-BB signalling (a signal that laminin-α4 actively 

downregulates)349. This suggests a possible mechanism whereby laminin binding 

CD146 downregulates PDGF-BB signalling under homeostasis, preventing over-

proliferation of pericytes and maintaining vascular integrity. As PDGF-BB and its 

associated receptors are key players in the angiogenesis pathway116, it makes intuitive 

sense that a sub-type of pericytes required to maintain vascular integrity do not 

express PDGFR-β, allowing them to avoid detaching and migrating in the context of 

an injury environment.  

Data from the brain seems to indicate that all pericytes there are CD146+PDGFR-β+, 

although the study was not investigating this point explicitly131. It is not clear what the 

typical surface phenotype throughout the body is. If the kidney is enriched in 

CD146+PDGFR-β- pericytes, and these function to avoid angiogenic signals, this may 

be because the kidney is particularly susceptible to ischaemia therefore requires a 

higher proportion of ‘protective’ versus ‘angiogenic’ pericytes to maintain the 

vasculature during injury.  

7.3.2 Genetic identification of pericytes 
Knowledge of the specific localisation of the various pericyte markers facilitates more 

specific targeting, and better knowledge of what has been targeted. To target 

pericytes by genetic means, the choice is not clear, as CD146 would target endothelial 

cells, PDGFR-β would target interstitial cells, and NG2, along with the others, would 

target mesangial cells. In addition, NG2 and PDGFR-β would only target a subset of 

the population. Therefore, until a more specific marker is found it must suffice to 

acknowledge these limitations in any study that is performed. To target the majority 

of pericytes for fate tracing it may be sufficient to present evidence of CD146+ cell 

tracing in combination with results from a pan-endothelial cell tracing model. For 

ablation studies NG2 would be the optimal choice in terms of specificity to pericytes, 

but would likely not target the entire population. 
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7.3.3 Pericyte identification by flow cytometry 
Flow cytometry quantification and sorting of renal perivascular cells should be less 

problematic, allowing that the technical limitations encountered here can be 

overcome. CD146 has not been widely used in murine kidney pericyte studies, yet 

has been used in combination with an endothelial specific marker for many histological 

and flow cytometry applications in other animals ad organ systems to 

date1,85,153,230,350–352, and should therefore work well in the murine kidney for these 

purposes. If mesangial cells must also be excluded, this can be achieved during the cell 

dissociation process by glomeruli sieving 353, or else by use of a mesangial specific 

surface marker such as Annexin A2(354). 

7.3.4 Pericyte identification in histology 

For an experiment to quantify the majority of bona fide pericytes in histology, CD146 

would be the optimal choice because here it labelled all pericytes except some in the 

inner medulla and vasa recta. However again it must be used in combination with a 

method of excluding the endothelium (e.g. endothelial marker, or a basement 

membrane stain).  

7.4 The ageing phenotype in renal ischaemic disease 

7.4.1 Ageing in animal models of ischaemic disease 
Previous studies examining the effect of age on IRI severity have consistently shown 

worse outcomes in older age groups147,248,251,355–359 and a summary of these studies 

design and outcomes can be seen in Table 7-1. The majority use bilateral, or unilateral 

with nephrectomy models where the animal also experiences renal failure, and which 

represents a key difference to the unilateral model employed here.  

Unilateral vs. bilateral IRI 

Bilateral IRI is the most commonly used form of IRI, as it is thought to best reflect 

ischaemic AKI in humans53, which by definition has a kidney failure element13. 

Interestingly, although bilateral IRI has a higher initial mortality, there is in fact a more 

progressive fibrotic outcome from the unilateral method. This is because sufficiently 

severe bilateral injuries lead to animal mortality61, whereas milder injuries are 
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insufficient to cause lasting damage68,360.  The uremic environment caused by bilateral 

IRI can actually have anti-inflammatory69 and cytoprotective66 effects, which may be a 

factor in this recovery.  In unilateral IRI, mortality is avoided, and sufficiently severe 

injuries can be applied to cause lasting fibrosis. It is thus regarded as a good model of 

the progression from AKI to CKD65. Indeed, the changes in tissue histopathology that 

occur in unilateral IRI resemble those seen in human patients361. The ischaemic ‘hit’ 

in unilateral IRI is in effect ‘sub-clinical’, so may reflect the repeated subclinical 

ischaemic (and other) injuries that lead to CKD in humans, e.g. in older individuals 

undergoing multiple hospitalisations, surgeries, etc13. Therefore, the unilateral IRI 

model is ideal for the study of acute ischaemic damage and the long term outcomes 

of ischaemia and is reflective of human disease, especially that which occurs in the 

elderly patients. One disadvantage of unilateral IRI is that there is no simple measure 

of renal function that can be used to gauge injury severity, such as serum creatinine 

levels or blood urea nitrogen (BUN), since these remain stable. Therefore, surrogate 

measures such as ATN scores or kidney injury molecule 1 (KIM-1) transcription must 

be used, that do not directly measure renal function (although may be better 

predictors of long term function362).  

Age and outcome following IRI 

When IRI is applied to compare old and young animals there are often worse 

outcomes for old animals at early time points (up to several days post-IRI). Functional 

readouts (creatinine, BUN) and mortality are usually used to assess this, which cannot 

be compared here, but histological scoring is also common. Old animals tended to 

have more severe histological damage scores at 18, 24,  or 96 hours after 

injury248,357,363,364, although not in all studies147,365. Fibrosis is not often measured 

following bilateral IRI for reasons discussed above, but one study reported increased 

fibrosis in 12 months old mice at 6 weeks post-IRI147.  

Ageing does not increase injury severity following unilateral IRI 

 The evidence in this work indicates opposite trend to what is seen in bilateral 

ischaemia models. ATN scores were equivalent between ages after 24h and in fact 

tended to be lower in old animals, and CD206+ macrophage/dendritic cell influx and 
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cell proliferation were likewise indistinguishable between age groups. Semi-

quantitative histological damage scoring at day 4 post-IRI suggested young kidneys had 

more extensive injury at this point.  

Examination of fibrosis, via Sirius Red stained area, following injury showed that 

although fibrosis was higher overall in aged ischaemic kidneys compared to young, 

the overall increase in aged ischaemic kidneys compared to contralateral was of 

borderline significance (Figure 5-12B). Also when the change in fibrosis between 

contralateral and ischaemic kidney for young and old ages groups was compared no 

significance was detected, and tended to be higher in young animals (this comparison 

is not shown in the figure). Therefore although old kidneys ended up more fibrotic, 

it cannot be said they have a more severe fibrotic response. Interestingly, when 

polarised light birefringence of the PSR stain was measured, no difference was 

detected between old and young kidneys. Whilst PSR stains multiple basic interstitial 

protein types red, the polarised light microscopy is specific for collagens I & III366,367. 

The lack of a difference in Collagens I & III between old and young ischaemic kidneys 

was also observed by immunostaining (Figure 5-13). Red-positive area was found to 

be a better predictor of renal function than polarised light positive area in human 

biopsies368, indicating that the former method is the most relevant to IRI outcome 

here. The collagen-specific methods show the same direction of change and in similar 

proportions to the brightfield PSR quantification, and so are generally supportive of 

the above conclusions.  

As far as I can see, this is the first report testing the effect of age on the ischaemic 

kidney following unilateral IRI (without contralateral nephrectomy). One study has 

investigated the effect of age on contralateral kidney following IRI, and found a fibrotic 

and inflammatory response only in old animals251. This effect was not observed here 

(Figure 5-11) and the reason for this discrepancy is not clear. The study used a rat 

model and a longer ischaemia time of 45min, although this is standard practice in rat 

IRI. In addition, their aged rats were 10 months of age, which is substantially less aged 

than the mice used here. Their results may therefore be a feature of middle-age rather 

than advanced age, an effect specific to the rat, or resulting from a more severe 

ischaemic hit. In contrast, following a UUO model, which replicates progressive 
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fibrosis, greater histological damage was observed in old mice, but there was less 

fibrosis in old than in young369.  This supports the current work.  

7.4.2 Ageing and kidney disease in the clinical scenario 
Age has been associated with many defects in renal function, such as a loss of the 

ability to maintain salt and acid balance370,371. However these associations are often 

lost when GFR is taken into account. This indicates that age-linked functional defects 

result from general loss of filtration capacity, rather than an intrinsic loss of function 

in the kidney parenchyma, such as the ability of tubules to sense acid balance and 

apply the appropriate response370. An intriguing product of this reasoning is that many 

age linked defects derive from a common pathway - that of loss of renal parenchyma 

with age. Loss of the renal parenchyma and GFR is a result of progressive 

tubulointerstitial fibrosis, and glomerulosclerosis. This loss in turn leads to 

vasoconstriction, an initially adaptive response to improve glomerular filtration that 

is maladaptive in the long term.  Vasoconstriction precipitates damage long term by 

inducing focal hypertension following fluctuations in blood pressure, and by impairing 

blood flow following bouts of AKI (clinical or subclinical). As a bout of AKI is 

occurring superimposed on an already lower  kidney function (CKD), this will result 

in lower overall kidney function at the height of injury than in a healthy environment. 

A vicious circle is formed where each subsequent bout leaves the kidney more 

vulnerable to damage.  In summary, with each event of stress on the kidney that 

results in a loss of the parenchyme, the kidney is more disposed to a loss of 

parenchyme. Sufficient loss of parenchyme results in renal failure, and renal failure is 

a strong predictor of mortality21. 

If it is confirmed that old animals receive a similar level of damage to young following 

unilateral IRI, this would suggest that worse outcomes in aged individuals observed in 

animal models and human studies are due to a worse response to the general effects 

of kidney failure, since this unilateral IRI lacks a kidney failure element. The clinical 

implications of this might be to recommend renal replacement therapy (RRT) at a 

lower threshold of kidney disease in older patients. Earlier initiation of RRT has 

appeared beneficial in multiple studies372–380, although other reports find no benefit381–
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383. It may be then that age is an important factor in determining whether an early 

RRT initiation is beneficial.  

 

Reference  Age of ‘old’ 
animals 

Ischemia type  Ischemia 
time 

Readouts worse in old 
animals 

Miura 1986 
(Rat) 

37‐38 
months 

Bilateral  45 min   BUN 

 Creatinine 

 Histological  
Damage 

Sabbatini 2004 
(Rat) 

18 months  Bilateral  30 min   Urinary nitrate 

 Histological 
damage 

 Blood flow 

Qiao 2005 
(Rat) 

27 months  Bilateral  30 min   Histological 
damage 

 Creatinine 

 Tubular apoptosis 

 ROS indicators 

Schmitt 2008 
(Mouse) 

19‐24 
months 

Unilateral + 
Nephrectomy 

27 min   Mortality 

 BUN  

Ferenbach 2011 
(Mouse) 

12 months  Unilateral + 
Nephrectomy 

20 min   BUN 

 Histological 
damage  

 Inflammation 

Clements 2013 
(Mouse) 

12 months  Bilateral  30 min   Mortality 

 fibrosis 

 proliferation 
(reduced) 

 Inflammation 

 Apoptosis 

 Rarefaction 

Kato 2014 
(Rat) 

10 months  Unilateral  
(contralateral 
kidney 
examined) 

45 min   Fibrosis 

 Inflammation 

Xu 2014 
(Rat) 

24  Unilateral + 
Nephrectomy 

45 min   Creatinine 

 BUN  

 TGF‐β by 
immunoblot  

 Histological 
damage 

Me  18‐24  Unilateral   25 min   Fibrosis 
Table 7-1 Studies testing the effect of age on IRI injury and recovery. BUN = blood urea nitrogen. 
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7.5 Future work 

7.5.1 Immediate questions 

Quantitative evaluation of interstitial cells by 5 colour immunostaining 

Multiple perivascular sub-types with diverse pericyte marker expression were 

identified in the renal interstitium, and gauging their relative proportions and 

distribution is the next step in interrogating the potential significance of such sub-

types. The 5-colour technique could be modified to include a DAPI stain by putting 

the endothelial marker on the violet channel, or else by adding an anti-nuclear antigen 

stain to the cyan channel. This should facilitate the counting of interstitial non-

endothelial cells with the various marker combinations. The same could also be 

applied to the heterogeneous vasa recta and arteriolar pericytes. This approach could 

then be combined with 3D imaging, which will add another layer of spatial information 

which may reveal patterns in sub-type distribution and clues as to their functional 

significance.  

Confirm the absence of interstitial cells in the papillary tip 

The observation that PDGFR-β is not expressed at the very tip of the papilla is a 

potentially novel observation that may have implications for urine concentration, as 

the papillary tip is the most hyperosmotic location. As PDGFR-β is liberally expressed 

on the rest of the renal interstitium, its absence implies an absence of interstitial cells. 

This should be investigated by electron microscopy techniques such as TEM.  

Validating the MSC phenotype of kidney MSC-like cells 

The minimum criteria for defining MSCs are plastic adherence, tri-lineage 

differentiation potential into osteo-, chondro- and adipogenic lineages, and positive 

surface expression for CD73, CD105, and CD90(151). Verifying these characteristics 

in the cells isolated here will give greater confidence that they derive from 

perivascular lineages.  

Confirming in vitro findings 

There are multiple findings from in vitro studies that require confirming by replication, 

especially those utilising HK-2 cells. It will be especially interesting to confirm or deny 

whether there is a difference in migration inducing ability between cortex- and 
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medulla-derived MSCs. More biological isolates of cortex- and medulla-derived MSC-

like cells will also increase the reliability of the observed differential migratory 

response of these cells to oxidative stress, and improve statistical power to detect 

more subtle differences. In particular isolating more PDGFR-β+ cell populations is 

essential, because initial results show drastically different migratory properties despite 

their presumably similar interstitial in situ localisation. 

Additional characterisation in injury models 

Injury models of young and old mice could be further characterised to shed more 

light on cellular dynamics within the tissue. Detecting proliferating cell populations at 

day 4 post-IRI may detect larger populations of proliferating cells as it is during a 

regeneration phase of the injury, and may facilitate a greater sensitivity to detect 

differences between old and young populations. The same analyses at 28 days might 

also show whether the proliferation of myofibroblastic cells is still ongoing. Analysis 

of α-SMA and NG2 staining across the time course here indicates this may be true in 

old animals but not young.  

Investigating perivascular sub-types in humans 

Confirming that the variety of perivascular sub-types observed in mouse are 

applicable to humans will enhance the likelihood that effects seen in murine studies 

of perivascular sub-types will also be applicable to humans. Therefore, developing and 

applying multicolour perivascular stainings in human tissues to confirm and quantify 

these sub-types should be a priority.   

7.5.2 New methods for studying perivascular cells 
There are a number of state-of-the-art technologies that are ideally suited to answer 

the most pressing questions in renal perivascular research.  

Addressing pericyte heterogeneity with genetic mouse models 

Fluorescent reporter mice for perivascular markers are an efficient method of 

isolating perivascular cells from the kidney, as shown by use of the PBAG mouse to 

sort PDGFR-β+ cells here. Fluorescent reporters remove the need to protect 

antigens from aggressive digestion techniques, and so more efficient tissue 

dissociation and perivascular cell isolation should be achieved. In addition to 
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PDGFR-β, reporter mice exist for PDGFR-α(384), CD146(385), NG2(145) and 

α-SMA(140), as well as other pericyte markers not examined here (e.g. Nestin[209], 

Gli1[44], and Col1a1-GFP[86]). Combining fluorescent reporters in a pairwise fashion 

should facilitate, in combination with antibody markers, relatively specific isolation of 

particular perivascular sub-types. For example, combination of PDGFR-β with 

CD146, along with an endothelial marker, would allow efficient separation of 

interstitial fibroblasts and bona fide pericytes, and also allow separation of the 

PDGFR-β+ and PDGFR-β- pool of pericytes. The major benefit of using reporter mice 

is to increase cell yield and decrease processing time. This will in turn benefit cell 

viability, as it was shown in Chapter 6 that isolating sufficient numbers of perivascular 

cells was crucial to their survival. Further targeted ablation studies will also help 

dissect the functional properties of perivascular subtypes. The effectiveness of this 

approach may be limited, however, as the current technology cannot ablate cells 

conditionally based on two markers. However, optogenetic approaches have been 

used for targeted ablation of pericytes in the brain386. Adapting this technology for 

the kidney would allow highly controlled experiments to be performed that test the 

effect of ablating individual pericytes, based on multiple marker expression, and 

directly observing the impact on vessels, or the response of the niche during an injury.  

Addressing pericyte heterogeneity with single cell ‘-omics’  

Individual marker proteins are useful as a high throughput method for cell type 

identification, but can only currently be applied in low numbers that are often 

insufficient to specifically differentiate functionally distinct cell types. This has been 

exemplified in recent years with the rise of single cell RNA sequencing, which has 

revealed profound levels of heterogeneity amongst cell types previously considered 

homogenous214. Recent application of single cell RNA sequencing to the murine 

kidney detected relatively few interstitial cell types that were clustered together as 

‘fibroblasts’ and were not the main subject of the studies in question232,233. For a 

perivascular cell oriented approach, a FoxD1 linage tracing reporter mouse could be 

used to sort cells of the FoxD1 lineage, in order to enrich for the total population of 

interstitial cells.  Single cell RNA sequencing of this population could reveal, following 

clustering of the high dimensional data, perivascular cell sub-types not identified 
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through conventional marker staining. Also, as RNA encodes for proteins that have 

function within the cell, this will also give clues as to the anatomical origins of the cell 

clusters and what makes each cluster functionally distinct from others. For example, 

mesangial specific genes such as Anxa2 and Meis1354,387 will highlight which clusters 

correspond to mesangial cells. This kind of analysis often also leads to novel new 

makers than can be used for more routine isolation and identification of the 

perivascular sub-types388.  

Addressing pericyte heterogeneity with mass spectrometry imaging 

Single cell RNA sequencing is highly powered to detect subtle differences in cell 

populations, and can also provide a wide array of functional data on the cells it 

identifies. However it involves dissociating tissue and therefore lacks spatial 

information that can be key to understanding cell function. In addition, although RNA 

levels can be a good indicator of protein transcription, multiple post-transcriptional 

regulatory mechanisms exist that can skew this correlation. Mass spectrometry 

imaging (MSI) is an unbiased technique for surveying molecules present in a tissue 

section, whilst also maintaining crucial spatial information. It works by precisely 

vaporising discrete areas of a tissue section using a laser, and then performing mass 

spectrometry to identify the aerosolised products. Not only can it identify proteins 

via the resultant peptide fragments, but it can also give information on the ratio of 

nucleic acid, lipids and other metabolites in a given area. Standard resolutions are 

around 20µm389, which would likely be insufficient for analysing individual cells within 

the dense renal interstitum, but maximum resolutions in the range of 330nm can be 

achieved via combination with brightfield imaging390, and modalities such as TOF-SIMS 

(time of flight secondary ion mass spectrometry) approach the level of subcellular 

organelles, and even claim 3D spatial information391. Combining MSI with renal injury 

models can give information not only on cell type, but also the specific metabolism 

within the cell, e.g. by detecting an increase in lactate, excess glycolysis can be 

inferred. Such information would be invaluable in discerning the individual behaviours 

of cells within the complex interstitial environment. Finally, tissue sections can be 

labelled with lanthanide-conjugated antibodies for detection via MSI, allowing 

correlation of functional metabolic data with conventional marker-based cell 
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identification392. As many as eight markers have been successfully multiplexed using 

this method 392. 

7.5.3 Testing perivascular marker functional properties in vivo 

PDGFR-α and PDGFR-β  

The increase in PDGFR-α+ cells following ischaemia, but not of PDGFR-α--β+ cells 

suggests pro-fibrotic signals may be working via the PDGF-A signalling specifically. 

PDGFR-β signalling is important for pericyte recruitment to new vessels, so selective 

inhibition of PDGFR-α may help ameliorate fibrosis whilst not compromising 

microvasculature recovery. Previously, antibodies blocking PDGFR-α or PDGFR-β 

activation have produced decreases in fibrosis post-UUO, and treatment with 

Imatinib, a tyrosine kinase inhibitor with specificity for PDGFR, ameliorated fibrosis 

in UUO and IRI models225. Imatinib, however, causes a decline in kidney function in 

cancer patients 393,394, perhaps due to its effects on PDGFR-β. Crenolanib is a drug 

that shows selective inhibition of PDGFR-α  over PDGFR-β (IC50 2.1nM and 3.2nM 

respectively)395. It would be interesting to test the anti-fibrotic effects of a drug such 

as Crenolanib in in vitro and in vivo settings as a potential treatment ameliorating 

fibrosis following AKI, as it may be safer than its less specific counterpart Imatinib.  

CD146 

CD146 shows a stark upregulation at day-1 post-IRI. Investigating this phenomenon 

may reveal new mechanisms by which the vasculature is protected, or damaged, 

following ischaemic injury. CD146 has multiple supposed signalling roles, and can be 

inhibited with monoclonal antibody396,397. Blocking CD146 on primary kidney 

pericytes in vitro or overexpressing CD146 via transfection and testing properties 

such as angiogenesis support and secretion of vascular growth factors and cytokines 

should be informative. Similarly, whilst CD146+PDGFR-β+ cells increased in numbers 

at day 1 post-IRI in young animals, a delay to this increase was observed in old, and 

the increase was only seen at day 4 post-IRI. This was different to the pattern seen 

for CD146+PDGFR-β- cells. It has been shown that antibody blocking of CD146 

dimerisation affects its ability to cooperatively signal with PDGFR-β131. Therefore, 
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using the same approach in the kidney would answer whether the interaction of these 

proteins has a functional role in the progression of kidney disease. Viewing the sub-

cellular localisation of CD146 via super-resolution microscopy techniques may reveal 

clues as to its mechanism of action. For example, whether CD146 is interacting with 

PDGFR-beta, or whether CD146 molecules on endothelial cells and pericytes directly 

interact.  

NG2 

NG2 expression was increased in old kidneys at day 28 post-IRI, indicating it may 

have a role in fibrosis and the ageing phenotype during CKD. Its function during injury 

could be elucidated via removal of NG2 in an injury setting, and would be especially 

interesting to perform in old and young mice together. This could be achieved by the 

application of specific chondroitinase enzymes locally for a more regionally targeted 

response398, and might be especially informative to apply in the inner medulla where 

a large upregulation was observed with age (Figure 5-34). 

Generation of a genetic knockout mouse with NG2, CD146129 or PDGFR-α384 

conditionally deleted or upregulated in the FoxD1 lineage93, followed by IRI, would 

provide the definitive test of these molecules’ importance in AKI progression.  

7.6 Conclusions 
Pericyte heterogeneity is a widely accepted yet little investigated phenomenon. It is 

possible to detect perivascular cells with a variety of surface marker phenotypes, and 

whilst locations such as the glomerular mesangium are homogeneous, cells in the 

peritubular interstitum, the vasa recta, and the adventitial aspect of arterioles exhibit 

heterogeneity. As a result of these findings, new interpretation can be brought to 

bear on previous renal perivascular cell research, for example that the myofibroblast 

progenitors detected in many studies may be perivascular fibroblasts, as opposed to 

bona fide pericytes. In addition, CD146 emerges as a more pan-specific marker for 

bona fide kidney pericytes. 

Although there have been multiple investigations into perivascular cells in renal 

disease, and the effect of age on renal disease, the role of renal perivascular cells in 
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aged kidneys in an injury setting has not been explicitly investigated until now. 

Perivascular cell behaviour in old animals exhibits some similarities and some 

differences to those in young animals, for example in the delayed upregulation of 

CD146. The functional significance of these differences is not yet clear should be 

investigated in future studies. An additional intriguing observation is the lack of 

increased injury severity in aged mice in the unilateral ischaemia model. Taken 

together with previous research, this suggests that co-morbidities are more 

important to the aged response to kidney injury than intrinsic faults in the kidney 

itself. Finally, detection of potential functional differences between MSC-like 

populations isolated from different kidney regions, or enriched for PDGFR-beta+ cells, 

has also provided promising leads for future studies. 
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Appendix – Macro Code 

 
Macro 1 Code to detect positively stained area following four colour immunostaining. (Legend 
overleaf) 
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(Macro 1 legend) ImageJ macro language. Input: a single four channel 8-bit composite image with 
DAPI on the first channel. The other channels used here were PDGFR-�, CD34, and CD146, in 
that order. The ROI Manager must be clear. Output: ROI files showing positive area in each 
channel, co-localisation areas of selected channels, individual nuclei, and potential positive nuclei in 
each channel.  

 

Macro 2 Code to extract snapshots of nuclei potentially positive for CD146 and PDGFR-�. 
ImageJ macro language. Input: The variable path is called from a separate macro, that opens each 
image in a folder separately and plugs them into this macro. The directory defined under path1 
contains ROI files generates using Macro 1 that are also required. Output: Three image stacks 
showing close-up snapshots of nuclei potentially positive for either CD146, PDGFR-�, or both. 
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Macro 3 Code to score single positive nuclei. ImageJ macro language. Input: dir contains image 
stacks of potentially positive nuclei generated in Macro 2 that are sequentially opened and 
processed.  Output: Results table showing the number of either PDGFR-�+ nuclei, or CD146+ 
nuclei, depending on the input. 
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Macro 4 Code to score double positive nuclei. ImageJ macro language. Input: dir contains image 
stacks of potentially double positive nuclei generated in Macro 2 that are sequentially opened and 
processed.  Output: Results table showing the number of PDGFR-�+ nuclei, and of those how 
many are double positive with CD146. 
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Macro 5 Code to identify nuclei potentially positive for PDGFR-α and/or PDGFR-β. (Legend 
overleaf). 



Perivascular cells and their sub-types in healthy, aged and diseased 
kidney.   

Appendix Macro Code 390 

(Macro 5 legend) ImageJ macro language. Input: RGB stack of all images to be analysed, with 
nuclear marker in blue. Output: Image stack for each slice in the input image containing all nuclei 
potentially positive in red, green, or both channels, appropriately labelled. Results table showing 
the numbers of each and the threshold values. 

Macro 6 Figure 2-2 Columbus modules used in the attempted identification of NG2+ nuclei. 
Modules are shown on the left, and their functions on the right. Acronyms represent the output 
of that module, e.g. FN1 (Find Nuclei 1) represents the found nuclei. Referencing FN1 in a later 
module means the objects generated in FN1 are used as an input for that module, such as in 
CMP1. Modules that together perform a particular task are highlighted in colours. Green: A set of 
commands that effectively highlights the interstitial areas of the tissue. CI3 makes most tubular 
regions of aSMA channel black, so when it is subtracted from FI4, it leaves interstitial areas black. 
The areas that are still bright (i.e. the tubules) are selected, then the interstitum defined as the 
areas surrounding this selection. Blue: Identifies nuclei in the interstitum. Purple: Removes 
background from �-SMA and NG2 channels. Orange: Attempts to detect �-SMA+ NG2+ area. 
Red: Collects data on channel intensity in nuclei for further analysis 
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Macro 7 Code to measure cell positive area from phase contrast images. ImageJ macro language. 
Input: 8-bit phase contrast cell culture image. Output: Jpeg image of the mask, ROI of the mask, 
and an area measurement in the results table. 

 

 
Macro 8 Code to process migration assay images for subsequent quantification. ImageJ macro 
language. Input: 8-bit phase contrast migration assay image. Output: Image amenable to scratch 
quantification using the Wand tool. 

 

 
Macro 9 Code to quantify the intensity of nuclear staining intensity. ImageJ macro language. Input: 
8-bit three channel composite image, with nuclear marker on the third channel. Output: Jpeg 
image of nuclei mask, ROI file of identified nuclei, and results table showing the intensity in the red 
channel for each nucleus. 
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