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Renal failure causes significant morbidity and mortality and renal dialysis is a drain 

on resources. Transplantation is the treatment of choice, but to prevent rejection 

medications to suppress the immune system must be taken. Cyclosporin A has had the 

greatest effect on renal transplant survival, by reducing the incidence of acute 

rejection. There is still a significant long-term attrition rate, presumed to be a result of 

cyclosporin toxicity. The mechanisms of this are not fully understood, but seem to 

relate to intra-renal cellular accumulation of cyclosporin. 

To investigate this chronic accumulation in vitro, human cells in culture need to be 

exposed to cyclosporin over a period of weeks. Stable (non-proliferating) cell culture 

would be the most appropriate for this, but such methods are currently unavailable. 

The first part of this thesis describes a model for quiescent culture of primary human 

renal tubular epithelial cells, which maintain viability and phenotype as close to 

normal as possible for at least 6 weeks. Characterisation by light and electron 

microscopy, enzyme activity and epitope expression by immunofluorescence and flow 

cytometry are described. 

Renal tubular cells, among others, possess a transmembrane protein called P-

glycoprotein, whose physiological role is not fully understood, but which is involved 

in effluxing (potentially toxic) hydrophobic macromolecules from the cell cytoplasm. 

One such macromolecule is cyclosporin. 

The second part of the thesis describes the function of P-glycoprotein in human 

primary cultured renal tubular epithelial cells in normal fully defined growth medium, 

the retention of normal function in quiescent cells for up to 6 weeks in culture, and 

then investigates the effects of co-incubation with cyclosporin for at least 3 weeks. 

Incubation of quiescent cells with higher pharmacological cyclosporin doses impairs 

the cellular character. Incubation with lower pharmacological concentrations of 

cyclosporin increases the efflux activity of P-glycoprotein, as measured by a 

fluorescent substrate, but does not affect the membrane expression of the protein. 

This is the first time that (i) such a quiescence model has been described, (ii) P-

glycoprotein has been investigated in primary cultured human renal epithelial cells, 

and (iii) the effect of prolonged exposure to cyclosporin in culture has been studied. 
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Abbreviations 

7AAD 

7-amino-actinomycin D: a DNA-binding, fluorescent dye which 

is efficiently excited by the 488 nm laser Hne commonly used in 

flow cytometry, but yields fluorescence emission further into the 

red spectrum than alternative DNA-specific fluorochromes 

'"'CoMG Radiolabelled aMG 

Ab Antibody 

ADP 
Adenosine diphosphate: substance produced when adenosine 

triphosphate is phosphatased, releasing energy 

ALP 

Alkaline phosphatase: an enzyme of the hydrolase class that 

catalyses the cleavage of orthophosphate from orthophosphoric 

monoesters under alkaline conditions - present on the brush 

border of proximal renal tubular cells 

aMG 

a-methyl-D-glucopyranoside - methylated glucose analogue 

used to measure Na^-dependent glucose uptake into epithelial 

cells 

APES 
3 -aminopropyltriethoxysilone: coating for glass microscope 

slides which promotes tissue adhesion 

AT2 
Angiotensin II: potent vasoconstricting hormone formed as a 

result of renal renin secretion 

AUG 
Area under the curve: quantification of drug exposure as product 

of blood concentration and time 

AVP 

Arginine vasopressin: antidiuretic and vasoconstricting hormone 

secreted from the posterior pituitary, acting on distal convoluted 

renal tubular epithelial cells through cAMP production 

BM Basal medium: DMEM:Ham's-F12 and 2mM glutamine 

BrdU 
5-Bromo-2' -deoxyuridine: fluorescent thymidine analogue 

which is taken up by the nuclei of proliferating cells 

BSA Bovine serum albumin 

CaCb Calcium chloride 
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cAMP 

Adenosine 3',5-cyclic monophosphate: a cyclic nucleotide that 

serves as an intracellular and, in some cases, extracellular 

"second messenger" mediating the action of many peptide or 

amine hormones. The nucleotide binds to cAMP-dependent 

kinases and releases free (catalytically active) subunits. 

COX-2 Cyclo-oxygenase 2: enzyme of prostaglandin synthesis pathway 

CQ CsA-containing quiescent medium 

CsA Cyclosporin A (see Glossary) 

DABCO 
1,4-Diazabicyclo (2,2,2) Octane: prolongs fluorescence of 

fluorochromes 

DM 

Defined medium: Culture medium with half antibiotics (see 

Glossary), with full concentrations of trace elements and 

hormones. See Table 1 

DMEM 
Dulbecco's Modified Eagles Medium: contains most nutrients 

(excluding Glutamine) for mammalian cell culture 

DMSO 

Dimethyl sulphoxide: has the unique capability to penetrate 

living tissues without causing significant damage, resulting in 

the ability to replace some of the water molecules associated 

with the cellular constituents, or to affect the structure of the 

omnipresent water 

DNA Deoxyribonucleic acid: chromosomal genetic material 

EBF Efflux blocking factor 

EDTA 

Ethylenediaminetetraacetic acid: a chelating agent, forming 

coordination compounds with most divalent (or trivalent) metal 

ions such as calcium (Ca2+) and magnesium (Mg2+), used to 

scavenge metal ions, for metal ion titrations, and in buffers 

EOF 

Epidermal growth factor: signalling cytokine growth factor 

which regulates cell proliferation, differentiates specific cells 

and is a mitogenic factor for cells of ectodermal and 

mesodermal origin 

EIA Enzyme immunoassay 
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ELISA 
Enzyme-linked immunosorbant assay: method to visually 

quantify antigenic components of solutions 

EMA 

Epithelial membrane antigen: present in glandular organs; breast 

and skin are strongly positive, a lesser degree is seen in 

endometrium, kidney, thyroid, stomach, pancreas, lung, colon, 

ovary, prostate and cervix 

ET 

Endothelin: the most potent vasoconstrictor substance known. 

The endothelins are produced by a variety of tissues in vivo, 

including lung, kidney, brain, pituitary, peripheral endocrine 

tissues and placenta 

F(ab')2 
Antibody molecule with two identical antigen binding sites and 

no constant region (Fc) 

FACS 
Flow activated cell sorting: sorting of individual cells depending 

on flow cytometry signals (see Appendix 4) 

FBS Foetal Bovine Serum 

Fc 
Antibody constant region: the component of an antibody which 

is species-specific 

FDGM Fully Defined Growth Medium: see DM 

FITC 
Fluorescine isothiocyanate: fluorochrome which emits light of 

~530nm wavelength (green) when excited at 488nm 

FL-x 
Fluorescence detector in flow cytometer - x from 1 to 4 = 

different wavelengths of emitted light (see Appendix 4) 

FSC 
Forward scatter - channel of data from flow cytometer measures 

cell size (see Appendix 4) 

Go/i Cell cycle phase - non-dividing cells with one copy of DNA 

G2/M Cell cycle phase - dividing cells with two copies of DNA 

GaM 
Goat-anti-Mouse: an antibody raised in a goat, directed against 

mouse Fc 

GaR 
Goat-anti-Rabbit: an antibody raised in a goat, directed against 

rabbit Fc 
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GOT 

y-glutamyltransferase: enzyme of renal brush border membrane 

(among others) which enables cell detoxification by cycling of 

the cellular antioxidant glutathione 

GM 
Geometric mean: average of logarithmic samples - used to 

compare (log scale) flow cytometry fluorescence results 

HBSS Hanks' Balanced Salt Solution 

HC Hydrocortisone: glucocorticoid hormone 

HCl Hydrochloric acid 

HEPES 

N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid: organic 

buffer commonly used to maintain physiological pH in cell 

culture 

HM 

Half-defined medium: Culture medium with half antibiotics (see 

Glossary), with half-concentrations of trace elements and 

hormones, and half maximal USG - weaning cells from UM to 

DM. See Table 1 

HTEC Human tubular epithelial cell 

lAAP 
[^^^I]-iodoaryl azidoprazosin: [radiolabelled] azide dye with 

affinity for P-gp 

B M X 

Isobutyl methylxanthine: a potent cyclic nucleotide 

phosphodiesterase inhibitor, increases cAMP and cyclic GMP in 

tissue, activating cyclic nucleotide-regulated protein kinases 

IgGx 
hnmunoglobulin G: monomeric class of antibody, with 

subclasses (x) 1, 2a and 2b 

IL-x Interleukin-x: any of a family of immunological mediators 

KCl Potassium chloride 

KOH Potassium hydroxide 

MAb Monoclonal antibody 

MDCK Madin-Darby canine kidney cell: renal tumour cell line 

MDR 
Multi-drug resistance: usually followed by a number, denoting a 

protein product of a member of the MDR gene family 

MgADP Magnesium salt of ADP 
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MgS04 Magnesium sulphate 

MHC 

Major histocompatibility complex: membrane-spanning protein 

present on the surface of all mammalian cells; involved in 

immune surveillance 

MMF Mycophenolate mofetil (see Glossary) 

mRNA 
Messenger ribonucleic acid: cellular messenger between nucleus 

and ribosome, which contains the code for protein synthesis 

Na+-K+-ATPase 

Sodium/potassium exchanger, which metabolises ATP for active 

transport: the fundamental mechanism for maintaining the 

normal physiological state of intracellular high potassium and 

low sodium concentrations (active transport against 

concentration gradients) 

NaCl Sodium chloride 

Necr Necrosis / necrosed 

NF-KB 

One of the nuclear transcription factors: of major importance in 

the biology of pro-inflammatory cytokines, such as TNF-alpha 

and IL-1 alpha, thereby intimately involved in the process of 

inflammation 

NQ Quiescent medium without CsA 

PBS Phosphate buffered saline 

PGR 
Polymerase chain reaction: method of identifying mRNA by 

amplification 

PET 

Polyethylene teraphthalate: a hard, stiff, strong, dimensionally 

stable material that absorbs very little water. It has good gas 

barrier properties and good chemical resistance except to alkalis 

(which hydrolyse it). It can be highly transparent and colourless 

but thicker sections are usually opaque and off-white 

PGEi 
Prostaglandin Ei: required for optimal renal cell growth and 

maximal metanephric cell differentiation 

P-gP 
P-glycoprotein: transcellular transport protein - the human 

MDRl gene product 

PHTEC Primary human tubular epithelial cell 
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PI 

Propidium iodide: small fluorescent molecule (red light 

emitting) which binds to DNA when it can penetrate the cellular 

membrane (in permeabilised or dead cells) 

PIPES 
Piperazine-N,N'-bis[2-ethanesulphonic acid]: used in 

physiological buffers of various pHs 

PKC 
Protein kinase-C: phosphorylates a variety of target proteins 

which control growth and cellular differentiation 

PTH 

Parathyroid hormone: secreted by the parathyroid glands to 

stimulate calcium re-absorption by proximal renal tubular 

epithelial cells (among others) 

QM 

Quiescence medium: Medium formulated from one previously 

reported to promote the nearest normal (i) brush border enzyme 

expression, (ii) biochemical properties and (iii) glucose 

transport in a transformed human renal tubular epithelial cell 

line ^ - see Table 2 

R123 
Rhodamine 123: a fluorescent cationic dye which is taken up by 

mitochondria of living cells; transport substrate of P-gp 

R" Pearson correlation coefficient 

RaM Rabbit-anti-Mouse: antibody against mouse Fc raised in rabbit 

RNA 
Ribonucleic acid: cellular messenger between nucleus and 

ribosome, which contains the code for protein synthesis 

RNAse Enzyme to degrade RNA 

RO 
Reverse osmosed: (water) purified by movement across a semi-

permeable membrane 

RPMI 

Culture medium synthesised at Roswell Park Memorial 

Institute, hence the acronym. RPMI-1640, when properly 

supplemented, has demonstrated wide applicability for 

supporting growth of many types of cultured cells 

RT Room temperature (air-conditioning-controlled to 22±1°C) 

S 
Phase of cell cycle - synthesis of DNA from one to two copies 

per cell 
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SAB 
Streptavidin-Biotin: staining method of indirect 

immunohistology (see Figure 50) 

SEM 
Scanning electron microscopy: exhibits surface detail at high 

resolutions 

ssc 
Side scatter: channel of data from flow cytometer measures cell 

surface roughness (see Appendix 4) 

SMAD 

Evolutionarily conserved protein(s) identified as mediators of 

the gene-transcriptional activation induced by the TGF-beta 

superfamily of cytokines 

Sub Go 

Phase of cell cycle - cells with less than normal quantity of 

DNA implying apoptosis (normal cell size) or necrosis (cell 

fragments) 

T3 
Tri-iodothyronine: thyroid hormone which enhances renal 

tubule cell replication by stimulating EGF receptor expression 

T43 
Human convoluted tubule membrane antigen (67 and 83% 

proximal and distal specificity respectively) 

TAG Tacrolimus (see Glossary) 

TBS Tris-buffered saline 

TEM 
Transmission electron microscopy: exhibits intracellular detail 

at high resolution 

TER 
Transepithelial resistance: a measure of cell monolayer 

confluence (TER is exponentially proportional to confluence) 

Tf 
Transferrin: (with insulin) stimulates DNA synthesis in renal 

cell culture 

TGpp 

Transforming growth factor-|3: a growth factor synthesised in a 

wide variety of tissues, which acts synergistically with TGFa in 

inducing a profibrotic phenotype. 

TM Trans-membrane 

TRIS Trizma 

TRITG 
Tetramethyl rhodamine isothiocyanate: fluorochrome which 

emits light at 570nm (red) when excited at 550nm 
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Trizma Tris(Hydroxymethyl)aminomethane: physiological pH buffer 

UM 

UltroSerG medium: Culture medium with full antibiotics, with 

2% USG. Used to promote initial cellular adhesion and growth. 

See Table 1 

USG UltroSerG: synthetic serum substitute 

Vi 
Vanadate: salt of vanadium, metal which blocks Na'̂ -K"̂ -

ATPase activity with MgATP 

ZO-1 
Zonula occludens protein-1 fusion protein: component of human 

epithelial cell tight junctions 

23 



Chapter 1 General Introduction 

Summary 

Renal failure causes significant morbidity and mortality. The treatment, dialysis, is 

not without complications and is expensive. Renal transplantation improves patients' 

qualities of life, and the one-year survival of transplanted kidneys has been improved 

significantly by the administration of a fungally derived immunosuppressant, 

Cyclosporin A (CsA). 

However, CsA treatment has not improved the steady, time-dependent, graft loss after 

the first few months after transplantation, suggesting that the immunological 

protection afforded by CsA is offset, outside the acute post-transplant period, by 

toxicity. 

The mechanisms of chronic CsA toxicity are not fully understood, but the common 

cause appears to be the accumulation of CsA within the renal tubular epithelium. 

In order to study this accumulation in vitro (especially in humans, as animals and 

animal cell lines behave differently to humans and human cells to toxic attack), 

primary renal tubular epithelial cells need to be kept exposed to therapeutic 

concentrations of CsA in culture for weeks if not months, while maintaining their 

viability and phenotype as close to normal as possible. 
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Cyclosporin A toxicity 

Renal failure is a relatively common cause of morbidity in the developed world. 

Dialysis will prevent death from renal failure, but is itself associated with significant 

morbidity and mortality, and is a large drain on medical resources 

Renal transplantation improves the health, quality of life, and longevity of patients 

with renal failure However, the prevention of rejection of transplanted kidneys (and 

other organs) requires medication to decrease the immunity of the recipient. Before 

the late 1970s this was not fully effective and led to the loss of a significant 

proportion of renal grafts within the first year (33-47%) Major improvements 

followed the introduction of Cyclosporin A (CsA) in 1978. 

CsA is a cyclic peptide (molecular weight 1202.64) consisting of 11 amino acids (see 

Figure 1), seven of which are N-methylated and include a novel amino acid, butenyl-

dimethyl-L-threonine. Residues 1,2,3,10 and 11 are required for immunosuppressive 

activity The compound was originally isolated from the 7939/F strain of the fungus 

Tolypocladium inflatum and found to possess antimicrobial, immunosuppressive 

and antiparasitic activity CsA is lipophilic, and its absorption from the gut is 

therefore facilitated by bile. It is metabolised by the hepatic cytochrome P450 system 

(P-450 3A4 ^), which results in hydroxylation, demethylation and cyclisation of the 

compound. The major route of excretion is biliary, mostly as metabolites. Less than 

6% of the total administered dose is eliminated via the kidneys 

After a single dose, CsA can be detected in all tissues, but the total amount of drug 

per weight of tissue can be up to 20-fold greater than in plasma and varies 

considerably between organs and between individuals: the highest levels are found in 

adipose tissue, pancreas, liver and kidney CsA enters T-lymphocytes by a 

membrane partition process where its action to reduce cell-mediated immunity is 

well documented. It binds with cyclophillin, and then calcineurin, blocking the 

cellular production of and nuclear responses to IL-2, thus inhibiting the activation and 

proliferation reaction of the lymphocytes to presented antigen ' ' . 
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The introduction of CsA in 1978 was responsible for a significant decrease in the rate 

of acute renal transplant rejection within the first three months of transplantation 

(approximately three-fold reduction), with an improvement in first-year graft survival 

rates from 53-67% to well over 80% However, the chronic attrition rate (the 

rate of longer-term graft loss) remained remarkably constant throughout this period 

suggesting either that chronic graft loss is purely non-immunological, or that the 

reduction in the immunological insult on the kidney afforded by CsA has been 

replaced by a toxic insult 

CsA nephrotoxicity is now well recognised. Its mechanisms, however, are not well 

understood. Renal CsA toxicity occurs in two forms: direct acute cellular damage -

which is reversible on reduction or discontinuation of the drag - and chronic 

irreversible damage, which may be due in part to microvascular ischaemia, and/or to 

perturbations of calcium metabolism within the renal tubular epithelial cells 

Certainly, chronic exposure to CsA in vivo causes characteristic striped renal 

interstitial fibrosis visible on light microscopy (loss of tubular cell height, 

interposition of fibrous tissue within parenchyma - see Figure 2), suggestive of 

microvascular ischaemia It is well reported that CsA induces the formation of the 

pro-fibrotic transforming growth factor (TGF)-P among others On electron 

microscopy, rounded mitochondria and giant cytoplasmic vesicles are recognised 

features, which suggest an inhibition of calcium efflux from the cells '8,20,22.23 ^ 

reduction in microsomal protein synthesis has also been reported 

A further possible detrimental effect of CsA on the renal tubular epithelium is the 

induction of apoptosis. The exposure of renal cortical cells to CsA in vitro increases 

the rate of apoptosis the mechanism of which appears to be nitric oxide-related 

27;28 

However, despite the lack of agreement on the mechanism of chronic CsA 

nephrotoxicity, the common finding within such literature is the discovery of the 

accumulation of CsA within tubular epithelial cells affected by CsA damage 
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Figure 1 - Molecular schematic of Cyclosporin A: diagrammatic chemical 
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Figure 2 - Characteristic striped fibrosis of Cyclosporin A toxicity. The normal renal 

parenchyma (right and far left of picture) demonstrates "back-to-back" tubules (*) with 

good cell height and few intervening cells. The (vertically) central area shows interstitial 

fibrosis; characterised by loss of tubular cell height, interposition of fibrous tissue ($) and 

presence of inflammatory cells (-i). (Haematoxylin and eosin stained section of human 

renal cortex, original maginification x40.) 
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Renal Cell Culture 

In order to investigate in vitro any mechanisms related to chronic CsA toxicity, and 

particularly to remove the influences of any potential perfusion defects, it would 

appear to be necessary to culture renal tubular epithelial cells, then expose them to 

pharmacological doses of CsA for a number of weeks, if not months. 

There are a number of established animal cells lines in common use for in vitro 

studies of renal tubular epithelium, both of virally transformed "normal" cells (pig 

ssu: 

tumour cells (dog - MDCK ^). 

LLC-PKi American opossum - OK and rabbit proximal tubular cells and of 

However, there are well-documental problems with these cell lines. They respond to 

insults, particularly toxic insults, differently to human renal cells ^^'^^(Abstract: 

Pearson AL et al, 2001. Contrasting responses of transformed versus primary 

proximal tubular epithelial cells to albumin and retinol binding protein. The Renal 

Association Spring Meeting: 2001). 

Tumour and transformed cell lines also undergo slow, continued but inconsistent 

transdifferentiation from their in vivo phenotype during subsequent passages To 

extrapolate nephrotoxic effects on animal cells to the human condition would, 

therefore, appear not to be wholly appropriate. Cell lines also continually divide and 

proliferate: tumour cells have, at best, minimal contact growth inhibition and 

virally transformed cells will lose contact inhibition if left at confluence for extended 

periods and will ultimately overgrow. Continued growth is not found in normal 

renal tissue, where the proportion of cells proliferating in the tubular epithelium at any 

one time has been shown to be 0.2-0.3% 

Current established techniques for human renal tubular cell culture involve either 

virally transformed lines (HK-2 or HK-5 or the growth, in hormonally and trace 

element defined culture medium, of primary cells from macroscopically normal renal 

tissue. Primary cells can be obtained: as direct outgrowths from 

(i) explant tissue (l-2mm pieces of intact cortical tissue) 

(ii) biopsy specimens 
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(iii) microdissected nephronal segments or 

(iv) mechanically and enzymatically disaggregated isolated cell suspensions 36 

Although our group has successfully grown cells from biopsies and explants, (i) time 

constraints (such cultures take greater than twenty days to reach confluence 

[unpubUshed observations] and Detrisac (1984) and (ii) the achievement of 

reproducibly appropriate cell growth and phenotype in this department have led to 

this group adopting mechanical and enzymatic disaggregation and plating out of 

isolated cell suspensions as the culture method of choice. 

In order to detect effects of chronic pharmacological toxicity on cells in culture, the 

cells need to be exposed to the toxic insult for a period of time. Non-differentiating 

cells, which maintain their human phenotype while remaining in culture for a number 

of weeks to months, would therefore be ideal. Such culture conditions are not 

currently available. 
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Chapter 2 General Methods 

Preparation of main material 

Subjects 

Ethical approval was already in place prior to the study commencing (see Appendix 

1), and did not include extra informed consent, above that obtained for the surgery. 

The senior and junior surgical, theatre and pathology department staffs were informed 

of the study. Examination and consideration of the procedures for tissue retention was 

undertaken continuously by Professor M. Church, the medical adviser to the 

Southampton Local Research Ethical Committee (LREC), and pending redesign of 

the Trust's consent form the study remained within the LREC guidelines. 

The study commenced on the 1®' June 2000. All adult nephrectomies performed by the 

urological surgeons in Southampton University Hospitals NHS Trust were considered 

for the study. Through liaison with theatre staff, the normal procedure of placing 

nephrectomy specimens in formalin was delayed by minutes until a consultant 

pathologist examined the kidneys. The research team then dissected those deemed 

appropriate for the study. All kidneys reached formalin within the time considered 

appropriate for optimum preservation of histology by the consultant pathologists. 

hi August 2001, ethical approval was obtained for identical tissue harvesting from 

Portsmouth Hospitals NHS Trust (see Appendix 2), and the necessary procedures 

were put in place. All adult nephrectomies performed by the urological surgeons in 

this tmst were considered for the study. Full informed consent of these patients was 

obtained prior to their inclusion in the study. Full agreement was obtained from the 

pathology department (stipulating that the tumour margins should remain intact, the 

adrenal glands should not be taken and the serosa should not be removed). 

All samples were kept anonymous by a sequential numerical code. No histological 

diagnoses were subsequently sought, as the samples were anonymous as per ethical 

advice. Likewise no information was recorded of the patients' co-morbidity, previous 
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medical history or current/past medication. Only the patients' ages and genders were 

recorded with the numerical code. 

Tissue Preparation 

In Southampton, the kidneys were bisected by the pathologist and the depth of cortex, 

tumour size and spread were assessed visually: cortical tissue was taken if 

approximately 3cm^ of tissue could be taken while widely avoiding the tumour 

margins (cortices of less than 6-8mm rarely fulfilled this criterion). Tissue recovered 

after 4pm was stored in RPMI medium with 2x antibiotics at 4°C overnight then 

processed as normal the next day. 

In Portsmouth, the consultant urologist performing the nephrectomy removed 

approximately 3cm^ of macroscopically normal cortex from the kidney for the 

research project prior to fixation of the remainder in formalin. The research sample 

was stored in RPMI medium with 2x antibiotics at 4°C for at most overnight prior 

to processing. 

Under sterile Class II tissue culture conditions any visible adipose, serosal, medullary 

and vascular tissue was dissected away, and the resulting tissue was washed in cold 

RPMI to remove as much blood as possible. 

Two approximately 2x2x10mm portions of tissue were removed longitudinally and 

transversely and snap-frozen in liquid nitrogen for subsequent frozen section. The 

remainder was minced with crossed scalpels in cold RPMI until in pieces of < 1mm. 

The resulting homogenate was twice washed in RPMI and sedimented by 

centrifugation at 250xg for lOmins, then resuspended in 20ml 0.1% collagenase (Type 

IV)/0.1% trypsin in PBS, and incubated for 1 hour at 37°C, agitating gently and 

refreshing the air within the tube every 15-20mins. The proteases were inhibited with 

20ml 0.15% trypsin inhibitor in PBS, and the tissue was sedimented again, before 

washing twice more in RPMI, all at 250xg for lOmins. 
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The resulting pellet was then resuspended in 2-5ml RPMI and passed through cell 

strainers - first 70|im to remove glomeruli and other structural debris, then 40pm to 

remove larger cells. This filtrate was a suspension of isolated cells. 

All subsequent culture methods were performed in sterile conditions. Cell growth 

occurred at 37°C in a temperature-controlled humidified atmosphere of 95% 0% / 5% 

CO2. 

Culture methods 

First passage 

The number of flasks required to distribute the isolated cell suspension was estimated. 

Attempts were made to count the number of cells in the isolate and standardise the 

numbers of cells seeded into each flask, but this proved impossible owing to the large 

amount of debris still present in the solution. Therefore, after much trial and error, 

between 6 and 14 flasks were seeded depending on the size of the initial tissue sample 

and a visual assessment of the turbidity of the isolated cell suspension. 

The flasks used for the first passage were Nalge Nunc Nunclon Delta 25cm^ clear 

uncoated polystyrene culture flasks. The cell suspension was made up to 6ml for each 

flask, with UM (see Table 1), and then plated out. 

Cells were observed by inverted phase contrast microscopy at least daily for infection 

and for cell growth and morphology. The medium was changed to HM (see Table 1) 

on day 1 or 2 when cells had stuck down (cells in the initial cell suspension are rolled-

up [Figure 3 a]: when they adhere to the culture surface, they unroll and spread slightly 

on the flask surface, which is visible down the microscope: Figure 3b) and had 

formed colonies of -10 cells (Figure 3c). 

Once the cells covered about half the culture surface (usually days 3-5: Figure 3d) the 

medium was changed again to DM (see Table 1). 
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At confluence (no gaps in the cell monolayer, assessed by phase-contrast light 

microscopy; Figure 3e), the medium was changed to the media under investigation, or 

the cells were detached from the flask for subculture or further examination. 

Table 1. Culture medium composition, Basal medium® plus supplements 

UMJ 100/ml 2 

HM^ 50/ml 1 5 18 2.5 5 2.5 2.5 2.5 

DM' 50/ml 10 36 5 10 5 5 5 

QM" 50/ml 0.2 140 25 0.5 

DMEM;Ham's F-12 (1:1) with 2mM glutamine 

penicillin (iu) and streptomycin (|ug) 

^ Long-epithelial growth factors: human EOF with an added peptide chain to prevent 

metabolism while retaining bioactivity - allows medium change every 7 days 

hydrocortisone 

® prostaglandin Ei 

^ whole human parathyroid hormone 

® selenium 

^ apo-transferrin 

' tri-iodothyronine 

^ USG medium: to promote cellular adhesion without the need for collagen coating of 

the culture surface 

Half-defined medium: weaning off USG while adding hormones and trace elements 

' Defined medium: formulated to maintain the phenotype of explanted human tubular 

epithelial cells 

Quiescence medium: based on a culture medium previously derived to promote 

maximal differentiation of a transformed human renal cell line ^ 

Cell detachment 

A well-recognised method was used Cells on the culture surface were removed 

by first decanting off the culture medium, and then incubation with IxHBSS for 

lOmins at 37°C (10ml for a 25cm^ flask, 2ml for a 6-well insert). The HBSS was 
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Figures 3: Phase-contract light photomicrographs of primary human renal cortical 

cell homogenates on uncoated plastic culture flasks, (a) cells rolled-up prior to 

adherence (arrowed), unrolling (arrow head) and sticking-down (centre group), (h) cells 

forming colonies of -10 cells, (c) cells at approximately half flask coverage, and (d) cells 

in a confluent monolayer, showing the characteristic whirling pattern of renal tubular 

epithelial cells in culture. (Original magnification a,b x40; c,d xlO). 
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tipped off and 0.05% trypsin / 0.02% EDTA solution was added (2ml for 25cm^, 

0.5ml for 6-wells), and kept at 37°C, for usually around 5 to never more than lOmins, 

with intermittent light tapping of the flask, until the cells were detached. 10 or 2nil of 

RPMI (no antibiotics) / 10% FBS was then added to inhibit the trypsin, and the cells 

were pelleted at 250xg for 5 mins, then washed in RPMI at 250xg twice for a further 

5mins each time, to remove all FBS. 

Second passage 

Detached cells were plated out at a subculture ratio of 1:3 or 1:4, which would 

become confluent again in 2-3 days. Falcon Biocoat uncoated transparent PET 0.4(im-

pore culture membrane inserts (see Figure 4) were pre-soaked for 30mins (as per 

manufacturer's instructions) in basal medium, which was then discarded. The cells 

were suspended in 1ml of HM per well, and added to the apical chamber. 2ml of HM 

was also added to the basal chamber. Cells were again inspected by inverted phase-

contrast microscopy at least daily for infection, and cell number and morphology. The 

medium was changed to DM after 24 hours, then to QM at monolayer confluence. 

Morphology techniques 

Phase-contrast light microscopy 

Performed on a Nikon Diaphot-TMD inverted microscope. Digital images were 

captured from this microscope with a Nikon Coolpix 990 camera, and printed 

unchanged via Adobe Photoshop software for PC. 

Cell viability 

Performed by trypan blue exclusion. Trypan blue is taken up immediately by dead, 

but not by viable cells, and hence can be used to differentiate these by light 

microscopy - see Protocol 1. 
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Transmission electron microscopy (TEM) 

Performed on cell monolayers on culture well inserts. The cells were washed in situ, 

and then cut from their mounts. Cells and inserts were fixed, post-fixed, dehydrated, 

infiltrated then embedded in resin. Polymerisation was performed, sections were cut 

and stained. Grids were examined by electron microscopy, from which 

photomicrographs were taken (Protocol 2). 

Scanning electron microscopy (SEM) 

Performed on cell monolayers on culture well inserts, initially prepared as for TEM 

(Protocol 3). 

Biochemistry techniques 

Cell suspensions produced by cell detachment were washed in PBS (to remove FBS 

which would interfere with the microprotein assay) at RT at 250xg. The pellet was 

resuspended in 250)j.l of PBS: 50pl was used for cell viability counting, 50^1 for 

microprotein estimation, 50pl for alkaline phosphatase activity, and lOOpl for gamma 

glutamyl transferase activity. 

Microprotein estimation 

Performed on disrupted cells. Using a Soniprep 150 (MSB) the cells were disrupted 

by sonication at 14pm for 10 seconds. This was shown to be sufficient to completely 

disrupt the cells (Figure 5). The cells' total protein content was then assayed using 

Brilliant blue G (according to the method by Bradford using the Sigma 610-A kit 

(Protocol 4). 

Alkaline phosphatase activity estimation 

Performed using the Sigma 104-LS kit. This utilises the phosphatase-dependent 

liberation of p-nitrophenol, which turns yellow on alkalinisation, to 

spectrophotome trie ally determine the alkaline phosphatase activity of whole cells 

(Protocol 5). 
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Apical culture medium 

Culture well Basal culture medium 

Permeable culture membrane 

Figure 4. Equipment for culture of polarised cell monolayers: (A) whole 6-well 

plate, (B) close-up of one well, (C) schematic diagram of one well 
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Figure 5. Protein content of identical aliquots of cell suspension subjected to 

increasing periods of sonication. Maximum protein content is achieved after the 

first sonication. 
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Gamma-glutamyl transferase activity estimation 

Performed on whole cells using the Sigma 545-A kit. This produces a pink colour in 

proportion to the GGT-dependent liberation of p-nitroaniline (Protocol 6). 

Immunofluorescence techniques 

Indirect immunofluorescence was performed on cytocentrifuge preparations of cell 

suspensions, or monolayers on 8-well chamber slides or cell culture membranes. The 

samples were fixed, incubated with a mouse monoclonal antibody, then with a 

fluorochrome-conjugated anti-mouse antibody (Protocol 7). Fluorescence microscopy 

was performed on a transmission fluorescence microscope (Protocol 8), or a laser 

confocal microscope (Protocol 9). On the former, composite images of double- or 

triple-fluorochrome labelled cells can be built up electronically by superimposing 

images taken of the same field in different wavelengths of laser light (Appendix 3). 

With the latter, images of multiple fluorochromes can be captured simultaneously. 

Photomicrographs are produced digitally which are imported to a computer and 

printed out. 

Flow cytometry techniques 

Flow cytometry is performed on cell suspensions (Protocol 10). As with indirect 

immunofluorescence, the samples are fixed, and exposed to a primary monoclonal 

then fluorochrome-conjugated secondary antibody. Alternatively the cells can be 

exposed to a soluble fluorochrome, which can accumulate within the cells. Flow 

cytometry is performed on a flow cytometer, which determines the fluorescence of the 

cells in laser light and represents this graphically (Appendix 4). More than one 

"channel" (wavelength of laser light) can be used simultaneously to examine multiple 

labelling with separate fluorochromes on individual cells (Protocol 11). 
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Chapter 3 Quiescent Cell culture 

Summary 

Models of renal tubular epithelium in vitro have facilitated the study of tubular 

function. However, current knowledge has been gained from transformed animal or 

human cell lines, which are often functionally dissimilar to their normal human 

equivalents; or from short-term studies of proliferating cells in growth medium, which 

do not reflect the normal state of cells in vivo, and are not appropriate for 

investigations of longer-term effects. 

This study aimed to examine whether novel culture conditions intended to quiesce 

primary human renal tubular cells of defined phenotype, thus allowing longer-term 

viability without serial subculture, would provide a more physiological model. 

Renal cortical cells were physically then enzymatically disaggregated from the 

macroscopically normal pole of human nephrectomy tissue. The culture medium was 

sequentially manipulated from an initial adhesion and proliferation medium 

containing a synthetic serum substitute to a serum-free hormonally and trace-element 

defined tubular cell growth medium. At monolayer confluence, the final medium 

change was made to quiescence medium (DMEM:Ham's F-12, 50iu/ml penicillin, 

50[j,g/ml streptomycin, 2mM glutamine, 25ng/ml epithelial growth factor, 0.5ng/ml 

parathyroid hormone, 0.1% UltroSerG and 140mM dimethyl sulphoxide). This 

medium was derived from one previously found to promote maximal differentiation 

in a human renal tubular cell line \ 

Cellular characterisation was performed by phase-contrast light microscopy, 

transmission electron microscopy, indirect immunofluorescence, flow cytometry and 

in-situ enzyme activity. The cells' ability to proliferate on the reintroduction of 

growth factors was also investigated, as were their cell cycle phases at each stage of 

culture. 

After six weeks in culture, the cellular appearance by light and electron microscopy 

was consistent with cultured renal tubular epithelium, as was the expression of a panel 
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of cellular markers and the activity of brush border membrane enzymes. Cell cycle 

determination showed that the proportion of cells in S-phase in quiescence was 2.5- to 

5-fold lower than that in defined growth medium, and the proportion in G2/M-phase 

was at least halved. The quiescence and not senescence of the cells was confirmed by 

their ability to be passaged to growth medium at six weeks or greater. 

By manipulating the culture medium composition, primary human renal tubular 

epithelial cells can retain their normal in vitro phenotype and may be kept viable in 

culture without serial subculture for at least six weeks. In this way, reducing the drive 

to proliferate while maintaining phenotypic markers should provide a more 

appropriate model for the investigation of chronic renal tubular injury, particularly 

pharmacological nephrotoxicity. 
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Introduction 

Culture Medium Composition 

As discussed previously, in recent years much progress has been made in the 

development of in vitro models of renal tubular epithelium. Manipulation of the 

composition of the growth medium of tubular epithelial cell cultures 36,41,48-55 

allowed retention of an approximate in vivo phenotype, as confirmed by retention of 

surface epitope expression, metabolic/biochemical activity and ultra-structure by 

transmission electron microscopy (TEM) 36,41.48,50,53 

The majority of the commonly used conditions for the culture of human tubular 

epithelial cells employ FBS as a source of growth factors, either in the culture 

medium or adsorbed on to the culture surface or matrix. However, data from renal and 

non-renal human and animal epithelial cell culture suggest that FBS supports 

fibroblast culture and is also subject to significant inter-batch variation in its 

composition UltroSerG (USG, Invitrogen) is a synthetic serum substitute including 

steroids, whose composition is constant (although not divulged in the product 

literature) and does not vary between batches (Manufacturer's data sheet), and does 

not support fibroblast growth USG is five times more potent than FBS, so a 

concentration of 2% (v/v) is equivalent to 10% (v/v) of FBS (Manufacturer's data 

sheet). 

As discussed previously, knowledge of CsA nephrotoxicity has been gained from a 

variety of sources: human renal biopsy studies which will be complicated by a 

range of confounding factors; animals in vivo; in vitro transformed human cell lines 

animal cells or short-term studies on proliferating cells in growth medium 

However, as already mentioned, (i) transformed cell lines and animal cells differ 

from primary human tissue in their physiological roles and their responses to insults', 

(ii) renal tubular epithelial cells are mostly in a quiescent state and divide at a very 

low rate in vivo and (iii) the primary human cell studies have been performed with 

super-pharmacological CsA doses in order to find an effect in the 24 to 120 hours of 

exposure. Therefore the extrapolation of the chronic effects of toxins from such 

studies is unlikely to be appropriate. 
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Quiescence 

The aim of this first section was to determine whether primary human renal tubular 

epithelial cells could be kept in a quiescent state. Quiescence is defined as a state of 

inactivity, repose or tranquillity In cell culture it is phenotypic and metabolic 

normality, with a lack of cellular proliferation 

Quiescence in cell culture is normally assumed when both (i) the cells are at 

confluence, and therefore with maximal contact growth inhibition, and (ii) serum or 

serum substitutes are removed from the culture medium. However, this state is usually 

only maintained for up to 48 hours, at which the relevant experiment is usually 

performed. Clearly longer-term investigations of these cells are not possible. 

Early experience with cell culture in defined medium confirmed that the cells 

overgrow, detach from the culture surface and undergo necrosis (see results below). It 

became increasingly apparent that longer-term exposure to nephrotoxins would not be 

possible with these culture techniques. Review of the literature found very little 

evidence that this problem had been explored before: the only useful previous work 

was by Racusen ', while defining her transformed human cell lines. 

She studied a number of separate transformed cell lines, and then studied the effect of 

variation of culture medium composition on the characterisation of these cell lines. 

Her group determined which of their cell lines was the nearest to normal, and which 

culture medium maintained this state best. The cell line was HK-5, now commercially 

available, and the culture medium which promoted the nearest normal (i) brush border 

enzyme expression, (ii) biochemical properties and (iii) glucose transport, contained 

low-level FBS, EGF and PTH. They also found that the addition of DMSO (which 

penetrates living tissues without causing significant damage, resulting in the ability to 

replace some of the water molecules associated with the cellular constituents) allowed 

maintenance of morphologically intact monolayers of cells for prolonged periods 

It was not within the scope of my study, either in terms of time available or man-

power, to replicate this work of varying the composition of culture media for primary 

human renal tubular cell culture to see which supported the best characterisation and 
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least proliferation, so I decided to study the effects of what would appear to be the 

best known culture medium for the purpose, and if successful, continue to the second 

phase of the study with this medium. 

Proliferation 

Proliferating cells move through the Cell Cycle (see Figure 6) which has four phases, 

Gi, S, G2 and M. Non-proliferating cells such as terminally differentiated cells 

(muscle cells, nerve cells) and resting lymphocytes are defined as being in the Go-

phase of the cell cycle: when activated, resting lymphocytes can rejoin the cell cycle 

at Gi. The cells use G,-phase for RNA synthesis, protein biosynthesis and actual cell 

growth (increase in cell mass). S-phase is when DNA replication occurs and Gg-

involves a re-assortment of cell parts, which must occur before mitosis, in M-phase. 

Cellular proliferation in vivo and in culture can be detected by a number of methods: 

1. Monoclonal antibodies are available against specific antigens expressed during 

cell cycle cycling, such as Ki-67 and proliferating cell nuclear antigen both 

expressed at the end of Gi-phase, through S- and Gi-phases into M-phase 

(Boehringer-Mannheim product literature). 

2. Bromodeoxyuridine (BrdU) is taken up by DNA synthesised in S-phase of the cell 

cycle and can be detected by indirect immunohistochemistry or flow cytometry. 

3. Propidium iodide (PI) is a fluorescent marker that binds to nucleotides. It is taken 

up by the nuclei of cells with permeable cell membranes i.e. non-viable cells, 

or fixed cells (viable cell membranes are impermeable to PI). It will thus brightly 

label nuclei, and may also detect cytoplasmic RNA. In S-phase of the cell cycle, 

cells are duplicating their DNA, and in M- and G2-phases cells contain twice their 

normal quantity of DNA. By exposing fixed cells to RNAse, which removes the 

potential for cytoplasmic fluorescence, an accurate quantification of the cellular 

content of nuclear DNA can be obtained by detecting nuclear PI by flow 

cytometry, and thus the position of cells within the cell cycle (see Figure 7). 
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Figure 6 - Cell Cycle: a schematic overview 

Sub-Go ' Go/Gi S-phase Gz/M DNA 
Content 

Figure 7 - Cell distribution through the Cell Cycle by DNA content. The sub-Go-

phase represents cells undergoing apoptosis or necrosis, as the DNA content is less 

than that of normal viable cells 
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Characterisation 

In order to determine the effects of alterations in culture conditions on cells in vitro, 

the cells need to be characterised. The human renal tubular cell character in vitro can 

be built up from a combination of the following. 

1. A general human cell character: general cellular markers and DNA content; 

2. An epithelial cell character: monolayer formation, cellular polarisation and 

intercellular tight junction formation. 

3. A more specific renal tubular cell character: specific monolayer structure, specific 

ultrastructural appearance, specific surface epitope expression, and specific 

metabolic and biochemical activities. 

General H u m a n Character 

To determine the general human cell character, the cells should express MHC class I, 

which is variably expressed by all nucleated human cells, and has been reported in 

tubular epithelial cells The absence of this epitope would represent a wide 

divergence from the normal in vivo phenotype. The relative DNA content of the cells 

can also be measured, to reveal their positions in the cell cycle. 

Epithelial phenotype 

The epithelial phenotype can be investigated first by phase contrast light microscopy. 

Most epithelia should form confluent monolayers of cells, without gaps between the 

cells Epithelial cells should polarise within these monolayers, exhibiting 

differing apical and basal membranes, and apical / basal distribution of organelles. 

This can be detected by transmission electron microscopy (TEM) Epithelial 

cells should also form tight junctions between adjacent cells which can be 

identified by TEM or by immunohistochemistry with monoclonal antibodies directed 

against elements of the junctional complexes. 
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Specific Renal Tubular Cell Character 

A more specific renal tubular cell character would be represented by a whirling 

appearance of the cell monolayer and the formation of domes, which can be seen 

on light microscopy. Domes demonstrate that the cells are performing vectorial fluid 

shift: in vivo the cells would line the tubules, and a major function would be the 

reabsorption of water and solutes from the urine (apical surface) back into the blood 

(basal surface). In vitro, the apical surface of the cells is exposed to the medium, and 

in culture flasks, the basal membrane is applied to the impermeable flask plastic. If 

the cells continue their transport functions, then any fluid excreted from their basal 

surfaces increases hydrostatic pressure between the cells and the flask. The 

persistence of impermeable tight junctions leads to the formation of a dome of cells 

separated from the culture flask by excreted fluid 

A further more specifically renal characteristic is the presence of an apical brush 

border with microvilli, and numerous basal mitochondria visible on scanning 

electron microscopy (SEM) and TEM, although in culture microvilli tend to suffer 

blunting and denuding particularly in the presence of serum 

There is a wealth of surface epitopes specific for renal tubular cells. Three of common 

use in our department were T43 (Proximal Convoluted Tubule Antigen) which is 

found on both proximal and distal tubular epithelial cells and alkaline phosphatase 

(ALP), which have both been detected on proximal tubular cells in our department 

(previous work not shown here) and in published literature ''6,80,81 Epithelial 

Membrane Antigen (EMA), which is situated on a variety of human epithelia. In the 

kidney EMA is found on the distal convoluted tubule (and collecting duct) These 

can be detected by immunohistochemistry or flow cytometry. 

Specific renal tubular metabolic activities include alkaline phosphatase and y-

glutamyl transferase ';36;39;4i;53;76 ^hese can be detected on whole cells by 

immunohistochemistry or by spectrometric methods. 
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Cell Populations 

When initially dissected, homogenised, filtered then plated out on culture flasks, the 

cell population is widely variable. Filtration removes the majority of the glomeruli, 

and dissection avoids macroscopic medullary and vascular tissue, but the remainder 

includes proximal and distal tubular, stromal, vascular and haematogenous cells. 

Decanting off and replenishing the culture medium at 24 and 48 hours removes the 

majority of the glomerular, vascular and haematogenous cells, which do not appear to 

adhere to the culture flask surface (unpublished observations). 

The hormonally and trace element defined medium used for cell growth and 

differentiation promotes the growth of proximal tubular cells over distal cells, and 

maximal differentiation is achieved after seven days of such culture Furthermore, 

distal cells that are supported by these culture conditions transdifferentiate to proximal 

cells, expressing less distal cell markers and more proximal markers (although not 

ALP) 

It is therefore safe to assume that the majority of cells that become established and 

subsequently proliferate in this defined culture medium, before changing to the study 

media, exhibit the proximal renal tubular phenotype. 
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Methods 

As in General Methods (Chapter 2), tissue was obtained and plated into 25cm^ 

uncoated plastic culture flasks, and serial manipulation of the culture medium was 

performed until monolayer confluence, as determined by phase-contrast light 

microscopy. 

At confluence, the medium was changed to a novel quiescence medium. The 

formulation was based on a culture medium previously derived to promote the 

greatest differentiation of a human transformed renal cell line ^ (see Table 2). The 

effect of this medium on cell proliferation was initially assessed by BrdU uptake. The 

effect of the inclusion within this medium of dimethyl sulphoxide, which has been 

shown to induce differentiation in transformed human renal tubular epithelial cells \ 

was also examined in this way. 

Table 2. Culture medium composition, Basal medium^ plus supplements: 

Comparison of quiescence medium with defined medium 

DM' 50/ml 10 36 5 10 5 5 5 

QM 50/ml 0.2 (140/ 25 0.5 

see Table 1 

' Quiescence medium 

^ Studies with and without DMSO were performed 

Cell Culture - Preparation for Characterisation 

In order to obtain appropriate cell samples for the different characterisation 

procedures, three experimental protocols were followed. 

1. For phase contrast light microscopy, immunohistochemistry, flow cytometry, and 

enzymatic activity, cells were kept in primary passage. At confluence in DM (for 

all medium compositions - except QM - see Table 1), the medium was changed 

to QM (see Table 2), which was refreshed every seven days. 
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2. For BrdU incorporation, primary passage cells at confluence in DM were 

subcultured 1:2 to 8-well glass chamber sHdes into DM. At confluence, BrdU 

incorporation was measured by indirect immunofluorescence (Protocol 12) then 

the medium was changed as per Table 3. BrdU incorporation was measured again 

after 24 then 48 hours. 

Table 3. BrdU incorporation experiment medium composition, basal 

medium plus supplements 

DM* - - 10 36 5 10 - 5 5 5 -

USG 0.2 - - - - - - - - - -

BSA" - - - - - - - - - - 0.5 

QMl 0.2 - 25 - - - 0.5 - - - -

QM2 0.2 140 25 - - - 0.5 - - - -

serum-free, hormonally defined medium 

bovine serum albumin 

3. Tight-junction immunostaining and transmission electron microscopy (TEM) 

required confluent cell monolayers on non-vitreous culture membranes. At 

confluence (in DM), cells were passaged at a 1 ;2 subculture ratio to pre-soaked (in 

BM - basal medium, see Abbreviations) uncoated polyethylene teraphthalate 

(PET) 0.4|im pore 6-well cell-culture membranes (Falcon, Becton-Dickinson) in 

HM. After 24 hours, the medium was changed to DM. At confluence, the final 

change to QM was made (within 2-3 days), which was managed as above. 

Light microscopy 

Phase contrast micrographs of the cell monolayers were taken regularly, using a 

Nikon CoolPix 990 digital camera on a Nikon Diaphot-TMD inverted microscope. 
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Immunostaining 

The panel of antibodies for characterisation is shown in Table 4. 

Table 4. Characterising Antibodies" 

Isotype 

Control IgGl 
Rat IgG" MCA928 Serotec 2p,g/ml 

Isotype 

Control IgG2a 
Rat IgG MAB003 

R&D 

Systems 
2|ig/ml 

MHCI 
Human MHC^ Class I 

common epitope 
HB95 

Wessex 

Immunology 
0.5|ig/ml 

T43 
Human renal convoluted 

tubule membrane 

Urothelial 

Antigen T43 
ID Labs 25|ag/ml 

EMA 
Human Epithelial 

Membrane Antigen 
EMA Dako 1.25|ig/ml 

ALP 
Human alkaline phosphatase 

common epitope 
0300-1730 Biogenesis 0.4jj,g/ml 

Human recombinant zonula 

ZO-1 occludens protein-1 fusion 

protein 

Z01-1A12 Zymed Labs 5|J,g/ml 

all raised in mouse 

immunoglobulin-y 

^ major histocompatibility complex 

Immunohistocheinistry 

Samples for zonula occludens protein-1 (ZO-1) staining were intact cell monolayers 

on uncoated PET cell culture membranes. For the remainder of the primary 

antibodies, cytocentrifuge preparations of cells at confluence in DM and in quiescence 

in QM were prepared as for passage, then centrifuged on to 3-aminopropyl-

triethoxysilane (APES)-coated microscope slides (see Protocol 13). Slides were air-

dried then stored at room temperature until staining. 

Indirect immunofluorescence was performed per Protocol 7. Slides were fixed in 

acetone then incubated with the appropriate primary monoclonal antibody (see Table 
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4) and fluorescein isothiocyanate (FITC)-conjugated rabbit-anti-mouse (RaM) F(ab')2 

(Dako) secondary antibody, with propidium iodide (PI) to counterstain the nuclei. 

Glass coverslips were mounted, and immunofluorescence microscopy was performed 

on a TCS SP2 laser scanning confocal microscope (Leica) (Protocol 9). 

Flow cytometry 

Cell suspensions were prepared by brief trypsin / EDTA digestion as above. Protocol 

11 was followed: disrupted cell suspension was incubated with 25)ig/ml primary 

monoclonal antibody (or relevant control - see Table 5), then with 20|Lig/ml FITC-

RaM F(ab')2 or 2.8|ig/ml Cy5-GaM F(ab')2 secondary antibody. Cytometry was 

performed on a FACScalibre flow cytometer (Becton-Dickinson - Protocol 10). 

Table 5. Flow Cytometry Characterising Antibodies'' 

Isotype Control IgGi MCA928 - - 30mins 

Isotype Control IgG^a MAB003 - - 30mins 

M H C I HB95 - - 30mins 

T43 
Urothelial 

Antigen T43 
- - 30mins 

EMA EMA - - 30mins 

ALP 0300-1730 
100% 

Ethanol 
-20°C / lOmins Overnight 

Isotype Control IgGi (for 

ALP staining) 
MCA928 

100% 

Ethanol 
-20°C / lOmins Overnight 

all raised in mouse 

Enzyme activity 

Cell suspensions prepared as above were assayed: 

(i) for ALP activity using the Sigma 104-LS kit. This utilises the phosphatase-

dependent liberation from p-nitrophenol phosphatase of p-nitrophenol, the 
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concentration of which is proportional to phosphatase activity, and can be 

measured spectrophotometrically by the extinction of light at 400-420nm 

when converted to yellow complexes by alkahnisation (Protocol 5); 

(ii) for Gamma glutamyltransferase (GGT) activity using the Sigma 545-A kit. 

This produces p-nitroaniline in proportion to the GGT-dependent transfer of 

the glutamyl group from L-glutamyl-p-nitroaniline to glycylglycine P-

nitroaniline is then diazotised by sodium nitrite in an acid environment and 

the diazo compound is reacted with N- [ 1 -Naphthyl] -Ethylenediamine to form 

a pink-coloured azo-dye, the concentration of which can be measured 

spectrophotometrically by the extinction of light at 530-550nm (Protocol 6). 

(iii) Cells in PBS, disrupted by sonication at 14|Lim for 10 seconds (Soniprep 150, 

MSB), were assayed for total protein content using Brilliant blue G with the 

Sigma 610-A kit, utilising a modified Bradford technique of shifting the 

wavelength of absorbance of the dye from 465 to 595nm on binding with 

protein The concentration of protein in the microgram range can then be 

measured by light absorbance around 600nm (Protocol 4). 

The colour intensities were measured on a Microscan Multisoft (Titretek) 

spectrophotometer, by absorbance at (i) 414, (ii) 540 and (iii) 620nm respectively 

(once the wavelength with the absorbance of closest correlation to standards was 

determined). Each sample was measured at least in duplicate. Standards were 

measured and standard curves calculated for each experiment. Enzyme activity was 

represented as nmol of substrate min '-mg protein"'. 

The same protocols were performed on isolated cells (immediately before first culture 

plating) to determine the enzyme activities on day zero. 

Cell viability 

At each cell detachment (for passage, characterisation etc.), cell viability was 

estimated by trypan blue (0.4% solution, mixed 1; 1 with 50|il cell suspension) 

exclusion on a haemocytometer (Protocol 1). 
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Cell cycle 

At each cell detachment, SOjui of cell suspension was added to 450pl 70% ethanol, 

and stored at -20°C until tested. All assays were performed together (see Protocol 

14): washing off the ethanol, incubating with RNAse and staining with propidium 

iodide, then performing flow cytometry on a Beckton-Dickinson FACScalibre. The 

resulting peaks were analysed for necrotic (no PI signal [no DNA]), apoptotic (sub-

Go-), G q / G i - , S- and GI/M-phase cells. 

Transmission electron microscopy (TEM) 

See Protocol 2: membranes holding cell monolayers were rinsed, cut from their 

mounts and fixed. They were post-fixed, dehydrated, infiltrated and then embedded in 

resin. Polymerisation was performed, and transverse sections were cut, stained, and 

examined then photographed on a Hitachi 7000 electron microscope. 

Regrowth 

Cells in quiescence were removed from the flasks using trypsin / EDTA, and were 

plated at a 1:4 subculture ratio into 25cm^ flasks in DM. Once confluent, 

characterisation was performed on these cells as previously described. 
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Results 

General Culture 

The study ran between 1®' June 2000 and 28^ February 2002. During this period, the 

urological surgeons in Southampton University Hospitals NHS Trust performed 29 

adult nephrectomies. 

Once ethical approval had been obtained for identical tissue harvesting from 

Portsmouth Hospitals NHS Trust, and the necessary procedures put in place, one adult 

nephrectomy was performed there during the study period. 

Twenty-three of these 30 kidneys were suitable for culture. Of the remaining seven, 

three were unsuitable because of lack of cortical tissue, three had been (mistakenly) 

placed in formalin prior to leaving theatre, and in one the tumour was too large to 

allow safe removal of any normal tissue. 

Four kidneys arrived after 4pm. Before 1®' June 2001, isolated cell preparations were 

not prepared from these, as the preparation protocol took in excess of four hours. 

From 1̂ ' June 2001, excised renal tissue was kept in medium overnight at 4°C and 

prepared in the usual way the next day. One kidney was treated in this way. 

The 20 patients whose kidneys were prepared for cell culture were equally split male 

to female, and had a median age of 68.5 years (mean 65.85, standard error of mean 

2.84, range 44 to 84 years). All 20 kidneys were removed for presumed malignancy, 

and this was confirmed macroscopically at dissection, although no histological 

diagnoses were subsequently sought, as the samples were anonymous as per ethical 

advice. Likewise no information was recorded of the patients' co-morbidity, previous 

medical history or current/past medication. 

Culture success 

Of the 20 samples cultured, two were lost before investigation / subculture due to 

infection. The first seven of the remainder were subcultured and the other methods 
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were investigated and perfected on them, including early experiments with the 

quiescence medium. The results described below are based on the subsequent 11 

patient samples. 

BrdU incorporation in "quiescing" media 

Figure 8 shows the immunofluorescent micrographs of BrdU uptake in passage 1 

cultured cells in the quiescent media under investigation. The less the bright green 

signal seen in the micrographs, the less the BrdU uptake, and therefore the fewer 

proliferating cells present in each sample. The sample with the least uptake is of the 

cells in the DMSO-containing medium formulated for the maximal differentiation of a 

human transformed renal tubular cell line ', medium consisting of EGF, PTH, USG 

and DMSO. This is the medium that was used for the subsequent quiescent study. 

Figure 9 and Figure 10 shows the cell counts performed on the flasks and the 

supernatant medium decanted off 25cm^ flasks of cells initially plated at the same 

density, grown in serially changing medium as described, and finally in defined 

medium until confluence at day 11. At day 11 and at each subsequent weekly medium 

change the supernatant medium was examined for shed cells by Trypan blue 

exclusion with the haemocytometer (Protocol 1). The cells in one flask were removed 

by trypsinisation and counted at confluence on day 11. The medium in the remaining 

flasks was changed in two flasks to quiescent medium with DMSO (QM) and in the 

other two to quiescent medium without DMSO (QM[-D]). On day 35 after the third 

medium change, the adherent cells in the four flasks were counted in the same way 

(Figure 9). 

Quiescence success 

Quiescence with the final medium formulation was performed on 11 patient samples. 

All 11 remained quiesced (defined as maintaining their characteristic cobblestone 

light microscopic appearance without cellular overgrowth) for at least 4 weeks (5 

weeks total culture time); three for more than 40 days including one which was still 

viable at 150 days, at which point the cells were still able to be regrown from culture 

(see Regrowth below). 
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USG 

DMSO 

Figure 8. BrdU accumulation immunofluorescent micrographs in different 

quiescent media: A, B & C - DM; D & E - USG (2%); F & G - BSA (0.5%); H & I -

QM[-D] (QM without DMSO); J & K - QM; at three time points: day 0 - A; day 1 - B, 

D, F, H & J; day 2 - C, E, G, I & K. Magnification all x 20, except I & K x 40. pto... 
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The uptake of BrdU is denoted by brightest green nuclear staining. There is non-specific 

background green staining in the majority of the day 2 photomicrographs. However, the 

greatest nuclear day 2 staining is in the DM and BSA samples, followed by USG, then 

QM, then QM-DMSO. This implies that the maximum proliferation occurs in cells in 

DM and BSA media. The minimum proliferation occurs in cells in QM with DMSO. 
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• Alive 

< 10 

DMdMI QMd35 

Figure 9. Viability counts of cells remaining adherent to the culture surface: 

effect of quiescent medium and DMSO (n=2). Results shown for cells in DM at 

confluence at day 11 (DM) and at day 35 in DMSO-containing (QM) and DMSO-

free (QM[-D]) quiescent medium. Green = viable cells as determined by trypan 

blue exclusion, Blue = dead cells by same technique; mean of two counts on same 

cells by haemacytometer. By day 35, the number of cells on the flask surface is 

lower in QM than QM[-D], and the viable proportion is greater. Thus QM with 

DMSO appears to be having a greater growth-inhibitory effect on the cells than 

the DMSO-free QM, while increasing the viability of the cells (proportions 

viable: DM = 95.7%, QM = 89.9%, QM[-D] = 86.2%). 
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Dead 
D Alive 

DMd.11 QM[-D]d.16 QMd.15 QMI-DId.25 QMd.25 QMf̂3]d.32 OMd.32 

Figure 10. Viability counts of cells removed in supernatant medium (corrected to 

daily means). Red = non-viable cells, Yellow = live cells. Cell count performed on 

decanted medium, without detaching cells from culture surface (standard medium 

refreshment = decant off medium and replenish with fresh medium). As medium 

refreshment is performed thrice weekly, the cell counts may vary according to the 

interval between medium exchanges. Results therefore corrected to number of days 

since previous medium change, expressed as mean number per day (daily mean). 

Results given for cells in DM at confluence at day 11 (DM) and at medium change at 

days 15, 25 and 32 in DMSO-containing (QM) and DMSO-free (QM[-D]) quiescent 

medium. By day 32, the total number of cells in the supernatant medium is reduced. 

Comparing the DMSO-containing medium with the DMSO-free QM, the total 

number, and the proportion of dead cells in the medium is reduced in the DMSO QM. 

Therefore, although live cells are still shed into the medium, QM with DMSO appears 

to be having a greater growth-inhibitory effect on the cells than the DMSO-free QM. 
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Cells subcultured to permeable cell culture membranes were able to be quiesced 

successfully (n=6). In two samples, the second passage cells became infected. From 

one of these infected samples cells were able to be subcultured from quiescence 

following the reintroduction of growth medium (DM) and re-quiesced for a further 3 

weeks before investigation. 

Characterisation 

Phase-contrast l ight microscopy 

At confluence, in DM, phase contrast microscopy showed the characteristic 

cobblestone appearance of transport epithelium (Figure 11 A) The cells quiesced in 

QM (Figure 1 IB), and those passaged from quiescence (Figure 1IC) also showed this 

normal appearance. 

However, some cell margins became less distinct and membrane crenation was noted 

in places. Despite this, domes (out of focus area in Figure 1 IB: cells lifted from the 

impermeable plastic culture surface by vectorial fluid shift persisted at least 

six weeks into quiescence (and have still been found at 150 days - see Figure 12), 

indicating the continued impermeability of the cell junctions. 

When kept in medium (changed weekly) without subculture for 28 days (passage 1 in 

uncoated plastic 24-wells), cells in QM maintained their monolayer formation, while 

those in DM overgrew, and attained a fibroblastic phenotype (Figure 13). 

Transmiss ion Electronmicrography 

The normal ultrastmcture of the quiesced cells was revealed by TEM, with cellular 

organelles and intercellular tight junctions The brush border was present, but 

reduced in height from normal, and the cells were polarised within the monolayers 

(Figure 14). 
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Immunosta ining 

Immunohistochemistry and flow cytometry demonstrated the expression of cell 

surface epitopes in DM at confluence (Figure 15, Figure 17), and their continued 

expression in QM (Figure 16, Figure 18). The degree of expression per cell and the 

number of cells expressing T43, ALP and MHC-I was slightly lower in quiescence for 

all epitopes but EMA, the expression of which reduced to a greater extent over time. 

The expression of ZO-1 also persisted on immunohistochemistry (Figure 19). 

Cell Viabil ity 

The viability of the cells in QM remained remarkably constant. When measured by 

trypan blue exclusion with a Neubauer haemocytometer (Protocol 1), at confluence in 

DM, 89.8 ± 3.7% (11 experiments) of the cells were viable. After quiescence for 35 to 

70 days, the viable proportion remained very similar at 88.9 ± 3.7% (15 experiments, 

8 patient samples). 

Cell Cycle 

The results from the cell cycle flow cytometry are shown graphically in Figure 20. 

There were significantly fewer proliferating cells (cells in S- and G^/M-phase) in QM 

than in DM. 

E n z y m e activity 

The activities of the brush border enzymes ALP and GGT are shown in Table 6. Both 

activities vary significantly between subjects, particularly in the quiescent cells, but 

generally activity in quiescence is the same if not increased when compared to that in 

DM. 
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Table 6. Brush-border enzyme activities'' 

Gamma-
Alkaline Phosphatase 

Glutamyltransierase 

Isolated Cells 194.0+19.8 [2] 245.0 ±4.2 2] 

Confluent Cells m DM 5.5 + 6.2 [5] 34.4 ±18.7 [5] 

Cells in QM 44.0 ± 47.4 [5] 180.8 + 280.1 [4 

arithmetic means ± 1 standard deviation in nmol min' mg protein 

day zero 

^ number of experiments (from 3 patient samples) in parentheses 

days 7-10 

greater than day 24 

Regrowth 

The cells could be regrown to confluence from quiescence of at least six weeks (n=6). 

Cells in Go/G;-phase reduced and the proportions in S-phase and Gz/M-phase 

increased (see Figure 22). Even cells kept in QM for up to 150 days (n=l) have been 

treated successfully in this way (Figure 21). Characterisation of the regrown cells by 

light microscopy is shown in Figure 1IC and Figure 21. Characterisation by 

immunofluorescence and flow cytometry showed continued epitope expression (see 

Figure 23). 
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Figure 11. Light microscopic characterisation of cell monolayers. Phase contrast 

micrographs (A) in defined medium, (B) in quiescence after six weeks and (C) after 

regrowth from at least six weeks of quiescence. The normal character of the cell 

monolayer is seen. A dome is seen in (B) (arrow); evidence that the cells are 

performing vectorial fluid shift and their intercellular junctions are intact (Magn x 10) 

Figure 12. Phase-contrast light micrographs of cell monolayers at confluence, kept 

in QM (refreshed weekly) for 150 days. The maintenance of domes (arrows) is clearly 

seen. Some areas of cellular overgrowth are evident, however (arrowheads). 

Magnification x 10. 
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Figure 13. Effect of medium composition on light microscopic character of 

confluent passage 1 cell monolayers. Phase-contrast light micrographs of passage 

1 cell monolayers kept in (A) QM and (B) DM for 4 weeks. Quiesced cells 

maintain the epithelial monolayer morphology, while cells in DM elongate and 

overgrow (arrow). Magnification x 10. 
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Figure 14. Transmission electron micrographs of confluent cells in quiescence 

demonstrate monolayer formation (with membrane interdigitations), cellular 

polarisation (apical brush border, basal mitochondria), intercellular tight junctions 

(arrows), normal cell architecture and cellular organelles (mitochondria, rough 

endoplasmic reticulum, golgi apparatus and (short) apical microvilli). The brush 

border is also seen (arrowheads), although at reduced height. Magnification x 5000. 
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A 

i i 
Figure 15. Flow cytometry histograms of characterisation epitopes on cells in 

confluence in DM. Monoclonal antibodies used: MHC-I (A), T43 (B), EMA (C), and 

ALP (D) (filled peaks; the lines show the respective isotype controls). The strongly 

positive signals from MHC-I and T43, approximately 50% weakly positive signal from 

EMA, and 100% slightly stronger signal from ALP are shown. 

ISa 

B 

i k 

Figure 16. Effect of quiescence for six weeks on characterisation epitopes on 

confluent cells in 25cm^ flasks. Flow cytometry histograms of FITC-signal. Monoclonal 

antibodies used: MHC-I (A), T43 (B), EMA (C), and ALP (D) (filled peaks; the hnes 

show the respective isotype controls). All epitopes show slightly reduced expression, 

apart from EMA which is significantly lower, consistent with the transdifferentiation of 

distal cells into a more proximal phenotype. 
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Figure 17. Confocal laser scanning micrographs of indirect immunofluorescence 

on cytocentrifuge preparations of cells at confluence in IScxvi culture flasks in 

DM. Monoclonal antibodies used: MHC-I (A), T43 (B), EMA (C), and ALP (D). 

Secondary FITC-conjugated antibody shown by green fluorescence. The nuclei are 

counterstained with PI (red fluorescence). (Yellow = overlap of red and green 

signals.) Initial magnification x 40. Bar = 40|im. The membrane localisation of the 

antigens is clearly seen, although for MHC-I and to some extent ALP there is also 

some cytoplasmic staining. All cells stain for MHC-I, albeit to varying degrees. The 

smaller proportion of cells which stain for EMA are likely to be distal tubular cells, 

and are probably the same cells that do not stain for T43 (double staining could have 

determined this but was not available). 
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Figure 18. Effect of quiescence for more than 6 weeks on characterisation 

epitope expression on cytospin preparations of confluent cells in QM from 25cm^ 

flasks. Confocal laser scanning photomicrographs of indirect immunofluorescence. 

Monoclonal antibodies used: MHC-I (A), T43 (B), EMA (C), and ALP (D). FITC-

conjugated secondary antibody = green fluorescence. PI nuclear counterstaining = 

red fluorescence. Initial magnification x 40. Bar = 40)im. The antigen distribution 

remains on the cell membrane, although slightly reduced and not as distinct as on the 

cells in defined medium. The proportion of cells staining is reduced also. MHC - I 

staining remains on all cells, although more cytoplasmic than membranous and less 

distinct than on the cells in defined medium (Figure 17). The T43 staining is also 

more cytoplasmic than in defined medium, but more cells are staining. Less cells 

stain for EMA. Both findings consistent with the selection of and transdifferentiation 

to the proximal phenotype. The ALP staining is considerably reduced, in keeping 

with the reduction in the brush border membrane microvilli seen on transmission 

electron microscopy. 
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Figure 19. Confocal laser scanning micrograph of indirect immunofluorescence with 

ZO-1 monoclonal antibody on an intact monolayer of cells in QM for six weeks. 

Green FITC signal: study antibody, Red PI counterstain: nuclei. The maintenance of the 

tight junctional complex is clearly seen (green staining). The overlap of ZO-1 staining 

with the nuclei is consistent with the intercellular membranes not lying perpendicular to 

the basal membrane, but the number of nuclei equates to that of cellular outlines, and this 

micrograph includes the entire depth of the specimen. Initial magnification x 40. Bar = 

40|im. 
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Figure 20. Effect of medium composition on proportions of cells in each cell cycle 

phase. Bar graph of defined versus quiescent medium. Pink bars = quiescent medium, 

blue bars = defined medium. Bars = means (QM, n=28; DM, n=30), error bars = 1 

standard error of mean. The decrease of cell proliferation in QM is clearly shown, with 

significantly greater proportions of cells in G q / G i - , and smaller proportions in S- and 

Gz/M-phases ( ** = Student's T p < 0.05 - G q / G i ; p=0.003, S: p=0.002, G V M : p=0.001). 

Figure 21. Effect of reintroduction of growth factors and trace elements on cells 

in quiescence. Phase-contrast light micrograph of cells (A) detached from quiescent 

culture by trypsin after 150 days and allowed to reach confluence in DM, and (B) 

remaining on the same culture surface after quiescence for 29 days then exposed to 

DM for 1 day. Original (undetached) cells from which remainder have grown are 

shown by the arrow. Magn. x 10. 
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Figure 22. Effect of re-exposure of quiesced cells to growth medium on the 

proportions of cells in each cell cycle phase. Cells in QM compared to cells trypsinised 

from quiescence and replated in DM. Blue bars = QM, red bars = regrown (d.l) in DM 

(n=l). The ability of cells to proliferate when passaged from QM into DM is clearly 

shown, with a several-fold increase in the proportions of cells in S and G^/M phases. 

Figure 23. Effect of regrowth from quiescence on characterisation epitopes in 

confluent cells in 25cm^ flasks. Flow cytometry histograms of FITC-signal. (A) MHC 

class I, (B) URO-10, (C) EMA and (D) ALP. These cells were kept in quiescent medium 

for 70 days, then trypsinised from the culture flask and replated into defined medium 

until confluent (4d). Persistence of MHC-I, URO-10 and ALP is shown. The EMA signal 

(distal tubular cell marker) is reduced, consistent with the trans-differentiation of distal to 

proximal cells during the culture period. (The defined medium used for the cell culture 

selects for and promotes transdifferentiation to proximal tubular cells.) 
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Discussion 

Despite modification of previously described methodologies for the harvest and 

isolation of primary human renal tubular cells, the morphology and character of cells 

in DM in this study is very similar to that reported 3̂ :44;49;55̂  The significant advance 

demonstrated here from previous reports is the subsequent quiescence, enabling cells 

to be maintained in primary passage for at least 5 weeks without the need for 

subculture. 

The characterisation of the cells in QM is consistent with the maintenance of the 

previously reported in vitro phenotype of human renal tubular epithelial cells. There 

are, however, some differences from those described in the previous studies; 

" The crenation of the cell membranes of the quiesced cells, although not described 

in previous literature, is consistent with the interdigitations described between 

adjacent tubular cells both in vivo and in vitro Certainly, the observation of 

persisting domes of cells suggests that the intercellular junctions are impermeable 

to fluid; the ZO-1 expression confirms that the tight junctions between the cells 

are intact; and the TEM appearance of tight junctions and close cellular 

invaginations further supports this concept. The failure of previous investigations 

to maintain cells in hormonally defined medium without subculture for more than 

7-10 days may not have allowed this degree of interdigitation to develop. 

• The cellular ultrastructure otherwise differs from that seen in vivo in the slightly 

enlarged mitochondria and the rudimentary brush border. Enlargement of 

mitochondria is described in aminoglycoside exposure and these cells have 

been in streptomycin-containing medium for at least six weeks. 

" Although the brush border is less prominent than in vivo, similar findings have 

been previously reported in cells cultured in serum-free hormonally-defined 

medium and to a greater extent in serum-containing medium The observed 

decline in ALP activity in culture from that of freshly isolated cells is in accord 

with that previously reported However, the persistence into quiescence of the 

activity found in DM suggests there is no further change in the brush border 
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conformation from that at confluence, although the sample numbers are small and 

variations great. 

The immunofluorescent and flow cytometric results also support the maintenance of 

the normal phenotype. The cells express MHC class I and ZO-1 appropriately. Failure 

to express either would indicate a significant departure from a normal human 

epithelial phenotype. The proximal tubular phenotype selected for by the DM used in 

this study is suggested by the retention of T43 and ALP expression, which are 

both proximal tubular epitopes, the cells were only in D M for approximately 6 days, 

and the monolayers examined here are not entirely homogeneous. 

As mentioned previously, the defined medium used for initial growth and 

differentiation of these cultured cells selects for proximal tubular cells. Any distal 

cells that do grow tend to transdifferentiate to a proximal phenotype during growth, 

although do not express ALP Therefore the decrease in EMA expression found was 

expected. 

However, from the flow cytometric data some cells give a positive signal for both T43 

and EMA. The most likely explanation for this finding is that the precise localisation 

of T43 in cultured isolated tubular segments is not known, and some overlap in 

expression between tubular segments may occur (manufacturer's data sheet suggests 

so - see Glossary). Another normal activity of these cells is protein uptake and 

degradation: therefore non-specific uptake of proteins by phagocytosis during culture 

may also lead to dual staining. 

The slight decline in the expressions of all epitopes and in the GGT enzyme activity 

has been previously described in cultured cells and may be a feature of membrane 

composition alterations. The growth rates of cells can be altered by a change in the 

phospholipid composition of their culture medium and their normal membrane 

phospholipid composition may differ from that of the serum or serum substitute in the 

growth medium 
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The ability of the cells to regrow from QM at passage on the reintroduction of growth 

factors is consistent with their quiescence, rather than senescence, which might 

otherwise be suspected after six weeks without passage. 

The cell cycle data was performed towards the end of the second part of the study, 

after the majority of the experimental work had been completed. As the cell 

monolayers were well maintained, the cell counts on the decanted medium were low, 

and there appeared to be little in the way of overgrowth of cells on the culture surface, 

it was a surprise to find that there were still 4% of cells in Gz/M-phase in QM. This is 

an order of magnitude greater than in normal kidneys in vivo. 

However, proliferation in DM was double this, and resulted in an increased number of 

necrotic cells as cells were heaped up away from the monolayer. Clearly this is an 

area for further research, as additional manipulation of the cell culture composition, 

perhaps to reduce the concentration of the serum substitute or the EOF (hepatocyte 

growth factor has a more potent effect on differentiation than EOF, so its use may 

allow lower concentrations and potentially a lower proliferative effect ^'), may further 

increase the ability of the cells to remain in the Go or G| phase of the cell cycle. 

It could be argued that there was no point in progressing further with this study as the 

cells were still proliferating so much. Certainly the culture conditions were not 

perfect, but as can be seen from Figure 13, the overall appearance of the cells in the 

quiescent medium was much better maintained than in the defined growth medium. 

This model, although not perfect, would still appear to be better for longer-term 

investigation of primary human renal tubular cells in culture than any existing in vitro 

model. 
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Conclusion 

These experiments have shown that primary human renal tubular epithelial cells may 

be kept viable, while retaining normal in vitro phenotype for at least six weeks 

without subculture, and may therefore provide a useful model for the investigation of 

chronic tubular injury, particularly longer-term pharmacological nephrotoxicity. 

Having developed this apparently appropriate model, the next section (but one) 

describes its use for the assessment of the chronic effects of therapeutic 

concentrations of CsA on primary human renal tubular epithelial cells in culture. 
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Chapter 4 Later work on HTECs in quiescence 

Summary 

Since the completion of my experimental work for this thesis, further investigations 

have been performed on the cells in the culture described thus far. A number of 

further characterisation techniques have been employed, involving determination of 

the cells' cytoskeletal structure, responses to reno-active hormones, transepithelial 

resistance measurement, transepithelial permeability to known molecular weight 

molecules and the activity of the Na"^-glucose cotransporter. 

The majority of the investigations confirmed the maintenance of a normal phenotype 

in these cells. Any variations from normal, such as the cytoskeletal appearance 

reflecting a slight increase in stress fibres and a small reduction in the cAMP response 

to reno-active hormones, are mild. The majority of the results show little difference 

between the responses of these cells kept in quiescent medium for more than six 

weeks and those just at confluence in hormonally and trace-element defined medium. 

This work therefore further supports the generally maintained phenotype of cells kept 

at quiescence as previously described. 

76 



Introduction 

Since the completion of my experimental work for this thesis, further investigations 

into the characterisation of the quiesced cells have been ongoing in the same 

laboratory. I have not personally carried out the experimental work, but have taken an 

active part in the conception and design of these experiments and the collation of the 

results. Although this work cannot therefore form a part of my thesis results, it does 

further support the maintenance of an appropriate phenotype. 

Other investigators have characterised primary and transformed HTECs by 

skeletal structure by responses to reno-active hormones by measurement of 

transepithelial resistance through their ability to allow or impair the 

transepithelial passage of known molecular weight substances and by the activity 

of other metabolic processes such as the Na"^-glucose cotransporter 

The cytoskeleton of HTECs is formed by actin microfilaments. Disruption of this 

skeleton is common in cytotoxicity and may represent the transdifferentiation of 

HTECs to myofibroblasts, one of the precursors to renal tubulointerstitial fibrosis. 

The actin filaments can be visualised microscopically by staining with fluorochrome-

conjugated phalloidin 

In response to the reno-active hormones parathyroid hormone (PTH), calcitonin (CT) 

and arginine vasopressin (AVP), adenylate cyclase activity is increased in both 

proximal and distal HTECs, forming cyclical adenosine monophosphate (cAMP) 

36,49,94 pj.Qxinial tubular epithelial cells have a greater response to PTH than to CT or 

A VP, whereas distal cells have the opposite response. 

Epithelial cells are further characterised by their ability to form intercellular tight 

junctions. The tightness of these junctions can be determined by the TER. TER is 

measured by electrodes in the medium either side of a confluent cell monolayer: the 

greater the TER the tighter the junctions between the cells (i.e. the lower the passage 

of ions across the cell monolayer) The tightness of the junctions can also be 

estimated by the ability of the monolayer to prevent or permit the passage of 
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molecules of known molecular weight from apical to basal medium or vice versa 
102; 103 

The Na^-glucose cotransporter is a normal and essential component of the basal 

membrane of epithelial cells, particularly in the proximal renal tubular cell 

Finding normal activity (ability to transport glucose only in the presence of Na"̂  and 

inhibition by the specific inhibitor phlorizin) of this vital transporter protein would 

further support the normal character of these cells. 
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General Methods 

Cortical cell suspensions were prepared from macroscopically normal, ethically 

obtained nephrectomy tissue, as previously described. 

Freshly prepared cells were grown on 25 cm^ uncoated plastic culture flasks in 6ml of 

1:1 DMEM: Ham's-F12 medium with 2 niM glutamine (basal medium) and 

UltroSerG (USG - synthetic serum substitute). The medium was removed and 

refreshed as below (Summary; Table 7): 

• Day 1-3: small (~10-cell) colonies. Hormonal and trace element supplements 

introduced. 

• Day 3-5: -50% flask cover. Medium changed to fully "defined" HTEC growth 

medium 

• Day 7-10: confluence. 

At confluence cells were passaged into (i) 6-well PET-membrane culture inserts for 

immunofluorescence, or (ii) 96-well plate for hormone responses. The same media 

changes were performed as above. 

At confluence in passage 1, half the colonies were processed as below. For the 

remainder the medium was changed to "quiescent" medium, previously found to 

promote the greatest differentiation of virally transformed HTECs ' (see Table 7). 

Cells were maintained for six weeks, with media changes every 3 days. 
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Table 7. Medium composition: basal medium, antibiotics, hormones and 

trace elements 

0 y lOO/ml 2 - - - - - - -

1-3 y so/ml 1 5 18 2.5 5 - 2.5 2.5 

3-5 y 50/ml - 10 36 5 10 - 5 5 DM 

7-10 y so/ml 0.2 25 - - - 0.5 - - QM 

Antibiotics=penicillin (lU) and streptomycin (mg), DM-deHned medium, 

EGF=epithelial growth factor, HC=hydrocortisone, M=Medium, 

PGEl=prostagIandin-Ei, PTH=parathyroid hormone, QM=quiescence medium, S & 

Tf=selenium (ng) and apo-transferrin (mg), T3=tri-iodothyronine 

Method for cytoskeletal appearance 

1. Culture cells to confluence on Falcon inserts (six wells). 

2. Wash x2 in RPMI media and remove membrane from the cup using a disposable 

scalpel (hold the scalpel steady and rotate the cup to obtain the best separation). 

3. Cut each membrane into quarters and place on an APES slide. Allow to air-dry 

overnight. 

4. Fix cells in 2% paraformaldehyde (freshly prepared) for 5 mins. 

5. Wash in PBS x2 for 3mins each. 

6. Quench excess aldehyde with 0.IM glycine in PBS for 5mins. 

7. Permeabilise the cells with 0.1% Triton X-100 for Imin. 

8. Incubate with lO'^M rhodamine-conjugated phalloidin for 20 mins. 

9. Rinse 3x in PBS 5min/wash. 

10. Counterstain with 7AAD at 1:250 for lOmins. 

11. Rinse 3x in PBS 5min/wash. 

12. Mount in antifade. 

13. Confocal microscopy performed using a Leica TCS SP2 laser scanning 

microscope. 
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Method for hormonally stimulated adenylate cyclase activity 

1. Passage zero (P°) cells seeded to 96-well plate, cells grown to confluence under 

our standard culture conditions. 

2. Media removed and cells washed twice with RPMI media. 

3. Media replaced with 200)il culture media (DM or QM) containing 0.1 mM IB MX 

and incubated for 20mins at 37°C in a shaking incubator. 

4. Thereafter cells incubated in 200(0,1 media containing a, b, c, d for 5 mins as 

follows; 

a) media alone 

b) 10 % PTE 

c) lOOng/ml calcitonin 

d) IQ-^MAVP 

5. Terminate the reaction by adding 125jil ice-cold acid alcohol (absolute ethanol + 

1% HCl) to cells. 

6. Samples dried overnight at 80 C and stored at -20 C for cAMP estimation. 

7. 'Total' (intracellular and cell supernatant) cAMP was determined using the 

Amersham Pharmacia Biotech Biotrak cAMP enzyme immunoassay (EIA) 

system, (code RPN 225) 

Method for transepithelial resistance 

1. Cells for measurement are grown in 6-well culture inserts (permeable membranes) 

2. Medium is changed to DM at least 15min prior to measurement 

3. 2ml DM at 37°C are placed in the Endohm 

4. Blank (no cells) or cell-containing inserts containing 1ml fresh DM are placed into 

the Endohm cup 

5. Inserts are left in the Endohm for 15min to allow equilibration across the 

monolayer 

6. TER is calculated from the raw measurements using the formula: TER = 

(monolayer measurement - insert measurement) x membrane area (The area of the 

monolayers was 4.2cm^) 
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Method for dextrans 

Reagents 

4kD dextran 

70kD dextran: dissolve 50mg/ml in lOmM HEPES pH 7.4 - 145mM NaCl and 

dialyse against the same buffer (in the dark, at least twice) 

Method 

1. Cells cultured to confluence (1 week) in six well culture inserts 

2. Ihr before experiment used tissue medium replaced with appropriate new 

medium, 2ml added to basolateral side (well) and 1ml to apical side (insert) - see 

Figure 4 

3. Start experiment by adding 80^1 concentrated Dextran solution to final 

concentration of 2mg/ml (concentration determined to remain on linear range of 

standard curve - Figure 28) 

4. Incubate for 4hr at 37°C in 5% CO? 

5. Collect 200|il medium from insert and well 

6. Construct standard curve for appropriate dextran: 2, 1, 0.5, 0.25, 0.125, 0.0625 

and 0.0313mg/ml respectively 

7. Transfer 200pi standard solutions and test solutions into blank 96-well plates 

8. Determine fluorescence using Bio-Tek FL600 fluorescent plate reader, using 

FITC filters - excitation 490nm, emission 520nm, and concentration by spline 

analysis 

Method for glucose transport 

Reagents 

1. Basic Transport Buffer: 187mg KCl, 98mg MgS04, 99mg CaCL, 5ml HEPES, 

made up to 500ml using polished water 

2. Sodium Containing Buffer (Na): 250ml basic transport buffer, 2.046g NaCl, pH 

adjusted to 7.4 using IM KOH 

3. Sodium Deplete Buffer (No Na): 100ml basic transport buffer, 1.9g choline 

chloride, adjusted to 7.4 using IM KOH 
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4. Sodium Phlorizin Buffer (Na Ph): 250ml basic transport buffer, 2.046g NaCl, 

0.5mM phlorizin, pH adjusted to 7.4 using IM KOH 

5. aMG Transport Buffers (aMG Na/No Na/Na Ph): 12.5|il aMG tracer (l|iCi/5pl 

current batch - final concentration 0.5jiCi/ml), 100|xl 50mM 'cold' aMG - final 

concentration ImM, made up to 10ml with Na/No Na/Na-Phlorizin buffer 

6. 'Blank' Transport Buffers (Blank Na/No Na/Na Ph); 100|li1 50mM 'cold' aMG -

final concentration ImM, made up to 10ml with Na/No Na/Na-Phlorizin buffer 

7. 'Stop' Buffer (Stop); 0.25M 'cold' aMG (0.485g) made up to 10ml with RO water 

M e t h o d 

1. Seed Biocoat inserts with 1x10^ passage 0 primary renal tubular epithelial cells 

2. Incubate to confluence under standard tissue culture conditions (defined medium 

measured at 7 days, quiescence at 7 weeks - 6 weeks in quiescent medium) 

3. Remove medium and rinse twice using 1ml of glucose-free medium at 37°C 

4. Add 400)Lil of medium as per Table 8 

5. Remove medium and replace with 400^1 ice cold Stop buffer 

6. Wash x2 with 1ml ice cold Stop buffer 

7. Solublise cells by adding 400^10.2N NaOH, and incubate for lOmin at 37°C 

8. Take 200^1 aliquots for determination of radioactivity and protein concentrations 

Table 8. aMG transport medium composition 

Blank Na 

Blank No Na Immediately x2 with Stop at 4°C 

Blank Na Ph 
400^1 30mins at 37°C in 5% CO? 

aMG Na 
400^1 

aMG No Na No No 

aMG Na Ph 

9. Count aliquots -i- 1ml scintillation fluid (Cobra Series Canberra Packard Liquid 

Scintillation Counting System) 

10. Count 200pl of original isotopic solution for total counts 

11. Measure protein concentration using Bradford reagent (Protocol 4) 

12. Express results as counts per mg protein 

13. Dispose of radioactive waste into designated sink and record in radioactive log 
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Results 

Representative photomicrographs are shown in Figure 24 and Figure 25. Figure 24 

shows the appearance of a confluent monolayer in defined medium at 7 days, Figure 

25 that of a confluent cell monolayer after 6 weeks in quiescent medium. A slight 

increase in cytoskeletal stress fibres is seen in the quiesced cells, suggesting an early 

change to a more myofibroblastic phenotype. 

Figure 26 shows the cellular cAMP synthesis in response to renal-active hormone 

exposure. The persistence in quiescence of the response to these hormones and the 

retention of a generally proximal phenotype (greater response to PTH than A VP or 

CT) is shown. 

In Figure 27 are the TER results for confluent monolayers in defined medium at 7-10 

days and in quiescent medium after a further 6 weeks. These show retention in 

quiescence of transepithelial resistance, a marker of intercellular adhesion. 

Figure 28 and Figure 29 show the results of the experiments on the permeability of 

confluent monolayers to dex trans. The persistence in quiescence of permeability to 

4kD dextrans, and retained lack of permeability to 70kD dextrans is shown. 

Figure 30 and Figure 31 show the results of the glucose transport experiments. The 

activity at 30 mins (within the period of transport rate linearity - see Figure 31) of the 

Na^-glucose co-transporter is 90% inhibited by Na^-depletion and 94% inhibited by 

phlorizin (similar to published evidence). The activity of this vital basal-membrane 

enzyme is reduced by approximately 40% in quiescence, although only two subjects 

were examined. 
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Figure 24: Laser confocal micrographic appearance of cytoskeleton of cells in 

defined medium at confluence. Rhodamine-phalloidin staining. A mostly normal 

cytoskeleton is shown, with pericellular peripheral F-actin skeleton (A) and minimal 

cytoplasmic transcellular fibres (B). (Green = F-actin, Red = nuclear counterstain 

with 7AAD. Original magnification x40) 

Figure 25: Laser confocal micrographic appearance of cytoskeleton of cells in 

quiescence medium after 6 weeks. Rhodamine-phalloidin staining. The pericellular 

F-actin skeleton is maintained, although there are more cytoplasmic stress fibres (B). 

(Green = F-actin, Red = nuclear counterstain with 7AAD. Original magnification 

x40) 
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Control 

Figure 26. Reno-active hormone-stimulated cAMP release from cells in defined and 

quiescent medium. DM = cells in defined medium at confluence at 1 week, QM = cells 

in quiescence medium for 6 weeks (7 weeks in culture). All results n=8 from three 

subjects. The retained abiUty to release cAMP in response to PTH, A VP and CT is 

shown. The greater release of PTH compared to the other two hormones is consistent 

with the generally proximal phenotype of the cells selected for by the defined medium. 

Some transdifferentiation of distal to proximal tubular cells also occurs in such culture. 

The overall cAMP release is slightly but not significantly reduced in quiescence. 
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Figure 27. Transepithelial resistance across confluent monolayers of cells in defined 

and quiescence medium. Blue = cells in defined medium at confluence at 1 week, Red 

= cells in quiescence medium for 6 weeks (7 weeks in culture). All results n=4 from each 

of three subjects (h94-h96). The retention of TER is clearly seen in all subjects, 

consistent with the persistence of intercellular tight junctions. The TER is slightly but not 

significantly increased in quiescence, possible related to a slight increase in the number 

and decrease in the size of the cells over time. 
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Figure 28. Fluorescence of standard dextran concentrations. Concentrations below 

Img/ral show linear fluorescence vs. concentration. 

? 50 

Figure 29. Permeability to dextrans of confluent monolayers of cells after 1 and 7 

weeks in culture. Week 1 cells in DM, week 7 cells in QM for 6 weeks. Bars = 

concentration of dextrans (2mg/ml placed in apical chamber of permeable culture wells. 

Amount shown recovered from the basal chamber after 4 hours - level is inversely 

proportional to permeability). Blue bars = 4kD dextran. Red = 70kD. Titles = samples A 

to C, weeks 1 and 7 respectively. The permeability to 4kD, and lack of permeability to 

70kD dextrans (normal phenotype), is maintained in quiescence. 
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Figure 30. Effect of quiescence on Na"^-dependent aMG uptake. DM = defined 

medium, cells at confluence at 1 week. QM = quiescence medium, cells at confluence at 

7 weeks (6 weeks in quiescence). Results from two subjects shown, n=3. aMG Na = Na"̂ -

containing buffer, aMG No Na = Na^-deplete buffer, aMG Na Ph = Na^-containing buffer 

with phlorizin. The Na^-dependence of aMG uptake is demonstrated, which is 

appropriately inhibited by phlorizin. The release in quiescence is slightly reduced. 
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Figure 31. Time courses of aMG release in quiescent culture. Week 7 cells in QM for 

6 weeks. The time-dependent release of aMG is shown, which remains Na^-dependent 

and appropriately inhibited by phlorizin. 
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Discussion 

Maintenance of cells in quiescent medium allows the maintenance of a near normal 

cytoskeletal architecture, when compared to cells at confluence in defined medium, 

with a few more cytoplasmic fibres. HTECs exposed to toxic insults transdifferentiate 

to a myofibroblastic phenotype, which is shown by a cytoskeletal change to 

cytoplasmic fibres These cells have been exposed to aminoglycoside antibiotics for 

7 weeks, which may explain the mild change in cytoskeleton. 

Cells in quiescence for 6 weeks and those at confluence in defined medium respond to 

reno-active hormones by releasing cAMP. The greater synthesis of cAMP in response 

to PTE when compared to that to CT or A VP is consistent with a generally proximal 

HTEC phenotype as shown previously in this manuscript. The relative reduction in 

cAMP production in prolonged culture is consistent with the previously reported and 

observed (in this manuscript) reduction in brush-border membrane structure 

The maintenance of TER in quiescence is evidence of the retention of intercellular 

tight junctions, and the confluence of the cellular monolayer. This is further illustrated 

by the retention of impermeability to 70kD dextrans, while retaining permeability to 

4kD dextrans in quiescence. 

Activity of the Na^-glucose co-transporter is demonstrated. This is shown to be Na* 

dependent and appropriately inhibited by phlorizin. The release in quiescence is 

slightly reduced, which may be related to a reduction in the integrity of the cellular 

membranes (Na"^-glucose co-transporter is situated across the basal membrane). 
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Conclusions 

Although these results were obtained after I had completed my research, and are 

therefore not incorporated into general discussion of this thesis, they further confirm 

that primary HTECs maintained in the quiescent culture described retain an 

appropriate phenotype. 

Such quiescent culture allows the longer-term exposure of cells in vitro to known or 

suspected nephrotoxins without the confounding factors of diet and medication in 

humans or the different response to toxic insults seen in animals or transformed / 

tumour cells. 

91 



Chapter 5 P-glycoproteiii and Cydosporin A 

Summary 

Chronic CsA nephrotoxicity is associated with CsA accumulation. CsA is removed 

from renal tubular epithelial cells by P-glycoprotein (P-gp). P-gp's physiological role 

is not fully known, but by spanning the apical membrane of a number of epithelia, it is 

in ideal position to efflux toxic macromolecules by active transport. P-gp efflux 

activity is increased in multi-drug resistance, where it was first discovered. P-gp acts 

by transporting bound molecules across cell membranes, through conformational 

changes involving cysteine-cysteine bonds induced by substrate and inhibitor binding, 

and ATP hydrolysis. P-gp substrates are diverse in their shapes, sizes and charges. P-

gp function can be studied by activity or expression. Activity investigation requires 

the measurement of the transport of a substrate across a membrane, and the effects on 

this of other substances. Expression is measured by the detection of the binding of a 

monoclonal antibody against P-gp to cell membranes. CsA is both a substrate and a 

modulator of P-gp. CsA increases the expression of P-gp both in vivo and in vitro. 

Acutely, CsA inhibits the activity of P-gp. Over time, exposure of P-gp to CsA may 

increase the activity of dmg efflux. 
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Introduction 

Chronic CsA nephrotoxicity in vivo is associated with CsA accumulation within 

tubular epithelial cells. CsA enters renal tubular cells by passive diffusion from the 

pericapillary lumen, across the endothelium and through the tubular cell basement 

membrane. It leaves the cell through the apical (brush border) membrane, actively, 

with saturable kinetics This efflux pathway has been further characterised as a 

transmembrane protein called P-glycoprotein (P-gp) 

P-glycoprotein 

Background 

P-gp is encoded in humans by the multi-drug resistance (MDR) type 1 gene, located 

on chromosome 7 at q21.1 It belongs to the adenosine-5'-triphosphate (ATP)-

binding cassette (ABC) protein superfamily (member Bl ) and is well conserved 

through invertebrates, mammals and primates It is situated on the luminal 

surface of secretory epithelia such as the renal tubules, breast ductules, bile duct 

canaliculi and small intestine The full physiological role of P-gp is as yet 

unknown, but its conservation and situation are consistent with the suggestion that it 

acts as a ubiquitous xenobiotic efflux mechanism, removing from these cells 

potentially toxic macromolecules, particularly those soluble in lipids which 

would otherwise accumulate within the cellular cytoplasm as there is no other efflux 

mechanism available for their removal - evidenced by MDR-1 gene knock-out mice 

114-120 p_gp in the endothelium at the blood-brain barrier and the 

syncytiotrophoblast on the maternal side of the placenta where it is situated to 

secrete hydrophobic macromolecules back into the blood stream. It is also situated in 

the adrenal medulla, where it is involved in the secretion of steroid molecules 

The importance of P-gp in the pharmacokinetics of many drugs is becoming more 

evident. P-gp is not only involved in the elimination of some drugs to prevent toxicity, 

but also in absorption, being linked to incomplete and/or slow intestinal absorption of 

many medications 
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s t ruc ture 

P-gp is formed as a 140kD molecular weight protein, and acts an N-glycosylated 

dimer of 264kD. Each monomer is made up of two homologous halves, each 

comprising six membrane-spanning segments (transmembrane domains: TMl-6, 7-

12) and a cytosolic nucleotide-binding domain (ATP Sites - Figure 32) 

Evidence suggests that the protein performs its efflux function by folding to form a 

pore through the membrane (Figure 32) whose structure and conformation 

depends on the binding of substrates and modifiers to the molecule the 

hydrolysis of ATP at either or both of the nucleotide-binding domains '28;i33-i38̂  and 

the integrity and phospholipid composition of the cell membrane In fact latest 

reports suggest that when the two nucleotide domains each contain ATP, they 

communicate or dimerise to form a transitional state The subsequent 

hydrolysis of ATP at one catalytic site triggers substrate transport by effecting a 

conformational change, which is then not "reset" until the hydrolysis of ATP at the 

other nucleotide-binding domain 

The conformational changes occurring within P-gp on substrate binding involve 

cysteine-cysteine cross-linking, particularly from TMs 4-6 to TMs 9-12 (Figure 32) 

147-150 j-epQj-ts of at least four separate or overlapping substrate binding sites on 

the molecule were supported by experimental evidence suggesting the majority of 

these sites transport substrates while the others are regulatory or modulatory. This 

molecular evidence supports the pharmacological findings that (a) P-gp transports a 

vast range of substrates with dissimilar structures and (b) competitive and non-

competitive inhibition occurs between substrates and between substrates and 

modifiers I29;'3i;i33:i5i;i55;i56 evidence suggests that the promiscuity of P-gp (its 

ability to bind a larger number of diverse substrates) is mediated by altered packing of 

the TM segments within the drug binding site depending on the substrate, modulated 

by the formation of different cross links between TMs while still supporting the 

binding of different substrates to different parts of the molecule, causing allosteric and 

conformational inhibition The proximity of the binding site(s) and the nucleotide-

binding domains also explains the reported effects of P-gp substrates/modulators on 

the activity of P-gp ATPase '34,i42;i58̂  which appears to be specific to the structure of 

TMS 
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Figure 32 - Diagrams of P-gp structure: A - molecular schematic, based on Ambudkar 

(1999) B - apical (from extracellular milieu) view of simplified transmembrane 

domain arrangement, based on Seigneuret (2003) and Rothnie (2004) Black 

numbers = amino acid positions, red numbers = transmembrane domains (TMs), red 

circles = nucleotide binding domains, lAAP = photoaffinity labelled regions also the 

binding site for Cyclosporin A 
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Substrates and Inhibitors 

After clinical multi-drug resistance in tumours and malignant cells was first 

encountered "sensitisers" were discovered which could reverse the resistance and 

restore cytotoxicity It was deduced that the chemotherapeutic agents were 

transported out of the tumour cells by P-gp, thereby reducing their cellular toxicity, 

and that the sensitisers were somehow inhibiting P-gp activity. In a crude sense, 

inhibitors (sensitisers) and substrates (molecules which are transported by P-gp - i.e. 

the cytotoxic drugs) can be characterised in this way. 

Other in vivo approaches have involved studying the competition between P-gp-

mediated intestinal absorption or renal excretion of compounds, particularly 

using MDR-gene "knock-out" animals, and comparing their absorbance/excretion 

with the wild-type (review *̂ )̂. In the intestine, P-gp reduces the absorption of P-gp 

substrates by actively transporting the substrate back into the intestinal lumen, thus 

preventing it from reaching the blood stream. Competition between P-gp inhibitors 

and substrates therefore increases intestinal absorption of the substrate in wild-type 

animals, but has no effect on the (increased) absorption in MDR-gene "knock-out" 

animals (which do not express P-gp). In the kidney, inhibitors decrease the removal of 

P-gp substrates from the circulation by blocking active transport into the tubular 

lumen, and thence into the urine. 

In vitro, the accumulation of a substrate within cells or the efflux of one from the cells 

into medium measures the activity of P-gp. The discovery of a number of fluorescent 

substrates has led to direct optical determination of the accumulation and efflux of 

such molecules and the impact of other compounds on handling of these 

fluorochromes by P-gp. The main fluorescent substrates used are rhodamine 123 and 

doxorubicin. By pre-incubating cells known to express P-gp with either of these 

substrates for a standard time (time x), then transferring the cells to medium without 

the fluorochrome (see Figure 33) for a standard time (time y), the effect of putative 

competitors on the efflux of the substrate from the cells can be measured, by 

fluoroscopic or flow cytometric detection of the fluorescent substrate in the medium 

or the cells, and/or by comparison of the results obtained with and without exposure 

to the substance under investigation Optimum time x can be determined by 
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(A) Incubate cells with 
standard concentration of 

fluorochrome substrate for 
time X 

(C) Transfer cells to 
medium without 

fluorochrome for time y 

(B) Incubate cells with 
standard eon^atration of 

fluarochrDme sufetrate with 
P-gp CDmpetitDr tbr tTme x 

Measure fluorescence of substrate within cells, by flow cytometry 

(D) Transfer cells to medium 
without fluorochrome with 
P-gp competitor for time y 
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Figure 33 - Diagrammatic representation of fluorescent substrate efflux 

experiments. In A, cells have taken up the fluorochrome and are analysed 

immediately: the control state (dotted line - mean fluorescence for comparison). In B, 

cells have taken up the fluorochrome in the presence of a P-gp inhibitor, which has 

blocked P-gp efflux during the accumulation period, and produced maximum uptake. 

In C, in medium without fluorochrome two populations are revealed; the left-hand 

peak which effluxes the substrate, and the right-hand one, which has lost only a small 

amount by diffusion. The P-gp-specific transport is confirmed in D, when all efflux 

except diffusion (small shift) is blocked by P-gp inhibition. P-gp efflux activity can 

be calculated from the ratio of the mean fluorescences in D and B, which can be used 

to compare P-gp activities between different cells, or investigate the blocking effects 

of different inhibitors on the same cells 
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measuring the uptake of the fluorochrome by the cells to find which time allows 

maximal uptake (or significant uptake in a reasonable time). Optimum time y can be 

found by determining the time required for the cells to efflux the majority of the 

fluorochrome. Efflux of the substrate is time-dependent: but reducing the cells' 

temperature to around 4°C can halt active efflux. By using known substrates and 

inhibitors in these ways, the efflux activity of P-gp can be determined in and 

compared across differing cell types. 

Vanadate trapping, a technique utilising vanadate ions to competitively block Na'^/K^-

ATPase activity, can be used to compare the efficacy of P-gp blocking of any other 

inhibitor The activity of ATP hydrolysis of the ABC family of proteins is 

completely inhibited by vanadate trapping (the half-life of the vanadate-ATPase 

complex is approximately 72 hours whereas vanadate blocks the activity of other 

Na^/K^-ATPases in a concentration-dependent manner 

Two confounding factors have been reported, however: (i) different species may 

handle P-gp substrates in different ways. For example, in the isolated perfused rat 

kidney, Rhodamine 123, a fluorescent P-gp-substrate in the human and other animals, 

was exclusively excreted by the organic cation pathway, unaffected by known P-gp 

inhibitors (although its excretion by live rats was unaffected by cimetidine, an 

organic cation pathway inhibitor despite cimetidine being a P-gp substrate itself 

(ii) Other influencing compounds may be present in commercially available 

solutions - chloroform has been found in a gluconate-Ringer solution, which inhibited 

P-gp activity, it was presumed, by affecting cell membrane integrity 

A plethora of experimental studies too numerous to mention has been published on P-

gp activity and the effects of inhibitors. These investigated (a) the movement of 

substances (putative substrates) across cells known to express P-gp, (b) the handling 

of known substrates by cells with unknown P-gp expression, and (c) the effects of 

putative P-gp inhibitors on the movement of known substrates in cells known to 

express P-gp. The most relevant studies will be discussed in more detail later. 

Attempts have been made to classify compounds into P-gp substrates and inhibitors 

by molecular weight, size, charge and hydrophobicity. All substrates are hydrophobic: 



there is little similarity between them otherwise, reflecting the large and diverse range 

of compounds effluxed by P-gp 155,169,178.179 structural analysis of 

substrates suggests that to interact with P-gp, molecules require two or three electron 

donor groups with a fixed spatial separation, either of 2.5+0.3 or 4.6±0.6 A for two, or 

of 4.6+0.6 A for the outer two of three Further analysis suggests that molecules 

with greater hydrogen-ion acceptance (total >8 nitrogen and oxygen atoms), large 

molecular weight (>400kD) and acid ionisation (pKa > 4) are likely to be P-gp 

substrates, whereas those with lower numbers of N and O atoms, smaller molecular 

weight and alkali ionisation are not 

Inhibitors also appear to require lipophilicity and large molecular weight, but in 

addition a large molecular volume or length (>18 atoms in length, which can bridge 

more than one binding site / P-gp molecule), a high energy occupied orbital 

(increasing the ability to donate electrons), and a basic tertiary nitrogen atom (forms a 

hydrogen bond with P-gp residues) in the molecular structure From these 

differences between substrates and inhibitors one may infer that it may be the strength 

of the molecular bond to P-gp which separates substrates and inhibitors - substrates 

bind loosely and can therefore be transported then dissociate again, while antagonists 

bind strongly and block the transportation pathway 

Express ion 

P-glycoprotein expression - the concentration of functional protein molecules on the 

cell surface - can be examined using monoclonal antibodies (MAbs), either on the 

cell surface by tissue or live- / fixed-cell immunohistology / -cytology, or in cell 

homogenates (disrupted cells) by protein detection by Western blotting. There are 

many commercially produced antibodies against human P-gp, and those commonly 

used are listed in Table 9. 

Expression of P-gp has also been examined using photo- or autoradiographic labelling 

with azide dyes, which bind to the sites shown in Figure 32. However, the binding site 

for the most commonly used azide, ['"^IJ-iodoaiyl azidoprazosin (lAAP), overlaps the 

same binding site as CsA If this molecule were used to study the effect of CsA 

on P-gp, a reduction in binding of lAAP, which would be perceived as a down-
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regulation of P-gp expression, could in fact be the stoicometric blockade of lAAP 

binding to P-gp by CsA, and therefore produce erroneous results. 

The expression of functional P-gp protein can also be deduced from the measurement 

of its mRNA signal (MDR-1 mRNA) using Northern blotting or PCR For this 

deduction to be correct, all MDR-1 mRNA must be translated by the ribosomes to 

correctly formed protein, which is then trafficked to the cell surface. This assumption 

is not always true: in cellular hypotonic shock there is translational block to P-gp 

production and P-gp protein trafficking can be reduced by 

chemotherapeutics 

Table 9. Anti-P-gp monoclonal antibodies 

4E3 External None known 

Sites just distal (C- Other species (mammals & 

C219 terminal side) to each 

ATP-binding site 

Internal catfish) and other 

tumour proteins 

C-terminal between 

C494 TM 12 and ATP 

binding site 

Internal Pyruvate carboxylase 

JSB-1 
N-terminal amino acid 

sequence 
Internal Pyruvate carboxylase 

MRK16 
First & fourth 

extracellular loops 
External 

None known 

(manufacturer's data sheet) 

UIC-2 
Third extracellular 

loop 
External No data available 

There are also problems with using these MAbs, however. Several of the anti-P-gp 

antibodies cross-react with other molecules (e.g. JSB-1 with pyruvate carboxylase 

To use those directed against internal epitopes, the cells in question need first to 

be permeabilised, which requires fixation and kills the cells, preventing simultaneous 

measurement of expression and activity, and may lead to loss of substances held 

within the cytoplasm. The internal MAbs are also less detectable by flow cytometry. 

100 



leading to false negative results Antibodies may share binding sites with 

substrates under investigation (e.g. C219, C494 and C32 with azidopine and ATP 

binding to P-gp and there are also reports of the modulation of multi-drug 

resistance by the use of monoclonal antibodies There is therefore great scope 

for provoking erroneous experimental results: the antibody probe may interfere with 

substrates' interactions with P-gp, or the substrate may compete with the binding of 

the antibody probe with the P-gp molecule. 

Substrates not only modulate P-gp activity by competition between substrates, but can 

also affect the cellular expression of the P-gp protein. Up-regulation of P-gp 

expression (induction) by substrates and other molecules has been observed - see 

Table 10. 

The mechanism of this induction is not currently known, but is a true increase in 

functional P-gp protein on the cell surface, not just an increase in MDR-1 mRNA. The 

nuclear transcription factor N F - K B may be involved, which has been shown to be 

required for the transcription of the MDR-1 gene and a consensus N F - K B binding 

site has been found on the intron of the MDR-1 gene in human colonic carcinoma 

cells which have a high expression of P-gp. 

It may be that MDR mRNA levels are 'superinduced' by inhibition of transcription 

and/or a reduction in mRNA destruction, leading to an increase in the nuclear / 

cytoplasmic mRNA half-life 

The structures of P-gp inducers have also been examined. It is suggested that to up-

regulate P-gp, the molecular structure should contain two (or two of more) electron 

donor groups separated by 4.6±0.6 A . The observation that P-gp expression is also 

increased by physical stress such as X-ray irradiation, ultraviolet light irradiation and 

heat shock further supports this hypothesis. Such insults generate nucleic acid 

fragments. Free nucleotide bases contain electron donor groups separated by 4.6±0.6 

A , and although free nucleotides are lipid insoluble and therefore not effluxed by P-

gp, it is assumed that as such fragments can assume nearly any structure, some could 

be hydrophobic, and therefore presented to P-gp in the membrane. These observations 

and assumptions lead to the hypothesis that P-gp may also be responsible for the 
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removal of cellular genetic waste, which would otherwise interfere with the 

mechanism of correct genetic translation The recent finding that P-gp 

communicates with the proteasome the cellular mechanism for presentation of 

peptides to the cell surface, may also support this hypothesis. 

Table 10. P-gp expression up-regulators, tissues affected and references 

CsA MDCK cells in vitro d e m 3 ( T 9 9 5 r ^ 

CsA rat kidney, intestine, 

liver 

Jette (1996)"^ 

CsA and Hydroxyethyl-cyclosporin rat liver Vickers (1996)""' 

CsA rat kidney del Moral 

(1997)^ 

Ecto-5'-nucleotidase protein 

expression 

MDCK cells in vitro Ledoux (1997)™ 

CsA rat tubule cells in vitro Hauser (1998)^ 

Cyclosporin analogue SDZ-PSC 833 rat kidney Jette (1998)^' 

CsA human kidney Koziolek 

(2001)^^ 

CsA rat liver Bai (2001)""' 

2-acetylaminofluorene human hepatoma cells in 

vitro 

Kuo (2002)""* 

Digoxin Caco-2 cells Takara (2002)""^ 

Cyclo-oxygenase 2 rat hepatocytes in vitro Ziemann (2002)"'" 

CsA rat liver in vivo Daoudaki (2003) 
211 

Lopinavir human intestinal 

carcinoma cell line 

Vishnuvardhan 

(2003) 

The previous reports presented above describe a number of ways in which both the 

efflux activity and the protein expression of P-gp can be modulated / altered. The net 

rate of efflux of substrate by P-gp should approximate to the product of P-gp efflux 

activity and the protein expression Moreover, each can be altered separately from 
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the other - indeed, it has recently been reported that the function of P-gp in vivo is not 

necessariiy related to its expression Thus, for any m vifro investigation into 

P-gp and the effects of putative substrates / modulators, both the activity and 

expression of the protein must be examined. 

P-glycoprotein and Cyclosporin A 

The literature on interactions between P-gp and CsA is extensive and not conclusive. 

In vivo 

The majority of the in vivo studies have been performed on animals. The absorption of 

CsA from the intestine is increased by co-administration of the P-gp inhibitors 

grapefruit juice or verapamil and reduced by the P-gp inducers St. John's Wart 
0 1 Q "7 10 

and rifampicin , confirming that CsA is a P-gp substrate (gut effects of P-gp are 

reversed: increased efflux from the cell is back into the intestinal lumen, decreasing 

the amount of drug within the cell available for absorption into the blood stream). In 

general, CsA exposure increases the tissue expression of P-gp in the kidney and 

liver 

To examine the effect of CsA on human kidneys in vivo, a percutaneous renal biopsy 

would be required, which is a relatively traumatic and complicated procedure (4.5% 

complication rate [Abstract; Leach and Stevens, Native Renal Biopsy Performance: 

One Unit's Experience, Nephrol Dial Transplant 2002; 17(suppl 1): 115]). Therefore, 

in a patient being given CsA for a medical treatment, biopsies would only be taken 

when renal disease is expected. The coexistence of disease and another renal injury or 

insult would potentially confound any correlation of P-gp expression with CsA 

exposure. 

As above, a patient receiving CsA for an indication other than renal transplantation 

would only undergo a renal biopsy for renal dysfunction. The most likely renal 

diagnosis would be CsA toxicity. If CsA toxicity is related to P-gp hypo-function 

(greater renal cellular CsA-accumulation), then a negative correlation between CsA 

and P-gp expression would be expected, at odds with the published findings in animal 
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studies (see below). However, P-gp hyper-function may lead to an increase in the 

dosage of CsA (by monitoring levels of CsA or the pharmacological effects of CsA) 

through increased biliary excretion or efflux from white blood cells where the 

immunosuppressive activity occurs. Such an increase in exposure could overwhelm 

the renal tubular P-gp and lead to CsA toxicity. 

The exception to this situation would be biopsies taken from renal transplant 

recipients on CsA. Although biopsies would still be taken for renal dysfunction, some 

of that dysfunction would be likely to be unrelated to CsA (as 'protocol biopsies' -

biopsies taken routinely at set time points in the post-transplant period, so the most 

likely to yield meaningful results - are not standard practice in many renal units). 

However, in this setting, acute graft dysfunction is most likely to be due to acute 

rejection (the immunological attack of the graft kidney by the recipient). The majority 

of acute rejection is cellularly-mediated, and as the response of the T-cells to CsA 

may be blunted by P-gp overactivity (as has been found in heart and lung transplant 

recipients there may still be more of an interaction between P-gp expression 

and CsA exposure than just a straightforward or cause-effect one. 

In vivo investigations of P-gp responses to the effects of drugs such as CsA will be 

further confounded in human studies by other factors. The co-administration of other 

pharmaceutical agents is one such confounder. There are reports of corticosteroid 

effects on P-gp expression; in asthma sufferers treated with prednisolone, P-gp 

expression decreased in B-lymphocytes in rheumatoid arthritis patients on 

corticosteroid therapy, P-gp expression was greater on peripheral blood lymphocytes 

than in patients not on steroids, or in controls 

Uraemia (the progressive deterioration of physiologic functions as a result of the 

retention in the body of compounds that normally are ex-/secreted into the urine by 

the healthy kidneys is another confounder. There are (conflicting) reports of the 

effects of uraemia on P-gp function, which could further confound studies of P-gp 

expression in renal transplant recipients: acute renal failure in rats inhibits renal and 

hepatic P-gp function but increases expression while increasing intestinal 

P-gp function Chronic renal failure decreases intestinal P-gp activity, while 
189 

increasing expression 
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Further confounding factors include the increase of P-gp activity by the products of 

cyclo-oxygenase 2 (COX-2), an enzyme closely related to regulation of intra-renal 

blood flow, particularly in states of glomerular hypo-perfusion the down-

regulation of P-gp expression by IL-2 , a major pro-inflammatory cytokine and 

an increase in P-gp expression by other pro-inflammatory cytokines 

Despite these potential problems, up-regulation of P-gp has been reported in biopsy 

samples from (a) transplant kidneys of patients receiving CsA for immunosuppression 

30;206 not in biopsies showing CsA toxicity and (b) small intestine of 

normal volunteers given rifampicin 

In renal transplant recipients' peripheral blood lymphocytes, CsA has variable and 

unexpected effects: P-gp expression is either down-regulated or unaffected 

117,232,233̂  although in one cross-sectional study of 32 renal transplant recipients, none 

of the 9 patients with graft survival of greater than 40 months expressed P-gp on their 

T-lymphocytes suggesting either that CsA exposure of greater than 40 months has 

down-regulated P-gp expression, or (more likely) that only those patients with 

maximal T-lymphocyte exposure to CsA, i.e. those which have effluxed CsA less (as 

a result of low expression of P-gp), were protected from graft immunological attack. 

Animal studies have shown that renal P-gp expression is up-regulated by exposure to 

CsA in rats 200-202,235 fjQ^ygyer, the extrapolation of this animal work to humans is 

limited by the different sensitivities of human and animal cells to the effects of CsA. 

To induce an effect in renal P-gp in rats, doses of CsA of 20-1 OOmg-kg'' -day'' are 

required . The same dose in humans would be profoundly toxic - doses of a 

maximum of 18mg-kg''-day"' were originally used in cardiac transplantation but this 

was quickly found to be damaging to the renal cortical cells and subsequent 

reductions in CsA dose improved renal longevity The dose of CsA used in human 

renal transplantation remains initially approximately 10mg-kg"'-day'', reducing over 

several weeks to 6mg kg"'day'% with a longer-term maintenance dose of around 3-

5mg kg 'day'' 238;239 adjustment of CsA dosage has historically been made on 

trough levels although more recently the area under the curve (AUC) of blood 

concentration versus time has been found to correlate better with anti-rejection effect 

and toxicity The accumulation of CsA within cells, however, bears little 
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relationship to peak or trough levels suggesting that other factors such as P-gp 

function are playing a part, although reducing the dose to adjust the AUC does have 

an impact on nephrotoxicity 

Conclusion: in vivo results are conflicting and confounded by disease and 

administration of medications. Is better evidence available from in vitro studies? 
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In vitro 

The majority of the in vitro published studies have been performed on cell lines 

(tumour, or virally transformed normal human and animal cells), with the remainder 

on cultured primary (not virally-transformed) animal cells and haematological cells. 

Specifically with respect to CsA, it is generally found that in the kidney, CsA inhibits 

P-gp efflux activity 225,245-249 ^he same is true on peripheral blood mononuclear cells, 

where CsA exposure either increases the intracellular accumulation of a substrate 

studied in normal or malignant lymphocytes or improves the malignant cell 

death rate of cytotoxic medications (secondary effect of increased accumulation of 

cytotoxic drugs) when co-administered 252-254 ^hese reports illustrate a clear 

difference between the effects on P-gp of acute and chronic exposure to CsA; acute 

exposure inhibits the efflux activity of P-gp while chronic exposure up-regulates the 

expression of the protein. 

Only one study has investigated the effects on P-gp activity of incubating cells in vitro 

with CsA or other putative inhibitors / modulators for a period of time. Hauser 

incubated human arterial endothelial cells and rat proximal tubular cells for 7 days in 

CsA at pharmacological doses (concentrations from lOOnM to 1.6|j.M [120-

1920ng/ml] - subculturing 1:10 twice per week). They measured intracellular 

accumulation of calcein-AM as a marker of P-gp efflux activity. Calcein-AM is a 

substrate of P-gp that enters the renal tubular cell passively and is then actively 

effluxed by P-gp. Any calcein-AM that remains within the cell is cleaved by 

endogenous esterases into a fluorescent metabolite whose concentration - which they 

measured by spectrophotometry - is inversely related to the P-gp efflux activity. They 

measured P-gp expression in the same cells by immunoblotting with C219 and 

imniunocytochemistry with MRK16 (both monoclonal anti-P-gp antibodies). They 

found that both the efflux activity and protein expression were increased by CsA co-

incubation. They compared this effect with that of FK506 (Tacrolimus (TAC) -

another calcineurin-inhibiting immunosuppressant P-gp substrate / modulator). In the 

therapeutic range, no effect was found on either P-gp activity or expression. However, 

increases in both activity and expression were seen when the dose of TAC was 

increased to a toxic range, hi cultured mouse brain capillary endothelial cells a 
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difference was observed in the acute toxic effects of CsA and TAC (less toxic) 

although both suppressed P-gp function in the short term suggesting that although 

similar drugs, the mechanisms of toxicity and P-gp up-regulation are different. 

Certainly the target proteins for the two compounds are different 

The binding site for CsA has been determined between the ends of TMs 11 and 12 

(see Figure 32). It is assumed that the interaction between CsA and other P-gp 

substrates is related to either (i) their sharing of the same binding site, (ii) the 

stereotactic blockade of a separate but close binding site (including that of ATP, 

which is in close proximity to TM12) by the CsA molecule, or (iii) a conformational 

change in P-gp induced by the binding of CsA which prevents the binding of further 

substrates. The finding that CsA inhibits the labelling of P-gp with lAAP unless the 

cells are washed (repeated incubation in medium without CsA, to allow dissociation 

of CsA from the P-gp molecule) between CsA incubation and lAAP labelling 

would tend to support these hypotheses, but not necessarily differentiate the most 

likely. 

Therefore in order to study the effects of longer-term CsA exposure on P-gp 

expression and activity in cultured human renal tubular epithelial cells, 

immunohistochemistry and flow cytometry could be performed using monoclonal 

antibodies to P-gp, as long as a wash-out period, as above, was incorporated to 

minimise any direct binding interactions between CsA and the MAb (any CsA still 

bound to the P-gp would stereotactically block the binding of a MAb to the same or 

an adjacent binding site). The activity of P-gp could be measured using Rhodamine 

123 efflux and studying the effect of blocking P-gp activity with vanadate and/or 

CsA. The effect of CsA on P-gp over time should be determined by the use of control 

cells, from the same patient and treated in the same way throughout, but without CsA 

exposure. 

CsA is nephrotoxic. Prolonged exposure of cells in culture to CsA may therefore 

cause cellular damage, or perturbation of function. In order to investigate such effects 

in cells in such culture, the following can be determined (for details, see Chapter 3): 

® the cells' viability, 
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» their position in the cell cycle, 

• the cellular character by scanning and transmission electron microscopy, surface 

markers and biochemistry, and 

• other markers of damage / impairment such as the release of LDH (a cytosolic 

enzyme, which is responsible for trans-mitochondrial membrane hydrogen-ion 

transfer released by cells in culture during cell death and other toxic effects 

such as membrane perturbations 

In vivo, oral CsA is administered twice daily. CsA concentrations in the blood of 

treated patients therefore follow a diurnal rhythm: varying from the pre-dose trough of 

50-150ng/ml to a peak between 1-2 hours post dose of approximately 700-1300ng/ml, 

giving a daily AUC of approximately 4,000-10,000ng 24hr-ml'V Pharmacological 

data have shown that both the immunosuppressive actions, and also the toxicity, of 

CsA are directly related to the AUC In vitro, this variation could be reproduced by 

the perfusion of the cells with culture medium containing a changing concentration of 

CsA. If this is not possible, the CsA dose in the culture medium should be maintained 

to keep the AUC appropriate. 

Therefore, in order to detect any effect of prolonged CsA exposure on human renal 

tubular cells, avoiding as many confounding factors as possible, the following would 

be appropriate: 

• use human cells - to avoid any differing response in another species 

• use cells in culture - to avoid multiple confounding factors in giving CsA to 

human subjects / patients 

• use cells in stable culture - cells in the healthy human kidney turn over at a rate of 

0.2% per day 

• keep the cells exposed to CsA for a number of weeks - acute toxicity develops 

within days, while chronic toxicity takes longer (although the mechanism is not 

fully understood) 

« use therapeutic doses of CsA - to avoid doses acutely toxic to the cells, and 

achieve an appropriate AUC (exposure to CsA) 

• measure the effect of CsA through: 

1. cellular characterisation, viability and metabolism 
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2. P-gp activity by efflux/accumulation of known measurable substrate(s) 

3. P-gp expression by monoclonal antibodies 

4. Activity and expression in the same cells by non-competing substrates / 

antibodies, and 

compare the results in CsA-exposed cells with control non-exposed cells 

110 



Methods 

Cell Culture 

Cells were obtained and plated as per General Methods (Chapter 2) and Quiescent 

Cell Culture (Chapter 3). Cells used for CsA exposure were confluent monolayers in 

6-well (~4cm^ per well) culture inserts (see Figure 4). 1ml of QM ± CsA was added to 

the apical chamber, and 2ml to the basal chamber. 

For all experiments the effect of CsA was compared to a control, treated in the same 

way but without CsA exposure. In vivo, renal tubular epithelial cells would be 

exposed to CsA by diffusion from the peritubular capillaries on their basal surface, 

with their apical surface being exposed to urine, through which effluxed CsA is 

removed. Although urinary CsA concentrations exceed those in the blood 

movement of CsA into the cells through the apical membrane is negligible compared 

to that across the basal membrane hi the cell culture inserts, differential culture 

medium composition is possible, as the cells form a selectively-permeable barrier to 

solute movement. 

As the cells were to be exposed to CsA over a number of weeks, culture medium 

would need to be changed regularly. This was achieved by careful pipetting of the 

medium from the apical then the basal chambers, and gentle replacement of fresh 

medium. Used medium was kept frozen at -80°C for the measurement of CsA and 

LDH, both performed in batches. 

CsA was measured by radioimmunoassay using the CYCLO-Trac SP kit (Protocol 

15) from Diasorin (Germany). 

LDH was assayed using the Roche 1 644 793 kit (Protocol 16), measuring LDH 

activity by (i) the formation of NADH+H^ by LDH from lactate; (ii) the subsequent 

addition of the catalyst diaphorase transfers H/H^ to the yellow tetrazolium salt 2-[4-

iodophenyl] -3 - [4-nitrophenyl] -5-phenyltetrazolium chloride, forming a red formazan 

salt. The concentration of formazan, determined by spectrophotometry, is in direct 

proportion to the activity of LDH (Manufacturer's Data Sheet). 
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In static culture it is not possible to reproduce the diurnal variation of CsA blood 

concentrations. An average dose of 200-500ng/ml corresponds to a daily AUG of 

5,000-12,000ng-hr-mr^. 

The exposure to CsA was studied twice; preliminarily at lOOng/ml (low trough dose) 

and 500ng/ml ("high-average" therapeutic dose) concentrations for more than 5 weeks 

with the medium being changed at weekly intervals; subsequently at 300ng/ml ("low-

average" therapeutic dose) for more than 3 weeks with the medium changed thrice 

weekly. The rationale for this is explained in the results. 

Any short-term effects of CsA, or effects of CsA masked by or affected by the 

quiescence process, were also investigated by (i) growing cells in DM + CsA, (ii) 

adding CsA to cells at confluence in DM for up to 7 days, and (iii) serially 

subculturing cells in DM 4- CsA. 

The transport of CsA across the cells was quantified separately towards the end of the 

study using ^^^I-CsA (Protocol 17). 

P-gp activity and expression 

A panel of MAbs was examined for the determination of P-gp expression (see Table 

11). For flow cytometry Protocols 10 and 11 were followed. For indirect 

immunofluorescence Protocols 7 and 9 were followed, initially on 8-well chamber 

slides or cytocentrifuge preparations of cells, subsequently on confluent cell 

monolayers on culture-well membranes. 

Table 11. Flow cytometry / immunofluorescence fixatives and 

permeabilisation 

JSB-l 2% PFA / 60mins 0.05% Saponin Acetone / lOmins 5)ag/ml 

Neomarkers 

anti-P-gp 
2% PFA / 60mins No - -

MRK16 2% PFA / 60mins No 4% PFA / 4mins 5jj.g/ml 
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To determine P-gp activity, the accumulation and efflux of Rhodamine (R)123, with 

and without the effect of vanadate (and the effect of the addition of and variation in 

concentration of Mg-ATP, which may be important for the blockade of P-gp Na"̂ -K"̂ -

ATPase'^^) and CsA as inhibitors or cimetidine, ethanol (CsA vehicle) and sodium 

hydroxide (vanadate vehicle) as controls was measured. The relative P-gp activity was 

calculated from the efflux of R123 with and without CsA or vanadate in the efflux 

medium 

Protocol 18 was followed to measure P-gp activity and expression: first at the 

confluent monolayer in DM stage (around days 7 to 10) immediately before passage 

into the 6-well culture plates, then at the end of each study at between 3 and 6 weeks 

of culture. 

The protocol was adjusted subsequently (Protocol 19 - see results for explanation) to 

measure activity and expression separately (but in parallel) for the final studies 
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Results 

Cell culture success 

Weekly CsA culture 

Three specimens (two from males aged 55 & 70 years, one female age 56) were 

plated out in 6-well culture inserts at passage 1 and exposed to none, lOOng/ml and 

500ng/ml CsA respectively, refreshed weekly. 

All survived quiescence for greater than 6 weeks (43, 48 & 48 days) without loss of 

monolayer integrity by phase-contrast microscopy. 

Thrice-weekly CsA culture 

Three specimens (two male, 58 & 72, and one female aged 84 years) at passage 1 

were kept in 6-well culture inserts and exposed to none or 300ng/ml CsA, refreshed 

three times weekly (at 1-4 day intervals). 

All survived quiescence for greater than 3 weeks (23, 25 & 26 days) without phase-

contrast microscopical abnormality. 

Characterisation 

Phase contrast microscopy 

The monolayer appearance at 23 days of quiescent culture on 6-well culture inserts 

with medium refreshment thrice weekly is shown in Figure 34. Although the 

photomicrography of cells on these membranes is not as clear as those on uncoated 

plastic, the normal appearance of the majority of cells can still be seen. The 

inhomogeneity of the cell populations remains, with "islands" of cells of similar 

morphology visible. The cells retain their low ratio of length to width, however (an 

increase in the length:width ratio would suggest trans- / de-differentiation to a 

myofibroblastic phenotype). 
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Figure 34. Effect of 23 day CsA-exposure on confluent monolayers of passage 1 

cells on 6-well culture membranes. Phase-contrast photomicrographs of cells in (A) 

QM and (B) QM + CsA 300ng/ml, refreshed thrice weekly. Although the 

photomicrography of cells on these membranes is not as clear as those on uncoated 

plastic, the normal appearance of the majority of cells can still be seen. The 

inhomogeneity of the cell populations remains, with "islands" of cells of similar 

morphology visible. The cells retain their low ratio of length to width, however (an 

increase in the length;width ratio would suggest trans- / de-differentiation to a 

myofibroblastic phenotype). (Original magnification x 10) 
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Although representative photomicrographs are not available, the cells on 6-well 

culture membranes behaved similarly to those on uncoated plastic. For comparison, 

the photomicrographs in Figure 35 are of cells in passage 1 on uncoated plastic 

culture 24-wells, quiesced for 24 days with or without CsA 300ng/ml, with 

refreshment of the medium only performed weekly. Both photomicrographs show 

features suggestive of transdifferentiation towards a fibroblastic phenotype. 

The apparent change in morphology, and the phenotypic alteration suggested by this 

change when the medium was refreshed only every 7 days, was the first of the results 

that led to the change in experimental protocol to thrice-weekly medium refreshment 

with a reduced CsA dose. Both increasing the frequency of medium refreshment and 

reducing the CsA exposure promoted the maintenance of a more normal appearance, 

suggesting a reduction in transdifferentiation to a myofibroblastic phenotype. 

Transmiss ion electron microscopy 

TEM was performed on once- and thrice-weekly refreshed cells in quiescence for 6 

and 3 weeks respectively, with and without CsA exposure. 

Figure 36 to Figure 38 show the TEM results. They generally show the maintenance 

of the cellular ultrastructure previously shown in quiescence (Chapter 4), with 

appropriate cellular polarisation (apical brush border microvilli in 2 of the 3 subjects, 

and basal mitochondria and cellular invaginations), cellular organelles (rough 

endoplasmic reticulum, mitochondria, golgi apparatus, lysosomes, nuclear membrane 

and nucleolar chromatin), intracellular tight junctions and membrane interdigitations. 

The cell monolayer appeared to be maintained, although without multiple consecutive 

sections, and with the significant intracellular membrane interdigitation associated 

with the proximal tubular cell phenotype, it was not possible to determine this 

accurately. 

The cellular ultrastructure in the CsA-exposed cells was less normal. In 5 of the 6 

subjects the brush border microvilli were reduced or absent altogether. The cellular 

junctions were less prominent, the cellular heights were generally less, and the nuclei 

and cytoplasm were more electron-dense. In one subject the mitochondria were 
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bizarrely-shaped and enlarged (one feature of CsA toxicity - Figure 37H), and all 

had an increased number of lysosomes, some being particularly dense. 

A comparison of the cells in quiescence whose medium was change weekly with 

those cells whose medium was changed thrice-weekly (Figure 36 versus Figure 37 & 

Figure 38) shows that the ultrastructure of the cells with the more frequent medium 

change is much better preserved (particularly in the control cells; Figure 36 A,B, 

Figure 37 A,B,D,F and Figure 38). 

Scanning electron microscopy 

SEM was performed only once. However the results show a difference between cells 

quiesced in the presence of 300ng/ml CsA and without (see Figure 39). The reduction 

of cellular height in the CsA-exposed cells is clearly seen, as is the reduction in length 

of the microvilli (although there are not many seen in the control cells). In the control 

cells the junctions between the cells are intact, and the cells form a monolayer. There 

are holes clearly visible within the monolayer of the cells exposed to CsA. 

Immunosta in ing 

Immunofluorescence characterisation was performed first on the cells quiesced with 

no CsA, CsA 100 or 500ng/ml on 6-well culture membranes, with the medium 

refreshed weekly. It proved impossible to remove the background non-specific 

staining even on the IgGi isotype control (the control antibodies should not stain the 

samples: some slight non-specific (negative-control) staining is often seen, which is 

removed / minimised by adjusting the software settings for the microscope, ensuring 

that the same settings are used for all samples in each experiment). Non-specific 

staining is seen on cells whose membranes are disrupted, as more (and bizarre) 

antigens are exposed to the antibodies, and washing of the cells between antibody 

incubations does not remove the internalised antibodies. However, the HB95 (MFIC 

class I) and ZO-1 (tight junction constituent protein) staining was still clearly 

discernable, except on the CsA 500ng/ml cells, which appeared to be bizarre and to 

have lost much of their integrity (Figure 40). 
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Figure 35. Effect of 24 day CsA-exposure on confluent monolayers of passage 1 

cells on uncoated plastic culture 24-well plates. Phase-contrast micrographs in (A) 

QM and (B) QM with CsA 300ng/ml, refreshed weekly. A proportion of cells in both 

fields show shrinkage/rounding (arrows), consistent with apoptosis/necrosis. This is 

more marked in the cells exposed to CsA (B). Both groups of cells also exhibit an 

elongation of their shape (an increase in the length:width ratio), which can be 

associated with a change to a fibroblastic phenotype. 
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Figure 36: Effect of different concentrations of CsA on cells quiesced on 6-well 

culture membranes for 45-48 days, medium exchanged weekly. Transmission 

electron micrographs, original magnifications (varied) as shown. (A,B) control cells 

with no CsA, (C,D) CsA lOOng/ml, (E,F) CsA 500ng/ml. Cell ultrastructure 

abnormalities in the CsA-exposed cells is shown, with reduction of the brush border 

membrane, an increase in lysosome number and size, and enlargement of 

mitochondria (particularly in D). Cells exposed to the highest CsA concentrations 

exhibited multiple cytoplasmic vacuoles (E,F), and presumed exocytosis of cellular 

contents (* in F). 
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Figure 37: Effect of exposure to CsA with thrice-weekly medium change on 

confluent monolayers of cells on 6-well culture membranes over 23 to 25 days. 

Representative transmission electron micrographs - magnifications as given. 

(A,B,D,F) without and (C,E,G,H) with 300ng/ml CsA. The overall appearance of 

the CsA-exposed cells is not normal, with loss of cell height, condensed nuclear 

chromatin, increased cytoplasmic density, abnormal organelles (swollen and 

distorted mitochondria *) and prominent lysosomes (f). The brush border (+) is 

variable, but generally reduced in height (particularly in the CsA-exposed cells - C 

and G,H) and cellular junctions are not prominent (arrowheads). 
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Figure 38. Transmission electron micrograph of control cells (without CsA 

exposure) quiesced for 26 days with medium change thrice weekly. The well-

preserved brush border (A), rough endoplasmic reticulum (B), mitochondria (C), nucleus 

and nuclear membrane (D) and intercellular junctions / interdigitations (E) are well 

shown (original magnification x5,000). 
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Figure 39: Effect of CsA exposure on surface ultrastructure of confluent cells on 6-

well culture membranes. Scanning electron micrographs - magnifications as given. 

(A,B) without and (C,D) with 300ng/ml CsA. Medium was refreshed thrice-weekly. The 

brush border microvilli are seen, although their orientation and length are not normal. 

When exposed to CsA the cellular height is less and the maintenance of the monolayer is 

impaired compared to the controls. 
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Figure 40. Effect of CsA exposure on immunofluorescence characterisation of 

cell monolayers in passage 1 on 6-weIl culture membranes kept in QM for 43 

days. (A) without, or with (B) CsA lOOng/ml or (C) CsA 500mg/inl, refreshed 

weekly. The antibody signal is the green fluorescence, the red is PI counterstaining, 

which is taken up by nuclei. IgGi = isotype control, HB95 = MHC class I, ZO-1 = 

zonula occludens protein-1. Background non-specific staining is present even on the 

IgGi isotype control (particularly in B HB95). However, the HB95 (MHC class I) and 

ZO-1 (tight junction constituent protein) staining was still clearly discemable, except 

on the CsA 500ng/ml cells, which appeared to be bizarre and to have lost much of 

their integrity. Magnification x 25. 
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Figure 41. Effect of CsA exposure on confocal laser fluorescence 

characterisation of confluent monolayers of passage 1 cells kept quiesced on 6-

well culture membranes for 21-23 days (A) without and (B) with CsA 300ng/ml, 

refreshed thrice weekly. Antibody signal = green, PI nuclear counterstain = red. The 

generally better cellular morphology is seen. It was possible to exclude background 

staining from the photomicrographs. ZO-1 staining is well preserved in these cells. 

Magnification x 63. 
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This was another result leading to the change of experimental protocol from the once-

to thrice-weekly change of medium, and the reduction of CsA from 500 to 300ng/ml. 

Figure 41 shows representative laser confocal fluorescent micrographs from the three 

subjects, whose passage 1 cells were quiesced with and without CsA 300ng/ml for 21-

23 days, the medium being refreshed thrice weekly. 

It was possible to exclude control fluorescence in these samples. The cellular tight 

junction morphology remains normal (although there is some cellular shedding in the 

CsA-exposed monolayers). MHC class I is still expressed - possibly slightly less 

widespread in the CsA-exposed cells than the controls. 

Flow cytometry 

Flow cytometric characterisation was performed on the cells with and without CsA 

exposure using the same protocols and monoclonal antibodies as for quiescent cell 

characterisation (Chapter 3). 

Again, infection and technical error prevented full results, a full antibody panel only 

being performed on one sample (with all but ALP being performed on one other) -

see Figure 42. 

The only apparent difference in the characterisation between cells exposed to CsA for 

around 3 weeks and the control cells was the shift in ALP signal from an obvious 

positive-negative biphasic result without CsA to a skewed, possibly small negative 

and larger positive, peak with CsA exposure, suggesting either a greater proportion of 

proximal tubular cells in culture (ALP is a proximal marker) or an up-regulation of 

ALP on these cells. Unfortunately this was a single result, and although of interest, 

there were no repeated results to confirm this finding. 

Cell cycle 

Cell cycle determination was performed on cells kept in quiescence without and with 

CsA 300ng/ml (see Figure 43). The difference between the groups appeared to be the 

reduction of proliferation of cells in CsA-containing medium (greater GQ/i cell 

proportion, lower S- and Ga/M-phase proportions), with significantly fewer cells in S-
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phase in CsA. The expected increase in the proportion of apoptotic cells was not 

found. 

Brush border enzyme activity 

Technique failures (infections xl and protocol error x l ) prevented results on all 

quiesced cells or CsA-exposed cells. The available results are shown in Table 16 and 

Figure 44. Given the small numbers and wide variation, no trends / patterns emerge 

from these results. 

Table 16. Brush border enzyme activities in passage 1 cells in QM on 6-well 

culture membranes for 23-26 days, medium refreshed thrice weekly. Results in 

nmol min'^ mg protein ± 1 standard deviation, [number of experiments]. 

Gamma 
Alkaline Phosphatase 

Glutaniyhranslerase 

Cells in QM 343.0 ± 360.7 [21 68.5 + 47.1 3 

Cells m QM + CsA 300ng/ml 405.3 + 450.8 [2] 

Cyclosporin A transcellular transport 

After finding an apparent lack of effect of CsA on the cells after weekly medium 

change (no effect on P-gp activity or function: see CsA exposure in quiescence 

medium and P-gp expression and activity - preliminary experiments, Figure 88 to 

Figure 90), the concentration of CsA in the medium retrieved from the wells at the 

weekly medium changes was measured. In four wells over two weekly periods, it 

proved impossible to detect CsA. This was initially thought to be due to a failure of 

the technique, but after spiking the samples with CsA, CsA could be retrieved, 

suggesting that, in fact, there were undetectable levels of CsA within the samples. 

The degree of cellular exposure to CsA was therefore investigated in cells whose 

medium was changed thrice-weekly. The results of this are shown in Figure 45. 

These cells had been exposed to CsA for 8 days before the medium was taken 

(medium being changed on day 0 of exposure, then days 3 and 5). CsA was added to 
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Figure 42. Effect of incubation with CsA on flow cytometric characterisation of 

passage 1 cells on 6-well culture membranes in QM for > 21 days. (A) without 

CsA and (B) with CsA 300ng/ml. Coloured trace = sample, black line = relevant 

control antibody. HB95 = anti-human MHC class I antibody, URO-10 = anti-human 

straight segment proximal tubule, EMA = anti-human epithelial membrane antigen 

antibody, ALP = anti-human alkaline phosphatase common epitope antibody. Apart 

from an apparent increase in the proportion of ALP-positive cells (right-hand peak 

higher in B) the flow cytometry character of the cells was maintained. 
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Figure 43. Effect of CsA exposure on cell cycle. Data for cells in quiescent medium 

without (Q, blue) or with (CQ, red) CsA. Bars = means (Q, n=10; CQ, n-13), error 

bars = standard error of mean. Necr = necrotic, others = phases of cell cycle. * = 

significant difference at 5% limit (p=0.041 Mann-Whitney U). The reduction when 

exposed to CsA of the proportion of cells in S-phase was significant. 

i 600 

= 200 

E 150 

GGTi ALPd QQT d ALP q 

Assay / Cel ls 

GGT q ALP cq QQT cq 

Figure 44. Brush border enzyme activities. ALP = alkaline phosphatase activity; 

GGT = y-glutamyltransferase activity; i - day 0 original cell isolate; d = passage 0 

cells at confluence in DM; q = confluent cells on 6-well culture membranes in QM; 

cq - confluent cells in QM; a, b and c = individual subjects. The wide variation in 

enzyme activity is shown. There is no consistent effect of quiescence or CsA 

exposure on these activities. 
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the QM from aUquots of O.lmg/ml before pipetting 2ml into the basal medium 

chamber - hence 6jil of stock solution was added to each basal chamber (600ng per 

well). 

It was therefore expected that 600ng would be recovered from each well, but as can 

be seen from Figure 45 the amount recovered varied substantially, and never 

approximated 600ng. As can be seen from Figure 46 (explanation below) the amount 

of CsA within the cells on the culture membrane was very small in comparison with 

the amount in the culture medium, so the accumulation of CsA within the cells in 

culture was not the reason for the reduced amount recovered. 

The exposure of the cells to CsA is therefore less than intended, and was initially 

thought to be due to inaccurate pipetting of small volumes, but subsequent repeated 

testing of the original stock solution suggested that the initial vial of lOOmg of CsA 

actually contained about 55mg. This was a salutary lesion to an inexperienced 

investigator (after the fact) that laboratory supplies do not necessary contain what they 

say on the tin (as was assumed by extrapolation from clinical pharmaceutical supplies 

(generally) and confirmed by communication to and from the manufacturers). A 

second sample of CsA was purchased, measured to be correct and used subsequently. 

However, as can also be seen from the results, the amount of CsA in the basal 

chamber (well) reduces with increased time between medium exchanges, and it was 

shown that over 7 days the amount of CsA remaining un-transported in the basal 

chamber was minimal. 

The transcellular transport of CsA was further examined in passage 1 cells in QM in 

culture membrane inserts over a 25-hour period, with cell-free controls. The results 

are shown in Figure 46. Unfortunately this could not be repeated, owing to time and 

equipment constraints. 

The results support a hypothesis of transport of CsA across the membrane from the 

basal to the apical chamber at a rate less than diffusion (cell-free control insert results 

c2 and c25 are greater than their experimental equivalents), fortunately confirms that 

the culture membranes are permeable to CsA (although slowly - not reached 
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CsA Inserts 

• CsA Wells 

11 

Days In Cu l t u re 

Figure 45. CsA concentrations in medium from passage 1 cells in confluent 

monolayers grown on 6-welI culture membranes in medium with 300ng/ml CsA 

initially placed in the well (basal) medium. CsA wells (yellow) = concentration of CsA 

left within medium from the well (basal medium compartment), CsA inserts (red) = 

concentration of CsA transported to the medium in the insert (apical medium 

compartment). X-axis = days in culture when medium was refreshed - previous 

refreshment performed on day 5. In the wells, the reduction of CsA, and in the inserts, the 

accumulation of CsA with time is seen. 
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Figure 46. Bar charts showing CsA transport results: Insert medium (red) = 

concentration of CsA within culture insert medium; Filter (blue) = concentration of 

CsA per ng protein (cells on the culture membrane); Well medium (yellow) = 

concentration of CsA within culture well medium. X-axis - hours of incubation, c-

values = control wells without cells, Y-axis = concentration of CsA, (A) unadjusted 

values in ng/ml, (B) insert ng/lOmI, filter ng/O.lng protein, well ng/ml. The transport 

of CsA from the wells to the apical chamber, once the cells are loaded with CsA is 

shown (the cells were not pre-loaded, so the 1 hour filter uptake of CsA appears to be 

artefactual - experiment needs to be repeated). The transport of CsA across the 

membranes was faster than that across the cell monolayer (2 & 25 results less than c2 

dkclS). 
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equilibration by 25 hours) and shows that the cells accumulate CsA. 

The results also suggest that the transport of CsA depends on prior loading of the cells 

with CsA, as it would appear that CsA transferral to the insert (apical) medium only 

occurs once the cells contain CsA (the 1 hour cellular content result appears to be a 

significant outlier from the rest of the results, may be artefactual, and would have 

been repeated if time had allowed). 

Lactate dehydrogenase release 

Figure 47 and Figure 48 show the cellular release of LDH into the medium during 

culture. There are two cell populations represented: 

1. cells whose medium is refreshed thrice-weekly; and 

2. those undergoing medium change only every 7 days. 

The assumption that fresh cell culture medium does not contain LDH was made, as 

this was not listed in the contents. The results show that (i) cells incubated with CsA 

release more LDH and (ii) cells release more LDH with increasing time in culture, 

although (iii) the release of LDH in culture is not linear over time. 

P-gp expression experiments 

Immunohis to logy 

In order to determine the baseline expression of P-gp in the human renal tissue from 

which each population of cells was taken, immunohistology was performed on frozen 

sections of tissue. Light microscopy was used first, as a simple technique. Indirect 

immunohistology involves incubating tissue with primary antibodies against the 

epitope under investigation (which may require fixation to be unmasked - tissue 

preparation techniques often mask proteins and fixation (exposure of the cells, 

membranes and contents to compounds which may cross-link or otherwise modulate 

protein structures to expose or stabilise epitopes) is required to allow the antibodies to 

bind to the protein epitopes), then with secondary antibodies that bind to the 

primaries. These secondary antibodies can be bound to molecules that can be seen 

under the microscope, or more often bound to molecules that can cause a colour 

132 



• No CsA (n=4) 

CsA 300ng/ml (n=2) 

3 120-

0) 6 0 -

2 3 4 

Days since last media change 

Figure 47. LDH concentration in refreshed medium from passage 1 cells in 

confluent monolayers on culture membranes in 6-well plates. No CsA (light blue) 

= medium from cells cultured without CsA, CsA (darker blue) = medium from cells 

exposed to 300ng/ml CsA in the basal chamber, X-axis = number of days since 

medium was refreshed. This shows that cells incubated with CsA release more LDH 

and that LDH release is not linear over time. 
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Figure 48. Extrapolated total LDH content of medium from passage 1 cells in 

confluent monolayers on culture membranes in 6-well plates. No CsA (green) = 

medium from cells incubated without CsA, CsA (red) = medium from cells exposed 

to 300ng/ml CsA in the basal chamber. X-axis = days since medium was refreshed 

(days 5 and 6 extrapolated from results for days 4 & 7). These graphs were calculated 

from the differences in mean LDH quantities in 1, 2, 3, 4 and 7 day samples. They 

imply that the release of LDH increases with increasing time in culture. 

133 



change in a third chemical added to the specimen, or attract coloured chemicals to the 

antibody to be seen under the microscope. 

P-gp can be detected in paraffin sections, which produce much better preservation of 

tissue structure. However, only the MAb JSB-1 can be used on paraffin sections. This 

MAb has two major problems in its routine use: (i) it has been shown to cross-react 

significantly with pyruvate carboxylase, which is abundant in the many mitochondria 

of renal tubular cells, hence positive staining could be not from P-gp, and (ii) JSB-1 

requires complicated unmasking / signal enhancing techniques to reliably stain P-gp, 

which are beyond the expertise of this laboratory. Dual staining on paraffin sections, a 

technique employed to identify two (or more) epitopes on the same tissue, is equally 

difficult. 

Immunohistochemistry was therefore performed with MRK16, a human P-gp-specific 

antibody that is widely commercially available and can be reliably used on frozen 

sections, hiitial attempts at streptavidin-biotin (SAB) peroxidase staining proved 

ineffective on sections (Figure 49 - the difference between the non-specific 

background staining of the negative control and the specific staining of the proximal 

tubules for P-gp is minimal), which was largely attributed to the widespread location 

of biotin and endogenous peroxidases within the kidney, causing a high degree of 

background 'noise' (staining in negative control sections) and reducing the 'signal-to-

noise' ratio (the difference between positive staining and negative controls) of such 

staining techniques. 

The SAB technique is shown graphically in Figure 50. While the technique is 

designed to reveal epitopes where there are endogenous biotin and peroxidases 

present, the extreme concentration of these molecules within renal tissue prevented 

the use of streptavidin/biotin for imaging. 

Subsequent attempts with immunofluorescent techniques did not fare much better; 

• FITC-conjugated secondary antibodies were limited by dramatic autofluorescence 

of the renal tissue (Figure 51). This shows tissue only treated with the PI red 

nuclear counterstain. The extensive green signal, which occupies the same 

wavelength as FITC emission, is attributed to autofluorescence of collagen, as it is 
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emitted from basement membranes and areas of tissue that appear to contain 

fibrosis. 

• TRITC-conjugated secondary antibodies emit light further from the 

autofluorescence wavelength. This is shown in Figure 52, where the red light 

signal is obtained from a TRTTC-conjugated secondary Ab binding MRK16, 

which shows P-gp expression. Nuclear counterstaining (very useful to further 

define the tissue content) is however prevented as TRITC-emitted light shares the 

same emission wavelength as PI and 7AAD. 

• The use of Cy5-conjugated secondary antibodies was more promising, as its 

emission wavelength is separated from those of PI and of the (FITC-similar) 

collagen autofluorescence (see Figure 78). The resultant photomicrographs were 

still disappointing, however (Figure 53), as more Cy5-staining is visible in the 

interstitium than in the tubules. This may have been a problem with the blocking 

of non-specific epitopes, or some cross-reaction between the primary antibodies, 

but was not explored further. 

Immiinocytology 

The detection of P-gp on cultured cells proved more straightforward. Cytocentrifuge 

preparations of cells, then monolayers of cells on 8-well chamber slides were initially 

investigated with the monoclonal antibody MRK16 using the SAB peroxidase 

technique (Figure 54). Again, however, the lack of definition of the positive staining, 

and the high background in the negative controls from (presumably) the endogenous 

biotin and peroxidases (despite the use of several different peroxidase blocking 

techniques) made the routine use of this light microscopic technique inappropriate to 

determine P-gp expression in these cells. 

Immunofluorescent techniques, however, proved very useful. Titration of the antibody 

concentrations and variations in times of incubation led to very good definition 

photomicrographs being obtained (see later in this chapter). 

Both transmission fluorescence and laser confocal fluorescence microscopy were 

possible. The optical definition of the images was slightly greater with transmission, 

but autofluorescence from the synthetic cell membranes with transmission, and the 
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Figure 49. Streptavidin-Biotin iininunoperoxidase staining of frozen sections of 

human renal cortical tissue. (A) Isotype control antibody, (B) MRK16 monoclonal 

antibody. Brown staining = positive antibody signal, blue / purple = haeraatoxylin 

counterstain. These are the best photomicrographs available and still the difference 

between the non-specific background staining of the negative control and the specific 

staining of the proximal tubules for P-gp is minimal, which was largely attributed to 

the widespread location of biotin and endogenous peroxidases within the kidney, 

causing a high degree of background 'noise' (staining in negative control sections) 

and reducing the 'signal-to-noise' ratio (the difference between positive staining and 

negative controls) of such staining techniques. Magnification x 25. 
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Figure 50 - Diagrammatic representation of the Streptavidin-Biotin indirect 

immunohistochemistry technique. • = avidin, | = biotin, # = DAB (diamino-

benzidine) substrate, # = peroxidase,'^ = peroxidase block,,/#' - peroxidased 

(coloured) DAB, ^ - mouse-like epitopes, ' = biotin-conjugated sheep anti-mouse 

secondary antibody, streptavidin/peroxidase-conjugated biotin complexes, 

# = target epitope, = non-specific sheep antibodies. 1. Endogenous peroxidases, 

mouse-like epitopes and biotins are blocked, and the added avidin blocked with biotin 

(each biotin binds only one avidin). 2. Mouse MAb binds the target epitope, then the 

biotin-conjugated secondary sheep anti-mouse Ab binds the primary. 3. Streptavidin/ 

peroxidase-conjugated biotin complexes are added, the avidin of which binds to any 

available biotin. DAB substrate is added, which 4. is converted to a coloured product 

by unblocked peroxidase, revealing and amplifying the presence of the target epitope. 
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Figure 51. Immunofluorescence micrograph of frozen section with no primary 

or secondary antibodies, counterstained with PI (red nuclear stain). Magnification 

X 63. The green autofluorescence of endogenous collagen is clearly seen, which 

prevents staining with FITC-conjugated antibodies as these would fluoresce in the 

same wavelength and be indistinguishable from the autofluorescence. 
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Figure 52. Laser confocal micrograph of frozen section, stained with MRK16 

and TRITC-conjugated secondary antibody, without counterstaining. Magn. x 

40. Again the green autofluorescence is clearly seen. The MRK16 (red) staining is 

present and reasonably discemable. This would not able to be differentiated from 

nuclear counterstaining using PI or 7AAD, which is useful to define the tissues and 

cells being stained. 
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Figure 53. Laser confocal micrograph of frozen section with MRK16 and ai-

antitrypsin. Blue staining - CyS-conjugated secondary and MRK16 primary: which 

should highlight brush border within the proximal tubules. Red staining = TRITC-

conjugated secondary to ai-antitrypsin (tubular basement membrane protein 

FITC channel signal reduced significantly. Magnification x 25. The blue MRK16 

staining is seen in the (proximal) tubules, but is also seen strongly in the interstitium. 

This may have been a problem with the blocking of non-specific epitopes, or some 

cross-reaction between the primary antibodies, but was not explored further. 

Figure 54. Streptavidin-Biotin immunoperoxidase light micrographs of confluent 

cells in DM on 8-welI glass chamber slides. (A) Isotype control, (B) MRK16 

primary antibody (brown staining). Haematolxylin nuclear counterstain = purple. 

Magnification x 25. The lack of definition of the positive staining, and the high 

background in the negative controls from (presumably) the endogenous biotin and 

peroxidases (despite the use of several different peroxidase blocking techniques) 

makes the routine use of this light microscopic technique inappropriate to determine 

P-gp expression in these cells. 
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greater ability to determine positive from negative signals with laser confocal 

microscopy (results not shown), led to the latter being adopted as the method of 

choice for the remainder of the project. Laser confocal microscopy also has the 

advantage over transmission of being able to investigate the relation of 

immunostaining to cell ultrastructure, as microscopic sectioning through the specimen 

is possible (see Appendix 3). 

With the subsequent culture of cells on permeable and flexible cell culture 

membranes, cytocentrifuge preparations of cells became unnecessary as it became 

possible to image the monolayers in situ by cutting the membranes from their holders 

and mounting them directly on microscope slides. This obviously had advantages in 

the imaging of confluent cell monolayers and in the retained polarisation of the cells 

(Figure 55), which was not possible on the disrupted cells of the cytocentrifuge 

preparations. 

Flow cytometry 

In order to determine more accurately populations of cells with different cellular 

marker expression (which can be internal or external, endogenous or exogenous), flow 

cytometry can be used. 

The cells under investigation need to be disrupted from the culture surface, therefore 

no polarisation or localisation is possible, but the degree of expression of the marker 

in question can be accurately defined, as can the proportions of expressing / not 

expressing cells. 

Three anti-P-gp primary monoclonal antibodies were investigated for their 

appropriateness for determining P-gp expression in this cell population. 

• JSB-1; this is one of the original monoclonal antibodies directed against P-gp. As 

described above the main drawbacks of its use are the cross-reactivity against (a) 

pyruvate carboxylase, which is present in mitochondria (which are abundant in 

renal tubular epithelial cells), and (b) the fact that it is directed against an internal 
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Figure 55. Laser confocal micrograph "sections through" a confluent monolayer 

of cells on 6-well culture membrane, stained with FITC-secondary and MRK16. 

Green signal = FITC-labelled MRK16, i.e. P-gp protein. Red signal = nuclei 

(counterstained with PI). Sections left right are Ijum thick from the apical surface 

of the cells to the basal surface. The polarisation of the P-gp-staining to the apical 

membrane, with none intracellularly, is clearly seen. Original magnification x 63. 
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epitope of P-gp and the cells therefore require being permeabilised to achieve 

staining. 

In order to specifically determine P-gp expression in these cells using JSB-1, the cells 

would need to be permeabilised sufficiently to expose the internal epitope of P-gp, but 

not enough to expose the intra-mitochondrial pyruvate carboxylase. 

A variation on Protocol 11 was used, which added a permeabilisation step prior to 

each addition of antibody (primary and secondary), and involved washing the cells 

with permeabilising agent instead of wash buffer. 

The results of a standard permeabilisation with varying fixation techniques are shown 

in Figure 56. The lack of a right-shift of the trace from the control trace (i.e. positive 

result) after no fixation, which is present after fixation with paraformaldehyde, shows 

that fixation is required for binding of JSB-1 to P-gp. 

The results of a variety of permeabilising agents are shown in Figure 57. Anti-

vimentin (an intracellular cytoskeletal component ^̂ °) antibody was used as a positive 

control to determine that the cellular membrane had been permeabilised, and an anti-

mitochondrial inner-membrane antibody was used to determine whether the 

mitochondrial membranes had been permeabilised. hi the unfixed, un-permeabilised 

results on the top line of Figure 57, although a proportion of cells have a strong JSB-1 

signal (right-most peak greater signal than right-most control peak), and the anti-

mitochondrial antibody signal is negative (trace same as control), only a proportion of 

cells are vimentin-positive, when all should stain for this ubiquitous structural 

element. Both the second and third lines of Figure 57 show positive vimentin and 

JSB-1 signals, but slightly positive anti-mitochondrial antibody results. Repeating this 

on subsequent subjects (n=12) produced no standard results. Although it appeared that 

JSB-1 staining was possible, the permeabilisation was not reliable, so this MAb was 

not used further. 

» MRK16: this anti-P-gp monoclonal antibody is directed against a human-specific 

external epitope, and therefore cellular permeabilisation is not necessary for P-gp 

binding. 
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Figure 56. Representative flow cytometry histograms of confluent cells disrupted 

from DM and stained with JSB-1 using differing fixation techniques. All panels: 

filled trace = JSB-1, line = appropriate isotype control; (A) = no fixation or 

permeabilisation: subsequent traces all permeabilised with 0.05% Saponin; (B) = 2% 

PFA fixation for lOmins (C) = 2% PFA for 30mins (D) = 2% PFA for 60mins. The 

requirement for fixation and permeabilisation is shown (only with saponin and 

sufficient time in PFA does the antibody signal become distinct (right shift) from the 

control. 
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Figure 57. Representative flow cytometry histograms of confluent cells disrupted 

from DM and stained v îth JSB-1 using differing permeabilisation techniques. All 

panels; filled trace = relevant antibody, line = appropriate isotype control; Anti-Mito 

Ab = Anti-Mitochondrial inner membrane antibody, PFA = 2% PFA fixation for 

60mins, Saponin = permeabilisation with 0.05% Saponin, Triton-X = permea-

bilisation with 0.1% Triton X-100. The requirement for fixation and permeabilisation is 

shown (all cells should be Vimentin positive). However, the non-permeabilised JSB-1 

trace is more appropriate than the permeabilised, as not all cells should be positively 

staining (right (positive) and left (negative) peaks). The anti-mitochondrial inner 

membrane antibody signal should be negative, if the interior of the mitochondria is not 

being exposed to the antibodies. This is likely to explain the single positive JSB-1 peak, 

as JSB-1 would be allowed to bind to pyruvate carboxylase within the mitochondria. 

Moreover, the effects of fixation and permeabilisation vary greatly between subjects. 
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However, as can be seen from Figure 58, fixation is still required for P-gp detection 

(there was no positive [vs. control] peak for the MRK16 signal without fixation or 

with fixation with 2% PFA for less than 30 minutes). 

In the next section it will be shown that fixation of the cells interferes with the 

simultaneous investigation of P-gp activity, therefore a third anti-P-gp monoclonal 

antibody, whose product literature suggested that it might be used without fixation, 

was investigated in the same way: 

• Neomarkers' Anti-P-gp monoclonal antibody is also directed against an 

external epitope, and was suggested to not require fixation to unmask its binding 

site on the P-gp molecule. 

The results of the determination of the appropriate concentration for P-gp detection, 

and of the fixation required are shown in Figure 59. Without fixation there is no 

difference between the traces for the antibody under investigation and the negative 

isotype control, suggesting no binding to P-gp. When fixed, 2.5fig of the Neomarker's 

antibody was sufficient to produce a positive peak, so the lack of a positive signal 

without fixation was felt to be due only to the lack of fixation. 

These results showed that this antibody also required fixation for P-gp binding, so had 

no advantage over the more commonly reported MRK16 and was therefore not used 

in further experimentation. 

P-gp activity experiments 

In order to determine the activity of P-gp, a substrate of P-gp that would be reliably 

taken up by these cultured primary human renal tubular epithelial cells and mainly 

actively effluxed from the cells by P-gp, was required. The available literature 

suggested Rhodamine (R)123 as an appropriate substrate, the intracellular 

concentration of which could easily be determined by flow cytometry. 
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Figure 58. Representative flow cytometry histograms of confluent cells disrupted 

from DM and stained with MRK16 using differing fixation techniques. All 

panels: filled trace = relevant antibody, line = appropriate isotype control; (A) = no 

fixation, (B) = fixation with 2% PFA 20mins, (C) = fix. with 2% PFA 30mins, (D) = 

fix. 2% PFA 60mins, (E) = fix. 4% PFA lOmins, (F) = fix. 4% PFA 30mins and (G) 

fix. 4% PFA 60mins. The requirement for fixation is shown. The greatest signal and 

differentiation from the negative cells (highest peak and shifted furthest to the right) 

is seen with 2% PFA for 60mins (D): this was therefore used for subsequent studies. 
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Figure 59. Representative flow cytometry histograms of confluent cells disrupted 

from DM and stained with Neomarkers' Anti-P-gp monoclonal antibody 

2.5pg/ml using differing fixation techniques, and effect of Ab concentration. All 

panels; filled trace = relevant antibody, line = appropriate isotype control; (A) = no 

fixation, (B) = fixation with 2% PFA lOmins, (C) - fix. with 2% PFA SOmins, (D) 

and all subsequent = fix. with 2% PFA 60mins, (E) = MRK16 on same cells for 

comparison, (F) = Neomarkers' anti-P-gp Ab l|ig/ml, (G) = 2.5|Lig/ml and (H) = 

5jug/ml. The requirement for fixation of the Neomarkers' antibody is shown (lack of 

positive signal peak without PFA fixation). 
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Determination of R123 uptake 

The reliability of the uptake of R123 into the cells, and the determination of its 

concentration by flow cytometry was examined first. 

Figure 60 shows representative flow cytometry results from cells disrupted from their 

culture surface and incubated for 30 mins at 37°C with R123 0.5p,g/ml in 

DMEM:Ham's-F12 medium / 10% FBS. 

From the literature, it is assumed that the uptake of R123 is passive, therefore 

probably follows first-order kinetics and the total amount of R123 which each cell can 

accumulate is finite (presumably determined by the cells' volume and dependent on 

the concentration of R123 in the external medium). The effect of time of the uptake of 

R123 into the cells is shown in Figure 61, which confirms these assumptions (cells 

saturated by 40mins, final cell R123 fluorescence proportional to forward scatter, i.e. 

cell size). 

Efflux pathway(s) will be removing R123 from these cells while they accumulate it 

by diffusion. It can be assumed from these results that as the cells accumulate R123 

and reach steady state / saturation the rate of passive uptake exceeds the efflux rate. 

The impact of efflux on accumulation is detectable but not large, and is shown later. 

As can already be seen, it was not always possible to use the same number of cells for 

each experiment. Indeed, the numbers of cells often varied between different tubes 

within the same experiments (the same volume of cell suspension was used for each 

separate tube, but with volumes such as 10-20^1 significant variations in cell numbers 

were inevitable). 

The effect of the variation of cell numbers between samples on the uptake of R123 

was therefore investigated, as any significant difference in the accumulation and 

therefore the R123 fluorescence signal would interfere with and probably confound 

any experimental results. Figure 62 shows the negligible effect of cell number on the 

accumulation of R123. 
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Figure 60. Flow cytometric investigation of cells incubated with R123. (A) 

histogram of the first fluorescence channel (FL-1) signal and (B) density plot of FL-1 

against Forward Scatter (FSC - measure of cell size, blue = low to red = high 

density). Cells incubated for 30mins with R123 0.5|ig/ml. The filled trace is of the 

cells exposed to R123, the line is the control - cells incubated in the same medium for 

the same time without R123. Each result is of 5000 cells. The normal distribution and 

narrow spread of the signal is evident: the majority of the spread is due to a positive 

correlation of R123 signal with cell size. 
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Figure 61. Effect of R123 incubation period on flow cytometry results. Cells 

incubated with R123 0.5|ug/ml. (A) plots of 1,2, 5, 10, 20 and 30min incubations 

(5000 cells each); (B) plots of 20, 40 and 60min incubations (2500 cells each: A and 

B = separate experiments); (C) density plot of cells incubated with R123 for 60mins 

(from experiment B) - again shows signal is proportional to and spread is mainly due 

to variation in cell size (forward scatter signal). For clarity, control cell histograms 

are not shown, but all had minimal FL-1 signal as shown previously. Incubation times 

indicated (' = mins). 
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Figure 62. The effect of variation of sample cell number on the accumulation of 

R123. The numbers vary by 16-fold between the lowest and the highest samples 

(approximate numbers (xlO'*): 2, 4, 8, 16 and 32). The filled trace is the control cells, 

the coloured lines the individual sample histograms. (Geometric means 403, 406, 

466, 473 and 446 respectively - control cells 4.35, Pearson's correlation GM versus 

cell number R^= 0.2443.) There is clearly no effect on the accumulation of R123 of 

the number of cells in the sample. 
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Figure 63. The effect of R123 concentration on FL-1 flow cytometric 

fluorescence signal. Coloured unfilled lines = traces for each R123 concentration 

(0.1, 0.25, 0.5, 0.75, 1.0 and 2.0^g/ml), filled line = control cells. Line graph = 

correlation of FL-1 geometric mean versus R123 concentration. The expected linear 

relationship between the concentration of R123 and the GM of the FL-1 signal is 

clearly shown. 
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The effect of a variation in the concentration of R123 was also investigated, to 

confirm the initial assumptions that passive accumulation would lead to a maximal 

intracellular concentration of R123 equivalent to that of the surrounding medium. The 

accumulation over 30mins was found to be proportional to the concentration of R123 

(see Figure 63). In order to detect the entire population of cells with the higher 

concentrations of R123, the amplification of FL-1 signal was reduced, leaving the 

control cells as mainly undetectable (zero fluorescence, reducing the accuracy of any 

mathematical calculation of differences between control and sample cells). 

These findings, and the easy discrimination of cells accumulating R123 at 0.5|ig/ml 

from those that had not, led to the adoption of 30 minutes accumulation and this 

concentration of R123 as the standards for subsequent experimentation (n.b. higher 

control cell signals in previous figures = higher FL-1 amplification). 

Determination of R123 efflux 

According to the literature, R123 is a substrate of P-gp. As such it should be actively 

pumped (if available to P-gp) from the cultured human renal tubular cells (which 

should express P-gp) in a time-dependent manner. 

The efflux of R123 should be competitively inhibited by inhibitors of P-gp activity, 

and should not be apparent in cells that do not express P-gp, which should moreover 

not be affected by P-gp-activity inhibitors. 

The time-dependent efflux of R123 was therefore determined, the results of which are 

shown in Figure 64. From this it can be inferred that the complete efflux of available 

R123 is achieved by 60mins, although subsequent efflux experiments used 90mins as 

standard. 

The influence of P-gp activity on R123 efflux was examined in a number of ways: 

1. by comparing the efflux from primary human renal tubular epithelial cells (which 

should express P-gp) with that in LLC-PKl cells (a porcine renal tubular epithelial 

cell line which expresses negligible P-gp _ see Figure 65. 
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2. by determining the effect of competitive inhibitors of P-gp function on R123 

efflux - see Figure 66 to Figure 69. 

3. by determining the effect of inhibitors of other pathways, such as the organic 

cation efflux pathway, in case R123 efflux is partly / fully mediated through this 

pathway rather than P-gp see Figure 70. 

To summarise these results: 

1. When pre-incubated with R123 then placed in R123-free medium, there was a 

much greater loss of R123 from cells that should express P-gp (human tubular 

epithelial cells) than from those which do not (LLC-PKl cells). This finding 

supports the literature that R123 is a P-gp substrate, and the assumption that these 

cultured human cells express P-gp. 

2. The reduction of the efflux of R123 from the human cultured cells by known P-gp 

inhibitors in a concentration dependent manner further supports the assumption 

that the efflux is P-gp mediated. 

3. The lack of effect of these P-gp inhibitors on the efflux of R123 from cells that do 

not express significant levels of P-gp supports the R123-efflux-P-gp link still 

further. 

4. The true effect of the P-gp inhibitors on R123 efflux was further strengthened by 

the lack of effect of Mg-ATP, ethanol and sodium hydroxide on efflux (and/or 

accumulation). These experiments also showed that Mg-ATP was not required for 

vanadate-mediated P-gp inhibition. 

5. The lack of the inhibition of R123 efflux by cimetidine refuted the literature (in 

rats'^^) that R123-efflux was mediated by the organic cation pathway, although 

there was a dose-related increase in R123 loss from the cells exposed to 

cimetidine which is not explained (i.e. potentiation of P-gp activity (cimetidine is 

a substrate of P-gp - perhaps the activity of P-gp is enhanced acutely by 

cimetidine [c.f. chronically by CsA^^^]) or other route of R123 efflux: possibly a 
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Figure 64. Effect of efflux time on flow cytometry histograms of cells pre-

incubated with R123. 30min pre-incubation with R123 0.5|ig/ml. (A) Efflux times 1, 

2, 5, 10, 20 and 30mins; (B) Efflux for 30, 60 and 90mins (different experiment); (C) 

line graph of geometric means of traces from experiment A. The efflux appears to be 

exponential after 5 mins as expected, and completed by 60 minutes (some residual 

signal remains - R123 is taken up by mitochondria). 
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Figure 65. Comparison of R123 efflux between a commercial porcine cell line 

and primary cultured human renal tubular epithelial cells. (A) LLC-PKl cells, 

(B) primary human cells. In both histograms filled line = control cells, black line = 

cells accumulated R123 0.5|Ug/ml for 30mins, green line = cells pre-accumulated 

R123 0.5}xg/ml for 30mins then transfered to R123-free medium at 37°C for 90mins. 

Minimal efflux from the porcine cells (consistent with diffusion) is seen, while much 

greater efflux from the P-gp expressing HTECs is seen. 
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Figure 66. Effect of different concentrations of known inhibitors of P-gp activity 

on R123 efflux. (A) Cyclosporin A (concentrations in )Lig/ml), (B) Sodium 

orthovanadate (Vi - concentrations in mM) + 0.8mM Mg-ATP. Red lines in (B) = 

controls: filled = no R123, dotted = accumulation with no efflux. All others pre-

incubated with R123 as above, then effluxed in R123-free medium for 90mins. 

Increasing concentrations of V; increasingly reduce the efflux of R123 from these 

cells, suggesting an increasing inhibition of P-gp efflux activity. 

CsA&Vi None&V, None 

Figure 67. Comparison of effects of known inhibitors of P-gp activity between 

transformed porcine cell line and primary human cells. (A) LLC-PKl cells, (B) 

primary human cells. Filled red lines = controls, all others pre-incubated with 

0.5fig/ml R123 for 30mins, then effluxed in R123-free medium for 90mins. Black 

line = efflux in medium only, green line = efflux in medium with 2.5|LIM CsA, blue 

line = efflux in medium with 5mM sodium orthovanadate (Vi) + 0.8mM Mg-ATP. 

The lack of difference between CsA, Vi and none signals in the porcine cells, and the 

reduction of efflux in the HTECs with both CsA and Vi, support the hypothesis that 

P-gp effluxes R123 from HTECs but not LLC-PKl cells. 
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Figure 68. Effect of different Mg-ATP concentrations with sodium 

orthovanadate on R123 efflux. (A) effect of Mg-ATP on R123 accumulation 

(0.5p,g/ml R123 for 30mins) and efflux (pre-incubated in 0.5|ug/ml R123 for 30rains 

then placed in R123-free medium for 90mins), (B) effect of different Mg-ATP 

concentrations on Vi-inhibition (5mM) of R123 efflux (pre-incubated and effluxed as 

previous). Concentrations of Mg-ATP = mM. Filled lines = R123-free controls. 

Dotted line = control; R123 accumulation (0.5|ug/ml R123 for 30mins) without 

efflux. There is no effect of Mg-ATP alone on efflux or accumulation. There appears 

to be no effect on the efflux of R123 of the concentration of Mg-ATP with Vi. 

None 
Ethanol 

CsA only 
+NaOH 

Figure 69. Effects of the vehicles of cyclosporin A and sodium orthovanadate on 

the efflux of R123. (A) 0.2% ethanol, (B) Cyclosporin A ± 0.05N sodium hydroxide 

(NaOH). Filled lines = R123-free control cells. All others pre-incubated with 

0.5|ug/ml R123 for 30mins. All but dotted red line: then effluxed ± vehicles in R123-

free medium for 90mins. There is no effect of the vehicles on efflux. 
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Figure 70. Effect of cimetidine on R123 efflux. (A) cimetidine 50fiM versus none, 

(B) different concentrations of cimetidine (|nM). Filled lines = R123-free control 

cells. All other lines = cells pre-incubated with R123 0.5|ug/ml for 30mins then 

effluxed ± cimetidine in R123-free medium for 90mins. There appears to be an 

increase in efflux of R123 from these cells with increasing concentrations of 

cimetidine, an organic cation pathway inhibitor. In rats, cimetidine blocks the efflux 

of R123 as this is mediated through the cation pathway, which does not appear to be 

the case with these human cells. The increase in efflux may be related to 

displacement of the R123 from the cellular mitochondria, or a cellular membrane 

permeabilisation effect. 
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direct cell / mitochondrial membrane-permeabilisation effect, or maybe by 

increasing the availability of R123 to P-gp by displacing it from mitochondria). 

The aim of the determination of the efflux of R123 was to gain a measure of the efflux 

activity of P-gp in a cell population. The reproducibility of this measurement can be 

seen in most of the figures (the overlapping of histogram lines in efflux implies the 

same degree (of spread) of efflux across the population). 

Further evidence for P-gp activity 

While the cells are accumulating R123, P-gp efflux, an active process and therefore 

possible against a diffusion gradient, should still be occurring, reducing the maximum 

uptake of R123. Theoretically, greater R123 accumulation could be achieved by the 

addition of P-gp inhibitors to the R123 solution (see Figure 71). 

The effects of the P-gp inhibitors CsA and sodium orthovanadate on the accumulation 

of R123 in human primary cultured tubular cells and porcine transformed tubular cell 

line are shown in Figure 72. In the human cells, a small but reproducible increase in 

uptake is associated with incubation with the P-gp inhibitors. This was a 

representative result from at least 35 similar experiments, each with more than 5,000 

cells per sample. No similar finding is seen with the porcine cells, where CsA 

decreased and Vi increased the R123 fluorescence. The lack of effect of cimetidine on 

R123 accumulation is also shown and is contrary to the two reports that R123-efflux 

is mediated through the organic cation pathway alone or through that pathway in 

combination with P-gp 

Calculation of P-gp activity 

According to Van der Kolk et al an "efflux blocking factor" (EBF) can be 

calculated for any P-gp inhibitor by determining the ratio of the R123 fluorescence of 

cells pre-incubated with R123 then allowed to efflux for a set time with and without 

the P-gp inhibitor (see Figure 73). The geometric mean of the cells' R123 

fluorescence signal is used as it gives a more accurate estimate of the average 

population signal (the fluorescence signal is measured on a logarithmic scale and the 
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Figure 71. Schematic diagrams of the effect of the blockade of P-gp by P-gp 

inhibitors on the accumulation of R123. (A) without P-gp inhibitor, (B) with P-gp 

inhibitor. Double arrow = diffusion of R123 between medium and cell cytoplasm. 

Single arrow = P-gp-mediated efflux of R123. The blockade of the unidirectional 

efflux pathway allows greater accumulation of R123 (P-gp-mediated transport 

appears faster than movement by diffusion). 
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Figure 72. The effect of P-gp inhibition (and cimetidine) on R123 accumulation 

in primary human cells and transformed porcine cells. (A) Human cells 

(n=13,000), (B) LLC-PKl cells (n=10,000). Filled lines = control R123-free cells. 

Black lines = R123-only. Green lines = R123 and CsA 3fXg/ml, Blue lines = R123 + 

Vi 5mM, Purple line = R123 + cimetidine SOjuM. The lack of effect of cimetidine on 

the uptake of R123 in the human cells is seen (equivalent uptake = overlapping 

traces). The increase in uptake (i.e. decrease in efflux) in human cells with CsA and 

Vi is seen by the right-shift of the traces. The lack of a similar effect on LLC-PKl 

cells, which do not express P-gp, is seen (although CsA appears to reduce the uptake / 

increase efflux, possibly by a toxicity / membrane perturbing effect). 
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Figure 73. Schematic diagram of van der Kolk et al's experiments. The flow 

cytometric fluorescence signals (peaks) are directly related to the cellular retention of 

R123. The geometric means (dashed hnes) give a numeric representation of the R123 

signal. The ratio of blocked efflux signal (A) to free efflux (B) gives the "efflux 

blocking factor" of the P-gp inhibitor. 
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Figure 74. Flow cytometric determination of the "Efflux Blocking Factors" of 

CsA on renal cells. (A) primary human cells, (B) transformed porcine cell line LLC-

PKl. Filled lines = R123-free controls, Black lines = CsA-inhibited efflux, Green 

lines = free efflux. Respective geometric means (GM) are shown above each trace. 

EBFs ([black GM - red GM] / [green GM - red GM]) = (A) 6.07 and (B) 0.86. The 

higher the EBF the greater the P-gp activity (if the same blocking substance / 

concentration is used), showing that LLC-PKl cells exhibit no P-gp activity. 
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geometric mean calculates the average on a log scale) and therefore smoothes the 

effect of outliers 

The geometric mean of the R123 signal from the inhibited cells is proportional to the 

degree of blockade, and the ratio between the inhibited and un-inhibited cells gives 

the "strength" of the activity-reduction by the inhibitor under investigation. They used 

this technique with the synthetic CsA analogue PSC833 to determine the degree of P-

gp activity in paediatric patients' leukaemic cells, in an attempt to correlate this with 

the clinical failure of chemotherapeutic agents in this disease. 

Figure 74 shows this calculation performed on primary human tubular epithelial cells 

and the porcine transformed cell line, using the P-gp inhibitor CsA. The inhibition of 

R123 efflux in the human cells, and the lack of effect on the porcine cell line are 

clearly shown. The geometric means are provided by the flow cytometry software 

(Beckton Dickinson CellQuest®). 

The determination of the EBF for each cell population depends on the R123 

fluorescence signal on flow cytometry. As well as being influenced by the 

accumulation and subsequent efflux of R123, the strength of the signal is related to 

the background autofluorescence of the cells (hence the subtraction of the GM of the 

control R123-free cells in Figure 74) and the amplification of the flow cytometer 

photomultipliers, which is set manually at the start of each investigation (see Protocol 

10). 

Figure 75 shows the effect of adjustment of the photomultiplier amplification on the 

EBF. This adjustment is usually performed to keep the background autofluorescence 

to a minimum, while capturing the entire cell population, thus achieving maximum 

accuracy of the geometric mean. 

As the R123 signal varies so much with the photomultiplier amplification, and the 

relationship does not appear to be mathematical, an FL-1 amplification figure of 400 

was chosen for subsequent P-gp activity experiments (much less than this prevented 

all the control cells being sampled, much more led to the highest cell fluorescence 
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(e.g. when pre-incubated with R123 and CsA and not effluxed) overlapping the top of 

the scale - see Figure 75, black line of histogram [F]). 

Simultaneous measurement of P-gp activity and expression in the 

same cells 

Having determined the optimum conditions for the determination of P-gp expression 

and activity by flow cytometry, the next aim was to perform both techniques on the 

same cells, in order to assess both P-gp expression (MRK16 + fluorochrome-

conjugated secondary antibody) and activity (inversely related to R123 fluorescence 

signal) on the same cell simultaneously. 

The first attempt at this is shown in Figure 76. Cells were allowed to accumulate and 

then efflux R123, then were fixed and stained for P-gp expression with MRK16 and a 

TRITC-conjugated secondary antibody (R123 is detected by FL-1 on the flow 

cytometry, where FITC-emission is detected too). 

Despite numerous repeat attempts at the same protocol it proved impossible to 

reproduce these findings (Figure 77). Careful dissection of the flow cytometric 

procedure showed that it was impossible to separate the R123 signal from the FL-2 

detector (despite the quoted lack of overlap between TRITC and R123 emission 

spectra [Figure 78]) leading to the proportional signal of FL-1 and FL-2 (the 

45°diagonal spread of the dots shows that there is overlap between the R123 

fluorescence and the FL-2 detector). 

A different fluorochrome, which would not be detected by the FL-1 detector, was 

therefore required. Such a marker is Cy5 (for spectrum see Figure 78). Figure 79 

shows the results of the first experiment investigating R123 accumulation and 

simultaneously staining for P-gp with MRK16 and Cy5 (goat-anti-mouse Cy5-

conjugate). 

Initially these results of the simultaneous activity and expression experiments looked 

promising, in that the MRK16 and R123 signals appeared to be inversely 
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Figure 75. The effect of changing FL-1 photomultiplier amplification on R123 

signal and Efflux Blocking Factors. (A+B, C+D, E+F) = three separate cell 

populations, (A,C,E) = FL-1 PMT 400, (B,D,F) = FL-1 PMT 500. Filled, Green and 

Black lines = control, CsA-free efflux and efflux with CsA respectively. EBFs are 

shown with each group of histograms. There is no relationship between the EBFs for 

PMTs of 400 and 500. There is therefore no mathematical calculation that can be 

made to adjust for PMT variation, so a standard PMT setting must be used. 
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Figure 76. Flow cytometry histograms of R123 and TRITC-MRK16 signals, and 

dot plot of simultaneous detection. (A) R123 (FL-1), (B) TRITC (FL-2), (C) 

TRITC-MRK16 against R123 (FL-2 versus FL-1). The inverse relationship between 

R123 signal and MRK16 staining is clearly seen. This suggests that cells which 

express P-gp (higher FL-2) efflux R123 (lower FL-1), while cells without P-gp (lower 

FL-2) retain more R123 (t FL-1). 

162 
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Figure 77. Flow cytometry histograms and density plot of R123 and TRITC-

MRK16 on double-stained cells. All cells pre-incubated with R123 (30mins), 

effluxed (90mins), fixed then stained. (A) R123 signal, (B) TRITC-MRK16 signal, 

(C) density plot of simultaneous R123 and TRITC-MRK16 detection (density blue= 

low to red=high). Careful dissection of the flow cytometric procedure showed that it 

was impossible to separate the R123 signal from the FL-2 detector (despite the quoted 

lack of overlap between TRITC and R123 emission spectra [Figure 78]) leading to 

the proportional signal of FL-1 and FL-2 (the 45°diagonal spread of the dots shows 

that there is overlap between the R123 fluorescence and the FL-2 detector). 
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Figure 78. Emission spectra of fluorochromes. The overlap of the FITC and R123 

fluorescence spectra is clearly seen. Although TRITC and R123 do not significantly 

overlap in this diagram, they were not possible to separate flow cytometrically. 
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proportional, as expected. However, on closer inspection, several problems soon 

became apparent, which are listed below: 

1. The vast majority of the cells did not express P-gp (low on the density plot Y 

axis). 

2. The cells that were positive for MRK16 did not accumulate R123 at all (cells 

higher on the Y-axis are low on the x-axis), even when exposed to CsA (data 

not shown). 

3. The R123 histograms were generally reduced in value from those previously 

obtained without MRK16 staining (c.f. Figure 72). There was also a double 

peak of R123 signal, with a peak of significantly lower R123 signal (i.e. 

content) seen even in the cells not allowed to efflux at 37°C, which should 

have retained R123 as in Figure 72. 

The obvious protocol difference between the single and dual staining was the MRK16 

staining. This required fixing the cells with 2% Paraformaldehyde for 60mins, then 

washing, incubating with MRK16, then re-washing and incubating with the Cy5-

conjugated secondary antibody, all at 4°C. The literature suggests that lowering the 

temperature to 4°C will prevent P-gp-mediated efflux 

Figure 80 shows the investigation of these aspects: 

1. sitting on ice - the green traces are reduced in signal with respect to the black 

traces, but generally exhibit the same spread of signal, suggesting that efflux 

has occurred from all cells, rather than just those expressing P-gp; 

2. sitting on ice with paraformaldehyde - this produces a greater loss of signal 

(blue lines) than just sitting on ice, again suggesting an efflux from all cells, at 

a greater rate than just on ice. This implies that the cell membranes have been 

slightly permeabilised by fixation, allowing greater diffusion. 
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3. accumulation with CsA - the traces in B are generally right-shifted compared 

to those in A, confirming that P-gp-mediated efflux is blocked during 

accumulation, but the loss of R123 signal with ice and fixation still occurs, 

suggesting that it is not a failure of the lowered temperature at preventing P-

gp-mediated efflux, but diffusion from the cells which causes the lower R123 

signal. 

Therefore, in order to determine the expression and activity of P-gp on cells in further 

experiments, the same protocols would therefore be followed, but the R123 and 

MRK16 staining would be performed in parallel on separate cell samples of the same 

population, rather than in series as above. The results of cells treated in these ways are 

shown in Figure 81. 

Unfortunately, without being able to double stain the same cells, it now has to be 

assumed that the cells which are effluxing R123 - which can be prevented by co-

incubation with the P-gp inhibitors CsA and V, (and not affected by the organic cation 

pathway inhibitor cimetidine) - express P-gp. 

P-gp expression and activity experiments 

The parallel determinations of P-gp expression and activity, and the effects of cell 

passage, medium composition and CsA exposure, were performed on cell samples 

from some or all of 4 subjects. 

CsA exposure in defined medium and P-gp expression and activity 

The first attempt at investigating the effect of increasing exposure to CsA on culture 

cells is shown in Figure 82. These cells had been kept in passage 0 quiescence for 49 

days before subculture to 25cm^ uncoated plastic culture flasks, and then regrown to 

confluence in defined medium. At confluence, the passage 1 cells were exposed to 

CsA for increasing periods. The control cells were kept in defined medium only: to 

the others CsA 500ng/ml was added at day 0 (4d), day 2 (2d) and day 3 (Id). The 

experiments were performed on day 4. 

There is a trend towards increasing EBF with increasing time exposed to CsA, 

although the time of exposure is small. 
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Figure 79. Flow cytometry histograms and density plots of simultaneous R123 

fluorescence and MRK16 staining with Cy5-conjugated secondary antibody. (A-

C) R123 accumulation only, (D-F) R123 accumulation and efflux. (A,D) R123 

histograms, (B,E) MRK16 histograms, (C,F) R123 versus MRK16 density plots. The 

vast majority of cells do not stain for P-gp. Those cells that do stain for P-gp do not 

accumulate R123. The R123 histograms are generally reduced in signal: even those 

cells without an efflux period have a significant left (negative) peak. 

Rho123 Rho123 

Figure 80. Effects of incubation on ice, and fixation on ice with 2% 

Paraformaldehyde, on R123 retention. (A) R123 only, (B) R123 + CsA 3.0fxg/ml. 

Filled line = control R123-free cells. Black lines = accumulate R123 then facs, 

Green lines = accumulate R123, stay on ice for 60mins then facs. Blue lines = 

accumulate R123, fix with 2% PFA on ice for 60mins then facs. The reduction in the 

cellular R123 content with time on ice, and especially with fixation, is shown. 
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Figure 81. Flow cytometry histograms of R123 accumulation and efflux and the 

effect of fixation and staining with MRK16. (A,B) R123 and MRK16 in series, 

(C,D) R123 and MRK16 in parallel on the same cells. (A,C) R123 signal (FL-1), 

(B,D) MRK16 staining (Cy5 signal measured on FL-4). Filled lines = negative 

control (R123-free or isotype control Ab). The return of the R123 traces (C) to the 

'cleaner' results previously achieved, v^ith no lower-signal peak / left-shift of the 

traces (A), is clearly seen. The same is true of the MRK16 signals, with reduced 

control signal and an increased differentiation between the positive and negative 

peaks (D cf. B). 
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Passage and P-gp expression and activity 

In order to expose cells in defined medium to CsA for longer periods, the cells would 

have to be subcultured serially. The effect of cell passage was investigated in two 

subjects: cells at confluence in defined medium were serially subcultured to 25cm^ 

uncoated plastic culture flasks, in defined medium (Figure 83) and defined medium + 

CsA 500ng/ml (Figure 84). 

In order to investigate the longer-term effect of CsA exposure on cultured cells in 

defined medium, it would be necessary to subculture every 3 to 4 days for 3 to 6 

weeks. The cells in Figure 84 failed to achieve confluence, i.e. lost their growth 

potential, by passage 4 (16 days) in subject 1 and passage 3(11 days) in subject 2. 

This implies that to expose cells for long enough to reliably affect P-gp expression or 

activity, serial subculture in defined medium with CsA is not sufficient. 

To allow the cells to remain exposed to CsA for longer periods, quiescence was 

therefore required. First, the effect of quiescence medium on P-gp expression and 

activity was examined. 

Quiescence and P-gp expression and activity 

Quiescence was investigated in three ways: (i) in passage 0 cells (in 25cm^ culture 

flasks) and in passage 1 cells (ii) on uncoated plastic 24-well plates and (iii) on 

permeable 6-well culture membranes. The effect in passage 0 cells was examined in 3 

subjects (Figure 85), in passage 1 cells in 24-well plates in 1 subject (Figure 86) and 

on 6-well culture membranes in 3 subjects (Figure 87). In order just to examine the 

effects of quiescence, these cells were not exposed to CsA. 

The 3 subjects' cells in 25cm~ culture flasks showed a dramatic reduction in MRK16 

signal (P-gp expression) and a slight reduction in EBF (P-gp efflux activity) over 3 to 

5 weeks in quiescence. The 1 subject's cells in 24-well plastic culture plates showed a 

significant reduction in P-gp expression and an increase in P-gp activity. The 3 

subjects' cells on the permeable 6-well culture membranes maintained their MRK16 
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Figure 82: Effect of duration of CsA incubation of confluent passage 1 cells in 

defined medium. (A) Histograms of MRK16 staining (P-gp expression - small right-

ward peaks arrowed), (B) histogram of CsA Efflux Blocking Factors (flow cytometry 

histograms of R123 fluorescence not shown - calculations performed as above). 

There is no apparent effect on the (very small) expression of P-gp. There is a trend 

towards increasing EBF with increasing CsA exposure time (n=l). 
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Figure 83: Effect of cell passage in defined medium without CsA on P-gp 

expression and activity. (A,C) flow cytometry histograms of MRK16 staining (P-gp 

expression), (B,D) histograms of Efflux Blocking Factors of each passage. (A,B) 

subject 1, (C,D) subject 2. Colours in each represent separate passages. Subject 1 

shows a trend towards a reduction in the proportion of cells expressing P-gp (height 

of rightward peak of flow cytometry histogram) and an increase in P-gp activity 

(EBF) with increasing passage number. Subject 2 has no such association. (MRK16 

histograms adjusted to align negative peaks.) 
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Figure 84: Effect of cell passage in defined medium + CsA 500ng/ml on P-gp 

expression and activity. (A,C) flow cytometry histograms of MRK16 staining (P-gp 

expression), (B,D) histograms of Efflux Blocking Factors of each passage. (A,B) 

subject 1, (C,D) subject 2. Colours in each represent separate passages. Both subjects 

show a trend towards a reduction in the proportion of cells expressing P-gp with 

increasing passage number. Subject 1 shows an increase in P-gp activity with 

passage, subject 2 exhibits the reverse association. (MRK16 histograms adjusted to 

align negative peaks.) 
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Figure 85: Effect of time in quiescent medium without CsA on P-gp expression 

and activity in passage 0 cells in 25cm^ culture flasks. (A,B) flow cytometry 

histograms of MRK16 signals (2 subjects, filled line = cells in dm, line = cells longest 

in qm), (C) histogram of EBFs against medium composition (3 subjects, dm = 

defined, qm = quiescent) and time in quiescence (days in quiescence in parentheses). 

The colours represent individual subjects. There is a large decrease in the proportion 

of cells expressing P-gp with time in quiescence, and a trend towards a slight 

decrease in P-gp activity with time in quiescent culture in all subjects. 

dm qm (28) 

Figure 86: Effect of time in quiescent medium without CsA on P-gp expression 

and activity in passage 1 cells in 24-well culture wells. (A) flow cytometry 

histograms of MRK16 signals (filled line = dm, line = qm), (B) histogram of EBFs 

against medium composition (dm = defined, qm = quiescent, days in quiescence in 

parentheses). There is a large decrease in the proportion of cells expressing P-gp with 

time in quiescence, but an increase in P-gp activity with time in quiescent culture. 
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Figure 87: Effect of time in quiescent medium without CsA on P-gp expression 

and activity in passage 1 cells on 6-weIl culture membranes. (A-C) flow cytometry 

histograms of MRK16 signals (3 subjects, filled line = dm, line = qm), (D) histogram 

of EBFs against medium composition (3 subjects, dm = defined, qm - quiescent) and 

time in quiescence (days in quiescence in parentheses), (E) percentage increase of 

EBF in qm over dm. The colours represent individual subjects. There is a decrease in 

the proportion of cells expressing P-gp with time in quiescence, but to a much smaller 

degree than on the plastic culture surface. There is an increase in P-gp activity with 

time in quiescent culture in all subjects, although to quite different degrees. 

172 



signals the best and at least maintained their EBFs (if not increased over at least 3 

weeks in culture). 

These results suggest that P-gp expression, as measured by flow cytometric detection 

of MRK16 staining, is best maintained in quiescence by culture of these human 

primary cultured renal tubular epithelial cells on permeable culture membranes. 

The activity of P-gp, as measured by the efflux of R123 and its blockade by the P-gp 

inhibitor CsA, in contrast to that on the impermeable plastic culture surfaces, is at 

least maintained by this culture method. However, in 2 of the 3 subjects the EBF 

increased dramatically in quiescence. This may mask any CsA-effect in the next 

section: the longer-term exposure of these cells to CsA. 

CsA exposure in quiescence medium and P-gp expression and 

activity - preliminary experiments 

This penultimate results section examines the expression and activity of P-gp in 

primary human renal tubular epithelial cells cultured for 6 weeks with CsA in 

quiescent medium, and compares them to cells kept in identical conditions without 

CsA. 

When these experiments were first performed: 

(i) the detrimental effects of CsA 500ng/ml on the immunofluorescence 

characterisation had not been shown, 

(ii) the LDH and cell cycle experiments showing that thrice weekly medium 

exchange was less damaging to the cells had not been performed, 

(iii) the reduction of R123 signal caused by fixation during the serial 

measurement of MRK16 staining and R123 accumulation was not known, 

and 
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(iv) the requirement for the standardisation of the FL-1 photomultiplier settings 

for comparison of Efflux Blocking Factors between subjects had not been 

discovered. 

Therefore cells from the first 3 subjects were cultured in quiescent medium with 

Ong/ml (control), lOOng/ml and 500ng/ml CsA, which was exchanged weekly. The P-

gp expression and activity flow cytometry experiments were performed 

simultaneously (in 2 subjects) without FL-1 photomultiplier standardisation. P-gp 

expression was also examined by MRK16 immunofluorescence. 

The flow cytometry results of the P-gp expression from these first 3 subjects are 

shown in Figure 88, P-gp expression by immunofluorescence results in Figure 89, and 

P-gp activity by flow cytometry results in Figure 90. 

It was previously shown that the cellular retention of R123 was reduced following the 

subsequent fixation and staining of cells with MRK16. Here a further interference 

between R123 and MRK16 flow cytometry signal is shown, with a reduction in the 

discrimination of positive MRK16 from background (a decrease in the strength of the 

MRK16 staining compared to background) with double staining. 

Again, as shown previously, the results of the immunofluorescence characterisation of 

cells grown in CsA 500ng/ml are complicated by the inability to fully remove 

background fluorescence, the loss of membrane specific staining and an appearance 

consistent with the loss of or a reduction in cellular integrity. 

As previously discussed, the lack of results from the P-gp activity experiments shown 

in Figure 90 is likely to be due to problems with the methodology: 

(i) cellular R123 retention is reduced by the fixation required to double-stain 

the cells with MRK16, which significantly reduces the R123 geometric 

mean figures and potentially masks any CsA effect, 

(ii) the lack of standardisation of the FL-1 photomultiplier settings prevents the 

comparison of EBFs between subjects, 
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Figure 88; Effect on P-gp expression of incubation of confluent passage 1 cells on 

6-welI permeable culture membranes in quiescence medium for 43-48 days with 

different CsA concentrations. (A-C) MRK16 signal histograms - 3 subjects. 

Coloured traces: black / red / green = CsA 0 / 100/500ng/ml. There is no 

consistent effect of CsA incubation (a reduction in A, a small increase in B, and no 

effect in C). A and B were simultaneously exposed to R123, C was not. A greater 

separation of positive from negative signal is shown when not simultaneously 

exposed. 
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Figure 89: Effect of incubation with different CsA concentrations in quiescence 

medium for 43-48 days on P-gp expression in confluent passage 1 cells on 6-well 

permeable culture membranes. Control = IgGza isotype control antibody fluore-

scence micrographs, (FlTC-conjugated secondary antibody = green, PI nuclear 

counterstain = red). This was performed on only 1 subject because of interference 

with the staining at the highest CsA dose (there should be no green signal on the 

control cells - also the membrane-situated MRK16 staining seen in the CsA 0 and 

lOOng/ml is heavily cytoplasmic in the 500ng/ml sample (Magnx25) 
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Figure 90: Effect on P-gp activity of incubation of confluent passage 1 cells on 6-

well permeable culture membranes in quiescence medium for 43-48 days with 

different CsA concentrations in cell samples from 3 subjects. (A-C) R123 signal 

flow cytometry histograms - CsA 500ng/ml for each subject, (D) histogram of the 

EBFs for the 3 subjects. Separate colours are used for each subject. Flow cytometry 

histograms consist of three traces: appropriate-colour filled line = R123-free 

control, green line = CsA-free efflux, black line = CsA-blocked efflux. The 

decreased cellular retention of R123 with fixation and double-staining with MRK16 

(A,B) is shown, which confounds the EBP. This is unaffected when not 

simultaneously exposed (C), although the FL-1 photomultiplier settings were not 

standardised, and such EBF comparison between subjects is therefore not valid. 
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(iii) the incubation of cells in quiescence medium for more than 6 weeks with 

500ng/ml of CsA appears to impair their membrane integrity - this may add 

to the reduction in cellular R123 retention by allowing diffusion through the 

membrane, and 

(iv) the exchange of medium only weekly limits the exposure of P-gp to CsA. 

This is because a large proportion of CsA is transported to the apical side of 

the cells early in the period, preventing further basal and therefore 

cytoplasmic exposure to P-gp. The weekly medium refreshment also reduces 

the cell viability. 

CsA exposure in quiescence medium and P-gp expression and 

activity - final experiments 

The final results section examines the expression and activity of P-gp in primary 

human renal tubular epithelial cells cultured for more than 3 weeks with CsA in 

quiescent medium, and compares them to cells kept in identical conditions without 

CsA. 

Drawing on all the prior results, the final methodology involved: 

(i) the subculturing of passage 0 cells at confluence in defined medium on to 

pre-soaked 6-well permeable culture membranes, in half-defined medium for 

24 hours, then in defined medium until they reached confluence. The 

medium was then changed to quiescent medium with / without CsA 

300ng/ml, which was exchanged thrice weekly; 

(ii) after the required incubation period (greater than 3 weeks) the performance 

of the P-gp expression and activity protocols in parallel; 

(iii) the measurement of P-gp expression by laser confocal microscopic 

examination of cells in situ on the membranes, fixed and stained with 
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MRK16 and Cy5-antibody, and counterstained with PI, compared to an 

isotype control; 

(iv) the measurement of P-gp expression by flow cytometric examination of cells 

trypsinised from the membranes, fixed, incubated with MRK16 monoclonal 

primary antibody, and an anti-mouse Cy5-conjugated secondary antibody, 

compared to an isotype control; 

(v) the measurement of P-gp activity by flow cytometric examination of cells 

trypsinised from the membranes then incubated with R123. The activity was 

measured by calculating the ratio of retained R123 in cells allowed to efflux 

R123 in the presence of CsA to cells allowed CsA-free efflux (Efflux 

Blocking Factor). 

(vi) All these were compared to cells kept in identical culture conditions without 

CsA, investigated in the same ways at the same times. 

Time constraints prevented taking the cells out to 6 weeks, so all investigations were 

performed after 3 weeks of quiescence (greater than 4 weeks in culture - 7-10 days in 

defined medium, 1-3 days reaching confluence on the 6-well membranes, then at least 

21 days in quiescence). 

The results of these experiments are below; indirect immunofluorescence P-gp 

expression in Figure 91 to Figure 93, flow cytometry P-gp expression in Figure 94, 

and flow cytometry P-gp activity in Figure 96. 

The results of the P-gp expression by immunofluorescence experiments were fraught 

with technical problems: Paraformaldehyde fixation appeared to cause a disruption of 

the nuclear membranes, and the spillage of nuclear contents into the cytoplasm. This 

increased the uptake of PI and caused the cells to appear completely red. Laser 

confocal microscopy builds up the composite picture by adding the colours from 

separate channels, so the green FITC signal could be examined and acquired 

separately, but this was also impaired. This happened twice on the same day, and 
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affected the results for subjects 4 and 5. No other tissue was available for these 

subjects so only the results from subject 6 were available for investigation. 

The MRK16 samples for subject 6 were therefore cut, fixed, stained and examined in 

duplicate! This left only this sample to determine whether CsA made any difference to 

the expression of P-gp, as investigated by indirect immunofluorescence. 

Image analysis was performed on the subject 6 photomicrographs (see Protocol 20). 

The proportion of positive cells was determined by counting the number of cells with 

staining density above an arbitrary cut-off (deciding on a sample of 10 obviously 

negative cells, and 10 obviously positively-stained cells, measuring the staining 

density of each cell and determining a cut-off density value which excludes all the 

negative cells while including the positive cells). The cut-off values were very similar 

for the control and CsA-exposed cells (20.8 and 18.6 arbitrary density units 

respectively), and using these gave positive cell counts of 84 out of 169 (49.7%) for 

the control cells, and 83 /161 (51.6%) for the CsA-exposed cells. 

Figure 94 shows the flow cytometric measurement of the expression of P-gp in each 

subject. The proportion of cells can be estimated from the flow cytometry histograms 

as shown in Figure 95. These estimates are relatively inaccurate depending on the 

peaks as described: however, the flow cytometric measurement of P-gp expression 

also (compared to immunofluorescence measurement) shows minimal effect of CsA-

exposure in quiescence in these 3 subjects. 

Figure 96 shows the P-gp activity results for these 3 subjects. As shown before, the 

activity of P-gp increases in cells in quiescent medium. The further increase in 

activity in the CsA-exposed cells shown here must be an additional effect of CsA over 

and above the quiescence effect. The increase is found across all subjects, and appears 

to be due mainly to a decrease in the R123 retention in the CsA-free efflux period in 

the cells maintained in CsA-containing quiescence medium when compared to the 

control cell histograms. 
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Figure 91: Effect of CsA exposure on confluent cell monolayers in quiescence 

medium for 21 days - Subject 4. Control = IgGza isotype control antibody 

fluorescence micrographs, (FITC-conjugated secondary antibody = green, PI nuclear 

counterstain = red). The fixation of the control MRK16 cells affected the nuclei, so it 

is not possible to determine any change in the expression of P-gp, although P-gp 

should be membrane bound and therefore unaffected by cytoplasmic masking. 

(Original magnification x25) 
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Figure 92: Effect of CsA exposure on confluent cell monolayers in quiescence 

medium for 22 days - Subject 5. Control = IgGia isotype control antibody 

fluorescence micrographs, (FITC-conjugated secondary antibody - green, PI nuclear 

counterstain = red). The fixation of the CsA-exposed MRK16 cells affected the 

nuclei (only the second time ever!), so it is not possible to determine any change in 

the expression of P-gp. Comparing this result with Subject 4 suggests that the fixation 

problem has affected the MRK16 staining, as the control cells stain greater in this 

subject, when the CsA-exposed cells stained greater in Subject 4. (Original 

magnification A,B x25, C,D x63) 

182 



Control Cells CsA 300ng/ml Cells 

j r/cjJ AD 

Figure 93: Effect of CsA exposure on confluent cell monolayers in quiescence 

medium for 23 days - Subject 6. Control = IgGia isotype control antibody 

fluorescence micrographs, (FlTC-conjugated secondary antibody = green, PI nuclear 

counterstain = red). (The fixation worked this time!) The appearance of the MRK16 

staining is very similar between the control and CsA-exposed cells. The proportion of 

cells positive in each is approximately 50% (49.7 & 51.6%). The degree of staining is 

also very similar (see text). (Original magnification x63) 
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Figure 94: Effect of CsA-exposure on P-gp expression in confluent cells on 6-well 

culture membranes in quiescent medium for 21 to 23 days. (A-C) MRK16 flow 

cytometry histograms for Subjects 4 to 6 respectively, (D) P-gp expression histogram. 

For each histogram; colour-filled peak = isotype control, black - control cells, 

purple = CsA-exposed cells. The expression of P-gp measured by flow cytometry in 

these quiescent cells is unaffected by exposure to CsA (D - proportions positive 

[control: CsA] = 32.4 : 31.6, 56.2 : 54.3 & 37.6 : 38.2% respectively). 
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Figure 95: Measurement of antigen expression by flow cytometry. The flow 

cytometry histograms obtained are generally composites of two peaks of cells: the 

'green' negative population, and the 'red' stained population, as represented in A and 

B. Taking the cut-off of positivity as the lowest point on the histogram between the 

two peaks is reasonable, and represents a point from which to estimate the proportion 

of cells stained (which the flow cytometry software will measure), if the overlapping 

areas are similar, as in A. This will however produce an under- (or over-) estimate of 

the proportion when the overlapping areas of the two populations are dissimilar, as in 

B 
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Figure 96: Effect on P-gp activity of incubation of confluent passage 1 cells on 6-

well permeable culture membranes in quiescence medium for 21-23 days with 

different CsA concentrations. (G) histogram of the EBFs for the 3 subjects, lighter 

bars = control cells (H) histogram of increase of CsA-exposed EBF over control. 

Separate colours are used for each subject. Flow cytometry histograms: appropriate-

colour filled line = R123-free control, green line = CsA-free efflux, black line = CsA-

blocked efflux. The cellular retention of R123 when not fixed and double-stained is 

seen. The FL-1 photomultiplier settings were standardised, allowing comparison 

between subjects. The increase in EBF in the CsA-exposed cells is clearly shown, of 

17.7, 38.6 and 22.4% over the control value. 
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Discussion 

The near normal phenotype of primary human renal tubular cells kept in quiescent 

culture for up to 6 weeks has already been demonstrated. The second novel aspect of 

this work is the co-incubation of such cells with a potentially nephrotoxic agent, in 

this case CsA. The impact of therapeutic levels of CsA is investigated here, in a 

number of ways. 

Appropriateness of Model 

In static quiescent culture, the phenotype of tubular cells was maintained by changing 

the medium only every 7 days. In the CsA culture, early results suggested that 

changing medium at this frequency damaged the cells. Both the phase-contract 

microscopy in Figure 34 & Figure 35 and the TEM in Figure 36 to Figure 38 show an 

altered cell monolayer appearance and cellular ultrastructure when changing the 

medium only once weekly when compared to changing thrice weekly. This may have 

been a result of the CsA being transported to and then staying in contact with the 

apical membrane. In vivo CsA would be removed from the cellular milieu in the urine. 

Although the concentration of CsA in urine is greater than that in the peritubular 

capillaries, this is the final concentration in the bladder which is likely to be greater 

than that in the proximal tubule (much urine concentration occurs in the loop of 

Henle, distal convoluted tubule and collecting ducts, distal to the cells investigated 

here) and will be flowing from the cells through the tubules. By remaining in contact 

with the apical membrane the CsA may have caused direct toxicity. Certainly the cells 

exposed to a greater concentration of CsA exhibited greater abnormalities (Figure 36), 

and it was subsequently shown that there was minimal CsA remaining in the wells 

after 7 days. However, this effect may have been confounded by the more regular 

medium changes, as the control cells appearance was also worse with a reduced 

frequency of medium exchange. 

By increasing the frequency of the medium exchanges, the phenotype of the cells was 

maintained. This was shown by monolayer formation, cell ultrastructure, normal 

cellular surface marker expression and brush border enzyme activity. 
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The same distribution of proximal and distal phenotypes appeared to be present, with 

approximately 50% expressing ALP by flow cytometry (a proximal tubular cell 

marker), and a similar proportion with a positive signal for EM A (a distal tubular cell 

marker). 

In order for this to be a suitable model for the investigation of the effects of CsA 

exposure on P-gp, both P-gp expression and activity need still to be detectable in 

quiescence. By immunocytology, the appropriate apical distribution of the P-gp 

protein by indirect immunofluorescence is shown. The expression of P-gp is also 

shown by flow cytometry, although even the most discriminating anti-P-gp 

monoclonal antibody requires fixation. 

For the measurement of P-gp activity in quiescence, R123 is an appropriate substrate. 

It is easily detectable by flow cytometry. It enters the cells by diffusion: therefore its 

accumulation is proportional to the exposure duration and concentration. The loss of 

R123 from the cells is also time dependent, is much greater than from cells which do 

not express P-gp, and is able to be blocked by known P-gp inhibitors, while 

unaffected by their vehicles or inhibitors of other efflux pathways. In the quiescent 

cells, R123 exhibited all these features, although the degree of activity tended to 

increase with time in quiescence. It would be tempting to infer that cellular 

membranes in quiescence are more permeable than those in defined medium; 

therefore more R123 is lost from the cells during the experiments. However, this 

would mean that both the P-gp expressing and non-expressing cells should experience 

"background" loss of R123 to the same extent, and should therefore have the same 

EBF, which is not the case. Certainly the cellular membranes could be different in 

quiescence, as mentioned in the first discussion section of this thesis (p.73), and any 

potential difference in the membrane composition of, for example, cholesterol or other 

lipids / phospholipids, could have a direct effect on P-gp activity 

Further investigations could use an alternative substrate to R123, as similar findings 

would provide additional evidence that P-gp activity is being measured. 
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Exposure to CsA 

Initial results of experiments examining the effects of CsA on quiescent cells showed 

no effect. These were both on the activity and expression of P-gp. However an 

increase in the frequency of medium exchanges (with supplemented CsA) did produce 

an effect on the cells. 

Subsequent measurements of CsA concentrations within the cell culture media 

showed that CsA moved more slowly through cell monolayers than by diffusion 

through the bare culture membranes. 

As expected, the movement across the cells was unidirectional, from basal to apical 

membrane, and with increasing time between culture medium exchanges the amount 

of CsA present in the basal medium decreased, and increased in the apical medium. 

While exchanging the culture medium only weekly, it was likely that the cells were 

exposed to CsA for a lesser time (certainly CsA was not detectable in the basal 

medium), and therefore its effect on the cells was reduced. 

The unidirectional nature of CsA movement is further evidence that P-gp function is 

appropriate in these cells. 

Attempts to determine R123 movement across the monolayer were thwarted by an 

inability to reliably determine the R123 concentration in the supernatant medium by 

spectrophotometry (results not shown). Measurement the movement of other P-gp 

substrates across the cell monolayer would further confirm the activity of P-gp. 

Measurement of P-gp activity 

As above, R123 efflux was due to P-gp. The activity of P-gp could be deduced from a 

reduction of R123 within the cells, but there were technical problems with this. In an 

attempt to measure P-gp expression at the same time, the cells needed to be fixed 

(thus their cellular membranes disrupted). It was shown that the intracellular 

accumulation of R123 reduced with fixation, and was not able to be counteracted. 

This effect was even greater with the cell membrane permeabilisation required for the 
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detection of an internal epitope. Thus double staining for efflux and expression on the 

same cells was not possible. 

Further studies could use antibodies directed against different external epitopes of P-

gp in an attempt to find one that did not require fixation to label the P-gp molecule, 

allowing simultaneous measurement of activity and expression. 

The quantification of P-gp activity was possible by comparing the efflux of R123 with 

and without a known P-gp-inhibitor between treatment and control cell groups. This 

was reproducibly measurable in quiescent and CsA-exposed quiescent cells. CsA 

exposure consistently increased the activity of P-gp over several weeks. The degree to 

which the activity increased varied between subjects, but all increased. This is in 

keeping with human and animal in vivo literature 200:202,206̂  and with reported animal 

cell culture studies However, unlike this study, these reports do not differentiate 

between an increase in substrate efflux due to increased P-gp ATPase activity (true 

activity increase - surmised by the increased efflux without increased protein 

expression) and that which would be found as a result of an increase in protein 

expression alone. 

An apparent increase in P-gp activity, as measured by R123 efflux, could be 

confounded by any other loss of R123 from the cells. As CsA-exposure affects the 

character of these quiesced cells, the increased loss of R123 from the cells could just 

be reflecting a disruption of the cellular membranes. However, when co-incubated 

with CsA, R123 accumulation in the CsA exposed cells remains increased, suggesting 

that P-gp-mediated efflux is still having a significant effect above any diffusion, even 

the potentially increased diffusion of cell membrane disruption. 

hi Figure 96, the CsA-free (green) and CsA-blocked (black) efflux histograms for 

each subject's cells both co-incubated with and without CsA are very similar, 

suggesting no increased R123 loss from the CsA co-incubated cells of any subject. 

Moreover, in all the subjects, the efflux of R123 was greatly reduced by inhibiting P-

gp activity, either by co-incubation in the efflux period with CsA or by pre-treatment 

with vanadate, implying that diffusion from the cells is minimal when compared to 

the efflux by P-gp. 
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The reports that R123 is taken up by cells and their mitochondria according to the 

cellular and mitochondrial membrane potentials suggests that any change in the 

cellular content of R123 could be mediated by membrane changes. Further 

investigations with alternative P-gp substrates would address this point, and the above 

observations from this study still support the hypothesis that an increase in R123 

efflux as a result of an increase in P-gp activity is most likely to be present. 

While the inhibition of P-gp efflux has been studied in this model, further evidence 

for the appropriate function of P-gp could be obtained by co-incubation with known 

P-gp activity inducers such as Rifampicin 

Measurement of P-gp expression 

Under the culture conditions described, no change in P-gp expression was detected. 

This is at odds with literature on (i) animal cells in short-term culture although 

these were still growing (subcultured 1:10 twice) and exposed to a (human) toxic dose 

of 0.8)iM CsA (960ng/ml) so not a direct comparison; and (ii) continually dividing 

transformed human cells whose P-gp expression increased when co-incubated with 

IjiM CsA for 4 days 

Other problems with in vitro studies are that only serum-free culture conditions allow 

the true effects of P-gp modulators to be determined, as effective concentrations of 

such compounds are often not attainable in culture conditions with serum 

In vivo reports of an increase of P-gp expression by exposure to pharmacological 

doses of CsA for a longer period, both in animals 30;200;202;235 humans may be 

confounded by the known side-effect of CsA of renal micro-vascular ischaemia 

There are complex interactions between CsA, protein kinase-C (PKC), endothelin 

(ET) and P-gp activity (see Figure 97): PKC phosphorylates P-gp, increasing its 

activity although one subsequent report suggests that it is competition by PKC-

inhibitors, rather than a direct PKC effect, that modulates P-gp function In vitro, 

ET-1 inhibits P-gp activity in killifish tubules through tubular cell ET(B) receptors, 

the effect being reversed by protein kinase-C (PKC) inhibitors Cyclosporin 
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Figure 97: Effects of CsA and PKC on P-gp activity. PKC effect, PKC inhibitors 

effect, CsA effect, ET effect, Renal Ischaemia effect. Solid arrow = upregulatory 

effect, dashed arrow = inhibitory effect 
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increases the production of ET-1 in vitro by rabbit proximal tubular cells (partially 

inhibited, interestingly, by EGF) and in vivo also upregulates ET receptors on 

renal epithelial cells CsA inhibits PKC activity through calcineurin (CN) 

inhibition Renal ischaemia further induces ET production 

These same interactions may play a part in alterations of P-gp expression, particularly 

as TAC at therapeutic dosage has a lesser effect than CsA on ET release and does 

not induce P-gp expression in vitro However, the pro-fibrotic cytokine TGpPi is 

known to increase P-gp protein expression and activity (via reactive oxygen 

species formation and subsequent PKC activation) CsA at therapeutic 

concentrations increases TGPPi production from fibroblasts, macrophages and renal 

tubular cells whereas this effect is much less marked with TAC Reactive 

oxygen species are also formed in renal tubular epithelial cells by angiotensin II 

(AT2) activity (leading to further PKC activation) and CsA (and TAC) activates the 

renin-angiotensin system both directly and through renal ischaemia, increasing the 

production of AT2 which also induces TGpPi production Hence the reported 

CsA-induced increase in P-gp expression in vivo may be modulated or influenced by 

renin production, renal ischaemia and increased TGPPi production by other non-

tubular cells leading to up-regulation of MDR-1 gene transcription. SMADs could 

also be implicated in this pathway, as they are mediators of gene transcriptional 

activation by members of the TGpPi superfamily and could have an impact on MDR-

1 transcription. The rate of P-gp activation has also been shown to depend on the 

metabolic state of the cell so starvation of the cells of glucose, or acidification of 

the milieu, both of which occur in ischaemia, may increase the activity of P-gp 

without an increase in expression. 

These aspects could be investigated in this model by adjustment of the culture 

conditions to induce ischaemia, to include TGpPi and/or renin/angiotensin 

administration and analysis of the effects of SMAD inhibition. The effects in this 

model of co-incubation with other immunosuppressant medications such as TAC, or 

newer drugs such as Sirolimus or Mycophenolate mofetil, may also further define 

their interactions with and influences on P-gp. 
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N F - K B activity has been shown to be increased by chronic CsA administration to rats 

(despite one of the immunosuppressive actions of CsA being the downregulation 

of N F - K B activity in lymphocytes [and other tissues] which may have a role in the 

increase of P-gp expression in response to continued CsA exposure, particularly as 

this transcription factor has been shown to be required for the transcription of the 

MDR-1 gene Moreover, a consensus N F - K B binding site has been found on the 

intron of the MDR-1 gene in human colonic carcinoma cells suggesting that NF-

K B upregulates MDR-1 gene transcription. N F - K B activity can be inhibited in this 

model to further investigate this aspect. 

Cellular differentiation reduces P-gp expression The reduced differentiation of the 

CsA-exposed cells may lead to an increased expression, although it would seem to be 

unlikely that the expression of P-gp would increase with a reduction in differentiation. 

It should be safe to infer that any loss of P-gp expression with differentiation would 

not be reversible with de-differentiation. The slight increase in expression over time 

may reflect the slight reduction in cell size - which occurs during quiescent culture -

i.e. there is a greater membrane to cytoplasm ratio. 

Potential Limitations of Expression Studies 

Unfortunately a number of technical problems invalidated several of the results, and 

true conclusions proved difficult to draw from the immunocytology. Flow cytometric 

results were available on more subjects, however. Certainly further research into this 

aspect should contain greater numbers of subjects. 

None of the available techniques for the detection of P-gp in cells was without 

problems. The main problem encountered with immunocytology was with the fixation 

of the cells, which was required for all the monoclonal antibodies in common usage. 

This was also a problem for the dual staining of cells for simultaneous flow 

cytometric measurement of P-gp activity and expression, as the fixation increased the 

efflux of the fluorescent substrate. 

Other techniques for direct protein detection involve imniunoblotting (Western), 

which may not require fixation but still disrupts cells preventing the simultaneous 
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measurement of protein activity and expression. Western blotting would however 

confirm or refute the finding in this study of no increased expression of P-gp in these 

cells when exposed to therapeutic concentrations of CsA for several weeks and should 

be performed in further studies. 

Indirect techniques involve the measurement of the appropriate mRNA for gene 

expression. This assumes that all mRNA will be transcribed (which is not true when 

exposed to some inhibitors and still requires the cells to be disrupted. Admittedly 

the antibody techniques assume that the fluorescent signal is marking functional 

protein, but the antibody used did not detect an internal isotope of P-gp, so was not 

likely to detect any cytoplasmic or golgi-body- / endoplasmic reticulum-situated P-gp. 

Polymerase chain reaction to measure MDR-1 mRNA could be employed in further 

experiments, again as a confirmation that expression is not increased in these cells. 

This would also show whether MDR-1 gene transcription and P-gp protein expression 

are directly related in this model. 

Another potentially confounding factor is the unknown drug history of the study 

patients. If their P-gp expression was already upregulated pharmacologically (they 

were patients with malignancy who may have received chemo-therapeutic agents) 

then it may not have been possible to increase the expression further. No aspects of 

the patients' histories were recorded, to maintain anonymity, so this potential effect 

could not be addressed further. The patient's age or genotype for P-gp may also have 

an effect on their cells' response to P-gp modulators. An increase in P-gp expression 

and activity is seen in lymphocytes from older people which may also be true for 

the P-gp in their kidneys. Any further research with this model should ensure that 

demographic details including racial origin and drug histories of the patients are 

recorded, in order to define and investigate any such potentially confounding factors. 

As this study was being performed, the impact of genotype on P-gp function was 

discovered. There are genetic polymorphisms of the MDR-1 gene in humans, which 

affect the efflux activity of the molecule ± its expression. The principle effective 

polymorphism is a single nucleotide polymorphism (SNP) in exon 21 of the MDR-1 

gene, at nucleotide number 3435 (SNP C3435T)^'^. The C allele is the wild-type 

(normal) and occurs in 83% of Ghanaian, 83% of Kenyan, 84% of African American 
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and 73% of Sudanese populations studied. The British Caucasian, Portuguese, South-

west Asian, Chinese, Filipino and Saudi populations had lower frequencies of the C 

allele compared to the African group (48%, 43%, 34%, 53%, 59%, and 55%, 

respectively) but this was 84% in Polish Caucasians 78% in a Spanish 

cohort and 64.5% in Portuguese Heterozygotes have functionally normal P-gp, 

but the TT mutation confers between 40% and 75% lower P-gp activity than the CC 

or CT alleles. Twenty-two studies to date have found an effect of MDR-1 genotype on 

substrate absorption, substrate-inhibitor interactions or tertiaiy effects (e.g. 

Parkinson's disease or inflammatory bowel disease susceptibility, HIV-treatment 

response etc.) '"". Nineteen studies have found little effect however (similar spread 

of investigations) This variation in findings has been explained by the size of 

the molecule (>1260 peptides), the large number of SNPs found and a lack of linkage 

disequilibrium (polymorphisms are spread along the MDR-1 gene and the presence of 

one particular polymorphism does not indicate the presence of any others). Haplotype 

analysis, the definition of finite phenotype groups of SNPs, is the current vogue hoped 

to determine the effect of genotype on P-gp expression and activity 
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Conc/us/ons 

This is the first study of P-gp activity and expression in primary human cultured renal 

tubular cells, and also the first to expose stable cells to immunosuppressants / 

nephrotoxic compounds in vitro for a number of weeks. Direct comparison to other 

studies is therefore not easy. 

The study shows that stable quiescent cultures of human primary cultured renal 

tubular cells express functional P-gp and the activity of this protein can be modulated 

by known inducers and inhibitors, as has been shown before both in vivo and in vitro. 

This should therefore be a suitable model for the further study of reactions to other 

immunosuppressive or nephrotoxic medications. 

P-gp expression is not shown to be increased in quiesced cultured renal tubular cells 

exposed to CsA for at least 3 weeks, despite an increase in efflux activity. 

Notwithstanding the small sample size, this suggests that the mechanism of the 

increase of P-gp expression in renal tubular cells exposed to CsA may not be a direct 

one, but may be confounded in vivo by other factors such as renal ischaemia or 

interactions with other cells / cytokines. 
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Chapter 6 Presentations 

Preservation of phenotype in longer-term culture of primary renal 

tubular epithelial cells 

Leach TD, Campbell SK, Bass PS, Albano JDM, Mason JC 

(Poster Presentation) Renal Association meeting, Nottingham, Spring 2001 

(Abstract) Renal Association 2001: The study of diseases, processes and toxins affecting 

human renal tubular epithelial cells (HTECs) has been enabled by the ability to culture 

primary HTECs. However, current experimental evidence has been obtained from 

confluent monolayers of cells maintained in culture for just a few days. 

Our study aimed to determine the culture conditions whereby viable characterised 

HTECs may be maintained in "quiescent" culture for several weeks, thus providing a 

suitable model for the longer-term study of nephrotoxic drugs in vitro. 

Cell suspensions were prepared and seeded as previously described (1). The initial 

medium was Ham's F12;DMEM, 2mM glutamine (FDGM) with lOOIU/ml Penicillin 

and Streptomycin, 2% UltroSerG®. The cells were weaned to FDGM, 50IU/ml 

antibiotics, no UltroSerG®, lOng/ml epithelial growth factor (EGF), 36ng/ml 

hydrocortisone, 5ng/ml insulin, lOng/ml prostaglandin El , 5ng/ml selenium and 

transferrin, and 5fg/ml tri-iodothyronine, by confluence at days 7-10, when the final 

medium change to "quiescent" (FDGM, 50IU/ml antibiotics, 25ng/ml EGF, O.Sng/ml 

parathyroid hormone and 0.2% UltroSerG®) was performed. 

Phase-contrast microscopy revealed that overgrowth of cells with cell rounding and 

detachment continued after quiescence. Total cell counts fell during 53 days of culture 

by 23.9±7.6% while viability of adherent cells remained constant (91.2±3.1%). 

Fluorescence microscopy of cytocentrifuge preparations from day zero, and in quiescent 

medium at days 11 and 42 showed maintained expression of cell surface molecules 

(epithelial membrane antigen, T43, MHC class I, P-glycoprotein, Phaseolus vulgaris-

binding carbohydrate). Expression of the brush-border enzyme alkaline phosphatase fell 

by day 11 with subsequent restoration on quiescence. Flow cytometry confirmed these 

results. 

We have shown that HTEC monolayers retain expression of surface markers and cellular 

viability for at least 8 weeks in quiescent culture. 
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Measurement of metabolic activity and examination of ultrastructure by electron 

microscopy should confirm the suitability of these HTEC cultures for further studies. 

1. Cart etal Immunophannacology 44 (1999) 161-167 
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Primary human renal tubular epithelial cells in quiescent culture: 

evaluation of phenotype 

Leach TD, Campbell SK, Bass PS, Albano JDM, Mason JC 

(Poster Presentation) World Congress of Nephrology, San Francisco, Oct 2001 

(Abstract) J Am Soc Nephrol 2001 Sep; 12: 615A: The study of a wide range of 

pathophysiological processes affecting human renal tubular epithelial cells (HTECs) has 

been facilitated by the ability to culture HTECs. However, current experimental 

evidence has often been obtained from confluent monolayers of cells maintained in 

culture for just a few days. 

Our study aimed to determine the culture conditions by which viable HTECs may be 

maintained in "quiescent" culture for several weeks, thus providing a suitable model for 

the longer-term study of nephrotoxic drugs in vitro. 

Cell suspensions were prepared and seeded as previously described (1). The initial 

medium was Ham's F12:DMEM and 2mM glutamine (basal medium), with lOOIU/ml 

Penicillin and Streptomycin and 2% UltroSerG® (USG - synthetic serum substitute) 

(growth medium 1). The cells were weaned to basal medium, SOIU/ml antibiotics, no 

USG, lOng/ml epithelial growth factor (EGF), 36ng/ml hydrocortisone, 5ng/ml insulin, 

lOng/ml prostaglandin-El, 5ng/ml selenium and transferrin, and 5pg/ml tri-

iodothyronine. At confluence (days 7-10) the medium was replaced by "quiescent" 

medium (basal medium, SOIU/ml antibiotics, 25ng/ml EGF, 0.5ng/ml parathyroid 

hormone, 0.2% USG), refreshed weekly. 

Although cellular overgrowth with rounding and detachment continued after quiescence, 

and total adherent cell numbers fell during 53 days of culture by 23.9±7.6%, adherent 

cell viability remained constant (91.2±3.1%). 

Fluorescence microscopy of cytocentrifuge preparations from day zero, and in quiescent 

medium at days 10 and 42 showed maintained expression of cell surface molecules 

(alkaline phosphatase, epithelial membrane antigen, T43, MHC class I). Flow cytometiy 

confirmed these results. 

We have shown that HTEC monolayers in quiescent culture are suitable for longer-term 

studies. They retain cellular viability and expression of surface markers for at least 7 

weeks. The confirmation of phenotype by metabolic activity and ultrastructural 

examination by electron microscopy is ongoing. 
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Functional P-glycoprotein is expressed on cultured primary renal 

tubular epithelial cells in longer-term culture 

Leach TD, Campbell SK, Mason JC, Bass PS, Albano JDM 

(Poster Presentation) Federation of American Societies of Experimental Biology 

Meeting, New Orleans, Apr 2002 

(Abstract) FASEB J 2002 Mar; 15(6): A955; P-glycoprotein (P-gp) is a cellular 

transmembrane protein involved in the active elimination of exogenous molecules 

including cytotoxic drugs. In the renal tubular epithelium P-gp underactivity may 

contribute to Cyclosporin A (CsA) toxicity, although to date, human P-gp studies in 

vitro have been limited to tumour, haematological or transformed cell lines. This 

study aimed to detect functional P-gp on primary human tubular epithelial cells 

(PHTECs) in longer-term culture. PHTECs in passage 1 were quiesced for 6 weeks 

(1). P-gp expression was assessed by indirect immunofluorescence and flow 

cytometry with the monoclonal antibody MRK16. P-gp activity was measured by 

flow cytometry using the fluorescent P-gp substrate Rhodamine (R)123. The 

transcellular transport of R123 and the effects of the putative P-gp modulator CsA 

were determined. P-gp was expressed in 11.5% (2-25%, n=6) of the cells, in a 

membrane distribution. The activity of P-gp was confirmed by the increased 

accumulation and decreased efflux of R123 when exposed to CsA. Therefore this in 

vitro model may be useful for studies of the role of P-gp in chronic pharmacological 

tubular toxicity. 

Ref: 1. Leach et al. J Am Soc Nephrol 2001; 12: 615A (Abstract) 
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Cyclosporin A exposure upregulates P-glycoprotein activity, but 

not expression, in longer-term cultured primary renal tubular 

epithelial cells 

Leach TD, Campbell SK, Farrer A, Bass PS, Albano JDM, Mason JC 

(Poster Presentation) American Society of Nephrology 35^ Annual Meeting & 

Scientific Exposition, Philadelphia, November 2002 

(Abstract) J Am Soc Nephrol 2002; 

P-glycoprotein (P-gp) is a cellular transmembrane protein involved in the active 

elimination of exogenous molecules including cytotoxic drugs. In the kidney, P-gp is 

present on the apical membrane of the proximal tubular epithelium. Chronic 

Cyclosporin A (CsA) nephrotoxicity is related to tubular epithelial intracellular CsA 

accumulation, so underactivity of P-gp may contribute to toxic damage. Human P-gp 

studies in vitro have been limited to tumour, haematological or transformed cell lines, 

and most have been short term (3-5 days). These results should be extrapolated to the 

normal in vivo situation with caution, particularly for longer-term effects. 

Our group has previously demonstrated functional P-gp on primary human renal 

tubular epithelial cells (PHTECs) in longer-term quiescent culture \ The present study 

aimed to investigate the effects of incubation with therapeutic concentrations of CsA 

for up to 4 weeks on the expression and efflux activity of P-gp in this model. 

PHTECs were prepared from nephrectomies from 3 individuals. Cells from each were 

maintained for 3-4 weeks in passage 1 without subculture in quiescent medium with 

(CQ) or without (NQ) 300ng/ml CsA. By flow cytometry, P-gp expression was 

assessed using the monoclonal antibody MRK16 and activity was measured using the 

fluorescent P-gp substrate Rhodamine (R)123. The accumulation and subsequent 

efflux of R123 were determined, and relative P-gp efflux activity (ratio CQ:NQ) was 

calculated. 

The proportion of cells expressing P-gp (-45%) and the degree of P-gp expression per 

cell (-1.9 x Control fluorescence) was similar in CQ and NQ. However, relative P-gp 

activity was 1.26+0.11 (mean+ls.d - range: 1.18 to 1.39). 

Although preliminary, these experiments show that longer-term exposure of quiescent 

PHTECs to therapeutic concentrations of CsA produced a strong trend toward an 

increase in P-gp activity, whereas P-gp expression was unaffected, at variance with 

published data. ^Leach gf aZ. 7 2002; 16(5): A955 (abstract) 
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Primary human renal tubular epithelial cells after six weeks of 

quiescent culture retain F-actin cytoskeleton and maintain cAMP 

response to renal hormones 

Leach TD, Campbell SK, Bass PS, Mason JC, Albano JDM 

(Poster Presentation) International Society of Nephrology Annual Meeting, Berlin, 

Apr 2003 

(Abstract) Nephrol Dial Transplant 2003; 18(suppl 4): 609: The study of a wide range 

of pathophysiological processes affecting human renal tubular epithelial cells 

(HTECs) has been facilitated by the ability to culture these cells. Current experimental 

evidence has often been obtained from confluent monolayers of cells maintained in 

culture for a few days. 

Our group has determined culture conditions by which viable HTECs may be 

maintained in "quiescent" culture for several weeks, thus providing a suitable in vitro 

model for the longer-term study of nephrotoxic drugs. 

We have previously demonstrated that such cells exhibit electron microscopic 

appearances consistent with a tubular epithelial ultrastructure, retain tubular epithelial 

markers (alkaline phosphatase, T43 and MHC class I), maintain appropriate metabolic 

functions (alkaline phosphatase, gamma-glutamyl transferase and P-glycoprotein 

function) and preserve the ability to proliferate again on the reintroduction of growth 

factors. 

The aim of this study was to further characterize primary HTECs maintained in 

quiescent culture by assessing renal hormone receptor status and cytoskeleton 

integrity. 

Cell suspensions were prepared and seeded to uncoated plastic 96-well plates for the 

receptor studies and 6-well permeable culture membranes for F-actin localization. The 

culture conditions were manipulated as previously described [1], from a fully 

hormonally defined growth medium to a final culture medium of Ham's F-12;DMEM 

and 2mM glutamine, with 50IU/ml Penicillin, 50mg/ml Streptomycin, 25ng/ml 

epithelial growth factor, 0.5ng/ml parathyroid hormone (PTH) and 0.2% USG 

(UltroSerG® - synthetic serum substitute), which was refreshed twice-weekly for 6 

weeks. 

Cyclic adenosine monophosphate (cAMP) responses to lO'^M PTH, lO'^M arginine 

vasopressin (AVP) and 3xlO"^M calcitonin (CT) were measured by ELISA. 
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Responses of cells in quiescent medium for 6 weeks were compared to those of cells 

in defined medium at 7 days. Intracellular actin microfilaments were localized by 

laser confocal imaging using rhodamine-linked phalloidin, under both medium 

conditions. 

Hormone responses: 

Hormone 
Defined medium 

Median (range) 

Quiescent medium 

Median (range) 

None (control) 

PTH 

AVP 

CT 

8.82 (8.80-16.58) 

97.78 (72.16-120.77) 

29.96 (26.73-34.15) 

36.09 (32.15-40.85) 

13.09 (6.54-23.62) 

75.73 (58.11-106.18) 

26.70 (15.61-39.93) 

22.94 (22.05-44.62) 

All results fmol/^ig protein (3 cell preparations, n=8) 

F-actin was localized at the cell membrane in both media. 

In this study we have shown that HTEC monolayers after 6 weeks in quiescent culture 

retain their response to renal hormones although the magnitude was reduced. F-actin 

localization indicates a stable polarized epithelium. The absence of cytoplasmic 

filaments provides additional confirmation of their epithelial phenotype. 

This is further evidence that primary HTECs in quiescence are suitable for longer-

term studies. 

[1] Leach TD et al. J Am Soc Nephrol 2001 Sep; 12; 615A (abstract) 
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Hampshire and Isle of Wight 
Strategic Health Authority 

mHs 

Ref: CPW/HPH SOUTHAMPTON & SOUTH WEST HAMPSHIRE 
LOCAL RESEARCH ETHICS COMMITTEES 

1 ST Floor, Regents Park Surgery 
Park Street, Shirley 

27 March 2003 Southampton 

Dr PA Bass S016 4RJ 

Department of Histopathology . ^23 8036 2466 

MP 002, Level E, SAB 023 8036 3462 

Fax: 023 8036 4110 

General Enquiries; sharon,atwiil@gp-j82203.nhs.uk 

clair.whght@gp-j82203.nhs.uk 

Dear Or Bass, 

Submission No. 192/00/w- Culture of human renal tubule cells from nephrectomy tissue 

In response to your letter dated 19"̂  March 2003, I am pleased to confirm ethical approval for the protocol amendment, 
tine extension of 3 years and the change in personnel for the above study. 

The following documents were reviewed: 

« Letters dated 23"̂  of January and 19"̂  of March 2003 
» Amended LREC Application Form 
9 SUHT Consent Form 
® Amended Protocol 
• SUHT Patient agreement to investigation or treatment Consent Form I 

This approval has been granted under Chairman's action by the Chairman Dr Audrey Kermode, and will be recorded at 
he committee meeting in April. 

fours sincerely. 

/Irs Clair Wright 
Research Ethics Manager 

Chairmen: Dr Audrey Kermode/ Dr David Briggs 
Manager; Mrs Clair Wright 

mailto:atwiil@gp-j82203.nhs.uk
mailto:clair.whght@gp-j82203.nhs.uk
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NHS Isle of Wight, Portsmouth and 
South East Hampshire 

Health Authority 

Finchdean House 
Mi l ton Road 

Portsmouth P03 6DP 

M m o t h y L e a c h Tel:02392838340 

Southampton General Hospital 
Southampton S 0 1 6 6 Y D Line: 023 9283 5139 

Fax: 023 9283 5073 

31 August 2001 

Dear Dr Leach 

REC Prop No: 07/01/1203 
Title: Culture of human renal tubule cells from nephrectomy 

tissue 

This is to inform you that the Chair of the Local Research Ethics Committee has 
approved the above study. Approval for the study is only granted until the end of 
August 2002. If your study continues after this date further Ethics Committee 
approval will be required. 

Thank you for completing the data protection questionnaire. W e hope that this was 
not an onerous task. All applications to the LREC are now required to complete one 
of these forms so that we can document compliance with the Data Protection Act and 
increase the awareness of researchers of the implications of the Act. Our current 
LREC application form has the data protection question removed from it. 

The following documents were reviewed: 

Protocol not dated 
Patient consent form not dated 
Patient information sheet . not dated 
Consultant information letter not dated 
Researcher's CV Timothy Leach 

The Ethics Committee will require a copy of the completed study for its records, you 
are therefore requested to submit a copy of the completed study to the address 
above. 

The Committee must be informed of any untoward or adverse events which occur 
during the course of the study. 

Please inform the Committee if the study is withdrawn, or does not take place. 

The Ethics Committee must also be informed of, and approve, any proposed 
amendments to your initial application. 



Appendix 3 Laser Confbcal Microscopy 

Laser Scanning Confocal Microscopy is now established as a valuable tool for 

obtaining high-resolution images and 3-D reconstructions of a variety of biological 

specimens. It makes use of fluorescence microscopy with computer controlled optics 

and image storage / interpretation. 

Fluorescence 

Some molecules emit colour of a different wavelength when exposed to light. This is 

fluorescence. The molecules absorb high-energy light (blue, for example), which 

increases the energy state of the molecules. Some of the energy from each blue photon 

is lost internally and then the molecules emit a photon with less energy, e.g. green. 

Fluorescein is a common dye that acts in exactly this way, emitting green light when 

hit with blue excitation light. The colour of light emitted is material dependent, and 

likewise the excitation light wavelength depends on the material. 

Fluorescence microscopy 

The advantage of fluorescence for microscopy is that fluorescent dye molecules can 

be attached to specific parts of the sample, so that only those parts are seen at 

microscopy. More than one type of dye can be used. By changing the excitation light, 

one type of dye can be caused to fluoresce, and then another, to distinguish different 

parts of the sample. 

The microscope uses a dichroic mirror (or more properly, a "dichromatic mirror"), 

which reflects light shorter than a certain wavelength, and passes light longer than that 

wavelength. Thus the photomultiplier sees only the emitted red light from the 

fluorescent dye, rather than seeing scattered purple light (Figure 98). 

This particular style of fluorescence microscopy is known as epi-fluorescence, and 

uses the microscope objective to illuminate the sample (rather than illuminating the 

sample from the other side, which would be trans-fluorescence). 
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Confocality 

Two microscope lenses focus light from the focal point of one lens to another point 

(see Figure 99), represented by the blue rays of light. The red rays of light represent 

light from another point in the sample, which is not at the focal point of the lens, but 

which nonetheless gets imaged by the lenses of the microscope. (The red and blue 

rays in the picture are meant to distinguish the two sets of rays, not different 

wavelengths of light.) 

The image of the red point is not at the same location as the image of the blue point. 

To image just the blue point, that is, the point directly at the focus of the lens: a screen 

with a pinhole at the image of the blue point (where the blue rays converge) will block 

rays from the out of focus areas. 

This solves one of the problems of regular fluorescence microscopy. Normally, the 

sample is completely illuminated by the excitation light, so the entire sample is 

fluorescing at the same time. Of course, the highest intensity of the excitation light is 

at the focal point of the lens, but nonetheless, the other parts of the sample do get 

some of this light and they do fluoresce. This contributes to a background haze in the 

resulting image. Adding a pinhole/screen combination solves this problem. Because 

the focal point of the objective lens of the microscope forms an image where the 

pinhole is, these two points are known as "conjugate points" (or alternatively, the 

sample plane and the pinhole/screen are conjugate planes). The pinhole is conjugate 

to the focal point of the lens, thus it is a confocal pinhole. 

Laser confocal microscopy 

See Figure 100: a laser is used to provide the excitation light (in order to get very high 

intensities). The laser light (blue) reflects off a dichroic mirror. From there, the laser 

hits two mirrors that are mounted on motors; these mirrors scan the laser across the 

sample. Dye in the sample fluoresces, and the same mirrors that are used to scan the 

excitation light (blue) from the laser descanned the emitted light (green). The emitted 

light passes through the dichroic and is focused onto the pinhole. A detector, i.e. a 

photomultiplier tube, measures the light that passes through the pinhole. 
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So, there never is a complete image of the sample - at any given instant, only one 

point of the sample is observed. The detector is attached to a computer that builds up 

the image, one pixel at a time. In practice, this can be done perhaps 4 times a second, 

for a 512x512 pixel image. The limitation is in the scanning mirrors. 

Advantage of using a confocal microscope 

By having a confocal pinhole, the microscope is efficient at rejecting out of focus 

fluorescent light. The practical effect of this is that the image comes from a thin 

section of your sample (a small depth of field). By scanning many thin sections 

through the sample, a very clean three-dimensional image of the sample can be built 

up. 

Also, a similar effect happens with points of light in the focal plane, but not at the 

focal point - the pinhole screen blocks emitted light from these areas. So a confocal 

microscope has slightly better resolution horizontally, as well as vertically. In 

practice, the best horizontal resolution of a confocal microscope is about 0.2 microns, 

and the best vertical resolution is about 0.5 microns. 
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Photomultiplier 
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Sample 

Figure 98. Schematic of epi-fluorescence microscope. Excitation light is blue, 

emitted light is red. Focusing lenses after the light source. Perpendicular lines = 

filters. 

Focal point 
Screen with pinhole 

Figure 99. Focusing objective with pinhole screen. Paths of light from different 

focal points represented by red and blue lines. Pinhole placed at blue focusing point. 

Two objective lenses shown. 
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Figure 100. Schematic of scanning laser confocal microscope. The computer also 

controls the scanning mirrors and laser. 
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Appendix 4 Flow c^ometry 

Introduction 

In order to appreciate the value of flow cytometry it is first of all necessary to 

consider what alternative techniques are available. Flow cytometry essentially allows 

the same sorts of measurements to be made that could be made by conventional light 

or fluorescence microscopy. 

However, conventional microscopy has the following disadvantages: 

• Conventional microscopy is labour intensive and slow. Realistically one may 

expect to count a hundred cells or so in a minute but if more demanding 

measurements are required such as sizing, identification or characterisation in 

terms of stain uptake then analysis times will be greatly increased. 

• Microscopic analysis of samples leads to operator fatigue, which will affect the 

reliability of the results. 

• As a result of the above problems, typically only a few cells (10s or 100s) will be 

analysed. This will adversely affect the statistical significance of the results 

obtained and thus the conclusions that can be safely drawn from the data. 

• Microscopic analyses are qualitative or at best semi-quantitative. Generally for 

example, it will be possible to distinguish between an unstained cell and a cell 

stained with a blue dye, but it will not be possible to differentiate between cells on 

the extent of their staining except in extreme cases. 

• The accuracy of conventional microscopic measurements is very dependent upon 

the operator performing the measurements. 

Background 

Flow cytometers are used to rapidly count and identify bacteria, cells, and other 

biological particles. Although flow cytometers measure only one cell at a time, they 

are capable of processing thousands of cells in just a few seconds. The cells may be 

living or fixed at the time of study, but in either case they must be in a single cell 

suspension. Flow cytometers function by passing cells through a laser beam in a 

continuous single-file stream. Each cell scatters some of the laser light, and also emits 

fluorescent light excited by the laser. 
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The cytometer measures a number of factors based on scattering and emission and 

uses this data to differentiate between and count the types of cells in the mixture. 

Some of the main aspects measured include low angle forward scatter intensity 

(approximately proportional to cell diameter); orthogonal (90 degree) scatter intensity 

(approximately proportional to the granularity of the cell); and fluorescence intensities 

at several wavelengths. This data creates a "histogram" of each cell. 

The machinery 

There are several components that make up a flow cytometer which include: 

• The fluidics system which is required for sample delivery 

• The optical system which makes the measurements 

• The electronics used for signal detection, data processing and automation 

• The computer interface - i.e. the software and hardware used to control the flow 

cytometer and to collect, display and store the data 

Fluidics 

The important characteristic of flow cytometry is that measurements are made as the 

cell sample flows through the instrument. If a simple tube were used to deliver the 

sample, the cells (represented by black dots in the Figure 101 A) would not be 

delivered reproducibly to the measuring point (yellow dot). If a narrower tube were 

used to ensure reproducible sample delivery it would be likely that blockages would 

result. To overcome these problems, a method known as hydrodynamic focusing is 

used (Figure lOlB). This involves introducing a slowly moving stream of cells into a 

quickly moving carrier fluid. The carrier (or sheath) fluid constrains the cells to the 

centre of the tube and thus the cells are reproducibly delivered to the measuring point. 

Optics 

The optical system of a flow cytometer is composed of one or more light sources, 

together with a series of lenses, filters and detectors. The lenses and filters act to 

deliver the light source to the measuring point and also to transfer scattered light and 

fluorescence from the measuring point to the detectors. 

Laser light is used as this has the advantage of monochromasia - i.e. light is of a 

single wavelength. This helps when separating light scatter from fluorescence. The 
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most commonly used laser is the Argon Ion laser with a wavelength of 488 nm. HeNe 

lasers e.g. 544 nm or 633 nm are also often used. 

Filters 

Optical filters allow light of selected wavelengths to pass through while limiting 

transmission of other wavelengths. The two most commonly used in flow cytometry 

are: 

• Dichroic filters are selective mirrors that allow transmission of long wavelengths 

while reflecting short wavelengths. In the example shown in Figure 102, cells 

were illuminated with 488 nm light from an Argon ion laser. This has resulted in 

scattering at the incident wavelength and fluorescence at longer wavelengths. By 

using a 500 nm dichroic the majority of the scattered light is reflected downwards 

to one detector, whilst the majority of the fluorescent light is transmitted to 

another detector; 

• Band pass filters allow light of a specific wavelength, or narrow band of 

wavelengths, to pass through. In the example in Figure 103, a mixed light source 

resulting from scattering and fluorescence reaches a 630 nm band pass filter. This 

filter is designed to allow transmission of a narrow band of wavelengths between 

620 and 640 nm. In this way fluorescence from a single cellular component or 

added stain can be isolated and quantified. 

The optics and fluidics combine to provide a method of delivering the sample in a 

reproducible manner to the focused light source. A series of filters are then used to 

split the resulting light into bands representing scattering by the cells and fluorescence 

from different compounds within them (Figure 104). 

Computer 

The flow cytometer is connected to a computer (in our case an Apple Mackintosh) 

running specific software (CellQuest from Becton Dickinson). The software acquires 

the data from the cytometer, stores it and creates histograms etc. of the data recorded. 
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Figure 101. Schematic of cell flow within a flow cytometer. (A) flow through a 

simple tube, (B) flow within a fluid-focused column of cells. Black dots = cells, 

yellow dot = sampling point. In A the cells cannot reliably be delivered at the 

sampling point. In B, a fast-flowing fluid sheath around the column of cells keeps 

them focused to a narrow beam. 

SOOnm dichroic filter 

Light source 
488-575 nm 

Transmitted light 
500-575 nm 

488-500 nm 

Reflected light 

Figure 102. Schematic of dichroic filter. The filter transmits light above a defined 

wavelength, while reflecting light below that wavelength. Scattered light tends to be 

around the wavelength of the incident light, whereas emitted fluorescence has a higher 

wavelength (lower frequency). Thus scattered and emitted light can be separated. 

630 nm Band 
Pass Filter 

Mixed wavelength 
Light source 

Transmitted light 
is 620-640 nm 

Figure 103. Schematic of a band pass filter. Such filters limit transmitted light to a 

narrow band width, reducing interference and increasing the specificity of a light 

detector. 
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Figure 104. Schematic of flow cytometer. Laser light is shone onto the narrow 

column of cells within the flow cell. Scattered light transmitted is measured by the 

Forward Scatter (FSC) detector, and passed to the computer. Scattered and emitted 

fluorescence light is reflected off and transmitted through dichroic filters of specific 

wavelengths, defined further through band pass filters, and measured by wavelength 

detectors, before being passed to the computer for acquisition, recording, analysis and 

graphical/data output. 
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Appendix 5 Experimental Protocols 

General procedures 

Preparation of Phosphate Buffered Saline 

Materials required 

Disodium hydrogen phosphate 

l.ON Hydrochloric acid 

Potassium chloride 

Potassium dihydrogen phosphate 

Reverse osmosed water 

Sodium chloride 

Equipment Required 

>40g balance 

5.0L beaker 

Magnetic stirrer, and "flea" 

pH buffers: pH 4.0, 7.0 and 10.0 

pH meter 

500ml screw top bottles 

(Autoclave) 

Method 

PBS; 

1. Weigh out 40g sodium chloride 

Ig potassium dihydrogen phosphate 

5.75g disodium hydrogen phosphate 

Ig potassium chloride 

2. Measure out 5L reverse osmosed water and add chemicals, stirring 

continuously 

3. Calibrate pH probe using standard buffer solutions @ pH 4.0, 7.0 and 10.0 

4. Insert pH probe and correct pH slowly to 7.3 using l.ON hydrochloric acid 

5. Dispense into 500ml bottles 
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6. Autoclave if needed sterile 

7. Keep at 4°C until required 

lOx PBS: 

1. Weight out 80g sodium chloride 

2g potassium dihydrogen phosphate 

11.5g disodium hydrogen phosphate 

2g potassium chloride 

2. Measure out IL reverse osmosed water and add chemicals, stirring 

continuously 

3. Calibrate pH probe using standard buffer solutions @ pH 4.0, 7.0 and 10.0 

4. Insert pH probe and correct pH slowly to 7.3 using l.ON hydrochloric acid 

5. Dispense into 500ml bottles 

6. Keep at 4°C until required 

Hazards 

• Wear gloves and laboratory coat at all times 

• See end of chapter for further details 
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Preparation of Tris Buffered Saline 

Materials Required 

l.ON Hydrochloric acid 

Reverse osmosed water 

Sodium chloride 

TRIS hydroxymethyl methylamine 

Equipment Required 

>80g balance 

10. OL beaker 

Magnetic stirrer, and "flea" 

2-5L Measuring flask 

pH buffers: pH 4.0, 7.0 and 10.0 

pH meter 

500ml screw top bottles 

Method 

1. Weigh out 80g sodium chloride 

6.05g TRIS hydroxymethyl methylamine 

2. Measure out lOL reverse osmosed water and add chemicals, stirring 

continuously 

3. Calibrate pH probe using standard buffer solutions @ pH 4.0, 7.0 and 10.0 

4. Insert pH probe and correct pH slowly to 7.6 using l.ON hydrochloric acid 

5. Keep at 4°C until required 
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Preparation of Bovine Serum Albumin 

Materials required 

Bovine Serum Albumin (BSA) 

Phosphate buffered saline (PBS) 

TTItlS biiffered saline (TTBS) 

Equipment Required 

>10g balance 

200ml Beaker 

Magnetic stirrer and "flea" 

10ml Measuring flask 

100ml Measuring flask 

1ml Pipette 

Method 

10% BSA: 

1. Weigh out lOg bovine serum albumin 

2. Measure out 100ml PBS and add BSA slowly, stirring gently continuously 

3. Keep at 4°C until required 

1% BSA: 

1. Pipette or measure out 1 or 10ml 10% BSA 

2. Make up to 10 or 100ml with TBS or PBS 

3. Use immediately or keep at 4°C until required 
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Preparation of Paraformaldehyde 

Materials required 

Paraformaldehyde 

Phosphate buffered saline (PBS) 

100°C spirit thermometer 

Equipment Required 

>4g balance in fume hood 

200ml Beaker 

Fume hood 

Heated magnetic stirrer and "flea" 

100ml Measuring flask 

1ml Pipette 

Method 

4% Paraformaldehyde: 

1. In fume hood: 

2. Weigh out 4g Paraformaldehyde 

3. Measure out 100ml PBS and add paraformaldehyde, stirring continuously 

4. Gently heat, while stirring, to 60°C 

5. Continue stirring until solution clears 

6. Allow to cool, cover, remove from fume hood, and keep at 4°C until required 

7. Keep for up to 7 days in the dark at 4°C 

2% Paraformaldehyde: 

1. Pipette out 4% Paraformaldehyde 

2. Make up to double volume with PBS 

3. Use immediately or keep at 4°C until required (<7 days) 
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Preparation of Antifade 

Materials required 

1,4-diazobicyclo-(2,2,2)-octane (DABCO) 

Glycerol 

Trizma buffer pH5 

Equipment Required 

2g Balance 

10ml measuring flask 

20ml Universal container 

Method 

lOx Antifade solution: 

1. Weigh out 2g DABCO 

2. Dilute in 10ml Trizma buffer pH5 

3. Store at-20°C 

Antifade solution: 

1. Add 2ml lOx Antifade to 18ml Glycerol 
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Preparation of Media 

Materials required 

DMEM : F-12 Ham (1:1 mixture) medium (sterile) 

RPMI1640 medium (sterile) 

200mM L-Glutamine (sterile) 

Penicillin (10,000 u/ml) - Streptomycin (lOmg/ml) (sterile) 

Equipment Required 

0.2pm syringe filter (sterile) 

5ml syringe (sterile) 

Tissue culture hood 

Method 

Basal medium: 

1. In tissue culture hood, filter sterilise (draw up into sterile syringe, pass through 

syringe filter) 5ml L-glutamine into 500ml DMEM : F-12 Ham medium 

2. Store at 4°C 

RPMI with 2x antibiotics; 

1. In tissue culture hood, filter sterile 10ml Penicillin - Streptomycin mixture 

into 500ml RPMI 1640 medium 

2. Store at 4°C 

Basal medium with % antibiotics: 

1. In tissue culture hood, filter sterilise 5ml L-glutamine into 500ml DMEM : F-

12 Ham medium 

2. Filter sterilise 2.5ml Penicillin - Streptomycin mixture into medium 

3. Store at 4°C 
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Hazards 

• DAB CO is corrosive, and is harmful by skin contact, inhalation and ingestion: 

avoid exposure to dust 

• Disodium hydrogen phosphate is hygroscopic: care must be taken when 

handling stock to avoid excessive exposure to air 

• DMEM : F-12 Ham medium should be used with caution 

• L-Glutamine should be used with caution 

• Glycerol is hygroscopic and should be used with caution: avoid excessive 

exposure of stock to air 

= 1 .ON hydrochloric acid is toxic by skin contact and inhalation, and causes 

burns: pour within a fume hood and keep bottle stopped 

® Paraformaldehyde is harmful by contact, and toxic by inhalation: use fume 

cupboard at all times when handling powder 

• Penicillin and streptomycin are toxic by skin contact and inhalation, may 

cause sensitisation and harm the unborn child: avoid exposure, particularly if 

pregnant 

• Potassium chloride is harmful by skin contact or inhalation, and is 

hygroscopic: avoid excessive exposure of stock to air, avoid breathing dust 

• Potassium dihydrogen phosphate may be harmful, and is hygroscopic: avoid 

excessive exposure of stock to air 

• RPMI 1640 medium should be used with caution 

• Sodium chloride is irritating to eyes: avoid contact with eyes 

• TRIS hydroxymethyl methylamine is irritant by skin, eye and respiratory 

contact: avoid exposure to dust 

• Trizma buffer is irritant by skin, eye and respiratory contact: avoid contact 
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Protocol 1 Cell counting and viability estimation 

Materials required 

Cell suspension(s) 

Trypan blue (0.1% in PBS) 

Equipment Required 

Improved Neubauer Haemocytometer slide with coverslip 

50)li1 pipette 

Method 

1. Suspend cells in 1ml of medium (if very few cells, can use less). 

2. Ensuring suspension is well mixed, remove 50 or 1 OOfil to a test tube. 

3. Dilute cell suspension 1:1 with Trypan blue 

4. Ensuring the cytometer is clean and dry, condensate the centre by breathing on 

it 

5. Centre a coverslip on the cytometer 

6. Using the pipette, place just enough of the mixed cell/trypan blue suspension 

on each end of the cytometer to be drawn under the coverslip and fill area 

beneath. Do not use too little to leave bubbles/unfilled edges, or too much to 

spill out into the grooves either side or in the centre 

7. Count the number of cells within each of the two grids (see Figure 105, one 

each side of the central divide). Dead cells will have taken up the dye and 

appear blue, viable cells are clear. Do not count cells which lie on the left or 

top triple lines of each large square 

8. Repeat 2-4 times (= total number of counts, Vi total number of grids counted) 

9. The area of each grid is Imm^. The depth of the film beneath the coverslip is 

0.1mm. The volume of each grid is therefore 0.1 mm^ 

10. 1ml = Icm^ = lOOOmm .̂ Therefore the volume of each grid is 
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11. The concentration of cells in the film on the grid is therefore the number of 

cells on the grid xlO'̂ /ml 

12. The original cell suspension is twice the counted concentration as this has 

been diluted 1:1 with trypan blue, i.e. the number of cells per grid x 2xlO'̂ /ml, 

or the total number of cells in two grids xloVml 

13. If the original suspension was in less than 1ml, multiply the final cell number 

by the original volume (in ml), as the cells would be less concentrated by that 

factor had they been suspended in 1ml 

14. Thus: 

Cell number 
in original 
suspension 

Tokd 
ceH 

count 

X 10^ X 

Original 
suspension 

volume (ml) 
/ 

Number 
of 

counts 

Hazards 

• Risk of infection from human tissue: always wear gloves and laboratory coat, 

ensure all used cells are disposed of into 10% Virkon disinfectant, clean 

haemocytometer well with water then with 70% ethanol 

• Trypan blue is toxic by skin contact: always wear gloves and laboratory coat 
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Figure 105. Counting grid on Improved Neubauer Haemacytometer 
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Protocol 2 Transmission Electron Microscopy 

Materials required 

Phosphate buffered saline 

Glutar aldehyde 

Formaldehyde 

Piperazine-N,N'-bis[2-ethanesulphonice acid] buffer (PIPES) 

Osmium tetroxide 

Grade series of ethanols 

Acetonitrile 

SPURR resin 

Saturated uranyl acetate 

Reynold's Lead 

Equipment Required 

Transmission electron microscope (Hitachi H7000) 

Copper mounting grids 

Fume cupboard 

Microtome 

Polymerisation oven 

Method 

1. Wash cell monolayers on culture inserts twice in PBS. While wet, cut from 

mount while wet with PBS, cut to required size, place in 4ml bijoux of 3% 

glutar aldehyde / 4% formaldehyde in PIPES buffer fixative 

2. Remainder performed by Ann Farrer 

3. Allow 1 hour for fixation, then rinse twice for lOmins each in PIPES buffer 

4. Transfer to post fixative (0.1% osmium tetroxide in PIPES buffer) for 1 hour 

5. Rinse again twice in PIPES buffer 

6. Dehydrate through 30%, 50%, 70%, 95%, 100% and 100% ethanol baths, 

gacA wp fo 9.5% gacA/br 700% 

7. Place in acetonitrile for 10 mins, then in a 50:50 mixture of acetonitrile and 

SPURR resin overnight 
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8. Place in resin for 6 hours 

9. Embed in fresh resin and polymerise at 60°Cfor 20-24 hours 

77. Mownf coppgr 

72. wran);/ aM<77(g)?%oZ6 '̂̂  Tvĝ W 

13. Examine and photograph on transmission electron microscope 

Hazards 

• Glutaraldehyde is harmful by inhalation, ingestion and on skin contact: always 

wear nitrile gloves (glutaraldehyde penetrates latex gloves) and laboratory coat 

and use in a fume cupboard 

• Formaldehyde is toxic by inhalation and ingestion: always wear gloves and 

laboratory coat and use in a fume cupboard 

• Osmium tetroxide is very toxic by inhalation, ingestion and on skin contact: 

always wear gloves, laboratory coat and safety goggles and use in a fume 

cupboard 

• Ethanol is highly flammable: always keep in screw-top container in 

flammables chest, avoid naked flames and use with other flammable agents or 

equipment which causes sparks 

• PIPES may be harmful: wear gloves and laboratory coat 

Acetonitrile is harmful by inhalation, ingestion and on skin contact: always 

• gloves and laboratory coat and use in a fume cupboard 

(y resin is harmful by inhalation, ingestion and on skin contact: always 

• gloves and laboratory coat and use in a fume cupboard 

Uranyl acetate is very toxic by ingestion and inhalation, may cause cumulative 

effects and is dangerous to the environment: always wear gloves and 

laboratory coat and use in a fume cupboard, always store waste material for 

safe disposal 

Reynold's Lead is toxic by inhalation, ingestion, skin contact, and cumulative 

exposure: always wear gloves and laboratory coat and use in a fume cupboard 

wear: 

Epoxy resin 

wear i 
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Protocol 3 Scanning Electron Microscopy 

Materials required 

Phosphate buffered saline 

Gold-palladium sputter coating 

Equipment Required 

Fume cupboard 

Mounting stubs 

Scanning electron microscope (Hitachi S800) 

Method 

1. See steps 1. to 7. of Protocol 2, then: 

9. Mount on stub 

10. Sputter coat with gold palladium for l-2mins 

Hazards 

• Gold palladium is harmful, particularly cumulatively: wear gloves and 

laboratory coat and use in fume cupboard 
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Protocol 4 Microprotein Measurement 

Materials required 

0.01% Bovine serum albumin in H2O 

Bradford reagent (Coomassie blue in phosphoric acid (85%) and methanol) 

Equipment Required 

96-well microtitre plate 

Pipettes 

Spectrophotometer 

5ml test tubes 

Method 

1. Gently mix the dye reagent in the bottle 

2. Prepare standard solutions as Table 12 

3. Prepare cell solutions: add 50|li1 cell suspension to 1.95ml R.O. H2O in a 

bijoux bottle. Sonicate for 10s at 14|um. Make 1:400 and 1:1000 dilutions from 

sonicated samples 

4. Add 100|il standard or protein solutions to each well: see Figure 106. 

Table 12. Microprotein assay calibration samples: 

PI 0 1000 0 

P2 20 1980 0.1 

P3 20 980 0.2 

P4 40 960 0.4 

P5 60 940 0.6 

5. Add lOOjil Bradford reagent to each well 

6. Leave for 5 mins for full colour to develop 

7. Measure absorbance at 620nm (colour stable for Ihr - concentrations 

measurable and appropriate wavelengths determined Figure 108 and Figure 

109) 
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8. Subtract the absorbance of the appropriate blank from each solution's 

absorbance 

9. Plot the standard curve from the corrected standard absorbances (Figure 107) 

10. Determine the protein concentration of each sample from the standard curve 

11. Multiply result by dilution factor to determine initial sample protein content 

Hazards 

• Bradford reagent is corrosive, toxic by contact and inhalation, highly 

flammable, and should be used with caution: always wear gloves and 

laboratory coat, avoid sources of ignition. In the event of spillage wear 

breathing apparatus and rubber gloves and boots, cover with dry lime or soda 

ash and keep in a closed container until disposal by incineration 
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1 
2 
3 
4 
5 
6 
7 
8 

Sample 1 Sample 2 Ca ibra tion 
A B C D E F G H I J K L 
L40 1:40 1:40 1:40 L40 1:40 PI PI PI 

1:400 1:400 1:400 1:400 1:400 l̂ WO P2 P2 P2 
1:1000 1:1000 1:1000 1:1000 1:1000 1:1000 P3 P3 P3 

P4 P4 P4 
P5 P5 P5 

Figure 106. Microprotein 96-well microtitre plate layout 
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Figure 107. Sample standard curve for microprotein assay. All samples assayed in 

triplicate. 
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Figure 108. Absorbances of standard protein solutions for different light 

wavelengths. Absorbance at 620nm gives the greatest discrimination between protein 

concentrations. 
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Figure 109. Absorbances of higher protein concentrations. Only protein 

concentrations below Ipg/well achieve linearity on the standard scale. All samples were 

subsequently diluted into this range. 
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Protocol 5 Alkaline Phosphatase Activity Measurement 

Materials required 

Concentrated hydrochloric acid 

Phosphate buffered saline 

Reverse-osmosed water 

Sigma control enzyme solution 2-E 

Sigma kit x 

Alkaline buffer solution (2-amino-2-methyl-l-propanol) 

Stock substrate solution: lOOmg capsule into 25ml H2O (p-Nitrophenyl 

phosphate - store at -20°C) 

Dilute p-Nitrophenol solution; 0.5ml p-Nitrophenol standard solution 

diluted to 100ml with 0.02N sodium hydroxide (2:3 dilution of 

0.05N NaOH with HgO) 

0.05N sodium hydroxide 

Equipment Required 

96-well microtitre plate 

Pipettes 

Spectrophotometer (Titretek MicroScan) 

Temperature-controlled water bath 

10ml test tubes with stoppers 

Method 

1. For each sample, label 2 tubes, BLANK and TEST (including control enzyme 

as a sample) 

2. Into BLANK and TEST place 0.25ml 221 Alkaline Buffer Solution and 

0.25ml Stock Substrate Solution 

3. Place both tubes into 37°C water bath - allow to equilibrate 

4. Pipette 0.05ml control (medium for cell sample, PBS for enzyme sample) into 

BLANK, and 0.05ml sample into TEST, recording exact time, and returning 

tubes to water bath promptly 
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5. Set up calibration samples as Table 13. Pipette 300)li1 of each in triplicate into 

96-well microtitre plate as Figure 110. 

Table 13. Alkaline phosphatase calibration samples 

A1 0 660 0 

A2 60 600 1 

A3 180 480 3 

A4 360 300 6 

A5 600 60 10 

6. After exactly 15 mins, add 5ml 0.05N NaOH to each tube, stopper and mix by 

inversion 

7. Remove 200pl aliquots of TEST and BLANK into microtitre plate, as Figure 

110. 

8. Add 0.1ml concentrated hydrochloric acid to each tube and mix (bleaches out 

all ALP colour, leaving sample "blank" - affords measurement of and 

allowance for any non-ALP yellow colour) 

9. Remove 200|ul aliquots of TEST and BLANK into microtitre plate. 

10. Read absorbance of plate at 414nm 

11. Plot standard curve of ALP activity against absorbance (see Figure 111) 

12. Determine ALP activity of each sample from standard curve 

13. Subtract ALP activity in 9 ("Blank" samples) from 7 (Test samples), yielding 

corrected ALP activity of sample, then control samples from test samples 

Hazards 

Risk of infection from human tissue: always wear gloves and laboratory coat, 

ensure all used cells are disposed of into 10% Virkon disinfectant, clean all 

used equipment well with water then with 70% ethanol 

Alkaline buffer solution is irritant; wear gloves and laboratory coat 

Stock substrate solution may be harmful; wear gloves and laboratory coat 
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p-Nitrophenol is harmful by inhalation, ingestion or skin contact: wear gloves 

and laboratory coat 

Sodium hydroxide is corrosive: wear gloves and laboratory coat 

Concentrated hydrochloric acid is toxic by skin contact and inhalation: always 

wear gloves and laboratory coat, decant from contained within fume cupboard, 

use in well-ventilated area, avoid breathing vapour 

Control enzyme solution may be harmful by contact or inhalation: always 

wear gloves and laboratory coat 

Risk of electric shock or burns from water bath: ensure all switches and cables 

are kept away from the water, ensure electrical safety checks are current, 

ensure the heating element is kept immersed at all times, avoid contact with 

the heating element 
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Figure 110. Alkaline phosphatase 96-weIl micro titre plate layout 
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Figure 111. Sample standard curve for alkaline phosphatase activity assay. All 

samples and blanks assayed in triplicate. 
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Protocol 6 Y - G l u t a m y l t r a n s f e r a s e Activity Measurement 

Materials required 

Cell suspension(s) 

Sigma kit 545 

GGT substrate solution: 11ml Trizma buffer (O.IM pH 9.0) solution (at 

RT) + 1 vial GGT substrate (y-glutamyl-p-nitroaniline and 

glycylglycine - cap and shake vigorously for a few seconds. Stand 

2-3 mins then shake vigorously again) - stable for 5d at 4°C or 14d 

at -20°C 

Sigma Elevated control enzyme solution: 3ml HgO into 1 vial. Leave 

for 3 mins then swirl gently - stable for 3d at 4°C or 1 month at -

20°C 

Acetic acid solution (10%): 50ml glacial acetic acid —> 500ml H2O -

used until infected 

Sodium nitrite solution (0.1%): 50mg NaNOz in 50ml H2O - stable for 

7d at 4°C 

Ammonium sulfamate solution - stable for months at 4°C 

Naphthylethylenediamine solution: 55mg in 105ml H2O - stable for 

months in dark at RT 

GGT calibration solution (p-Nitroaniline) 

Phosphate buffered saline 

Equipment Required 

96-well microtitre plate 

Spectrophotometer 

Temperature controlled water bath 

10ml test tubes 

Method 

1. Add 50|il cell suspension to 150jxl PBS. Dilute again to 1:50, 1:100 and 1:200 

2. For each sample (and control enzyme) add 0.5ml GGT substrate solution to 2 

tubes, labelled TEST & BLANK, and place in water bath 
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3. Place calibration tubes (see Table 14) in water bath 

Table 14. Gamma-glutamyltransferase calibration samples 

G1 0 500 0 

G2 100 400 20 

G3 300 200 60 

G4 400 100 80 

G5 500 0 100 

4. Allow to equilibrate at 37°C 

5. To TEST add 0.02ml sample. Mix by gently swirling 

6. Start timer and incubate all tubes at 37°C for EXACTLY 20 mins 

7. (Calibration starts here) Remove from water bath; add 2ml acetic acid 

solution to all tubes. Mix by gently swirling 

8. To BLANK add 0.02ml sample. Mix by gently swirUng 

9. In timed sequence, add 1ml NaNOi solution to all tubes. Mix quickly and 

stand at RT for 3 rains 

10. In same timed sequence, add 1ml Ammonium sulfamate solution to all tubes. 

Mix quickly and wait 3 mins 

11. Add 1ml Naphthylethylenediaraine solution. Cover and shake vigorously until 

bubbles rise. Final colour is stable for >1 hour 

12. Transfer to plate (200)il per well - Figure 112) and read absorbance at 540nm 

13. Determine GGT activity from calibration curve (see Figure 113). Subtract 

activity of BLANK from TEST to obtain activity of sample. Multiply by 

dilution factor for original activity 

240 



Hazards 

• Risk of infection from human tissue: always wear gloves and laboratory coat, 

ensure all used cells are disposed of into 10% Virkon disinfectant, clean all 

used equipment well with water then with 70% ethanol 

• GGT substrate solution may be harmful by contact or inhalation: always wear 

gloves and laboratory coat. Avoid any dust/vapour when weighing out 

reagents 

• Control enzyme solution may be harmful by contact or inhalation: always 

wear gloves and laboratory coat Avoid any dust/vapour when weighing out 

reagents 

• Acetic acid is corrosive, flammable and the vapour is irritant: keep away from 

naked flames and other sources of combustion, store in a stopped jar in the 

flammables chest, always wear gloves and laboratory coat, make up to 10% by 

its addition to water - never vice versa - in the fume cupboard 

• Sodium nitrite solution is toxic, an oxidiser and likely to ignite flammable 

materials: always wear gloves and laboratory coat, keep in sealed glass 

container when not in use 

• Ammonium sulphamate solution is toxic by contact or irritation and may 

cause cancer: always wear gloves and laboratory coat, avoid inhalation of 

dust/vapour when weighing out reagents 

• Naphthylethylenediamine solution is irritant by contact or inhalation: always 

wear gloves and laboratory coat, avoid inhalation of dust/vapour when 

weighing out reagents 

• Risk of electric shock or burns from water bath: ensure all switches and cables 

are kept away from the water, ensure electrical safety checks are current, 

ensure the heating element is kept immersed at all times, avoid contact with 

the heating element 
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Figure 112. Gamma-glutamyltransferase 96-well microtitre plate layout 
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Figure 113. Sample standard curve for gamma-glutamyltransferase activity assay. 

All samples assayed in triplicate. 
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Protocol 7 Indirect Immunofluorescence Staining 

Materials required 

Anhydrous acetone (filter after use) 

Antifade 

Bovine serum albumin (1% in TBS) 

FITC-conjugated rabbit anti-mouse F(ab')2 (200fj.g/ml) 

Normal Rabbit Serum (neat) 

Primary mouse anti-human antibodies (and isotype controls) 

Propidium iodide (0.5mg/ml) 

Equipment Required 

Staining rack 

Pipettes 

Coplin jar 

Glass coverslips 

Method 

1. Day 1; 

2. Fix in acetone for lOmins (for cytocentrifuge preparations, immerse in Coplin 

jar of acetone; for cell culture inserts, cut from mount while wet with PBS, cut 

to required size, place on slide while wet, allow to air dry on staining rack for 

at least 30mins, then pipette on sufficient acetone to cover the specimen, 

taking care to prevent drying of the slide by frequent reapplications), or 4% 

PFA on staining rack for 4mins, using 2-3 drops per slide (-lOOp,!) 

3. For acetone - remove from bath/flick off acetone and air dry for lOmins, for 

PFA flick off slide well then air dry for lOmins 

4. Dilute normal serum (1:20 in TBS) 

5. Rehydrate slides with TBS, then flick off 

6. Incubate with Normal Serum (-100^1) for 30mins at RT 

7. Make up primary antibodies, in 1% BSA 

8. Flick off well (not wash) and dry around specimen 

9. Incubate with primary antibody (~100|il) at 4°C overnight (in the dark) 
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10. Day 2: 

11. Make up FITC-conjugated secondary antibody (in 1% BSA), 20|ig/ml with 

2.5|j,g/ml PI, total 100-200|il per specimen 

12. Remove slides from cold and wash twice with TBS at RT (with membrane 

specimens, care is needed to avoid washing away the specimen - holding 

down the membrane with a pipette tip in one corner is sometimes required) 

13. Incubate with secondary antibody with PI in the dark for 30mins at RT 

14. Wash with TBS xl 

15. Flick off and dry well around the specimen: avoid drying out the specimen 

however 

16. Mount coverslips with Antifade & seal with nail varnish (Antifade is water 

soluble and will evaporate, and also does not set so will not hold coverslip in 

place during microscopy) 

17. Microscope with laser confocal microscope: see Protocol 9 

Hazards 

• Propidium iodide is harmful by skin, eye and respiratory contact, with possible 

risk of irreversible effects: wear gloves and laboratory coat at all times and 

avoid contact or spillage 

• Paraformaldehyde is toxic by contact and inhalation: wear gloves and 

laboratory coat at all times and avoid contact or spillage 

• Acetone is highly flammable: avoid naked flames or storage in anything other 

than the flammables storage chest 

• Acetone is highly volatile, repeated exposure may cause drowsiness or 

dizziness, vapour is irritant to eyes: use in a well ventilated area, avoid fumes 
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Protocol 8 Immunofluorescence microscopy 

Materials required 

Fluorescent-labelled specimen on antifade-mounted coverslip-covered 

microscope slides 

Equipment Required 

Zeiss Axioshop 2 - MOT fluorescence microscope 

PC attached to microscope running Zeiss KS400 version 3.0 software 

Method 

1. Turn on microscope and mercury lamp 

2. Open software 

3. Click on Image and Gallery buttons on toolbar 

4. Click Acquire and Setup 

5. Select FITC-block filter (blue light) on microscope: focus specimen and select 

appropriate field for FITC microscopy 

6. Open shutter on microscope (to enable image acquisition by camera) 

7. Click Live 

8. Set exposure or click Automatic 

9. Check Autofocus box and focus microscope until green focus bar is nearest the 

highest red line 

10. Click Live to turn it off 

11. Click Snap, computer acquires photomicrograph 

12. Click Cancel once acquisition completed 

13. Click on image in gallery, then Save button, to save file with .tif extension in 

appropriate directory 

14. Continue from step 3. until completed 

15. (To acquire two-colour image, take FITC image, keep same field on 

microscope, select TRITC-block filter (green light) on microscope in step 4., 

take picture as steps 5. to 12., then click Binary and Boolean, ensure correct 

image numbers (from gallery) are in Input 1 and Input 2 windows, click New 

output, check Function, Or box, click Apply (check output window has correct 
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appearance) then OK. Click on combined image in gallery and Save as step 12. 

Continue from step 3. until all images taken) 

Hazards 

• Laser light is damaging to sight: always follow standard operating procedure 

for the fluorescence microscope - never dismantle or use without appropriate 

safeguards 

• Laser light is generated by mercury lamp: mercury vapour is highly toxic -

should the lamp blow, evacuate microscopy room immediately 
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Protocol 9 Laser confocal microscopy 

Materials required 

Fluorescent-labelled specimen on antifade-mounted coverslip-covered 

microscope slides 

Equipment Required 

Leica TCS SP2 laser scanning confocal microscope 

PC attached to microscope running Leica Confocal Software version 2.0 

Method 

1. Turn on PC and microscope / camera / mercury lamp 

2. Set laser strength knob to "10-o'clock" 

3. Open software - wait for initiation to complete 

4. Click New 

5. Set specimen on stage, pull out beam splitter and select FITC-block filter (blue 

light). Select appropriate objective, focus specimen and select appropriate field 

6. Push in beam splitter and select laser light (number 4) 

7. Click Beam, double-click FITC-TRITC from the menu 

8. Ensure Objective shows correct one, 8 Bit is selected. Expander is set at 3 for 

xlO objective, else 6, then select Mode = xyz, Format = 1024x1024, Speed = 

400Hz, Scan= Mono 

9. Click Continuous, microscope starts scanning 

10. Click Pinhole, then AE and Airy 1, Close 

11. Click Signal, then adjust Gain and Ojfset to achieve good FITC and TRITC 

discrimination and minimal / no background 

12. Click the little Series button, and scan up and down through the section with 

the Z-pos knob, setting Begin and End positions by checking the small boxes 

in the Series window or clicking on the Begin and End buttons on the bottom 

toolbar 

13. Click Stop 

14. Click Sections and select the number of sections to scan: maximum is 

approximately 1 section per 1 \im 
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15. Click LiA. This averages x lines and filters noise - 4 is recommended to trade 

off noise versus speed 

16. Click the big Series button, microscope scans the specimen in number of 

sections chosen between start and end depths - images displayed in window 

17. While acquiring, click on LUT and select Green for Channel 1 and Red for 

Channel 2. This ensures saved files are in appropriate colours 

18. Images can be overlaid by clicking RGB 

19. On Saving the file, all single images will be saved. To create a composite (red 

and green) image, particularly one to represent a transmission fluorescence 

image, click 3D, then ensure Maximum projection is checked 

20. To continue. Close the file, and return to step 4. 

Hazards 

• Laser light is damaging to sight: always follow standard operating procedure 

for the laser confocal microscope - never dismantle or use without appropriate 

safeguards 

• Laser light is generated by mercury lamp: mercury vapour is highly toxic -

should the lamp blow, evacuate microscopy room immediately 
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Protocol 10 Flow Cytometry: General Protocol 

Materials required 

Cell samples on ice 

Equipment Required 

Apple Macintosh computer running Cell Quest software attached to flow 

cytometer 

Beckton-Dickinson FACScalibre flow cytometer 

Method 

1. Switch on FACSCalibur, followed by computer 15 seconds later 

2. Remove tube of FACSRinse 

3. Fill sheath container % full with FACSFlow 

4. Empty waste container 

5. Pressurise the sheath fluid container using the Vent Valve 

6. Clean the air from the sheath filter by pressing Prime twice 

7. Pipette 4ml FACSFlow into a FACS tube. Install and RUN on HI for 5 mins 

8. Sign in start up information in FACS Users Log 

9. Click on Cell Quest (from the Apple Menu) 

10. Press keys SiB (Acquire: Connect to Cytometer) 

11. Press keys 3€2 then 9S4 (Cytometer: Detectors/Amps, Threshold, Status) 

12. Resize windows (little square top right) and position 

13. If you have any saved settings, click Cytometer, Instrument Settings, [Open] 

14. Open appropriate settings, then click [Set] and [Done] 

15. Load template file for data acquisition: Close current file, then click File, 

16. Clicy. Acquire, Counters, Parameter Description, [File]. Change [Custom 

Prefix] to new file name. May need to change/reset [File Count] 

17. Click [Folder], "Results directory", [Newfolder], type "Resultsfile name", 

click [Create], then [Select "Resultsfile name"] 
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18. Click Acquire, Acquisition and Storage, Parameters Saved, and remove the 

ones you don't want 

19. Consider changing the [Event Count]-, ensure set to count 10,000 events unless 

otherwise specified 

20. To test scattergram: 

21. Keep Setup ticked 0 {on Acquisition Control window) 

22. Ensure "Status: Ready" (on Status window - machine has to be set to RUN 

with sample attached) 

23. Click [Acquire] 

24. Change figures on the Instrument Settings windows until cell scattergram 

contained within axes (see Figure 114). Click the U-0- to change slowly, hold 

the central + then drag the bar which appears to change quickly. Scattergram 

will contain all cells when there are no dots lined up against the axes. Click 

[Pause], [Restart] to reset display 

25. To test antibody signal: 

26. For FITC-conjugated antibody - adjust FL-1; for Cy5-conjugate, ensure Four-

colour box is ticked and adjust FL-4. Aim to get all signal within 10°-10\ and 

irrelevant peak <10* (see Figure 115) 

27. Click [Abort] when satisfied 

28. Clicy^ Instrument Settings, [Save] to save settings 

29. To sample: 

30. Untick Setup • 

31. (Filename should appear above buttons in same window. Check it's the right 

one to save into - should be the same one you entered at [Custom Prefix] 

earlier) 

32. Change [P3] name to Appropriate primary antibody 

33. Attach sample to machine (move arm to side, press tube up around probe, 

move arm back to centre under tube) 

34. Click [Acquire] 

35. Quack/beep will signal end of sampling - remove sample, attach next 

36. Return to step 45. until complete 
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37. When all samples completed, consider saving template file (Close file and 

Save when prompted) 

38. Press (Disconnect from Cytometer) then S€Q (quit Cell Quest) 

39. Clean Cytometer: 

40. Fill and label 3 FACS tubes with 4ml FACSClean, FACSRinse and dH20 

41. Install FACSRinse, select [RUN], [HI] & leave sample tube support arm to the 

side 

42. Allow machine to aspirate 2ml 

43. Move sample tube support arm to the middle. Continue running for 5 mins 

44. Repeat steps 2-4 with FACSClean and dHaO 

45. After 20 sees, select [STANDBY], leave for 5 mins for laser to cool 

46. Depressurise the sheath fluid container using the Vent Valve 

47. Empty waste container 

48. Switch of FACSCalibre 

49. Copy data file to ZIP disk [insert disk, find current data file (in "Child 

Health"), 'drag-and-drop' file to ZIP (should be copied, not moved)] 

50. Check ZIP disk (double-click on disk icon etc) 

51. Eject ZIP disk ('drag-and-drop' on to "Trash Can") 

52. Shut Down computer 

53. Sign out shut-down information in FACS Users Log 

Hazards 

• Laser light is damaging to sight; always follow standard operating procedure 

for the flow cytometer - never dismantle or use without appropriate safeguards 

• Risk of infection from human materials to operator and subsequent users: wear 

gloves and laboratory coat at all times, add F AC Safe to waste container (-1:1 

ratio) before disposal, ensure any spillages cleaned up immediately with 

F AC Safe disinfectant, ensure all equipment is thoroughly cleaned after use 

• FACSafe (bleach) is caustic: wear gloves and laboratory coat at all times 

251 



R: o 

u 
8 

\ 

"1* 

: ; c . ' 

/ v # K : 
W / 

/ 

1023 
FSC 

Figure 114: Flow cytometric scattergram of Forward Scatter (FSC) versus Side 

Scatter (SSC). Forward scatter measures cell size. Side scatter measures cellular 

granularity. Gate position defined to include all cells and exclude dead cells and 

fragments - determined by observing effect of gate on antigen expression and by 

experience. 
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Figure 115. Flow cytometer set-up of FL-1. Photomultiplier settings are adjusted to 

allow complete inclusion of the positive control peak while keeping negative control 

signal greater than 10° and less than 10^ (or as near as possible). Filled line = negative 

control, black line = positive control, green line = sample under investigation. 
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Protocol 11 Indirect Epitope Detection by Flow Cytometry 

Materials required 

Cell suspension(s) 

Cy5-conjugated goat anti-mouse F(ab')2 (1.4mg/ml) 

100% Ethanol 

2% Paraformaldehyde 

Phosphate buffered saline 

Primary mouse anti-human antibodies (and isotype controls) 

Wash buffer (PBS / 1% BSA / 0.1% sodium azide [NaNg]) 

Equipment Required 

Apple Macintosh computer running Cell Quest software attached to flow 

cytometer 

Beckton-Dickinson FACScalibre flow cytometer 

12x75mm FACS tubes 

Icebox 

Pipettes 

Refrigerated centrifuge 

Method 

1. Wash cell suspension in wash buffer at 4°C at 250xg for 5mins 

2. Resuspend cells in 1ml wash buffer 

3. Count cells on haemocytometer (see Protocol 1) 

4. Dilute cells further with wash buffer as required — aim -10^ cells per sample 

5. Add cell suspensions to FACS tubes on ice 

6. Spin off medium, resuspend in lOOpl of fixative or wash buffer, and incubate 

for X mins/hours at y temperature (see relevant antibody Tables 10,13,15) 

7. Wash in wash buffer (add ~2ml wash buffer, centrifuge at 200xg for 5mins, 

tip off medium - carefully - and flick tube to de-compact pellet) 

8. Resuspend in 100|il of 25)ig/ml primary antibody solution (in wash buffer) 

9. Incubate for appropriate time (see relevant antibody Tables 10,13,15) in the 

dark at 4°C 
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10. Wash twice in wash buffer 

11. Resuspend in 1 OOjil of secondary antibody solution (in wash buffer) 

12. Incubate for 20mins in the dark at 4°C 

13. Wash xl in wash buffer 

14. Wash xl in PBS / 0.1% NaNg to remove BSA (tends to make cells clump 

personal experience) 

15. Perform flow cytometry: Protocol 10 

Hazards 

• Ethanol is highly flammable: always keep in screw-top container in 

flammables chest, avoid naked flames and use with other flammable agents or 

equipment which causes sparks 

' Paraformaldehyde is harmful by inhalation and skin contact: always wear 

gloves and laboratory coat, weigh out and dissolve in fume cupboard 

• Sodium azide is very toxic, is harmful to the environment, and may create 

explosive compounds with lead and/or copper: wear gloves and laboratory 

coat at all times, only use as much as required - do not dispose of down sink 

unless greatly diluted 

• Risk of infection from human materials: wear gloves and laboratory coat at all 

times, ensure any spillages cleaned up immediately with FACSafe 

disinfectant, dispose of excess cell suspension into FACSafe, ensure all 

equipment is thoroughly cleaned after use 
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Protocol 12 BrdU incorporation by immunofluorescence 

Materials required 

5-Bromo-2'-deoxy-uridine Labelling and Detection Kit 1 (Boehringer 

Mannheim) 

Bottle 1 Bromodeoxyuridine labelling reagent (BrdU) 

Bottle 2 Washing buffer concentrate 

Bottle 3 Incubation buffer (Trizma buffer, magnesium chloride, 2-

mercaptoethanol) 

Bottle 4 Anti-BrdU with nucleases (mouse-anti-BrdU monoclonal 

antibody containing nucleases, in PBS/glycerine) 

Solution 3 Anti-mouse-Ig-fluorescein concentrate 

Fixative 70ml 100% Ethanol, made up to 100ml with 50mM glycine 

Antifade 

Sterile water 

Weymouth's Medium 

Phosphate Buffered Saline 

Equipment required 

Pipettes 

Staining rack 

Method 

1. Defrost Bottles 1-3 - allow about 1 hour 

2. Make up Solution 1 - BrdU labelling medium. Dilute Bottle 1 1:1000 with 

Weymouth's medium (need 10ml) 

3. Flick cell culture medium from 8-well culture slide 

4. Cover each well with 200|xl Solution 1 

5. Incubate at 37°C for 45mins 

6. Make up Solution 5. Dilute Bottle 2 1:10 with sterile water. Aim -20ml per 

slide 
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7. Remove 8-well inserts (grip the lengthways middle and prise away from 

slide. Peel off the adhesive gasket from either end). Wash x3 with Solution 

5 

8. Fix with Fixative at -20°C for 20mins 

9. Make up Solution 2 - anti-BrdU working solution. Dilute Bottle 4 1:10 

with Bottle 3. Need 0.4-0.Sml/slide 

10. Wash slides x3 with Solution 5 

11. Cover with Solution 2 and incubate at 37°C for SOmins 

12. Make up Solution 4. - anti-mouse-Ig-fluorescein conjugate. Dilute 

Solution 5 1:10 with PBS (aim same volume as Solution 2) 

13. Remove slides from incubator and wash again x3 with Solution 5 

14. Cover with Solution 4 and incubate at 37°C for 30mins 

15. Remove from incubator and wash finally x3 with Solution 5 

16. Mount in Antifade. Seal with nail varnish (Antifade water soluble) 

17. Perform fluorescence microscopy; see Protocol 8 

Hazards 

Ethanol is highly flammable: always keep in screw-top container in 

flammables chest, avoid naked flames and use with other flammable agents or 

equipment which causes sparks 

Trizma is irritant: always wear gloves and laboratory coat 

Magnesium chloride is irritant: always wear gloves and laboratory coat 

2-mercaptoethanol is toxic by skin contact and inhalation, with risk of serious 

damage to eyes: always wear gloves and laboratory coat, and safety glasses if 

preparing solutions 

Nucleases should be used with caution: wear gloves and laboratory coat 

Glycine has no hazards data: wear gloves and laboratory coat 

Risk of infection from human materials: wear gloves and laboratory coat at all 

times, ensure any spillages cleaned up immediately with Virkon disinfectant, 

ensure all equipment is thoroughly cleaned after use 
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Protocol 13 Cytocentrifugation 

Materials required 

Isolated/detached cell suspension 

Medium 

Equipment Required 

APES (3-aminopropyltriethoxysilane)-coated glass microscope slides 

Cytocentrifuge (Shandon Cytospin 3) 

Pipettes 

Method 

1. Isolated/detached cell suspension prepared as per General Methods 

2. Performed test spin(s) first: 

3. Load 2 opposing cytocentrifuge chambers (see Figure 116E) 

4. lOOjil cell suspension added to each cup 

5. Lock rotor lid in place (see Figure 116f) 

6. Close and lock centrifuge lid 

7. Perform centrifugation at lOOOrpm for 5mins 

8. Remove chambers, detach slides 

9. Briefly air dry slides and examine under microscope 

10. Cells should not appear "confluent" on the slide — if density too great, dilute 

cell suspension with appropriate volume of medium (1:2-4) and perform 

another test spin 

11. Once appropriate cell density achieved, load all cytocentrifuge chambers 

12. Cytocentrifuge 12 slides per batch until required number/cell sample 

exhausted 

13. Allow slides to air dry 

14. Stain or keep in air at RT until required 

15. Remove and discard filter paper inserts 

16. Soak plastic inserts in 10% bleach for 5mins, then allow to dry 

17. Spray slide holders with 70% ethanol and wipe clean 
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Hazards 

" Risk of injury from spinning materials; always ensure chambers are 

symmetrically loaded, that rubber seal is in place and not perished, centrifuge 

rotor lid is securely fastened and centrifuge lid is fastened and locked. Never 

attempt to open the lid before the rotor has stopped 

® Risk of infection from human materials: wear gloves and laboratory coat at all 

times, ensure any spillages cleaned up immediately with Virkon disinfectant, 

dispose of excess cell suspension into Virkon, ensure all equipment is 

thoroughly cleaned after use 

• Bleach is caustic: wear gloves and laboratory coat at all times, add bleach to 

water for dilution - not vice versa, avoid vapour inhalation 

" APES is corrosive by skin contact, ingestion or inhalation: wear gloves and 

laboratory coat at all times 
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Figure 116: Cytocentrifuge: (A) Individual components of cytocentrifuge 

chamber showing (left to right) slide holder, microscope slide, filter paper, 

chamber cup (B) Complete cytocentrifuge chamber, (C) Symmetrically loaded 

chambers, note rubber gasket around rotor (D) Rotor lid in place, (E) 

Cytocentrifuge closed, locked and ready for use 

260 



Protocol 14 Cell Cycle Determination by Flow Cytometry 

Materials required 

Cell suspension(s) 

Phosphate buffered saline 

Propidium iodide (0.5mg/ml) 

Ribonuclease A (RNAse A) 

Equipment Required 

12x75mm FACS tubes 

Icebox 

Pipettes 

Method 

1. Suspend cell sample in 2ml PBS and centrifuge at RT, 250xg for 5mins 

2. Resuspend pellet in 300p] PBS with 5|ig/ml PI + 0.2mg/ml RNAse A (10ml 

PBS, 50|ig PI, 2mg RNAse A) 

3. Incubate at room temperature for 30 mins 

4. Place on ice 

5. Analyse by flow cytometry; see Protocol 10 for machine set-up, use and shut-

down, with the following alterations; 

18. Ensure FL2-H, -A and -W are checked in Parameters Saved 

From step 25. 

25. To test P I signal: 

26. Pause 

27. Open histogram for FL2-H and scattergram of FL2-A vs. FL2-W {Plots, 

Histograms/Dot plots) 

28. Resume/Restart 

29. Adjust FL-2 Amplification and Voltage to get all FL2-H and the first two FL2-

A signal peaks within 10°-10'̂  (see Figure 117) 

30. Set gates to include R2 without necrotic cells (Figure 117B) 
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31. Return to Protocol 10, step 27. when adjustments complete 

Hazards 

" Laser light is damaging to sight: always follow standard operating procedure 

for the flow cytometer - never dismantle or use without appropriate safeguards 

" Risk of infection from human tissue: always wear gloves and laboratory coat, 

risk is minimised by use of fixed tissue 

= Propidium iodide is harmful by skin, eye and respiratory contact, with possible 

risk of irreversible effects: wear gloves and laboratory coat at all times and 

avoid contact or spillage 

• Ethanol is highly flammable: always keep in screw-top container in 

flammables chest, avoid naked flames and use with other flammable agents or 

equipment which causes sparks 

• Ribonuclease should be handled with caution: wear gloves and laboratory coat 
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Figure 117. Flow cytometer set-up for cell cycle: (A) scattergram of forward 

vs. side scatter - not gated, blue = low-density, red = high-density; (B) 

scattergram of FL2-A vs. FL2-W - determining doublets (*) and necrotic cells to 

be excluded f rom the analysis; (C) 3D plot of FL2-A, F L 2 - W and cell counts -

showing relative proportions of cells in each group; (D) FL2-H histogram gated 

to exclude doublets and necrotic cells (doublets = cells clumped in pairs) - the 

proportions of cells in cell cycle can be determined by setting markers to include 

each peak and intervening regions as shown 

263 



Protocol 15 Measurement of Cyclosporin A 

Materials required 

CYCLO-Trac® SP-whole blood, Diasporin Ltd, Wokingham, Berkley, USA 

Equipment required 

Scintillation tubes 

Gamma scintillation counter (Cobra Series Canberra Packard Liquid 

Scintillation Counting System, Packard, Pangbourne, Berkshire) 

Reagents 

Cyclosporin A standard (16p,g in Iml 70% aqueous ethanol) 

Standard dilutions: 400, 200, 100, 50, 25 and Ong/ml (diluted in PBS) 

CYCLO-Trac SP 

CYCLO-Trac SP NSB 

Anti-CYCLO-Trac SP ImmunoSep 

Method 

1. Performed by Janet Albano 

2. Standard solutions were made serially in PBS. 

3. Samples were diluted 1:1 in PBS 

4. All assay reagents were allowed to reach room temperature (20-25°C) before 

use 

J. w/grg wp m 

a. Total count tubes (1 OOpil CYCLO-Trac SP) 

b. Non-specific binding tubes (NSB) (SOjul PBS, 100/j.l '^^1 CYCLO-Trac SP, 1ml 

thoroughly mixed CYCLO-Trac SP NSB) 

c. Standard curve (SOjil standard, lOOiJ.1 CYCLO-Trac SP) 

d. Unknown samples (SO/uI samples, lOO/xI CYCLO-Trac SP) 

6. After vigorous mixing, 1ml of Anti-CYCLO-Trac SP ImmunoSep was added to 

all tubes except Total count and NSB tubes 

7. All tubes were mixed well, vortexed and incubated at RTfor Ihr 
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^wZcH); &y poĵ Ẑ6Zg 

70. TTig prgc^Zfarg c^gacZi rw^g awZ fAg foraZ cowMf.; werg cownfg^Zybr 7mZ» or 70/: 

wĵ Zng fAg gamma .ycZ/ifZZZafZo/i cowM ĝr 

77. CoMcgM r̂afZoM c^cycZoj/̂ orZ/z A Z/% fAg jam^Zgj M/af caZcwZa/̂ ĝ  6'}' jpZ/ng 

anaZŷ Ẑ y 

Hazards 

= Cyclosporin A is harmful by skin contact and inhalation, may cause cancer 

and harm the unborn child, particularly through prolonged exposure: always 

wear gloves and laboratory coat, perform initial dilution within a fume hood 

• PBS - see Appendix 5 

• emits ionising radiation: although these experiments use low levels of 

radioactive isotope, always wear laboratory coat and gloves. Always carry out 

work within a tray lined with Benchkote®. Monitor area with mini-monitor 

(Geiger counter) at the end of the experiment. Dispose of isotope according to 

local policy. Record disposal of isotope. 
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Protocol 16 Measurement of Lactate Dehydrogenase Activity 

Materials required 

Lactate Dehydrogenase Kit (Roche Diagnostics, Cat. No. 1 644 793) 

Solution 1: Catalyst 

Solution 2: Dye solution 

Reaction mixture = 250|il solution 1 to 11.25ml solution 2, prepared 

immediately before use 

Equipment required 

96-well microtitre plate 

Spectrophotometer 

Method 

1. Refresh culture medium 

2. Remove refreshed culture medium at set time 

3. Add 200|il per well of culture medium to 96-well plate 

4. Add lOOpl reaction mixture 

5. Incubate at RT for 30mins in the dark 

6. Measured absorbance at 490nm 

7. Standard curve absorbances measured 

8. Concentrations of LDH calculated from standard curve 

Hazards 

• Risk of infection from human materials: wear gloves and laboratory coat at all 

times, ensure any spillages cleaned up immediately with Virkon disinfectant, 

dispose of excess cell suspension into Virkon, ensure all equipment is 

thoroughly cleaned after use 

• Diaphorase is irritant: wear gloves and laboratory coat at all times 
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Protocol 17 Transcellular passage of Cyclosporin A 

Materials required 

Half-defined medium (HM) 

3ml stopped test tubes 

'^^I-labelled CsA 

CsA (100|ig/mi) 

Equipment required 

Pipettes 

24-well cell culture plate 

3ml test tubes with stoppers 

12G hypodermic needle 

Method 

1. As per General Methods for 6-well plate subculture: 

2. Subculture passage 0 cells 1:4 to 8x24-well inserts in HM 

3. Leave 2 wells without cells as control wells (see Figure 118) 

4. When confluent, change apical medium to SOOfxl fresh HM, and basal 

medium to 500|il fresh HM with 270ng/ml CsA and 30ng/ml '^^I-CsA, in 

all 10 wells 

5. Incubate at 37°C 

6. At each time point - 1 , 2 , 4 , 6 , 10 and 25 hour(s) - pipette off apical and 

basal media and store separately in stopped test tubes for later analysis. 

Gently rinse cells on membrane with cold PBS, cut membrane from insert 

using a hypodermic needle and stopper within a separate test tube 

7. When all samples collected, measure activity of 1ml of 300ng/ml 

labelled CsA HM x2, and each tube, using Protocol 15 

8. Remove cells from membranes by incubation with Hanks' buffer, trypsin / 

EDTA solution then 10%FBS / RPMI as per Cell Detachment, wash with 

PBS and determine microprotein content as per Protocol 4. 

9. Calculate CsA content of well medium; insert medium and cells from 

individual counts and standards as per Protocol 15. 
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Hazards 

" Risk of infection from human materials: wear gloves and laboratory coat at all 

times, ensure any spillages cleaned up immediately with Virkon disinfectant, 

ensure all equipment is thoroughly cleaned after use 

® Radiation: although these experiments use low levels of radioactive isotope, 

always wear laboratory coat and gloves. Always carry out work within a tray 

lined with Benchkote®. Monitor area with mini-monitor (Geiger counter) at 

the end of the experiment. Dispose of isotope according to local policy. 

Record disposal of isotope. 
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Figure 118. 24-well set-up for transcellular CsA movement protocol. 0 = inserts wi th 

cells, • = inserts without cells, (n) = time of sampling in hours 
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Protocol 18 P-gp activity and expression by flow cytometry 1 

Materia ls required 

Bovine serum albumin 

Cy5-conjugated goat anti-mouse F(ab')2 monoclonal antibody 

Cyclosporin A (100|j,g/ml solution in PBS / 0.2% ethanol) 

DMEM : F-12 Ham's medium with 2mM L-glutamine 

Foetal bovine serum 

IgGia isotype control antibody (mouse anti-rat IgG) 

MRK16 mouse anti-human P-gp monoclonal antibody 

Phosphate Buffered Saline 

Rhodamine 123 (0.5mg/ml solution) 

Sodium orthovanadate (lOOmM solution) 

0.02% Trypsin / 0.05% EDTA solution 

Wash buffer (PBS / 1% BSA / 0.1% NaN3) 

Weymouth's Medium 

Equipment required 

Pipettes 

Icebox 

12x75mm test tubes 

M e t h o d 

1. Detach cells from 6-well membranes as per General Methods: incubating cells 

with Hank's salt solution and Trypsin / EDTA, wash in Weymouths/10% FBS 

and resuspend pellet in 250p,l wash buffer 

2. Count cells on haemocytometer (Protocol 1) 

3. Dilute cells further as required - aim same number of cells per sample 

4. Spin off medium 

5. Add 1ml D M E M : F12-Ham's / 10% FBS with 0.5^ig/ml R123 to cell 

suspensions, mix well and incubate at 37°C for 30mins 
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Table 15. Tube contents / treatment for P-gp activity / expression flow 

cytometry 

• • • 
Tube 1 2 3 4 5 6 7 8 9 10 11 12 13 

Rhodamine y y y y y y / 

Block CsA Van CsA Van CsA Van 

Efflux y y y y y / 

MRK16 IgGza y y y • / y y •/ 

6. Spin off medium (340xg for 5mins at RT - all washes performed at 340xg) 

7. Resuspend in lOOpl of [1,2,6,10] wash buffer and place in dark on ice, else 

1ml DMEM:H-F12/10% FBS at 37°C, with [3,7,11] nil else, [4,8,12] 3.0pg/ml 

CsA, or [5,9,13] 250)j,M Vanadate (see Table 15 and Figure 119) and incubate 

at 37°C, for 90mins. 

8. Wash in wash buffer at 4°C. 

9. Fix in 2% PFA at 4°C for 60mins 

10. Rewash in wash buffer 

11. Resuspend in lOOpl of [1] 25|ng/ml IgGia in wash buffer, or [2-13] 25|Lil/ml 

MRK16 in wash buffer 

12. Incubate at 4°C for 30mins 

13. Wash twice in wash buffer 

14. Resuspend in 2.8|ug/ml GaM-Cy5 in wash buffer and incubate at 4°C for 

20mins 

15. Rewash in wash buffer 

16. Resuspend in 300^1 PBS / 0.1% NaNs and place on ice 

17. Analyse by flow cytometry; see Protocol 10 for machine set-up, use and shut-

down, with the following alterations; 

26. Ensure Four Colour box is ticked at the bottom of Detectors/Amps window 

From step 27. 

32. To test R123 signal: 

33. Pause 
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Table 16. Tube contents / treatment for P-gp activity / expression flow 

cytometry 

Tube 1 2 3 4 5 6 7 8 9 

Rhodamine 

W a i t 

then 

Wa i t 

then 

^ + C s A 

W a i t 

then 

^ 4 -Van 

•/ •/ / 

Efflux v^+CsA / + V a n 

MAb IgGza M R K 1 6 

6. Add 1ml DMEM : F12-Ham's / 10% FBS with 0.5|u,g/ml R123 to cell 

suspensions [7-9], mix well and incubate at 37°C for 30mins 

7. Spin off medium (250xg for 5mins at RT - all washes performed at 250xg) 

8. Resuspend in 1ml DMEM:F12-Ham's / 10% FBS at 37°C [7], + 3.0 îg/ml 

CsA [8], or 5mM Vanadate [9] (see Table 16 and Figure 121) and incubate at 

37°C, for 90mins 

9. After [7-9] have incubated for 60mins, add 1ml DMEM : F12-Ham's / 10% 

FBS with 0.5|j,g/ml R123 to cell suspensions [4-6], mix well and incubate at 

37°C for 30mins 

10. Wash all in wash buffer at 4°C. 

11. Double-staining is not performed. All flow cytometry is performed at the same 

time: all R123-exposed cells are kept on ice for the same (short) time before 

cytometry 

12. While tubes [3-9] are incubating, perform MRK16 staining: 

13. Fix [1,2] in 2% PEA at 4°C for 60mins 

14. Rewash in wash buffer 

15. Resuspend in lOOjil of 25)ig/ml [1] IgGia in wash buffer, or [2] MRK16 in 

wash buffer 

16. Incubate at 4°C for 30mins 

17. Wash twice in wash buffer 

18. Resuspend in 2.8p.g/ml GaM-Cy5 in wash buffer and incubate at 4°C for 

20mins 

19. Rewash in wash buffer 
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20. Resuspend all samples in 300^1 PBS / 0.1% NaNg and place on ice 

21. Analyse by flow cytometry: see Protocol 10 for machine set-up, use and shut-

down, with the following alterations: 

18. Ensure Four Colour box is ticked at the bottom of Detectors/Amps window 

From step 27. 

27. To test R123 signal: 

28. 

29. Open histograms for FL2-H and FL4-H {Plots, Histograms) 

30. Resume/Restart 

31. Set FL-2 Amplification and Voltage to 400, 1 to standardise R123 signal. 

Adjust FL4-H Amplification and Voltage using sample [1] to keep all the 

control signal peak within 10°-10' (if possible) 

32. Return to step 29. in Protocol 10 to perform flow cytometry 

Hazards 

• Cyclosporin A is harmful by skin contact and inhalation, may cause cancer 

and harm the unborn child, particularly through prolonged exposure: always 

wear gloves and laboratory coat, perform initial dilution within a fume hood 

• Rhodamine 123 should be used with caution: wear gloves and laboratory coat 

• Sodium azide is very toxic, is harmful to the environment, and may create 

explosive compounds with lead and/or copper: wear gloves and laboratory 

coat at all times, only use as much as required - do not dispose of down sink 

unless greatly diluted 

• Sodium orthovanadate is harmful by skin contact and inhalation: perform 

initial solution formulation in a fume hood, wear gloves and laboratory coat at 

all times 
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Fixation 

[1,2] 

MAbs 

Cells kept at 37°C ^ 0.5^ig/ml R123 jAccum°) 

[3] [4] [5] [6] [7] [8] [9] y 
Kept at 
37°C 

0.5)ig/ral R123 
± CsA / Vanadate 

(Control) (Accumulation ± block) 

DMEM:F12-Ham's/10% FBS 
± CsA / Vanadate 

(Efflux ± block) 

Figure 121. Schematic of experimental protocol for parallel Pgp activity / expression 

measurement 

277 



Protocol 20 Quantification of Immunofluorescence 

Materials required 

Confocal microscope digital sections (Protocol 9) 

Equipment required 

Leica SP2 Confocal Laser Scanning Microscope 

Zeiss KS400 Image Analysis system 

Project specific macros: (i) freehand region density measurements, 

(ii) counting of nuclei 

Method 

1. Obtain confocal microscopy image of section using Protocol 9 

2. Use project-specific macro on FITC-stained image (channel 1); 

3. Draw freehand around each cell, using the mouse 

4. Obtain region specific measurements of the density of the cytoplasm of each 

cell 

5. Density is measured in grey-level values (range 0-255) 

6. Results copied to Excel spreadsheet 

7. Use second project-specific macro on same Pl-counterstained image (channel 

2): 

8. Set RGB threshold used and convert to a binary image 

9. Holes within each detected object are filled automatically by software 

10. Any 'non-specific' elements in the background are digitally removed 

11. 'Erosion' and 'dilation' procedures used to separate any touching nuclei 

12. Overlapping cells and those bisected by the field frame are designated with the 

mouse and rejected prior to the total count being recorded 

13. Results copied to Excel spreadsheet 

14. Threshold of 'positive' determined by observation and density measurement 

15. Proportions of 'positive' and 'negative' cells calculated from spreadsheet 
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Glossary 

4E3 Monoclonal anti-P-gp antibody 

Actin 
A polarised molecule that constitutes 10-20% of mammaUan 

cells. Fibrils formed of actin (F-actin) form cell cytoskeleton 

Antibiotics 

Penicillin and Streptomycin (Invitrogen); used in culture 

medium at the standard concentrations of lOOiu/ml and 

lOOmg/ml respectively, or multiples of this (double, half) 

Benchkote® Impermeable coated cardboard for laboratory work-surfaces 

C219 Monoclonal anti-P-gp antibody 

C494 Monoclonal anti-P-gp antibody 

Calcitonin Calcium-lowering hormone secreted from the thyroid gland 

Confluence 
The point in cell culture when no gaps are visible in a cell 

monolayer by phase-contrast microscopy 

Cy5 

A small, fluorescent organic molecule, typically conjugated to 

proteins via primary amines. Cy5 is typically excited by the 633 

nm line of HeNe laser, and emission is collected at 680 nm. 

Cytospin 
The preparation of a microscope slide of suspended cells by 

centrifugation 

FK506 Former name for Tacrolimus 

Flea Magnetic stirring bar for use with magnetic stirrer 

Fluorochrome 

Substance/compound which emits radiation (usually in or near 

the visual wavelength) when excited by light of specific 

wavelength 

Glutamine 
Non-essential amino acid: plays an important role in animal 

cellular metabolism, particularly in active- or binding-sites 

Glycine 

Essential amino acid: required for the biosynthesis of nucleic 

acids as well as of bile acids, porphyrins, creatine phosphate, 

and other amino acids 

Ham's-F12 Nutrient mixture for mammalian cell culture 

HB95 Anti-human MHC class I common epitope monoclonal antibody 
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Insulin Pancreatic hormone required for human cells to utilise glucose 

Magnetic stirrer (Hot)Plate with spinning magnet, to stir (±heat) using flea 

MRK16 Monoclonal anti-P-gp antibody, formed in mouse 

Mycophenolate 

mofetil 

Immunosuppressant medication used in solid organ 

transplantation. Prodrug of mycophenolic acid, which reduces 

lymphocyte activity through effects on purine synthesis. 

Paraformaldehyde 
Fixative which cross links proteins in tissue with methylene 

bridges 

Passage 

The subculture of confluent cells by disruption from the culture 

surface and plating out at a lower concentration for continued 

growth 

Phalloidin 

Specifically binds to actin at the junction between subunits. This 

is not a site at which many actin-binding proteins bind, thus 

most of the F-actin in cells is available for phalloidin labelling 

Phase contrast 

microscopy 

Contrast-enhancing optical technique which produces high-

contrast images of transparent specimens such as living cells 

Phaseolus vulgaris 
The common annual twining or bushy bean plant grown for its 

edible seeds or pods [synonym: common bean] 

Plating The application in growth medium of cells to culture surfaces 

Polished (water) Ultra-pure (water with high conductivity - i.e. low solute levels) 

PSC833 

Non-immunosuppressive cyclosporin D analogue, developed 

specifically to reverse multidrug resistance by inhibiting P-gp 

activity 

Pyruvate 

carboxylase 

Mitochondrial biotin-dependent carboxylase: catalyses the ATP-

dependent carboxylation of pyruvate to form oxaloacetate which 

may be utilised in the synthesis of glucose, fat, some amino 

acids or their derivatives and several neurotransmitters 

Quench (1) 
Inhibit protease activity on a sample by adding protein or 

diluting the protease significantly 
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Quench (2) 

Reduce or inhibit the fluorescence of a fluorochrome by 

dynamic (quencher blocks excited state), concentration (high 

concentration of fluorochrome inhibits fluorescence) or static 

(quencher-fluorochrome combination is non-fluorescent, or 

quencher removes energy from fluorochrome before emission of 

light) mechanisms 

Rifampicin 
Rifamycin antibiotic which inhibits all prokaryotic RNA 

synthesis 

Saponin 

Any of various plant glucosides that form soapy lathers when 

mixed and agitated with water, used in detergents, foaming 

agents, and emulsifiers 

Selenium Trace element required for removing oxygen free radicals 

Sirolimus 

An immunosuppressive agent previously known as rapamycin, a 

macrocyclic lactone produced by Streptomyces hygroscopicus 

found in the soil of Easter Island. Reduces T-lymphocyte 

proliferation and signalling through the mTOR pathway 

Sodium 

orthovanadate 

Specific inhibitor of protein tyrosine phosphatases, which also 

traps MgADP in P-gp's nucleotide binding site 

Sonication 
Applying sound waves to sample, to agitate for stirring or 

disruption 

Spectrophotometry 
Detection of coloured substances in solution by extinction of 

specific wavelengths of transmitted light 

SPURR resin 
A low-viscosity resin embedding medium for electron 

microscopy 

Subculture 
Propagation of cells in culture by removal of growing cells from 

a culture surface, dilution, then re-plating 

T43 
Human proximal convoluted tubule membrane antigen (67 and 

83% proximal and distal specificity respectively) 
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Tacrolimus 

macrolide immunosuppressant with similar immunosuppressant 

properties and mechanism of action to CsA. Tacrolimus binds to 

an immunophilin, FKBP (FK506 Binding Protein), which has 

peptidyl-prolyl isomerase activity, blocks calcineurin mediated 

T-cell receptor signal transduction and inhibition of IL-2, 

thereby suppressing T-cell and T-cell-dependent B-cell 

activation 

Triton X-100 
A detergent used to permeabilise cells by dissolving lipid 

portions of cell membranes 

Trypan Blue 

Blue dye taken up by cytoplasmic proteins of non-viable cells. 

Taken up slowly by viable cells, so trypan blue exclusion should 

be performed on freshly exposed cells. Chemical name: 3,3-

([3,3 -Dimethyl( 1,1 '-biphenyl)-4,4'-diyl]bis(azo))bis-

(5-amino-4-hydroxy)-2,7- naphthalenedisulfonic acid, tetra-

sodium salt 

Trypsin 

Proteolytic enzyme, or protease, enzyme which acts to degrade 

protein by cleaving only the peptide bonds of the amino acids 

arginine and lysine 

UIC-2 Monoclonal anti-P-gp antibody 

Vanadate Salt of vanadic acid 

Virkon 

Antimicrobial that kills bacteria, fungi and viruses; a blend of 

peroxygen compounds, surfactant, organic acids, and an 

inorganic buffer system. 
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