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A bst r a c t
Ischaemia-reperfusion injuiy is a major cause of graft failure following renal transplantation. These
studies were undertaken to elucidate the pathogenesis of ischaemia-reperfusion injury and the effects
of specific therapeutic interventions, with the aim of extending the ‘safe’ preservation period of
kidneys stored prior to transplantation.

An in vivo renal autograft model was used throughout. Mitochondrial function was assessed noninvasively using surface fiuorometry and near infiaied spectroscopy of respiratory chain components
NADH and cytochrome oxidase. Changes in renal haemoglobin oxygenation and concentration were
measured using near infiaied spectroscopy. Pathological markers were measured in assays of
susceptibility to lipid peroxidation and enzyme immunoassays of plasma eicosanoid levels. Intra-renal
perfusion was evaluated using barium sulphate angiogr^hy, micro-angiogr^hy and colloidal carbon
vascular labelling. Morphological changes were evaluated using light and electron microscopy.

Revascularization of stored kidneys led to the development of severe vascular congestion in the
medulla and acute tubular necrosis in the cortex. Congestion was a consequence of ischaemic swelling
of the medullary thick ascending tubules, developing within 10 min of reperfusion and beginning to
clear within 1 h. Respiratory chain dysfunction occurred r^idly upon reperfirsion, persisted for at least
3 h and was independent of vascular congestion. Iron chelation attenuated susceptibility to lipid
peroxidation and limited cortical necrosis but did not effect respiratory chain function, medullary
congestion or long-term renal viabihty. Inhibition of inflammation using anti-inflammatory or
antioxidant dmgs also limited cortical necrosis but had no effect on medullary congestion or long-term
viability. Medullary tubular dysfunction was shown to be responsive to but not prevented by
substitution of impermeant solutes, as judged by changes in tissue oxygenation following infusions of
the diuretic fiusemide.

It is concluded that renal ischaemia-reperfusion injury is a consequence of several concurrent
pathological changes and that effective therapy must be targeted to several specific cell types.
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Ch a pter 1

Fig 1.1 Stmcture o f the mammalian kidney
Fig 1.2 Stmcture of the nephron and its vascular supply
Fig 1.3 Modus operandi of countercurrent multiplication.
Fig 1.4 Eicosanoid cascade
Fig 1.5 Mitochondrial respiratory chain

Ch a p t e r s

Figs 3.1 and 3.2 Severity of intracellular oedema in different cell types of the renal cortex (top) and
medulla (bottom), as judged by electron microscopy.
Fig 3.3 Severity of histopathological lesions in the renal cortex and medulla, as judged by light
microscopy.
Fig 3.4 Standard curve for malondialdehyde tetraethylacetal (nmol) vs relative fluorescence intensity
at 553 nm when excited at 513 nm
Fig 3.5 Standard curve for bovine serum albumin (pg) vs absorbance at 650 nm.
Fig 3.6 Rate of formation of TBA-reactive material in homogenates of renal cortex and medulla.
Fig 3.7 Rate of formation of Schififs bases in homogenates of renal cortex and medulla.
Fig 3.8 Concentration of serum creatinine (pmol) in Groups 7 (unstored), 8 (24 h stored), 9 (48 h
stored) and 10 (72 h stored) for up to 10 days post transplant.

Fig 3.9 Concentration of serum urea (mmol) in Groups 7 (unstored), 8 (24 h stored), 9 (48 h stored)
and 10 (72 h stored) for up to 10 days post transplant.

C h a pt e r 4

Figs 4.1 and 4.2 Representative time-couise plots of changes in concentration (pM) of Hb0 2 , Hb,
HbT and HbD (pM) in single Group 1 (unstored transplanted, top) and Group 2 (72 h stored
transplanted, bottom) kidneys.
Fig 4.3 Time course of mean and SEM changes in concentration of Hb0 2 (pM) in Group 1
(unstored) and Group 2 (72 h stored) kidneys.
Fig 4.4 Time course of mean and SEM changes in concentration of Fib (pM) in Group 1 (unstored)
and Group 2 (72 h stored) kidneys.
Fig 4.5 Time course of mean and SEM changes in concentration of HbT (pM) in Group 1 (unstored)
and Group 2 (72 h stored) kidneys.
Fig 4.6 Tune course of mean and SEM changes in renal haemoglobin saturation (%) in Group 1
(unstored) and Group 2 (72 h stored) kidneys.
Fig 4.7 Mean and range barium sulphate scores in Group 3 (unstored) and Group 4 (72 h stored)
kidneys.
Fig 4.8 Mean and range scores (n=6 ) for cortical intracellular oedema and medullary congestion in
Groups 1 (unstored) and 2 (72 h stored).

Chapter 5

Fig 5.1 Mean and SEM changes in relative fluorescence intensity of mitochondrial NADH fiom
flushed kidneys prior to reperfusion
Fig 5.2 Change in relative fluorescence intensity of mitochondrial NADH in an unstored transplanted
kidney reperfusing in situ in response to a change in arterial p0 2 fiom 21 Kpato 5 Kpa.
Fig 5.3 In vivo surface fluorescence measurements of NADH in a Group 1 (unstored transplanted
kidney) showing rapid oxidation of NADH upon reperfusion and complete regeneration of NADH
after inhibition of the respiratory chain with sodium pentobarbitone.
Fig 5.4 In vivo surface fluorescence measurements of NADH in a Group 2 (72 h stored transplanted
kidney), showing slower but ultimately complete oxidation of NADH upon reperfusion and
incomplete regeneration of NADH after inhibition of complex I.
Fig 5.5 Changes in concentration of Hb0 2 , Hb and cyt aag upon reperfusion of a Group 1 (unstored)
autografted kidney.
Fig 5.6 Change in concentration of Hb0 2 , Hb and cyt aag upon reperfusion of a Group 2 (72 h stored)
autografted kidney.
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Chapter 6

Fig 6.1 Relative fluorescence intensity of NADH fi-om 400-600 nm in a Group 1 kidney obtained by
excitation at 366 nm, showing oxidation of NADH upon reperfusion and partial regeneration of
NADH after inhibition of complex I.
Fig 6.2 Mean and SEM changes (n=6 ) in relative fluorescence intensity of NADH expressed as
percentage changes overtime in Group 1 (unstored) and Group 2 (72 h stored) kidneys.
Fig 6.3 Mean and SEM changes (n=6 ) in relative fluorescence intensity of NADH e^qjressed as
percentage changes overtime in Groups 3 (72 h stored + CP 102), 4 (72 h stored + NMHH) and 5 (72
h stored + DFX) kidneys.
Fig 6.4 Standard curve for malondialdehyde tetraethylacetal (nmol) vs relative fluorescence intensity
at 553 nm when excited at 513 nm.
Fig 6.5 Standard curve for bovine serum albumin (pg) vs absorbance at 650 nm.
Fig 6.6 Rates of formation of TBA-reactive material in homogenates of renal cortex and medulla,
showing highly significant reductions in formation of TBA-reactive material with all three iron
chelators compared with untreated stored kidneys.
Fig 6.7 Rate of formation of SchifiFs bases in homogenates of renal cortex and medulla, showing
highly significant reductions in Schiff s base formation with all three iron chelators compared with 72
h stored kidneys.
Fig 6.8 Degree of oedema (as assessed by light microscopy) in the renal cortex after 4.5 min of
reperfusion, showing significant reductions in oedema by all three iron chelators compared with
untreated 72 h stored transplanted kidneys.
Fig 6.9 Concentration of serum creatinine (pmol) in Groups 2, 3, 4 and 5 for up to 10 days post
transplant.
Fig 6.10 Concentration of serum urea (mmol) in Groups 2, 3, 4 and 5 for up to 10 days post
transplant.

C h a pt e r 7

Figs 7.1-3 Standard curves for LTB4 (top), 6 -k-PGFia (middle) and TxB] (bottom): %B/Bq
(percentage of bound ligand for each standard) is plotted as a function of the log eicosanoid
concentration per well (pg).
Fig 7.4 LTB4 concentration in serum samples taken directly fl"om the renal vein at 10, 30, 60, 120,
240 and 360 min after reperfusion.
Fig 7.5 6 -k-PGFia concentration in serum samples taken directly fix>m the renal vein at 10, 30, 60,
120,240 and 360 min after reperfusion.
Fig 7.6 TxB] concentration in serum samples taken directly fi'om the renal vein at 10, 30, 60, 120,
240 and 360 min after reperfusion.
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Fig 7.7 Severity of cortical intracellular oedema, congestion and haemorrhage following 48 h of
storage and 6 h of reperfusion in Group 1 (control) and Group 2 (BW B70C-treated) kidneys.
Fig 7.8 Severity of tubular necrosis and calcification in the renal cortex following 48 h storage and 3
days reperfusion in Group 1 (control) and Group 2 (BW B70C-treated) kidneys.
Fig 7.9 Concentration of serum creatinine in Group 1 (left) and Group 2 (right) kidneys.
Fig 7.10 Concentration of serum urea in Group 1 (left) and Group 2 (right) kidneys.

Ch a pter 8

Fig 8 .1 Inhibition of lipid peroxidation by ebselen.
Fig 8.2 Interactions of ebselen in the eicosanoid cascade.
Fig 8.3 Effect of ebselen on hepatic microsomal lipid peroxidation initiated by NADPH/Fe2(S0 4 )]ADP.
Fig 8.4 Effect of metabolite

I on hepatic microsomal lipid peroxidation initiated

by

Fig 8.5 Effect of metabolite II on hepatic microsomal lipid peroxidation initiated

by

NADPH/Fe2(S0 4 )3-ADP.
NADPH/Fe2(S0 4 )3-ADP.
Fig 8.6 Standard curve for malondialdehyde tetraethylacetal (nmol) versus relative fluorescence
intensity at 553 nm when excited at 513 nm.
Fig 8.7 Standard curve for bovine serum albumin (pg) vs absorbance at 650 nm.
Fig 8.8 Effect of ebselen on formation of Schiffs bases in homogenates prepared from the cortex and
medulla of kidneys stored for 0 or 72 h at 0-2^C in HCA ± ebselen (100 pM).
Fig 8.9 Effect of ebselen on formation of TBA-reactive material in homogenates prepared from the
cortex and medulla of kidneys stored for 0 or 72 h at 0-2^C in HCA ± ebselen (100 pM).
Figs 8.10 and 8.11 Correlation between the rate of lipid peroxidation (TBA-reactive material) and the
extent of oedema in the cortex (top) and medulla (bottom) of kidneys stored for 72 h at 0-2°C in HCA
+ebselen (100 pM) or without ebselen.
Figs 8.12 and 13 Concentration of serum creatinine and urea in untreated recipients of 48 h stored
autografted kidneys and ebselen treated rabbits.

Ch a pter 9

Figs 9 .1 and 2 Representative time course plots of changes in Hb0 2 , Hb and cyt aa3 in single Group 1
(unstored untreated, top) and Group 2 (unstored + fiusemide, bottom) autografted kidneys during 35
min of reperfusion.
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Fig 9.3 Mean and SEM changes (n=5) in [HbT] and the haemoglobin oxygenation index (Hb0 2 -Hb)
upon fiusemide infusion after 5 min of reperfusion in Group 1 (unstored, no fiusemide) and Group 2
(unstored + fiusemide).
Fig 9.4 Mean and SEM changes (n=5) in [HbT] and the haemoglobin oxygenation index (Hb0 2 -Hb)
upon fiusemide infusion after 5 min of reperfusion in Group 3 (72 h stored in HCA; untreated) and
Group 4 (72 h stored in HCA; + fiusemide).
Fig 9.5 Mean and SEM changes (n=5) in [HbT] and the haemoglobin oxygenation index (Hb0 2 -Hb)
upon fiusemide infusion after 5 min of reperfusion in Group 5 (72 h stored in HCA-PEG; untreated)
and Group 6 (72 h stored in HCA-PEG; + fiusemide).
Fig 9.6 Mean and SEM changes (n=5) in cyt aag oxidation upon fiusemide infusion after 5 min of
reperfusion in Group 1 (unstored, no fiusemide) and Group 2 (unstored + fiusemide).
Fig 9.7 Mean and SEM changes (n=5) in cyt aag oxidation upon fiusemide infusion after 5 min of
reperfusion in Group 3 (72 h stored in HCA; untreated) and Group 4 (72 h stored in HCA; +
fiusemide).
Fig 9.8 Mean and SEM changes (n=5) in cyt aag oxidation upon fiusemide infusion after 5 min of
reperfusion in Group 5 (72 h stored in HCA-PEG; untreated) and Group 6 (72 h stored in HCA-PEG;
+ fiusemide).
Fig 9.9 Degree of medullary congestion and oedema (as assessed by light microscopy) in the renal
cortex after termination of reperfusion.
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C h a pt e r 1

Plate 1.1 Transmission electron micrograph of a glomerulus (magnification x 5000) showing
structure of the ultrafiltration membranes.
Plate 1.2 Transmission electron micrograph of a proximal tubule, SI segment (magnification x
7500) showing densely packed elongated mitochondria, endocytotic vesicles, dense brush-border
and clear lumen.
Plate 1.3 Transmission electron micrograph of medullary thick ascending tubules in the corticomedullary junction area of the kidney (magnification x 5000) showing densely packed
mitochondria and a peritubular capillary.
Plate 1.4 Transmission electron micrograph of the thin segment o f the loop of Henle,
(magnification x 5000) showing epithelial cells of the descending and ascending limbs and
endothelial cells of the vasa recta.
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Ch apter 2

Plate 2.1 Anastamoses of the renal artery (right) and vein (left).
Plate 2.2 Autografted kidney during reperfusion.

Ch a pt e r 3

Plate 3.1 Electron microgr^h of renal proximal tubule cells after 72 h of storage and no reperfusion
(magnification x 5000).
Plate 3.2 Electron microgr^h mTAT cells after 72 h of storage and no reperfusion (magnification x
5000).
Plate 3.3 Electron microgr^h of renal proximal tubule cells after 72 h of storage and 1 h of
reperfusion (magnification x 5000).
Plate 3.4 Electron micrograph of mTAT cells after 72 h of storage and 1 h of reperfusion
(magnification x 5 000).
Plate 3.5 Light microgr^h of the coitico-medullary junction of a kidney stored for 72 h but not
reperfused (magnification x 40) showing mild intracellular and interstitial medullary oedema.
Plate 3.6 Light microgr^h of the coitico-medullary junction of a kidney stored for 72 h and
reperfused for 1 h (magnification x 40) showing severe medullary congestion and moderate oedema of
the cortico-medullary junction but negligible cortical congestion.
Plate 3.7 Light micrograph of the renal cortex of a Group 10 infarcted kidney at autopsy 3 days after
revascularization (magnification x 40).
Plate 3.8 Light micrograph of the renal cortex of a Group 10 kidney which had undergone gradual
severe necrosis of the entire kidney at autopsy 6 days after revascularization (magnification x 40),
showing necrotic infercted area inflammatory infiltrate, calcification and fibrosis.

C h a pt e r 4

Plates 4.1,4.2 and 4.3 Representative barium sulphate angiograms of halved kidneys (top) and 2 mm
thick renal sections (bottom) in (1) an unstored untransplanted kidney (Group 3); (2) a transplanted 72
h stored, 1 h reperfused kidney (Group 4); (3) a transplanted 72 h stored 3 h reperfused kidney (Group
4).
Plate 4.4 Dispersal of barium sulphate (viewed under polarized light) in the cortex of an unstored, 5
min reperfused kidney (Group 3), after staining with sodium rhodozinate. (magnification x 60).
Plate 4.5 Dispersal of barium sulphate in the cortex of a 72 h stored, 5 min reperfused kidney (Group
4) after staining with sodium rhodozinate and viewed under polarized light (magnification x 60).
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Plate 5.1 Light micrograph of the renal cortex showing minimal intracellular oedema in a Group 1
(unstored transplanted) kidney (magnification x 100 ).
Plate 5.2 Light micrograph of the renal cotex showing severe cortical intracellular oedema in a Group
2 (72 h stored transplanted) kidney (magnification x 40).

Ch a p t e r 6

Plate 6.1 Light micrograph of the renal cortex showing minimal to mild intracellular oedema in a
Group 1 (unstored transplanted) kidney (magnification x 40).
Plate 6.2 Electron microgrqjh showing slightly swollen cortical proximal tubular mitochondria in a
Group 2 (72 h stored transplanted) kidney (magnification x 25,000).
Plate 6.3 Light microgr^h of the renal cotex showing mild to moderate cortical intracellular oedema
in a Group 2 (72 h stored transplanted) kidney (magnification x 40).
Plate 6.4 Light micrograph of the renal cotex showing significant reduction in cortical intracellular
oedema in a Group 3 (72 h stored + CP 130) transplanted kidney (magnification x 40).
Plate 6.5 Light microgr^h of the renal cortex of a Group 2 infarcted kidney at autopsy 3 days after
revascularization (magnification x 40), showing tubular outlines and massive inflammatory infiltrate
at the top right.
Plate 6.6 Light microgr^h of the renal cortex of a Group 2 kidney which had undergone gradual
severe necrosis of the entire kidney at autopsy 6 days after revascularization, showing mild
inflammatory infiltrate at the left and calcified necrotic tissue in the centre.

C h a pt e r 7

Plate 7.1 Light micrograph of peri-vascular colloidal carbon penetration in the cortico-medullary
junction of a Group 1 (untreated) kidney after 30 min of reperfusion (magnification x 40).
Plate 7.2 Light microgr^h of the renal cortex of a Group 1 (untreated) kidney 3 days after
revascularization showing widespread cortical calcification (C) (magnification x 60).
Plate 7.3 Light microgr^h of the renal cortex of a Group 2 (BW B70C treated) kidney 3 days after
revascularization showing well preserved tubular structure (magnification x 40).
Plate 7.4 Electron micrograph of cortical proximal tubules in a Group 1 (untreated) kidney 3 days
after revascularization (magnification x 5,000), showing loss of nuclear material, swollen
mitochondria and loss of bmsh border.
Plate 7.5 Electron micrograph of cortical proximal tubules in a Group 2 (BW B70C treated) kidney 3
days after revascularization (magnification x 5000), showing intact bmsh border, normal nuclear
appearance and unswollen mitochondria.
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Plate 8.1 Light micrograph of the renal cortex of a Group 1 (control) kidney at autopsy 6 days after
revascularization, showing severe inflammatory cell infiltrate in two bands (magnification x 40).
Plate 8.2 Light micrograph of the renal cortex of a Group 2 (ebselen-treated) kidney at autopsy 6 days
after revascularization showing much more limited inflammatory infiltrate and evidence of tubular
dilatation and tissue re-modelling (magnification x 40).
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CHAPTER 1

I n t r o d u c t io n

1.1

The Clinical Problem

In the United Kingdom, over 4000 patients suffer end-stage renal failure (ESRF) each year.
Since the introduction of cyclosporin in 1978 (Caine et a l, 1978), renal transplantation has
become the treatment of choice for all but a few of these patients, and is superior to dialysis in
terms of survival, quality of life and cost to the community (Green, 1995). However, full
exploitation of renal transplantation is limited by the number of suitable donor organs. Fewer
than half the ESRF patients in the UK get the opportunity of a renal graft (Green, 1995). Unless
the hyperacute rejection processes associated with xenotransplantation are overcome, this
problem is unhkely to be resolved. It is therefore crucial to make full use of organs harvested
from heart-beating cadavers. The key to this is effective preservation, thereby allowing time for
tissue antigen matching and transport of organs over sometimes continental distances to suitable
recipients, while guaranteeing immediate function after transplantation. This thesis is devoted to
the improvement of current techniques of renal preservation.

1.2

The Role of the Kidney

The kidneys function to excrete waste products and to maintain fluid, electrolyte and acid-base
homeostasis. These functions are achieved in the first instance by the continuous filtration of
blood plasma through the glomeruli and into the renal tubules). The hydrostatic pressure
required for this is generated by a combination of circulatory pressure (increased by the
narrowing of the arterioles on entry to the glomemli), and osmotic pressure gradients across the
glomerular membranes. Some solutes and water are reabsorbed in various parts o f the renal
tubules, and other solutes are secreted by the tubular epithelial cells into the urinary spaces.
When the normal composition of blood is disturbed by a surfeit of water or dissolved substances,
the excess is excreted in the form of urine.

The extracellular fluids are continually reprocessed by the kidneys. A volume equal to the total
extracellular fluid of the body is filtered and modified by the tubular cells every two hours.
Although the kidneys normally exist in pairs, there is a great deal of reserve fimction, and it is
quite possible for individuals to live in good health with a single functional organ. In their
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regulatory function, the kidneys are relatively independent of direct nervous control. Salt and
water balance is controlled predominantly via the hormones of the adrenal cortex, the
parathyroid, the pituitary glands and the kidneys themselves.

1.3

The Kidney: Anatomy and Physiology

1.3.1

The Anatomy o f the Kidney

The kidneys lie in the dorsal area o f the abdominal cavity of vertebrates. Their combined weight
in man is about 300 g. Each kidney comprises 8 to 10 lobules, consisting of pyramidal tissue
known as the renal papillae. The apices of the papillae project into the cup-sh^ed minor calyces,
which in turn feed into the two major calyces, the principal branches of the renal pelvis (Fig
1.1). The papillae consist of parallel bundles of nephrons, which are the basic functional units of
the kidney, each one consisting of a glomerulus and attached tubule. In man, each kidney
comprises about 1.2 million nephrons (Deetjen, Boylan and Kramer, 1975). Many nephrons
discharge into a single collecting duct; and many collecting ducts join as they converge in the
papillae. In transverse section, the disposition of the glomeruli, the tubules and the collecting
ducts delineate the characteristic subdivisions of the mammalian kidney into the cortical, and the
outer and inner medullary zones (Fig 1.1). The structure and function of the nephron is discussed
in the next section.

Each kidney is normally supplied by a single renal artery, arising directly from the aorta, and
dividing into two or more branches on entry into the kidney. The branches (segmental arteries)
pass dorsally and ventrally across the renal pelvis before subdividing to form the interlobular
arteries. From these, the arcuate arteries arise and course roughly parallel to the surface o f the
kidney at the cortico-medullary junction. A second set of interlobular arteries arise from the
arcuate arteries, pass outward towards the surface of the organ, and branch into the afferent
arterioles. Each nephron receives a single afferent arteriole, which enters the glomerulus and
forms a knot of capillary loops. These c^illary knots generate the necessary surface area and
hydrostatic pressure to enable ultrafiltration of plasma across the basement membranes, forming
tubular fluid.

Outflow from the glomerular capillaries passes into the efferent arterioles, which exit the
glomerulus alongside the afferent arterioles at the vascular pole (Fig 1.2). The efferent arteriole
is smaller in diameter than the afferent arteriole, increasing the resistance to the outflow of blood
from the glomerulus, and therefore the hydrostatic pressure for ultrafiltration within the
glomerulus.
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Fig 1.1 Structure of the mammalian kidney
The fate o f the efferent arterioles depends on the intra-renal location o f the glomerulus served.
From superficial cortical glomeruli, the efferent arterioles divide profusely to form a network o f
cortical peritubular capillaries. From glomemli positioned deeper in the cortex (juxta-medullary
glom em li), the emerging efferent arterioles are relatively thick, and divide to form characteristic
looped bundles o f vessels known as the vasa recta, which run longitudinally through the
medulla, in parallel with the nephrons. The arterial vasa recta divide within the m edulla to form
a network o f fine capillaries, from which the outflow passes into parallel bundles o f venous vasa
recta. The great length o f the vasa recta, which traverse much o f the medulla, introduces
considerable resistance, whereby blood flow is reduced sufficiently to allow m ovem ent o f
solutes and water from the medullary tubules, during the process o f countercurrent
multiplication (see Section 1.3.3).

Venous drainage is arranged in a manner similar to the arterial inflow; there are no arterio
venous anastomoses, hence no direct pathway by which blood from the renal arteries can
circumvent the glom em lar and peritubular capillary networks. The peritubular capillaries
eventually unite to form peritubular venules, and then interlobular veins, which also receive
drainage from the vasa recta. From these, blood drains through the arcuate veins to the
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interlobular veins (running between the renal pyramids), the segmental veins, and ultimately to a
single renal vein, which exits at the renal hilus (Fig 1.2).

The nerve supply of the kidneys is derived from the renal plexus of the sympathetic autonomic
nervous system. Vasomotor nerves from this plexus accompany the renal arteries, and contribute
to the control of blood flow through the kidney by regulating the diameters o f the afferent and
efferent arterioles.

1.2.2

Structure and Function o f the Nephron

The nephron is the smallest functional unit of the kidney. It consists of a glomerulus, a proximal
convoluted tubule, a loop of Henle, and a distal convoluted tubule, which opens into a collecting
duct (Fig 1.3). The glomeruli, proximal and distal convoluted tubules are found only in the renal
cortex, the loop of Henle mostly in the medulla.

The Glomerulus
The capillary knot of the glomerulus is caged within a double-walled epithelial cup known as
Bowman’s capsule. Ultrafiltration of plasma in the glomerulus takes place across a filtration
membrane which consists of three components (Plate 1.1):

•

a layer o f capillary endothelium

•

basement membrane

•

specialized epithelial cells of Bowman’s capsule.

Filtration occurs passively, the net driving force depending on the combination of hydrostatic
pressure and osmotic pressure. Pore size is therefore the most important factor in determining the
molecular size of substances that can be filtered. The single layer o f endothelium has large pores
(fenestrations) of 50 to 100 nm that prevent filtration of blood cells but allow all components of
plasma to pass through. The basement membrane, which lies between the endothelium and the
visceral layer of the glomerular capsule, consists of collagen fibrils in a glycoprotein matrix, and
prevents the filtration of larger proteins. The epithelial cells o f the capsule (podocytes) do not
form a continuous barrier, but branch freely and interdigitate with each other. The digits are
known as pedicels, and cover the basement membrane, except for filtration slits of 20 to 50 nm.
A thin membrane (the slit membrane) extends across the filtration slits and prevents filtration of
medium sized proteins.
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Transmission electron micrograph of a glomerulus (magnification x 5000)
showing structure of the ultrafiltration membranes, comprising fenestrated
endothelium (E), podocytes (?) and basement membranes (B) of the
glomerular capillaries and urinary space, as well as mesangial cells (M) (see
text).
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The first application of micropuncture by Weam and Richards (1924) proved that the
composition of glomerular filtrate is that of an ultrafiltrate of plasma; it is virtually free of
protein, and the concentrations in it of dissolved low molecular weight substances differ only
slightly from their concentrations in plasma. Three factors are responsible for these small but
definite concentration differences: (i) the volume occupied by plasma proteins; (ii) the binding of
some eletrolytes to plasma proteins; and (iii) the existance o f a Gibbs-Doiman equilibrium. This
last is due to the excess of negative charges on plasma proteins at pH 7.4. The thermodynamic
equilibrium therefore comprises not only concentration differences, but also electrical differences
across the filtration membranes.

The amount of filtrate formed in all the glomeruli of both kidneys per minute is called the
glomerular filtration rate (GFR). In a normal adult, the GFR is about 125 ml/min, which
amounts to 180 1/day.

The Proximal Convoluted Tubule
The normal rate of glomerular filtration is so high that the volume of fluid entering the proximal
tubule in half an hour is greater than the total plasma volume. Therefore, returning most of the
filtered water and many of the filtered solutes to the bloodstream is a critical renal function. As
the filtrate passes through the renal tubules and collecting ducts, about 99% of it is reabsorbed,
and only about 1% leaves the body as urine (about 1 to 2 1/day) (Tortora and Grabowski, 1996).
The proximal convoluted tubule is responsible for the greatest part of tubular reabsorption,
normally accounting for 100% of the filtered glucose and amino acids, 80-90% of HCO3", 65%
of water, Na^ and K , and 50% of Cl" and urea (Tortora and Grabowski, 1996).

In conformity with their large energy turnover, the cuboidal epithelial cells of the proximal
convoluted tubule exibit a high degree of morphological differentiation. They are densely packed
with elongated mitochondria, and lined on the lumenal (apical) side with a profuse brush border
of microvilli, which increase the surface area for reabsorption some 60-fold (Deetjen, Boylan
and Kramer, 1979) (Plate 1.2). The basolateral membrane is convoluted into a labyrinth of
canaliculi which penetrate deeply into the cell, and presumably serve a similar purpose. In their
variety and quantity of enzymes, the cells of the proximal tubule surpass those in all other parts
of the nephron.

About 80% of the total dissolved material in the glomemlar filtrate consists of sodium salts. The
active transport of sodium is therefore the primary event in the reabsorption of filtrate. Transport
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Fig 1.2 Structure of the nephron (a) and its vascular supply (b). GI, glomerulus; Prox,
proximal convoluted tubule; HL, Henle’s loop; JGA, juxtaglomerular apparatus; Dist,
distal convoluted tubule; CD, collecting duct; T, medullary thick ascending tubule; Aa
arcuate artery; Ail, interlobular artery; Vil, interlobular vein; Va, arcuate vein; jGm,
juxtaglomerular glomerulus; aVr arterial vasa recta; vVr, venous vasa recta. From Deetjen,
Boylan and Kramer, 1975.
o f sodium against an electrochemical gradient requires energy that m ust be made available by
the oxidative phosphorylation o f glucose in the mitochondria (see Section 1.7), thereby
generating the energy transduction molecule adenosine 5' triphosphate (ATP). Thus, above the
basal level o f oxygen consumption, which is similar to other epithelial structures in the resting
state, oxygen consumption in the kidney increases in proportion to the rate o f sodium
reabsorption.

The principle o f sodium reabsorption is similar throughout the renal tubules, and depends on
conserving a low intracellular Na" concentration in the tubule cells, and a negative charge with
respect to the exterior. As a result o f these differences, Na^ can diffuse passively down a
concentration gradient from the tubular lumen, through leakage channels in the brush border or
apical membranes. The low intracellular Na" levels upon which this process depends are
maintained by sodium pumps on the basolateral membranes (most particularly, the Na"^-K^ATPase), which actively expel Na

into the interstitial fluid. Na" then diffuses through the

interstitial fluid and into the peritubular capillaries. Although the N a -K -A T P ase imports
the same time as it extrudes Na% the basolateral membranes contain numerous
channels. Thus, the net effect o f the N a -K -A T P a se is the reabsorption o f N a \
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Plate 1.2

Transmission electron micrograph of a proximal tubule, SI segment
(magnification x 7500) showing densely packed elongated mitochondria
(M), endocytotic vesicles (E), dense brush-border (BB) and clear lumen (L).
The cellular material in the lumen is convoluted tubule in cross section.
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Because the energy derived from ATP directly fuels the extrusion of Na^ from the cell, the Na^K-ATPase is an example of a primary active transport mechanism.

Reabsorption of Na^ promotes the secondary reabsorption of water and solutes, by osmosis and
diffusion respectively. The movement of water shadows that of Na^ from the filtrate to the
peritubular capillaries, thereby restoring the osmotic balance, and depends partly on the raised
osmotic pressure of the plasma proteins in the peritubular capillaries (a consequence of
haemoconcentration following glomerular filtration). As water leaves the glomerular filtrate, the
concentration of the remaining filtered solutes increases, leading to the reabsorption of some,
including

Cl", H C O 3 " and urea, by simple diffusion down a concentration gradient. This

process is enhanced by the movement of anions down electrical gradients towards the higher Na^
concentration in the peritubular capillaries. The osmotically driven flux of water may also carry
Na^ C r and other solutes mechanically out of the tubular lumen - a passive process known as
solvent drag (Deetjen, Boylan and Kramer, 1975).

The reabsorption o f glucose is also affected by means of a sodium-oriented mechanism. In this
case, glucose-Na^-symporters on the apical membrane use the Na"^ concentration gradient to
drive the simultaneous reabsortion of glucose. Substances brought into proximal tubule cells by
symporters (membrane pumps that transport two substances in the same direction across a
membrane), generally leave the cell by facilitated diffusion (via a membrane carrier), and enter
the peritubular capillaries by simple diffusion. Several different Na^ symporters reabsorb filtered
glucose, various amino acids, lactic acid, and other nutrients. Reabsorption of these nutrients
also stimulates reabsorption of water by osmosis. Thus, as the ultrafiltrate passes down the
proximal tubule, some 70% of it is reabsorbed, with no change in its sodium or osmotic
concentration (Tortora and Grabowski, 1996).

Each symporter has a limiting rate constant, known as its transport maximum (T^), measured in
mg/min. If the blood concentration of a solute, and therefore its concentration in the glomerular
filtrate, rises above a level which exceeds the capacity of tubular reabsorption, it surpasses the
renal threshold, and is found at elevated levels in the urine. For example, when glucose is found
in the urine, as in patients suffering diabetes mellitus, the condition is known as glucosuria, and
is associated with an increased volume of urine, since the osmotic reabsorbtion of water is
correspondingly decreased.
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Most tubular secretion (leading to elimination of substances via the urine) occurs in the proximal
convoluted tubule. Secreted substances include H , K%
as penicillin. Secretion of

creatinine, and some dmgs, such

via N a a n t ip o r t e r s (membrane pumps that transport two

substances in opposite directions across a membrane) on the apical membrane helps to control
blood pH, by stimulating the simultaneous reabsoiption of H C O 3 ". Extruded H combines with
H C O 3 " in the tubular lumen, in a reaction catalysed by carbonic anhydrase (located in the brush

border membrane). H2CO3 dissociates to form water and CO2, which diffuses into the cell,
where the reaction is reversed. Thus, extrusion of

stimulates the simultaneous reabsorption of

both H C O 3 " and Na^.

The Loop o f Henle
The loop of Henle coimects the proximal convoluted tubule with the distal convoluted tubule by
way of a hairpin loop extending into the medulla. About 80 to 85% of nephrons have short loops
of Henle that penetrate only as far as the outer medulla. The descending limb of the loop is lined
with cuboidal epithelial cells, similar to those of the proximal convoluted tubule (but without a
brush border), and is known as the pars recta, or straight descending limb of the proximal
tubule. The ascending limb is lined with cuboidal epithelial cells o f similar morphology to the
cells of the distal convoluted tubule (see below), and is known as the medullary thick ascending
tubule (mTAT) (Plate 1.3). Nephrons with short loops of Henle are usually derived from
glomemli in the superficial cortex, and are known as cortical nephrons. They receive their blood
supply from peritubular capillaries arising from the efferent arterioles.

The remaining 15 to 20% are juxtamedullary nephrons, with glomemli situated deep in the
cortex, and long loops of Henle that stretch through the medulla almost as far as the renal
papilla. In addition to the pars recta and mTAT sections of the loop of Henle, these tubules
extend in a fine loop, lined with flat epithelial cells - the thin descending and thin ascending
limbs. They receive their blood supply from the peritubular capillaries and the vasa recta.
However, the environment in the irmer medulla is predominantly hypoxic, and the epithelial
cells are adapted to glycolysis and the anaerobic production of ATP, possessing few small
mitochondria and very little recognizable ultrastmcture; they are in fact scarcely distinguishable
from the endothelial cells of the neighbouring vasa recta (Plate 1.4). In agreement with the
morphological picture, there is a striking poverty of enzymes, especially those involved in
oxidative metabolism.
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Plate 1.3

T ransm ission electron m icrograph of m edullary thick ascending tubules
(m TA T) in the cortico-m edullary ju n ctio n area of the kidney (m agnification
X 5000) showing densely packed m itochondria (M) and a p e ritu b u la r
capillary (Pc).
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P late 1.4

T ransm ission electron m icro g rap h of the thin segm ent of the loop of Henle,
(m agnification x 5000) show ing epithelial cells of the descending (D) and
ascending (A) lim bs and endothelial cells (E) of the vasa recta.
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The loop of Henle is responsible for the reabsoiption of about 30% o f the filtered K , 35% of the
c r , and 15% of the water. The cells of the mTAT are also specifically responsible for the
reabsorption of

and Ca^ However, reabsorption of water by osmosis is not automatically

coupled with the reabsoiption of solutes. While some water is reabsorbed in the descending
limb, little or none is absoibed in the ascending limb; the apical surfaces o f these cells are
normally completely impermeable.

The major activity o f the mTAT is the reabsoiption of Na%

and CT by means o f Na "K-2CT

symporters on the apical membrane. As in the proximal tubules, the mechanism is dependent on
the active extmsion of Na^ ions from the mTAT cells by Na -K-ATPase antiporters on the
basolateral membranes, into the interstitial fluid, whence they diffuse into the vasa recta. K
diffuses down its concentration gradient into the blood, while CT follows down an electrical
gradient. As the mTAT cells are impermeable to water, reabsorption of Na^ Cl” establishes an
ionic osmotic gradient in the renal medulla. As the ions pass into the interstitial fluid of the outer
medulla, they become concentrated, and are carried deep into the inner medulla by the blood
flowing in the vasa recta. The physiological significance of this in the production of hypertonic
urine is discussed in Section 1.3.3.

The Na^-K^-2Cr symporter is also clinically significant in that it is inhibited by loop diuretics
(which derive their name from their specificity for the loop of Henle) such as frusemide. By
completely inhibiting the reabsorption of sodium chloride in the mTAT, loop diuretics induce
intense diuresis (increased urine volume). The consequences of inhibiting the Na^-K^-2C1'
symporter following renal transplantation are the subject of Chapter 9 of this thesis.

The Distal Convoluted Tubule
Each ascending limb comes into close apposition with the vascular pole of its glomerulus of
origin. At this point of contact is found the macula densa, which marks the beginning of the
distal convoluted tubule. The cells of the macula densa are of characteristic columnar
morphology, and the apical membrane contains receptors sensitive to the sodium concentration
in the tubular lumen. The adjacent cells of the medial layer of the afferent arteriole have an
epithelioid appearance, with granular cytoplasm. These epithelioid cells are known as
juxtaglomerular cells, and are thought to be responsible for renin production (an enzyme
involved in the control of renal blood flow). Together with the macula densa, they constitute the
juxtaglomerular apparatus, which is responsible for the autoregulation of renal blood flow, and
consequently the rate of glomerular filtration (see Section 1.3.4).
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The cells of the distal tubule are cuboidal but, unlike the proximal tubule, do not have a brush
border. The mitochondria are less densely packed and the basal labyrinth is less copiously
convoluted. Enzymes are present in equal variety but in lower concentration than in the proximal
cells. Fluid enters the distal convoluted tubules at a much slower rate of about 25 ml/min, as
80% o f the filtered water has by now been absorbed (Tortora and Grabowski, 1996). As fluid
flows down the tubule, Na^-Cl" symporters in the apical membranes reabsorb Na^ and Cl". By
the time the fluid reaches the end of the distal tubule, about 90% of the filtered solutes and water
have been returned to the blood-stream.

The Collecting Ducts
Two different cell types are present in the collecting ducts. The majority are large cuboidal cells,
known as principal cells, which possess numerous basal invaginations, but are otherwise as
poorly differentiated in their morphology and histochemistry as the cells of the thin portion of
Henle’s loop. They are nevertheless responsible for the reabsorption of the final 9% of water and
Na , in a process controlled by two regulatory hormones, antidiuretic hormone (ADH) and
aldosterone (see Section 1.3.4).

A few cells in the collecting tubules are better differentiated, with more numerous mitochondria
and apical microvilli, and are known as intercalated cells. They play a role in secretion of H%
thereby contributing to acid-base homeostasis.

In the collecting ducts, as in all other segments of the nephron, the enzymes concerned with
anaerobic energy production are found in relatively high concentration.

1.3.3

Countercurrent Multiplication

As long ago as 1927, Crane noted that animals such as the flog, whose nephrons possess no loop
of Henle, were not capable of producing concentrated urine. In fact, there is a very close
correlation between the maximum concentrating ability of a kidney, and the relative thickness of
the medulla (i.e. the length of the loop of Henle)(0’Dell and Schmidt-Nielsen, 1960).

In 1942, Kuhn and Ryffel proposed that the hairpin loops of Henle could mediate the urinary
concentrating process by means of a countercurrent mechanism similar to that used to conserve
heat in a furnace. However, unlike a furnace (where a simple exchange of heat between opposed
pipes takes place), Kuhn argued that the active transport of Na^ Cl” flom the ascending loop of
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Henle into the hypertonic interstitinm could build up and maintain a small osmotic gradient
between the ascending and descending limbs - a gradient that could be established at every level
of the loop. Because tubular fluid moves in opposite directions in the two limbs of the loop, a
small ‘single’ effect at each level would lead to a large overall effect on the concentration
gradient between the base and the apex of the loop (that is, the ‘single’ effect is multiplied; Fig
1.3). This gradient would be directly proportional to the length of the hairpin loop and to the
concentration gradient between the two limbs, and inversely proportional to the (square of) the
flow rate. While various minutiae have yet to be elucidated, the basic principles of Kuhn and
Ryffel have been subsequently confirmed (Wirz, Hargitay and Kuhn, 1951; Gottschalk, 1964;
Jamison, Bermett and Berliner, 1967).

As currently understood, sodium is pumped out o f the medullary thick ascending tubule (mTAT)
and into the surrounding interstitinm (see Section 1.3.2); but because the apical membranes of
the mTAT are impermeable to water, there is no accompanying osmotic movement of water. The
increasing osmolarity of the surrounding interstitinm therefore draws water from more
permeable structures, including the descending limbs, the collecting ducts and the vasa recta. As
a consequence, the osmolarity of fluid in all of these increases progressively as they approach the
renal papilla in the manner proposed by Kuhn and progressively decreases as it moves back up
the ascending limb. To maintain a gradient of 300 to 1200 mOsm/1 across the renal medulla
from the outer medulla to the papilla, requires that the sodium pump sustain at each level only a
limited concentration gradient of 100 mmol/litre of Na^ Cl”. This is thermodynamically a very
economical arrangement, and enables the production of hypertonic urine to proceed at the
expense of only a fraction of the energy that would be required to achieve the same effect in a
single step.

When it emerges from the ascending limb of the loop of Henle into the distal tubule, the tubular
fluid is slightly hypotonic with respect to plasma. As the wall of the distal tubule is permeable to
water, osmotic equilibrium is re-established in the cortex by loss of water from the tubular fluid
to its isotonic surroundings. This efflux of water, with some further reabsorption of Na^ CF,
reduces the volume of tubular fluid, so that only about 50% of fluid leaving the loop of Henle
eventually reaches the collecting ducts, in which it once again traverses the medulla.

In its passage towards the papilla, this residual fluid loses more water (and Na^ CF), leading to
the progressive concentration of urea and other solutes. Because duct cells deep in the renal
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medulla are freely permeable to urea (whereas the mTAT, distal tubule and cortical collecting
ducts are quite impermeable to it, leading to a build-up in its concentration), some urea diffuses
into the interstitial fluid of the inner medulla (where it helps maintain a high osmolarity), while
the rest is excreted. Thus, reabsorption of water from the tubular fluid of the collecting ducts
promotes the recycling of urea through the interstitial fluid o f the medulla, which in turn
promotes water reabsorption. As a consequence, the final urine produced amounts to only about
1% of the glomerular filtrate, and its osmolarity is very nearly as high as that of the interstitial

fluid at the papillary tip.
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Fig 1.3 Modus operand: of countercurrent multiplication. Note that the process is depicted
in stages rather than as a continuous process, (i) and (iii) represent fluid movement
through a hairpin loop divided by a membrane impermeable to water; the
numbers indicate the osmolarity of the fluid in mOsm/1. (ii) and (iv) represent the
effect of an energy-dependent Na^ extrusion across the dividing membrane, leading
to the generation of a concentration gradient down the loop.
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Physiological Control

Control of the GFR, Na^ and water reabsorption is predominantly hormonal, but autoregulation
and neural regulation also play a role. Renal autoregulation operates via a negative feedback
system, in which secretion of an unidentified vasoconstrictor (a prostaglandin? see below) by the
cells of the juxtaglomerular apparatus is modulated by Na^ levels in the tubular fluid (Tortora
and Grabowski, 1996).

Neural regulation is achieved via the sympathetic stimulation of renal vasoconstriction. With
moderate sympathetic stimulation, both afferent and efferent arterioles constrict to a similar
degree, thereby decreasing the GFR only slightly. In contrast, strong sympathetic stimulation
(which occurs, for example, during exercise) causes mainly afferent vasoconstriction, thereby
dramatically reducing the GFR and enhancing blood flow to extra-renal tissues. In addition,
strong sympathetic stimulation potentiates adrenal secretion of the hormone adrenalin, which
also stimulates vasoconstriction of the afferent arterioles.

Hormonal Control o f Glomerular Filtration
Two hormones - angiotensin II and atrial natriuretic peptide (ANP) - contribute to the regulation
of blood pressure, and therefore GFR. When the GFR decreases, the Na^ content of the tubular
fluid at the macula densa drops, stimulating the juxtamedullary cells to secrete an enzyme called
renin into the blood (see Section 1.3.2). Renin cleaves the circulating plasma protein
angiotensinogen (produced by the liver), forming an inert decapeptide hormone precursor called
angiotensin I. As angiotensin I passes through the lungs, it is converted into the vasoactive
peptide hormone angiotensin II, by the angiotensin converting enzyme (ACE). Angiotensin II
has several important renal and systemic actions, including:

•

Stimulation of vasoconstriction in the efferent arterioles, thereby increasing the hydrostatic
pressure within the glomemlus, and raising the GFR back to normal. It also constricts
arterioles elsewhere in the body, thereby increasing systemic vascular resistance and blood
pressure

•

Stimulation of aldosterone secretion by the adrenal cortex, thereby increasing reabsorption of
Na^ c r and water in the renal collecting ducts (see below). In turn, this increases blood
volume, restoring blood pressure and GFR to normal

•

Stimulation of antidiuretic hormone secretion from the posterior pituitary gland, thereby
promoting reabsorption of water in the renal collecting ducts (see below)
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Stimulation of the thirst centre in the hypothalamus, prompting fluid intake, and restitution
of normal blood volume.

Normalization of systemic and renal blood pressure and GFR leads to an increase in Na^
concentration at the macula densa, and inhibition of renin release.

The second hormone that influences glomerular filtration is atrial natriuretic factor (ANF). As its
name suggests, it is secreted by cells in the atria (superior chambers) o f the heart, in response to
mechanical stretching of the atrial walls (which occurs when blood volume is raised). ANF has
many direct effects on the cardiovascular system, on other hormones, and on the central nervous
sytem. In the kidney, it dilates the afferent arterioles, increasing the GFR, stimulating natriuresis
(excretion of Na"^), and consequently diuresis. It also suppresses the actions o f anti-diuretic
hormone, aldosterone and renin (see below).

Hormonal Control o f Sodium and Water Reabsorption
The hormones aldosterone and antidiuretic hormone (ADH) maintain homeostasis o f blood
volume, composition and pressure, by regulating Na^ and water reabsorption in the principal
cells of the collecting ducts (see Section 1.3.2). Aldosterone (secreted by the adrenal cortex)
stimulates increased synthesis and incorporation of Na^-K^ antiporters into the apical membranes
of the principal cells, leading to enhanced

secretion, Na^ absorption, and Na -K-ATPase

activity. When blood levels of aldosterone are low, the principal cells reabsorb little sodium,
leading to a state of natriuresis, and consequently diuresis. ADH is produced by the
hypothalamus and released into the bloodstream by the posterior pituitary gland. In the absence
of ADH (a condition known as diabetes insipidus), the principal cells have a very low
permeability to water, and up to 20 1 per day of very dilute urine may be passed. ADH acts to
stimulate incorporation of water-charmel proteins into the apical membranes o f the principal
cells (Tortora and Grabowski, 1996), leading to increased water reabsorption.

The Eicosanoids: Prostaglandins and Leukotrienes
Eicosanoids act as local hormones (mediators) in most tissues of the body, and are formed from
a ubiquitous 2 0 -carbon fatty acid called arachidonic acid (formerly known as eicosatetraenoic
acid, from the Greek eikosi, meaning twenty), which is incorporated into membrane
phospholipids by the action of acyltansferase enzymes. The release of arachidonic acid in
response to a stimulus occurs primarily through activation of the enzymes phospholipase A%and
C. Three distinct enzymatic pathways exist to produce a plethora of eicosanoid mediators, with
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diverse biological activities: the cyclooxygenase pathway; the lipoxygenase pathway and the
cytochrome P-450 pathway (Fig 1.4). All three involve the incorporation o f one or more oxygen
atoms into arachidonic acid. In the kidney, the eicosanoids are involved physiologically in the
regulation of blood pressure and of ion transport in the tubules. They are also potent mediators
of the inflammatory response and are therefore of great importance in many pathological
conditions as well as in the course of renal transplantation (see Section 1.7 and Chapters 7-10).

Prostaglandins and thromboxanes are produced by the action of cyclooxygenase. The primary
prostaglandins and thromboxanes produced in the renal cortex (by the epithelial cells and
mesangial cells of the glomerulus) are PGI2 (also known as prostacyclin), PGE2, and
thromboxane A 2. Prostacyclin and PGE2 counter the physiological effects of angiotensin II,
stimulating vasodilation, and reducing endothelial cell permeability (via a cyclic adenosine
monophosphate (cAMP) dependent mechanism). Thromboxane A 2 is a potent vasoconstrictor,
neutrophil chemoattractant and stimulator of vascular permeabihty, but plays a limited role in
the normal physiological function of the kidney. In the renal medulla, the cells of the collecting
ducts, the thin descending limbs and the interstitium produce abundant PGE2, as well as some
PGp2a, PGD2 and thromboxane A 2.

The leukotrienes are formed by a family of lipoxygenase enzymes, of which the most important
enzymes endogenous to the kidney are 12 - and 15-lipoxygenase (the numbers indicating the
point of insertion of a single hydroperoxy group into the 20-carbon fatty acid chain). The
principal end-products of these enzymes are the 12 - and 15- hydroxyeicosatetraenoic acids ( 12 and 15-HETE), which are formed in glomemlar mesangial cells, and may play a role in
regulating the activity of renal epithelial cell ion channels (Frazier and Yorio, 1992). In addition,
various products of 5-lipoxygenase (which is found in circulating neutrophils and in platelets)
are important pro-inflammatory mediators, among them leukotrienes (LT) B 4 , C 4 , D 4 and E 4 .

The cytochrome P-450-dependent mono-oxygenases are the third major pathway of arachidonic
acid metabolism. This family of mixed function oxidases includes haemoprotein, cytochrome P450, NADPH cytochrome reductase and phosphatidylcholine (Conney, 1982). Cytochrome P450 metabolism of arachidonic acid requires molecular oxygen and reduced nicotinamide
adenine dinucleotide phosphate (NADPH) in a 1 : 1 stoichiometry, but the enzyme is not
particularly substrate-specific, and can also catalyse the oxidation of other polyunsaturated fatty
acids. The products of cytochrome P-450 and their sites of action have only recently been
identified (Frazier and Yorio, 1992). The principal products (19- and 20-HETE, and 20-COOH-
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arachidonic acid) are produced in the proximal convoluted tubule and the mTAT, and have been
shown variously to inhibit the Na -K-ATPase, and to stimulate vasodilation (Schwartzman et
a l, 1986).

Arachidonic acid

lipoxygenase

Cyt P-450
monooxygenaseses

Cyclooxygenase

lipoxins
Epoxyeicosatrienoic
acids (EETs)

Prostanoids

5 HPETE
12 HPETE

thromboxanes

prostacyclin
12HETE

15 HPETE

DHTs

prostaglandins

12HETE
leukotrienes
15HETE

LTD4

PGE2

Fig 1.4 Eicosanoid cascade (see text).

Nitric Oxide and Endothelin
In addition to the gamut of hormones and eicosanoids discussed above, two endothelial-derived
factors are involved in the modulation of vascular tone in the kidney: endothelial-derived
relaxation factor (EDRF), and endothelin.
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In 1987, EDRF was shown to be identical to nitric oxide (NO), and to be formed from the amino
acid L-arginine by the enzyme NO synthase, which exists in both constitutive and inducible
forms (Moncada, Palmer and Higgs, 1989). The constitutive form is Ca^-dependent, and
releases NO for short periods in response to receptor or physical stimulation; induction of the
other form is stimulated by activated macrophages or cytokines and once expressed, synthesizes
NO for long periods (up to 3 hours). NO has a very short half-life (less than 5 seconds), and acts
locally by activating the enzyme guanylate cyclase in the adjacent vascular smooth muscle cells,
leading to elevated levels of the secondary messenger cyclic guanosine monophosphate (cGMP).
In the cardiovascular system, release of NO serves as a general ad^tive mechanism, whereby
the endothelium reacts to changes in its environment, regulating blood flow and pressure through
its action on vascular smooth muscle. In addition, NO regulates the interaction between the
endothelium and platelets and probably blood-bome cells, and may play a role in the control of
smooth muscle proliferation (Moncada, Palmer and Higgs, 1991).

The term endothelin refers to a family of 21-amino acid peptides, found in at least four distinct
isoforms: ET-1, ET-2, ET-3 and endothehn P, which share sequence homology, a hairpin loop
configuration and a hydrophobic C-terminus. It is formed by proteolysis of a pro-hormone by the
endothelin converting enzyme, and possibly stored in secretory granules before secretion
(Simonson and Durm, 1991). Endothelin has a surprisingly wide range of biological actions in
diverse tissues and species, and is among the most potent vasoconstrictors yet discovered
(Yanagisawa et a l, 1988; Gurming, et al, 1996). In the kidney, it causes potent efferent
arteriolar vasoconstriction, and contraction of the interlobular and arcuate arteries. The actions of
endothelin on Na^ handling are complex, and include reductions in the filtered Na^ load to
tubular reabsorptive sites, as well as attenuation of Na -K -ATPase activity in the mTAT, via a
PGE2-dependent mechanism (Zeidel et a l, 1989). There have also been reports that endothelin
inhibits renin secretion in vitro, possibly by increasing intracellular Ca^^ levels (Moe et al,
1991). Its duration of action in vivo is very long, and 1 to 3 hours are typically required for mean
arterial pressure to return to baseline levels (Simonson and Durm, 1991).

1.4

Renal Diseases

Fifty to eighty people per million of the population develop end-stage renal failure (ESRF) each
year (Gabriel, 1990). The pathophysiological manifestations of renal disease are dictated by the
site of injury within the kidney, and are frequently secondary to other disorders, such as
hypertension, acute hypotension, diabetes or infection. The major diseases leading to ESRF are:
glomerulonephritis; diabetic nephropathy; toxic nephropathy; malignant hypertension; polycystic
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renal disease; and chronic pyelonephritis. In addition, obstructions to urine flow caused by
prostate enlargement, kidney stones, abnormal development of urethral valves, or reflux o f urine
can result in persistent back pressure, causing tubular damage and ultimately ESRF.

Glomerulonephritis
Primary glomerular diseases constitute a heterogeneous collection o f disorders in which the
glomeruli are the sole or predominant tissue involved. Environmental factors such as microbial
infections (most notably streptococci) or drugs are frequently associated with the pathogenesis of
glomerulonephritis, but many primary glomerular diseases also have an underlying genetic basis.
Post-streptococcal glomerulonephritis (PSGN) is a typical example; this is an immune complex
disease, in which antibodies to constituents of the native glomerular capillary wall develop. The
capillary lumens become occluded by proliferating cells, and the glomeruli swell and become
bloodless. The major clinical manifestations are: proteinuria; haematuria; reduced GFR; oliguria
(diminished urine production); and alterations in Na^ excretion, leading to oedema, circulatory
congestion and hypertension. Disorders of glomerular structure and function constitute some
40% of the total incidence of ESRF.

Diabetic Nephropathy
Persistent albuminuria (>30 mg/day), associated with nodular glomerular intercapillary lesions
and accompanied by arterial hypertension are the hallmarks of diabetic nephropathy, which may
occur in both insulin dependent and independent diabetes. The pathogenesis is not fully
understood, but appears to derive from the effects of sustained hyperglycaemia on the glomeruli,
the consequences of which are changes in endothelial cell sh^ e, generalised basement
membrane thickening, vasoconstriction, over-synthesis of extracellular matrix (by mesangial
cells), and loss of responsiveness to vasoconstrictors such as angiotensin II. Diabetic
nephropathy is the single most common cause of ESRF in the United States, accounting for 33%
of all patients enrolled in the Medicare ESRF program (Parving, Osterby, Anderson and Hsueh,
1996).

Toxic Nephropathy
As the kidney concentrates and excretes metabolic waste, chemicals and many drugs, it may
become exposed to toxic concentrations of these substances. Nephrotoxic substances such as
analgesics, aminoglycoside antibiotics, penicillins, cyclosporin, or heavy metals such as lead
may cause injury at a number of sites in the kidney, and produce characteristic clinical
syndromes.
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Malignant Hypertension
The process of malignant hypertension begins with a critical degree of renal vascular damage,
generally associated with severe essential hypertension. The deficit in renal perfiision triggers a
massive release of renin, leading to vasoconstriction and sodium retention. In turn, this causes a
massive increase in systemic blood pressure. However, the compromised kidney, unable to
participate in systemic hypertension, continues to behave as though the local hypotension were
systemic. A vicious circle develops which terminates in systemic arteriolar necrosis.

Polycystic Renal Diseases
Renal cysts are abnormal, fluid-filled sacs that arise in the renal parenchyma. They occur in a
multitude of unrelated conditions, and may be hereditary, developmental or acquired. Polycystic
renal diseases are a subset of hereditary renal disorders in which the cysts are distributed
throughout both kidneys. Many patients report pain that may be associated with gross or
microscopic haematuria (mainly due to cyst rapture), but proteinuria is seldom severe.
Hypertension is common, as are symptoms of renal infection and lithiasis (development of
kidney stones). The most common form of the disease is autosomal dominant polycystic renal
disease, which affects about 1 person in 1000 (Welling and Grantham, 1996).

Chronic Pyelonephritis
A single species of bacteria - E. coli - accounts for the overwhelming majority of urinary tract
infections, which are themselves the most common of all bacterial infections. The usual course
of uncomplicated acute pyelonephritis is one of healing rather than progressive damage. Tissue
destruction is largely the result of bacterial multiplication and inflammation. However, a variety
of bacterial and host factors (such as unusual infecting organisms, urinaiy tract obstructions,
pregnancy or diabetes mellitus) can modify this sequence of events and lead to progressive tissue
damage. The most common morphological changes observed in chronic pyelonephritis are
coarse or focal scarring and tubular dilatation. The clinical manifestations of these changes
include hypertension, an inability to conserve sodium, decreased urine concentrating ability, and
a tendency towards acidosis. Data from the European Dialysis and Transplant Association show
that 22% of adults with ESRF suffer from chronic pyelonephritis (Rubin, Cotran and TolkoffRubin, 1996).

1.5

Treatment Possibilities: Dialysis or Transplantation?

Unlike patients dying from terminal failure of other vital organs, patients with ESRF can be kept
alive by haemodialysis or continuous ambulatory peritoneal dialysis (CARD). Haemodialysis is
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the diffusion of substances between the blood and dialysis fluid (dialysate) across a semipermeable membrane. Access to blood is achieved via an external arteriovenous shunt or, more
commonly, an arteriovenous fistula introduced surgically. The electrolyte composition o f the
dialysate, whether for haemodialysis or peritoneal dialysis, is very similar to that of normal
plasma. Solutes move down their concentration gradients from blood to dialysate at speeds
dependent on their molecular size and shape. The rate of removal o f a solute increases as the
volumes o f blood and dialysate exposed to each other increase.

CAPD is a form o f dialysis in which the dialysate remains continuously within the peritoneal
cavity. Unfortunately, dialysate must be exchanged through a catheter every four to eight hours
without respite. The principle of CAPD is essentially similar to haemodialysis, except that blood
flow through the peritoneal capillary bed is relatively constant, and the volume of dialysate is
small compared with that used during haemodialysis. Peritoneal dialysis is therefore much less
efficient than haemodialysis over a short period of time but, in compensation, CAPD is a
continuous process.

Apart from the medical or surgical complications which accompany ESRF, there are various
problems associated with dialysis itself. Access to the circulation becomes increasingly difficult
in the course of chronic haemodialysis. The life-time of a shunt, placed at the wrist or the ankle,
is limited; and the probability of thrombotic obStmction or infection in the surrounding tissues is
high. Anaemia and hypotension, caused by the depressed erythropoesis common to most forms
of ESRF, is magnified by any blood lost in the course of dialysis. Rapid changes in solute
balance can create large concentration gradients between various body compartments,
culminating in disequilibrium syndrome comprising headaches, vomiting and occasional fits (as
a result of cerebral oedema). Renal osteodystrophy (bone disease) - common, but usually silent,
in patients dying of ESRF - often becomes symptomatic in the course of dialysis, and is
associated with the calcification of soft tissues. Persistent hypertriglyceridaemia, possibly
resulting from a defect in very low density lipoprotein (VLDL)-triglyceride removal, is also
common in ESRF patients, and may be exacerbated by the dextrose in the peritoneal fluid during
CAPD, accelerating the progression of atherosclerosis (Gabriel, 1985). Not surprisingly, severe
stresses and psychological problems frequently develop, and dialysis patients have a substantial
psychiatric morbidity (Gabriel, 1985). Mortality is typically 10-15% over the first year, with a
gradual and sustained loss of patients thereafter, mortality at six years being about 30-50%
(Gabriel, 1985).
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Renal transplantation has evolved to be a superior treatment to dialysis in terms of survival,
quality of life and cost-effectiveness, and can now be claimed as the treatment o f choice for
ESRF. Patients liberated from dialysis can eat a normal diet, will probably feel more healthy, are
more mobile and are of more value to Üie community both socially and economically. However, “
ftdl exploitation of renal transplantation is limited by the number o f suitable donor organs.
Fewer than half the ESRF patients in the United Kingdom get the opportunity of a renal graft
(Green, 1995), and the rest are by necessity treated with dialysis. Transplantation and dialysis
should therefore be regarded as complementary treatments for ESRF. In fact, because dialysis is
available as a back-up, patient survival rates following transplantation do not accurately reflect
renal graft survival. While more than 90% of patients receiving grafts from living related donors
survive for two years, only about 84% of the grafts themselves are still functional at this time
(United States Renal Data System, 1993, cited in Ramos and Ravenscraft, 1993). Similarly,
more than 80% of patients receiving cadaver kidneys are alive after 2 years, but only about 65%
o f the original grafts are functional. Many patients whose primary grafts fail return to dialysis
before going on to receive a second graft (secondary transplantation). Graft failure may be a
result of many factors, including acute rejection, chronic rejection, ischaemic acute renal failure,
drug toxicity, infection, steroid related disorders and hypertension.

Many of these drawbacks have been at least partially overcome in the last forty years, since the
first successful renal transplant. Indeed, the history of renal transplantation is a remarkable
catalogue of scientific and clinical irmovations, and comprises one of the 20 ^ centuries’ most
outstanding medical endeavours.

1.6

Renal Transplantation

1.6.1

History o f Renal Transplantation

The Russian surgeon Voronoy performed the first human kidney allograft in 1933 (Voronoy,
1936), but the patient died within two days. He performed six similar operations in the next
sixteen years with no success. Later, in the 1950s, several series of human kidney transplants
were performed in Paris (Michon et a l, 1953) and Boston (Hume et a l, 1955) but no
immunosuppressive drugs were used to prevent rejection and all but one of the patients died
early. That one man, however, survived nearly 6 months, and Murray and his colleagues in
Boston were sufficiently encouraged to start up a renal transplantation programme between
identical twins (Murray et al, 1955). This proved remarkably successful.
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The work of Simonsen and colleagues (1953) and Dempster (1953) during the late 1940s and
early 1950s with allografted dog kidneys (kidneys transplanted between genetically different
animals of the same species), had shown that the rejection phenomena encountered by Carrel and
Guthrie early in the century (1905), and later by Medawar (1944), applied in equal measure to
transplanted kidneys. They drew attention to the massive renal infiltrations of lymphoid cells,
which accompanied progressive renal failure. Their observations and ideas were developed
further by Mitchison (1953) and later by Gowens et. al. (1962), and led to the realization that,
although cell-mediated immunity was mainly responsible for acute rejection in the first few days
after transplantation, humoral mechanisms and cytotoxic antibodies were also involved in the
host response to allografts.

The development of a new antimitotic drug, 6 -merc^topurine, and the finding that it had potent
immunosuppressive effects (Schwartz and Dameschek, 1959), inspired Caine in 1960 to
experiment with its use in renal allografts in dogs. Rejection was at least postponed by the drug,
and many of the dogs survived for weeks while being treated (Caine, 1960). Soon afterwards, a
derivative of 6 -mercaptopurine called azathioprine was used clinically in Boston (Hume et al,
1960) with encouraging results, and marked the beginning of the modem era of transplantation.
With the addition of steroids to azathioprine in 1963 (Starzl, Marchioro and Waddell, 1963), a
standard immunosuppressive regimen, that remained relatively unchanged for nearly two
decades, was established. During this time, improvements in patient survival resulted from:

•

Better surgical techniques

•

Realization that low doses of steroid are as effective and safer than high doses

•

The discovery that blood transfusion before transplantation lowers the chances of rejection

•

Realization that patients well matched at the DR site of the human leukocyte antigen (HLA)
locus of the major histocompatibility complex (MHC) fare better than those mismatched.

By 1978, renal transplantation had become a valuable treatment for ESRF, but one which owing to the typical graft survival of 1-2 years - effectively provided periods of relief for chronic
dialysis patients

(Gabriel,

1985).

Then, in

1978, the clinical advent of a novel

immunosuppressive agent, cyclosporin A, in a pilot clinical trial undertaken by Caine and his
team in Cambridge (Caine et al, 1978), changed the face of renal transplantation, and indeed
revolutionized the transplantation of other solid organs, such as liver, heart and lung (which had
hitherto had little success). Cyclosporin (a fungal metabolite that inhibits both the humoral and
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cell-mediated immune responses, but does not affect the maturation of stem cells) was shown to
be as potent an immunosuppressive agent in man as had been revealed earlier in animals (Borel
et a l, 1976). While its use did not significantly improve renal graft survival in the few centres
which already had acceptable 1-year survival rates (above 75%), it made a significant positive
impact in tiiose centres which were previously achieving survival rates of only 50-65% (Green,
1988). As a result, two-year patient survival rates are now typically in excess of 80% (United
States Renal Data System, 1993, cited in Ramos and Ravenscraft, 1993). These consistently high
success rates have brought about a revolution in the public perception of renal transplantation
from one of scepticism or even antipathy to one of reluctant approbation.

1.6.2

Current Status o f Renal Transplantation

The major obstacle facing renal transplantation today is no longer the prevention of rejection.
Although several novel immunosuppressive dmgs have been introduced in the last few years,
including FK506, rapamycin, and the immunophilins, the incentive to develop them stemmed
more from the unwanted side-effects of cyclosporin, such as its chronic nephrotoxicity, than
from any inherent shortcomings in its immunosuppressive potency. It seems that a ceiling may
now have been reached in terms of conventional approaches to immunosuppression.

Instead, the overriding issue in modem transplantation is the acute shortage of suitable donor
organs. More than 4000 patients in the United Kingdom are diagnosed with ESRF each year, yet
only 1500 to 1600 renal transplants are performed annually (Green, 1995). Until the problems
associated with xenotransplantation (transplantation of organs between different species, for
example from pig to man), or cryopreservation (freezing of organs) are overcome, it is vital to
make the best use of existing sources of organs - predominantly heart-beating cadavers. The
seope for improvement in this respect was illustrated by Ramos and Ravenscraft in 1993, who
reported that delayed graft function (DGF) occurs in up to 70% of renal transplant recipients,
who are typically maintained on dialysis for periods of up to several weeks until renal function is
restored. Not only does this necessity approximately double the eeonomic costs of
transplantation (Rosenthal et al, 1991), but long-term graft survival is also significantly
impaired in patients with DGF. For example, Rosenthal and colleagues (1991) found the 1- and
2-year graft survival rates in patients with early fimction to be 93% and 86 % respectively,
compared with only 65% and 55% respeetively in patients with DGF. The majority of patients
suffering from DGF had sustained acute tubular neerosis (ATN), as a result of damage incurred
during the period of extra-corporeal preservation.
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Effective renal preservation could therefore increase the availability of organs for transplantation
in several ways. Firstly, prevention of DGF would improve long-term graft survival, thereby
releasing organs otherwise committed to patients requiring secondary transplants. Secondly,
extended preservation, allowing routine tissue typing and transport o f organs over sometimes
continental distances to suitably DR-matched recipients, would reduce the likelihood of
rejection, again reducing the necessity for secondary transplants. Thirdly, better preservation
techniques could salvage organs that would otherwise become too damaged to warrant
transplantation, or make available organs from donors over 50 years o f age, which are currently
not considered suitable because of their low ischaemic tolerance (Segoloni et a l, 1991).
Currently, kidneys stored for periods of up to 24 hours are likely to regain function soon after
transplantation (Green, 1995), whereas kidneys stored for longer than 24 hours (up to a
maximum of about 50 hours), are likely to sustain reversible ATN, clinically manifest as DGF.
The principal cause of ATN, and the major barrier to extended preservation, is a pathological
syndrome known as ischaemia-reperfusion injury.

1.7

Ischaemia-Reperfusion Injury

The passage of blood or any other fluid through an organ such as the kidney is termed perfusion.
Interruption of this flow for any length of time is known as ischaemia; and the restoration of
flow is termed reperfusion. Damaging periods of ischaemia, followed by reperfiision with fully
oxygenated blood, may occur in many clinical conditions, such as acute myocardial infarction,
stroke and rheumatoid arthritis. Ischaemia and reperfiision are also inevitable consequences of
some surgical procedures, including the resection of tumours, vascular reconstmction, and the
harvesting and transplantation of tissues and solid organs. A series of degenerative biochemical
and pathophysiological changes ensue, which may lead ultimately to tissue death, and which are
termed collectively ischaemia-reperfusion injury. Although many of these changes only become
visible during reperfiision, the severity of ischaemia-reperfusion injury depends in large part on
the progression and magnitude of changes occurring during the ischaemic period.

The degree of ischaemic damage depends on the tissue sensitivity, which varies with different
tissues or organs and different species, and storage factors, such as the duration of ischaemia and
the storage temperature. The relationship between reduced temperature and decreased rates of
many biological reactions became evident in studies of isolated tissues in the early years o f this
century (Avramovic, 1924); and the demonstration that deliberate hypothermia could ameliorate
ischaemic damage led to an important advance in transplantation surgery (Levy et a l, 1959;
Caine et a l, 1963). However, it soon became clear that the overall depression o f cell function
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caused by hypothermia itself could only delay, not prevent, the changes resulting from
ischaemia, and might introduce additional damaging factors, such as molecular reorganization of
cell membranes or cytoskeletal elements (Karow and Pegg, 1981; Fuller, 1987; Green, 1995).
Nevertheless, in the course of clinical renal transplantation, kidneys are cooled to 0-10°C, either
after they have been removed from the donor, or whilst the donor is cooled by whole body
cooling. Thus, a transplanted kidney is likely to have been subject to warm (37°C), hypothermic
(5-30°C), and cold (0-5°C) ischaemia between the donor’s death and the restoration o f blood
flow.

1.7.1

Changes Occurring During Ischaemia

The primary change occurring at the onset of ischaemia is the suppression of mitochondrial
electron transport (responsible for energy transduction during oxidative phosphorylation; see
Section 1.7.2). This causes depletion of ATP, a net breakdown of adenine nucleotides through
ADP and AMP to non-phosphorylated metabolites including hypoxanthine, and the
accumulation of reduced pyridine nucleotides, such as reduced nicotinamide adenine
dinucleotide (NADH), which can no longer be oxidized by mitochondrial electron transfer (see
Section 1.7.2). As a result, membrane pumps, such as the Na -K-ATPase and the Ca^-ATPase,
are inactivated, and internal homeostasis between intracellular compartments is lost. Ions diffuse
down electrical and chemical gradients, thereby dissipating the physiological transmembrane
ionic gradients. K is lost to the extracellular spaces, while Ca^^, Na^ and Cl” (accompanied by
the osmotic movement of water) enter the cell freely after failure of the energy-dependent pumps
that normally exclude them. The influx of water leads to cellular swelling and hydropic
degeneration (intracellular oedema). Ca^ infusion may activate Ca^-dependent degradative
enzymes, such as proteases and phospolipases, and Ca^-dependent second-messengers, such as
diacylglycerol (DAG) and inositol triphosphate (IP3) (see Section 1.7.2), leading to changes in
the phospholipid content of cell membranes, altered membrane permeability, and further loss of
homeostasis (Cotterill et al, 1990). The reductive intracellular conditions promote release of
sequestered Fe^^ from ferritin (Healing et al, 1990; Goddard et a l, 1992) and from endogenous
cytochromes, such as cytochrome P-450 (Palier and Jacob, 1994), and this iron may catalyse free
radical formation upon re-oxygenation (see Section 1.7.2). Toxic metabolites, such as lactic acid,
H% and denatured proteins accumulate, leading to a fall in intracellular pH. These changes in the
intracellular environment disrupt lysosomes, releasing autolytic enzymes into the cytoplasm.

While the activation of phospholipases, proteases and lysosomal enzymes, and the accumulation
of glycolytic metabolites may be suppressed by hypothermia, inactivation of membrane pumps
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and loss of cellular ionic homeostasis is not affected by the cold. Thus, cold ischaemia primes
the activation of degradative enzymes, which are fully activated upon restitution of
normothermia during reperfiision. Similarly, the consequences of altered mitochondrial structure
and function are not expressed until restitution of normothermia and normoxia. As a
consequence, the major patho-physiological manifestations of ischaemia-reperfusion injury do
not become apparent until reperfusion with fully oxygenated blood.

1.7.2

Changes Occurring Upon Reperfusion

At a macroscopic level, two characteristic pathological changes become manifest during
reperfusion of ischaemically damaged kidneys (Summers and Jamison, 1971; Ratych and
Bulkley, 1986; Mason, 1988; Green, 1995). The most obvious is a deficit in vascular outflow
from the renal medulla, known as the no-reflow phenomenon, or more ^propriately medullary
congestion; the second is the development of ATN, particularly in the renal cortex and the
cortico-medullary junction. While medullary congestion typically clears over a period o f hours
or days (Mason, 1988), its cause and effect in terms of the aetiology of renal ischaemiareperfusion injury (expressed clinically as reversible or irreversible acute renal failure) are not
fully established. Whether a relationship exists between medullary congestion (which could
cause tubular necrosis via normothermic secondary ischaemia), and cortical ATN (which may
have a much more complex aetiology; see below), is a central theme of this thesis, and could
have fundamental implications for the management of renal preservation.

That renal ischaemia-reperfusion injury has a multifaceted aetiology is suggested by the very
limited success of previous attempts at pharmacological and therapeutic manipulation (see
Section 1.7.3). During the past two decades, strenuous efforts have been made to identify the
principal causes of ischaemia-reperfusion injury. Particular attention has been paid to:

• Cellular swelling and secondary ischaemia
• Oxidative stress and oxygen-derived free radicals
• Ca^^ redistribution, necrosis and apoptosis
• Eicosanoids and other vasoactive mediators.

Cellular Swelling and Secondary Ischaemia
Although hypothermia cannot prevent the loss of cellular ionic homeostasis brought about by the
suppression of active transport, most clinical preservation solutions incorporate hyperosmolar
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impermeant solutes to attenuate cellular swelling (see Section 1.7.3). Despite this, numerous
reports have shown that medullary congestion during reperfusion is not the result of vascular
coagulation, but is instead caused by cellular swelling (Summers and Jamison, 1971; Ratych and
Bulkley, 1986; Mason, 1988; Jacobson et a l, 1988; Heyman et a l, 1994; Kumada et a l, 1994;
Lane et a l, 1996). Both endothelial cells and parenchymal cells have been implicated in this
process, but the mechanism, surprisingly, is contentious. McCord (1985), and Ratych and
Bulkley (1986) have argued that xanthine oxidase (see below), which is specifically localized in
the endothelial cells of the outer medulla, catalyses free radical generation upon reperfiision,
leading to inactivation of endothelial Na^-K-ATPase during reperfiision, dismption of
intercellular tight junctions and physical blockade of the vascular lumens with swollen
endothelial cells. In contrast. Mason and colleagues (1989) could find no evidence of endothelial
cell swelling, and argued that lumenal compression of the vasa recta occurred as a result of
passive tubular swelling in the outer medulla during the ischaemic period itself. The observation
that xanthine oxidase expression differs between species may partly explain these experimental
inconsistencies (Halliwell and Gutteridge, 1985).

The unusual vascular anatomy of the kidney, whereby the glomerular and peritubular capillary
beds are arranged in sequence, combined with the absence of arterio-venous anastomoses in the
kidney (see Section 1.3), may exaggerate the pathophysiological significance of medullary
congestion. As the vascular supply of the medulla is derived from juxta-medullary glomeruli, it
seems likely that medullary haemostasis would disrupt perfusion of the deeper cortex, thereby
enlarging the volume at risk of secondary ischaemia. Indeed, Brezis and colleagues (1984), and
Heyman and co-workers (1994) have shown that proximal tubule cells located in the corticomedullary junction of kidneys rendered warm ischaemic are particularly susceptible to
ischaemia-reperfusion injury. However, the significance of medullary congestion in the aetiology
of cold ischaemic damage following renal storage and transplantation is unknown.

Oxidative Stress and Oxygen-Derived Free Radicals
Restitution of normothermia during reperfiision of ischaemically damaged kidneys, leading to
the activation of primed degradative enzymes, is not the only potentially damaging consequence
of reperfiision. The réintroduction of oxygen may also be detrimental, through the uncontrolled
formation of oxygen-derived free radicals in a phenomenon known as the oxygen paradox.
However, while much evidence has now accumulated demonstrating the formation o f these
reactive species in transplanted organs (Green et al, 1986; Fuller et a/., 1988; Coimor et al.
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1992; Pincemail et al, 1993) little is known of their true significance in the aetiology of
ischaemia-reperfusion injury following renal transplantation.

Free radicals are atoms or molecules with one or more impaired electrons (•). The
thermodynamic instability of such an electronic configuration renders them typically highly
chemically reactive. By losing or gaining a single electron, free radicals attain the
thermodynamic stability of a shared electronic orbital. However, abstraction or donation of a
single electron from or to a non-radical species produces another radical, thereby initiating a
chain reaction, which is terminated only by the collision of two radical species.

Free radicals are generated continuously under normal physiological conditions via the splitting
of water into hydroxyl radicals ('OH) and hydrogen atoms (H*) by electromagnetic radiation, and
by the “leakage” of electrons from the respiratory chain to molecular oxygen, in the course of
oxidative phosphorlyation (see below), forming superoxide radicals (O2* ) (Fridovich, 1989).
The ubiquitous formation of free radicals has necessitated the evolution of complex antioxidant
systems in almost all organisms comprising; enzymes such as superoxide dismutase (SOD)
(which catalyses the dismutation of O2' ), catalase (which catalyses the reduction of hydrogen
peroxide to water) and glutathione peroxidase (which catalyses the reduction of organic
hydroperoxides); and co-factors such as vitamin C, vitamin E, glutathione and p carotine. These
antioxidant systems restrain the propagation of destructive free radical chain reactions. The
aggressive reactivity of free radical species has even been harnessed to physiological benefit by
activated neutrophils during the “respiratory burst”, whereby ejaculation of reactive oxygen
species onto invading bacteria brings about their prompt destruction and phagocytosis.

The intracellular changes that occur during ischaemia are thought to both increase the formation
of free radical species upon reperfusion, and to deplete antioxidant enzymes and cofactors
(Farrari et al., 1986). One mechanism by which superoxide radicals may be formed during
reperfiision involves the enzyme xanthine dehydrogenase (referred to above), which catalyses the
catabolism of hypoxanthine (an adenine nucleotide metabolite formed during ischaemia; see
Section 1.7.1) through xanthine to uric acid. During ischaemia, the increase in intracellular Ca^^
concentration stimulates the Ca^-dependent proteolytic conversion of xanthine dehydrogenase
to xanthine oxidase, which catalyses the same reactions using molecular oxygen as an electron
acceptor, thereby generating O2' radicals. However, as discussed above, this mechanism is of
questionable relevance to clinical renal transplantation (Halliwell and Gutteridge, 1985).
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Endothelial cells may also be damaged by aggressive oxygen radicals produced within the
vascular lumens by activated neutrophils during their respiratory burst (Granger et a l, 1989).
The role of chemotactic eicosanoids in attracting and activating neutrophils is discussed below;
however, neutrophil-mediated damage tends to occur hours to days after reperfiision and is
unlikely to account for damage occurring upon reperfiision.

The major and universal source of O2" radicals in transplanted organs is therefore likely to be
electrons “leaked” from electron transport chains, particularly the mitochondrial respiratory
chains (Fridovich, 1989), and those associated with cytochrome P-450 (Palier and Jacob, 1994).
Reduction of respiratory chain components (Fig 1.5), loss of mitochondrial ultrastmcture and
mitochondrial swelling during ischaemia, could combine to promote excessive formation of O2"
radicals during reperfiision, overwhelming the native mitochondrial antioxidant edacity.

Complex I
NADH
[FMN + 5 Fe/S centres]

Complex n
Succinate
[FAD + 2Fe/S centres]

Electron-transferring
flavoprotein

► Ubiquinone

4

Complex i n
[cyts b, Fe/S, cyt Cj]

Ascorbate

► TMPD

►

cytochrome c

Complex IV
cytochrome oxidase
[cyt a& 3 + 2 Cu]

Fig 1.5 Mitochondrial respiratory chain (see text)
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Such a scenario has been described extensively in vitro (Malis and Bonventre, 1986; Baker and
Kalyanaraman, 1989; Hardy et al, 1991; Ambrosio et a l, 1993; Reinheckel et a l, 1995;
Sammut et al, 1995), but its applicability to transplanted, ischaemically damaged kidneys, has
not been established. In vivo mitochondrial function therefore forms a major element o f this
thesis. In fact, formation of O2

alone may not be sufficient to cause significant mitochondrial

or cellular damage. Free radicals vary substantially in their reactivity, and O2 , in comparison
with "OH, is relatively unreactive. The potentially damaging consequences of O2" production,
however, are realized in the presence of transition metals, such as iron or copper, which exist in
thermodynamic equilibrium in several different oxidation states. For this reason iron, which is
biologically abundant, is normally tightly sequestered, either within the prosthetic group of
haemoproteins, such as haemoglobin and the cytochromes, or within “storage” proteins, such as
ferritin and transferrin, or as aconitase. “Free” iron, in the form of low molecular weight chelates
with citrate, ADP or NADH, normally exists in minute quantities, its concentration controlled by
the iron regulatory element {IRE) (Goddard et al, 1992; Lash and Saleem, 1995). Low
molecular weight iron that is not required for the synthesis of haemoproteins is sequestered in
the Fe^^ form within ferritin, and its entry or release from ferritin is achieved by reduction to the
Fe^^ form (Lash and Saleem, 1995).

Reduction of Fe^ to Fe^ may be promoted by the reductive intracellular conditions imposed by
ischaemia, and this may stimulate release of iron from ferritin (Goddard et al, 1992). That there
is a significant increase in the concentration of intracellular low molecular weight iron
(chelatable by clinical iron chelators such as desferrioxamine) during renal ischaemia, has been
demonstrated by Gower and colleagues (1989), and by Palier and Jacob (1994). “Free” low
molecular weight iron is able to catalyse the generation of "OH radicals from O2" or hydrogen
peroxide (which itself can degrade haem proteins, thereby releasing more iron; Gutteridge, 1984)
via a mechanism known as the Fenton reaction:

Fe^^ + H2O2 ^ Fe^^ + GIT + "OH

Fe^^ + O2" ^ Fe^^ + O2
Fe^^ + H2O2 -> Fe^" + OH" + "OH

Thus, Fe^^ is continuously regenerated, and the net product is "OH. The "OH radical (or "OH-like
species; Wink et a l, 1994) is extremely reactive, and will attack any adjacent biological
molecule. However, diffuse membrane damage may be sustained via the formation o f less
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reactive radical species, such as peroxy radicals (lipid-00*), which propagate free radical chain
reactions amongst polyunsaturated fatty acids in the cellular membranes - a process known as
lipid peroxidation (Halliwell and Gutteridge, 1986):

lipid-H + "OH -> H2O + lipid"
lipid" + O2 —> lipid-00"
lipid-00" + lipid-H -> lipid" + lipid-OOH

Lipid hydroperoxides (lipid-OOH) may also break down via an iron catalysed mechanism to
form peroxy and alkoxy radicals (LO"):

2 lipid-OOH ———I-R-O-N ——►LOO + LO + H2O

If lipid peroxidation is allowed to propagate, it can destroy the phospholipid balance and
permeability characteristics of cellular membranes, and could even lead to their collapse. Lipid
peroxides themselves may also fragment to produce a number of cytotoxic derivatives, such as
aldehydes, and this has been the basis of a number of assays of free radical damage to biological
systems (Yagi, 1982).

Specific damage to proteins or to DNA may also be sustained by free radical generation. Certain
groups within proteins, such as thiol groups and disulphide bridges, are particularly sensitive to
free radical damage (Davies et al, 1987a-d), and this may lead to the specific inactivation and
subsequent proteolysis of crucial thiol-containing membrane pumps, such as the Na -K-ATPase
(Maridonneau et a l, 1982; Thomas and Reed, 1990) and the Ca^ -ATPase (Bellomo et a l, 1983;
Vile and Winterboum, 1990; Holmberg et al, 1991). Specific protein damage may also be
related to spatial factors. For example, proteins bound to reactive iron- or copper-containing
prosthetic groups are highly susceptible to auto-inactivation (Davies et al, 1987a-d). Similarly,
within the mitochondrial respiratory chains, electron leakage occurs principally at two sites
(complexes I and III; Fig 1.5), and it is thought that this spatial restriction may lead to the auto
inactivation of these sites upon reoxygenation (Triimper et a l, 1988; Veitch et a l, 1992; Sled
and Vinogradov, 1993; Ambrosio et al, 1993; Reinheckel et al, 1995). In the nucleus, iron
derived from ferritin particles within or surrounding the nucleus has been shown catalyse "OH
generation (Kukielka and Cederbaum, 1994), leading to dénaturation of DNA, alterations in the
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structural integrity of the nucleus and mutagenesis. Such changes have been implicated in the
pathogenesis of certain cancers (Sun, 1990).

There is also evidence that free radical injury to the endothelium can cause loss of endotheliumdependent vasorelaxation during reperfiision (Lefer and Ma, 1991). Nitric oxide (which is itself a
free radical: NO*) reacts with O2
vasospasm (Laurindo

to form peroxynitrite (Saran et a l, 1989), and this may cause

<2/., 1991).

Calcium Redistribution, Necrosis and Apoptosis
Massive calcium deposits are a commonly found in necrotic kidneys after ischaemia-reperfusion
injury, and much evidence suggests that Ca^ redistribution could play a key role in early
reperfiision damage (Chien et a l, 1977; Watts et.al, 1980; Opie, 1989; Cotterill et a l, 1990;
Green, 1995). Inactivation of Ca^-ATPases in the cell membranes, endoplasmic reticulum and
mitochondria occurs during ischaemia, and their thiol groups are susceptible to specific free
radical-mediated dénaturation upon reperfiision (Bellomo et al, 1983; Holmberg et a l, 1991).
Loss of calcium homeostasis has manifold implications to cellular function during reperfiision,
including:

•

Activation of phospholipases, such as phospholipases A 2 and C, which degrade membrane
phospholipids, releasing free arachidonic acid, the substrate for cyclo-oxygenase,
lipoxygenase and cytochrome P-450, and stimulating O2* generation (see Section 1.3.4 and
below)

•

Potentiation of oxygen-derived free radical damage to mitochondrial membranes and
complexes (especially complex I), possibly via a phospholipase A 2-mediated mechanism
(Malis and Bonventre, 1986)

•

Activation of Ca^-dependent proteolysis of xanthine dehydrogenase to xanthine oxidase
(see above)

•

Activation of cytoplasmic Ca^-dependent proteases, which affect several cytoskeletal
proteins (leading to cytoskeletal dismption), the Ca^ ATPase and protein kinase C (Palier
and Greene, 1994)

•

Stimulation of apoptosis (programmed cell death), via activation of Ca^-dependent
endonucleases in the nucleus (Richter, 1993). Apoptosis has been implicated in ATN by the
demonstration of apoptotic bodies in biopsies from renal allografts, and the appearance of
characteristic DNA fragmentation (Matsuno et a l, 1994).
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Eicosanoids and Other Vasoactive Mediators
The normal physiological actions of the eicosanoids were outlined in Section 1.3.4. In addition
to their vaso-activity and their involvement in the regulation of active tubular transport, the
eicosanoids play an important role in the mediation of inflammation. It is thought that ischaemia
and reperfiision may induce a shift in eicosanoid production from physiological vasodilators,
such as prostacyclin and PGE2, to pro-inflammatory vasoconstrictors, such as thromboxane A 2
and leukotriene B 4 , possibly as a consequence of the suppression o f prostacyclin generation by
lipid hydroperoxides formed during lipid peroxidation (Lelcuk et a l, 1985; Lands, 1985; Fuller
e ta l, 1988).

As well as stimulating the influx and activation of inflammatory cells (leading to chronic
endothelial and parenchymal damage, and tissue remodelling), induction of eicosanoid synthesis
could exacerbate early medullary vascular congestion, by promoting vasoconstriction (thereby
reducing blood flow and increasing blood pressure), enhancing microvascular permeability
(favouring the extravasation of plasma and blood cells and promoting tubular swelling) and
stimulating platelet activation and the coagulation cascade. Furthermore, all three mechanisms of
eicosanoid production involve the transient formation of O2' via prosthetic iron at the catalytic
centre of the respective enzymes. Cyclooxygenase and lipoxygenase are activated by trace
quantities of hydroperoxide or superoxide (the levels of which are normally suppressed by
glutathione peroxidase and superoxide dismutase); once activated, they both have the capacity to
produce huge quantities of eicosanoids before excessive free radical formation at the catalytic
centre of the enzymes causes their autodestruction (Lands, 1986). Stimulation of hydroperoxide
generation and inflammation may therefore amplify both eicosanoid production and lipid
peroxidation by a positive feedback mechanism, whereby lipid peroxidation stimulates
eicosanoid production, which in turn stimulates inflammatory activation and production o f lipid
hydroperoxides, thence stimulating further propagation of lipid peroxidation (Lands, 1986).

Eicosanoid production may also affect other vascular mediators. For example, prostaglandins
modulate renin release, and therefore indirectly affect cortical vasoconstriction and glomerular
filtration (Lefer, 1985); while production of superoxide by activated neutrophils may neutralize
nitric oxide (see above), possibly causing vasospasm (Laurindo et a l, 1991).
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Amelioration o f Ischaemia-Reperfusion Injury: Current Status o f Renal Preservation

The single most important principle in preservation is the use of hypotheimia (see Section 1.7).
In almost all transplantation centres, donor kidneys are initially flushed free of blood by infusing
a cold electrolyte solution via the renal artery, and allowing the effluent to escape via the renal
vein, thereby preventing intra-renal degradation of haemoglobin (and release of toxic breakdown
products), clearing extracellular spaces (Pegg, 1978) and achieving rapid cooling. The kidney is
then immersed in the same cold solution and either stored (packed in ice at 0-4°C, to inhibit
metabolism as completely as possible), or continuously perfused at 5-10°C (to provide for some
limited metabolism and the removal of waste products). The continuous perfusion method, while
possibly permitting extended safe preservation times (up to 4 days), and scope for organ
procurement from non-heart-beating cadavers or high risk donors (Tesi et a l, 1993; Matsuno et
al, 1994), suffers the disadvantages of technical difficulties in maintaining sterility, expense and
complexity, making it dependent on the availability of very skilled staff. Consequently, it is
currently used routinely in very few centres. Because of its wide-spread applicability, the cold
storage method has therefore been used in this thesis.

The formulation of asanguinous solutions for cold storage is based on several principles
designed to attenuate the likely causes of ischaemia-reperfusion injury discussed above:

•

Prevention of cell swelling

•

Maintainance of physiological pH

•

Maintainance of physiological ionic gradients

•

Prevention of free radical-mediated reperfiision injury.

A range of impermeant solutes have been included in clinically-tested preservation solutions to
increase the osmolarity and oppose the net movement of water into cells, thereby preventing cell
swelling. These include glucose, sucrose, maimitol, raffinose and lactobionate (Collins et al,
1969; Ross et a l, 1976; Belzer and Southard, 1988). Their efficacy depends on molecular size
and charge, and varies according to the particular organ and the duration of ischaemia (Marsh et
al, 1989; Kumano et al, 1994). Maintainance of pH is achieved by inclusion of simple
buffering systems, of which the most common and apparently effective is the phosphate
buffering system (Belzer and Southard, 1988).
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The most effective means of maintaining physiological ionic gradients is contentions. In early
e^gerimental work, high potassium concentration (mimicing intracellular conditions) was
thought essential (Collins et a l, 1969; Acquatella et a l, 1972). However, Fuller and Pegg
(1976) reported that potassium concentrations much higher tiian normal plasma levels led to
poor renal function. A number of more recent studies have claimed that solutions containing
high concentrations of sodium ions were equally or even more effective than those with high
potassium (Moen et al, 1989; Sumimoto et al, 1989; Marshall et a l, 1991). Prevention of
calcium influx into cells is also important, but Marsh and co-workers (1990) have shown that
removal of calcium (or magnesium) from the preservation solution leads to cellular swelling
even in the presence of impermeants. However, inclusion of calcium chelators or antagonists
such as citrate or chlorpromazine in the preservation solution does appear to be beneficial (Green
e ta l, 1993; Schilling era/., 1993; McAnulty era/, 1993).

Many components have been added to preservation solutions in various attempts to ameliorate
free radical-mediated reperfiision injury but with mixed success. Mannitol, included in
hypertonic citrate solution, has been shown to directly scavenge hydroxyl radicals (Hansson et
a l, 1983), but the extreme reactivity of these radicals means that direct scavengers are unlikely
to be effective, except at extremely high intracellular concentrations and the value of mannitol is
more likely to be related to its osmotic activity. Allopurinol (an inhibitor of xanthine oxidase see Section 1.7.2) and reduced glutathione (die co-factor for glutathione peroxidase - see Section
1.7.2) are incorporated into the University of Wisconsin (UW) solution, but can apparently be
omitted without detrimental effect (Wahlberg et al, 1989). Similarly, additive components such
as

superoxide

dismutase,

vitamin

E,

membrane

stabilizers

(such

as

glycine

or

methylprednisolone), inhibitors of phospholipase and lipid peroxidation, and various iron
chelators have been evaluated in many model systems, but none have proved consistently
beneficial. Indeed, it is worthy of note that some of the best functional results in kidneys stored
for 72 h before transplantation were achieved with a simple phosphate-buffered sucrose solution
(Lame/a/., 1989).

Hypertonic citrate solution (see Chapter 2) has been used in all the studies described in this
thesis, as it is cheap, effective, widely used in clinical practice and relatively simple, allowing
additions to be made without fear of duplication.
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Hypothesis and Aims of Thesis

Free radical-mediated events, and the consequent imbalance in eicosanoid metabolism, may play
an important role in the aetiology of ATN following renal storage and transplantation. However,
susceptibility to free radical damage varies morphologically, and little is known of either the
spatial or temporal sequence o f events leading to ATN. Medullary vascular congestion is
common after prolonged ischaemia, and this may disturb cortical reperfiision, resulting in
secondary ischaemia, which can alone cause ATN. The relative importance in vivo of oxidative
reperfusion injury, as opposed to secondary ischaemia, is unknown. The studies presented in this
thesis were designed to investigate the relationship between intra-renal oxygenation and
cellular/mitochondrial function, and the corresponding therapeutic implications, using an in vivo
New Zealand White (NZW) rabbit renal autograft model. It is hypothesized that;

Acute renal failure following prolonged hypothermic storage and transplantation is a
consequence of both oxidative reperfusion injury and secondary ischaemia. Therefore,
pharmacological strategies aimed at prolonging the safe storage time of transplanted
kidneys cannot be successful unless they effectively combat both causes.

The aims of the thesis are therefore to:

(i)

Establish patterns of damage to the renal parenchyma and vascular system resulting
from storage and transplantation in the NZW rabbit renal autograft model

(ii)

Develop non-invasive methods of measuring renal haemoglobin and tissue oxygenation
in vivo

(iii)

Define the relationship between tissue oxygenation and cellular/mitochondrial function
in vivo

(iv)

Investigate specific therapeautic approaches to mitigating renal ischaemia-reperfusion
injury in vivo.
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2.1

Materials

All renal autografts were carried out using female New Zealand White rabbits (2.5-3 kg)
supplied by Interfauna. Rat livers were taken from male Sprague Dawley rats, raised in the SPF
Unit at Northwick Park Hospital. Microsurgical instruments were from John Weiss Ltd and the
operating microscope was a Zeiss 0PMI6-DF. Surgical sutures were from Ethicon, Edinburgh,
UK.

Anaesthetics used were: Hypnorm

(Janssen Pharmaceuticals Ltd, Oxford, UK); diazepam

(Phoenix Pharmaceuticals Ltd, Gloucester, UK); Vetalar® (ketamine hydrochloride; ParkeDavies Veterinaiy, Pontypool,UK); Rompun® (xylazine; Bayer, Bury St Edmunds, UK).

Frusemide (Lasix) and procaine were from Phoenix Pharmaceuticals; Heparin (Multipaiin) was
from CP Pharmaceuticals, Wrexham, UK; Haemaccel was from Behringwerke AG, Marberg,
Germany); hypertonic citrate solution, saline for i.v. infusion and mannitol were from Baxter
Health Care, Thetford, UK. Micropaque® standard (100% w/v barium sulphate) for angiography
was from Nicholas Laboratories Ltd, Slough, UK. Electron microscopy reagents were from Agar
Scientific, Stanstead, UK. Sterile phosphate buffered saline (PBS), ethylenediaminetetra-acetic
acid (EDTA) and Tris buffer were prepared at Northwick Park Hospital.

The near infra-red spectrometer was a Hamamatsu NIRO-500; the spectrofluorimeter was a
Perkin Elmer LS 50 and the spectrophotometer was a Uvicon 81 OP. Continucath 1000 arterial
oxygen elecfrodes were from Biomedical Sensors Ltd, High Wycombe, UK. The pressure
transducer and electrocardiogram was from Roche/Kontron Medical. The electron microscope
was a JEOL 1200EX STEM and the light microscope was a Leitz Laborlux S.

All chemicals used in purification procedures were Spectral grade (marked with S) from BDH.
All other chemicals were Analar grade from Sigma. The chemicals used were:

adenosine diphosphate
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bovine serum albumin
S

butan-l-ol
carboxymethylcellulose

S

chloroform
copper sulphate

S

ethanol (99.7%)
ferric sulphate
ferrous sulphate
Folin and Ciocalteu's phenol reagent (2M)

S

hexane
hydrochloric acid
malondialdehyde tetraethylacetal

S

methanol

S

methyl formate
nicotinamide adenine dinucleotide (NADH)
nicotinamide adenine dinucleotide phosphate (NADPH)
phosphotungstic acid
polyethylene glycol (Average Mr 600)
potassium sodium tartrate
potassium chloride
sodium carbonate
sodium chloride
sodium dodecyl sulphate

S

sulphuric acid (IM)
thiobarbituric acid
xylene

Serum leukotriene and prostaglandin levels were assayed using commercially available
immunoassay systems from Amersham International. C2 reverse phase chromotography columns
were also from Amersham International. Serum urea and creatine levels were measured using
commercially available kits from Boehringer Mannheim.

Desferrioxamine was from Ciba Geigy. BWB 70C was a gift from the Wellcome Research
Laboratories, Guildford, UK; NMHH was a gift from the Free Radical Research Group, UMDS
Guys Hospital, London; CP 102 was a gift from the Department of Pharmacy, Kings College,
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London. Ebselen (PZ51) and its metabolites I (2-glucuronylselenobenzanilide) and II (4hydroxy-2-methylselenobenzanilide) were a gift from A. Nattermann & Co. GmbH (Cologne,
Germany).

2.2

2.2.1

Surgical Procedures

Surgical Anaesthesia

All animal procedures were carried out according to Home Office regulations. Animals
(Scientific Procedures) Act, 1986. General anaesthesia in rabbits was induced by two different
methods depending on the duration of anaesthesia required:

(i)

For short-term anaesthesia (1-2 h), rabbits were deeply sedated with an intra-muscular
(i.m.) injection of 0.2 ml/kg fentanyl citrate (0.315 mg/ml) + fluanisone (10 mg/ml)
(Hypnorm®) followed by slow injection of 1.0 mg/kg diazepam (5 mg/ml) and hypnorm
by slow intravenous (i.v.) infusion as required. Animals were supplied with 100%
oxygen (2 1/min) via an open face mask throughout the surgical procedure. 1 ml heparin
(1000 lU) and 1 ml frusemide (10 mg/ml) were administered i.v. prior to laparotomy.

(ii)

For long-term (terminal) anaesthesia (3-6 h), rabbits were deeply sedated with an i.m.
injection of 50 mg/kg ketamine hydrochloride (100 mg/ml) and 8 mg/kg xylazine (20
mg/ml), tracheotomized and artificially ventilated (ventilation volume 21 ml) with a 50
: 50 oxygen : nitrous oxide mixture. This method allowed maintainance of normal blood
pressure, and plasma partial pressures of oxygen and carbon dioxide throughout the
surgical procedures. Heparin and frusemide were administered i.v. prior to laparotomy
as described above. Surgical anaesthesia was maintained by continuous i.v. infusion of
ketamine and xylazine (50mg : 8mg/kg/h).

2.2.2

Physiological Monitoring (During Long-Term Anaesthesia)

The left femoral artery was carefully dissected and cannulated with an 18-gauge plastic cannula,
which was inserted for a distance of 5 cm until the tip reached the base of the aorta. The caimula
provided protective housing for a Continucath 1000 oxygen electrode coupled via a 3-way tap to
a pressure transducer. Blood pressure (BP) and oxygen partial pressure (PO2) were continuously
monitored throughout the study period. To ensure satisfactory renal perfusion, mean arterial
systolic/diastolic blood pressure must be maintained above 50 mmHg and preferably above 80
mmHg. The quality of renal cortical perfusion is visible to the eye at low perfusion pressures,
and is also detectable by near infra-red spectroscopy (see Section 2.2). BP was therefore
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maintained within the range 80-120 mmHg during reperfusion by continuous i.v. infusion of 30
ml/h Haemaccel (3.5% colloidal infusion), or as required. Intermittent blood samples were taken
(from the 3-way tap) for determination of arterial carbon dioxide partial pressure (PCO2), pH,
electrolyte levels and conductivity (Hct). Core temperature was monitored using an oesophageal
probe and was maintained between 37 and 39®C with a heated pad (37®C). In addition, the
electrocardiogram (EGG), percentage inspired oxygen (FiO], maintained at 50%) and percentage
expired carbon dioxide (EtCO], maintained at 5%) were continuously monitored.

2.2.3

Nephrectomy and Autografting Procedures

All microsurgical instruments were sterilized by boiling followed by spraying with 0.5%
chlorhexidine in ethanol prior to nephrectomy or autografting. The anaesthetized rabbit was
shaved abdominally and dressed in previously autoclaved drapes. The right kidney was exposed
through a mid-line abdominal incision. The intestines were gently displaced, externalized,
swathed in warmed damp sterile swabs and supported on a sandbag raised slightly above the
level of the peritoneum. In the course of long operations, the intestines were additionally
wrapped in clingfilm to reduce heat and moisture loss. The connective tissue surrounding the
kidney was carefully separated and the renal vessels divided and ligated as close to the aorta as
possible using 2/0 silk thread. The renal artery was then cannulated with the rounded glass tip of
a pipette inserted into a 2 1 -gauge butterfly caimula after removal of the needle, and flushed with
40 ml ice-cold hypertonic citrate solution (HCA; 0-2°C) from an ice-cooled bag suspended at a
height of 1.5m. The maximum perfusion pressure (measured using a pressure-gauge) was
therefore 90 mmHg.

The perfused kidney was plunged into a sterile glass beaker containing HCA (0-2^C) and the
beaker was surrounded by ice. The total warm ischaemic time was less than 2 min. Perfused
kidneys were then either autografted immediately into the donor rabbit or stored for 24, 48 or 72
h within a closed polystyrene container packed with ice and held in a refrigerator prior to
autografting. The storage temperature was thus maintained at a steady 0-2”C. The composition
of HCA solution is shown in Table 2.1.

After the storage period, kidneys were autografted into the donor rabbit. The rabbits were
anaesthetized as described above, and the body cavity opened along the same mid-line incision.
The left kidney was carefully dissected out from the connective tissue and removed after
clamping the renal artery and vein proximal to the kidney using weighted bulldog clamps with
protective rubber housing. The ureter was severed close to the kidney. The experimental graft
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(stored or unstored) was then autografted into the left renal bursa. The severed ends o f the renal
vein were carefully cleaned using isotonic saline to remove blood clots and procaine to prevent
nervous or muscular spasm, and placed within the jaws of a double clamp. The ends were
clipped with microsurgical scissors to ensure removal of tissue damaged during handling, and
immobilized with stay sutures using 8/0 surgical silk suture under an operating microscope. The
vein was then anastomosed using approximately 15 interrupted sutures to ensure strength, and
the procedure repeated for the renal artery (with the same number o f sutures). Upon reperfiision
of autografted kidneys (by removal of the clamps), recipient rabbits received a 1 ml i.v. bolus of
frusemide and a 60 ml slow i.v. infusion of sodium chloride solution (0.9%). The hypothermic
ischaemic time during the autografting operation prior to reperfiision was approximately 20 min.

Table 2.1: Composition of Hypertonic Citrate Solution

Solute

(mmol/1)

Sodium
Potassium
Magnesium
Citrate
Sulphate
Mannitol

80
80
40
55
40
100

Osmolarity (mOsmol/1)
pH

485
7.1

For animal recovery in survival studies, the ureter was also anastomosed. A sterile plastic stent
of 1 cm length and 1 mm lumenal diameter was inserted into the two severed ends of the ureter
to prevent blockage of the lumen, and the ureter wall anastomosed around this using interrupted
8/0 surgical silk sutures. The surrounding fatty and connective tissue were then anastomosed to
prevent leakage of urine from the ureter, and the kidney immobilized by drawing over the
surrounding connective tissue and secured with interrupted sutures using 6/0 gut suture. The
intestines were carefully replaced within the abdomen, and the peritoneal and muscle wall
sutured using interrupted 0/0 gut sutures. Finally, the overlying skin was joined using interrupted
2/0 silk sutures.
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A nastam oses of the renal arte ry (right) and vein (left).

P late 2.2

A utografted kidney d u rin g reperfusion.
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Determination o f Survival

Rabbits allowed to recover after autograJfting were treated with: 10 ml i.v. mannitol; 1 ml i.m.
frusemide; and 60 ml sub-cutaneous (s.c.) isotonic saline immediately after recovery and on the
subsequent four days. Serum samples (2 ml) were taken from the marginal ear vein for analysis
of serum urea and creatinine (see Section 2.4.4), on days 1 to 4, 6 and 10 after transplantation.
Rabbits developing uraemia were killed and autopsied as soon as clinical symptoms were
observed. Renal function was assessed by:

Observation of kidney colour and urine production immediately after revascularization
Measurement of serum urea and creatinine
The clinical appearance of each animal
Evidence of urine production
The macroscopic and microscopic appearance of each kidney at autopsy.

2.3

In Vivo Spectroscopic Analysis

2.5.7

Near InfraRed Spectroscopic Measurements o f Oxyhaemoglobin, Deoxyhaemoglobin
and Cytochrome Oxidase.

NIRS measurements were made using a NIRO-500 monitor (Hamamatsu). This technique has
been used for measurements of cerebral oxygenation for many years (Jobsis, 1977; Wyatt et al,
1986; Wyatt et al, 1990; Brazy, 1991) However, its use in renal physiology has been limited.
NIR transmission spectroscopy through tissues up to 10 cm is possible because of the relative
transparency of biological tissues to NIR light (700 to 1000 nm). Absorption due to
oxyhaemoglobin (HbO]), deoxyhaemoglobin (Hb) and cytochrome oxidase (cyt aag, the terminal
member of the respiratory chain; see Section 1.7.2) can be quantified using a modified form of
the Beer-Lambert Law, which is applicable to a homogenous scattering medium in which
absorption changes are linearly related to concentration, and which may be expressed as:

absorption (OD) = (ScLB) + G

where OD is the optical density, Z is the extinction coefficient of the chromophore (mmol/l/cm),
c is concentration (mmol/1), L is the difference between the points where light enters and leaves
the tissue (cm), B is a pathlength factor that takes account of the scattering of light in the tissue
(which causes the optical pathlength to be greater than L) and G is a factor related to the
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geometry of the tissue. If L, B and G remain constant, then changes in chromophore
concentration can be obtained from the expression:

Ac = AOD/ELB

Concentration changes in Hb0 2 , Hb and cyt aag across the kidney were calculated by linear
summation of absorption changes (measured in absorbance units) at 772 run, 830 run, 842 nm
and 909 nm. The multiplication factors for Hb0 2 and Hb were obtained from spectroscopic and
biochemical measurements of a wide range of haemoglobin concentrations in a scattering
medium (Cope and Delpy, 1988; Cope et ai, 1988; Hazeki and Tamura, 1989). The multiplyer
coefficients used in the estimation of concentration changes of cyt aag were obtained from
e^qperimental procedures involving fluorocarbon transfusion studies in anaesthetized animals
(Wray et al, 1988). The NIRO-500 multiplication factors are shown in Table 2.2. One indication
of the reliability of these algorithms is the independence of the cyt aag response compared with
Hb0 2 . For example, cyt aag can become oxidized in damaged tissues in which the mitochondria
are uncoupled, or in response to respiatory chain inhibitors, despite no measurable change in
Hb0 2 levels.

Table 2.2: Near infra-red spectroscopic multiplication factors

Wavelength (nm)

772

830

842

Hb
HbOz
cytaaa

1.2209
-0.6945
-0.0871

-0.8437
-0.4851
0.7550

-0.7215
-0.1382
0.5309

909

0.6859
1.9579
-1.1466

The optical pathlength (B) has been determined for the cerebellum by time o f flight
measurements of an ultra-short pulse of light across the head (Delpy et a l, 1988). However,
there have been no previous estimates of B in kidneys and an estimate was not made in the
present studies. Nevertheless, as all the studies presented in this thesis subjected 2 or more
groups of kidneys to identical protocols (with the exception of storage time); and, as the optical
pathlength and differential pathlength factor have been shown to be constant within the NIR
region despite gross changes in oxygenation and perfusion before and after death (Cope et al.
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1988; Delpy et a l, 1988; Hazeki and Tamura, 1989) the relative changes in chromophore
concentration determined in this study are directly comparable between groups.

Transmission NIRS was used in all studies, in which the NIR probes were placed on either side
of the kidney at a distance (L) of 1 cm and immobilized using a retort stand, to give an
indication of haemoglobin oxygenation across both the cortex and medulla. NIRS in reflectance
mode was not used as the probes, when placed adjacent to each other, were physically too large
to give an indication of cortical parameters only. Baseline measurements of Hb0 2 , Hb and cyt
aaj were made every 5 sec in situ for approximately 5 min prior to reperfiision (i.e. before
removal of the clamps but after completion of the anastamoses) and changes in these parameters
were then measured every 5 sec for the duration of reperfusion (for up to 6 h). Concentration
changes in HbO] and Hb during reperfusion were used to calculate the following parameters:

(i)

Total haemoglobin concentration ([HbT] = [Hb0 2 ] + [Hb])

(ii)

Haemoglobin oxygenation index ([HbD] = [Hb0 2 ] ~ [Hb])

(iii)

Percentage mixed haemoglobin saturation (renal Sa0 2 = [Hb0 2 ]/[HbT] x 100).

The use of this final parameter is dependent on changes from time 0, at which point the organ is
essentially blood-free. Thus, changes in [HbT] are relative to a known baseline and may be
considered absolute.

2.3.2 Surface Fluorometric (SF) Measurements o f Mitochondrial NADH
Mitochondrial pyridine nucleotide fluorescence is an indicator of intracellular hypoxia or
mitochondrial respiratory chain redox state. Cytosolic NADH fluorescence does not appear to
significantly contribute to the relative fluorescence intensity measured owing to quenching of
fluorescence by cytosolic glyceraldehyde 3-phosphate dehydrogenase. Similarly, although the
fluorescence maximum of NADPH is very similar to that of NADH, NADPH fluorescence is not
sensitive to changes in oxygenation (Chance and Williams, 1955). Thus, changes in pyridine
nucleotide fluorescence during reperfusion predominantly reflect oxidation or reduction of
mitochondrial NADH.

SF measurements were made using a Perkin Elmer LS 50 with a fibre-optic attachment. The SF
probe was placed gently touching the surface of the ex vivo or in situ kidney and fixed in
position by attachment to a retort stand. Emission spectra of NADH from 366 to 600 run were
obtained by excitation at a fixed wavelength of 340 or 366 nm (slit widths 10/10 nm). These

67

Ch a p t e r 2

M a t e r ia l s a n d M e th o d s

wavelengths were chosen to make: (i) comparisons with published data; and (ii) compensatory
changes for the effect of scattering, which is dependent upon changes in blood volume and
haemoglobin deoxygenation (Kobayashi et al, 1971; Eke et a l, 1979). In agreement with
Kobayashi and colleagues (1971) and Franke, Barlow and Chance (1976), it was observed that
changes in reflectance in the perfused organ were small; hence, fluorescence readings were
corrected only by baseline variations at 420 nm. To assess the effect o f movement and normal
cyclical variations in haemoglobin oxygenation levels on NADH fluorescence, each spectrum
was performed at least in duplicate, within 1 min, and in some studies repeatedly scanned up to
10 times. The values obtained in this manner differed by 5 to 10% at most.

2.4

Biochemical Analysis

2.4.1

Enzyme Immunoassay o f Serum Leukotrienes and Prostaglandins

Oxidation of arachidonic acid via cyclooxygenase or lipoxygenase results in the production of
vasoactive eicosanoids such as the thromboxanes, prostacyclin, prostaglandins and leukotrienes.
Cyclooxygenase and lipoxygenase activity occurs in a wide variety of cells, which in the kidney
include mesangial cells, endothelial cells, mTAT cells, collecting duct cells and inflammatory
cells. Assays of serum leukotriene b4 (LTB4, a potent vasoconstrictor and chemoattractant),
thromboxane b2 (TxB], a breakdown product of TxA2, a potent vasoconstrictor) and 6 -ketoprostaglandin Fia (6 -k-PGFia, a breakdown product of prostacyclin, a potent vasodilator) were
made by enzyme immunoassay (ELISA) using commercially available enzyme|mmunoassay
systems.

The principle of enzyme immuoassay depends on competition between unlabelled eicosanoid in
the serum sample and a fixed quantity of peroxidase-labelled ligand for a limited number of
binding sites on a specific antibody. The amount of peroxidase-labelled ligand bound by the
antibody is therefore inversely proportional to the concentration of added unlabelled ligand. The
peroxidase ligand bound to the antibody is immobilized on polystyrene microtitre wells
precoated with a second antibody. Unbound ligand can therefore be removed from the well by
means of simple washing procedures. The amount of peroxidase labelled eicosanoid bound to
the antibody is determined by the addition of a substrate such as tetramethylbenzidine/hydrogen
peroxide. The reaction is stopped by acidification (1 M sulphuric acid), and the resultant colour
read at 450 nm in a microtitre plate photometer. The concentration of unlabelled eicosanoid in
the sample is determined by interpolation from a standard curve.
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Serum samples (0.35 ml) were taken from the renal vein of anaesthetized rabbits after 10, 30, 60,
120 , 240 and 360 min of reperfiision, snap frozen in liquid nitrogen and stored at -20®C until

required. On thawing, samples were purified by a triple phase wash (with 5 ml redistilled water,
5 ml ethanol (10% v/v) and 5 ml hexane) on C2 reverse phase chromatography columns, eluted
with methyl formate, ev^orated to dryness and reconstituted in 0.35 ml phosphate buffered
saline (assay buffer). ELISA assays were then carried out as described by Amersham. The
average optical density (OD) was calculated for each set o f duplicate wells. The percentage of
bound ligand for each standard and sample was then calculated according to the following
relationship:

%B/Bq= (standard or sample OD - non specific binding OD) x 100
(Bo OD - non specific binding OD)
where Bq is the OD in the zero standard wells. The standard curve was constructed by plotting
B/Bq as a function of the log eicosanoid concentration (in pg) per well. The pg/well value of
each sample was read directly from the standard curve and multiplied by 20 to give pg/ml of
semm.

2.4.2

Determination o f Lipid Peroxidation in Rabbit Kidneys

Oxygen derived free radical attack can lead to the propagation of membrane lipid peroxidation of
polyunsaturated fatty acids (Halliwell and Gutteridge, 1984). Lipid radicals are formed which
can break down via further interaction with molecular oxygen to form lipid hydroperoxides and
eventually a plethora of low molecular weight products. The susceptibility of renal homogenates
to lipid peroxidation was determined after incubation of homogenates at 37^C in open vessels
with mechanical shaking for 60 min by fluorescent measurement of two such low molecular
weight markers of lipid peroxidation.

Nephrectomies were performed as described in Section 2.2.3. Kidneys were flushed with 40 ml
HCA, and stored as described above at 0-2*^C for the required time (0-72 h). After the storage
period, kidneys were dissected into cortex and medulla, suspended (5% w/v) in phosphatebuffered saline (40 mM KH2PO4 : K2HPO4; pH 7.4) and homogenized using a Potter-Elvehjem
homogenizer. The protein content of homogenates (stored at -70^C) was determined later by the
method o f Lowry et a l, (1951) using bovine serum albumin as the standard (see Section 2.4.3).
The two markers of lipid peroxidation determined were:
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Lipid-soluble Schijfs base formation (Bidlack and T^pel, 1973). Duplicate aliquots (1
ml) were removed after 0 and 60 min of incubation at 37®C, the lipids extracted into 4
ml chloroform : methanol (2 ; 1) in tubes pre-washed with chloroform/methanol to
remove possible contamination, vortexed and centrifuged in a bench-top centrifuge for
10 min at 3000 rpm. The lower chloroform layer was monitored for a fluorescence
maximum between 400 and 450 nm (usually 417 nm) when excited at 360 nm on a
Perkin-Elmer LS 50 spectrofluorimeter standardized against a fluorescent polymer
block. Readings were corrected by those obtained from PBS buffer alone. The change in
fluorescence intensity following the incubation period was taken to indicate tissue
susceptibility to lipid peroxidation.

(ii)

Thiobarbituric acid reactive material (TBA-RM) formation (Suematsu and Abe, 1982).
Duplicate aliquots (1 ml) were removed after 0 and 60 min of incubation at 37®C. These
aliquots were then incubated at 95^C with 100 pi sodium dodecyl sulphate (SDS), 150
pi phosphotungstic acid (PTA), 0.5 ml thiobarbituric acid (TBA) and 1 ml hydrochloric
acid (1 M). The SDS was added to the homogenate to solubilize the fat in the renal
tissue.

Lipids were isolated by precipitation with semm protein using the

phosphotungstic acid-hydrochloric acid system. After the incubation period, samples
were allowed to cool before addition of 2.5 ml butan-l-ol, then vortexed and centrifuged
in a bench-top centrifuge for 10 min at 3000 rpm. TBA reactivity was determined in the
upper butanol phase by monitoring fluorescence at 553 nm when excitated at 515 nm.
The change in fluorescence intensity following the incubation period was taken to
indicate tissue susceptibility to lipid peroxidation. A standard curve was constmcted
using a series of different concentrations of malondialdehyde (MDA) tetraethylacetal
and results were expressed as nmol MDA equivalents/mg protein/h.

2.4.3

Protein Determination

Lipid peroxidation results were corrected for variability in the protein content of homogenates
(Lowry et al.,, 1951). Stored homogenates were re-homogenized and diluted 20-fold in PBS
buffer. Duplicate aliquots (200 |xl) were then added to 3 ml of a reaction mixture containing
potassium sodium-taitrate (0.02%), CUSO4 (0.01%) and Na2C03 (2%) in 0.1 M NaOH. After
incubating at room temperature for 30 min, 300 pi of Folin and Ciocalteu's phenol reagent (2 M)
was added, and the tubes were vortexed and incubated at room temperature for exactly 30 min
before reading at 650 nm on a Uvicon 81 OP spectrophotometer. The protein concentration was
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interpolated from a standard curve constructed from a series of concentrations of bovine serum
albumin (0 -200 mg protein) subjected to the same procedure.

2 .4.4

Measurements o f Serum Urea and Creatinine

Blood samples (2 ml) were taken from the marginal ear vein (swabbed with xylene to dilate the
vein) of rabbits which had been allowed to recover after autografting, using a heparinized
syringe and a 23-gauge needle immediately after completion of the autograft operation and
subsequently on days 1 to 4, 6 and 10. Samples were immediately centrifuged in a bench-top
centrifuge at 1000 x g and stored at -20®C until required for assay of urea and creatinine.

(i)

Serum urea concentrations were measured by the enzymatic colorimetric method
described by Fawcett and Scott (1960), using a commercially available kit (Boehringer
Mannheim). The principle depends on cleavage of urea with urease (Berthelot's
reaction):

urea-2 H2 0

urease - -► 2 NH4^ + COg^

Ammonium ions (NH4 ) react with phenol and hypochlorite to give a coloured complex.

Serum samples were first diluted 20-fold in isotonic saline and mixed thoroughly. Duplicate
aliquots (200 p,l) were incubated for 10 min at 37®C with 100 |il urease (10 U ml) in 50 mM
phosphate buffer, prior to addition of 5 ml phenol (0.106 M) and 5 ml sodium hypochlorite (11
mM) and incubated for a further 15 min at 37®C. The absorbance at 550 nm was read in a
Uvicon 81 OP spectrophotometer against a distilled water blank, and the concentration o f urea
calculated from the equation:

c (mmol/L) = 10 x Abs sample
Abs standard
in which the standard was urea (0.5 mM).

(ii)

Serum creatinine concentrations were measured by the colorimetric method described
by Bartels (1971), using a commercially available kit (Boehringer Maimheim).
Creatinine forms a coloured complex with picrate in alkaline medium (Jaffe's reaction).
The assay principle depends on measurement of the rate of formation of the complex.
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Serum samples (250 pi) were first deproteinized by addition o f 250 pi sodium chloride
(0.9%) and 500 pi trichloroacetic acid (1.2 M). After vortexing and centrifuging at
10,000 G for 2 min, duplicate samples (500 pi) of the pure supernatant were added to an

equal volume of a 1:1 v/v mixture of picric acid (35 nM) and sodium hydroxide (1.6
mM). The samples were mixed and incubated at 25®C in an Eppendorf 5320 thermostat
for 20 min, and the absorbance at 520 nm measured in a Uvicon 81 OP
spectrophotometer against a distilled water blank. The creatinine concentration was
calculated from the formula:

c (mmol/1) = 177 X Abs sample
Abs standard
in which the standard was creatinine (177 pmol/1).

2.5

Histological Analysis

2.5.1

Transmission Electron Microscopy

Small blocks of renal tissue (2mm^) were cut from: (i) the superficial cortex; (ii) the corticomedullary junction; and (iii) the medulla, and fixed in 3% phosphate buffered glutaraldehyde.
The blocks were post-fixed in 1% osmium tetroxide, dehydrated in a graded acetone series and
embedded in Spurr resin. Ultra-thin sections were cut and mounted on copper grids, stained with
uranyl acetate and lead citrate, and carbon coated. Specimens were examined blindly in a JEOL
microscope and scored by cell-type on a scale of 0 to 4 (Table 2.3).

Table 2.3: Scoring system for histological analysis

Score

0
1
2

3
4

Severity of Lesion

None
minimal
mild
moderate
severe

The cell types or stmctures examined were:
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In the cortex: proximal tubule, distal tubule, cortical collecting duct, glomerular
mesangial cells, glomerular endothelial cells, glomerular basement membrane, basal
laminae, peritubular capillary endothelial cells

(ii)

In the medulla: mTAT, thin segment, medullary collecting duct, arterial vasa recta,
venous vasa recta, peritubular c^illary endothelial cells, basal laminae, connective
tissue.

2.5.2

Light Microscopy

Slices were taken from all kidneys soon after termination of reperfiision and fixed in 10% formal
saline for processing to paraffin wax. Sections were stained with haematoxylin and eosin (H&E)
for light microscopical analysis. Ischaemia-reperfusion damage was assessed in (i) the cortex;
(ii) the cortico-meduUary junction; and (iii) the medulla, by the following histological
parameters:

Intracellular oedema
Interstitial oedema
Congestion
Haemorrhage
Inflammatory cell infiltrate
Necrosis.

These parameters were scored blind by the investigator, and subsequently corroborated by an
independent pathologist on a scale of 0 to 4 as shown in Table 2.3.

For kidneys perfused with barium sulphate, sections were fixed in 10% formal saline for
processing to paraffin wax, stained with sodium rhodozinate to highlight barium sulphate in the
vasculature and viewed under polarized light.

2.5.3

Colloidal Carbon Vascular Labelling

Peri-vascular penetration of infused colloidal carbon was evaluated as an indication of
endothelial cell retraction and increased vascular permeability. Colloidal carbon (50:50 w/v
Indian ink/saline) was twice filtered through a 0.45 p.m Millipore filter and injected in a bolus
(0.4 ml) directly into the renal artery of anaesthetised rabbits 30 min after reperfiision and
allowed to clear from the vascular bed (5 min). Kidneys were then harvested, fixed in formal
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saline, sectioned and stained with H&E. Penetration o f colloidal carbon was estimated blind on a
scale of 0 to 4, as described by Table 2.3 in (i) the renal cortex; (ii) cortico-meduUary junction
and (iii) the medulla.

2.5.4

Barium Sulphate Angiography

Nephrectomized kidneys were perfused via the renal artery with 1 ml o f barium sulphate (50 : 50
w/v barium sulphate ; isotonic saline) from a bag suspended at a height of 1.5 m. The maximum
(measured) perfusion pressure was therefore 90 mmHg. Barium sulphate was infused
immediately after nephrectomy in unstored kidneys, or following transplantation after 5, 60 and
180 min of reperfusion in kidneys stored for 24, 48 or 72 h. Kidneys were then sectioned and
angiograms were taken at 22 mV with 30 sec e?q)0 sure. The angiograms were scored blind on a
scale of 0 (no perfusion); 1 (minimal perfusion); 2 (patchy perfusion); 3 (wide-spread perftision)
and 4 (normal perfusion) in both the cortex and medulla.

2.6

In Vitro Techniques

2.6.1

Rat Liver Microsome Preparation

Male S.D. rats (wt. 200-25Og) were sacrificed by cervical dislocation and the livers perftised via
the portal vein with 50-80 ml ice cold 0.9% NaCl, blotted dry and chopped. A 25% (w/v)
suspension was made in Tris/KCl/EDTA buffer (50/125/1 mM, pH 7.4), and the samples were
homogenized in 10 strokes using a Potter-Elvehjem type homogenizer. Homogenates were
centrifuged at 20 ,0 0 0 x g for 20 min, the supernatant collected and subjected to further
centrifugation at 100,000 x g for 60 min. The microsomal pellet was washed with 2-3ml
Tris/KCl buffer (50/125 mM), resuspended to the original volume in Tris/KCl, and centrifuged
at 100,000 X g for 60 min. The pellet was again washed and resuspended in Tris/KCl to a final
concentration equivalent to 1.5 g liver/ml buffer, and kept frozen under liquid nitrogen until use.

2.6.2

Determination o f Microsomal Lipid Peroxidation

Peroxidation of rat liver microsomes (final microsomal protein concentration 0.5 mg/ml) was
stimulated with NADPH/Fe2(S0 4 )3-ADP (final concentrations 1 mM, 50 p.M, and 4 mM
respectively). Ferric sulphate and ADP were premixed 30 min prior to initiation o f peroxidation,
and samples were incubated at 37°C in a shaking water bath. Aliquots (0.2 ml) of the incubation
mixture were taken prior to initiation, and at various time points up to 60 min. Lipid
peroxidation was determined by measurement of TBA-reactive material as described in Section
2.4.2.
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Statistical Analysis

The results of spectroscopic and biochemical studies were analysed using unpaired Student's t
tests with two way analysis of variance. Statistical differences in assessments of histopathology
and barium sulphate angiography between groups have been tested by a Kruskal-Wallis oneway
anova to test the medians of all groups for equality, followed by the Mann-Whitney U test to
compare each group against controls. Results were considered statistically significant when the p
value was less than 0.05, and highly significant when less than 0.005.
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3.1

Introduction

The majority of studies conceming renal ischaemia-reperfusion injury have used wami ischaemic
models, in which the renal vessels were clamped for varying periods of time (Mason et. a l, 1983;
Yamamoto et. a l, 1984; Shanley et. a l, 1986; Andersson and Jennische, 1987; Bayati et. a l, 1990;
Hellberg el a l, 1991; Vetterlein el a l, 1994). Many of the changes associated with warm ischaemia,
such as inhibition of mitochondrial electron transport, inactivation of membrane pumps, loss of
cellular homeostasis and cellular swelling also occur during cold ischaemia at a slower rate:
hypothermia alone delays, rather than prevents, the onset of irreversible damage (Green 1995).
However, when the renal vessels are simply clamped, erythrocytes and other blood cells remain
trapped within the vasculature. Degradation of haemoglobin, release of haem iron and activation of
neutrophils may therefore occur during the ischaemic period itself.

These factors are limited by flushing the organ with ice-chilled preservation solution prior to
ischaemia. However, this procedure itself introduces other variables. Endothelial cells, for example,
are sensitive to hypothermia alone and the standard flushing procedures adopted during hypothermic
preservation for transplantation may damage the endothelium and jeopardize subsequent organ
viability (McKeown el a l, 1993; Hidalgo el a l, 1995). In this context, the selection of preservation
medium used may greatly affect the post-ischaemic function of a transplanted organ (Hidalgo el a l,
1995).

Not only the type of ischaemia but also the choice of experimental model may play a role in post
ischaemic renal function. The organs of different species differ in their tolerance of warm ischaemia.
At normothermic temperatures, the organs of pigs and dogs have a higher ischaemic tolerance than
those of rats or rabbits, while hibemating animals have an ability to "store" their organs at low
temperatures during hibemation (Green el a l, 1984). Even when a single model system is used, it is
important to gauge the handling skills of a single investigator. Warm ischaemia induced by clamping
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the renal vessels is a relatively simple, reproducible procedure, hence its wide-spread usage. In
contrast, the outcome of an autograft or transplant operation, requiring microsurgical e?q)ertise in
small animal models, depends in large part on the manipulative skills of the surgeon.

In recognition of these factors, it was considered important to begin this thesis with an analysis of
some of the basic histopathological and biochemical changes occurring before and after autografting
in the New Zealand White rabbit renal autograft model in the hands of this investigator, and to
compare them with changes reported in other models of renal ischaemia-reperfusion injury.

3.2

Objective

The studies presented in this chapter were designed to establish patterns of parenchymal and vascular
damage in NZW rabbit kidneys subjected to various periods of cold ischaemia, or to cold ischaemia
followed by autografting.

3.3

Methods

S. 3.2

Methodology

A total of 48 NZW rabbits were anaesthetized by an i.m. injection of fentanyl fluanisone and
diazepam; oxygen was supplied via an open face mask (see Chapter 2 for full details). Kidneys were
flushed with ice-cold (0-2^C) HCA and stored for 0, 24, 48 or 72 h prior to analysis of susceptibility
to lipid peroxidation and histopathological change, or to autografting. Autografted kidneys were either
removed under terminal anaesthesia after 1 h of reperfusion in 2 groups for histopathological analysis,
or the rabbits were allowed to recover for determination of long-term viability.

Histopathological changes were assessed by light and electron microscopy. Susceptibility to lipid
peroxidation was determined by analysis of TBA-reactive material and Schiffs bases in renal
homogenates incubated for 1 h at 37°C. Long term viability was assessed by measurement of serum
urea and creatinine levels, evidence of urine production and clinical symptoms of uraemia.

3.3.2

Experimental Groups

Group 1:

Freshly nephrectomized left and right kidneys (n=6 ) drawn at random from a pool of
24 kidneys from bi-laterally nephrectomized rabbits were flushed with ice-cold
hypertonic citrate solution and halved. Half the kidney was homogenized for
analysis of susceptibility to lipid peroxidation, while the other half was sectioned for
light and electron microscopical analysis.
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Freshly nephrectomized left and right kidneys (n=6 , as above) were flushed as in
Group 1 and stored for 24 h before being subjected to the same protocol used in
Group 1.

Group 3:

Freshly nephrectomized left and right kidneys (n=6 ) were flushed as in Group 1 and
stored for 48 h before being subjected to to the same protocol used in Group 1.

Group 4:

Freshly nephrectomized left and right kidneys (n=6 ) were flushed as in Group 1 and
stored for 72 h before being subjected to to the same protocol used in Group 1.

Group 5:

Freshly nephrectomized right kidneys (n=6 ) were flushed as in Group 1 and stored
for 48 h prior to autografting. Reperfusion was terminated after 1 h by lethal
infusion of sodium pentobarbitone (200 mg/kg), and kidneys were analysed by light
and electron microscopy.

Group 6:

Freshly nephrectomized right kidneys (n=6 ) were flushed as in Group 1 and stored
for 72 h prior to autografting. Reperfusion was terminated after 1 h by lethal
infusion of sodium pentobarbitone (200 mg/kg), and kidneys were analysed by light
and electron microscopy.

Group 7:

Freshly nephrectomized right kidneys (n=6 ) were flushed as in Group 1 and
autografted immediately into the left renal bursa. Rabbits were allowed to recover
for analysis of long term viability.

Group 8:

Freshly nephrectomized right kidneys (n=6 ) were flushed as in Group 1 and stored
for 24 h prior to autografting into the left renal bursa. Rabbits were allowed to
recover for analysis of long term viability.

Group 9:

Freshly nephrectomized right kidneys (n=6 ) were flushed as in Group 1 and stored
for 48 h prior to autografting into the left renal bursa. Rabbits were allowed to
recover for analysis of long term viability.

Group 10:

Freshly nephrectomized right kidneys (n=6 ) were flushed as in Group 1 and stored
for 72 h prior to autografting into the left renal bursa. Rabbits were allowed to
recover for analysis of long term viability.
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In Figs 3.1 and 3.2 are shown mean oedematous changes occurring in different cell types within the
kidney after different periods of ischaemia alone or ischaemia followed by 1 h of reperfusion, as
judged by electron microscopical analysis. Individual cells were scored in 10 grid squares per
specimen (n=6 ), and the mean values obtained are displayed in Figs 3.1 and 3.2. Different cell types
within the kidney were found to be differentially susceptible to ischaemia or reperfusion. Glomerular
cells, with the exception of endothelial cells, were relatively unaffected by ischaemia and reperfiision.
Indeed, the only cell type in the cortex affected by ischaemia alone was the proximal tubule (Fig 3.1),
which had become shghtly oedematous (grade 1) after 72 h of storage without reperfusion. However,
this change did not achieve significance. There was no mitochondrial swelling, and little bmsh border
blebbing (Plate 3.1).

In the medulla (Fig 3.2) the thick ascending tubules (mTAT) were significantly affected by ischaemia
alone (p<0.05, Mann-Whitney U-test; n=6 ). After 48 h of ischaemia, mTAT cells were minimally
swollen (grade 1, range 0.5-1.5) and after 72 h this had developed to minimal-mild swelling (grade
1.5, range 1-2) with slight mitochondrial swelling (Plate 3.2). Other medullary cell types were not
significantly affected by ischaemia alone but the interstitial spaces (coimective tissue) were also
becoming oedematous after 72 h of ischaemia.

After 48 or 72 h of storage and 1 h of reperfusion, almost all cell types were affected, but to different
degrees (Figs 3.1 and 3.2). In the cortex, proximal tubule cells were moderately oedematous (grade 3,
range 2-3.5, n=6 ) after 48 h of storage, and moderately to severely swollen (grade 3.5, range 3-4, n=6 )
after 72 h of storage. Both of these changes were highly significant (p<0.005, Maim Whitney U-test)
compared with umeperfused tissue. Bmsh border membranes were severely dismpted and
mitochondria were swollen with loss of cristae stmcture (Plate 3.3). Distal tubules and peritubular
endothelial cells were less severely affected, with mild to moderate (grade 2-3) changes after 72 h of
storage and 1 h of reperfusion. In the medulla, the mTAT cells were moderately oedematous after 48 h
of storage and 1 h of reperfusion (grade 3, range 2-3.5, /?<0.05 compared with unreperfused tissue),
and severely oedematous after 72 h of storage and 1 h of reperfusion (grade 4, range 3.5-4, /?<0.005
compared with unreperfused tissue). Mitochondria were swollen but cristae were mostly intact (Plate
3.4). Other cell types were significantly affected by reperfusion, but none were severely damaged (Fig
3.2). The basal laminae of both tubules and c^illaries were barely affected by reperfusion, as judged
by EM.
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Changes in particular cell types were not easily detectable by light microscopy, but gross
histopathological changes occurring across the cortex and medulla could be analysed in a single
specimen, and were therefore representative of the kidney as a whole. The changes scored by light
microscopy reflected the changes scored at EM level, confirming that the EM specimens were
representative and not marred by processing or sampling artefacts. Hie only changes noted before
reperfusion by light microscopy were minimal interstitial and mild intracellular medullary oedema
(Fig 3.3, Plate 3.5) after 72 h storage. After reperfusion, there was moderate to severe cortical
intracellular oedema (grade 3.5, range 2.5-4), severe interstitial and intracellular medullary oedema
(grade 4, range 3-4) and severe medullary vascular erythrocyte congestion (grade 4, range 3-4; Plate
3.6). All these changes were highly significant (^<0.005, Mann-Whitney U-test) compared with
unieperfiised tissue. There was minimal cortical congestion (Plate 3.6), very little haemorrhage and no
fiank necrosis or inflammatory infiltrate.

3.4.2

Determination of Lipid Peroxidation

Susceptibility to lipid peroxidation, as determined by measurement of TBA-reactive material and
Schiffs bases in homogenates of the renal cortex and medulla, increased with the duration of storage
(Figs 3.6 and 3.7). In unstored kidneys, there was negligible formation of TBA-reactive material or
Schiffs bases in the renal cortex after 1 h of in vitro incubation at 37®C. In contrast, both TBAreactive material and Schiffs base formation were significantly higher (^<0.05) in the medulla of
unstored kidneys compared with the cortex. With the exception of TBA-reactive material in the
medulla, there were significant (p<0.05) increases in both markers of lipid peroxidation after 24 h of
storage in both the cortex and medulla. After 48 or 72 h of storage, the increases in susceptibility to
lipid peroxidation had become highly significant (p<0.005) in both the cortex and medulla. Increases
in susceptibility to lipid peroxidation correlated well with the histopathological changes noted in
Section 3.41.
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Figs 3.1 and 3.2
Severity of intracellular oedema in different cell types of the renal cortex (top) and medulla
(bottom), as judged by electron microscopy. All points are mean determinations of 10 grid
squares per specimen in 6 different kidneys. Cell types were scored as described in Methods
Section 2.5.2. □ = unstored, no reperfusion; O = 24 b stored, no reperfusion; A = 48 b stored,
no reperfusion; <> = 72 b stored, no reperfusion; • = 48 b stored, 1 b reperfusion; ★ = 72 b
stored, 1 b reperfusion. The figures show that different renal cell types are differentially
susceptible to increasing durations of cold ischaemia and to reperfusion.
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Plate 3.1

Electron micrograph of renal proximal tubule cells after 72 h of storage and no
reperfusion (magnification x 5000). The cells are slightly oedematous but the
brush border membranes are intact and mitochondrial swelling is negligible.
Cristae are just visible and well spaced.

ÿ. \ . -

Plate 3.2

_

Electron micrograph mTAT cells after 72 h of storage and no reperfusion
(magnification x 5000). The cells are mildly oedematous with slightly swollen
mitochondria.
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Plate 3.3

Electron micrograph of renal proximal tubule cells after 72 h of storage and 1 h
of reperfusion (magnification x 5000). The cells are severely oedematous with
severe brush border membrane blebbing, intralumenal cast formation,
mitochondrial swelling and disintegrating cristae structure.

Plate 3.4

Electron micrograph of mTAT cells after 72 b of storage and 1 b of reperfusion
(magnification x 5 000). The cells are severely oedematous with swollen
mitochondria and disintegrating cristae. Peritubular capillaries are compressed
showing rouleaux formation.
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Fig 3.3 Severity of histopathological lesions in the renal cortex and medulla, as judged by light
microscopy. All points are mean determinations in 6 kidneys (see Methods). □ =
unstored, no reperfusion; O = 24 h stored, no reperfusion; A = 48 h stored, no
reperfusion; <> = 72 h stored, no reperfusion; • = 48 h stored, 1 h reperfusion; ★ = 72 h
stored, 1 h reperfusion. An analogous pattern can be discerned to that observed using
electron microscopy.
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Plate 3.5

Light micrograph of the cortico-medullaiy junction of a kidney stored for 72 h
but not reperfused (magnification x 40) showing mild intracellular and
interstitial medullary oedema.

Plate 3.6

Light micrograph of the coitico-medullai-y junction of a kidney stored for 72 h
and reperfused for 1 h (magnification x 40) showing severe medullary
congestion and moderate oedema of the cortico-medullary junction but
negligible cortical congestion.
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Survival Determination

Renal function in kidneys stored for 0, 24, 48 or 72 h before autografting was monitored by analysis
of serum urea and creatinine levels (Figs 3.8 and 3.9). All animals displaying clinical symptoms of
uraemia were immediately killed. All animals suffering renal failure as a result of technical problems
such as ureter blockage or venous thrombosis at the anastomosis were not included in the
experimental groups (a total of 4 animals). Unstored transplanted kidneys were able to support life in
all cases (n=6 ) although serum urea and creatinine levels were elevated for several days after the
autograft operation. Similarly, recipients of kidneys stored for 24 h were all healthy 4 weeks after
autografting (n=6 ). After 48 h of storage, only 3/6 recipients were still alive after 4 weeks. The three
animals that did not survive were sacrificed after several days, showing advanced symptoms of
uraemia and highly elevated serum levels of creatinine and urea (Figs 3.8 and 3.9). After 72 h of
storage, only 1/6 recipients survived. All other rabbits had died or were sacrificed by day 6 with
highly elevated serum urea and creatinine levels and advanced symptoms of uraemia. Histological
analysis (using light microscopy) of kidneys taken at autopsy showed either complete infarction (Plate
3 .7) or gradual severe necrosis of the whole kidney (Plate 3.8). That necrosis was gradual in these
instances was illustrated by the demarcation of successive necrotic zones by acute inflammatory
infiltrate and casts (necrotic debris); large calcific deposits were also prominent. These changes were
most prominent in the renal cortex and the cortico-medullary junction.
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Fig 3.9 Concentration of serum urea (mmol) in Groups 7 (unstored), 8 (24 h stored), 9 (48 h
stored) and 10 (72 h stored) for up to 10 days post transplant (T denotes individual
rabbits). As with serum creatinine levels, peak urea (days 2 to 4) increases with the
duration of storage and correlates well with survival. Discontinuation of a line denotes
death or sacrifice of an animal.
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Plate 3.7

Light m icrograph of the renal cortex of a G roup 10 infarcted kidney at autopsy
3 days after revascularization (magnification x 40). T u b u lar outlines can be
distinguished; the d ark band at the top right is an inflam m atory infiltrate of
neutrophils.

Plate 3.8

Light m icrograph of the renal cortex of a G roup 10 kidney which had
undergone gradual severe necrosis of the entire kidney at autopsy 6 days after
revascularization (magnification x 40), showing necrotic infarcted area (N)
inflam m atory infiltrate (I), calcification (C) and fibrosis (F).
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Discussion

The results presented in this chapter show that a continuum of pathological changes had occurred in
the NZW rabbit kidneys during both the storage period and after autografting. The earliest change
detectable by electron microscopy was oedematous swelling of the mTAT after about 48 h of cold
ischaemia. Swelling of these cells during warm ischaemia has been reported by others (Mason et. a l,
1983; Yamamoto et. a l, 1984; Mason 1988; and Bayati et. a l, 1990). Using image analysis of tubular
diameters. Mason and co-workers (1983) showed that following 90 min of warm ischaemia, the
average tubular diameter of the mTAT had increased by 40%, and that the peritubular cqjillaries and
vasa recta were correspondingly compressed. The authors suggested that medullary erythrocyte
congestion during reflow was caused by such vascular compression, leading to the characteristic
formation of rouleaux, or densely packed, polygonally sh^ed erythrocytes. These could also be seen
following 72 h of cold ischaemia and 1 h of reflow in the NZW rabbit renal autograft model (Plate
3.4). However, swelling of the mTAT in warm ischaemic models appears to be a consequence of
plasma

extravasation

fi'om the

peritubular

capillaries

during

ischaemia,

resulting

in

haemoconcentration and an increase in vascular resistance and c^illary hydrostatic pressure (Bayati
et. a l, 1990). In the cold ischaemic model, the absence of plasma and the presence of hyperosmolar
concentrations of impermeant solutes such as mannitol during the storage period may be expected to
signiflcantly alter pattems of cell swelling, haemoconcentration and rouleaux formation. Nevertheless,
the development of medullary congestion in the cold ischaemic model after revascularization speared
to be analogous to that seen in warm ischaemic models.

Mason (1988) also noted that vascular erythrocyte congestion correlated with poor nephron function,
particularly those situated in the cortico-medullary junction. However, although erythrocyte
congestion can be ameliorated by haemodilution, this does not prevent the development of mTAT
necrosis, possibly because reduction of the haematocrit also reduces the oxygen carrying capacity of
blood (Andersson and Jennische, 1987; Hellberg et. a l, 1991). Mason (1988) and others (Hanley and
Davidson, 1981; Cronin, 1986) reported that congestion could also be prevented by intravenous
infusion of hyperosmolar mannitol prior to ischaemia and that parameters of renal function such as
GFR improved as a result. The hypertonic citrate solution used in the experiments presented in this
chapter contained hyperosmolar mannitol (Table 2.1) yet this did not prevent the development of
medullary congestion following cold ischaemia. The reason for this is not clear but it is possible that
mannitol, which is a relatively small impermeant solute, could have gained access to intracellular
locations following prolonged cold storage, and therefore foiled to prevent or even exacerbated cell
swelling. Interestingly, it has been shown that infusion of hyperosmolar mannitol after, rather than
before, warm ischaemia actually exacerbates medullary congestion (Hellberg et. a l, 1991). These
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authors hypothesized that post-ischaemic mannitol infusion could have increased tubular work by
washing out lumenal casts, thereby increasing the GFR. However, this hypothesis could not be
^plied to the cold ischaemic model used here as a hyperosmolar mannitol reflush was not
administered either before or after reperfusion.

While medullary congestion was the most prominent histopathological change observed in all
autografted stored kidneys the cortex was seldom congested despite the development of severe
intracellular oedema, particularly of the proximal convoluted tubules. The reasons for this are likely to
be differences in the vascular architecture of the cortex compared with the medulla, and differences in
the timing of oedematous change (which occurred prior to reperfusion in the outer medulla). Cortical
bloodflow is normally very rapid - on a per-gram basis, the renal cortex is the most highly perfused
tissue in the body (Brermer et. a l, 1986) - whereas medullary blood pressure and flow rates are very
low, allowing efficient countercurrent multiplication, solute reabsorption and urine concentration
(Zimmerhackl et. a l, 1987). Cortical vascular congestion has occasionally been observed in warm
ischaemic models following release of the clamps (Gower et. a l, 1993). However, this may have been
a consequence of haemoglobin degradation or neutrophil entrapment during the ischaemic period,
neither of which were factors in the cold ischaemic model reported here. Most studies of regional
blood flow in the kidney following warm ischaemia have shown that cortical blood flow is not
significantly affected by haemodilution (Andersson and Jennische, 1987; Hellberg et. a l, 1991;
Vetterlein et. a l, 1994) and is relatively unaffected by acute ischaemia (Vetterlein el a l, 1986;
Mason, 1988; Hellberg el a l, 1991). Here again, the warm ischaemic and cold ischaemic models
appear to be comparable, at least in so far as there were no signs of cortical erythrocyte congestion in
the NZW rabbit renal autograft model. The haemodynamics and vascular resistance of autografted
stored NZW rabbit kidneys is the subject of the next chapter.

Proximal tubular morphological integrity was well maintained throughout the ischaemic period
compared with the mTAT but became severely oedematous following reflow. These changes
correlated well with susceptibility to lipid peroxidation, which was negligible in the cortex of unstored
kidneys and highly elevated after prolonged ischaemia. In contrast, the medulla, which became
oedematous during the ischaemic period itself, was significantly more susceptible to lipid
peroxidation after short periods of ischaemia than the cortex (/?<0.05; Figs 3.6 and 3.7). The reasons
for this are not clear, but it may be inferred that the cortex is more susceptible to direct oxidative
injury upon reperfusion after prolonged ischaemia, whereas the medulla tends to produce TBAreactive material more continuously, possibly as a result of continuous prostaglandin biosynthesis.
Gower and co-workers (1987) have shown that approximately 50% of TBA-reactive material formed
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in the renal medulla is produced by this mechanism. This possibihty is also compatible with the idea
that medullary damage is more directly a result of ischaemia alone, whether this be primary (during
the storage period) or secondary (as a consequence of poor medullary reperfusion after
revascularization).

The severity of the histopathological and biochemical changes discussed above correlated well with
compromises in long term renal viability. As the storage time was increased, post ischaemic renal
function (assessed by serum levels of urea and creatinine, evidence of urine production and clinical
symptoms of uraemia) deteriorated. Serum levels of urea and creatinine remained quite low in rabbits
transplanted with unstored and 24 h stored kidneys and renal viability was 100%. After 48 or 72 h
storage, there was moderate to severe intracellular oedema in both the cortex and medulla, severe
medullary congestion, highly significantly increased susceptibility to lipid peroxidation, highly
elevated serum urea and creatinine levels and poor long term viability. It is not clear jfiom these
findings alone whether any of these Actors were causes, rather than symptoms, of acute renal failure.
However, it is clear that the pathological developments observed in this cold ischaemic model were
comparable with changes described in warm ischaemic models of acute renal failure. The following
chapters are devoted to elucidating the importance of these factors in the aetiology of acute renal
failure following storage and transplantation and the value of pharmacological intervention.

94

Ch a p t e r 3

N Z W Ra b b it R e n a l A

u to g raft

M

o d el

3.6

Conclusions

(i)

The medullary thick ascending tubules (mTAT) were susceptible to ischaemia alone, and had
become mildly swollen after 72 h of cold ischaemia.

(ii)

Swelling of the mTAT appeared to be responsible for compression of the medullary
microvasculature upon reperfusion, resulting in medullary erythrocyte congestion.

(iii)

Medullary erythrocye congestion was the most prominent pathological change observed
upon reperfusion of stored autografted kidneys. Prolonged cold storage (48 or 72 h) followed
by reperfusion also caused moderate to severe oedema in most sections of the nephron
particularly those with a high energy requirement such as the mTAT and the proximal
tubules.

(iv)

Increases in intracellular oedema, medullary erythrocyte congestion and susceptibility to lipid
peroxidation were directly proportional to the ischaemic storage time and inversely
proportional to renal viability.
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The studies presented in this chapter are based on a paper published in:
Transplantation 1996; 61: 689-696.

4.1

Introduction

In Chapter 3, some basic parameters of histopathological and functional damage to autografled stored
kidneys were defined. Renal function was assessed by seram urea and creatinine levels, and these
were shown to correlate with long term viability. In kidneys subjected to ischaemia but not
reperfusion, histopathological damage was restricted mainly to swelling of the medullary thick
ascending tubule (mTAT) and the pars recta (S3 segment) of the proximal tubule in the outer
medulla. After reperfusion of autografted kidneys subjected to 48 or 72 h of hypothermic storage, the
most prominent histopathological feature was erythrocyte congestion, especially in the outer but also
the inner medulla. These findings correspond to those reported in warm ischaemic models, in which
the renal vessels were clamped for varying periods (Brezis et al, 1984; Yamamoto et al, 1984;
Mason, 1988). In both models, medullary congestion speared to derive fi*om the ischaemic swelling
of the outer medullary tubules, leading to compression of the vasa recta and peritubular capillaries.

That early medullary congestion is a consequence of mechanical constriction of the medullary
vasculature rather than thrombosis has been demonstrated in several models. Heparinization does not
affect congestion (and all rabbits in the present studies have been treated with heparin); nor does
inhibition of platelet activating factor (PAF) (Ratych and Bulkley, 1986). In contrast, haemodilution
has been shown to ameliorate the severity of medullary congestion without preventing necrosis of the
mTAT or the pars recta (Andersson and Jennische, 1987). Thus, while it is true that severe congestion
correlates with renal dysfunction and poor viability, it is nevertheless possible that medullary
congestion and tubular necrosis are not directly related. Necrosis of the outer medullary tubules may
indeed be a result of secondary ischaemia during reperfusion caused by erythrocyte congestion
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(Mason, 1988). However, after prolonged ischaemic insult ATN becomes more widespread and
involves other sections of the tubule, particularly the proximal SI segment in the superficial cortex
(Shanley et ai, 1986). Since superficial cortical bloodflow has been shown to be relatively unaffected
even after prolonged ischaemia (Mason et al, 1983; Hellberg et al, 1991) widespread cortical
necrosis does not ^pearto be solely dependent upon secondary ischaemia.

Medullary congestion is associated with the acute phase of renal ischaemic injury, and tends to clear
within 24 h in warm ischaemic models, suggesting that tubular swelling abates over time. The precise
timing of medullary congestion, and its consequences in terms of secondary ischaemic necrosis in the
NZW rabbit renal autograft model are unknown. Tubular necrosis in the superficial cortex or even the
deeper cortex may derive instead fiom fiiee radical-mediated oxidative injury upon re-oxygenation.
Cultured proximal tubule cells subjected to hypoxia have been shown to be susceptible to floe radicalmediated injury upon re-oxygenation (Palier and Neumarm, 1991) while direct detection of fice
radicals by electron paramagnetic spin resonance studies have confirmed that fi-ee radicals are
generated in vivo upon reperfusion of ischaemic livers (Togashi et al, 1994). That fi'ee radicalmediated injury may play a role in tubular necosis after renal transplantation is supported by much
circumstantial evidence of improvements in tubular fimction or morphology as a result of antioxidant
thermies (Ratych and Bulkley, 1986; Gower e/o/., 1992; Schilling et cr/., 1993).

4.2

Objective

The studies in this chapter were designed to determine the kinetics of haemoglobin oxygenation and
the intra-renal distribution of blood flow during in situ reperfusion of autografted single stored
kidneys, to provide an indication of the severity, extent and duration of medullary congestion in this
model after 72 h hypothermic storage. The findings of this chuter will serve as a fiamework against
which the timing of renal fimctional injury can be considered in subsequent ch^ters.

4.3

Methods

4.3.1

Methodology

A total of 44 adult female NZW rabbits in 2 groups of 6 animals and 2 groups of 16 animals were
deeply sedated with an i.m. injection of ketamine and xylazine, tracheotomized and artificially
ventilated with a 50 : 50 oxygen ; nitrous oxide mixture for periods of up to 4 h (see Chapter 2 for full
details). Direct non-invasive measurements of concentration changes in renal HbO] and Hb were
made using NIRS in transmission mode (see Chuter 2). In addition, the distribution of infused
barium sulphate within the kidney was analysed at discrete time-points by angiography and phase
contrast microscopy. Renal morphology was evaluated by light microscopy.
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Experimental Groups

Group 1:

Freshly nephrectomized left kidneys were flushed with 40 ml cold (0-2^C) HCA via
the renal artery and autografted immediately into the left renal bursa using standard
microsurgical techniques. The autografted kidneys (n=6 ) were monitored
continuously in situ during reperfusion by NIRS as described in Chapter 2

Group 2:

Kidneys were flushed as in Group 1 and then stored in HCA surrounded by ice to
maintain a temperature of 0-2^C for 72 h before autografting (n=6 ). Kidneys were
then subjected to the same protocol as Group 1.

Group 3:

16 kidneys in 4 subgroups of 4 animals were perfused with barium sulphate either
immediately after nephrectomy and perfusion with HCA, or following autografting
without storage after 5, 60 or 180 min of reperfusion, as described in Chapter 2.

Group 4:

16 kidneys in 4 subgroups of 4 animals were perfused with barium sulphate either
after 72 h hypothermic storage and no reperfusion, or following 72 h storage and
autografting after 5, 60 or 180 min of reperfusion.

4.4

Results

4.4.1

Near Infrared Spectroscopic Measurements of Renal Haemodynamics

In Figs 4.1 and 4.2 are shown representative time course plots of changes in concentration of Hb0 2 ,
Hb, HbT and HbD in a Group 1 (unstored transplanted) kidney and a Group 2 (72 h stored
transplanted) kidney during 3 h of reperfusion. Baseline measurements of [Hb0 2 ] and [Hb] were made
for 5 min before reperfusion. Changes in [Hb0 2 ] and [Hb] were then monitored for 3 h of reperfusion
in 6 Group 1 and 6 Group 2 kidneys.

In Fig 4.3 the mean and SEM values for [Hb0 2 ] at discrete time points in Group 1 and Group 2
kidneys are displayed. Reperfusion resulted in rapid increases in [Hb0 2 ] within 1 min in both groups,
the rate of increase in Group 1 kidneys being significantly greater (p<0.05). After 1 min there was a
sharp decrease in [Hb0 2 ] in Group 1 kidneys fi'om 1494 ±138 pM at 1 min to 1077 ± 224 pM at 3
min (p=0.053). Thereafter, [Hb0 2 ] increased to 1482 ± 285 pM at 20 min and did not change
significantly during the remaining 140 min of reperfusion. In Group 2 kidneys, [Hb0 2 ] peaked at
1016 ± 287 pM after 2 min of reperfusion and then decreased sharply to 590 ± 86 pM at 5 min
(p=0.059). The rate and magnitude of changes in [Hb0 2 ] in the first 5 min of reperfusion of Group 2
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kidneys were smaller than Group 1 kidneys but the only significant difierence occurred at 1 min and
the haemodynamic changes were similar to those in Group 1 kidneys. However, there was no
significant recoveiy in [Hb0 2 ] after 5 min of reperfiision in Group 2 kidneys and [Hb0 2 ] was
significantly lower compared with Group 1 kidneys after 10 min of reperfusion (p<0.05). Thereafter,
there was no significant change in Group 2 [Hb02 ], and the levels remained significantly lower than
Group 1 kidneys for the remainder of the reperfusion period tested.

In Fig 4.4 the mean and SEM changes in [Hb] at discrete time points in Group 1 and Group 2 kidneys
are shown. There were no significant differences in the rates of increase of [Hb] in the first 2 min of
reperfusion between the two groups. However, in Group 1 kidneys the [Hb] had plateaued by 3 min at
763 ±101 |liM and dropped slowly thereafter to 473 ±138 pM after 3 h of reperfusion. In Group 2
kidneys, [Hb] continued to increase after 2 min to reach a maximum of 1756 ± 322 pM after 10 min,
a significantly greater concentration than Group 1 kidneys (p<0.05). Furthennore, unlike Group 1
kidneys the [Hb] in Group 2 increased to levels significantly in excess of the [Hb0 2 ] in the same
kidneys by 10 min (p<0.05). Group 2 [Hb] remained higher than the [Hb0 2 ] and the [Hb] in Group 1
for the remainder of reperfusion. However, after 1 h of reperfusion. Group 2 [Hb] had fallen to 1123 ±
243 pM and the differences were no longer significant. After 1 h of reperfiision there were no further
significant changes in [Hb] in either group.

Changes in [HbT] at discrete time points in Group 1 and Group 2 kidneys are shown in Fig. 4.5. The
rates of increase in [HbT] were significantly greater in Group 1 compared with Group 2 kidneys in the
first 1 min of reperfusion. However, after 2 min and during the remainder of reperfiision there were no
significant differences in HbT between the two groups. Nevertheless, there was a fall in [HbT] in
Group 2 kidneys fi’om a peak at 10 min of 2465 ± 3 1 7 pM to 1647 ± 293 pM after 1 h which
parallelled the decrease in [Hb] over the same period.

Fig 4.6 shows the percentage renal haemoglobin saturation in Group 1 and Group 2 kidneys
([Hb0 2 ]/[HbT] X 100; see Chapter 2). In both groups, saturation reached 69% (± 2% and 1%
respectively) after 1 min of reperfusion. In Group 1 kidneys there was a transient decrease in
saturation to 57% ± 9% after 3 min of reperfiision before recovery to 78% ± 6 % at 1 h. In Group 2
kidneys there was a profound haemoglobin desaturation to 25% ± 9% at 10 min (p<0.005 compared
with Group 1) and no significant recovery in the remaining 170 min. Changes in percent haemoglobin
saturation in Group 2 kidneys did not correlate with changes in [HbT].
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Intra-Reml Distribution o f Blood Flow

In Plates 4.1 to 4.3 are shown characteristic contrast angiograms, depicting barium sulphate
distribution after infusion of a 1 ml bolus (50 : 50 w/v barium sulphate : isotonic saline) via the renal
artery in: (i) an unstored untransplanted kidney; (ii) a transplanted 72 h stored, 1 h reperfused kidney;
and (iii) a transplanted 72 h stored, 3 h reperfused kidney. In Plate 4.1, the cortical and medullary
vasculature are discemable. The mottled ^pearance of the cortex results fiem barium sulphate
particles trapped in the glomeruli. The striations in the medulla are a consequence of barium sulphate
in the vasa recta, which delineate the urinary tract. Phase contrast microscopy revealed that the barium
sulphate particles remained within the vasculature rather than the urinary tract even in severely
damaged kidneys (Plates 4.4 and 4.5). Barium sulphate perfusion was scored as 4 (well perfused) in
both cortex and medulla. In Plate 4.2, cortical barium sulphate perfusion was scored at 3-4 and was
not apparently different from unstored unreperfused controls. However, barium sulphate particles did
not penetrate the medullary vasculature at a maximum perfusion pressure of 90 mm Wg (scored at 01). After 3 h of reperfiision (Plate 4.3), cortical perfusion was good (scored at 3-4) and medullary
perfusion was returning to normal (scored at 3).

The mean and range of barium sulphate scores for kidneys subjected to varying lengths of reperfusion
are shown in Fig 4.7 (n=4 at each time point). There were no sigificant differences in either cortical or
medullary barium sulphate perfusion in Group 3 (unstored) kidneys. Nor were there any significant
disturbances in cortical barium sulphate perfusion at any time point in 72 h stored transplanted kidneys
(Group 4). In contrast, medullary barium sulphate perfusion was very poor even before reperfiision:
scores were significantly (/?<0.05) lower than Group 3 kidneys at all time points up to and including 1
h reperfusion. However, after 3 h of reperfusion medullary perfusion had improved and was not
significantly different from Group 3 controls.

4.4.2

Histology

In Group I kidneys there was very little oedema; in isolated instances there was mild to moderate
focal intracellular oedema, especially of the proximal tubule. There was minimal congestion, no
haemorrhage and no inflammatory infiltrate (Fig 4.8). In Group 2 there was widespread severe cortical
intracellular oedema in almost every instance (Fig 4.8). In the medulla, there was moderate interstitial
oedema and moderate to severe congestion (Fig 4.8) but the cortex was not usually congested. There
was no inflammatory infiltrate in any specimen.
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Figs 4.1 and 4.2
Representative time-course plots of changes in concentration (pM) of HbO^, Hb, HbT and HbD
(pM) in single Group 1 (unstored transplanted, top) and Group 2 (72 b stored transplanted,
bottom) kidneys. The unstored kidney is more rapidly perfused upon revascularization and
shows markedly better haemoglobin oxygenation throughout the duration of reperfusion.
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Fig 4.3 Time course of mean and SEM changes in concentration of HbO^ (^iM) in Group 1
(unstored) and Group 2 (72 h stored) kidneys. ■ = Group 1 (n=6 ); T = Group 2 (n=6 ).
*/?<0.05. Stored kidneys were comparably perfused for the first 5 min of reperfusion
but thereafter haemoglobin oxygenation was significantly worse than that in unstored
kidneys.
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Fig 4.4 Time course of mean and SEM changes in concentration of Hb (|xM) in Group 1
(unstored) and Group 2 (72 h stored) kidneys. ■ = Group 1 (n=6 ); T = Group 2 (n=6 ).
*/7<0.05. The low HbO] levels in stored kidneys (Fig 4.3) are reflected in the very high
Hb levels seen here - after 10 min of reperfusion, they were significantly higher than in
unstored kidneys.
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Fig 4.5 Time course of mean and SEM changes in concentration of HbT (^iM) in Group 1
(unstored) and Group 2 (72 h stored) kidneys. ■ = Group 1 (n=6 ); T = Group 2 (n=6 ).
*/7<0.05. It is evident that the sharp distinction in haemoglobin oxygenation seen in Figs
4.3 and 4.4 are not reflected in the HbT concentration as shown here.
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Fig 4.6 Time course of mean and SEM changes in renal haemoglobin saturation (%) in Group
1 (unstored) and Group 2 (72 h stored) kidneys. ■ = Group 1 (n=6 ); T = Group 2
(n=6 ). */7<0.05; **/7<0.005. The trans-renal SaO: demonstrates graphically that stored
and unstored kidneys have equivalent haemoglobin saturation during the first few min
of reperfusion, but that signiflcant differences develop after 5 min of reperfusion.
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Plates 4.1, 4.2 and 4.3:
Representative barium sulphate angiograms of halved kidneys (top) and 2 mm thick renal
sections (bottom) in (1) an unstored untransplanted kidney (Group 3); (2) a transplanted 72 h
stored, 1 h reperfused kidney (Group 4); (3) a transplanted 72 h stored 3 h reperfused kidney
(Group 4).
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Fig 4.7 Mean and range barium sulphate scores in Group 3 (unstored) and Group 4 (72 h
stored) kidneys. The angiograms (n=4 for each time point) were scored blind on a scale
of: 0 (no perfusion); 1 (minimal perfusion); 2 (patchy perfusion); 3 (wide-spread
perfusion); and 4 (normal perfusion) in both the cortex (checked bars) and medulla
(hatched bars); *p<0.05, Mann-Whitney U-test. Unstored kidneys are well perfused
throughout the duration of reperfusion, whereas stored kidneys are poorly perfused in
the medulla for the first 1-3 h hut well perfused in the cortex throughout the procedure.
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Fig 4.8 Mean and range scores (n=6 ) for cortical intracellular oedema (checked bars) and
medullary congestion (hatched bars) in Groups 1 (unstored) and 2 (72 h stored). Renal
sections were scored blind on a scale of: 0 (no damage); 1 (minimal damage); 2 (mild
damage); 3 (moderate damage); and 4 (severe damage). *p<0.05, Mann Whitney U-test.
Both oedema and congestion are significantly worse in stored kidneys
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Plate 4.4:

Dispersal of barium sulphate (viewed under polarized light) in the cortex of an
unstored, 5 min reperfused kidney (Group 3), after staining with sodium
rhodozinate. (magnification x 60). The stain picks out the glomeruli (G) and
peritubular capillaries (Pc) of a well-perfused renal cortex with great clarity.
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Plate 4,5:

Dispersal of barium sulphate in the cortex of a 72 h stored, 5 min reperfused
kidney (Group 4) after staining with sodium rhodozinate and viewed under
polarized light, (magnification x 60). Areas of unreperfused tissue are visible in
the deeper cortex.
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Discussion

The results demonstrate that NIRS can be used to monitor changes in renal haemoglobin oxygenation
kinetics following hypothermic storage and transplantation. When used in transmission mode, NIRS
measures changes in haemoglobin concentration across both the cortex and medulla. Since the optical
pathlength factor due to scatter in renal tissue has not been established, changes in haemoglobin
concentration measured in this chuter are relative. However, as the two groups of kidneys were of
similar size and dimensions and were subjected to the same treatments (with the exception of storage
time) and as it has previously been shown that the optical pathlength is not significantly afiected by
gross differences in haemoglobin oxygenation (Cope et al, 1988), comparison between the two
groups of kidneys is justified. This premise is supported by the feet that the mean [HbT] and the range
of SEM values for [HbT] were similar in both groups (Fig 4.5) despite large differences in
haemoglobin oxygenation.

Reperfiision of Group 1 kidneys resulted in r^id increases in [Hb0 2 ] within 1 min (Fig 4.3) followed
by a sharp decrease fi-om 1494 ±138 |liM at 1 min to 1077 ± 224 pM at 3 min. However, [Hb0 2 ] had
recovered by 20 min and did not change significantly thereafter. Group 1 [Hb] increased at a slower
rate and had plateaued by 3 min (Fig 4.4). The abmpt fall in [Hb0 2 ] during the second and third
minutes of reperfusion was accompanied by a less dramatic reduction in [HbT] (Fig 4.5) and a small
increase in [Hb] (Fig 4.4), implying that an initial reactive hyperaemia (signified by the fall in [HbT])
was associated with low tissue p0 2 in the renal parenchyma (signified by the larger fell in [Hb0 2 ]).
These changes are e^qiected as a normal consequence of warm ischaemia and oxygen debt during the
transplant procedure.

The rates and the magnitude of changes in [Hb0 2 ] in the first 5 min of reperfusion of Group 2 kidneys
were less than Group 1 but the only significant difference (p<0.05) occurred at 1 min and the changes
in NIRS parameters were essentially similar in the two groups (Fig 4.3). The slower rate of increase of
[Hb0 2 ] (and [HbT]; Fig 4.5) in the first 1 min of reperfusion is suggestive of greater vasoconstriction
or vasospasm in the stored kidneys. Afferent and efferent arteriolar vasoconstriction has been reported
in several models of renal ischaemia and reperfusion (Klausner et al, 1989; Chan et al, 1994) and
may account for the modest decreases previously reported in cortical bloodflow after ischaemia;
cortical, unlike medullary bloodflow is not affected by haemodilution (Hellberg et al, 1991).

In this study, vasoconstriction speared to be a transient response to reperfiision (or a delayed
recovery fi’om extended hypothermia) since Group 2 [Hb0 2 ] levels were not significantly different
fi"om Group 1 between 2 and 10 min of reperfusion and [HbT] remained similar in both groups
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throughout the 3 h of reperfiision. The sharp drop in Group 2 [Hb0 2 ] after 2 min of reperfiision is
therefore likely to have been a response to parenchymal ischaemia, as seen in Group 1 kidneys, rather
than a result of vasoconstriction. Unlike Group 1 kidneys however, there was no decrease in [HbT]
corresponding to the drop in [HbOJ (Fig 4.5). It is possible that early vasoconstriction precluded a
reactive hyperaemia in Group 2 or that the sustained rise in [Hb] after 3 min of reperfiision (Fig 4.4)
masked any cortical hyperaemia. This sustained increase in [Hb] may have been partly a result of
prolonged ischaemia in Group 2 (with greater oxygen extraction in the more ischaemic group) but is
also likely to be a fimction of developing vascular congestion in the medulla. This phenomenon is
sometimes referred to as medullary hyperaemia (Brezis et al, 1984; Yamamoto et al, 1984; Mason,
1988). However, tipping of erythrocytes in the outer zone of the medulla is a pathological
development rather than genuine reactive hyperaemia.

That the sustained rise in [Hb] during the first 10 min of reperfiision does indeed correlate with the
development of vascular congestion in the medulla is confirmed by barium sulphate angiogr^hical
analysis of intra-renal perfusion (Fig A.l). Ex vivo barium sulphate angiography does not necessarily
completely reflect distribution of blood flow within the kidney. Rather, it gives an indication of
vascular resistance (Hollenberg et al, 1968) as the barium sulphate suspension was infused at a
maximum perfusion pressure of 90 mm Hg and in a non-pulsatile marmer. Moreover, barium sulphate
particles, although of similar size to erythrocytes, lack their plasticity and are more likely to become
lodged in the glomemli or the peritubular capillaries. Nevertheless, areas of tissue well perfused with
barium sulphate are likely to have been well perfused with blood during reperfiision. Thus, cortical
perfusion spears to have been normal in Group 4 kidneys throughout the period of reperfiision (Fig
4.7). On the other hand, it is likely that medullary perfusion was under-estimated by angiogr^hy.
After 72 h of storage and before reperfusion, medullary vascular resistance was sufficiently high to
prevent perfusion with barium sulphate (Fig 4.7, t=0). During reperfiision, this situation persisted for
at least the first 60 min. Nevertheless, both histological analysis and NIRS demonstrated that blood
was able to penetrate (if not drain firom) the medulla during the first 10 min of reperfiision.

After 30 min of reperfiision of Group 2 kidneys there were decreases in both [Hb] (p<0.005) and
[HbT], but no significant change in [Hb0 2 ]. A similar reduction in [Hb] after 45 min of reperfusion
has been reported using NIRS in a renal model of warm ischaemia and reperfiision (Vaughan et al,
1995). As there was no fall in [Hb0 2 ] (Fig 4.3) it is likely that the decrease in [Hb] was a result of
clearance of desaturated blood from the renal medulla. Despite this, there was no significant increase
in medullary barium sulphate perfusion even after 1 h of reperfusion. Here again, it is likely that the
angiographical studies under-estimated medullary perfusion at this time point for the reasons
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discussed above. After 3 h of reperftision, vascular resistance in the medulla had dropped sufficiently
to allow nearly normal barium sulphate perfusion (Plate 4.3 and Fig 4.7). Thus, it seems likely that
tubular swelling in the outer medulla diminished over the course of reperfiision, resulting in a fall in
vascular resistance and recovery from medullary congestion. The fact that clearance of congestion was
not accompanied by an increase in trans-renal Sa0 2 presumably reflects the severity of parenchymal
ischaemia in the medulla, and this is underlined by the poor histopathological ^pearance of the
medulla even after 3 h of reperfiision. The stability of renal SaO] and of cortical barium sulphate
perfusion over this time suggests that cortical reperfusion was not greatly affected by shifts in
medullary perfusion. This inference is in agreement with Hellberg and co-workers (1991), who
demonstrated the independence of bloodflow through the renal cortex and medulla following warm
ischaemia.
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4.6

Conclusions

(i)

Vascular resistance was high in the medulla even before reperfusion, probably as a result of
ischaemic swelling of the mTAT and the pars recta of the proximal tubules

(ii)

Medullary vascular congestion developed during the first 10 min of reperfiision. That
haemoglobin in the trapped erythrocytes became severely desaturated over this time was
confirmed by NIRS

(iii)

Medullary congestion began to clear after 30 min of reperfiision but this was not
accompanied by an increase in renal haemoglobin saturation, suggesting that tissue pÛ2 in
the medulla remained very low

(iv)

Cortical vascular resistance was not significantly different fi-om controls, nor were the
haemoglobin oxygenation kinetics in Group 2 significantly different from Group 1 during the
first 5 min of reperfiision even across the entire kidney and despite the development of
medullary congestion. Thus, it seems likely that cortical bloodflow and haemoglobin
oxygenation were very similar in the first 5 to 10 min of reperfiision and probably thereafter.
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The studies presented in this chapter are based on a paper published in:
Kidney International 1994; 45:1489-1496.

5.1

Introduction

In Chuter 4, the haemodynamic changes occurring during 3 h of reperfiision in unstored and 72 h
stored autografted kidneys were defined. It was shown using NIRS that medullary erythrocyte
congestion, as reflected by profound haemoglobin desaturation, developed during the first 10 min of
reperfiision of 72 h stored kidneys and began to clear after only 30-60 min. However, the
haemoglobin oxygenation kinetics during reperfiision of stored kidneys were not significantly
different from unstored controls during the first 5 min of reperfiision even across the entire kidney and
despite the development of medullary congestion. Furthermore, barium sulphate angiographical
studies demonstrated that cortical vascular resistance remained low throughout the period evaluated.
The severity of medullary congestion has been shown to correlate with renal dysfimction (Mason,
1988) but it is not known how profoundly changes in haemoglobin oxygenation affect mitochondrial
function in vivo.

During oigan storage, mitochondrial electron transfer is r^idly inhibited, resulting in depletion of
ATP, a net breakdown of adenine nucleotides to non-phosphorylated metabolites and the
accumulation of reduced pyridine nucleotides (Caiman et al, 1973). These changes result in a loss of
cellular homeostasis involving a fall in intracellular pH (Sehr et al, 1979; Fuller et al, 1988)
mitochondrial calcium loading and cellular swelling (Hardy et al,
mitochondrial function depends on a combination of factors:
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Preservation of inner mitochondrial membrane integrity and the structure and activities of the
respiratory chain complexes I to IV during the ischaemic period (Taegtmeyer et al, 1985;
Hardy et £7/., 1991)

(ii)

Free radical mediated auto-inactivation of respiratory chain complexes as a result of electron
leakage during reperfiision (Ambrosio et al, 1993)

(iii)

Preservation of cellular integrity and homeostasis, particularly calcium homeostasis, during
both ischaemia and reperfusion (Hardy et al, 1991)

(iv)

Sufficient levels of NADH, ADP and oxygen to allow efficient mitochondrial
phosphorylation upon and during reperfiision (Belzer and Southard, 1988).

In recent studies, the activities of respiratory chain complexes I to IV in mitochondria isolated riom
perfused rat hearts subjected to global ischaemia or anoxic perfusion prior to ischaemia were
investigated (Veitch et al, 1992). The results indicated that differences in the sensitivity of these
complexes to ischaemic damage were dependent upon the duration of the ischaemic episode and the
presence of oxygen. The most sensitive site was complex I (Veitch et al, 1992). Similar findings have
been reported by others (Malis and Bonventre, 1986; Hardy et al, 1991; Sammut et al, 1995) in
isolated mitochondria and by Ambrosio and colleagues (1993) in LangendorfF perfused hearts.
However, the extent to which these results may be extr^olated to the in vivo setting or fix>m one
organ to another is uncertain.

For a respiratory component to be used as an early indicator of ischaemia-reperfiision damage in vivo
it must be:

•

Of mitochondrial origin

•

Responsive to decreasing or low pÛ2

•

Measurable by non-invasive means.

There are two components of the respiratory chain that satisfy these requirements: mitochondrial
NADH and cytochrome oxidase (cyt aag), theterminal member of the respiratorychain (see Fig 1.5).
Chance and Williams (1955) showed that directin vivo measurements of fluorescencecouldbe made
fi’om intracellular pyridine nucleotides in brain and kidney, and the possible importance of these
measurements as indicators of intracellular hypoxia has been emphasised (Franke et al, 1976;
Mayevesky et al, 1983; Mayevesky 1984; Mayevesky et al, 1990). It has been shown that
fluorescent signals fi-om cytosolic NADH are negligible compared with those fi’om the mitochondrial
pool as a result of quenching of fluorescence by cytosolic glyceraldehyde 3-phosphate dehydrogenase
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(O'Connor 1977). More recently, the use of pyridine nucleotide fluorescence measurement to
determine changes in mitochondrial and cytosolic redox status in perfiised rat livers has been reported
(Okamura et al, 1992) and was found to correlate closely with energy charge and mitochondrial
phosphorylative activity (Okamura et al, 1992; Tokunaga et al, 1987).

These in vivo measurements may be extended by measurements of changes in cyt aag oxidation using
NIRS (see Chapters 2 and 4). Cytochrome oxidase is composed of 13 protein subunits, 2 haem units
and 2 copper atoms (Cua and CuB)(Malmstrom 1990). Absorption of near infiured light by cyt aag
occurs almost entirely at the Cua centre. The oxidised form of Cua has a characteristic spectrum,
whereas the reduced form has no distinguishable absorption (Beinert et al, 1980). Recent studies have
shown that spectra measured in vivo and in vitro are identical (McCormick et al, 1993). The
concentration of oxidised Cua depends on the supply of oxygen, the availability of respiratory
electrons and the level of the mitochondrial proton-motive force, which is a function of the rate of
cellular ATP utilization (Rich et al, 1988; McCormick et al, 1993). All three factors are likely to be
affected by ischaemia and reperfusion. Thus, measurement of changes in both mitochondrial NADH
fluorescence and cyt aag oxidation during in vivo reperfiision of autografted kidneys should give an
indication of mitochondrial respiratory chain function.

5.2

Objective

The studies presented in this chuter were designed to determine the characteristic changes in
mitochondrial NADH fluorescence (using surface fluorescence spectroscopy) and cyt aag oxidation
(using NIRS) occurring upon and during 3 h of in situ reperfusion of unstored and 72 h stored
autografted kidneys.

5.3

Methods

5.3.1

Methodology

A total of 16 female NZW rabbits (2.5 kg) in 2 groups (see below) were anaesthetised with an i.m.
injection of ketamine (50 mg/kg) and xylazine (8 mg/kg), trachaeotomized and artificially ventilated
with a 50 : 50 oxygen : nitrous oxide mixture for periods of up to 5 h (see Chuter 2 for full details).
Direct non-invasive measurements of changes in mitochondrial NADH fluorescence and cyt aag
oxidation were made in both groups using surface fluorescence spectroscopy and NIRS over 3 h of
reperftision. Renal morphology was evaluated by light microscopy.
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Experimental Groups

Group 1:

Freshly nephrectomized right kidneys were flushed with 40 ml of ice cold (0-2®C)
HCA via the renal artery and autografled immediately into the left renal bursa using
standard microsurgical techniques. The contra-lateral kidneys were removed during
the autograft operation and flushed with ice cold HCA (0-2*^C) for measurements of
ex vivo NADH fluorescence (see below).

Group 2:

Kidneys were flushed as in Group 1 and then stored in HCA surrounded by ice to
maintain a temperature of 0-2^C for 72 h before autografting. The contra-lateral
kidneys were removed during the autograft operation and flushed with ice cold HCA
(0-2^C) for measurements of ex vivo NADH fluorescence (see below).

5.3.3

Experimental Protocolfor Surface Fluorescence Measurements

The intensity of NADH fluorescent emission, and spectral properties, were measured in:

(i)

Ex-vivo control fi^eshly harvested flushed contra-lateral kidneys, stored in HCA at 0-2^C on
ice for up to 90 min (Group 1 control) and after 72 h of storage (Group 2 control)

(ii)

In situ Group 1 kidneys, prior to transplantation and reperfusion with blood

(iii)

In situ Group 2, 72 h stored kidneys prior to transplantation and reperfusion with blood.

The change in the intensity of the NADH emission was measured in both experimental Groups in
response to:

(i)

Reperfusion measured in both Groups up to 3 hours post-transplant at 5, 15, 45, 60 min and
at 2 and 3 h

(ii)

Reperfusion in which continuous measurements of NADH fluorescence intensity were made
by scanning up to 90 min at 1000 nm/min between 366 and 600 nm in an additional 3
unstored and stored transplants to ensure that any variation in fluorescence intensity was not
due to movement artefact (positional) or heterogeneity of NADH due to mitochondrial
clustering (Franke, Barlow and Chance, 1976)

(iiii)

Alterations in the inspired Fi0 2

(iv)

Rapid intravenous infusion of sodium pentobarbitone (200 mg/kg in less than 5 sec) which
inhibits the respiratory chain at complex I NADH dehydrogenase (Renault, 1987). NADH
fluorescence was monitored for a further 20 minutes.
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Percentage changes in NADH fluorescence fi-om baseline were calculated. The relative fluorescence
intensity of NADH at 480 nm afler subtraction of baseline fluorescence at 420 nm prior to reperfiision
was taken to represent 100% of NADH fluorescence, and percentage changes during and after
reperfiision were calculated relative to this value.

5.3.4

Experimental Protocolfor NIRSMeasurements o f Cyt aa^

Concentration changes in Hb0 2 , Hb and oxidized cyt aag were continuously measured in in situ
kidneys during reperfiision in both groups for 3 h (see Chqjters 2 and 4). Baseline measurements were
made for 5 min prior to reperfiision.

5.4

Results

5.4.1

Surface Fluorescence Measurements o f Mitochondrial NADH

The relative fluorescence emission of control kidneys which had been removed and flushed with HCA
and stored on ice for up to 90 min did not significantly change after storage (2.97 ± 0.013 immediately
after flushing compared with 3.03 ± 0.09 after 90 min on ice (mean ± SEM, n=9 estimates) and there
were no significant differences between the relative fluorescence intensity of the 2 groups in situ
before reperfiision; 2.85 ±0.196 (Group 1, n=9 kidneys) and 2.94 ± 0.26 (Group 2 , n=9 kidneys) (Fig
5.1). During reperfiision, an increase in fluorescence emission of NADH at 470 nm fi-om the surface
of the perfused rabbit kidney when excited at 366 nm was obtained in response to decreasing the
systemic pO] from 21 to 5 Kpa (Fig 5.2).

In Table 5.1 is shown the percentage change in fluorescence from the pre-reperfiision values during
the initial phase (0-20 min) after reperfiision of Group 1 and Group 2 kidneys. There were no
significant differences between the percent oxidation observed in the 2 Groups; 82.85% ± 11.29%
(Group 1) compared with 89.85% ± 11.92% (Group 2). In Fig 5.3 are shown emission spectra
obtained by continuous scanning of NADH fluorescence pre- and post-reperfiision in a Group 1
kidney. Immediate oxidation of between 70% and 100% of the total NADH occurred within 1 min
(Table 1) and values thereafter oscillated within this range. In comparison, the magnitude and rate of
oxidation of NADH was slightly slower in some Group 2 kidneys (Fig 5.4) but despite this nearly
100% of the NADH became oxidised over the first few minutes of reperfiision. The slower rate of
oxidation may have been related to the slower rate of reperfiision observed in some Group 2 kidneys
(see also Chapter 4).
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Effect o f Sodium Pentobarbitone Infusion

A broad fluorescence emission maximum of NADH (excitation wavelength 340 nm) was measured in
both ex vivo and in situ kidneys, which shifted to lower wavelengths upon sodium pentobarbitone
infusion, the shift being consistent with an altered NADH fluorophore (Figs 5.3 and 5.4). In Group 1
kidneys, infusion of sodium pentobarbitone 200 mg/kg (< 5 sec) resulted in r^id regeneration of
NADH in all 9 kidneys within 1 min, as would be e^gected upon inhibition of complex I NADH
dehydrogenase (Renault et al, 1987) (Table 1). In Group 2 kidneys, sodium pentobarbitone infusion
caused a decreased rate and magnitude or no NADH regeneration in 5 of 7 kidneys within the
monitoring period of 20 min (Table 1). In a single kidney, sodium pentobarbitone infusion stimulated
an increase in NADH fluorescence to a maximum of 37% of the pre-reperftision value after 5 min,
whereafter fluorescence remained relatively constant. In the final kidney NADH fluorescence
increased to a relative intensity comparable with those observed in Group 1 kidneys. It is notable that
this kidney was minimally oedematous and and displayed normal cyt aag responses (see below).

5.4.3

NIRS Measurements of Cyt aa^ Oxidation

In Fig 5.5 is shown a representative plot of change in concentration of Hb0 2 , Hb and cyt aag following
reperfusion of a Group 1 kidney. The initial stages of reperfusion resulted in a large increase in [Hb0 2 ]
and in [Hb], a net increase in the oxygenation index and a small oxidation of cyt aag. However, as
[Hb0 2 ] fell at the end of the reactive hyperaemia phase cyt aag became reduced. In all the unstored
transplanted renal grafts cyt aag became steadily oxidised over 3 h of reperfiision to approximately
50% of the change observed in the initial stages of reperfiision (Table 5.1). The reduction of cyt aag in
all 6 kidneys in Group 1 correlated with minimal oedema and with the expected response to sodium
pentobarbitone, NAD^ reduction. In Group 2, there were no significant changes in cyt aa] oxidation
compared with baseline in 4 of 5 kidneys and this was associated with suppressed NADH
regeneration upon inhibition of NADH dehydrogenase by sodium pentobarbitone. In a single Group 2
kidney, oxidation of cyt aag occurred slowly over 2 to 3 h. Regeneration of NADH was more
pronounced upon infusion of sodium pentobarbitone and histological analysis confirmed that the
histopathological changes were relatively mild (Table 5.1).
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Fig 5.1 Mean and SEM changes in relative fluorescence intensity of mitochondrial NADH from
flushed kidneys prior to reperfusion (n=6). Storage of organs for up to 72 h did not
affect the intensity of NADH fluorescence.
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Fig 5.2 Change in relative fluorescence intensity of mitochondrial NADH in an unstored
transplanted kidney reperfusing in situ in response to a change in arterial pOz from 21
Kpa to 5 Kpa. The decrease in pO: resulted in an approximate doubling of NADH
fluorecence intensity.
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Fig 5.3 In vivo surface fluorescence measurements of NADH in a Group 1 (unstored
transplanted kidney) showing rapid oxidation of NADH upon reperfusion and
complete regeneration of NADH after inhibition of the respiratory chain with sodium
pentobarbitone. 1: Pre-reperfusion; 2: 1 min after reperfusion; 3: 12 min after
reperfusion; 4: 60 min after reperfusion; 5: 5 min after sodium pentobarbitone infusion
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Fig 5.4 In vivo surface fluorescence measurements of NADH in a Group 2 (72 h stored
transplanted kidney), showing slower but ultimately complete oxidation of NADH upon
reperfusion and incomplete regeneration of NADH after inhibition of complex 1 .1: Pre
reperfusion; 2: 1 min after reperftision; 3: 2 min after reperftision; 4: 4 min after
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infusion.
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Correlation between cyt aaj oxidation, NADH fluorescence and morphology

Table 5.1

Group

% NADH
oxidized upon
reperfusion

% of pre
reperfusion
NADH formed
upon sodium
pentobarbitone
infusion

Severity of
cortical oedema

-58.3
-60.0
-49.7
-62.0
-103.1
-65.3
SF only
SF only
SF only

90
72
96
70
87
NIRS only
72
88
95

95
76
69
70
70
NIRS only
70

mild-moderate
mild
absent
absent
mild
NIRS only
SF only
SF only
SF only

nsd
-16.5 ±0.238
nsd
nsd
nsd
SF only
SF only

96
67
96
84
86

0

Maximal redox
change in cyt
aag upon
reperfusion
(pmol)

1

2

100
100

nsd: no significant difference.
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Fig 5.5 Changes in concentration of HbO:, Hb and cyt aag upon reperfusion of a Group 1
(unstored) autografled kidney. The haemodynamic changes upon reperfusion were
rapid and the sudden reduction in cyt aaa after 0.5 min of reperfusion, corresponding to
the end of the initial hyperaemic period was characteristic.
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Fig 5.6 Change in concentration of HbOz, Hb and cyt aaj upon reperfusion of a Group 2 (72 h
stored) autografted kidney. The haemodynamic changes upon reperfusion were much
slower and there was no apparent change in cyt aa3 oxidation (note the difference in
scale between Figs 5.5 and 5.6).
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Histological and Functional Examination o f Kidneys

In Group 1 kidneys there was very little oedema. In isolated instances there was focal mild to
moderate intracellular oedema, especially of the proximal tubular cells. Diere was no congestion,
haemorrhage or inflammatory infiltrate (neutrophils) in any specimen (Plate 5.1). In Group 2 kidneys,
there was severe cortical intracellular oedema in almost every instance but no cortical congestion
(Plate 5.2). In the medulla, there was moderate interstitial oedema and congestion. Estimations of
renal fimction following 72 h storage and transplantation were obscured by purely mechanical factors.
While it is tme that the glomerular filtration rate correlates with functional viability, severe medullary
congestion can entirely abolish urine production even if tubular or glomerular function is unimpaired.
Thus after 72 h storage and transplantation, urine production was negligible for the first 1-2 h of
reperfiision and so estimations of GFR were not possible and must be assumed to be zero. Urine
production tended to increase after this period despite no apparent change in respiratory chain
function. These changes correlated with the clearance of medullary congestion as measured using
NIRS and evaluated by barium sulphate angiography (see Chqjter 4).
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Plate 5.1

Light micrograph of the renal cortex showing minimal intracellular oedema in
a Group 1 (unstored transplanted) kidney (magnification x 100 ).

É
%

Plate 5.2

Light micrograph of the renal cotex showing severe cortical intracellular
oedema in a Group 2 (72 h stored transplanted) kidney (magnification x 40).
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Discussion

The NADH emission spectra measured in these studies in the rabbit renal cortex were similar to
characteristic NADH fluorescence emission spectra reported by others in vitro and in vivo in rat brain
and kidney when excited at 340 nm and at 366 nm (Franke, Barlow and Chance, 1976; Mayevesky et
al, 1983; Mayevesky, 1984; Mayevesky et al, 1990). In situ NADH measurements made before
reperfusion were not significantly difierent between the two groups. It is therefore unlikely that
fluorescence of NADH was altered as a result of enhancement or quenching during storage or loss of
pyridine nucleotides. Although nucleotide levels in tissue homogenates were not measured in this
study, there are several factors which support the view that the fluorescent emission can be attributed
to NADH. Most importantly, there are few other fluorophores whose emission characteristics are
identical to those of NADH, which have oxygen-dependent emission spectra and which are responsive
to sodium pentobarbitone, which inhibits NADH dehydrogenase at complex I, thereby stimulating a
selective increase in NADH fluorescence (Renault, 1987). The maximum NADH emission measured
in revascularised unstored transplanted kidneys after either low pÛ2 or sodium pentobarbitone infusion
was not significantly difierent fi’om the NADH emission measured during storage in the absence of
haemoglobin. This suggests that the presence of blood did not afiect the maximum measured NADH
signal in these experiments. Similar findings have been reported by others (Kobayashi et a/., 1971;
Franke, Barlow and Chance, 1976).

The results presented in this chapter demonstrate that it is possible to make both discrete and
continuous measurements of NADH fluorescence in the in situ transplanted kidney. In all kidneys
there were large NADH peaks before reperfusion which disappeared in each case within a few minutes
of reperfusion. In Group 1 kidneys, the oxidation of NADH occurred within 1 min of reperfusion, and
thereafter surface fluorescence measurements of NADH were responsive to fluctuations in systemic
p0 2 (Fig 5.2). Similar responses were noted by Franke and colleagues (1976) who correlated surface
fluorescence monitoring of reduced pyridine nucleotides with the physiological function of ex vivo
perfused rat kidneys during and following various hypoxic insults. The rate of oxidation of NADH
upon reperfusion speared to be slightly slower in Group 2 kidneys (in the 5 kidneys monitored
continuously) and NADH oxidation appeared to be complete (Fig 5.4; Table 5.1). Moreover, in Group
2 kidneys there were few oscillations in NADH fluorescence intensity in response to minor alterations
in p0 2 or vascular changes. These findings are suggestive but not definitive evidence of respiratory
chain dysfunction in vivo.

The effect of sodium pentobarbitone administration was also quite distinct in the two groups. In
Group 1 kidneys, rapid increases in the relative fluorescence intensity of NADH to pre-reperfusion

124

Ch a p t e r 5

R e s p i r a t o r y Ch a i n

f u n c t io n I n

Vi v o

levels were observed within 1 min but there was typically little or no response to sodium
pentobarbitone infusion in Group 2 kidneys. It is possible that this failure of most Group 2 kidneys to
respond to infusion of sodium pentabarbitone was a result of circulatory defects preventing
distribution of sodium pentobarbitone to the renal tubules of these kidneys. However, it has been
shown that superficial glomerular blood flow is relatively unafiected by even severe ischaemic
episodes (Mason, 1988) and the haemodynamic and angiographical data presented in Chapter 4,
showing good cortical perfusion throughout the procedures, are consistent with this finding. Taken
together therefore, these data strongly suggest that 72 h storage resulted in mitochondrial dysfunction.

In Group 1 kidneys, rapid oxidation of NADH upon reperfusion and oscillation of fluorescence
intensity in response to fluctuations in pO] correlated with minimal histological change and consistent
reductions in cyt aag (which appeared to be associated with the end of an immediate hyperaemic
phase; Fig 5.5). These reductions in cyt aag imply that cyt aag must have become hyperoxidised either
during ischaemia or transiently upon reperfiision. Such hyperoxidation is in fact consistent with the
known kinetics of oxidation of cyt aU] and similar patterns have been measured in anaesthetised rats in
response to release of carotid occlusion (Wiemsperger et al, 1981) and in cat skeletal muscle
(Hampson and Piantadosi, 1986). In both cases, return to normal baseline conditions after hyperaemia
was associated with a reduction of cyt aag

While the afiSnity of oxygen for cyt aag is greater than that for Hb in the in vitro situation and cyt aag
is almost completely oxidised in the steady state in vitro (Chance and Williams, 1955; Piantadosi,
1989) it has been reported that cyt aag is not normally fully oxidized in vivo, and values between 20%
to 50% reduced have been reported in kidneys and other organs (Mills and Jobsis; 1972; Balaban and
Sylvia, 1981; Atkins and Lankford 1991). In fact, oxygen concentration gradients occur normally in
the kidney and substantial portions, particularly in the cortico-medullary junction, operate on the brink
of hypoxia despite high arterial and venous p02 values (Leichtweiss et al, 1969). Furthermore, the
oxygen supply to mitochondria may be partly determined by mitochondrial clustering in renal tissue
(Leichtweiss et al, 1969). Such clustering could also contiibute to a steady state reduction of
mitochondrial cytochromes during normoxia.

In contrast, 4 of 5 Group 2 kidneys displayed no change in cyt aag oxidation upon reperfusion. The
single Group 2 kidney which did exhibit a similar cyt aag response to Group 1 kidneys was also able
to regenerate NADH upon sodium pentobarbitone infusion and was only moderately oedematous.
Severe cortical oedema combined with medullary congestion in the early hours of reperfusion were
shown in Chapter 3 to be associated with developing renal failure, hr this charter, a consistent
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correlation was found between the NADH and c>t aag responses and histological appearance. The fact
that NADH regeneration did not generally occur in 72 h stored kidneys following pentobarbitone
inhibition of NADH dehydrogenase at complex I suggests that mitochondrial dysfunction could be
localized to complex I or result from substrate deficiency leading to complex I. Similarly, it has been
observed that mitochondria isolated from perfused rat hearts subjected to global ischaemia and
reperfusion were unable to metabolise NAD linked substrates and the site of damage was shown to
be complex I (Hardy et al, 1991; Veitch et a l, 1992). It is probably not coincidental that the two main
sites of mitochondrial damage during ischaemia, complexes I and HI, are also the major sources of
oxygen-derived free radical production during normal electron transfer in mitochondria in vitro
(Cadenas et al, 1977). The possibility that low molecular weight iron may play a role in catalysing
the auto-inactivation of susceptible respiratory chain complexes via the Fenton reaction (see Chapter
1) forms the subject of the next chapter.
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5.6

Conclusions

(i)

Both surfece fluorescence spectroscopy and near irtflared spectroscopy were enable of
detecting changes in concentration or redox state of respiratoiy chain components during in
vivo reperfusion of autografted kidneys.

(ii)

There was a good correlation between changes in NADH fluorescence and cyt aag oxidation
in unstored autogiafted kidneys in response to both reperfiision and sodium pentobarbitone
infusion.

(iii)

The responses of both NADH fluorescence and cyt aag oxidation to reperfiision and
pentobarbitone infusion in 72 h stored autogiafted kidneys were abnormal compared to
controls, suggesting damage to the respiratory chain, or substrate deflciency leading to
complex 1.

(iv)

Poor respiratory chain responsiveness correlated with poor histological assessments of renal
morphology and poor long term viability.
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The studies presented in this chapter are based on a proceedings paper published in:
Biochemical Society Transactions 1995; 23: 524S,
and a Jull paper submitted to Archives of Biochemistry and Biophysics.

6.1

Introduction

In Chuter 5, it was shown that changes in concentration of the respiratory chain components
mitochondrial NADH and the oxidised form of cyt aag could be measured non-invasively during in
situ reperfiision of autografted kidneys using surface fluorescence spectroscopy and NIRS. A good
correlation was demonstrated between changes in NADH fluorescence and in the redox state of cyt aag
in unstored transplanted kidneys. Hypothermic storage of kidneys for 72 h resulted in abnormal
respiratory chain responses to both reperfusion and inhibition of complex I NADH dehydrogenase
with sodium pentobarbitone. However, neither the cause nor the exact timing of mitochondrial
dysfunction were established.

There is considerable in vitro evidence that mitochondrial function, following a period of anoxia, is
impaired upon reoxygenation by free radical generation (Malis and Bonventre, 1986; Hardy et al,
1991; Ambrosio et al, 1993; Reinheckel et al, 1995). Complexes I and III of the respiratory chain
have been shown to be the major defective sites (Ambrosio et al, 1993). Baker and Kalyanaraman
(1989) demonstrated using direct EPR spectroscopy of intact rat hearts that onset and development of
ischaemia resulted in progressive reduction of the iron-sulphur centres at these sites of the respiratory
chain. Such an alteration in mitochondrial redox state, in association with ischaemic depletion of
ADP, can result in the transfer of electrons directly to molecular oxygen upon reoxygenation,
generating superoxide radicals

and hydrogen peroxide (H2O2) (Ambrosio et al, 1993).
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Dismutation of 0 2 *~ and decomposition of H2O2 to more harmful oxygen intermediates such as
hydroxyl radical-like species and singlet oxygen are catalysed by transition metals such as iron via a
Fenton type reaction (Kirschner and Fantini, 1994; Wink et al, 1994). During normal cellular
metabolism, iron is bound either to ferro-proteins such as the cytochromes or to the iron storage
protein ferritin and its degradation product haemosiderin. Little, if any "free" iron is thought to be
available to catalyse oxidative free radical reactions (Gower et al, 1989). However, it has previously
been shown that a significant early event during renal ischaemia is the delocalization of catalytic low
molecular weight iron, which may be a result of reductive mobilization of ferritin iron or degradation
of labile cytochrome P-450 (Gower et al, 1989; Goddard et al, 1992; Palier and Jacob, 1994).
Although iron release from the haem proteins myoglobin and haemoglobin is another possible source
of catalytic iron, this is thought to require an excess of hydrogen peroxide, and may not be feasible
under the ischaemia-reperfusion conditions encountered during renal transplantation (Gower et al,
1993). Regardless of its source, it is not known whether delocalized iron contributes to respiratory
chain damage in vivo in renal ischaemia-reperfusion injury - either directly by complexing to
mitochondrial membranes or indirectly by affecting cellular ionic (particularly calcium) homeostasis.

In Chapter 4, the kinetics of haemoglobin oxygenation in stored and unstored autografted rabbit
kidneys were determined. It was shown that cortical vascular resistance and haemoglobin oxygenation
were very similar in both groups during the first 5 min of reperfusion. If mitochondrial dysfunction in
this model were a result of free radical-mediated injury to the respiratory chain, rather than secondary
ischaemia, it should therefore be shown to occur within the first 5 min of reperfusion. Moreover, if
free radical-mediated injury is indeed iron dependent, it should be possible to reduce indices of
damage by chelation of delocalized catalytic iron. Iron chelators such as desfenioxamine (DFX),
which cannot enter cells by passive difihision (Lloyd et al, 1991) are likely to affect only extemal cell
membrane function, or possibly trans-cellular iron equilibria (Palier and Hedlund, 1994), and may not
affect respiratory chain function. However, "intracellular" chelators, typically of small size and
relatively high oil/water partition coefiScients (Collis et al, 1993; Hider et al, 1994) such as the
bidentate hydroxypyridinone CP 102 (Hider et al, 1994) and the monohydroxyamate N-methyl
hexanoylhydroxamic acid (NMHH) (Collis et al, 1993; Green et al, 1993) are able to permeate cell
membranes and may therefore have a direct effect on mitochondrial function - for example, by
preventing the energy independent accumulation of iron in the mitochondrial membranes (Kukielka et
al, 1994).
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Objective

The studies presented in this chapter were designed to:

(i)

Determine the effect of 72 h hypothermic renal storage on respiratory chain function, as
judged by mitochondrial NADH fluorescence, within the first 5 min of revascularization.

(ii)

Assess the relative effect of "intracellular" and "extracellular" iron chelation as means of
improving mitochondrial function, cellular integrity and renal viability after 72 h storage and
transplantation.

6.3

Methods

6.3.1

Methodology

A total of 50 adult female NZW rabbits (2.5 - 3 kg), in 5 groups of 6 and 4 subgroups of 5 animals
(described below) were anaesthetized by an i.m. injection of fentanyl fluanisone and diazepam;
oxygen was supplied via an open face mask (see Chapter 2 for full details). Kidneys were flushed with
ice-cold (0-2°C) HCA and either autografted immediately, or flushed and then stored in HCA (or
HCA containing one of the iron chelators) at 0-2°C for 72 h prior to autografting.

The rates of change in fluorescence intensity of NADH were measured by surface fluorescence
spectroscopy in response to two events:

(i)

Reperfiision of unstored or 72 h stored transplanted kidneys with oxygenated blood.

(ii)

Inhibition of complex I NADH dehydrogenase by sodium pentobarbitone after 4.5 min of
reperfiision.

In addition, the effect of the three chelators on the post-ischaemic formation of two markers of lipid
peroxidation (TBA-reactive material and Schiffs bases) was investigated in the contra-lateral kidneys,
stored for 0 or 72 h, as described in Chapter 2. Renal morphology was evaluated by light and electron
microscopy. The effect of the iron chelators on long-term viability was determined by measurement of
serum urea and creatinine levels in rabbits allowed to recover after autografting.

6.3.2

D rug Dosage

Dmg doses were based on previous DFX dosing regimen used in this laboratory, in which rabbits
were dosed at 50 mg/kg DFX. DFX (Mr 560) is a hexadentate iron chelator, whereas CP 102 (Mr 183)
and NMHH (Mr 145) are bidentate. DFX therefore chelates three times as much iron on a molecular
weight basis. Accordingly, CP 102 and NMHH were given at three times the dose of DFX on a molar
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weight basis (i.e. CP 102 dose was 50 mg/kg and NMHH dose was 40 mg/kg). In addition, DFX was
added to the HCA solution at a concentration of 100 ^M; CP 102 and NMHH at concentrations of 300
piM.

6.3.3

Experimental Groups

Group 1:

Freshly nephrectomized right kidneys (n=6 ) were flushed with 40 ml HCA (0-2^C)
via the renal artery and autografted immediately into the left renal bursa, prior to
measurements of NADH fluorescence. The contra-lateral kidney was removed during
the autograft operation, flushed with HCA, homogenized and stored at -20^C as
described in Chapter 2 for later analysis of Schifif s bases and TBA-reactive material.

Group 2:

Kidneys (n=6 ) were flushed as in Group 1 and then stored in HCA surrounded by ice
to maintain a temperature of 0-2^C for 72 h before autografting, for measurements of
NADH fluorescence. Contra-lateral kidneys were stored in HCA for 72 h for
measurement of Schifif s bases and TBA-reactive material. An additional 5 animals
were allowed to recover for assessment of long tenn viability.

Group 3:

The bidentate iron chelator l-hydroxyethyl-3-hydroxypyridin-4-one (CP 102) was
added to the HCA solution at a concentration of 300 |iM and kidneys were stored for
72 h, as in Group 2. Upon reperfiision, a 40 mg/kg bolus of CP 102 was given i.v. to
the recipient. In 6 animals NADH fluorescence was measured; an additional 5
animals were allowed to recover for assessment of long term viability. Contra-lateral
kidneys were stored in HCA + CP 102 for 72 h for measurement of Schifif s bases and
TBA-reactive material.

Group 4:

The bidentate monohydroxamate iron chelator N-methyl hexanoylhydroxyamic acid
(NMHH) was added to the HCA solution at a concentration of 300 pM and kidneys
were stored for 72 h as in Group 2. Upon reperfiision, a 40 mg/kg bolus of NMHH
was given i.v. to the recipient. In 6 animals NADH fluorescence was measured; an
additional 5 animals were allowed to recover for assessment of long term viability.
Contra-lateral kidneys were stored in HCA + NMHH for 72 h for measurement of
Schifif s bases and TBA-reactive material.

Group 5:

The hexadentate trihydroxamate iron chelator DFX was added to the HCA solution at
a concentration of 100 pM and kidneys were stored for 72 h as in Group 2. Upon
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reperfiision, a 50 mg/kg bolus of DFX was given i.v. to the recipient. In 6 animals
NADH fluorescence was measured; an additional 5 animals were allowed to recover
for assessment of long term viability. Contra-lateral kidneys were stored in HCA +
DFX for 72 h for measurement of Schifif s bases and TBA-reactive material.

6.4

Results

6.4.1

Surface Fluorescence Measurements o f Mtochondrial NADH.

In Fig 6 .1 are shown emission spectra of NADH fi'om 400-600 nm obtained by excitation at 366 nm
before, during and 3.5 min after termination of reperfiision in a Group 1 kidney. The intensity of the
reflectance signal measured at 366 nm did not signiflcantly alter in the course of reperfiision and is not
shown; nor were there significant differences in reflectance between any groups (1 to 5) at equivalent
time points. The relative fluorescence intensity of NADH at 480 nm prior to reperfiision was taken to
represent 100% of NADH fluorescence, and percentage changes during and after reperfiision were
calculated fi'om this value. There were no significant differences in pre-ieperfiision fluorescence
intensity at 480 nm between the five groups (n = 6 in each group). In Group 1, pre-reperfiision NADH
fluorescence was 3.4 (± 1.3) arbitrai}^ units; in Group 2 , the value was 3.9 (± 1.0 ); Group 3 = 2.9 (±
1.3); Group 4 = 3.8 (± 0.8); Group 5 = 3.5 (± 0.7).

In Fig 6.2 are shown the mean percentage changes (n=6 ) during reperfiision of Group 1 (unstored) and
Group 2 (72 h stored) kidneys. In Group 1, reperfiision resulted in the oxidation of 89.9% (± 4.3%) of
NADH within 90 sec, ie. scan 2 to scan 5 (p<0.005, n=6 ). Thereafter values oscillated within the
range 70% to 100% oxidized. Infusion with sodium pentobarbitone (200 mg/kg) after 4.5 min of
reperfiision resulted in rq^id formation of NADH to 58,3% (± 6.5%) of pre-reperfiision values within
90 sec (scan 11 to scan 15), a highly significant (p<0.005) increase. In Group 2 kidneys there were
similarly r^id oxidations of NADH by 83.7% (± 8.5%) within 90 sec of reperfiision (p<0.005, n=6 ).
Oscillations thereafter were not as great as those observed in Group 1 kidneys, values ranging fi'om
81% to 100% oxidized. Infusion of sodium pentobarbitone after 4.5 min of reperfusion did not result
in significant increases in NADH regeneration though there was a slight increase in oxidation to
22.8% (± 3.7%) of pre-reperfiision values within 90 sec (scan 11 to scan 15).

Reperfiision of Group 3 kidneys resulted in rapid oxidation of 81.6% (± 10.3%) NADH within 90 sec,
ie. scan 2 to scan 5 (^><0.005, n=6 , Fig 6.3). In Group 4 kidneys, there was an 83.7% (± 9.9%)
oxidation within 90 sec (/?<0 .005). Infusion of sodium pentobarbitone resulted in more rapid increases
in NADH fluorescence compared with Group 2 kidneys in both Group 3 and Group 4 kidneys (to
23.9% ± 6.2% and 32.6% ± 6.2% respectively within 90 sec). However these increases in NADH
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fluorescence were not significantly greater than those occurring in Group 2 kidneys. NADH
fluorescence measurements did not increase further up to 20 min after sodium pentobarbitone
infusion; hence the figures do not display data beyond 3.5 min post sodium pentobarbitone infusion.

Addition of the "extracellular" iron chelator DFX (Group 5) did result in significant differences
compared with Group 2 kidneys (Fig 6.3). Reperfusion resulted in the rapid oxidation of 100% (±
0.5%) NADH within 90 sec (^<0.005, n=6 ) - a significantly greater oxidation than that occurring in
Group 1 kidneys (/7<0.05). Thereafter there was practically no oscillation in fluorescence intensity at
480 nm. Sodium pentobarbitone infusion resulted in small but significant increases in fluorescence
intensity to 18.1% (± 1%) of pre-reperfiision values within 90 sec (/?<0.05, n=6 ). Nevertheless, the
absolute magnitude of fluorescence intensity was not significantly greater than in Groups 2 , 3 and 4.

6.4.2

Determination of Lipid Peroxidation

Storage of kidneys at 0-2°C in HCA solution for 72 h resulted in highly significant (p<0.005)
increases in oxidative membrane damage compared with unstored controls in both the cortex and
medulla as determined by the subsequent in vitro formation of TBA-reactive material and Schiffs
bases (Figs 6.6 and 6.7). Inclusion of CP 102, NMHH and DFX in the HCA flush and storage solution
all highly significantly (p<0.005) reduced the formation of both markers of lipid peroxidation in the
renal cortex compared with Group 2 kidneys; levels of both markers were not significantly different
from Group 1 (unstored) kidneys. All three chelators were also highly effective (p<0.005 compared
with Group 2 ) at inhibiting Schiffs base formation in the medulla of stored kidneys; again, the
reduced levels were not significantly different fi'om those formed in Group 1 kidneys (Fig. 6.7).
Although production of TBA-reactive material in the medulla was also highly significantly (p<0.005)
reduced by all three iron chelators, levels of TBA-reactive material were not reduced to the low levels
found in Group 1 kidneys (^<0.005 compared with Group 1).

(5.4.3

Histology

Histological analysis of kidneys prior to reperfusion using both light and electron microscopy showed
no observable morphological or ultrastmctural damage in any group (as seen in Chapter 3). After 4.5
min of reperfiision of Group 1 kidneys there was minimal to mild cortical oedema as assessed by light
microscopy (Plate 6.1 and Fig 6 .8 ) but no mitochondrial swelling (as judged by electron microscopy).
In Group 2 kidneys, 4.5 min reperfiision resulted in mild cortical oedema and some hydropic
degeneration (as assessed by light microscopy) but little electron microscopical evidence of
mitochondrial swelling (Plates 6.2 and 6.3 and Fig 6 .8). Addition of CP 102 and NMHH both highly
significantly (/?<0.005) reduced cortical oedema to minimal or absent, as assessed by light microscopy
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(Plate 6.4 and Fig 6 .8). Oedema was significantly (f><0.05) reduced by DFX. There was little
microvascular congestion in the cortex of any kidney, but moderate to severe medullary congestion in
all stored kidneys, regardless of treatment with iron chelators.

6.4.4

Survival Determination

In Figs 6.9 and 6.10 are shown serum concentrations of creatinine and urea respectively, in Sub
groups 2-5. In Group 2 (72 h stored transplanted) 4 of 5 rabbits had developed uraemia by day 6 .
Treatment with iron chelators did not significantly affect either the long term viability or the serum
levels of urea and creatinine. In cases where renal fimction was insufficient to support life, either
complete infarction had occurred (Plate 6.5), or there was gradual severe necrosis of the whole kidney
(Plate 6 .6 ). That necrosis was gradual in these instances was illustrated by the demarcation of
successive necrotic zones by acute inflammatory infiltrate and casts (necrotic debris); large calcific
deposits were also prominent.
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Fig 6.1 Relative fluorescence intensity of NADH from 400-600 nm in a Group 1 kidney
obtained by excitation at 366 nm, showing oxidation of NADH upon reperfusion and
partial regeneration of NADH after inhibition of complex I. 1: NADH fluorescence after
completion of the autograft but prior to removal of the clamps for reperfusion; 2 :
NADH fluorescence after 90 sec of reperfusion; 3: NADH fluorescence 90 sec after
termination of reperfusion by Iv. infusion of sodium pentobarbitone.
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Fig 6.2 Mean and SEM changes (n=6 ) in relative fluorescence intensity of NADH expressed as
percentage changes over time in Group 1 (■, unstored) and Group 2 (A, 72 h stored) kidneys.
Reperfusion of the organ in situ took place at 0 min; inhibition of complex 1 by sodium
pentobarbitone infusion at 4.5 min. There was a highly significant decrease in NADH
fluorescence intensity within 90 sec of reperfusion in both groups (^<0.005, stars not shown).
**/7<0.005 refers to highly significant increases in NADH fluorescence intensity following
sodium pentobarbitone inhibition of complex I at 4.5 min. The results show that NADH
regeneration is impaired in stored transplanted kidneys when the respiratory chain is inhibited
at complex I.
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Fig 6.3 Mean and SEM changes (n=6 ) in relative fluorescence intensity of NADH expressed as
percentage changes over time in Groups 3 (■, 72 h stored + CPI 02), 4 (▲, 72 h stored +
NMHH) and 5 (T, 72 h stored + DFX) kidneys. Reperfusion of the organ in situ took
place at 0 min; inhibition of complex 1 by sodium pentobarbitone infusion at 4.5 min.
There was a highly significant decrease in NADH fluorescence intensity within 90 sec of
reperfusion in all three groups (p<0.005, stars not shown). **p<0.005 refers to highly
significant increases in NADH fluorescence intensity following sodium pentobarbitone
inhibition of complex 1 at 4.5 min. ^<0.05 refers to significant differences in NADH
fluorescence intensity in Group 5 compared with Group 2 at equivalent time points.
The results show that none of the iron chelators significantly improved NADH
regeneration following inhibition of the respiratory chain at complex I compared with
Group 2 , suggesting that they do not affect respiratory chain function.

137

Ch a p t e r 6

I r o n C h e l a t io n a n d N A D H F l u o r e s c e n c e

CO

300

in
m

250

M
C

® 150
c
M 100

50
>

0

<D

1

2

3

4

5

6

7

8

9

10

malondialdehyde tetraethylacetal (nmol)
Fig 6.4 Standard curve for malondialdehyde tetraethylacetal (nmol) vs relative fluorescence
intensity at 553 nm when excited at 513 nm (values are mean of duplicate
determinations).

1.0

0.8

oin
0.6

Q)
o
E 0.4
(O

o(/)
< 0.2
0
0

50

100

150

200

protein |/jg)

Fig 6.5 Standard curve for bovine serum albumin (pg) vs absorbance at 650 nm. Results are
presented as mean ± SEM of triplicate determinations.

138

I r o n C h e l a t i o n a n d NADH F l u o r e s c e n c e

Ch a p t e r 6

0.8 n
0.7 -

iI f o

0.6

S I— O)
^ E

ryyj Group
Group
H
Group
(XXI Group
I
I Group

-

0.5 0.4 -

j

0.3 -

.1 1
o (O
3
TJ 3
o o-

0.2

-

0.1

-

0 -

o S
o 2
to
o
cc E
c

-

0.1

-

■

0.2

-

1
2
3
4
5

I
Tf'
CORTEX

MEDULLA

-0.3 -

Fig 6.6 Rates of formation of TBA-reactive material in homogenates of renal cortex and
medulla, showing highly significant reductions in formation of TBA-reactive material
with all three iron chelators compared with untreated stored kidneys. Results are
presented as mean and SD (n=6) for Groups: 1 (unstored); 2 (72 h stored); 3 (72 h
stored + CPI02); 4 (72 h stored -+- NMHH); and 5 (72 h stored + DFX). **/><0.005, all
compared with Group 2.
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Fig 6.7 Rate of formation of Schiffs bases in homogenates of renal cortex and medulla,
showing highly significant reductions in Schiffs base formation with all three iron
chelators compared with 72 h stored kidneys. Results are presented as mean and SD
(n=6) for Groups: 1 (unstored); 2 (72 h stored); 3 (72 h stored + CP102); 4 (72 h stored
+ NMHH); and 5 (72 h stored -+- DFX). **p<0.005, all groups compared with Group 2.
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Fig 6.8 Degree of oedema (as assessed by light microscopy) in the renal cortex after 4.5 min of
reperfusion, showing significant reductions in oedema by all three iron chelators,
compared with untreated 72 h stored transplanted kidneys. Results are presented as
mean and range scores (n=6 ) in Group 1 (unstored). Group 2 (72 h stored). Group 3 (72
h stored + CP 102), Group 4 (72 h stored + NMHH) and Group 5 (72 h stored +
desferrioxamine). Tissue was scored blind by an independent pathologist on a scale of 0
(absent); 1 (minimal); 2 (mild); 3 (moderate) and 4 (severe). */?<0.05, **/;<0.005, all
groups compared with Group 2 .
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Plate 6.1

Light m icrograph of the renal cortex showing m inim al to mild intracellular
oedema in a G roup 1 (unstored transplanted) kidney (magnification x 40).

Plate 6.2

Electron m icrograph showing slightly swollen cortical proxim al tu b u lar
m itochondria in a G roup 2 (72 h stored transplanted) kidney (m agnification x
25,000).
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Plate 6.3

Light m icrograph of the renal cotex showing mild to m oderate cortical
intracellular oedema in a G roup 2 (72 h stored transplanted) kidney
(magnification x 40).

Plate 6.4

Light m icrograph of the renal cotex showing significant reduction in cortical
intracellular oedema in a G roup 3 (72 h stored + CP 130) transplanted kidney
(magnification x 40).
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Fig 6.9 Concentration of serum creatinine (fimol) in Groups 2 , 3, 4 and 5 for up to 10 days post
transplant (T denotes individual rabbits).
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Plate 6.5

Light m icrograph of the renal cortex of a G roup 2 infarcted kidney at autopsy
3 days after revascularization (magnification x 40), showing tu b u lar outlines
and massive inflam m atoiy infiltrate at the top right.

*

Plate

6 .6

M

■/

- ' '■1

Light m icrograph of the renal cortex of a G roup 2 kidney which had
undergone gradual severe necrosis of the entire kidney at autopsy 6 days after
revascularization, showing mild inflam m atoi^ infiltrate at the left (I) and
calcified necrotic tissue in the centre (C).
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Discussion

TTie measured emission spectra in the rabbit kidney cortex were characteristic for NADH fluorescent
emission when excited at 366 nm as previously reported (Tokunaga et al, 1987; Thomiley et al,
1994; Thomiley et al, 1995), and as determined in Chapter 5. NADH fluorescence in Group 1
kidneys prior to transplantation (3.4 ±1. 3 arbitrary units; n=6 ) was not significantly different fiom
fluorescence in Group 2 kidneys after 72 h cold preservation in HCA (3.9 ± 1.0; n=6 ). It is unlikely
that NADH fluorescence was enhanced by the cold during storage (concomitant with a decline in total
NADH) as it has previously been shown that perfusion of nephrectomised kidneys with ice cold
perfusate reduces renal core temperature to 1-2^C within 2 min and the temperature thereafter remains
constant (Lam et al, 1989). Thus, the core temperature of both stored and unstored perfused kidneys
should have been equivalent.

Earlier studies of NADH fluorescence in intact porcine and rat livers and in isolated hepatocyte
suspensions suggested that extended cold preservation resulted in an irreversible decrease in
fluorescence which correlated with decreased total adenine nucleotides, energy charge and cell
viability (Ozaki et al, 1989; Obi-Tabot et al, 1993). The fact that this did not occur in 72 h preserved
(Group 2 ) kidneys suggests that mitochondrial integrity (but not necessarily functional edacity) was
not significantly compromised prior to reperfusion. This premise is supported by both electron and
light microscopical analysis of unreperfused 72 h stored renal tissue, which showed no observable
ultrastmctural damage in the renal cortex (see Chapter 3). These findings correspond to those of Hardy
and co-workers (1991) who demonstrated that cardiac mitochondrial complex 1 activity is not
significantly depressed by hypoxia alone, but is significantly decreased upon reoxygenation.

Reperfusion of both Group 1 and Group 2 autografted kidneys resulted in the rapid dis^pearance
(within 90 sec) of 89.9% (± 4.3%) and 83.7% (± 8.5%) respectively of the NADH peaks measured
before reperfusion. It was shown in Chapter 5 that the presence of blood did not affect the maximum
measured NADH signal, so it may be surmised that the disappearance of the NADH peak was a result
of NADH oxidation, as previously shown in isolated hepatic and renal models of asanguineous
perfusion (Franke et al, 1976; Tokunaga et al, 1987). However, fi'om the data presented in this
chuter it was not possible to determine whether NADH oxidation occurred via an intact respiratory
chain, or whether the rapid oxidation of NADH was a result of early uncoupling of the respiratory
chain, perhaps as a consequence of ischaemic depletion of ADP levels (Ambrosio et al, 1993). The
fact that in both stored and unstored kidneys the kinetics of NADH oxidation during reperfusion was
very similar (Fig 6.2) may indicate that NADH oxidation occurred via the same mechanism in both
cases.
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Reperfusion was terminated by rapid i.v. infusion of sodium pentobarbitone, which inhibits NADH
dehydrogenase at complex I of the respiratory chain. In Charter 5, it was shown that after 3 h
reperfiision of unstored transplanted kidneys sodium pentobarbitone infusion resulted in r^id
increases in the relative fluorescence intensity of NADH to pre-reperfusion levels (Thomiley et al,
1994; and Chapter 5). However, infusion of sodium pentobarbitone after only 4.5 min of reperfiision
in Group 1 kidneys in the studies presented in this chapter resulted in the regeneration of only 58.3%
(± 6.5%) of the original NADH peak (Fig 6.2). These findings suggest that some degree of
mitochondrial dysfunction occurred during the early period of reperfiision even in unstored kidneys,
which was presumably induced by the warm ischaemic period of the transplantation operation itself.
The fact that continuation of reperfiision for 3 h allowed complete regeneration of NADH suggests
that this early damage to Group 1 kidneys was reversible.

In contrast, there were no significant changes in NADH fluorescence following sodium
pentobarbitone infusion after 4.5 min in Group 2 kidneys. Histological analysis at this time point
showed mild cortical oedema (compared with minimal oedema in Group 1 kidneys) but no signs of
perturbation of cortical microcirculation. It is therefore unlikely that failure to regenerate NADH was a
result of compromised circulation - and indeed, had this been the case (in the absence of mitochondrial
damage) one would have expected an increase in NADH fluorescence during reperfiision and this did
not occur. Thus, failure to regenerate NADH must presumably have been a result of substrate
deficiency leading to complex I, or of damage to complex I, or of hydrolysis of NAD^ to ADPribose
and nicotinamide as a result of oxidant induced mitochondrial Ca release (Richter, 1993). It was
shown in Chuter 5 that reperfiision of 72 h stored kidneys for 3 h resulted in the development of
severe cortical oedema. Despite these time-dependent differences in the severity of oedema, there were
no significant differences in the rate of increase or in the magnitude of NADH fluorescence following
sodium pentobarbitone infusion after 4.5 min or 3 h of reperfiision. Such a poor correlation between
severity of oedema and changes in NADH fluorescence suggests that cellular integrity is not the sole
determinant of mitochondrial function in stored kidneys. This conclusion is in agreement with the
work of Boydstun and co-workers (1993) who showed that recovery of renal ATP levels shortly after
ischaemia did not correlate with cellular integrity (as measured by release of lactate dehydrogenase).

In vitro evidence of autocatalytic fi-ee radical mediated injury to complex I of the respiratory chain has
been strengthened by demonstrations that respiratory chain function can be improved by use of fiee
radical scavengers, antioxidants, iron chelators, calcium antagonists or specific inhibitors of
respiratory complexes (Paraidathathu et al, 1992; Schulze-Osthoff et al, 1992; Ambrosio et al.
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1993). However, it has been shown that inhibition of fiee radical generation at complex I using
sodium pentobarbitone resulted in activation of an NADH oxidase in the outer mitochondrial
membrane (Ambrosio et al, 1993). Other investigators have shown that inhibition of mitochondrial
lipid peroxidation by means of respiratory chain inhibitors had no efiect on lipid peroxidation in other
cellular fiactions (Turrens et al, 1982; Vandeplassche et al, 1989). Thus, specific prevention of
respiratory chain damage in vivo could not be expected to prevent global damage to the proximal
tubule.

An important early event during ischaemia is the delocalization of low molecular weight chelatable
iron (Gower et al, 1989; Kukielka et al, 1994). In kidneys, 0 2 *^ or H2O2 generation can occur not
only in the respiratory chain complexes but also via mitochondrial NADH oxidase (Ambrosio et al,,
1993), xanthine oxidase (Roy and McCord, 1983; Ratych and Bulkley, 1986), and cytochrome P-450
(Palier and Jacob, 1994) - in addition to neutrophil mediated fioe radical release (Ratych and Bulkley,
1986). Iron (or copper) is required to catalyse the reduction of hydrogen peroxide to hydroxyl radical
like species via a Fenton type reaction (Kirschner and Fantini 1994; Wink et al, 1994) which mediate
not only lipid peroxidation but also highly site-specific inactivation of proteins, including several
membrane bound sulphydryl-containing ion pumps such as Ca-ATPase (Bellomo et al, 1983;
Holmberg et al, 1991). Effective intracellular chelation of catalytic iron is therefore potentially the
most effective means of global protection of the proximal tubule.

Desferrioxamine (DFX) is the most widely used iron chelator (Gower et al, 1989; Lloyd et al, 1991).
It has previously been shown that DFX can completely inhibit susceptibility to in vitro lipid
peroxidation in homogenates of the renal cortex and that it improves long term renal viability if given
in conjunction with a cyclo-oxygenase inhibitor such as indomethacin (Gower et al, 1989). Studies of
tumour necrosis factor (TNF)-mediated cytotoxicity in mouse fibrosarcoma cells showed that TNF
treatment resulted in a fi^ee radical mediated uncoupling of the respiratory chain at complex I which
was inhibitable by DFX (Schulze-Ostoff et al, 1991). However, DFX cannot rapidly enter cells by
passive difiusion (Lloyd et al, 1991), is in any case filtered rapidly through the glomeruli into the
urinary space and is not accumulated in measurable quantities in the renal parenchyma (Toffe. et al,
1991). Coupling DFX to lipophilic steroids, thereby targetting it to the plasma membrane, has been
shown to increase its potency as much as 10 to 100 fold (Braughler et al, 1988). However, such
moieties would certainly not enter the cell and could only affect respiratory chain function indirectly
through maintainance of cell membrane integrity or by affecting transcellular iron equilibria (Palier
and Hedlund, 1994).
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TTie influence of the two bidentate iron chelators, which should rapidly penneate membranes, was
therefore compared with DFX in terms of their effect on NADH fluorescence, post-ischaemic lipid
peroxidation, renal histology and long term viability. All three iron chelators significantly reduced
post-ischaemic susceptibility to lipid peroxidation (Figs 6.6 and 6.7). In the cortex, levels of TBAreactive material and Schififs bases were reduced to the very low levels found in Group 1. In contrast,
in the medulla TBA reactivity was only partially reduced. Previous experiments in this laboratory
have demonstrated that qjproximately 50% of the TBA-ieactive material formed in the medulla
following ischaemia is derived fi’om prostaglandin biosynthesis and not lipid peroxidation per se
(Gower et al, 1989). The extent of the decrease in TBA-reactivity in the medulla, coupled with the
more marked lowering of medullary Schififs base formation is therefore consistent with the three iron
chelators being powerful antioxidants but poor inhibitors of cyclooxygenase.

Despite their effectiveness at inhibiting lipid peroxidation, none of the iron chelators had a pronounced
effect on NADH fluorescence. There were no significant differences in the magnitude of the NADH
peaks prior to reperfusion compared with Group 1 kidneys, nor in the rates of oxidation of NADH at
reperfusion. Curiously, however, desferrioxamine treatment resulted in 100 % (± 0.5%) oxidation of
NADH upon reperfusion, a significantly (f><0.05) greater oxidation than occurred in Group 1 kidneys.
This may be an indication of complete uncoupling of the respiratory chain, but the mechanism by
which desferrioxamine could induce such an event is unclear. It is conceivable that desferrioxamine
could reduce extracellular calcium influx by preventing iron mediated inactivation of plasma
membrane calcium ionophores, while having no effect on intracellular calcium cycling across the
inner mitochondrial membrane. Such cycling has been shown to result in rapid oxidation of
mitochondrial NAD(P)H (O'Cormor, 1977) and ultimately in the hydrolysis of NAD^ (Richter, 1993).
This scenario is supported by the fact that inhibition of complex I in this group resulted in a small but
significant (18.1% ± 1%; /?<0.05, n=6 ) increase in NADH fluorescence, suggesting the respiratory
chain had become uncoupled rather than there being a complete loss of substrate or dénaturation of
complex I.

Inhibition of complex I in Groups 3 and 4 (treated with CP 102 and NMHH respectively) resulted in
larger increases in NADH fluorescence to 23.9% (± 6.2%) and 32.6% (± 6.2%) respectively but these
increases did not attain significance. The reasons for this lack of protective effect are not clear, but it is
possible that the iron chelators were not present in the mitochondria in sufBcient concentration to
prevent fiee radical mediated damage to the RC. However, it is unlikely that the chelators did not
penetrate to intracellular sites per se. In vitro cell culture studies using CP 102 showed that doses as
low as 30 mM were sufficient to mobilize iron fi’om ferritin - not necessarily beneficial in the context
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of ischaemia-reperflision injury as opposed to iron overload syndrome (Porter et al, 1989) - but
indicative that the chelator does reach intracellular sites. The partition coefficients of both CP 102 and
NMHH (<1), while being sufficiently high to facilitate membrane permeation, are not compatible with
their accumulation in cellular membranes (Porter et al, 1989). It is possible then that neither dmg
was able to inhibit oxidative reactions catalysed by accumulated iron in the mitochondrial membranes
(Kukielka et al, 1994). Nevertheless, if this accumulated iron is derived from ferritin (an aqueous
protein) or from cytochrome P-450 (Palier and Jacob, 1994) it seems likely that iron chelation in the
aqueous phase would reduce mitochondrial membrane accumulation of iron.

A practical problem pertaining to the use of bidentate iron chelators is the formation at low
concentrations of uni- and bi-chelator/iron complexes, both of which are capable of catalysing redox
reactions. Conversely, if too high a concentration is achieved, chelators with access to intracellular
sites may actually mobilize iron from ferritin in vivo. The dosing regimen employed in these studies
were intended to minimalize these possibilities. It has previously been shown that in the course of 72
h cold ischaemia the concentration of desferrioxamine-chelatable low molecular weight iron increases
from a negligible concentration to a mean of 90 pM (Healing et al, 1990). Thus a concentration of
300 pM CP 102 or NMHH should chelate, on a 3:1 ratio all available delocaÜ2æd iron. Similarly, a
dose of 50 mg/kg CP 102 or 40 mg/kg NMHH given i.v. to the recipient upon reperfusion should
produce effective concentrations of 300 pM as the dmgs do not concentrate in membranes and are not
metabolized in the liver (Porter et al, 1989; Hider et al, 1994). That these doses were indeed
therapeutic rather than toxic is suggested by the fact that all three iron chelators not only reduced both
markers of lipid peroxidation highly significantly (/?<0.005) (Figs 6.6 and 6.7) but also improved the
morphological ^pearance of the cortex (Plate 6.4 and Fig 6 .8). Despite this, none of the chelators
improved the long term viability of single stored autografted kidneys (Figs 6.9 and 6.10).

The ineffectiveness of intracellular iron chelation at improving either mitochondrial function or long
term viability may therefore be related to the nature of damage occurring in the respiratory chain
complexes. Firstly, it is possible that steric distortions may have rendered catalytic the prosthetic iron
of the iron-sulphur centres at complex I (which are likely to be inaccessible to intracellular chelators
except at very high concentrations). Secondly, 0 ^ or H2O2 could be capable of independently
inactivating complex I in the absence of iron. Finally, mitochondrial dysfunction may result from
ADP depletion or calcium cycling across the irmer mitochondrial membranes, leading to NAD
hydrolysis (Richter, 1993); irreversible mitochondrial injury being secondary to irreversible loss of
cellular integrity in this context. As all three iron chelators studied in this chapter had only minor
effects on mitochondrial function, but significantly reduced post ischaemic lipid peroxidation and
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improved the moiphological ^peaiance of the cortex, their mode of action may have been related to
improvements in cellular integrity. Improvements in cellular integrity alone do not therefore
necessarily correlate with long tenn renal function.
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6.6

Conclusions

(i)

Hypothennic storage of NZW rabbit kidneys for 72 h resulted in severe mitochondrial
dysfunction within the first 5 min of reperfusion.

(ii)

Neither "extracellular" nor "intracellular" iron chelation improved mitochondrial function
despite both types of chelator having highly significant (p<0.005) ameliorative effects on
susceptibility to lipid peroxidation and cortical intracellular oedema.

(iii)

Iron delocalization is unlikely to be a critical determinant of mitochondrial function during
reperfusion of hypothermically stored transplanted kidneys, but may contribute to loss of
cellular integrity.

(iv)

Cellular integrity during early reperfusion and long-term viability do not necessarily correlate.
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The studies presented in this chapter are based on a paper published in:
Transplantation 1994; 58:1303-1SOS.

7.1

Introduction

In Chuter 6 , it was shown that iron chelation reduced susceptibility to lipid peroxidation and
improved the morphological appearance of the cortex, but did not affect mitochondrial function,
medullary congestion or long term viability. Mitochondrial dysfunction was demonstrated within the
first 5 min of leperfusion, and did not appear to be causally related to medullary congestion or
secondary ischaemia. It was suggested that mitochondrial dysfunction could have been mediated by
increased calcium cycling, in line with reports of others (Hardy et al, 1991; McAnulty et al, 1991;
Richter, 1993).

Calcium activation of phospholipases during or immediately after long-term preservation may damage
mitochondria or other organelles as a result of enzymatic catabolism of cell membranes (McAnulty et
al, 1991). Phospholipase A 2 activity results in release of arachidonic acid, which can be metabolised
by cyclooxygenase, lipoxygenase or cytochrome P-450 to form a variety of products including
hydroperoxides, leukotrienes, prostaglandins and thromboxanes (Lefer, 1985; Frazier and Yorio,
1992; see Chapter 1). Small amounts of lipid hydroperoxide can be amplified by the arachidonatelipoxygenase combination, generating more lipid peroxide (Lands,

1986). Such feedback

amplification may produce a vigorous cellular response to oxygen radicals, mediated by eicosanoids
binding to specific cellular receptors. Thus oxy-radicals could stimulate highly selective cellular
responses rather than simply random destmctive radical degradations (Lands, 1986).

It was shown some years ago that the use of desferrioxamine in conjunction with indomethacin, a
potent inhibitor of cyclooxygenase, significantly improves renal function and long-term viability
(Grower et al, 1989). More recently it has been reported that inhibition of phosholipase A 2 and
cyclooxygenase has a beneficial effect on viability of transplanted dog kidneys following prolonged
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storage (Schilling et al, 1993). The role of lipoxygenase in ischaemia-reperflision injury is more
equivocal. It has been suggested that leukotriene B4, a powerful chemoattractant for neutrophils, plays
a central role in post ischaemic renal injury (Linas et al, 1988; Klausner et al, 1989). However,
studies using the selective 5-lipoxygenase inhibitor diethylcarbamazine have not precluded the
possibility that it acts simply as an antioxidant (Klausner et al, 1989). Nevertheless, it is possible that
combined inhibition of lipoxygenase and chelation of catalytic iron, using a novel single agent, could
ameliorate ischaemia-reperfusion injury in the NZW rabbit renal autograft model.

Compound BW B70C

(E-N-(3 -(3 -(4-fluorophenoxy) phenyl)-1 (R,S)-methylprop-2-enyl)-N-

hydroxyurea) is a potent inhibitor of leukotriene B4 synthesis in vitro and in vivo, with an IC50 of 0.1
|liM (Salmon and Garland, 1991). BW B70C is the hydroxyurea analogue of a key acetohydroxamic

acid BW A360C. The hydroxyurea moiety is less readily metabolised to the glucuronide than the
acetohydroxamate so plasma levels remain higher and the duration of inhibition of 5-lipoxygenase is
longer. In rabbits, an oral dose of 10 mg/kg resulted in complete inhibition of LTB4 formation in
A23187-stimulated whole blood ex vivo for 12 h (compared with 8 h for BW A360 C) (Salmon and
Garland, 1991). The mode of action of BW B70C is uncertain, but it seems likely that it acts as a site
directed peroxyl radical scavenger. In addition, it has been shown to act in vitro as an iron chelator and
free radical scavenger (Salmon and Garland, 1991).

7.2

Objective

The aims of this chuter were to:

(i)

Establish the efficacy of BW B70C in inhibiting 5-lipoxygenase in the NZW rabbit renal
autograft model.

(ii)

Establish the significance of leukotriene B4 mediated inflammatory damage per se in the
transplanted stored kidney.

7.3

Methods

7.3.1

Methodology

A total of 48 adult female NZW rabbits (2.5-3 kg) were anaesthetized by an i.m. injection of fentanyl
fiuanisone followed by slow injection of diazepam; oxygen (2 L/min) was supplied via an open face
mask (see Chapter 2). Kidneys were flushed with ice-cold (0-2^C) HCA and stored in HCA (or HCA
containing BW B70C) at 0-2^C for 48 h prior to autografting. The 48 h preservation period was
adopted in the studies presented in this chapter in order to maximise the threshold of recovery while
nevertheless causing substantial ischaemia-reperfusion injury.
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Renal vein serum eicosanoid levels were assayed by ELISA as described in Chapter 2. Leukotriene B4
mediation of vascular permeability was evaluated by colloidal carbon labelling and of inflammation
by histological analysis (light and electron microscopy). Serum levels of thromboxane b% (the
breakdown product of TxÀ2, a potent vasoconstrictor and inflammatory mediator) and 6 -ketoprostaglandin Fia, a breakdown product of prostacyclin, a vasodilator and physiological mediator of
renal blood flow and ion pump fimction) were also measured to determine whether inhibition of
lipoxygenase enhanced cyclooxygenase metabolism. The effect of BW B70C on the long-term
function and viability of autografled single stored kidneys was assessed by measurement of serum
creatinine and urea levels and monitoring of the long-term survival of the animals (see Chuter 2 for
details of all methodologies used).

7.3.2

BWB 70C Dosage and Experimental Groups

BW B70C (10 mg/kg in 0.25% w/v carboxy-methylcellulose) was administered orally (via a stomach
line) 12 h and 1 h prior to autografting and at a concentration of 15 pM in the flush/preservation
solution (Group 2). Controls (Group 1) were treated with vehicle only.

Measurements of renal pathophysiology were made in 4 subgroups of 12 animals (6 in Group 1 and 6
in Group 2 ):

(i)

Measurement of renal vein serum [LTB4], [6 -k-PGFi J and [TXB2] after 10 and 30 min, 1, 2,
4 and 6 h of reperfiision (see Chuter 2 for details). After 6 h of reperfusion, renal
morphology was evaluated using light and electron microscopy

(ii)

Measurement of peri-vascular penetration of infused colloidal carbon after 30 min of
reperfusion to give an indication of vascular permeability (see Chapter 2)

(iii)

Evaluation of inflammatory infiltiate and renal histopathology 3 days after revascularization

(iv)

Determination of long-term viability (see Chapter2).

7.4

Results

7.4.1

ELISA Assays of Serum Eicosanoid Concentrations

In Group 1 kidneys (untreated with BW B70C) 48 h hypothermic storage and transplantation of
kidneys resulted in a significant elevation in renal vein serum LTB4 levels fi'om 235 ± 77 pg/ml after
10 min reperfusion to 2092 ± 282 pg/ml after 30 min (p<0.05, n=4; Fig 7.4). After 2 h, LTB4 levels
had dropped significantly to a plateau value of 288 ± 22 pg/ml (^?<0.05, n=4) which remained steady
for the following 4 h. In Group 2 kidneys, treatment with BW B70C caused a significant reduction in
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LTB4 serum levels at 30 min and 1 h to 131 ± 13 pg/ml (p<0.01, n=4) and 157 ± 17 pg/ml (/7< 0 .01 ,
n=4) respectively. Thereafter, serum levels were similar to Group 1.

Serum 6 -k-PGFia concentration increased signij&cantly after 1 h of reperfiision in Group 1 animals
6 0 m 523 ± 66.5 pg/ml at 1 h to 2092 ±115 pg/ml after 6 h (p<0.05, n=4; Fig 7.5). In Group 2 (BW

B70C treated) animals there was a slight but significant delay in the increase in 6 -k-PGFia after 1 h
compared with Group 1 animals (p<0.05, n=4). In Group 1, 6 -k-PGFia concentration was 1673 ±
326.5 pg/ml (n=4) after 2 h compared with 993 ± 90 pg/ml (n=4) in Group 2 animals. In Group 1,
TxB2 concentrations remained steady at approximately 300 - 400 pg/ml for the 6 h of reperfiision
measured (n=4; Fig 7.6). There were no significant differences between controls and BW B70C
treated animals.

7.4.2

Histology After 6 h Repeiftision

Control kidneys (Group 1) exhibited moderate to severe (3-4) cortical oedema and mild (2) congestion
(6 of 6 kidneys). There was no fiunk necrosis or haemorrhage. BW B70C treatment had no apparent

effect on the severity of cortical oedema at this time point (in 6 of 6 kidneys). Surprisingly, both the
degree of congestion and the incidence of haemorrhage were significantly exacerbated by BW B70C
treatment (p<0.05, n=6 in each group; Fig 7.7). Congestion was moderate to severe (3-4) and there
was minimal to mild (1-2) haemorrhage in 6 of 6 of the BW B70C treated kidneys.

7.4.2

Estimation of Vascular Permeability

In Group 1 kidneys, perivascular-tr^ped carbon was detectable by light microscopy in a narrow but
continuous band in the cortico-medullary junction area (n=6 ; Plate 7.1). In all cases, peri-vascular
carbon penetration was mild to moderate (2-3). Elsewhere in the kidney, perivascular carbon retention
was minimal or absent (in 6 of 6 kidneys). Treatment with BW B70C had no observable effect on
either peri-vascular carbon penetration or intra-renal distribution (in 6 of 6 kidneys).

7.4.4

Estimation o f Inflammatory Inftltrate and Renal Histopathology

Group 1 kidneys exhibited mild tubular necrosis and patchy or wide-spread calcification by light
microscopy (Fig 7.8; Plate 7.2). Both fiunk tubular necrosis and calcification were significantly
reduced by BW B70C treatment (/?<0.05, n=6 in each group; Fig 7.8; Plate 7.3). These observations
were confirmed by electron microscopical analysis. In Group 1 kidneys, the proximal tubules
exhibited severe blebbing, intraluminal vacuolation, nuclear margination and condensation, and
degeneration of cellular organelles (Plate 7.4). In Group 2 kidneys, the proximal tubules (particularly
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the S3 segments) were well preserved, with intact brush borders, and minimal cellular or
mitochondrial swelling. Cristae stmctures were well defined and regularly spaced (Plate 7.5).

There was very little inflammatory infiltrate in any specimen, so it was not possible to demonstrate a
discernable inhibition by BW B70C.

7.4.5

Survival Determination

BW B70C treatment did not improve the long-term viability of transplanted 48 h stored kidneys. In 3
of 6 Group 1 rabbits therewere no symptoms of renal failure after 3 weeks compared with 2 of 6
Group 2 animals (as shown in chapter 3,48 h hypothermic storage of kidneys results in qrproximately
50% post-operative survival). There were no obvious beneficial or deleterious effects of BW B70C
either in terms of graded physiological function (serum urea and creatinine levels) or in the subsequent
histological appearance of the kidneys. In BW B70C treated animals, peak serum creatinine was 2016
± 286 |iM compared with 1785 ± 390 p.M in untreated controls (Fig 7.9). Peak serum urea values in
BW B70C treated animals were 45.2 ± 15.3 mM, and 37.2 ± 6.3 mM in untreated controls (Fig 7.10).
There were no significant differences between these values.
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Figs 7.1-3
Standard curves for LTB4 (top), 6-k-PGFia (middle) and TxBz (bottom): %B/Bq (percentage of
bound ligand for each standard) is plotted as a function of the log eicosanoid concentration per
well (pg). Each point is the mean of duplicate determinations.
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Fig 7.4 LTB4 concentration in serum samples taken directly from the renal vein at 10, 30, 60,
120 , 240 and 360 min after reperfusion. The results show highly significant reductions
in serum [LTB4] by BW B70C over the first 30 to 60 min of reperfusion. T = Group 1
(control); ▲ = Group 2 (BW B70C treated). Results are presented as mean ± SEM
(n=4). **/7<0.005.
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Fig 7.5 6 -k-PGFia concentration in serum samples taken directly from the renal vein at 10, 30,
60, 120 , 240 and 360 min after reperfusion. The results show significant increases in
serum [6 -k-FGFia] in both groups after 60 min of reperfiision but occurring more
slowly in animals treated with BW B70C. T = Group 1 (control); A = Group 2 (BW
B70C treated). Results are presented as mean ± SEM. *p<0.05.
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Fig 7.6 TxB] concentration in serum samples taken directly from the renal vein at 10, 30, 60,
120, 240 and 360 min after reperfusion. The results show no change in serum [TiB^]
during the 6 h of reperfusion. V = Group 1 (control); A = Group 2 (BW B70C treated).
Results are presented as mean SEM.
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Fig 7.7 Severity of cortical intracellular oedema, congestion and haemorrhage following 48 h of
storage and 6 h of reperfusion in Group 1 (control, checked bars) and Group 2 (BW
B70C treated, hatched bars) kidneys. The results show that BW B70C significantly
exacerbated both medullary congestion and haemorrhage. Results are presented as
mean ± range (n=6). *^<0.05.
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Fig 7,8 Severity of tubular necrosis and calcification in the renal cortex following 48 h storage
and 3 days reperfusion in Group 1 (control, checked bars) and Group 2 (BW B70C
treated, hatched bars) kidneys. The results show that BW B70C had a significant
protective effect on tubular necrosis and calcification 3 days after revascularization.
Results are presented as mean ± range (n=6). *p<0.05.

Plate 7.1

Light micrograph of peri vascular colloidal carbon penetration in the corticomedullaiy junction of a Group I (untreated) kidney after 30 min of reperfusion
(magnification x 40).
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Plate 7.2

Light micrograph of the renal cortex of a Group 1 (untreated) kidney 3 days
after revascularization showing widespread cortical calcification (C)
(magnification x 60).

Plate 7.3

Light micrograph of the renal cortex of a Group 2 (BW B70C treated) kidney 3
days after revascularization showing well preserved tubular structure
(magnification x 40).
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Plate 7.4

Electron m icrograph of cortical proximal tubules in a G roup 1 (untreated)
kidney 3 days after revascularization (magnification x 5,000), showing loss of
nuclear m aterial (N), swollen m itochondria (M) and loss of brush bo rd er (B),

.

Plate 7.5

A.

Electron m icrograph of cortical proxim al tubules in a G roup 2 (BW B70C
treated) kidney 3 days after revascularization (magnification x 5,000), showing
intact brush border (B), norm al nuclear appearance (N) and unswollen
m itochondria.
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Fig 7.9 Concentration of serum creatinine in Group 1 (left) and Group 2 (right) kidneys,
represents values for a single animal.
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Discussion

The results presented in this chapter demonstrate that inhibition of LTB4 synthesis in this model of
renal storage and transplantation does not prevent the development of acute renal failure. This
conclusion is based on the ELISA data demonstrating a significant elevation in LTB4 levels 30 min
after reperfusion and the inhibition of this rise by BW B70C (Fig 7.4). A similar elevation in LTB4
levels has been reported previously using radioimmunoassay following renal pedicle occlusion
(Klausner et al, 1989). It is possible that the LTB4 antibody cross-reacted with unknown plasma
lipids or proteins but the complete inhibition by BW B70C to near background levels makes this
unlikely. A second factor is the delay in increase of LTB4 levels - there was no change in LTB4 levels
during the first 10 min of reperfusion (Fig 7.4). Although there are reports of 12- and 15-lipoxygenase
activity in the renal cortex (Winokur and Morrison, 1981; Lianos et al, 1985; Frazier and Yorio,
1992) there are no reports of 5-lipoxygenase activity (Frazier and Yorio 1992) and subsequent
leukotriene production by renal tissue. The source of LTB4 is therefore likely to have been activated
neutrophils and a delay in neutrophil accumulation and activation may account for the delay in serum
LTB4 elevation. As a large influx of neutrophils was not observed using light microscopy, it is
possible that release of LTB4 fi'om neutrophils occurred before neutrophil rolling and adhesion.

Unlike Klausner et al (1989) and Lelcuk et al (1985) a significant increase in TxB2 levels during
reperfusion was not detected (Fig 7.6). One possible explanation for this is that both these studies
dealt with kidneys in which ischaemia was induced by clamping of the renal pedicle. The vasculature
was therefore congested with erythrocytes and other blood cells throughout the period of warm
ischaemia and as discussed in Chapter 3 this scenario is very different fi'om the cold ischaemic/HCA
flush model discussed here. It has been argued that TxA2 is an essential mediator of reperfusion injury
(Lelcuck et al, 1985), and Klausner and co-workers (1989) demonstrated that TxA2 synthesis was
neutrophil dependent rather than platelet dependent. This is curious since if the source of LTB 4 in the
present study was indeed activated neutrophils, one would expect a concommittant rise in TxB2 levels.
However, this was not observed (Fig 7.6). TxA2 is a potent vasoconstrictor and platelet aggregator.
Despite this, there is little evidence of thrombocyte aggregation or fibrin deposition in post-ischaemic
kidneys and heparinization prior to ischaemia does not prevent vascular congestion (Sheehan and
Davis, 1959; Ratych and Bulkley, 1986; Mason et al, 1989). These observations must cast doubt on
the role of thromboxane A 2 as a mediator of ischaemia-reperfusion injury in kidneys stored for 48 h
prior to transplantation.

In contrast, serum 6 -k-PGFia concentration increased significantly after 1 h of reperfusion in both
controls and in BW B70C treated animals, albeit more slowly in Group 2 (Fig 7.5). 6 - k - PGF i s a
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breakdown product of prostacyclin, a vasodilator. Lelcuk et al. (1985) reported that ischaemia and
reperfiision resulted in an imbalance of eicosanoid synthesis in fevour of vasoconstriction. In this
study, the ratio of TxB2/ 6 -k-PGFia was much higher (0.60 ± 0.22, n=4) during the first 1 h of
reperfiision than after 2 h (0.19 ± 0.11, n=4) or 6 h (0.17 ± 0.13, n=4). These data are therefore in
accordance with those of Lelcuk and colleagues. It is interesting that the increase in 6 -k-PGFia
concentration after 1 h correlates with improved renal perfusion as medullary congestion clears (Lane
et al, 1994 and Chapter 4) It is possible that improved medullary blood flow, which is not a
consequence of vasodilation in the medulla but rather of a reduction in medullary oedema (Mason et
al, 1989) results in increased prostacyclin synthesis in the medulla and consequently vasodilation of
the cortical arterioles. Prostacyclin is also capable of activating cAMP-dependent protein kinase in
endothelial cells, thereby stimulating the augmentation of endothelial cytoskeletal fibres and
consequently reducing vascular permeability (Killacky et al, 1986; Alexander et al, 1988; Casnocha
et. al, 1989) and of inhibiting adenylate cyclase in mTAT cells (see also Chuter 10) thereby reducing
active Na^CF reabsorption (Gieger, 1985; Smith, 1987; Frazier and Yorio, 1992). Similar alterations
are mediated by the loop diuretic fiusemide and are considered in Chapter 9.

BW B70C treatment resulted in significantly worse medullary congestion and haemorrhage after 6 h
of reperfiision compared to Group 1 (Fig 7.7). These results were startling on preliminary
consideration. However, recently there have been reports that renal epithelial cell K% Na^ and Cl ion
channels are modulated by lipoxygenase intermediates via a G protein Gai subunit (Cantiello et al,
1990; Scherer and Breitwieser, 1990; Frazier and Yorio, 1992,). Inhibition of 5-lipoxygenase with
nordihydroguaiaretic acid (NDGA) resulted in an inhibition of Na^ chaimel activity which was
restored on addition of LTD 4 or the parental leukotriene substrate 5-HPETE (Cantiello et al, 1990).
These studies have been concerned in the main with apical ion channel regulation in polarized
epithelial cells. However, patch-clamp experiments involving the inwardly rectifying

current in

isolated bullfrog atrial cells have shown similar G protein modulation by arachidonic acid metabolites
(Scherer and Breitwieser 1990). Thus, it seems likely that regulation of ion channel activity may be a
common mechanism shared by some lipoxygenase products (Frazier and Yorio, 1992 and Chuter 1).

These findings offer a possible explanation for the exacerbation of vascular congestion and
haemorrhage by BW B70C reported here. It is established that medullary congestion is a result of
oedematous swelling of the medullary thick ascending tubule (mTAT) in the outer band of the outer
medulla (Mason et al, 1989 and Chuter 3). It is known moreover that significant Na%

and Cl'

reabsorption occurs in the mTAT (Greger, 1985). It is conceivable that inhibition of basolateral but
not ^ical ion pump function in these tubules by BW B70C could prolong their recovery fiem
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intxacellular oedema and thereby exacerbate congestion and haemorrhage. This hypothesis is
supported by the feet that BW B70C treatment also slightly delayed the rise in 6 -k-PGFia levels after
1 h of reperfiision (Fig 7.5). As noted already, this rise appeared to correlate inversely with the
severity of oedema and clearance of medullary congestion (see Chapter 4). However, this rather
speculative conclusion assumes that Na^-pump function is not severely compromised and that
mitochondrial function is sufficient to provide for the energy e^qienditure of the Na"^- pumps as well as
other vital cellular functions. This may be true following the relatively short 48 h renal storage prior to
autografting in the studies presented in this chuter but must be equivocal following 72 h storage in
the light of the results presented in Chuter 6 .

These results were unexpected since LTB 4 is known to stimulate vascular permeability. The vascular
labelling studies reported here showed no difference in vascular permeability between controls and
BW B70C treated kidneys. From this and the feet that mTAT swelling occurs during rather than after
ischaemia (Mason et al, 1989 and Chapter 3) it seems likely that damage to the endothelium had
occurred during the storage period itself Oedema remains perhaps the most serious obstacle to
prolonged renal storage. The relative success of preservation solutions such as the University of
Wisconsin solution may be a consequence of the effectiveness of the impermeants raffinose and
lactobionate (Wahlberg et al, 1986). It has been shown that mannitol, the impermeable constituent of
HCA is permeable to the renal tubules after severe ischaemia (Ruka et al, 1978) and is in any case
more freely permeable than raffinose (Wahlberg et al, 1986). It is possible that inhibition of 5lipoxygenase would be of greater value if mTAT swelling was prevented by use of a more effective
impermeant. The studies presented in ChqDter 9 evaluate the possible ther^eutic benefits that may be
achieved by substitution of impermeant solutes.

After 3 days of reperfiision there was very little inflammatory infiltrate in any of the control or BW
B70C treated kidneys. Neutrophils are seldom observed by routine histological methods in ischaemic
kidneys, but intra-vital microscopy of neutrophil entrapment and adherence suggests that a few
neutrophils may induce significant functional disturbance by obstmcting individual cq)illaiies in a
stochastic fashion (Schmid-Schonbein 1987). The delayed burst of LTB4 synthesis during early
reperfiision would also tend to support this view. However, the negligible inflammation after 3 days of
reperfiision was surprising as by this time there was wide-spread tubular necrosis and calcification in
control kidneys (Fig 7.8 and Plate 7.2).

Treatment with BW B70C significantly reduced both tubular necrosis and calcification at this time
point (Fig 7.8 and Plate 7.3) but it was not possible to demonstrate an inhibition of inflammation.
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These findings suggest that BW B70C may be acting as an intra-cellular iron chelator or fiiee radical
scavenger within the proximal tubule, or could have supressed lipoxygenase-mediated amplification
of lipid hydroperoxides (which would occur predominantly in the renal cortex; see Chapter 1). If this
is the case, it is curious that BW B70C had no effect on oedema of the proximal tubule after 6 h of
reperfiision. However, it has previously been demonstrated that a novel hexadentate iron chelator,
CP 130 reduced cortical oedema following 45 min of warm ischaemia but only after 1 h of reperfiision
(Gower et al, 1993). Oedema is a reversible cell injury and progression fixim oedema to necrosis is
dependent upon irreversible damage to membrane integrity, membrane protein fimction,
mitochondrial fimction, intracellular signalling mechanisms or DNA (Farber et al, 1981). It is
possible therefore that BW B70C ameliorated iron- or lipoxygenase-dependent irreversible injury to
the proximal tubule. The feet that this did not improve the long-term viability of transplanted 48 h
stored kidneys may be a corollary of early reperfiision damage to the medulla, which might possibly
have been exacerbated by cyclooxygenase-mediated amplification of lipid hydroperoxides, delayed
elevation of serum prostacyclin levels leading to depression of cAMP-dependent cytoskeletal
augmentation in the endothelium and stimulation of Na^CF reabsorption (Killacky et al, 1986;
Alexander et al, 1988; Casnocha et. al, 1989) or feilure to improve mitochondrial fimction.
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7.6

Conclusions

(i)

BW B70C alone did not improve renal viability following 48 h storage.

(ii)

BW B70C treatment resulted in a significant inhibition of LTB4 synthesis in this model of
ischaemia-reperfusion injury.

(iii)

Inhibition of LTB4 synthesis did not influence long term graft viability.

(iv)

Inhibition of LTB4 synthesis did not affect vascular permeability following 48 h cold
ischaemia.

(v)

BW B70C treatment resulted in significant amelioration of acute tubular necrosis in the renal
cortex, which may have been the result of an antioxidant/iron binding effect.
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CHAPTERS

Ebselen: The Effect

of a

N o n -I r o n C h e l a t in g A n t io x id a n t
O n R e n a l P r e s e r v a t io n

The studies presented in this chapter are based on a paper published in:
Biochemical Pharmacology 1992; 43: 2341-2348.

8.1

Introduction

In Chapter 7, it was shown that inhibition of lipoxygenase using a novel site-directed peroxyl radical
scavenger (BW B70C) did not prevent the development of acute renal failure. However, BW B70C
did significantly reduce the severity of both acute tubular necrosis and calcification in the renal cortex
3 days after revascularization. It was suggested that BW B70C could have suppressed lipoxygenasemediated feedback amplification of lipid peroxides (Lands, 1986). Lipoxygenase activity is associated
with glomerular epithelial and mesangial cells in the renal cortex (Jim et al, 1982). In contrast,
cyclooxygenase is expressed predominantly in the interstitial cells, thin descending limbs and
collecting ducts of the medulla (Frazier and Yorio, 1992). Since BW B70C actually exacerbated
ischaemia-reperfusion damage in the medulla a similar feedback amplification system involving
cyclooxygenase rather than lipoxygenase, and therefore uninhibited by BW B70C, may have been
operating in the renal medulla.

Ebselen (PZ 51, 2-phenyl-l,2-benzisoselenazol-3-(2H) one) is a seleno-organic compound with both
antioxidant and anti-inflammatory properties (Sies, 1994). In addition to displaying a glutathione
peroxidase-like activity at physiological concentrations of glutathione (Müller et al, 1984) ebselen has
been shown to inhibit a range of enzymes involved in the inflammatory response, including:

(i)

5-lipoxygenase in rabbit reticulocytes, rat peritoneal neutrophils and human platelets in the
absence of glutathione (Safayhi et al, 1985; Kühl et al, 1986; Schewe et al,

(ii)

Cyclooxygenase in human platelets (Kühl et al, 1986)
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(iii)

NADPH cytochrome P-450 reductase in rat and mouse liver microsomes (Wendel et al,
1986; Nagi et al, 1989) and other flavin based components of the electron transport chain
including NADH-cytochrome b$ reductase (Nagi et al, 1989)

(iv)

Nitric oxide synthase in rabbit aorta rings (Zembowicz et al, 1993).

The potential sites of interaction of ebselen in the oxidative cascades are shown in Figs 8.1 and 8.2.

NAD(P)H
oxidase

Membrane Stimulation

(e.g. chemotactic agents
and phagocytes).

Ebselen
Other O2
free radicals

SOD

+ unsaturated fatty acid (L)
diene conjugates

peroxy radicals
R*H lipid or protein
LOOM

Lipid hydroperoxide
Ebselen or glutathione peroxidase

alkoxy radicals

LOH

Aldehydes, ethane, pentane

Fig 8.1 Inhibition of lipid peroxidation by ebselen.
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prostaglandins,
thromboxanes
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Fig 8.2 Interactions of ebselen in the eicosanoid cascade.

Thus, ebselen could act as a chain breaking anti-oxidant or glutathione peroxidase mimic to inhibit
lipid peroxidation, or inhibit hydroperoxide amplification by inhibition of the fatty acid oxygenases.
In addition, inhibition of electron transfer fi'om cytochrome P-450 reductase could stabilize the P-450
system, and ameliorate release of haem iron during ischaemia (Palier and Jacob, 1994). There is no
direct evidence of ebselen interacting with electron transfer in the mitochondrial respiratory chains, but
it has been shown to reduce lipid peroxidation in mitochondrial membranes (Narayanaswami and
Sies, 1990).

Unfortunately, ebselen is very r^idly metabolised in vivo and two principal products (metabolites I;
2-glucuronylselenobenzanilide and U: 4-hydroxy-2-methylselenobenzanilide) have been identified
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(Terlinden et ai, 1988). Hie speed of transfoimation is so r^id that the parent dmg is undetectable by
HPLC in human, pig, rat or rabbit plasma following oral or intra-peritoneal administration (Terlinden
et al, 1988). The antioxidant opacity of the two principle metabolites is therefore of great practical
importance unless a more effective means of presenting the untransformed dmg is devised. The
antioxidant activities of a range of related seleno-organic compounds have been tested on
iron/ADP/ascorbate induced lipid peroxidation in rat liver microsomes and the two principal
metabolites were found to be ineffective in this system (Narayanaswami and Sies, 1990). However,
the iron/ADP/NADPH system was used in the present study, as the ability of ebselen and its
metabolites to inhibit NADPH cytochrome P-450 reductase in vitro may be important in the context
of renal preservation.

Despite the metabolic limitations of its in vivo usage, ebselen has been shown to reduce infarct size in
the post-ischaemic myocardium (Hoshida et al, 1994), to ameliorate experimentally induced lung
injury and cerebral ischaemia in rats (Cotgreave et al, 1988, Tanaka et al, 1990) and to protect
against galactosamine/endotoxin induced hepatitis in mice (Wendel and Tiegs 1986).

8.2

Objectives

The studies presented in this chapter were designed to:

(i)

Determine the global antioxidant capacity of the major ebselen metabolites in vitro

(ii)

Assess the efficacy of ebselen in reducing renal ischaemia-reperfusion injury.

8.3

Methods

8.3.1

Methodology

The antioxidant edacity of ebselen and its two major metabolites was tested in vitro in peroxidising
rat liver microsomes, in which lipid peroxidation (detected by measurement of TBA-reactive material)
was initiated by ferric sulphate/ADP/NADPH (see Chqjter 2).

In the renal studies, a total of 22 adult female NZW rabbits (2.5-3 kg), in 5 groups (described below)
were anaesthetized by an i.m. injection of fentanyl fiuanisone and diazepam; oxygen was supplied via
an open face mask (see Chapter 2 for full details). Kidneys were flushed with ice-cold (0-2^C) HCA
and stored in HCA (or HCA containing ebselen (100 pM in 0.1% ethanol (v/v) final)) at 0-2^C for 48
or 72 h prior to measurement of susceptibility to lipid peroxidation or autografting for assessment of
long term viability.
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The effect of ebselen on the post-ischaemic formation of TBA-ieactive material and Schiff s bases was
investigated in kidneys stored for 0 or 72 h. Slices were taken ffom kidneys prior to homogenization
for morphological evaluation using light microscopy. The effect of ebselen on long-term viability was
determined by measurement of serum urea and creatinine levels in rabbits allowed to recover after
autografting of kidneys stored for 48 h. The 72 h preservation period was chosen to facilitate
comparisons of susceptibility to lipid peroxidation with the results of other ch^ters; the 48 h
preservation time for survival studies was adopted as the e?q)ected 50% survival of renal grafts gives
the clearest indication of any effect of ebselen, whether beneficial or deleterious. (An extra group of 72
h preserved kidneys was transplanted but survival was very poor in both groups (1 and 0 out of 6
respectively) and the results are not presented).

8.3.2

Drug Dosage

(i)

In vitro. Ebselen (in lOpl DMSO, final concentrations of 1.6, 3.2 and lOpM) was added to
the microsomal suspension (see Chapter 2) 5 min prior to initiation of peroxidation.
Metabolites I and H were also dissolved in DMSO (10 pi) to produce final concentrations of
3.2, 10 and 50 pM

(ii)

In vivo. During nephrectomy, ebselen (1 mM) was administered i.v. in 60 ml isotonic saline
containing 3% cremophor (w/v) to achieve solubilization, using a Braun Perfusor VI pressure
pump. Controls received vehicle only. Kidneys were stored at 0-2°C for 48 or 72 h in HCA
containing ebselen (100 pM in 0.1% ethanol (v/v) final). When rabbits were to be recovered
in the course of survival studies, ebselen (ImM in 60 ml saline/3 % cremophore) was infused
i.v. at a rate of 120 ml/h, starting 15 minutes prior to reperfusion.

8.3.3

Experimental Groups

Group I:

Freshly nephrectomized kidneys fi*om bilaterally nephrectomized rabbits (n=6 ; taken
at random fi*om a pool of 18 kidneys from rabbits which had undergone bilateral
nephrectomy under terminal anaesthesia) were flushed with 40 ml HCA (0-2^C) and
homogenized immediately for measurement of susceptibility to lipid peroxidation.

Group 2:

Freshly nephrectomized kidneys from bilaterally nephrectomized rabbits (n=6 ) were
flushed with 40 ml HCA (0-2^C) via the renal artery and stored for 72 h prior to
assessment of susceptibility to lipid peroxidation.

Group 3:

Freshly nephrectomized kidneys from bilaterally nephrectomized rabbits (n=6 ) were
flushed with 40 ml HCA containing ebselen (0-2°C) via the renal artery and stored
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for 72 h in HCA containing ebselen, prior to assessment of susceptibility to lipid
peroxidation.

Group 4:

Freshly nephrectomized right kidneys (n=6 ) were flushed with 40 ml HCA (0-2^C)
via the renal artery and stored for 48 h prior to autografting for assessment of long
term viability.

Group 5:

Freshly nephrectomized right kidneys (n=6 ) were flushed with 40 ml HCA (0-2^C)
containing ebselen via the renal artery and stored for 48 h prior to autografting for
assessment of long term viability.

8.4

Results

8.4.1

Determination o f Mcrosomal Lipid Peroxidation

NADPH/Fe^-ADP was found to be a potent stimulator of microsomal lipid peroxidation (Fig 8.3,
control). The reaction was essentially complete at 30 min and maximal microsomal lipid peroxidation
was found to be between 40-55 nmol MDA equivalents/mg protein.

Ebselen was found to be a very elective inhibitor of lipid peroxidation in this model system. At a
concentration of 1.6 pM, peroxidation was very significantly decreased and was completely inhibited
by 3.2 pM and 10 pM ebselen over the course of 1 h (Fig 8.3). These results agree well with
previously published studies (Müller et al, 1984; Hayashi and Slater, 1986; Noguchi et al, 1992).

The effects of ebselen metabolites I and II on microsomal lipid peroxidation are shown in Figs 8.4 and
8.5 respectively. Metabolite I displayed no antioxidant activity and indeed was found to be slightly
pro-oxidative up to a concentration of 50 pM. Metabolite II did inhibit lipid peroxidation but was
much less effective than ebselen itself. At 1.6 pM, no effect on the rate of lipid peroxidation was
observed; 10 pM metabolite II displayed a faint antioxidant effect, and 50 pM inhibited peroxidation
by ^proximately 40% over 1 h.

8.4.2

Determination o f Lipid Peroxidation in Renal Homogenates

Storage of rabbit kidneys at 0-2*^C in hypertonic citrate solution for 72 h of cold ischaemia resulted in
highly significant (p<0.005) increases in oxidative membrane damage in both the cortex and medulla
as determined by the subsequent in vitro formation of SchifPs bases (Fig 8 .8) and TBA-reactive
material (Fig 8.9). Inclusion of ebselen (100 pM), in the HCA flush and storage solution very
significantly (p<0.005) reduced the formation of both markers of lipid peroxidation in the cortex of
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kidneys following storage for 72 h when compared with untreated controls stored for the same length
of time (Figs 8.8 and 8.9). Indeed, susceptibility to lipid peroxidation in the cortex of kidneys rendered
cold ischaemic in the presence of ebselen was reduced to the low levels found in fiesh organs. Ebselen
was also highly eflfective (/7<0.005 compared with stored controls) at inhibiting SchifPs base
formation in the medulla of kidneys following cold ischaemia, again the values being reduced to fiesh
levels (Fig 8 .8 ). The production of TBA-reactive material in the medulla was significantly (p<0.05)
reduced by ebselen inclusion in the flush and storage solutions to about 50% of the value found in
stored untreated organs (Fig. 8.9).

8.4.3

Histology

Both intracellular and interstitial oedema was noted in the medulla of all stored kidneys and was
present to a lesser degree in the cortex. Oedema was moderate at worst. Congestion, haemorrhage and
necrosis were not present. Oedema was scored on a scale of 0 (absent) to 4 (severe). Ebselen reduced
medullary oedema fi’om 2 to 1.33, and cortical oedema fiiom 1 to 0.33. These reductions failed to
reach statistical significance (n=6 in each group). The extent of oedema in the medulla correlated well
with the rate of lipid peroxidation as determined by the production of TBA-reactive material
(correlation coefficient = 0.84, p= 0.0007) and inversely with ebselen treatment (Fig 8.11). However,
in the cortex there was no such correlation between lipid peroxidation measured in vitro and
oedematous change (Fig 8.10; correlation coefficient = 0.48, p= 0.12).

8.4.4

Survival Determination

After 48 h storage, 50% (3 of 6 ) rabbits in the untreated control group survived indefinitely, but only
17% (1/6) ebselen treated rabbits survived beyond 10 days. However, there was no statistically
significant difference between these two groups. Thus, no beneficial or deleterious effect of ebselen
was demonstrated. Nor was it possible to show a beneficial or deleterious effect of ebselen in terms of
graded physiological function (serum urea and creatinine levels; Figs 8.12 and 13). However, ebselen
did have a remarkable beneficial effect on inflammatory infiltrate in the cortex of autopsied kidneys.
In 5 of 6 kidneys treated with ebselen there was very little inflammatory infiltrate (Grade 1 -2),
whereas control kidneys that were unable to support life (3 of 6 ) had severe (Grade 4) inflammatory
infiltrate (Plates 8.1 and 8.2).
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Fig 8.3

Effect of ebselen on hepatic microsomal lipid peroxidation initiated by
NADPH/Fe2(S0 4 )3-ADP. Ebselen completely inhibited microsomal lipid peroxidation at
doses of 3.2 pM and above over the 1 h measured. ■ =control; T =10 pM; A =3.2 pM;
♦ =1.6 pM. Values represent the mean of 3 determinations.
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Fig 8.4 Effect of metabolite I on hepatic microsomal lipid peroxidation initiated by
NADPH/Fe2(S0 4 )3-ADP. Metabolite I appeared to have a slightly pro-oxidative effect
on microsomal lipid peroxidation. ■ =control; A =50 pM; T =10 pM; ♦ =3.2 pM.
Values represent the mean of 3 determinations.
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Fig 8.5 Effect of metabolite II on hepatic microsomal lipid peroxidation initiated by
NADPH/Fe2(S0 4 )3-ADP. Metabolite II appeared to have a slight antioxidant effect on
microsomal lipid peroxidation. ■ =control; ▲ =50 pM; T =10 pM; ♦ =3.2 pM. Values
represent the mean of 3 determinations.
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Figs 8.10 and 8.11
Correlation between the rate of lipid peroxidation (TBA-reactive material) and the extent of
oedema in the cortex (top) and medulla (bottom) of kidneys stored for 72 h at 0-2®C in HCA
+ebselen (100 pM) (O) or without ebselen (•). There is a reasonable correlation between the
formation of TBA-reactive material in the medulla during the ischaemic period (correlation
coefficient 0.84) but not in the cortex (correction coefficient 0.48), suggesting that
cyclooxygenase may have produced TBA-reactive prostanoids during the ischaemic period,
promoting the development of oedema. Ebselen may have attenuated this process to some
extent.
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Plate 8.1

Light m icrograph of the renal cortex of a G roup I (control) kidney at autopsy 6
days after revascularization, showing severe inflam m atory cell infiltrate in two
bands (I)(magnification x 40).

Plate 8.2

Light m icrograph of the renal cortex of a G roup 2 (ebselen-treated) kidney at
autopsy 6 days after revascularization showing much m ore limited
inflam m atoi 7 infiltrate and evidence of tu b u lar dilatation and tissue re
modelling
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Figs 8.12 and 13
Concentration of serum creatinine (top) and urea (bottom) in untreated recipients of 48 h
stored autografted kidneys (left) and ebselen treated rabbits (right). V represents values for
single animals.
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Discussion

An important factor in the therapeutic use of ebselen spears to be the speed of its metabolism.
Following oral administration, untransformed ebselen is not detectable in plasma but is rapidly
transformed into a variety of metabolites, of which two (metabolites I (2-glucuronylselenobenzanihde) and II (4-hydroxy-2-methyl-selenobenzanilide)) are prominent (Terlinden et al,
1988; Fischer et al, 1988; Müller et al, 1988). If the antioxidant activity of ebselen plays an
important role in its pharmacological effects, then the antioxidant efficacy of the principal metabolites
is an important consideration in its clinical utility.

The in vitro microsomal studies presented in this chapter demonstrate that the antioxidant efficacy of
the two principal metabolites towards lipid peroxidation stimulated by iron/ADP/NADPH is much
lower than the untransformed dmg and probably too low for any antioxidant effect to occur in vivo.
However, the powerful inhibitory effect of ebselen itself toward lipid peroxidation, as shown in
previous studies (Muller cr 6?/., 1984; Hayashi and Slater, 1986; Noguchi et al, 1992) was confirmed.

For the antioxidant activity of ebselen to be of clinical relevance in renal preservation, a system by
which untransformed ebselen is presented directly to the kidney is therefore necessary. For this reason,
ebselen was administered i.v. despite its low solubility in aqueous solution. In these studies, ebselen
was solubilized using ethanol (for the micromolar range) and cremophor EL (for the millimolar
range). Electron microscopical investigations of the renal toxicity of these treatment regimens showed
no significant histological or ultrastmctural damage.

Direct flushing of the kidney with HCA containing 100 pM ebselen led to a highly significant
(p<0.005) protective effect on the susceptibility of both the renal cortex and medulla to lipid
peroxidation following 72 h of cold ischaemia. Except for the production of TBA-reactive material in
the medulla, which was reduced by ebselen by about 50%, all other markers of lipid peroxidation
were reduced to the very low levels found in fresh controls. As discussed in Chapter 6 , TBA-reactive
substances are produced as side products during prostaglandin and thromboxane synthesis (Hayashi
and Shimizu, 1982). Previous experiments in this laboratory have demonstrated that approximately
50% of the TBA-reactive material produced in the post-ischaemic medulla is formed by this
mechanism (Gower et al, 1987). The almost complete inhibition of Schiffs base formation in the
medulla in comparison with the partial reduction in TBA-reactive material by ebselen suggests that it
acts as a powerful antioxidant but poor inhibitor of cyclooxygenase in this model. This was surprising,
as ebselen has been reported to inhibit cyclooxygenase in human platelets with an IC50 of around 5
|o.M (Kühl et al, 1986).
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The kidney, and paiticulariy the medulla (Robak and Sobanska, 1976) is enable of synthesizing a
range of prostaglandins including the vasoconstrictor thromboxane A2 and the vasodilators
prostacyclin and PGE2 Hypoxia has been shown to stimulate the production of some of these
metabolites in renal mesangial cells (Jelkmann et al, 1985). In whole kidneys subjected to ischaemia
an imbalance in eicosanoids in fevour of vasoconstriction on reperfusion has been demonstrated
(Lelcuk et al, 1985). In addition, some prostaglandins, particularly PGE2, have been shown to have a
direct inhibitory effect on ion transport in the different sections of the nephron, especially the mTAT
(Frazier and Yorio 1992). Thus, adverse effects on the metabolism of arachidonic acid via
cyclooxygenase as a result of hypothermic storage and the apparent inability of ebselen to inhibit this
enzyme under the conditions employed may have been partly responsible for the observed feilure of
renal function following the autograft of a single stored kidney.

Ebselen has also been reported to inhibit lipoxygenase and speed the breakdown of LTB4 to inactive
isomers (Kühl et al, 1986). Lipoxygenase is known to be present in the renal cortex (Lianos et al,
1985), and it has been postulated that a significant amount of lipid peroxidation occurs via this
pathway in the cortex of post-ischaemic rabbit kidneys on the basis that lipid-soluble Schiffs bases
were produced even in the presence of indomethacin (a cyclooxygenase inhibitor) and
desferrioxamine (Gower et al, 1987). The fact that in the present study ebselen virtually abolished
lipid peroxidation in the cortex of cold- stored kidneys suggests that its effect as a lipoxygenase
inhibitor may be playing a significant role under these conditions. This hypothesis is supported by the
striking reduction in inflammatory infiltrate by ebselen even in kidneys unable to support life.
However, as discussed in ChqDter 7, inhibition of lipoxygenase alone does not prevent the
development of acute renal failure. The limited methodology employed in this chapter (no direct
measurements of serum eicosanoid levels) reflects the time at which the work was completed (very
early in the programme of research reported in this thesis). However, since ebselen did not improve
the long term viability of stored kidneys, it was not considered important to repeat e^qreriments using
these more sensitive techniques.

Histological examination of renal slices taken from kidneys subsequently assayed for markers of lipid
peroxidation demonstrated that the degree of medullary oedema correlated well with susceptibility to
oxidative stress as measured by TBA-reactivity and inversely (but not significantly) with ebselen
treatment. It is possible that the oedematous changes associated with ischaemia in the medulla were a
consequence of damaging eicosanoid production (eg. thromboxane A2) during the ischaemic period
itself. Although oxygen tension is presumed to be low during ischaemia when intracellular conditions
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are reductive, it is noteworthy that the content of TBA-reactive material in the medulla of stored
organs is significantly higher immediately following ischaemia than in fi:esh organs (see Chapter 3);
and it is known that fiiee radical reactions can occur at very low p0 2 (<1 pM; Rao et al, 1983). In
contrast, cortical TBA-reactive material content did not rise significantly during the storage period and
SchifiFs base reactivity did not increase in either the cortex or medulla. Furthermore, there was no
correlation between the degree of oedema and these parameters of in vitro lipid peroxidation,
suggesting that they are both fiiee-radical mediated and post-ischaemic events. The non-significant
inhibition by ebselen of medullary TBA-reactive material formation therefore implies a partial
inhibition of cyclo-oxygenase under these conditions.

The failure of renal fimction following autografting of kidneys stored for 48 h, despite the intensity of
the ebselen regime, both i.v. and in the flush, may have been the result of a combination of factors:

(i)

As suggested above, it is likely that ebselen did not inhibit cyclo-oxygenase in this model
and did not affect medullary congestion;

(iii)

Spectroscopic analyses have shown that ebselen interacts with the thiolate anion in
cytochrome P-450 (Kühn-Velten and Sies, 1989; Akerboom et al, 1995) and the reaction
can be prevented by sulphydryl compounds such as dithiothreitol (Kühn-Velten and Sies,
1989). The authors suggested that benzisoselenazolones may be able to interact with
sulphydryl groups of membrane associated proteins. A similar mechanism has been proposed
for the inactivation of nitric oxide synthase (Zembowicz et al, 1993) in which ebselen was
shown to "trap" the critical thiol essential for the catalytic activity of nitric oxide synthase in
the form of an inactive selenyl sulphide, and the reaction was reversed by addition of
glutathione or dithiothreitol. Such interactions could result in the inactivation of cmcial
sulphydryl containing ion pumps such as the Na-K-ATPase or the Ca-ATPase and this may
have reduced the long term viability of kidneys treated with ebselen.
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8.6

Conclusions

(i)

Ebselen significantiy reduced lipid peroxidation in both peroxidising rat liver microsomes
and homogenates of renal cortex and medulla.

(ii)

The two principal metabolites of ebselen were not elective at reducing lipid peroxidation in
rat liver microsomes.

(iii)

Ebselen did not ^pear to inhibit cyclooxygenase in kidneys stored for 72 h.

(iv)

Ebselen attenuated cortical inflammation but did not improve the long-term viability of
kidneys stored for 48 h before autografting.
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D h j r e t i c A c t i o n s o f F r u s e m id e

The studies presented in this chapter are based on a paper to be published in:
Transplantation (1996) (in press).

9.1

Introduction

In Chapter 8, it was shown that ebselen significantly reduced susceptibility to lipid peroxidation,
ameliorated both cortical and medullary oedema and attenuated inflammation but did not prevent the
development of acute renal failure. It was suggested that, contrary to in vitro reports, ebselen did not
inhibit cyclooxygenase in this model. Suppression of cyclooxygenase has previously been shown to
improve renal viability following long-term hypothermic storage (Gower et al, 1989, Schilling et al,
1993). However, in Chuter 7 it was shown that reperfusion of 48 h stored kidneys did not result in
significant increases in serum thromboxane B2 levels, one of the principal vaso-active products of
cyclooxygenase. Furthermore, in Chapters 3 and 4, it was shown that medullary congestion was a
result of oedematous swelling of the medullary thick ascending tubules (mTAT) rather than
vasoconstriction or thrombosis. The damaging effects of cyclooxygenase may therefore be mediated
not by vascular changes but by feedback amplification or a direct effect on ion transport in the
nephron and particularly the mTAT (Frazier and Yorio 1992).

As was shown in Chapter 3, the mTAT is highly susceptible to ischaemia alone. This susceptibility
stems fi'om their high requirement for oxygen to carry out the work of active tubular reabsorption in
an environment blinking on hypoxia even under normal conditions (Brezis et al, 1984; Brezis et al,
1984; Heyman et al, 1994). Inhibition of active transport by ouabain (a specific inhibitor of Na-KATPase) and fiusemide (a specific inhibitor of Na-K-2Cl-cotranspoiter in the mTAT) has been shown
to reduce hypoxic injury to both the mTAT and the pars recta in the isolated perfused kidney
(Heyman et al, 1994; Kumada et al, 1994).
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Inhibition of active tubular reabsorption by frusemide is reflected in changes in the redox state of cyt
aag and in renal oxygenation (Epstein et al, 1982). These parameters can be measured in vivo using
NIRS (Balaban and Sylvia, 1981). NIRS in transmission mode measures concentration changes in
HbO], Hb and the oxidised form of cyt aa^ across the entire kidney (see Chapters 2, 4 and 5). It has
previously been shown in the isolated perfused kidney that agents altering metabolism or active
transport primarily in the renal cortex had little or no effect on the redox state of cyt aag suggesting
that the rate of oxygen consumption is not a critical determinant of cyt aag redox status in these
sections of the tubule (Epstein et al, 1982). In contrast, inhibition of active reabsorption in the mTAT
in the isolated perfused kidney resulted in an increase in oxygen tension and a corresponding increase
in the redox state of cyt aag (Epstein et al, 1982). Thus, it should be possible to monitor the effect of
fiusemide on metabolic activity in the mTAT non-invasively by measurements of changes in the
redox state of cyt aag, using NIRS in transmission mode.

During hypothermic renal storage, oedematous swelling of the mTAT results in mechanical
constriction of the peritubular capillaries and vasa recta (Yamamoto et al, 1984; Bayati et al, 1990
and Chuter 3). Upon reperfusion, outflow of blood from the medulla is blocked (Bayati et al, 1990).
Medullary haemostasis results in profound haemoglobin desaturation and secondary ischaemia in the
surrounding parenchyma (Lane et al, 1996 and Chuter 4). In these circumstances, inhibition of
active tubular reabsorption by fiusemide may be less effective at reducing cellular injury than in the
isolated perfused kidney: firstly, medullary haemostasis may prevent fiusemide from reaching the
mTAT; secondly, the severity of ischaemia-reperfusion injury during renal transplantation may result
in an irreversible loss of mTAT integrity, such that frusemide could have at best a limited effect on
cellular metabolism. It is hypothesized that amelioration of cellular swelling during the storage period
by use of more effective impermeants could improve cellular integrity during reperfusion, increase
medullary blood flow and maximise the potential therapeutic effects of fiusemide.

9.2

Objective

The studies presented in this chapter were performed in order to compare the effect of two
impermeants (mannitol and polyethylene glycol) incorporated into the preservation solutions on the
haemodynamic and diuretic actions of fiusemide in autografted kidneys following 72 h hypothermic
storage.
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9.3

Methods

9.2.1

Methodology

A total of 30 adult female NZW rabbits (2.5-3 kg), in 6 groups of 5 animals (described below) were
anaesthetized by an i.m. injection of fentanyl fluanisone and i.v.bolus of diazepam; oxygen (2 1/min)
was supplied via an open face mask.

The effect of fiusemide on the redox state of cyt aag and on renal haemodynamics during 35 min o f in
vivo reperfusion of unstored transplanted kidneys was characterized using NIRS in transmission mode
and compared with its effect on kidneys stored for 72 h prior to transplantation in two different
preservation solutions (one containing mannitol, the other containing PEG). A reperfusion period of
35 min was chosen as it is commensurate with the acute duration of action of fiusemide in vivo.
Changes in NIRS parameters were correlated with changes in renal morphology, as assessed by light
microscopy.

9.3.2

Preservation Solutions

Two solutions were compared:

(i)

standard HCA, containing mannitol as an impermeant

(ii)

HCA-PEG, in which mannitol was replaced by polyethylene glycol, average molecular
weight 600. There were no other differences between the two solutions. PEG was originally
included at the same concentration as mannitol but is a non-ideal solute in terms of its
colloidal osmotic pressure. The concentration of PEG added was therefore reduced to
maintain a final measured osmolarity of 485 mOsm/L, to compare with standard HCA
solution (see Table 1).

9.3.3

Experimental Groups

Group 1:

Freshly nephrectomized left kidneys were flushed with 40 ml HCA (0-2^C) via the
renal artery and autografted immediately into the left renal bursa. Kidneys were
monitored continuously in situ during reperfusion by NIRS for 35 min. After this
time, reperfusion was terminated by lethal infusion of sodium pentobarbitone (200
mg/kg).

Group 2:

The experimental protocol was identical to Group 1, except that the recipients
received a rapid i.v.. infusion of fiusemide (0.6 mg/kg) after 5 min of reperfusion.
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Kidneys were flushed as in Group 1 and then stored in HCA containing mannitol
(see Table 1) surrounded by ice to maintain a temperature of 0-2^C for 72 h prior to
autografting. Recipients did not receive fiusemide.

Group 4:

The protocol was identical to Group 3, except that the recipients received a rapid i.v.
infusion of fiusemide (0.6 mg/kg) after 5 min of reperfusion.

Group 5:

Kidneys were flushed and then stored in HCA-PEG and surrounded by ice to
maintain a temperature of 0-2®C for 72 h prior to autografting. Recipients did not
receive fiusemide.

Group 6:

The protocol was identical to Group 5, except that the recipients received a rapid
i.v.. infusion of fiusemide (0.6 mg/kg) after 5 mm of reperfusion.

Table 9.1

Composition of mannitol and polyethylene glycol-based HCA solutions

(mmol/1)

HCA-Mann

HCA-PEG

80
80
35
55
35
34
485
7.1

80
80
35
55
35
60
485
7.1

Sodium
Potassium
Magnesium
Citrate
Sulphate
Mannitol (g/litre)
Polyethylene Glycol (g/litre)
Osmolarity (mOsmol/litre)
pH
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In Figs 9.1 and 9.2 are shown representative time course plots of changes in concentration of Hb02 ,
Hb and cyt aag in Group 1 (control, Fig 9.1) and Group 2 (unstored fiusemide treated. Fig 9.2)
autografted kidneys during 35 min of reperfusion. In untreated kidneys, reperfusion resulted in r^id
increases in both [Hb0 2 ] and [Hb] and a large reduction incytaag within 2 min. In this case, there was
a pronounced hyperaemia in the first 2 min, followed by a modest haemoglobin desaturation that
persisted throughout the monitoring period. Reperfusion was continued for 30 min in 5 of 5 Group 1
and 5 of 5 Group 2 animals prior to termination by lethal infusion of sodium pentobarbitone. Sodium
pentobarbitone infusion resulted in fells in both [Hb02 ] and [Hb] and no apparent change in the
oxidation state of cyt aag. In the Group 2 kidney, fiusemide (0.6 mg/kg) was r^idly infused i.v. to the
recipient after 5 min of reperfusion, at which point the m^or haemodynamic changes occurring during
initial reperfusion had already taken place and a relatively stable baseline could be monitored.
Fmsemide infusion resulted in an increase in [Hb0 2 ] and a decrease in [Hb] but no qjparent changes
in oxidation of cyt aag. Lethal infusion of sodium pentobarbitone resulted in a large fall in [Hb0 2 ], a
large rise in [Hb] and a large oxidation of cyt aag.

In Fig 9.3 is shown the mean and SEM changes in total haemoglobin concentration ([HbT]) and
oxygenation index ([Hb0 2 ] - [Hb]) in Groups 1 and 2 that took place from an initial (zeroed) point 2
min prior to frusemide infusion {i.e. after 3 min of reperfusion). There were no significant differences
in [HbT] between the two groups. In Group 2 kidneys, fiusemide infusion resulted in significant
increases in oxygenation index by 5 min (^<0.05) compared with Group 1 kidneys, which did not
receive fiusemide. The oxygenation index remained significantly higher in fiusemide-treated kidneys
for the duration of reperfusion. In kidneys stored in the mannitol-based solution (Groups 3 and 4, Fig
9.4), fiusemide infusion resulted in significant increases in the haemoglobin oxygenation index
compared with untreated kidneys (/?<0.05) but this was delayed by 15 min compared with Group 1
(Figs 9.3 and 9.4). As in unstored autografted kidneys, there were no significant differences in [FIbT]
(Fig 9.4). In Groups 5 and 6 (stored in the PEG-based solution), there were no significant differences
in either the oxygenation index or [HbT] between the two groups during the 30 min of reperfusion
monitored (Fig 9.5).

Termination of reperfusion by lethal infusion of sodium pentobarbitone (200 mg/kg) resulted in falls
in both [HbT] and the oxygenation index in all groups as expected. The fall in oxygenation index was
significantly greater (p<0.005) in Group 2 than in any other group, indicative of greater haemoglobin
saturation in this group immediately before pentobarbitone infusion.
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There was a tendency for cyt aag to become reduced during reperfusion in all groups (Figs 9.6-9.8),
but only in Groups 2 (unstored, treated with fiusemide) and 4 (stored for 72 h in the mannitol based
solution, and treated with fiusemide) did the changes achieve significance (p<0.05). However,
although in Group 2 kidneys cyt aag became significantly reduced compared with the degree of
oxidation at time 0 , it was not significantly dififerent fium untreated controls (Group 1) at any time
point. It was notable that changes in cyt aag oxidation in unstored kidneys were greater than those
occurring in stored kidneys; and changes in the oxidation state of cyt aag in kidneys stored in the PEGbased solution (Groups 5 and 6 , Fig 9.8) were negligible. Upon termination of reperfusion by lethal
infusion of sodium pentobarbitone there were significant increases in oxidation of cyt aag in Groups 2
and 4 only (p<0.05), but a tendency towards oxidation in all groups.

9.4.2

Histology

Minimal to mild medullary congestion was apparent in both unstored groups of kidneys and this was
exacerbated with storage regardless of treatment (Fig 9.9). However, there was a tendency for
congestion to be more severe in kidneys stored in the PEG-based solution compared with the mannitol
based solution. Fmsemide infusion significantly reduced cortical oedema in unstored kidneys
(p<0.05), and had a tendency to do this in stored kidneys; however, the changes here did not achieve
significance. There was no inflammatory infiltrate, no finnk necrosis, no haemorrhage and very little
cortical congestion in any specimen.
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Figs 9.1 and 2
Representative time course plots of changes in HbO^, Hb and cyt aaj in single Group 1
(unstored untreated, top) and Group 2 (unstored 4- frusemide, bottom) autografted kidneys
during 35 min of reperfusion. Reperfusion of the autografted kidney took place at time 0.
Reperfusion was terminated after 35 min by lethal sodium pentobarbitone infusion, which
inhibits complex I of the respiratory chain. The figures show that frusemide infusion stimulated
an increase in trans-renal haemoglobin oxygenation compared with untreated controls.
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Fig 9.3 Mean and SEM changes (n=5) in [HbT] and the haemoglobin oxygenation index
(Hb02-Hb) upon frusemide infusion after 5 min of reperfusion in Group 1 (▲,
unstored, no frusemide) and Group 2 (■, unstored + frusemide). Reperfusion was
terminated at 30 min by lethal infusion of sodium pentobarbitone. */7<0.05 between
groups at equivalent time points. The results show significantly better haemoglobin
oxygenation in frusemide-treated kidneys compared with untreated controls. There
were no significant differences in [HbT] between the two groups.
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Fig 9.4 Mean and SEM changes (n=5) in [HbT] and the haemoglobin oxygenation index
(Hb02-Hb) upon frusemide infusion after 5 min of reperfusion in Group 3 (A, 72 h
stored in HCA; untreated) and Group 4 (■, 72 h stored in HCA; + frusemide).
Reperfusion was terminated at 30 min by lethal infusion of sodium pentobarbitone.
**/7<0.005, */7<0.05 between groups at equivalent time points. The results show
significantly better haemoglobin oxygenation in frusemide-treated kidneys that bad
been stored in the mannitol-based solution compared with those stored in the same
solution but not receiving frusemide. There were no significant differences in [HbT]
between the two groups.
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Fig 9.5 Mean and SEM changes (n=5) in [HbT] and the haemoglobin oxygenation index
(HbOz-Hb) upon frusemide infusion after 5 min of reperfusion in Group 5 (▲, 72 h
stored in HCA-PEG; untreated) and Group 6 (■, 72 h stored in HCA-PEG; +
frusemide). Reperfusion was terminated at 30 min by lethal infusion of sodium
pentobarbitone. There were no significant differences in haemoglobin oxygenation
between any kidneys stored in HCA-PEG regardless of frusemide treatment. There
were no significant differences in [HbT] between the two groups.
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Fig 9,6 Mean and SEM changes (n=5) in cyt aa^ oxidation upon frusemide infusion after 5 min
of reperfusion in Group 1 (▲, unstored, no frusemide) and Group 2 (■, unstored +
frusemide). Reperfusion was terminated at 30 min by lethal infusion of sodium
pentobarbitone, /?<0,05 within Group 2 from time 0 min; ’/7<0,05 within Group 2 from
time 30 min, Cyt aa3 became reduced in both frusemide-treated and untreated kidneys.
Inhibition of complex I caused a significant oxidation of cyt aag in fruemide-treated
kidneys only.
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Fig 9,7 Mean and SEM changes (n=5) in cyt aaj oxidation upon frusemide infusion after 5 min
of reperfusion in Group 3 (A, 72 h stored in HCA; untreated) and Group 4 (■, 72 h
stored in HCA; + frusemide), Reperfusion was terminated at 30 min by lethal infusion
of sodium pentobarbitone, */7<0,05 between groups at equivalent time points;^<0.05
within Group 4 from time 0 min; ^p<0,05 within Group 4 from time 30 min, Cyt aag
became significantly reduced in frusemide treated kidneys only but this was delayed
compared with Group 2 kidneys. Inhibition of complex I resulted in significant
oxidation of cyt aaj in frusemide-treated kidneys only.
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Fig 9.8 Mean and SEM changes (n=5) in cyt aaj oxidation upon frusemide infusion after 5 min
of reperfusion in Group 5 (▲, 72 h stored in HCA-PEG; untreated) and Group 6 (■, 72
h stored in HCA-PEG; + frusemide). Reperfusion was terminated at 30 min by lethal
infusion of sodium pentobarbitone. There were no significant changes in cyt aaj
oxidation in either group of kidneys that had been stored in HCA-PEG regardless of
treatment or stimulus.
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Fig 9.9 Degree of medullary congestion and oedema (as assessed by light microscopy) in the
renal cortex after termination of reperfusion. There was a trend towards better
preservation in kidneys stored in HCA-mann in terms of both medullary congestion
and cortical oedema but this did not achieve significance. Results are presented as mean
and range scores (n=5) in Groups: 1 (unstored); 2 (unstored + frusemide); 3 (72 h
stored in HCA-mann); 4 (72 h stored in HCA-mann + frusemide); 5 (72 h stored in
HCA-PEG); and Group 6 (72 h stored in HCA-PEG + frusemide). Tissue was scored
blind by an independent pathologist on a scale of 0 (absent); 1 (minimal); 2 (mild); 3
(moderate) and 4 (severe). *p<0.05 Mann Whitney U test.
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Discussion

In the isolated perfused kidney, inhibition of the Na-K-2C1 cotranspoiter in the mTAT by fiusemide
causes oxidation of cyt aag which has been detected using dual wavelength white light spectroscopy
(Epstein et al, 1982). Inhibition of active reabsoiption not only increases viability of the mTAT cells
but by increasing oxygen tension in the cortico-medullary junction also has a positive effect on
survival of the pars recta of the proximal tubule (Heyman et al, 1994). However, when Atkins and
Lankford (1991) measured the oxidation of cyt aa^ in vivo they found that, surprisingly, frusemide
infusion caused a reduction in cyt a% in the outer medulla. Using laser doppler flowmetry, they
demonstrated that the reduction in cyt aag correlated with decreased bloodflow through the outer
medulla (Atkins and Lankford, 1991).

Fmsemide has several documented properties in addition to its inhibition of active reabsorption in the
mTAT. It;

(i)

Acts as a vasodilator, probably by increasing the rate of breakdown of arachidonic acid
(Wilson et al, 1982; Gerber 1983; Wilson et al, 1993);

(ii)

Inhibits tubulo-glomemlar feedback (Tucker and Blantz, 1984);

(iii)

Increases plasma renin activity (Gerber, 1983);

(iv)

Is a weak inhibitor of carbonic anhydrase in the cortical proximal tubules (Radke et al,
1972);

(v)

Has a direct inhibitory effect on electron transport in the mitochondrial respiratory chains
{Ontàetal, 1983).

These various properties of frusemide are likely to have diverse effects on renal physiology, dependent
on the timing and dosage of frusemide infusion, and the model studied. In the present study, the effect
of frusemide on cyt aag oxidation in unstored transplanted kidneys speared to be analogous to the
study of Atkins and Lankford (1991) (Fig 9.6). However, the reduction in cyt aag upon frusemide
infusion was coupled with an increase in haemoglobin oxygenation (Fig 9.3). This seemingly
paradoxical effect could be explained by the following mechanisms operating in unison:

(i)

Fmsemide infusion stimulated cortical vasodilation and a corresponding decrease in
medullary bloodflow (Atkins and Lankford, 1991; Brezis et al, 1994).

(ii)

The e^qjected increase in cyt aag oxidation as a result of inhibition of the Na-K-2C1
cotransporter in the mTAT by frusemide was overshadowed by the fall in medullary
bloodflow, leading to the observed reduction in cytaag.
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Cortical vasodilation, coupled with a reduction in active transport as a consequence of
inhibition of active sodium reabsoiption in the mTAT and possibly of mitochondrial electron
transfer in the cortex (Orita et al, 1983) resulted in diminished cortical oxygen extraction,
hence the observed increase in the haemoglobin oxygenation index.

This scenario is complicated further by hypothermic preservation prior to transplantation. The
vasoactive effects of frusemide are thought to be mediated by increased prostaglandin synthesis,
particularly the vasodilator prostacyclin (Wilson et al, 1982). However, hypoxia has been shown to
stimulate the production of some arachidonic acid metabolites in renal mesangial cells (Jelkman et al,
1985). In whole kidneys subjected to ischaemia an imbalance in eicosanoid synthesis in favour of
vasoconstriction upon reperfusion has been demonstrated (Lelcuk et al, 1985; Klausner et al, 1989).
Even in the absence of ischaemia, inhibition of thromboxane synthase enhances frusemide-induced
renal vasodilation and diuresis (Wilson et al, 1982; Pinzani et al, 1988). Thus frusemide infusion
could lead to the indiscriminate production of vasoconstrictor eicosanoids such as thromboxane A]
following ischaemic insult.

Another important consideration is the derivation of vasoactive and ion-flux modulating eicosanoids
via the cytochrome P-450 mono-oxygenase system (Escalante et al, 1990; Escalante et al, 1994). It
has recently been shown by Palier and Jacob (1994) that a proportion of catalytic iron responsible for
the production of hydroxyl radical-type species may be derived fr-om degeneration of labile
cytochrome P-450. If this is the case, the capacity of the cytochrome P-450 system for metabolising
the precursors of these metabolically active eicosanoids could be seriously compromised during
ischaemia. Thus both the vasoactive and diuretic potency of frusemide may depend on successful
preservation of cellular and metabolic integrity during the storage period. Preservation of cellular
integrity may also play an important role in the tubulo-glomerular feedback suppression mediated by
frusemide (Tucker and Blantz, 1984). After severe ischaemia, the GFR has been shown to be reduced
by as much as 95% compared with normal values (Ratych and Bulkley, 1986). The mechanism is
controversial, but has been attributed to a decrease in the trans-glomemlar hydraulic pressure gradient
as a result of post-glomerular tubular obstmction or tubular backleak (Ratych and Bulkley, 1986). Not
only would this abolish the inhibitory effect of frusemide on tubulo-glomemlar feedback but would in
addition drastically reduce active reabsoiption in the mTAT, rendering loop diuresis superfluous.

A prime factor in the preservation of cellular integrity during organ storage is the selection of
osmotically active impermeant solutes in the preservation solution (Kumano et al, 1994). The
beneficial effect of the University of Wisconsin (UW) solution may be a consequence of amelioration
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of cell swelling and oedema during cold storage by the impermeants rafSnose and lactobionate
(Kumano et al, 1994). The effectiveness of an impermeant appears to correlate with its molecular
weight (Marsh et al, 1989; Kumano et al, 1994). Mannitol has been used in Marshall's hypertonic
citrate solution with good clinical results for many years but its efficacy during prolonged
hypothermia seems to be limited by its relatively low molecular weight (Marsh et al, 1989). In
contrast, impermeant polyethylene glycols (PEGs) of medium to high molecular weight have been
shown to be highly effective at reducing cellular swelling via a combination of colloidal osmotic
pressure and unexplained interactions with the cell membrane (Marsh et al, 1989).

The effects of frusemide on cellular metabolism in organs stored prior to transplantation have not been
previously studied. The studies presented in this chapter have therefore addressed the effects of
frusemide infusion on cyt aag oxidation and renal haemodynamics in kidneys stores for 72 h in
solutions containing mannitol or PEG prior to transplantation using NIRS. Data obtained may help to
explain the relationship between cellular swelling and ion pump and respiratory chain function soon
after reperfusion. It was shown in Chapter 6 that respiratory chain function during the first 5 min of
reperfusion provides a good indication of long-term renal viability. The responsiveness of the
respiratory chain to frusemide infusion over a period commensurate with its physiological duration of
action (about 30 min) may therefore be considered to reflect not only early renal function but also, by
extr^olation, long-term renal viability.

Infusion of fmsemide after 72 h storage in the mannitol-based solution resulted in a significant
(p<0.05) increase in oxygenation index (Fig 9.4) but this was significantly delayed compared with
Group 2 (unstored) kidneys (/P<0.005; Figs 9.3 and 9.4). The increase in oxygenation index was
synchronous with a significant reduction in cyt aa] (p<0.05; Fig 9.7) suggesting that, as in unstored
kidneys, fiusemide infusion stimulated cortical vasodilation. The delay in the response of these
parameters to fiusemide in comparison with unstored transplanted kidneys may be related to the
medullary perfusion defect. It was shown in Chuter 4 that medullary congestion begins to clear 30
min to 1 h after reperfusion in the renal autograft model used here and that its clearance is associated
with a significant rise in serum levels of 6 -keto-PGFia (Lane et al, 1994 and Chapter 7), a breakdown
product of the vasodilator prostacyclin, but not with an increase in oxygenation index (Thomiley et
al, 1994; Lane et al, 1996 and Chapter 4). Prostacyclin modulates cAMP levels in both endothelial
cells and mTAT cells, leading respectively to decreases in endothelial cell permeability and Na^
reabsorption (Greger, 1985; Casnocha et al,

1989). This should abate the process of

haemoconcentration in the peritubular cqDillaries and ameliorate swelling of the mTAT.
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Thus, it is possible that stimulation of eicosanoid synthesis by fiusemide could facilitate clearance of
medullary congestion in an energy dependent manner, leading to a reduction in cyt aag despite
increased bloodflow. This premise is supported to some extent by histological analysis of the severity
of medullary congestion; there was a tendency towards reduced congestion in kidneys stored in
mannitol prior to fiusemide treatment compared to controls (Groups 3 and 4; Fig 9.9). Although this
did not attain significance, the numbers studied were small and clearance of medullary congestion was
in any case at an early stage.

In contrast, there was a surprisingly poor response to fiusemide infusion in the kidneys stored in the
PEG-based solution in terms of both the oxygenation index and cyt aag oxidation and histology (Figs
9.5, 9.8 and 9.9). There are several possible explanations for this.

Firstly, PEG is non-ideal in terms of its colloidal osmotic pressure. Inclusion of PEG in the
preservation solution at an equivalent concentration (in nunol/1) to mannitol resulted in a measured
osmolarity of 700 mOsmol/1 compared with to 485 mOsmoU with mannitol (unpublished results).
Accordingly, the concentration of PEG added to the solution was reduced to produce a final measured
osmolarity of 485 mOsmol/1. It is possible that this manoeuvre diminished the efficacy of PEG in
ameliorating cell swelling.

Secondly, Belzer and co-workers used high MW PEGs as their effect seemed to derive fiom an
unexplained interaction with cell membranes rather than being simply a function of their colloidal
osmotic pressure (Marsh et al, 1989). In the present experiments, relatively low MW PEGs were used
(average MW 600) as this is the lowest weight compatible with impermeability (Hider et al, 1994)
and should produce the highest colloidal osmotic pressure, allowing comparison with mannitol. It is
possible that lower MW PEGs do not interact with cell membranes in the same feshion as more highly
polymerized forms.

Thirdly, PEG may actually be toxic to renal cells. Although PEG can be taken up by renal lysosomes
(Singhal et al, 1987) and this may eventually be deleterious, the process occurs only slowly and is
unlikely to have occurred during the preservation period. However, Kopolovic and colleagues (1989)
have shown in the isolated perfused kidney that PEG can cause ultrastmctural damage to different
sections of the tubule depending on their degree of water permeability. PEG was found to cause
particular damage to the mTAT - a pertinent finding in view of the specificity of fiusemide for the
mTAT.
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Finally, the relatively high efficacy of mannitol compared to PEG may be related to other reported
properties of mannitol: in addition to acting as an impermeant solute, mannitol can stimulate
vasodilation (Goldbeig and Lillienfield, 1965) and act as a scavenger of reactive oxygen metabolites
(Hanssoncra/., 1983).
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9.6

Conclusions

(i)

NIRS in transmission mode is a sensitive means of detennining the haemodynamic and
metabolic responses to frusemide in rabbit renal autografts.

(ii)

Fmsemide infusion resulted in signifrcant increases in renal haemoglobin oxygenation in
unstored autografted kidneys.

(iii)

The expected increase in oxidation of cyt aag did not occur, suggesting that the changes in
renal haemodynamics overshadowed the diuretic effect of frusemide.

(iv)

Fmsemide infusion to kidneys stored in the mannitol based solution resulted in significant
increases in haemoglobin oxygenation, but these were delayed by 15 min compared with
unstored transplanted kidneys.

(v)

The increase in haemoglobin oxygenation in kidneys stored in the mannitol based solution
was accompanied by a signifrcant reduction in cyt aa], suggesting that frusemide stimulation
of cortical vasodilation was accompanied by clearance of medullary congestion.

(vi)

Kidneys stored in the PEG-based solution responded poorly to frusemide infusion and
presented a poor histological picture.

(vii)

The selection of impermeant is therefore important and mannitol was significantly superior
to PEG in this model.
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10.1

Analysis of Methodology

In the course of clinical transplantation, it is difi&cult to distinguish the pathology of acute rejection
from that of ischaemic acute renal failure, as both processes involve vascular injury, acute
inflammation and tubular necrosis. The use of an autografl model in the studies presented in this
thesis has eliminated interference from rejection processes, allowing the pathogenesis of ischaemiareperfusion injury to be studied in isolation. Nevertheless, the model is still considerably more
complex than ex vivo or in vitro preparations, in which the elements of blood do not play a role.
Models of warm ischaemia, in which the renal vessels are clamped in situ for varying periods of time,
are a closer approximation to the conditions encountered during transplantation. However, in these
models, degradation of haemoglobin from trapped erythrocytes during the ischaemic period may
contribute significantly to vascular or parenchymal necrosis. Furthermore, hypothermia does not play
a role in warm ischaemic models, either protective or detrimental; nor is it possible to manipulate the
components of a preservation solution.

A renal autografl model therefore oflers the best experimental simulation of the ischaemia-reperfusion
conditions encountered during clinical renal transplantation. The methodology that must be employed
is correspondingly complex, and the results obtained can be difficult to interpret. Nevertheless, if
qualified by a combination of simple biochemical techniques, such as assays of susceptibility to lipid
peroxidation, and careful histological examination, it is possible to gain an understanding of the
underlying molecular and cellular pathology. Moreover, the effect of specific pharmacological
intervention is a powerful diagnostic tool even if not ultimately successful in preventing acute renal
failure, as it can give an indication of the importance of single toxic mediators (such as delocalized
catalytic iron or individual eicosanoids) in the aetiology of ischaemia-reperfusion injury.

The thesis has been stmctured thematically rather than by methodology. The ch^ters are not therefore
presented in chronological order of completion and the methods used not always consistent. However,
the methods used were those available and ^plicable at the time of the experiment.

206

C h a p te r l o

T h e s is D is c u s s io n

The most powerful non-invasive methods for in vivo measurements employed in the thesis were
NIRS and surfece fluorescence spectroscopy and the results of each required careful interpretation.
Both techniques give an indication of the changes in concentration, rather than the absolute content, of
endogenous chromophores or fluorophores.

lO.J.l Near Infrared Spectroscopy
NIR signals derived from biological tissues can be interpreted only if changes in absorption of each
chromophore can be distinguished from simultaneous changes in the absorption of others. The NIR
spectra of HbO], Hb and cyt aag, which are the only oxygen-dependent chromophores in the near
infrared region in the kidney, are broad and overly extensively. As these three overlapping spectra
must be deconvoluted, absorption data are needed from at least three NIR wavelengths to measure the
contributions of the three molecular species. The Hamamatsu instrument used in these studies
employed four wavelength algorithms to provide accurate descriptions of NIR absorptions and
scattering by tissues.

These algorithms were based on published absorption spectra which had been obtained using isolated
chromophores in non-scattering media. The Hb02 and Hb absorption spectra were measured in
haemolysed human blood (Wray et al, 1988) whereas the cyt aag difference spectrum was obtained
using purified cytochrome extracted from mitochondria (Brunori et al, 1981). The relative
contribution of each chromophore to the total optical density measured under different conditions at
each of the four wavelengths was used to generate the multiplication factors (given in Chapter 2) and
the modified Beer-Lambert Law (applicable to a scattering medium) was applied to each wavelength.
One indication of the reliability of these algorithms in vivo is the independence of changes in the
oxidation of cyt aag compared with changes in HbO] under specific conditions. For example, cyt aag
has been shown to become oxidised in damaged tissues in which the mitochondria were uncoupled or
in response to respiratory chain inhibitors even though no change in Hb0 2 levels was detected
(Pintadosi, 1989).

The results presented in Ch^ters 5 and 9 confirmed the independence of the cyt aU] response
following infusion of the respiratory chain inhibitor sodium pentobarbitone. As expected, inhibition of
electron transfer by blockade of NADH dehydrogenase at complex I resulted in reproducible
oxidations of cyt aag. However, the situation upon reperfusion appeared to be more complex. The
transition from an asanguinous state to full blood reperfusion that occurs upon revascularization is a
factor that could affect the algorithms reliability. The changes in cyt aag oxidation that occurred upon
reperfusion in the studies presented in Chapter 5 displayed an independence from haemoglobin
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oxygenation that suggested they were not artefactual. Nevertheless, in some instances such as those
shown in Figs 9.1 and 9.2 there were very laige reductions in cyt aag upon reperfusion that appeared
to be mirrored reflections of the increases in Hb concentration. It is possible that these were genuine
biological responses. Such reductions could indicate that: (i) cyt aag had become hyperoxidised during
ischaemia; (ii) there had been a conformational change at complex IV rendering the Cu^ centre
inaccessible to molecular oxygen; or (iii) formation of "pulsed" cyt aag (the active form of cyt aag
responsible for the reduction of molecular oxygen) occurred so rapidly upon reperfusion that the large
reduction measured was simply a reversion to baseline (Antonini et al, 1977).

It is not inconceivable that cyt aag could have become hyperoxidised as a result of standard flushing
procedures with cold hypertonic citrate solution, as the solution was equilibrated with atmospheric
oxygen, and rapid induction of intra-renal hypothermia should suppress electron transfer. TTie high
concentration of reduced pyridinine nucleotides measured using surface fluorescence spectroscopy
during renal storage tends to counter this possibility, since it suggests that intra-cellular conditions
were reductive. However, suppression of electron transfer as a consequence of hypothermia should
theoretically also prevent oxidation of NADH even in the presence of oxygen. The second possibility
involving conformational change is less likely, as large reductions in cyt aU] were observed even in
unstored transplanted kidneys and most in vitro studies have shown that complex IV activity is
relatively unaffected even by extended periods of hypoxia and reoxygenation (Malis and Bonventre,
1986; Hardy et al, 1991; Veitch et al, 1992; Ambrosio et al, 1993). Similarly, although extremely
r^id formation of "pulsed" cyt aag has been shown to occur in vitro (Antonini et al, 1977) it is
unlikely to occur at similar speeds in vivo as its formation is dependent upon the speed of reperfusion.
The NIRS studies presented in Chuter 4 showed that full renal reperfusion required a minimum of 30
sec even in unstored transplanted kidneys, a time scale comfortably within the limits of NIR detection.
Discrimination between artefects generated by algorithm imreliability and genuine biological
responses may be achieved by monitoring changes in cyt aag oxidation during standard flushing
procedures using either oxygenated or hypoxic (nitrogenated) HCA solution.

10.1.2 Surface Fluorescence Spectroscopy
Surface fluorescence spectroscopy of mitochondrial NADH is less fiaught with methodological
difiSculties. Three constituents of autografted kidneys potentially interfere with mitochondrial NADH
fluorescence: (i) cytosolic NADH; (ii) NADPH; and (iii) Hb. O'Connor (1977) reported that NADH
fluorescence signals from cytosolic NADH were negligible compared with those from the
mitochondrial pool as a result of quenching of fluorescence by cytosolic glyceraldehyde -3-phosphate
dehydrogenase. NADPH, which has similar optical properties to NADH, is not responsive to changes
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in arterial oxygen partial pressure (Chance and Williams, 1955). (Quenching of fluorescence by Hb has
been shown to occur in vivo but with a curious delay of up to 5 min afler clamping of the vessels
before Hb interferes with NADH fluorescence (Kobayashi et al., 1971). The results presented in
Ch^ters 5 and 6 suggest that the presence of blood did not interfere with mitochondrial NADH
fluorescence in the NZW rabbit renal autografl; model. Thus, abmpt changes in pyridinine nucleotide
fluorescence are almost certainly attributable to changes in concentration of mitochondrial NADH.

Evaluation of in vivo surfece fluorescence spectroscopy and NIRS data must also take into account the
discrepancy between measurements of NADH fluorescence (which reflect changes in the superficial
renal cortex) and measurements of cyt aag (which reflect absorption across the entire kidney). In fact,
Epstein and co-workers (1982) showed that agents enable of altering metabolism or active transport
primarily in the cortex of isolated perfused kidneys had little or no effect on the redox state of cyt aag,
suggesting that the rate of oxygen consumption was not a critical determinant of cyt aag redox status
in these sections of the tubule. Thus, the NIRS measurements of changes in the redox state of cyt aaj
reported in Ch^ters 5 and 9 may primarily reflect changes in the cortico-medullary junction.
However, such discrepancies, if recognized, can be used to distinguish between damage occurring in
different regions of the kidney and give a strong indication that mitochondrial dysfunction occurs in
the superficial cortex as well as in the poorly perfused cortico-medullary junction.

10.1.2 Biochemical Analysis
The major biochemical analyses used in this thesis were: (i) ELISA assays of serum eicosanoids; and
(ii) fluorescence assays of Schiffs bases and TBA-reactive material in renal homogenates.

The ELISA assays were carried out using commercially available kits. The most important
experimental constraint was the difficulty in obtaining large serum samples directly from the renal
vein. Full blood samples (0.5 ml) were sufficient to allow duplicate assays of leukotriene B4,
thromboxane B2 and 6 -k-PGFia, which involved identical purification procedures. However, the
serum samples were too small to permit assays of other prostaglandins requiring separate purification
procedures such as PGE2 of PGF2. As there are numerous PGE2 receptors in the mTAT and PGE2 has
been shown to have a direct effect on ion pump function in these tubules, ELISA assays of serum
PGE2 levels following transplantation would be valuable.

Assays of lipid peroxidation have been criticised from many quarters (Fuld et ai, 1986; Gamelin and
Zager, 1988; Fuller et al, 1988; Halliwell and Gutteridge 1989). Firstly there are various cellular
processes in addition to lipid peroxidative chain reactions that generate Schiffs bases or thiobarbituric
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acid reactive material, such as the inflammatory enzymes lipoxygenase and cyclooxygenase (Gower et
al, 1989). Secondly, the assay (as performed in these studies) is a measure of susceptibility to lipid
peroxidation rather than the actual amount of peroxide generated by the system: it cannot therefore be
considered other than very circumstantial evidence of radical reactions that have actually taken place
in vivo (Green et al, 1986). Thirdly, it is quite possible that hpid peroxidation does not play a m^or
role in the aetiology of renal ischaemia-reperfusion injury compared with more specific alterations in
protein or DNA oxidation (Holmberg et al, 1991; Caraceni et al, 1994). Finally, tr^ped
haemoglobin in warm ischaemic models may Msely raise apparent tissue MDA levels as the OD
spectrum of haem overlaps with that of malondialdehyde (Uchiyama and Mihara, 1978; Fuld et al,
1986; Gamelin and Zager, 1988) and release of haemoglobin iron during tissue homogenization could
drive the Fenton reaction, stimulating fiiee radical generation (Cross et al, 1987).

Despite these drawbacks, assays of susceptibility to lipid peroxidation in renal homogenates have
several advantages. First and foremost, assays of lipid peroxidation are simple and reproducible,
unlike other methods of detecting radicals and their byproducts, such as paramagnetic electron spin
resonance spectroscopy, chemiluminescence or ethane exhalation. They may therefore be used as an
adjunct to more complicated experiments involving surfece fluorescence or NIR spectroscopy.
Second, the assay gives an indication of the ability of an antioxidant agent to inhibit lipid peroxidation
or eicosanoid synthesis in a model system of equivalent biochemical components to those
encountered in vivo (unlike microsomal models or cell cultures) but without the accompanying
pharmacokinetic uncertainties that can confound interpretation of truly in vivo determinations. Thus,
an agent such as desferrioxamine may successfully inhibit lipid peroxidation in renal homogenates,
demonstrating that its iron chelating or antioxidant capacity is effective in this model system, whereas
its in vivo efficacy may be affected by its low access to intracellular sites. Third, the contribution of
inflammatory processes to the total quantity of Schiffs bases or TBA-reactive material measured can
be established by the use of specific agents such as indomethacin or desferrioxamine to suppress
cyclooxygenase metabolism or iron-mediated lipid peroxidation respectively. Fourth, an assay of
susceptibility to lipid peroxidation is well within the limits of sensitivity of the technique, whereas
direct measurements of limited or localised peroxide generation (which may nonetheless have a
significant effect on cellular function) may be on the limits of detection, yielding variable or
conflicting results. Further to this, analysis of susceptibility to lipid peroxidation could be argued to
provide an indirect measure of susceptibility to other forms of oxidative damage such as oxidation of
proteins and DNA, whereas direct measurements of lipid peroxidation must remain just that. Finally,
haemoglobin artefacts can be eliminated by in vitro incubation of renal homogenates prepared from
kidneys flushed clean of blood upon nephrectomy and subsequently stored for the desired period, but
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not reperfused with blood. The fact that TBA and Schiffs base assays have previously been shown to
correlate well both with long-term renal viability and with the therapeutic efficacy of antioxidant
dmgs is in itself a justification for their continued usage (Fuller et al., 1988).

10.1.4 Histological Analysis
Histological analysis of renal tissue subjected to ischaemia-reperfusion injury was one of the primary
analytical techniques used in this thesis. All biochemical or spectroscopic measurements have been
qualified by light or electron microscopical assessment of changes in renal morphology. There are two
major criticisms that may be raised concerning hisological analysis: (i) it is difficult to quantify data
without risk of subjectivity; and (ii) it is possible that the morphological changes observed,
particularly at the electron microscopical level, are artefactual. The problem of quantitation and
subjectivity can be partially resolved using morphometric analysis. However, in kidneys it can be
difficult to distinguish between different segents of the nephron by diameter or density, particularly
when such discrimination is between the SI, S2 or S3 segments of the proximal tubule or between the
mTAT and the straight descending limbs. Histological analysis has therefore been restricted to
subjective semi-quantitative estimations of renal damage corroborated blindly by an independent
pathologist. The problem of artefact at the electron microscopical level is long-standing but should not
be applicable to the studies reported in this thesis (as opposed to identification of unknown subcellular
stmctures). Electron microscopical changes have parallelled changes observed by light microscopy
throughout the studies presented in this thesis and may reasonably be considered genuine
morphological change rather than handling artefact.

10.2

Hypothesis and Aims

It was hypothesized at the close of the Chuter 1 that:

Acute renal failure following prolonged hypothermic storage and transplantation is a
consequence of both oxidative reperfusion injury and secondary ischaemia. Therefore,
pharmacological strategies aimed at prolonging the ‘safe’ storage time of transplanted kidneys
cannot be successful unless thay effectively combat both causes.

The results presented in this thesis are consistent with the hypothesis but have not wholly proved it.
Proof of the hypothesis requires fulfilment of four conditions, which were encompassed within the
aims of the thesis, as stated in Chuter 1:
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To establish patterns o f damage to the renal parenchyma and vascular system resulting from
storage and transplantation in the NZW rabbit renal autograft model.

If cell damage occurs by different mechanisms in the kidney as proposed in the hypothesis, the
timing, distribution and severity of injury should vary in different regions of the kidney. It was shown
in Chapter 3 that the mTAT became mildy oedematous during prolonged storage, but that other cell
types were well preserved. Upon reperfusion, those sections of nephron associated with high work
loads, especially the proximal tubules and the mTAT, suffered the greatest histopathological damage,
but their vascular environments were significantly different. The peritubular cqjillaries of the outer
medulla which supply the mTAT were severely congested with erythrocytes, while the cortical
peritubular c^illaiies supplying the proximal tubules were not congested. Autopsies of kidneys taken
from rabbits suffering acute renal failure suggested that ATN was restricted mostly to the renal cortex
and the cortico-medullary junction. Not only was mTAT necrosis less marked but there were no
vestiges of erythrocyte congestion at this time. Thus, the first condition of the hypothesis, that
different cell types should respond differently to hypothermic storage and transplantation was
fulfilled.

2.

To develop non-invasive methods of measuring renal haemoglobin and tissue oxygenation in
vivo.

Free radical-mediated injury is likely to occur immediately upon reperfiision, whereas secondary
ischaemic damage is dependent upon poor or patchy perfusion and haemoglobin oxygenation. It was
evident by light microscopy that blood penetrated the entire vascular network of the kidney upon
reperfusion (see Charters 3 and 4). Thus, secondary ischaemic damage must depend on subsequent
haemoglobin de-oxygenation, the kinetics of which were previously unknown in autografted kidneys.
To define haemoglobin oxygenation kinetics in vivo the non-invasive technique NIRS was used (see
Chapters 2 and Chuter 4). It was shown that NIRS in transmission mode could be used to measure
changes in concentration of Hb02 and Hb across the entire kidney.

Renal haemoglobin oxygenation was comparable in unstored and 72 h stored autografted kidneys
during the first 5 min of reperfusion, but there was a profound haemoglobin desaturation in stored
kidneys thereafter. This very low haemoglobin saturation must have rendered the medulla, and
possibly the cortex, hypoxic throughout the procedure. Nevertheless, both barium sulphate
angiography and conventional histology suggested that cortical vascular resistance was relatively
unaffected by prolonged ischaemia throughout the period of reperfusion, whereas medullary vascular
resistance was very high during at least the first 1 h of reperfusion. However, medullary vascular
resistance had frllen significantly after 3 h of reperfusion. Thus, the second condition of the
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hypothesis that there should be areas within the kidney potentially susceptible to secondary ischaemic
damage as a result of profound haemoglobin desaturation was fulfilled.

3.

To define the relationship between tissue oxygenation and mitochondrialJunction in vivo.

The premise that fiee radical-mediated injury should be detectable immediately upon reperfusion
whereas secondary ischaemic damage must develop during periods of haemoglobin desaturation left a
window during the first 5 min of reperfusion of stored kidneys when haemoglobin oxygenation was
not significantly different fi*om unstored controls. The determinations of lipid peroxidation in renal
homogenates presented in Chuter 3 suggested that stored kidneys were indeed susceptible to
oxidative injury upon reperfusion but did not prove that this was a cause, rather than a symptom, of
tubular necrosis.

To monitor changes in renal metabolic function induced by ischaemia and reperfusion in vivo, NIRS
was used in conjunction with surface fluorescence spectroscopy to provide an indication of changes in
the redox state of the respiratory chain components cyt aag and mitochondrial NADH respectively.
The results (Chuter 5) demonstrated that these techniques were sufficiently sensitive to measure
mitochondrial responses to:

•

Reperfiision;

•

Changes in arterial oxygen partial pressure;

•

Specific inhibition of the respiratory chain at complex I.

Furthermore, it was shown that:

•

The presence of blood (HbO] or Hb) did not significantly affect the signals measured;

•

There were good correlations between changes in mitochondrial NADH fluorescence, the
oxidation state of cyt aag and the severity of oedema in autografted kidneys;

•

Both cyt aag and NADH responded abnormally to reperfiision of 72 h stored kidneys compared
with unstored kidneys.

Surface fluorescence measurements of mitochondrial NADH were extended in Chapter 6 to give an
indication of the kinetics of change of NADH fluorescence within the first 5 min of reperfiision. These
measurements reflected mitochondrial function in the superficial cortex, which was shown in Chuter
4 to be well oxygenated during this period in both stored and unstored autografted kidneys. The rate
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of oxidation of NADH upon reperfiision was similar in both groups of kidneys but inhibition of
complex I after 4.5 min of reperfiision resulted in significant regeneration of NADH in unstored
kidneys and very poor regeneration in 72 h stored kidneys. It was concluded that renal ischaemiareperfusion injury can occur r^idly and directly, with or without medullary congestion and attendent
secondary ischaemia. These results fulfil the third condition of the hypothesis that there should be
areas in the kidney susceptible to direct ischaemia-reperfusion injury regardless of changes in
haemoglobin oxygenation.

4.

To investigate specific therapeutic approaches to mitigating renal ischaemia-reperfiusion
injury in vivo.

The final condition of the hypothesis may be subdivided into three propositions: (i) pharmacological
strategies specifically directed to reduce fiee radical mediated injury will reduce indices of damage in
those cell types susceptible to oxidative reperfiision injury but will not prevent acute renal feilure; (ii)
pharmacological strategies directed to reduce secondary ischaemic damage will ameliorate cellular
swelling and necrosis in poorly perfused regions of the kidney but will not prevent free radicalmediated injury elsewhere; and (iii) combined therapy involving both suppression of fiee radical
mediated injury and secondary ischaemic injury will improve post-ischaemic renal function and
prevent development of acute renal failure.

In Chuter 6 , three iron chelators (desferrioxamine, CP 102 and NMHH) were used in an attempt to
improve respiratory chain function during the first 5 min of reperfusion of autografted 72 h stored
kidneys, according to the hypothesis that delocalized iron is necessary to catalyse the formation of
hydroxyl radicals fi'om superoxide (generated by electron leakage at complex I). None of the chelators
significantly enhanced NADH regeneration following inhibition of complex I compared with
untreated controls but all three significantly reduced susceptibility to lipid peroxidation and improved
the morphological appearance of the cortex, suggesting that they could have preserved cellular
integrity during early reperfiision. These limited effects were not sufficient to improve long-term renal
viability, either because the chelators did not improve mitochondrial function or because they had no
effect on medullary congestion and secondary ischaemia. These results are nonetheless consistent with
the first proposition (above) that amelioration of direct ischaemia-reperfusion injury does not in itself
improve long-term viability.

The early susceptibility of the medulla to lipid peroxidation described in Chuter 3 suggested that
hydroperoxides were formed in the medulla via the activation of cyclooxygenase and lipoxygenase,
and that these vaso-active products could have contributed to medullary congestion. In Chuter 7, it
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was proposed that a novel inhibitor o f lipoxygenase, BW B70C, could improve long term renal
viability- by- a combination o f mechanisms including (i) inhibition o f leaukotriene B 4 sy-nthase, therebyattenuating vascular permeability-, mTAT swelling and neutrophil activation; (ii) amelioration o f
lipoxygenase-mediated

hydroperoxide

amplification,

thereby

reducing

calcium-activated

mitochondrial lipid peroxidation; and (iii) chelation of delocalized iron, thereby- reducing ironmediated lipid peroxidation, inactivation o f specific membrane pumps and dénaturation o f DNA.

BW B70C was show-n to significantly inhibit leukotriene B4 synthesis and to limit the volumes o f
cortical necrosis and calcification three days after revascularization but to have no effect on vascular
permeability and to exacerbate medullary congestion and haemorrhage. The reasons for this were
obscure. It was postulated that inhibition of lipoxygenase by BW B70C could have inhibited
basolateral N a \ K and C f channels in the mTAT by suppressing the metabolism o f lipoxygenase
intermediates to metabolites capable o f stimulating ion pump activity , while having no effect on
apical membrane pumps. Such a scenario could have exacerbated swelling o f the mTAT by
preventing fluid movement from the mTAT to the interstitium. A similar mechanism involving
inhibition o f active reabsorption by prostacyclin was suggested in Chapter 9 and is discussed more
ftilly in Section 10.4. Another possibility is that BW B70C, by inhibiting lipoxygenase, could have
stimulated arachidonic acid metabolism via cyclooxygenase or cyctochrome P-450. It was shown in
Chapter 7 that serum levels of thromboxane B 2 , the breakdow-n product o f the most potently
damaging eicosanoid TxA 2 , and
n
/

6

-k-PGFia, the breakdown product o f prostacyclin, were not

significantly from controls. Nevertheless, it is feasible that formation of other prostaglandins,
HP ETES and HETES (see C h u ter 1) was enhanced and that this could have caused hydroperoxide
amplification in the mTAT. Thus again, as predicted in the first proposition (above) an agent which
significantly reduced cortical tubular necrosis and calcification during the first few days o f reperfusion
did not ameliorate medullary damage and did not therefore prevent acute renal failure.

The possibility- that cyclooxy genase products were partly- responsible for vascular and tubular damage
in the medulla was explored in experiments using the organo-selenium compound ebselen (Chapter
8

), which in addition to various antioxidant properties has been shown to inhibit cyclooxygenase in

vitro with an

IC 5 0

o f 0.5 mM. However, despite causing significant reductions in susceptibility to

iron- and lipoxygenase-mediated lipid peroxidation and in cortical inflammation at autopsy following
48 h o f storage and autografting, ebselen treatment did not appear to inhibit cyclooxy genase or to have
any effect on medullary congestion. mTAT swelling or long-term renal viability-. As was the case with
BW B70C, tliese results are compatible with the first proposition - a disappointment in the light o f
ebselens broad range of antioxidant properties in vitro.
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The efiect of two impermeant colloids (PEG and mannitol) on ischaemia-reperfusion injury to the
mTAT was evaluated in Chapter 9 using NIRS to monitor changes in the redox state of cyt aag
following fiusemide infusion (which should predominantly effect the mTAT) and histological
analysis. Paradoxically, fiusemide infusion caused reductions (rather than the expected oxidations) of
cyt aag in the presence of both mannitol and PEG despite increases in renal oxygenation. This may
have reflected an increase in cortical bloodflow and an associated decrease in medullary bloodflow as
described previously (Atkins and Lankford, 1991; Brezis et al, 1994). Although neither marmitol or
PEG had a significant effect on tubular swelling, as judged using light microscopy, there were
nevertheless consistent and significant differences in responsiveness to fiusemide in terms of the
redox state of cyt aag, suggesting that the impermeant solute included in the preservation solution does
indeed have an effect on tubular function and that mannitol was superior to PEG in this model.

As both ebselen and low molecular weight PEG were inefifective at reducing mTAT swelling and
medullary congestion in this model, it was not possible to prove the second and third propositions of
the final condition of the hypothesis that amelioration of ischaemia-reperfusion injury following
prolonged renal storage is dependent on the successful preservation of both medullary and cortical
function. Nevertheless, the results obtained were compatible with the hypothesis throughout the
thesis, and the importance of reducing mTAT swelling and vascular congestion in the medulla and of
improving mitochondrial function and cellular integrity in the cortex has been repeatedly
demonstrated.

10.3

Conclusions, Reflections and Future Perspectives

The results of the studies presented in this thesis highlight two major areas of importance in the
pathogenesis of acute renal failure following hypothermic storage and transplantation:

•

Global mitochondrial dysfunction;

•

Swelling and dysfunction of mTAT cells.

In vivo mitochondrial function was abnormal in both the superficial cortex and cortico-medullary
junction within the first 5 min of reperfiision. Mitochondrial dysfimction was not causally related to
secondary ischaemia (Chapters 4 and 6 ) and may or may not have been a consequence of fi-ee radical
generation. Abnormal (or absent) changes in cyt aag oxidation immediately upon reperfiision (Chapter
5) suggest that the defect could have occurred during the cold ischaemic period but this does not
necessarily mle out fi-ee radical-mediated injury (see below). Mitochondrial dysfunction was ^parent
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even after inhibition of complex I with sodium pentobarbitone, suggesting that the primary lesion may
be localized to complex I or result fi'om substrate deficiency leading to complex I (Chapter 6 ). This
conclusion is supported by the rapid oxidation of mitochondrial NADH upon reperfiision of stored
kidneys, despite no change in the oxidation of cyt a% response in the same kidneys (Chapter 5).
‘Intracellular’ iron chelators, while reducing susceptibility to lipid peroxidation and improving the
histological apearance of the cortex did not affect the deficit in mitochondrial fimction (Chuter 6 ).
Therefore, it seems unlikely that delocalized iron is responsible for catalysing the inactivation of
complex I via the Fenton reaction. Free radical-mediated injury may nevertheless be implicated either
via direct 0 ]"^ toxicity or as a result of specific auto-inactivation involving dismpted iron-sulphur
centres or cytochromes. The ^parent localization of damage to complex I suggests that direct O2 mediated toxicity may not be the most important mechanism, as its relatively low reactivity would
tend to induce more diffuse damage to the respiratory chain.

The causes and consequences of mTAT swelling also ^pear to be complex. The colloidal carbon
perfusion studies presented in Chuter 7 suggest that endothelial permeability may become selectively
enhanced in the outer band of the outer medulla during the ischaemic period itself. Increased
endothelial permeability, when coupled with the inactivation of mTAT Na-K-ATPase and the
consequent depolarization and increased basolateral permeability of these cells (see below) may
stimulate tubular swelling and compression of the vasa recta and peritubular capillaries. The studies
presented in Chapter 9 show that this process can be modulated but not prevented by substitution of
impermeant solutes. However, a carefully controlled study comparing a larger number of solutes,
including rafinose, lactobionate and high molecular weight PEG on mTAT fimction would be
valuable.

The pathophysiological implications of mTAT swelling and dysfimction are also complex. It is clear
from the studies presented in Chapters 3, 4, 7 and 9 that medullary congestion, and therefore
presumably mTAT dysfunction, are reversible over several hours. Eicosanoids certainly play a role in
modulating both mTAT and global renal function during reperfiision, but whether this is achieved
principally through their vaso-activity, via diverse effects on active ion transport, particulary Na^-K ATPase, or a combination of the two, is unclear. Increases in plasma prostacyclin levels do appear to
be associated with improvements in renal blood flow (Chapter 7) and may also be associated with an
energy-dependent restitution of cellular homeostasis (see below). This hypothesis is supported by the
consistently observed steady-state reductions in cyt aag during the clearance of medullary congestion,
which were associated with improved histological appearance and possibly long-term viability
(Chapter 9). However, the ther^eutic implications of the studies presented in Chapters 6 to 9 are
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uncertain. All the agents tested - iron chelators, antioxidants, specific inhibitors of eicosanoid
synthesis, impermeant solutes and diuretics - had some positive effects on renal pathophysiology, but
none had a significant impact on the long-term viability of stored autografted kidneys. In this respect,
the studies presented in this thesis serve to emphasize the complexity of the problem in vivo.

Ther^eutic enhancement of mitochondrial fimction in vivo is likely to founder mostly on the
pharmacology of the antioxidant agents used. Many in vitro studies have shown that complex I is
particulary susceptible to hypoxia and reoxygenation (Malis and Bonventre, 1986; Hardy et al, 1991;
Veitch et al, 1992; Ambrosio et al, 1993; Sammut et al, 1995; Reinheckel et al, 1995) and a range
of agents fi'om calcium and iron chelators to potassium cyanide have proved effective at protecting
respiratory chain activity in vitro (Turrens et al, 1982; Ferrari et al, 1982; Vandeplassche et al,
1989; Schultze-Osthoffeta/., 1992; Paraidathathu et a/., 1992; Ambrosio et a/., 1993; Richter, 1993).
Most ^proaches to protecting respiratory chain activity in vitro have fellen into two categories: (i)
suppression of mitochondrial inner membrane lipid peroxidation, especially oxidation of cardiolipin
and auto-oxidation of complex I (Fry and Green, 1981) using a combination of iron chelation and
calcium blockade (Schultze-Ostoff et al, 1992); and (ii) direct inhibition of electron transfer at
different points in the respiratory chain, for example using sodium pentobarbitone to block complex I,
or potassium cyanide to block complex IV (Ambrosio et al, 1993).

As seen in Chapter 6 , the use of intracellular iron chelation in vivo had much less effect on respiratory
chain fimction than predicted from in vitro results. With the exception of the studies presented in this
thesis, no published data are available evaluating the effect of iron chelation on in vivo mitochondrial
fimction. The value of calcium chaimel blockers such as verapamil is counterbalanced in vivo by the
inclusion of calcium chelators such as citrate in the preservation solution (Green et al, 1993).
Ruthenium red, which inhibits mitochondrial calcium uptake, has been shown to enhance
mitochondrial fimction both in vitro and in vivo (Ferrari et al, 1982), but to cause significant increases
in cellular lipid peroxidation, and to be detrimental to long-term viability (Green et al, 1993). Thus,
the effectiveness of iron or calcium chelation as an approach to mitigating renal ischaemia-reperfusion
injury is highly dependent on the pharmacology of individual agents, and the specificity of action in
vivo. In contrast, the use of respiratory chain inhibitors in vivo requires a delicate balance to be
achieved between maintainance of respiratory chain integrity by suppression of electron transfer and
the energetic demands of the cell, or indeed the recipient. It is possible that this approach may prove
beneficial in vivo if the dmg is: (i) a reversible inhibitor, such as sodium pentobarbitone; (ii)
administered in the preservation solution only; and (iii) combined with aNa-K-ATPase inhibitor, such
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as ouabain, during early reperfusion, to reduce the work-load of the kidney (Heyman et al., 1994;
Kumada. et al., 1994).

Glycine is another cyto-protectant that has been shown to dramatically reduce mitochondrial
membrane degeneration and ATP depletion in renal tubule cells and hepatocytes by as yet
unexplained mechanisms (Weinberg et al., 1991; den-Butter et al, 1993; Marsh et al, 1993).
Protection by glycine takes place entirely during hypoxia or metabolic inhibition (Weinberg et al,
1987), and may be related to: (i) inhibition of calcium-dependent polyphosphoinositide hydrolysis,
which does not require energy and can occur during ischaemia (Garza-Quintero et al, 1993); (ii)
conjugation of glycine with acyl-CoA compounds, which damage membranes because of their
detergent properties (Weinberg et al, 1991); or (iii) binding of acetaldehyde, which has been
proposed to regulate the respiratory chain by changing the stmctural-functional state of ubiquinone
(Korneev and Komissarova, 1994). However, Wetzels and colleagues (1993) were unable to
demonstrate any protective effect of glycine in a warm ischaemic model of acute renal failure, while
Heyman and colleagues (1993) showed that glycine infusion actually increased necrosis of the thick
ascending tubules in the renal medulla following ischaemia.

A less hazardous ^proach has been suggested by Veitch and co-workers (1992), who demonstrated
that anoxic perfusion of Langendorff-perfused rat hearts prior to global ischaemia resulted in
significant protection of complex I activity during reperfusion, compared with hearts that had not been
subject to anoxic pre-perfusion. These authors suggested that anoxic pre-perfusion could have
prevented oxygen derived free radical formation during ischaemia itself, as free radical activity has
been demonstrated at very low oxygen partial pressures (<1 mmHg; Rao et al, 1983). The results
presented in Chapter 8 , showing a correlation between medullary oedema prior to reperfiision and
susceptibility to lipid peroxidation, suggested that free-radical mediated events, such as those
mediated by cyclo-oxygenase activation, could indeed occur during the storage period prior to
transplantation (Gower et al, 1992). Removal of residual oxygen by anoxic flushing may therefore
prove beneficial during renal storage prior to transplantation.

Anoxic pre-perfusion can be regarded as conferring a kind of acquired resistance to acute oxidative
stress. The period of time between anoxia and ischaemia in the experiments of Veitch and colleagues
was too short to allow increased expression of stress proteins. However, pre-conditioning of organs by
induction of stress or "heat shock" proteins several hours before ischaemia has led to exciting new
possibilities in organ preservation. The heat shock response was first discovered over 30 years ago,
and it has since become clear that many types of metabolic insult, including exposure to metabolic
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poisons, such as endotoxin, or to ischaemia and reperfiision, can elicit increased expression of stress
proteins (Minowada and Welch, 1995).

Recently, it has been shown that prior administration of endotoxin conferred resistance to glycerol
mediated acute renal failure by induction of increased haem oxygenase and ferritin synthesis (Vogt et
al, 1995). Haem oxygenase is a microsomal enzyme that catalyses the rate limiting step in the
degradation of haem. Although degradation of haemoglobin may not play an important role in renal
ischaemia-reperfusion injury, at least in the early stages (Gower et al, 1993), it has been shown by
Palier and associates that degradation of labile cytochrome P-450 is a major source of catalytic iron
during renal ischaemia-reperfusion injury (Palier and Jacob, 1994). Not only would increased haem
oxygenase activity allow degradation of any haem released fiiom endogenous oxidatively denatured
haem proteins, but increased tissue ferritin should bind iron released fi’om haem (Vogt et al, 1995).
Furthermore, increased haem oxygenase activity leads to increases in bilimbin and biliverdin, which
are efficient fioe-radical scavengers, and carbon monoxide (CO), which has been shown to activate
guanylate cyclase in vascular smooth muscle in a manner analogous to nitic oxide, thereby
stimulating vasodilation (Utz and Ullrich, 1991; Maines, 1993).

Another family of stress proteins of potentially great importance in renal ischaemia-reperfusion injury
is the HSP-70 family. It has been shown that renal ischaemia causes redistribution of proximal tubule
or mTAT Na-K-ATPase fiom a restricted baso-lateral expression to the apical membrane (Molitoris et
al, 1992; Van Why et al, 1994). Restitution of baso-lateral localization of Na-K-ATPase occurs
during reperfusion at speeds related to the severity of injury (Van Why et al, 1994). It is not known
whether loss of mTAT or proximal tubule polarity affects the development of oedema or modulation
of the pump (by agents such as ouabain or 12(R)-HETE, a cytochrome P-450 arachidonate
metabolite), but Na-K-ATPase found in apical membranes after ischaemia does bind ouabain
(Molitoris e/ûf/., 1988).

It has been proposed that members of the HSP-70 heat shock protein family assist cell repair by
interacting with aberrant proteins after stress (Pelham 1986), and translocating them across
intracellular membranes (Chirico et al, 1988; Deshais et al, 1988; Van Why et al, 1994). HSP-70
proteins and mRNA are r^idly induced after renal ischaemia, and the pattern of HSP-72 distribution
during the recovery period parallels the changes in Na-K-ATPase localization (Van Why et al, 1992).
Inducible HSP-70 mRNA progresses from negligible levels to peak induction within 2 h of reflow
(Van Why et al, 1992), which also reflects the timing of clearance of medullary congestion in the
NZW rabbit renal autograft model (Chapter 4). Thus it is possible that prior induction of an HSP-70
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response by ischaemic pre-conditioning or endotoxin treatment could potentiate recovery of mTAT
polarity following hypothermic storage, ameliorate oedematous swelling in the cortico-medullary
junction, and thereby reduce erythrocyte congestion and secondary ischaemia.

Ischaemic swelling of the mTAT may be partly a consequence of loss of cellular polarity and
membrane integrity, but is also likely to be related to increases in vascular permeability during
ischaemia and reperfusion. It was shown in Chapter 7 that there were significant increases in vascular
permeability, as indicated by perivascular tr^ping of infused colloidal carbon, in a narrow band in the
outer stripe of the outer medulla. Loss of baso-lateral Na-K-ATPase activity, either by ischaemic
inactivation, oxidation of sulphydryl groups upon reperfiision, or redistribution to the apical
membrane, results in baso-lateral membrane depolarization and susceptibility to cellular swelling
(Greger, 1985). Ischaemic redistribution of Na-K-ATPase seems to be due to a loss of attachment to
the cytoskeleton and dismption of intercellular tight junctions (Molitoris, 1991). Similarly, increases
in vascular permeability during ischaemia and reperfusion qipear to be dependent upon dismption of
cytoskeletal F-actin filaments of endothelial cells, resulting in cell rounding formation of inter-cellular
gaps (Wong and Gotlieb, 1990; Hidalgo etal, 1995).

Endothelial monolayer permeability appears to be modulated by agents capable of stimulating intra
cellular cyclic AMP (cAMP) levels (Casnocha et al, 1989). The mechanism is controversial, but
evidence suggests that a cAMP-dependent protein kinase could mediate cytoskeletal alterations
leading to increased numbers of stress fibres and augmentation of intercellular junctions (Killacky et
al, 1986; Alexander et al, 1988; Casnocha et al, 1989). A number of agents are capable of
stimulating adenylate cyclase in vitro, including forskolin, isobutyl-methylxanthine (IBMX) and
prostacyclin (Casnocha et al, 1989). It was shown in Chapter 7 that serum levels of prostacyclin
increased sigrtificantly after 30 to 60 min of reperfiision of 48 h stored kidneys and it is perhaps not
co-incidental that the rise was associated with clearance of medullary erythrocyte congestion. It is
possible that prostacyclin mediated a reduction of endothelial permeability by activation of adenylate
cyclase, thereby ameliorating oedematous swelling of the mTAT and reducing haemoconcentration in
the peritubular c^illaries.

Curiously, prostacyclin and PGE2 ^pear to inhibit cAMP generation in the mTAT at high
concentrations through coupling to Gi proteins, but stimulate adenylate cyclase at low concentrations
via Gs proteins (Smith et al, 1987; Frazier and Yorio, 1992). Agents which stimulate cAMP
generation in the mTAT, such as antidiuretic hormone (ADH), increase active sodium chloride
reabsoiption by means of elevating tians-epithelial conductance and potential difference, and
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depolarizing the baso-lateral membrane, thereby increasing its conductance (Greger, 1985). Inhibition
of these changes by prostacyclin or PGE2 should therefore reduce sodium chloride absorption, prevent
fluid movement fi'om the peritubular capillaries into the tubule, and enhance recovery of the mTAT
following ischaemic insult. Although indiscriminate use of cAMP stimulators in vivo would not
necessarily be beneficial, infusion with stable prostacyclin analogues, such as Uoprost, may help to
reduce medullary congestion following prolonged ischaemia before endogenous synthesis is
stimulated.

A combination of these factors may significantly enhance renal preservation. It is possible that an
endotoxic shock to the donor, some three to six hours prior to nephrectomy, could stimulate
expression of stress proteins, including haem oxygenase, ferritin and HSP-70, thereby rendering the
kidney less susceptible to ischaemia-reperfusion injury after subsequent storage. In addition, it may
prove beneficial to render the preservation solution anoxic (by previous gassing with nitrogen), and to
store kidneys in sealed containers, to prevent fi-ee radical-mediated injury occurring during the
preservation period itself. The preservation solution could reasonably be based on hypertonic citrate
solution, since this is a very simple and cheqD formulation, and might include additionally (i) glycine,
or mthenium red, to protect specifically against mitochondrial damage; (ii) an iron chelator, such as
CP 102, to reduce fi-ee radical mediated injury, particularly in the renal cortex; (iii) a cyclic AMP
activator, preferably iloprost, to reduce endothelial permeability; and (iv) an impermeant colloid such
as rafifinose, or a high molecular weight polyethylene glycol (in place of mannitol), to reduce mTAT
swelling. It may also be beneficial to continuously infuse iloprost, CP 102 and fiusemide (to inhibit
active reabsorption) during reperfiision, for a period of approximately 45 min, to ameliorate the acute
phase of medullary congestion.
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