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Abstract

This study investigated the electrophysiological and morphological alterations in
renal proximal tubules following exposure to ischemic conditions and preservation
solutions, using an in vitro single-tubule perfusion model.

Isolated mouse proximal straight tubules were subjected to simulated ischemic
conditions by perfusion with hypoxic and ischemic solutions (Po; 4 mmHg); the lat-
ter solution was high in K* and lactate, devoid of glucose, and low in pH. Twenty-
minute tubular pcrfusion with the hypoxic or ischemic solution on both the luminal
and the basolateral sides at 27°C did not significantly alter cell membrane potential,
cell membrane ionic conductance, and intracellular Nat activity. The ultrastructure
of the tubular cells was also well preserved following the perfusion. However, such a
perfusion decreased both the transepithelial potential and resistance by 40%. These
results suggest that tubular cells are able to maintain their structural and electro-
chemical integrity after short-term exposure to hypoxic or ischemic conditions. The
compromised transepithelial transport would seem to indicate that cell—to-ceil junc-
tions are damaged by these insults.

Proximal tubules were also perfused with Euro-Collins’ (EC) and University of
Wisconsin (UW) solutions at 22°C and 37°C. Perfusion with the EC solution on both
the luminal and the basolateral sides led to significant cell swelling, accompanied by
deterioration of the transepithelial potential upon reperfusion with the Ringer solu-
tion. When the EC solution was perfused on the iuminal and the basolateral sides
separately, it was found that the deteriorating effect of this solution is associated with
its presence on the basolateral side. In comparison, perfusion with the UW solution
had no effect on cell volume, and no subsequent damage to the transepithelial poten-
tial was observed. Furthermore, substitution of glucose with mannitol abolished the
damaging eflect of the EC solution. Thess data emphasize the importance of effec-
tive memkrane impermeants in the preservation solutions in maintaining cell volume,
and suggest that cell swelling in the EC solution at warm temperatures could lead

to acute tubular necrosis and delayed graft function in clinical renal transplantation.

xi
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Chapter 1
INTRODUCTION

Occurrence of delayed graft function (DGF) in recipients of cadaveric kidney trans-
plants is a major clinical complication, which leads to poorer graft survival rates and
higher mortality [41, 89, 156, 167, 168]. Immediate graft function is important to
the successful immunosuppression regimen following the implantation [98, 150, 184].
DGF has been attributed to several factors, among which are warm ischemia [28, 64)
and the type of solutions used in renal preservation {156]. Great research effort has
been directed towards understanding and prevention of renal ischemia and towards
developing more efficient renal preservation solutions for transplantation. This int1o-
duction reviews some aspects of renal ischemia and kidney preservation, as well as
provides background information on electrophysiology of proximal tubular transport
— the main investigative technique used in this study. The introduction is concluded

by emphasizing the rationale of this study.



1.1 Renal Ischemia

1.1.1 Energy metabolism and transport in proximal tubules

Renal tubular energy metabolism refers to the utilization of substrates as fuels to
generate direct energy source (adenosine 5-triphosphate, or ATP), which in turn
maintains tubular integrity and function. Different nephron segments differ dramat-
ically in their energy metabolism. Only the energy metabolism of proximal tubules
is reviewed here, because this is the only nephron segment investigated in the present
study.

Proximal tubules are resporsible for the bulk reabsorption of ions, small nutri-
ent molecules such as glucose and amino acids, and water filtered by glomeruli (for
reviews see [21], [22], [60], [135], and [*70]). Such reabsorption is mainly driven by
the Nat,K*-ATPase localized in the basolateral membrane of the proximal tubular
cells. The Nat,Kt-ATPase is a primary active transport system that directly re-
quires the expenditure of metabolic energy (ATP). In mammalian proximal tubules
under physiological conditions, most of the ATP is generated aerobically by oxida-
tive phosphorylation, a process localized in mitochondria (for reviews on oxidative
phosphorylation, see [88] and [177]). Proximal tubular cells can utilize a variety of
substrates as metabolic fuels to synthesize ATP (for reviews see [85], [129], [179],
and [210]). Substrates like glucose, lactate, fatty acids and amino acids can enter
proximal tubular cells either across the apical membrane via Nat-dependent cotrans-
port systems or across the basolateral membrane via Na*-independent mechanisms

[14, 110, 178, 180].



Although glucose is the most common metabolic fuel for many tissues, including
the renal medulla [119, 120}, it is not an effective fuel for proximal tubules, especially
for proximal convoluted tubules [85]. In microdissected S; and S; segments from the
mouse kidney, the intracellular ATP content ([ATP};) was barely detectable with
glucose as the only substrate in the incubation medium, whereas glucose was almost
as effective as glutamine and lactate in maintaining {[ATP]; in S; segment [196]. In
isolated suspensions of proximal convoluted tubules (PCT), presence of glucose as
the sole substrate supported neither aerobic respiration (oxygen consumption, or
Qo2) nor [ATP];, whereas in suspensions <f proximal straight tubules (PST), glucose
was partially effective in supporting Qo2 but not effective in maintaining a higher
[ATP]; level than found in substrate-free medium [159]. As pointed out by Ruegg
and Mandel in their paper [159], the different effects of glucose on Qo, and [ATP]; in
suspensions of PST may be due to the fact that aside from being a metabolic fuel,
glucose also facilitates apical Nat entry and hence acceleraies tubular Na* transport
(see Section 1.3), which represents an additional drain of intracellular ATP level. In
sum, studies in isolated proximal tubules indicate that glucose is not an effective fuel
in PCT, but can support at least a portion of energy metabolism in PST. This general
conclusion is in agreement with the heterogeneity of glycolytic enzyme distribution
along S;, S; and S; segments of proximal tubules [199].

Lactate can be used as a metabolic fuel by all segments of proximal tubules.
In microdissected proximal tubular segments from the mousz kidney, [ATP); was
well maintained in the presence of 2 mM of lactate [196]. In isolated suspensions

of rabbit proximal tubules, lactate has been shown to stimulate Qo, and increase



the mitochondrial content of reduced nicotinamide-adenine dinucleotide (NADH)
[11]). NADH is the major source of electrons for the respiratory chain which, in
cooperation with the FoF;-type Ht-ATPase, generates ATP via electron transfer.
However, in the presence of fatty acids, lactate uptake and oxidation are inhibited
[17, 80]. Considering that the plasma fatty acid level is quite high [13], fatty acids
appear to be the major metabolic fuel for proximal tubules in vivo. In agreement with
this notion, in isolated suspensions of rabbit proximal tubules, lower concentrations
of short-chain fatty acids than lactate are required to increase mitochondrial NADH
level [11]. Lactate that is not metabolized can either be converted to glucose inside
tubular cells via gluconeogenesis [48, 49, 80, 82], or exit the cell across the basolateral
membrane via Na*-independent mechanisms [14, 178, 198].

The proximal tubule is capable of metabolizing a variety of amino acids, among
which glutamine is one of the main fuels in this tubular segment. Release of *CO,
from labelled glutamine was demonstrated in early studies [112], although isotopic
dilution was not taker into account in these experiments. In isolated single mouse
proximal tubule, 30 min of substrate-free incubation at 37°C decreased [ATP]; to
20% of the preincubation level. However, 75% of [ATP]; was maintained after the
incubation when 2 mM of glutamine was added to the substrate-free medium [196].
Another amino acid metabolized by proximal tubules is alanine. However, although
alanine may be converted to pyruvate, which can be further metabolized through the
tricarboxylic acid cycle to generate ATP, the amount of alanine being metabolized
this way is small under physiological conditions [47]. It appears that alanine in the

Ringer solution used for tubule perfusion in the studies reported here is a substrate



for Nat-coupled cotraﬁsport (see Section 1.3) rather than a substrate for energy
metabolism by the proximal tubule.

The energy production and the Na* reabsorption in proximal tubules are tightly
coupled. Factors that modulate Na* reabsorption also modulate energy production.
In suspensions of rabbit proximal tubules [84], glucose and a-methyl-D-glucoside in-
creased aerobic ATP produciion (Qo;) by stimulating the Nat,K*-ATPase-powered
transepithelial Nat reabsorption (see Section 1.3.1). In addition, stimulation of
Na* ,K*-ATPase by nystatin, a Nat ionophore, drastically augmented the oxy-
gen consumption in proximal tubule suspensions from the dog [186] and rabbit
(84, 159, 181] kidneys. On the other hand, Na*t,K*-ATPase inhibition with ouabain
decreased Qo, [84, 159, 186]. It is generally believed that cytosolic and mitochon-
drial levels of ATP, ADP and free phosphate (P;) are among the factors that couple
the mitochondrial ATP production to the transepithelial active transport [85]. Cy-
tosolic and mitochondrial concentrations of ATP, ADP and P; not only reflect a
balance between energy production and consumption processes, but also participate
in the modulation of these two processes. For example, elevation of mitochondrial
ADP level, which can be brought about by activation of energy utilization, stimulate
the ATP synthesis [3, 100, 130]. Rotenone and antimycin A, inhibitors of mitochon-
drial ATP production, concomitantly inhibited Na*-dependent reabsorption of fluid,
phosphate and glucose [83). The activity of Nat ,K*-ATPase, a key transporter in
proximal tubular Nat reabsorption, increases linearly with the increase in [ATP);,
showing no saturation up to physiological [ATP}; range (4 to 5 mM) [182].

In summary, proximal tubules utilize a variety of substrates to generate ATP as



their direct energy source to power the process of Nat and fluid reabsorption. The
order of substrate preference in proximal tubules appears to be ketone bodies > fatty
acids > lactate > glutamine [85]. This order may change when the metabolic status
of the tubule is altered, an example of which is acidosis [86, 185]. Proximal tubular
reabsorption is tightly coupled to the mitochondriai ATP synthesis, emphasizing
reabsorption as the predominant energy-requiring process in this tubular segment

under physiological conditions.

1.1.2 Effects of ischemia on energy metabolism
and transport

Renal ischemia leads to profound changes in cell structure and function (for reviews
see [27], (35], [36], (102], [136], and [206]). However, renal cells can recover from
25 to 60 min of ischemic insult with little irreversible damage to their morphology
and function [102]. This section deals with the alterations in energy metabolism and
transport in proximal tubules during and after short-term warm ischemia.

When proximal tubular cells are deprived of oxygen (hypoxia or anoxia), several
aspects of metabolism and transport are altered. Dickman and Mandel, using iso-
lated proximal tubule suspensions, demonstrated the effects of several respiratory
inhibitors on energy metabolism [57]. Their experimenta! results are summarize:
as follows. (1) Forty-five minutes of hypoxia (1% O;) and anoxia (0% O,) recuced
intracellular ATP level ((ATP};) and intracellular K* content ([K*];). (2) The extent
of [ATP}; and [K*]; reduction during experimental periods, however, was greater un-
der anoxic conditions than under hypoxic conditions. Consequently, compared with

anoxia, hypoxia resulted in less cell injury — as measured by percentage of lactate
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dehydrogenase (LDH) release — and better recovery of [ATP]; and [K*]; during re-
oxygenation. The remaining [ATP]; during hypoxia may be provided by one of the
following two procezses, or both: first, it is likely that some ATP comes from residual
oxidative phosphorylation; second, glycolytic ATP may also contribute to the intra-
cellular ATP pool because glycolysis is stimulated by hypoxia (as indicated by the
increase in lactate production), but not by anoxia. (3) To further confirm the protec-
tive effect of glycolytic ATP, respiratory inhibitors rotenone, carbony! cyanide-p-tri-
fluoromethoxyphenylhydrazone (FCCP) and antimycin A were used to block acrobic
ATP synthesis. It was found that rotenone and FCCP stimulated glycolysis, whercas
antimycin A failed to do so. As a result, antimycin A decreased [ATP]; and [K*], to
a greater degree than did rotenone and FCCP. Correspondingly, rot.none and FCCP
caused less LDH release from proximal tubule suspensions than did antimycin A. (1)
Combined treatment of rotenone and 2-deoxyglucose, inhibitor of glycolysis, resulted
in a greater LDH release compared with treatment of rotenone alone. The authors
concluded from the above observations that stimulation of glycolysis is important to
maintain minimal energy stores and hence preserve the integrity of proximal tubular
cells when aerobic ATP production is suppressed [57]. It appears that a critical level
of [ATP]; is required to prevent irreversible cell injury. Such an energy threshold wag
shown to be necessary for maintaining cell viability in cultured renal epithelial cells
subjected to chemical depletion of [ATP], [202].

Ischemia is different from hypoxia or anoxia in that it refers to a situation in which
both oxygen and substrate supplies are terminated [102, 206]. Numerous studies

using whole-kidney models (either in vivo or in vitro) have documented dramatic



alterations in tubular metabolism and transport following 15 to 60 min of total
loss of blood flow. Decrement of renal cortical ATP level was observed within 10
sec of the onset of ischemia in both isclated [16] and in situ [109] whole-kidney
models. This ATP depletion would inhibit the Nat,K+-ATPase and disturb the
cellular electrolyte balance. Indeed, occlusion of renal artery for 20 min resulted in an
elevation of intracellular Nat and Cl~ concentrations, and a drop in intracellular K+
concentration in proximal and distal tubules [132]. These disturbances of metabolic
and ionic balances would inevitably compromise the tubular transport process during
the ischemic insult.

Effects of hypoxia/anoxia and ischemia on energy metabolism and transport may
persist during the reperfusion period, when the supplies of blood and oxygen to the
kidney is restored. The reperfusion injury of renal cells following the ischemic insult
has been an area of great research interest in recent years. Studies using whole-
kidney ischemic models in vivo indicate that the ability of kidneys to regenerate
ATP during reperfusion decreases with the increase in duration ¢f warm ischemia
[29]). Aerobic production of ATP, as measured by renal oxygen consumption (Qo,)
was depressed during initial phase of reperfusion (0 to 15 min) [91]. The Qo, then
overshot but became uncoupled to Nat reabsorption at 30 tc 45 min of reflow,
suggesting significant ATP consumption in cellular repair processes [91]. In isolated
proximal tubule suspensions, both proximal convoluted tubules (PCT) and proximal
straight tubules (PST) showed depressed Qo; and [A'.'P]; after 60 min of recovery
from a 40-min hypoxia or anoxia [160]. Alterations in renal energy metabolism

are accompanied by changes in tubular transport. In whole-kidney models in vivo,



compromised tubular reabsorption following 20- to 60-min occlusion of blood flow is
suggested by the depressed urine-to-plasma inulin concentration ratio [132] and by
the elevated fractional sodium excretion despite a decrease in filtered sodium load
[91]. Using micropuncture techniques, Johnston and coworkers observed marked
reduction in fluid reabsorption during the recovery period (0 to 4 hours) after 35 min
of total renal artery occlusion in rat kidney [101]. In addition, PCT and PST isolated
from rabbit kidneys 10 min after recovering from a 60-min ischemia showed large
decrease in fluid reabsorption (J,) and the transepithelial potential (an electrical
potential that is closely associated with Nat and substrate reabsorption, see Section
1.3) [87].

In summary, hypoxia/anoxia and ischemia lead to decrease in [ATP!: and distur-
bance of cellular ionic balance. Following the hypoxic and ischemic insults, proximal
tubular reabsorption is greatly compromised. Cellular energy-generating process
not only is impaired, but also becomes uncoupled to the transport function. These

alterations represent the metabolic and functional aspects of acute renal failure.

1.1.3 Morphological changes
following hypoxia and ischemia

Renal tubules are composed of a single layer of epithelial cells joined together side by
side by intercellular junctions. To accomplish vectorial transport of ions, nutrients
and water across the tubular epithelium (namely, reabsorption or secretion), tubular
cells must be polarized in the direction perpendicular to the tubular wall. Such
polarity is established by having distinct apical membrane (facing the tubular lumen)

t

and basolateral membrane (facing the interstitium) on the surface of each cell. Apical
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and basolateral membrane domains are separated by cell-to-cell junctions.

In proximal tubules, the apical and the basolateral cell membrane domains are
different in many respects. Structurally, the apical membrane takes the form of mi-
crovilli to increase the effective contact surface with the luminal fluid and facilitate
reabsorption. The surface area of the basolateral membrane is increased by baso-
lateral infoldings, as described by Welling and Welling [208]. Functionally, apical
and basolateral membranes contain different transport proteins that work in series
to enable transepithelial movement of water and solutes. Taking Nat reabsorption
as an example, Nat moves across the apical membrane via the Nat-substrate co-
transporter and the Nat-H* exchanger (probably NHE-3 isoform [194]), transport
proteins that are unique to the apical membrane. The influx of Na* increases the in-
tracellular Nat concentration, which in turn stimulates the extrusion of Nat through
the activity of the Nat ,K*-ATPase, a primary active transport system that is unique
to the basolateral membrane.

Studies using the in vivo ischemic model demonstrated a scope of ultrastruc-
tural alterations in proximal tubules following both warm ischemia and subsequent
reperfusion. One of the most distinct morphological alterations following 30 to 35
_ min of warm renal ischemia is the loss of microvilli within 60 min of reperfusion
[91, 101]. Regeneratic:i of microvilli was observed between 60 to 240 min of reper-
fusion {91, 101]. Repair of microvilli and other organelles is accompanied by the
uncoupling of energy consumption and transport [91], suggesting that energy is ex-
pended on repair processes. In addition to the damage to microvilli, a variety of

subcellular changes was observed following 10 to 60 min of in vivo ischemia and 3 to
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24 hour of reperfusion. These changes include clumping of chromatin in the nuclei,
dilatation of endoplasmic reticulum, swelling of mitochondria, and increase in size
and number of second-degree lysosomes and residual bodies [71, 72, 73, 74, 134, 158].

Recent investigation into the morphological aspects of is “emic injury has re-
vealed more subtle alterations in tubular cell membranes. A number of studies by
Molitoris’ group have demonstrated an alteration of membrane protein and lipid com-
position in proximal-tubule cells during renal ischemia. For example, the Na* K*-
ATPase, a protein unique to the basolateral membrane under physiological condi-
tions, accumulated in the cortical apical membrane fractions after 15 to 50 min of
ischemia, induced by clamping of renal pedicle [137, 140, 142]. Following the same
ischemic protocol, redistribution of many other membrane proteins and lipids was
also evident [137, 140, 141, 142]. Based on these observations, Molitoris has proposed
that loss of membrane polarity in proximal tubules is an important consequence of
cell injury that impairs tubular reabsorption following ischemia [137].

Newer experimental observations have suggested that the polarity loss may result
from: a) the opening of tight junctions and b) the disruption of cytoskeletal network.

The loosening of the tight junction following ischemia has been suggested by sev-
eral studies. In an in vivo ischemic model in rat kidney, the integrity of the tight
junction was assessed using an electron-dense marker, ruthenium red [138]. This
marker, when delivered into the tubular lumen through a micropipette, stained only
the apical membrane. It was excluded from the basolateral membrane because of the
tight junction. Induction of renal ischemia by renal pedicle clamping for 5 to 30 min

led to a stepwise increase in ruthenium-red staining of the basolateral membrane,
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suggesting damage to the tight junction. Similar results were observed in a chemical
ischemic model (ATP depletion) using confluent LLC-PK; monolayers, in which 2
hours of ATP depletion using 0.1 gM antimycin A resulted in the coating of the ba-
solateral membrane with ruthenium red [42]. Cultured LL.C-PK; cell originates from
and possesses many important structural and functional properties of proximal tubu-
lar cells [42]. Morphological observations on the damage to the tight junction was
supported by the concomitant decrease in transepithelial resistance (R;.) recorded
using electrophysiological techniques [42, 128]. R.. describes the electrical tightness
of an epithelium (see Section 5.2.3).

Another early event that contributes to loss of cell polarity is the disruption of the
cytoskeletal network [136]. Like other epithelial cells, proximal tubule cells possess
extensive membrane-associated cytoskeletal networks that are responsible for estab-
lishing and maintaining both the architecture and protein composition of the apical
and the basolateral membranes. At the apical side, the membrane of microvilli is
supposted by a sophisticated submembranous cytoskeleton, with filament actin (F-
actin) being the primary component [54]. A complicated cytoskeletal web also lies
under the basolateral cell membrane. This fodrin-based network links membrane
proteins such as Nat ,K*-ATPase to the F-actin cytoskeletal structure and anchors
those proteins in the basolateral membrane domain [40, 145, 146, 147, 148]. Ischemia
disrupts the assembly of cytoskeletal proteins. In an isolated perfused kidney model,
after anti-actin antibody staining, proximal tubules from control-perfused kidneys
showed concentrated actin immunofluorescence associated with the brush border,

which may correspond to the F-actin-based membrane skeleton [108]. Fifteen min-
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utes of ischemia resulted in large gaps of actin staining at the brush border, which
correlated with the disappearance of microvilli observed under the light microscope
[108]. In a more recent study, decrease in actin fluorescence (rhodamine-phalloidin
staining) at the apical membrane was observed after 5 min of ischemia, induced in
vivo by pedicle clamping [107]. Confluent-monolayer model was also used to study
the effect of ischemia on cytoskeletal structure. Fluorescent staining of F-actin in
control cultured LLC-PK; cells, however, showed different distribution pattern com-
pared with normal cells, with F-actin fluorescence mainly associated with the baso-
lateral membrane (139]. Such F-actin networks may therefore be crucial to anchor
the basolateral membrane-proteins such as Nat,K*-ATPase. A redistribution of F-
actin fluorescence in LLC-PK; cells was observed following 30 to 120 min of ATP
depletion using 1.5 gM antimycin A [139]. Such a redistribution of F-actin was ac-
companied by the dissociation of Nat,K+-ATPase from the cytoskeletal structure,
suggesting mobilization and redistribution of Na*,K*-ATPase in the cell membrane
[139].

In summary, renal ischemia leads to a loss of membrane polarity, including loss
of brush border and redistribution of apical and/or basolateral membrane-specific
proteins. These morphological and biochemical changes are probably initiated by
the disruption of the cytoskeletal network and the opening of cell-to-cell junctions.
Alterations in cell morphology and membrane composition correlate with the im-

pairment of cell-transport function.
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1.2 Renal Preservation Solutions

1.2.1 Cold storage of kidney for transplantation

Successful kidney preservation for extended time period (for example, 24 hours) al-
lows completion of such procedures as tissue matching, selection of a recipient, trans-
port of the organ and preparation of the recipient for surgery. Kidney preservation
is thus essential to all cadaveric transplantation programs [131].

Storage at temperatures close to 0°C has proven to be the most effective way
to preserve an organ. Following nephrectomy, the supply of oxygen and metabolic
fuel for energy production within the kidney is greatly reduced. Cold temperature
slows down all the enéymatic reactions within the cell (namely cell metabolism)
and therefore curtails both energy production and consumption. According to van
Hoff’s law, with a 2- to 3-fold reduction in reaction rate for every 10°C decrease
in temperature (namely, ho = 2 ~ 3), cooling from 37°C to 0°C slows down cell
metabolism by 13 to 50 times [19]. An early study by Levy has shown that cooling to
0°C reduced oxygen consumption of the kidney to less than 3% of the 37°C control
[122]. Therefore, with the reduction of their metabolic rates, organs preserved in
cold temperatures are able to maintain their metabolic integrity for a longer period
in the face of limited oxygen and substrate supply.

However, cold temperature has potential damaging effects on cell morphology. It
inhibits the activity of Nat K*-ATPase [45, 62] and results in the loss of cellular K+
content and the gain of cellular Na* and Cl~ from the interstitium [193]. The entry

of NaCl disturbs the transmembrane osmotic balance, resulting in cell swelling [193].
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Renal preservation solutions were designed to counteract the adverse effects of
cold temperature described above (for reviews, see references [19], [28], [51], and
[131]). The two most commonly used preservation solutions are Euro-Collins’ (EC)
and University of Wisconsin (UW) solutions. One of the most important components
in preservation solutions is an effective membrane-impermeable osmolyte to coun-
terbalance the osmotic pressure originating from the negatively charged intracellular
protein. Glucose is used as such a membrane-impermeable osmolyte in EC solution,
whereas lactobionate and raffinose are added to UW solution to provide the osmotic
balance. To preserve the intracellular ionic content when Nat ,K*-ATPase is inacti-
vated at cold temperatuces, both EC and UW solutions contain high concentrations
of K+ and low concentrations of Na*. Theoretically, this should reduce the energy
expended in restoration of ionic balance upon rewarming [28]. Both EC and UW
solutions are well buffered to minimize the changes in intracellular pH. In addition,
UW solution also contains adenosine as a precursor of ATP synthesis, glutathione
as a reducing agent, allopurinol to inhibit the formation of free O; radicals and hy-
droxyethyl starch as a colloid in plasma compartment to counterbalance the oncotic
pressure in interstitium and prevent tissue edema [19)].

In summary, cold storage reduces cell metabolic rate and the minimal energy
supply required to maintain cell viability. Renal preservation solutions are used in
place of interstitial fluid at cold temperatures to preserve intracellular ionic content
and prevent cell swelling. Cold storage using preservation solutions allows kidney

cells to survive longer in the face of ischemia.
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1 2.2 Experimental and clinical comparison of
EC and UW solutions

Since the development of UW solution in late 1980’s, a number of experimental and
clinical studies have compared the effectiveness of this solution in kidney preservation
with the widely used EC solution, which was developed almost 20 years earlier.

In the isolated perfused canine kidney model, the percentage of Nat reabsorption
following 48- and 72-hour cold storage in UW solution was significantly higher than
the percentage of Nat reabsorption in kidneys stored in EC solution for the same
lengths of time [155]. In the autotransplant model, the graft survival rate of reim-
planted kidneys was 100% after storage in UW solution for 48 and 72 hours. However,
the graft survival was only 80% after 48-hour storage, and 0% after 72-hour storage
in EC solution {155]. In another autotransplant study [197], animals implanted with
kidneys preserved in EC solution for 72 hours showed decreased urine output and
elevated plasma serum creatinine level during reperfusion. Fifteen-day survival rate
was 17% (1 out of 6) for this group. In comparison, animals implanted with kidneys
preserved in UW solutions for the same length of time had much highesr urine out-
puts and lower serum creatinine levels. Fifteen-day survival rate was 100% (6 out of
6). Moreover, the renal microvascular structure, visualized with silicon rubber one
hour after revascularization, was much better preserved in UW-preserved kidneys
than in EC-preserved kidneys. This finding was further confirmed by histological
comparison of renal vasculature in UW- and EC-preserved kidneys [197].

The first comprehensive clinical comparison of UW and EC solutions, in which

the outcome of 695 recipients of cadaver renal transplants was studied, was recently
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published [156]. Occurrence of delayed graft function (DGF) was significantly lower
in UW-preserved kidneys compared with that in EC-preserved kidneys. Serum cre-
atinine level was lower and urine output was higher in recipients of UW-preserved
kidneys compared with that in recipients of EC-preserved kidneys. These functional
differences between UW- and EC-preserved kidneys correlated with the significantly
higher rate of 1-year graft survival of UW-preserved kidneys.

In summary, both experimental and clinical studies indicate that the UW solution
is superior to the EC solution in preserving the structure and function of the kidney

graft.

1.3 Electrophysiology of
Proximal Tubular Transport

Fluid entering the proximal straight tubules in vivo is essentially free of organic
nutrients and bicarbonate because of the powerful rezhsorption process in proxi-
mal convoluted tubules [21]. Although proximal straight tubules function mainly to
reabsorb filtered NaCl in vivo, this segment shows many electrophysiological char-
acteristics of proximal convoluted tubules when presented with plasma-like Ringer
solution during in vitro experiments [66, 113). Thus proximal straight tubule ap-
pears to share the intrinsic transport systems found in proximal convoluted tubule,
although activities of some transport systems may differ quantitatively [99, 106].
This section provides a brief overview of the electrophysiology of proximal tubular
transport, with emphasis on NaCl reabsorption, under both in vivo and in vitro

conditions.
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1.3.1 General scheme of proximal tubular transport

Figure 1.1 illustrates the main ionic and substrate transport mechanisms identified
so far in mammalian proximal tubules. Reabsorption of water and solutes across the
tubular epithelium occurs via the following two pathways: 1) transcellular pathway
and 2) paracellular pathway.

Transcellular transport requires coordinated function of transporters in both the
apical and the basolateral membranes. For example, transcellular reabsorption of
Na*, the major cation in glomerular ultrafiltrate, involves several apical entry steps
in series with a basolateral exit step (Figure 1.1). The basolateral extrusion of
Na* is accomplished by the Nat ,K+-ATPase, which is powered by the inetabolic
energy released from ATP hydrolysis (primary active transport). Through the active
extrusion of Nat and the active uptake of K+, the Nat,K+-ATPase sets up the
transmembrane concentration gradients of both Nat and K*. The transmembrane
K+ gradient in turn generates the inside-negative membrane electrical potential (see
Section 1.3.2). Electrochemical potentials of Na* and K* across the cell membrane,
especially that of Nat, can be utilized by the coupled-transporters to power the
uphill movement of other ions (for example, H¥, HCOj3, and Cl~) or small organic
solutes (for example, glucose and amino acids — secondary active transpo~).

Paracellular reabsorption occurs when solutes move from lumen across the tight
Junction and lateral intercellular space into the interstitium (Figure 1.1). This trans-
port pathway is passive, depending on the electrochemical gradients across the tight

junction that are set up by transcellular transport processes. Aside from the elec-
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trochemical gradients, permeabilities of solutes through the tight junction also de-
termine the rate of transport {21, 22]. In mammalian proximal tubules, paracellular
NaCl reabsorption can account for no more than 15% of total NaCl reabsorption
[21]. Passive water reabsorption, either transcellularly or paracellularly, occurs due
to the high water permeability across the epithelium, although the transepithelial
osmotic gradient is sraall [170].

In summary, proximal tubule cells employ both passive and active transport
pathways to reabsorb glomerular ultrafiltrate across the tubular epithelium. All
these transport processes are primarily energized by the Na* K*-ATPase, which, by
utilizing the energy from ATP hydrolysis, maintains electrochemical gradients of Nat
and K* across the cell membrane. The net effect of all proximal tubular transport
processes is that major organic (glucose, amino acids, lactate) and inorganic (Nat,
K*, HCO3, Cl-, and HPO3™) solutes and water are reabsorbed, whereas H* is

secreted.

1.3.2 Electrical potentials associated with
tubular transport

Electrical potentials across the cell membranes and across the tight junction can be
recorded in a functional proximal tubule, These electrical potentials are set up by
the ionic gradients and transport currents across each barrier. Thus, recording and
analysis of these potentials may provide one with information on ionic distributions
and permeability characteristics of cell membranes and the tight junction, and help

one in assessing various aspects of the tubular transport.
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Figure 1.1: Tonic and substrate transport systems in mammalian proximal tubules.
“Substrate” refers to small nutrient molecules such as glucose and amino acids,
whereas “base™” refers to HCO3; and OH~. NHE-1 is a “housekeeping” isoform of
Na*-H* exchanger and is present in the basolateral cell membrane [26, 195], whereas
NHE-3 is probably an isoform of Nat-H* exchanger specific for Nat and Ht trans-
port [194]. Arrows pointing upward represent movement against the electrochemical
gradients and those pointing downward represent movement down the electrochem-
ical gradients. The movement of water across the tight junction is an example of
paracellular reabsorption (Illustration modified from reference [37}).
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The cell membrane potential

Like most mammalian cells, proximal tubule cells have high-K* ana low-Nat content,
whereas the interstitial fluid is high in Nat and low in K*. The transmembrane Na*
and K* gradients are maintained by the Na* ,K+-ATPase. It is well known that a
concentration gradient of any ion Y across a barrier can generate a Nernst potential

(Ey), if the barrier is permeable to Y:

RT aY
EY = ﬁln"? (1.1)

where R, T, Z and F represent gas constani, absolute temperature, valence of the
ion Y and Faraday constant, respectively; a refers to the activity of Y and subscripts
o and ¢ denote the outside and the inside of the cell, respectively. Since the baso-
lateral membrane of renal proximal tubules is highly permeable to K*, but much
less permeable to Na*, the Nernst potential of K* contributes a large portion of
the basolateral membrane potential [30, 31]. Aside from the diffusional potential
of K*, several transport systems also contribute to the membrane potential. For
example, the Nat K+-ATPase extrudes three Nat ions and takes up two K+ ions
with each cycle of pumping, resulting in one positive charge being removed from the
cytosol per cycle (for reviews see (8], [68], [75], and [187]). This type of transport
system is called electrogenic. The charge movement (or pump current) gencrated
by the Nat,K*-ATPase hyperpolarizes the basolateral membrane. It has been well
documented that the cardiac glycoside ouabain inhibits the Na* ,K+-ATPase (see,

for example, [94]) and causes depolarization of the membrane potential. The effect
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of ouabain on membrare potential could be accounted for by: 1) the suppression
of the hyperpolarizing pump current; 2) the dissipation of the K+ gradient across
the membrane, which decreases the K*-diffusion potential; and 3) the reduction of
basolateral Kt conductance [200], which uncouples the K*-diftfusion potential and
the membrane potential.

Compared with the basolateral membrane, ionic permeabilities across the apical
membrane have not been well documented, although it appears that the Na* perme-
ability across the apical inembrane is much higher than that across the basolateral
membrane [31]. If comparable Na* and K* permeabilities are assumed, the apical
membrane potential will be affected by both Na*- and K*-diffusion potentials (see
Section 5.1.1). Several electrogenic transport systems in the apical membrane, among
which are Nat-substrate cotransport systems, also contribute to the membrane po-
tential (see Figure 1.1). These transport proteins move positively-charged Na+ ions
across the apical membrane along with electroneutral substrates, such as glucose,
glycine and alanine, resulting in the accumulation of positive charges inside the cell.
Thus, activation of Na*-coupled cotransport systems depolarizes the apical mem-
brane potential. Experimentally, inhibition of the cotransport systems by removal
of substrates from the tubular lumen hyperpolarizes the apical membrane potential
[143]. Membrane hyperpolarization was also observed when the cotransport systems

were inhibited by cooling or by specific transport blockers such as phlorizin [200].
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The transepithelial potential

Transepithelial potential (Vi) recorded from proximal tubules in situ varies consid-
erably from segment to segment [32]. Under physiological conditiouns, at least two
sources contribute to the Vi [32]. 1) Vi may originate from the diffusional poten-
tials of anions such as Cl~ and HCOj3, the chemical gradients of which are set up
by transcellular active transport processes. The overall diffusional potential depends
not only on the directions and magnitudes of these ionic gradients, but also on the
relative permeability of each ion across the tight junction. 2) The Na*-transport
current (also known as the loop current, see Section 5.1.5) flowing through the tight
junction may also contribute to the V..

To eliminate the first source and study the effect of transcellular electrogenic
transport on V;, proximal tubules were perfused using symmetrical luminal perfusate
and peritubular (bath) superfusate in the isolated perfused tubule model [39, 43, 113,
114, 126} and in the micropuncture model {66, 133]. When proximal tubules were
exposed to artificial solutions that mimic the composition of glomerular ultrafiltrate
on both luminal and basolateral sides, the recorded V;. was lumen-negative (39, 43,
113, 114, 126, 143, 200]. The lumen-negative potential was greatly suppressed or
eliminated by ouabain [39, 113] and poisons of energy metabolism, such as cyanide
[66], suggesting that active Na*transport is essential for maintaining the potential.
Furthermore, removal of organic solutes from solutions facing the luminal membrane
also eliminated the lumen-negative potential {66, 113, 133, 143], suggesting that the

electrogenic Nat-substrate cotransport system is the cause of this potential. This
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conclusion is further supported by the fact that phlorizin, a blocker of Na*-glucose
cotransport, depolarized the lumen-negative Vi {15, 113, 143].

In stop-flow experiments, when ionic gradients developed across the epithelium
with time, the V,. changed its sign and became lumen-positive in rat proximal tubules
[66, 67). Such a lumen-positive Vi was reproduced in isolated perfused proximal
tubules, by perfusion of the lumen with a solution resembling late proximal tubular
fluid and the bath with a solution resembling glomerular ultrafiltrate [113]. Luminal
perfusate in this experiment was free of organic substrate and with HCO3 partly
replaced by Cl~ [113]. Under these circumstances, since the Nat-coupled transport
current is absent, the V|, is entirely due to the combined diffusional potential of
HCOj3 and Cl~ across the tight junction. From the sign of the V. and the existing
ionic gradients of HCO3 and Cl7, it is easy to predict that the HCO3 permeability
(Pucos) cross the tight junction must be lower than that of C1~ (Pq) in order for Vie
to be lumen-positive (see Equation 5.1). Ratios of Pycos/Pc) less than unity were
observed experimentally in the same tubular segment [23, 95, 203].

The knowledge of the origin of transepithelial potential obtained from the studies
described above is useful in interpreting the observed V. in proximal tubules in vivo.
The V,e recorded from the first loop of proximal tubular segment that immediately
follows the glomerulus (S; segment) is lumen-negative [15, 67]. This potential is
mainly due to the Nat-coupled cotransport current as explained above. The contri-
bution of diffusional potentials is small in this early phase of reabsorption because
sizable ionic gradients are yet to be established. In contrast, the net electrogenic

transport current is small in the late segment of the proximal tubule (S; and Ss),
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because of the exhaustion of luminal organic solutes. The V. recorded relates to
the diffusional potentials of Cl~ (lumen-positive) and HCO3 (lumen-negative) that
are set up across the tight junction by active reabsorption of NaHCQj in the early
segment {21]. A lumen-positive Vi, has been recorded in the late segment of the rat
proximal tubule in situ by means of micropuncture technique [15, 67], suggesting a
higher transepithelial Cl~ permeability. This result is in complete agreement with
the results from in vitro tubule-perfusion experiments [113].

In summary, the activity of certain electrogenic transport systems and the distri-
butions of membrane- or tight-junction-permeable ions can be analyzed by measuring
membrane and transepithelial potentials. It has to be pointed out that although elec-
trophysiology provides a simple way of assessing tubular transport, the information
obtained using such a technique is complicated and requires great care to interpret

(see Chapter 5 for further explanation).

1.4 Rationale

The clinical renal preservation of cadaveric kidney involves three stages: 1) flushing
of the kidney with ice-cold preservation solutions immediately after nephrectomy, 2)
static ice storage of the organ, and 3) rewarming of the preserved organ during anas-
tomosis. The transport function of renal tubules subjected to these nonphysiological
conditions has not been characterized in detail at the cellular level. The aim of the
present study was to investigate the alterations in tubular transport and morphology

under conditions that the tubules could be exposed during renal preservation.
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1.4.1 Rationale for study of hypoxia/ischemia

Ischemia is unavoidable during renal preservation. First, warm ischemia can start
even before the kidneys are removed from a cadaveric donor if a hypotension has
occurred. Second, cold ischemia during ice storage of the organ can last for 24 to
72 hours. From the consideration that the same pathophysiological events occur in
cold ischemia as in warm ischemia, only with a slower time course (see discussion in
Section 1.2.1), it is of clinical relevance to study the effect of warm ischemia using
experimental animal models.

The classic model of renal ischemia in experimental animals involves clamping of
renal pedicle in situ for up to one to two hours. Damaging effects of warm ischemia
on both structure and function of renal tubules, especially proximal tubules, have
been documented (see Section 1.1). However, although information on renal tubule
injury following ischemia is ample, the triggering mechanism of cell injury remains
largely unknown. The mechanistic issue is difficult to address using the whole-kidney
model, because of the complexity of the system.

Recently developed ischemic models are based on simpler systems, such as iso-
lated tubule suspension [103, 159] and cultured tubule cells [42, 139]. Experimental
conditions were carefully controlled so that the effect of single factors (e.g. low Po,,
ATP depletion) can be studied individually. New pathogenic aspects of renal cell
injury have been documented partially because of the development of these simple
model systems [35, 136, 206]. However, functional aspects of ischemic tubule injury

have not been extensively investigated.
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The single pecfused tubule, isolated from fresh kidney slices, allows one to assess
tubular transport and cell integrity continuously during the entire course of exper-
iment. The tubule is subjected to a full transport load due to the rapid luminal
perfusion and basolateral superfusion of the tubule with experimental solutions. We
were interested in investigating the effects of warm hypoxia and ischemia on renal
tubular transport using this tubule-perfusion system. Such a model allows one to
monitor the electrogenic Nat transport in detail by means of electrophysiological
techniques. Therefore, the effects of hypoxia and ischemia on each component of
electrogenic Nat transport can be characterized. From the previous knowledge of
cellular aspects of ischemic injury [102, 206], our hypothesis is that restriction of
oxygen supply during hypoxia and ischemia would impair the process of mitochon-
drial oxidative phosphorylation and decrease cellular ATP content. This would in
turn compromise the function of Na*,K+-ATPase and decrease the overall tubular
transport, including the electrogenic Nat reabsorption.

In the present study, hypoxia (low Po;) and ischemia (a combination of low
Po,, low pH, high K* and lactate accumulation) were simulated in the perfusion
chamber, and the effects of these two experimental conditions on tubular transport
and ultrastructure were investigated. Isolated perfused proximal straight tubules of
the mouse kidney were subjected to the simulated hypoxic or ischemic conditions
for 20 minutes at 37°C. The proximal straight tubule was chosen as the subject of
this study primarily because it is one of the most vulnerable segments to ischemic
insult [58, 72, 73, 201]. Fortunately, this segment also happens to be the easiest

segment to isolate from the mouse kidney slice by free-hand dissection, without col-
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lagenase treatment. Twenty minutes of exposure time was chosen to detect the early
events of hypoxic and ischemic injury. Renal ischemia in vivo for a similar length of
time results in mild and reversible damage to tubular structure and function [102].
Electrophysiological techniques were applied to continucusly monitor the effects of
hypoxia and/or ischemia on electrochemical integrity and electrogenic transport of
the tubular epithelium during the entire course of the experimental protocol. After
20 minutes of exposure to hypoxia and /or ischemia, tubules were also perfusion-fixed

and subjected to electron-microscopic evaluation.

1.4.2 Rationale for study of preservation solutions

Since the development of UW solution, the effectiveness of this solution has been
compared with the traditional EC solution in several clinical and experimental stud-
‘jes (see Section 1.2.2).

We were interested in characterizing the mechanism(s) underlying the beneficial
effect of UW solution in preventing the occurrence of DGF. According to previous
studies described above, increased anastomosis time, rather than ccld storage time,
appears to be closely associated with the occurrence of DGF [156].

Standard surgical protocol states that preserved kidneys need not be flushed free
of preservation solutions prior to implantation (H. Bitter-Suermann, personal com-
munication). Therefore, renal tubules are exposed to preservation solutions when
kidneys are rewarmed during anastomosis (stage 3 of preservation, see above). We
hypothesize that UW solution is superior to EC solution because at the room temper-

ature to body temperature range, the former protects the tubule integrity better than
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the latter does. Indeed, several studies have suggested that EC solution may lose
its protective ability at warm temperatures [93, 189]. In fact, Andrews and Coffey
have proposed that a good preservation solution should be able to protect the kidney
tubules from warm ischemia during the performance of surgical transplantation [7].

This study was conducted to characterize, at the cellular level, the effects of
preservation solutions on renal tubules at warm temperatures, using the isolated-
perfused-tubule model. Similar model systems have been used to evaluate tubular
integrity and function following kidney storage or tubule perfusion with different
preservation solutions at 4°C to 10°C [63, 154]. In those studies, preservation solu-
tions were quickly washed out by Ringer solution when tubules were rewarmed up to
37°C during reperfusion periods. Therefore, tubules were never exposed to preserva-
tion solutions at temperatures above 22°C. Effects of in vitro warm perfusion with
EC and UW solutions have not been reported.

In addition, the effects of temperature on membrane conductive pathways and
electrogenic transport mechanisms were also analyzed using electrophysiological tech-
niques. Electrical properties of plasma membranes at different temperatures were
then used to explain the observed morphological changes during EC or UW per-
fusion. These morphological changes were correlated with changes in the overall

electrogenic transport, tepresented by the transepithelial potential.

1.4.3 Summary

In summary, the cbjective of this thesis is to investigate cellular transport and mor-

phological characteristics associated with various stages of renal transplantaticn,
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namely, warm ischemia during nephrectomy, and rewarming in preservation solu-
tions during anastomosis. The thesis is divided into two parts with the following
specific objectives, respectively:

A. to study the effect of warm hypoxia and warm ischemia on tubular transport
and morphology;

B. to study the temperature modulation of membrane conductive properties and
characterize the effects of EC and UW solutions on renal tubules at warm tempera-

tures.



Chapter 2
METHODOLOGY

2.1 Solutions

All perfusion and dissection solutions used in this study are listed in Tables 2.1 and
2.2. The preparation and usage of several experimental solutions are described in

detail below.

2.1.1 Hypoxic and ischemic solutions

Oxyrase™ (Oxyrase, Inc., Mansfield, OH, USA), a membrane-bound oxygenase
[151] has been used in isolated tubule suspensions to achieve total anoxia [103].
In this study, Oxyrase™ was added to the hypoxic and ischemic solutions at con-
centrations of 0.15 to 0.30 U/mL of Ringer solution. Both solutions were kept in
water-jacketed reservoirs (at 40°C) under one atmosphere of 95%N,-5%C0;. The
solutions were delivered to either bath or tubular lumen through gas impermeable
Saran tubing (Clarkson Controls & Equipment Co., Detroit, MI, USA). In addition,
the surface of the bath solution was exposed to a stream of 95%N,-5%CO, from a
gas line attached to the upper edge of the chamber. Samples of bath superfusate

and effluent from the luminal exchange-pipette (0.6 to 1.0 mL) were collected and
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Table 2.1: Concentrations of components in Ringer solutions®

Components Ringer Solutions

(mM) standard 0-sub 20-K PVP hypoxic ischemic
Nat 140.0 140.0 125.0 136.9 140.0 131.0
K+ 5.0 5.0 20.0 5.0 5.0 20.0
Mg+ 12 12 12 1.2 1.2 1.2
Ca?+ 2.0 2.0 2.0 2.0 2.0 2.0
Cl- 117.4 1214 1174 121.8 1174 127.4
HPO;™ 1.3 1.3 1.3 1.3 1.3 1.3
HCO3 25,0 25.0 25.0 10.0 25.0 5.0
Lactate™ 4.0 0.0 4.0 4.0 4.0 20.0
HEPES 2.5 2.5 2.5 10.0 2.5 2.5
Glucose 5.5 0.0 5.5 5.5 5.5 0.0
Alanine 6.0 0.0 6.0 6.0 6.0 0.0
Mannitol 0.0 11.5 0.0 0.0 0.0 0.0
PVP (g/L) 0.0 0.0 0.0 15.0 0.0 0.0 .
Oxy. (U/m1) 0.0 0.0 0.0 0.0 .15-.3 15-3
95%02-5%CO0; + + + - - -
95%N2-5%CO, - - - - + +
pH (37°C) 74 74 74 7.4 74 7.0
Po, (mmHg) 408-524 ND ND ND 0-6 0-8
Osm. (mOsm/L) 300 300 300 316 300 300

SHEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; PVP, polyvinylpyrrolin-
done; Oxy., Oxyrase™; Osm., osmolarity; ND, not determined. Control Ringer contains
0.75 g/L dye [85% FD&C blue #1 (H. Kohhstamm & Co., New York, NY, USA) and 15%
FD&C yellow #5 (Warner Jenkinson, St. Louis, MO, USA)] when used as luminal perfusate
to better visualize luminal flow and detect damaged cells. 0-sub Ringer, 20-K Ringer and
PVP Ringer denote organic substrate-free Ringer, high-[K+] (20 mM) Ringer, and dissection
Ringer (containing PVP), respectively.

YThe pH of PVP solution was measured at 4°C.



Table 2.2: Concentrations of components in preservation solutions®

Components Preservation Solutions
(mM) EC ECM Uw?
Nat 10.0 10.0 20.0
K+ 115.0 115.0 140.0
Mg?+ 0.0 0.0 5.0
Ca?t 0.5 0.5 0.5
Cl- 16.0 16.0 1.0
SO~ 0.0 0.0 5.0
HPO3Z- 425 425 0.0
H,POj 150 15.0 25.0
HCO3 1.0 10.0 0.0
Glucose 180.0 5.5 0.0
Mannitol 0.0 174.5 0.0
HES (g/L) 0.0 00 500
Lactobionic acid 0.0 0.0 100.0
Raffinose 0.0 0.0 30.0
pH 7.2 7.2 7.4

Osm. (mOsm/L) 340 340 320

SECM, EC-mannitol solution; HES, hydroxyethylstarch; Osm., osmolarity.
b Additional components of UW solutions are 5 mM adenosine, 1 mM allopurino!, 3 mM
glutathione, 40 U/L insulin, and 16 mg/L dexamethasone.
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injected into a Corning blood gas analyzer (Model 158, CIBA Corning Canada inc.)
to measure the Po,. The Po,’s of bath superfusate and lumen perfusate averagerd
3.9 + 1.3 mmHg (n = 5) and 0.3 £ 0.3 mmHg (n = 4), respectively. Except for
the presence of Oxyrase™, hypoxic Ringer had the same composition and pH (mea-
sured with pH-selective microelectrode in the bath!) as the standard Ringer. Since
the electrolyte composition of the interstitial fluid has not been directly measured in
an ischemic kidney, we adopted ischemic solutions used in cardiac ischemic models
[111, 125, 209]. Aside from the Jow Po; maintained by the Oxyrase™, the ischemic
Ringer (Table 2.1) had higher concentrations of Kt and lactate~, and lower concen-
tration of HCOj3, giving it a pH of 7.0 at 37°C when bubbled with 95%N2-5%CO,.

Neither glucose nor alanine was present.

2.1.2 Preservation solutions

Euro-Collins’ (EC) solution was prepared in our laboratory according to the manu-
facturer (Baxter Healthcare Corporation, Deerfield, IL, USA). Belzer UW-CSS (UW)
solution was purchased from Du Pont Canada Inc. (Scarborough, Ont.), to which
was added: 40 U/L of regular insulin (Novo Laboratories Ltd., Willowdale, Ont.)
and 16 mg/L of dexamethasone (Organon Teknike Inc., Toronto, Ont.), as in clinical
utilization of this soluticn. In addition, Ca?* (0.5 mM CaCl,) was added to both the
UW solution and the EC solution (including the ECM solution, see Table 2.2). Nom-
inal Ca?*-free solution has been documented to disrupt tight junction morphology

[52). It was also found in pilot studies that perfusion with nominal Ca?*-free Ringer

1The manufacture and calibration of the pH-selective microelectrode are similar to those of
Nat.selective microelectrode, as described in detail in Section 2.3.2.
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solution depolarized basolateral cell-membrane potential from —72 + 3 to —20+ 7

mV in 12 £ 4 min (n =6, P < 0.001).

2.2 Isolation and Perfusion of Tubules

Male Swiss white mice (16 to 25 g) were sacrificed by decapitation. Mid-cross-
sections were cut from each kidney and immersed in ice-cold PVP solution (Table 2.1)
less than 1.5 min after decapitation. Proximal straight tubules (0.2 to 1.5 mm)
were isolated from the cortex by freehand dissection under a Wild Leitz dark-field
dissection microscope (Model M5A, Wild Leitz Canada Ltd., Willowdale, Ont.).
Tubules were then transferred to a temperature-controlled perfusion chamber and
drawn into a holding pipette (Figure 2.1).

Solutions were delivered into the tubule lumen via an exchange pipette threaded
down a perfusion pipette. The inner pipette at the collection end was omitted in
most experiments, except for measuring transepithelial resistance, in which a tight
electrical seal at the collection end is required (see Section 2.3.4). Tubules were also
superfused with solutions flowing through the bath chamber at a rate of approxi-
mately 3 mL/min. Two circulators were used to control experimental temperatures.
The perfusion chamber was connected, via two 3-way valves, to a 37°C-warm bath
(Haake E3 circulator, Germany) and a cold bath (Lauda refrigerating circulator,
Brinkmann Instrument, Rexdale, Ont.) set at either 22°C or 4°C. Temperature
changes in the perfusion chamber were accomplished by switching from one water
bath to the other. Half-times of cooling from 37°C to 22°C and from 37°C to 4°C

were 48 + 1 sec (n = 6) and 50 £'1 sec (n = 5), respectively.
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Figure 2.1: S. “ematic illustration of the tubular perfusion apparatus (not to scale).
Arrows indicut < the directions of solution or circulating water flow. L and B refer to
the luminal p.:fusate and the bath superfusate, respectively (Modified from Figure
1 in reference [163)).
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2.3 Electrophysiological Techniques

2.3.1 Potential difference measurements

Electrical connection to the lumen of the tubule was made with a Ag-AgCl half cell
connected to either perfusion or collection pipette via a Ringer-agar bridge. Another
Ag-AgCl half cell was connected to the bath via a second Ringer-agar bridge, serving
as a common ground (refer to Figure 2.1). The interior of the cell was penetrated from
the basolateral side with intracellular microelectrodes (Ling-Gerard fiber capillary).
During the hypoxic/ischemic studies, the microelectrodes were backfilled with 3 M
KCl, yielding electrode resistances ranging from 60 to 100 M). Leakage of KCl into
the interior of the cell (and subsequent cell swelling) was observed when tubules
were exposed to lower temperatures (22°C and 4°C). The KCl concentration was
therefore reduced to 1 M, increasing electrode resistance to 150 to 250 MS2. Such
a modification eliminated the problem of cell swelling. In addition, ¥, measured
with the 1 M KCl-electrodes agreed completely with that measured with the 3 M
KCl-electrodes.

Transepithelial potential difference (Vie) and transmembrane potential difference
(Vi) were recorded with the medium-impedance channel (10" Q) of a WPI elec-
trometer (Model Duo 777, World Precision Instruments, New Haven, CT, USA),
and with the high-impedance channel (10'® Q) of another WPI electrometer (Model

FD 223), respectively.
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2.3.2 Intracellular Na*-activity measurement

Intracellular Na* activity (a]¥®) was determined by a Na*-microelectrode, manufac-
tured as previously described [192]. Briefly, aluminosilicate capillary tubing (1.2mm
OD/0.86mm ID, Federick Haer & Co., Brunswick, ME, USA) was pulled using a
Flaming/Brown micropipette puller (Model 87, Sutter Instrument Company, No-
vato, CA, USA). The electrodes were then silanized in an 110°C oven twice for
90 sec each time, using tributylchlorsilan (Fluka Chemical Corp, St. Louis, MO,
USA). After silanization, a small volume (100 to 200 nL) of Nat-selective resin
(Natrium-ligand; Fluka, Ronkonkama, NY, USA) was introduced close to the tip of
the electrode using a fine glass capillary (~ 100 gm in diameter) inserted into the
back end. The electrode was then kept in a dark desiccator overnight to allow the
Nat-resin to migrate to the tip. Finally, 100 mM NaCl solution was used as backfill.
Care was taken to prevent the formation of air bubbles at the resin-NaCl solution
interfac>. The electrode resistance was approximately 100 Gf2, and the reaction time
was less than 5 sec.

The Nat-electrodes were calibrated using 100 mM NaCl, 10 mM NaCl, and
100 mM KCl solutions. Potential readings of Nat-electrodes in the above three
solutions (recorded using the high-impedance channel of the FD223 electrometer,
with a calomel as reference) were denoted as V1%0Na |/10Na 554 V100K regpectively.

The slope and selectivity (of Nat over K*) were calculated according to
Slope = (V1%Na _ y/10Na) /g 94 (2.1)

Selectivity = 10=(V'*"*=V*?¥)/Slope (2.2)
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The number 0.94 in equation 2.1 is the logarithm (base 10) of the ratio of
Nat activity coefficients in 100 mM NaCl (y!®N2) and in 10 mM NaCl (y'%Ne):
log,o(71%N2/41N2) — 0.94. Average slope and selectivity of Nat-electrodes used in
this study were 56.3 & 0.8 mV/decade change in a}¥® and (34 + 4):1, respectively
(n =9 for both groups).

The potential difference of a Nat-electrode inside a tubular cell (Vy,) was recorded
with the high impedance channel (10'® ) of the Duo 777 electrometer (WPI). o]
was determined from the difference between Wy, and V4); the latter was simultane-
ously recorded with a conventional microelectrode in an adjacent cell. Measurements

of a]¥® were corrected for K* interference using the selectivity data and by assuming

[Nat]);+ [K*); = 120 mM.

2.3.3 Measurements of K* transference nuimbers of
basolateral and apical cell membranes

Following a bath or a luminal application of 20-K* Ringer (Table 2.1), the tk(y) and

tk(ap) Were calculated according to
Kbl = AVb1FZK/(RT In 4) (23)

IK(ap) = AVapFZK/(RT In4) (2.4)

where AW, and AV,, are the magnitudes of the basolateral and apical membrane
depolarization following the application of 20-K* Ringer, respectively. Zk is the
valence of K* (Zx = 1) and F, R, T bear their usual meanings. The number 4
relates to the fourfold increase in [K*] from 5 mM in control Ringer to 20 mM in

20-K* Ringer (20mM/5mM).
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2.3.4 Tubular resistance measurements
Transepithelial resistance

Transepithelial resistance (Rie) was measured using terminated luminal cable anal-
ysis as previously described [144, 163]). Briefly, DC-current pulses of 100 nA in
amplitude and 2.5 sec in duration were injected into the tubular lumen through the
perfusion pipette at frequencies of 0.02 to 0.04 Hz using a Grass S44 stimulator
(Grass Instrument Co., Quincy, MA, USA). Voltage deflections at both perfusion
(AV,) and collection (AV,) ends of the tubule were recorded. R, was calculated

according to

M = X/ cosh™}(AV,/AV.) (2.5)

Rie = 2/} Rinpuep tanh(X/ 1) (2.6)
where ) is the length constant of the luminal cable, X is the tubule length, p is
the specific resistivity of the Ringer solution, and Rispu is the input resistance.
Specific resistivity p was measured using YSI conductance meter (Model 32, Yellow
Springs Instrument Co., Yellow Springs, OH, USA). Figure 2.2 shows the effect of

temperature on p. Ry, Was calculated as AV, /100 nA.

Voltage divider ratio

The voltage divider ratio (o), defined as the ratio of deflections of apical (AV,;) and
basolateral (AV;) membrane potentials in response to a luminal current injection,

was calculated according to [144, 163]

AV

a= AVap/AVbl = AVM

{cosh[(X — z)/M]/ cosh(X/A\)} -1 (2.7
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Figure 2.2: Effect of temperature on the resistivity of Ringer solution. Data shown
. here were from one of the two experiments, which yield identical results. Change in
icaic composition in ischemic Ringer does not affect the resistivity of the solution.
p, resistivity; T, temperature.
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where AV, was recorded using an intracellular voltage-electrode. The z denotes
the distance between the electrode and the perfusion end. Other parameters were
explained in Equations 2.5 and 2.6. The calculated o was used as an estimate of the
ratio of apical and basolateral membrane resistances (Rap/Rui) (refer to Appendix

A for details).

Parallel resistance of R,, and Ry

Parallel resistance of apical and basolateral membranes (R,) was measured with a
modified cellular cable analysis for mammalian proximal tubules. Details of the
method and the theory can be found in Appendix A.

Resistances of individual barriers [namely, Rap, Rpi, and shunt resistance (R;)]

were derived mathematically from Ry, a, and R,:

Rup = (a+1)R, (2.8)
Ru=2t1lp, (2.9)
(8
(a+1)’R..R,

R, =

= GTIPR —ah (2.10)

2.4 Morphological Methods

2.4.1 Light microscopy

Photomicrographs of isolated perfused proximal tubules were taken at 200x power
r.nder a Nikon inverted microscope (Model TMS-F, Nippon Kogaku K.K., Japan).
Tubular cells, including their brush borders (BB) were clearly visible in the photo-

graph (see Figure 4.4). Outer diameter (OD) and inner diameter (ID, exclusive of
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the brush border) of proximal tubules were measured under the same magnification
using a graticule inside the eyepiece. By modeling the tubule as a concentric cylinder

[123, 124], the relative cell volume (R,) was determined according to
R, = (OD? — ID?)/(OD? - ID?) (2.11)

where subscripts e and ¢ denote experimental and control data, respectively.

2.4.2 Electron microscopy

Proximal straight tubules were perfusion-fixed. Fixation was started by perfusing
both the tubular lumen and the bath with paraformaldehyde-glutaraldehyde fixa-
tive (2% paraformaldehyde, 2.5% glutaraldehyde in 80 mM cacodylate buffer, 2 mM
CaCl,, pH 7.4). According to the study of Tripathi and colleagues using isolated per-
fused Ambystoma proximal tubules [191], either luminal or bath fixation alone was
adequate to preserve the tubular ultrastructure. However, in a pilot study, addition
of fixative to the bath alone produced a dramatic widening of the intercellular space,
whereas 1uminal perfusion with the fixative alone resulted in empty spaces along the
basal membrane (see Figure 4.6). It was found that in mouse proximal tubules, the
ultrastructure is best preserved by introducing the fixative first to the lumen, imme-
diately followed by rapid replacement of the bath solution with the same fixative.
This fixation protocol has been used previously .y Nielsen and colleagues in isolated
perfused rabbit proximal tubules [149)].

After 5 min of fixation in the perfusion chamber, the tubule was detached from
the perfusion pipette and transferred to a micro test slide (single-well) filled with the

same fixative for 10 min. The tubule was the:: washed with 80 mM cacodylate buffer
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for 5 min, further fixed in 1% aqueous OsQy solution for 15 min, and washed with
distilled water for 5 min. The tubule was subsequently dehydrated by sequentially
replacing distilled water with 50%, 70%, 90%, 95%, and 100% ethyl alcohol. Taab-
Araldite resin (25 mL Taab 812, 15 mL Araldite, 55 mL. DDSA, 2 mL DMP-30,
Marivac Ltd, Halifax, NS) was added to the tubule overnight to allow complete
infiltration. After the infiltration, the tubule was transferred to a droplet of fresh
resin for 1 hour. Finally, the tubule was embedded in the same resin at 65°C for
24 hours. Ultrathin sections (~ 60-80 nm in thickness) were cut using a Reichert
OMU3 ultramicrotome (C. Reichert AG, Austria). The sections were then collected
on slotted copper grids (2 x 1 mm, coated with formvar) and viewed under a Zeiss

transmission electron microscope (Model EM10B, Zeiss, Germany).
2.5 Measurement of Tubular ATP Content

The ATP content of isolated perfused tubules was measured using a luminometric
method [211]. The protocol of tubule-ATP extraction was based on that developed
by Beck and coworkers [18], with some modifications. Briefly, after tubule perfusion,
the proximal straight tubule of 0.6 to 1.5 (1.04 £ 0.04, » = 26) mm in length was
released from the holding pipette and retrieved from the bottom of the perfusion
chamber using a transfer pipette. The droplet (30 pL) containing the tubule was
deposited on a petri d'sh. Using a pair of fine forceps, the tubule was quickly
transferred into a droplet of 50 uL ice-cold perchloric acid (2%) for 4 min, during
which time the image of the individual tubule was drawn using a camera lucida.

The drawings of each tubule were later magnified and measured using a rotimeter.
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After a 4-min extraction, the 50 uL of perchloric acid was subsequently neutralized
with 15.4 uL of 1 M KOH. Finally, the mixture was diluted to 360 uL using 25
mM tris(hydroxymethyl)aminomethane/acetate (Tris/acetate) buffer (pH 7.8) and
stored at —80°C for up to one week.

The ATP content of the tubule extract was measured using an ATP biolumi-
nescent assay kit (Sigma Chemical Company, St. Louis, MO, USA). The assay was
performed in 25 x 60 mm glass vials at room temperature. First, 100 uL of fire-
fly luciferase-luciferin solution (ATP assay mix supplied in the assay kit) and 200
pL of dilution buffer (supplied in the assay kit) were added to the reaction vials.
The assay reaction was initiated by rapidly adding 200 gL of tubule extract. The
fluorescent intensity of the reaction solution was measured 20 to 30 sec after the initi-
ation of the reaction in a custom-built luminometer (Institute of Marine Biosciences,
National Research Council of Canada). The calibration curve was generated from
Naz;ATP solutions of 1079, 3x10~%, 10~8, 3x10~2 and 10~7 M. To ensure that the
assay conditions for the ATP standards were the same as those for the tubule sam-
ples, the reaction mixture for ATP standards contained 100 L of ATP assay mix,
200 pL of tubule-free extraction mixture (2% perchloric acid, 1 M KOH and 25 mM
Tris/acetate buffer mixed in the same proportions as used for tubule-ATP extrac-
tion), and 200 gL of NayATP in dilution buffer. Blanks were run with the- assay,
consisting of 100 uL of ATP assay mix, 200 uL of tubule-free gxtraction mixture,

and 200 pL of dilution buffer.
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2.6 Experimental Protocols

2.6.1 Hypoxic and ischemic perfusion

Tubules were mounted on the perfusion apparatus 10 to 20 min after the animals
were sacrificed. Transepithelial potential difference (Vi) was recorded immediately
after the onset of tubular perfusion with the control Ringer solution. Another 5-
to 10-min period was required for stable cell impalement with conventional voltage
microelectrode. In the case of cell impalement with Nat-selective microelectrode, up
to 30 min were required. Once all electrical potentials were stable for at least 2 min,
a luminal 0-sub (organic substrate-free solution, see Table 2.1) pulse was applied to
evaluate the quality of cell impalement 2. The electrical potentials recorded immedi-
ately following the 0-sub pulse were regarded as controls. Tubules were then perfused
bilaterally (lumen and bath) with the hypoxic or the ischemic solution for 20 min.
After the 20-min hypoxic or ischemic perfusion, tubules were reperfused with the
control Ringer. Two to three minutes wcre required for all electrical parameters to
reach new steady levels (reperfusion period). At this time, a second luminal 0-sub
pulse was applied to once again evaluate the quality of cell impalement.

Vi, Vie and a{““ were continuously monitored during the entire course of the
experimental protocol. However, tK(b|)3 and tubular resistance! (Rye, Rap and Rp)

data were recorded only for the control period (control data) and post-hypoxic or

2Depolarization of cell membrane potential after luminal organic substrate deletion is an elec-
trical response characteristic of the proximal tubule. See Section 1.3.2 for details.

3Measurement of ti(b1) 12quires introduction of 20-K* Ringer to the bath (see Section 2.3.3).
Such a solution change will inevitably introduce some oxygen into the bath during the hypoxia.

“Tubular cells can be damaged after a few intracellular current injections, rendering continuous
monitoring impossible. To re-establish double impalement in a pair of new cells can require as long
as 20 min.
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post-ischemic reperfusion period (reperfusion data).

Cellular ATP contert was measured in isolated perfused proximal tubules sub-
jected to the following three conditions: 1) perfusion with oxygenated Ringer for 30
min (Control), 2) perfusion with oxygenated Ringer for 10 min, followed by perfu-
sion with hypoxic Ringer for 20 min (Hypoxia), and 3) perfusion with oxygenated
Ringer for 10 min, followed by perfusion with ischemic Ringer for 20 min (Ischemia).
Comparison of ATP content between “Control” group and “Hypoxia” or “Ischeinia”
group may be complicated by the variability of tubule ATP content between animals
or between tubules from different regions of the same kidney. To minimize these
complications, pairs of proximal tubules that were next to each other were dissected
and perfused simultaneously on two similar perfusion apparatus, with one tubule

being treated as “Control” and the other as either “Hypoxia” or “Ischemia”.

2.6.2 Temperature studies

Electrophysiological and morphological parameters of proximal straight tubules were
measured in control Ringer solution at 37°C, 22°C, and 4°C. In all experiments,
except for tubular resistance measurements, tubules were initially perfused at 37°C
during which time control electrophysiological data were collected. Characteristic
electrical response to 0-sub was always tested at the beginning of each perfusion
to ensure the presence of a functional proximal tubular segment. The system was
then cooled down to either 22°C or 4°C. Changes in corresponding parameters were
continuously monitored.

In tubular resistance measurements, one tubule was exposed to only one tem-



48

perature in each experiment. Data collected from three groups of tubules (for 37°C,

22°C and 4°C) were compared.

2.6.3 Preservative solution studies

All tubules were initially perfused at 37°C with control Ringer solution during which
time V.. was measured (control data). Tubules were then either kept at 37°C or
cooled down to either 22°C or 4°C in Ringer-substrate solution. Once the new
temperature had stabilized, control tubular diameters (OD and ID) were measured.
Preservation solutions were then introd:.ced to both lumen and bath sides (unless
otherwise stated) for 10 min at 37°C, or 30 min at 22°C. Changes in tubular di-
ameters during the perfusion of preservation solutions were monitored. At the end
of experimental period, control Ringer solution was reintroduced for 6 to 15 min
to completely remove residual preservation solutions and to allow recovery of cell
volume. Finally, the tubule was rewarmed to 37°C, and a second V. was recorded

once the temperature ar d all electrical parameters had stabilized (reperfusion data).
2.7 Statistical Analysis

All results are presented as mean values  S.E., followed by number of measure-
ments (n). Statistical comparisons were made with the paired Student’s ¢ test unless

otherwise stated. P < 0.05 was considered statistically significant.



Chapter 3

RESULTS I:
Hypoxia and Ischemia

3.1 Electrophysiological Effects of Hypoxia

3.1.1 Basolateral membrane and transepithelial potentials

When mouse proximal tubules were perfused (lumen and bath) with control Ringer
solution at 37°C, the average Vi and W, were —1.62+£0.06 mV (n = 59) and —69+1
mV (n = 91), respectively. These values are in agreement with published data [200].
Luminal removal of substrates (0-sub) hyperpolarized i, by 6.2 £ 0.2 mV (n = 89,
P < 0.001), and depolarized Vi, to values approaching 0 mV. This characteristic
electrical response to 0-sub was seen in all tubules that were successfully perfused,
confirming that proximal tubules were obtained.

When control Ringer (lumen and bath solutions) was replaced with the hypoxic
Ringer (see Table 2.1), there was an immediate 1- to 2-mV depolarization of W,
(Figure 3.1a). This depolarization of W, was accounted for by non-specific effects of

T™ on the glass microelectrodes, because such a response to solution change

Oxyrase
from control to hypoxic Ringer was observed when the voltage-electrode was placed

in the bath. For the majority of tubules studied (11 out of 15), W, once corrected

49
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for the effect of Oxyrase™ was not affected by the hypoxic solution perfusion over
the 20-min period (Figure 3.1a). In four tubules, W, did depolarize after 14 £ 1 min
of hypoxic solution perfusion at a rate of 1.5 £ 0.2 mV/min (Figure 3.1a, insert).
This depolarization of W, was reversed at 20 min by reperfusion with control Ringer
in both the lumen and the bath. In all fifteen tubules studied, V4, returned to control
level during the reperfusion period (=72 + 1 mV control and reperfusion, n = 15).
These results are summarized in Figure 3.2a.

With the onset of hypoxic Ringer perfusion, there was a depolarization of V;. by
0.23 + 0.04 mV (n = 27, Figure 3.1b). This depolarization can not be explained
by the interference of Oxyrase™, because Oxyrase™ did not affect baseline V. in
the absence of tubules. The magnitude of the tubule Vi, depolarization after the
onset of hypoxia increased with time, reaching 0.90 + 0.08 mV (n = 24) at the
end of 20-min hypoxia period (Figure 3.1b). Reperfusion with control Ringer only
partially restored the Vi, (Figure 3.1b), so that the Vi recorded during reperfusion
(-1.1£0.1 mV, n = 30) was significantly lower (P < 0.001) than the V,e recorded
in the control period (-1.7+ 0.1 mV, n = 30, Figure 3.2b). To eliminate the
possibility that V. might have deteriorated with time, a time control experiment
was conducted in which tubules were perfused continuously with control Ringer for
20 min or longer. The results indicated that the V;. was stable for at least 20 min
under these control conditions (AV,e = —0.01 £ 0.03 mV between 0-min group and
20-min group, n = 12, Figure 3.2c).

These data indicated that the majority of tubular cells were capahle of main-

taining the transmembrane electrical gradient at a Po; level of 4 mmHg. However,
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Figure 3.1: Representative tracings of basolateral membrane potential (V) and
transepithelial potential (Vi) in response to luminal substrate removal (0-Sub) and
" to 20-min bilateral hypoxic perfusion (hypoxia) at 37°C. Insert illustrates a repre-
sentative tracing from a few tubules which depolarized at the end of the hypoxic
perfusion period. Compositions of luminal perfusate (L) and bath superfusate (B)
are given at the top of the tracings. C represents perfusion with control Ringer.
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Figure 3.2: Effects of 20-min hypoxic perfusion at 37°C on W, (a) and V. (b), and
time control of V. (c). Each line connects a pair of datum points from one tubule
measured under different experimental conditions. Horizontal bars represent the
means, and vertical bars represent the S.E. Comparisons were made using paired ¢
test. Abbreviations: C, control perfusion; Ry, control reperfusion following hypoxia;
T, 20-min or longer time-control perfusion; NS, not significant. See Section 2.6.1 for

details.
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the observed change in V,e would suggest a compromised transepithelial electrogenic

Nat transport shortly after the exposure to the hypoxic environment.

3.1.2 Basolateral K+ transference number
and intracellular Na* activity

Basolateral membrane potential is mainly determined by the transmembrane K*
gradient and the K* permeability across the membrane (see Section 1.3). To further
support the finding that V4 was well maintained in 70% of tubule cells during 20-min
hypoxia and in all tubule cells during reperfusion (see Section 3.1.1), we set out to
show that hypoxia did not affect the K* gradient nor K* permeability (tx 1)) across
the basolateral membrane.

Intracellular Na* activity (a}®) rather than intracellular K* activity (aX) was
measured in these experiments. According to previous studies, a decrease in aft
was always accompanied by an increase in aN® when Na*t K*-ATPase was inhibited
during warm ischemia [132] or cooling [127). The monitoring of al'® ‘vas continuous
throughout the experiment. The measurements of ¢k were performed twice for
each experiment, first before hypoxia and then after hypoxia (see Section 2.6.1).

Figure 3.3 illustrates a representative tracing of a® and 1k, measurements.
Once the Nat- and voltage-electrodes were inside two adjacent cells (refer to Section
2.3.2 for technical details), a luminal 0-sub (see Table 2.1) pulse was used to evaluate
the quality of the cell impalements. It is well documented that removal of substrates
from the luminal perfusate inactivates apical Na*-substrate cotransporters and re-

duces aM® [143]. All Na*- and voltage-electrodes used in the experiments responded

to luminai organic substrate deletion (0-sub), with a decrease in a}'® from 14.2 +
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1.1 mM in control to 8.7 + 1.0 mM in 0-sub (n = 6, P < 0.001). Following the
luminal 0-sub pulse, hypoxic Ringer was introduced to both the luminal and the
bath sides for 20 min. In all six experiments, 20-min hypoxia had no effect on a2,
and a]¥® remained unchanged during the reperfusion period (14.2 & 1.1 mM control
versus 14.3 & 1.3 mM reperfusion, n = 6, P > 0.5). In addition, tk(i) was measured
by applying two 20-K* pulses, one before and the other after hypoxia (Figure 3.3).
This parameter was found to remain unaltered after 20 min of hypoxia (0.69 % 0.02
before and after hypoxia, n = 9, P > 0.5).

These data would suggest that ionic gradients and permeabilities across the ba-

solateral membrane remained intact after 20-min exposure to Po; of 4 mmHg.

3.1.3 Transepithelial resistance

Transepithelial resistance (R} was measured to assess the electrical tightness of the
epithelium. Twenty minutes of hypoxia decreased Ri. from 14.3 & 1.2 Q- cm? in
control t0 9.2 £+ 1.1 Q- cm? during reperfusion (n = 7, P < 0.005, Figure 3.4a). A
time control experiment showed no significant change in R,. after a 20-min control
perfusion (13.4 £ 1.2 Q-cm? versus 13.2 £ 1.3 Q-cm?, n = 7, P > 0.2, Figure 3.4b).
Therefore, the decrease in Ry, during hypoxia could not be attributed to a natural
deterioration of the preparation with time. The data indicate that the proximal
tubule may become more leaky after the hypoxic insult.

In summary, hypoxia led to a minimal disturbance of Vi, a]'®, and #x). How-
ever, there was a significant decrease in both V,, and Rye. In fact, a good correlation

between the percentage reduction in V. and R, following the hypoxic perfusion was
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Figure 3.3: Effects of 20-min hypoxic perfusion at 37°C on K* transference number
[txy) and intracellular Na* activity (a]'*): representative tracings from one of the
six measurements. Compositions of luminal perfusate (L) and bath superfusate (B)
are given at the top of the tracings (C, control perfusion). The tky) was estimated
from the depolarization of V4 (lower tracing) following bath perfusion of 20-K Ringer
(20K). The a]* (upper tracing) was measured using an intracellular Na*-selective
microelectrode. See Sections 2.3.2 and 2.3.3 for details.
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Figure 3.4: Effect of 20-min hypoxic perfusion (a) and time-control perfusion (b) on
the transepithelial resistance (R:.). Refer to legend to Figure 3.2 for abbreviations.
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observed (see Figure 3.9). Implications of this correlation will be discussed in Section

5.2.3.

3.2 Electrophysiological Effects of Ischemia

3.2.1 Basolateral membrane and transepithelial potentials

An artificial ischemic solution was prepared to simulate hypoxia, acidosis, K* and
lactate accumulation, and substrate deprivation (refer to the last column in Table
2.1). The effects of ischemic perfusion on W, and V. were monitored.

As shown in Figure 3.5, ischemic perfusion resulted in a depolarization of V4,
by 27.6 £ 0.9 mV (n = 20, P < 0.001) and a depolarization of Vi, to zero. The
depolarization of V4, was most likely related to the high K+ and low pH of the
ischemic Ringer and not an indication of cell damage [30, 143, 169]. Indeed, Wy
repolarized back to the preischemic levels during reperfusion with control Ringer
solution (—70 £ 1 mV during control and reperfusion periods, n = 20, P > 0.5,
Figure 3.6b). In contrast to V4, the depolarization of Vi, was not completely reversed
upon reperfusion with control Ringer solution (—1.440.1 mV control versus —0.82+
0.05 mV reperfusion, n = 17, P < 0.001, Figure 3.6a).

These data suggest that ischemia may be no more damaging than hypoxia to
tubular cells. However, similar to the findings during hypoxia, the decrease in V.
would suggest that certain irreversible changes occurred to the transepithelial elec-

trogenic Nat transport.
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Figure 3.5: Representative tracings of aN*, Vi and V. in response to 0-sub (lumen)
and ischemic Ringer (lumen and bath) perfusion at 37°C. Compositions of luminal
perfusate (L) and bath superfusate (B) are given at the top of the tracings. C refers
to perfusion with control Ringer. See legend to Figure 3.3 for details.



0

-0.51

-1.0

Vie (MV)

-1.54

-2.0-

-2.5-

Vpi (mV)

-301

-40-

-50-

-60

-70-

-80-

59

t o4

p<0.001 NS p<0.001
L | ] _1

C L Ip R

Figure 3.6: Effects of 20-min ischemic perfusion on Vi (a) and W (b). Each line
connects a paired datum points from one tubule measured under different experi-
mental conditions. Horizontal bars represent means and vertical bars represent S.E.
Abbreviations: C, control perfusion; Iz, 2 min of ischemic perfusion; I3, 20 min of
ischemic perfusion; Rj, control reperfusion following ischemia; NS, not significant.
See Section 2.6.1 for details.
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3.2.2 Basolateral K* transference number
and intracellular Nat activity

The a]® and tk,y were also measured in the ischemic-perfused tubule preparation.
Bilateral perfusion of the ischemic Ringer led to a decrease in a]® (Figure 3.5) from
15.8 £ 0.6 mM to 9.0 £ 0.6 mM (n = 3, P < 0.002). This decrease in a}* was
likely caused by the huge depolarization of cell membrane potential induced by the
high-K* content (20 mM) of the ischemic Ringer. As pointed out by Morgunov and
colleagues [143], membrane depolarization inhibits the substrate-coupled apical Na*
entry because of the reduction in transmembrane Na* electrochemical gradient. Dur-
ing the reperfusion period following the 20-min ischemia, a]¥® returned to preischemic
level (15.8 + 0.6 mM control versus 15.9 £ 0.8 mM reperfusion, n = 3, P > 0.4).
In addition, no significant difference was found between the tk1) recorded before
and after (reperfusion) ischemia (0.73 =+ 0.01 control versus 0.75 £ 0.01 reperfusion,
n = 6, P > 0.1). These results are in agreement with our previous findings that
there was no significant alteration in V4, following 20 min of ischemia (see Section
3.2.1), and confirm that the functional integrity of proximal tubule cells was well

maintained after the 20-min ischemic insult.
3.2.3 Tubular resistances

Resistances of apical and basolateral membranes as well as the transepithelial resis-
tance were measured before and after the ischemic perfusion. Electrical resistance
of a barrier reflects the overall ionic permeability across that barrier. Knowledge of

such electrical data is important for assessment of ionic transport across the barrier.



61

Figure 3.7 illustrates that 20 min of ischemia led to a decrease in R, from 12.6
+ 1.2 . cm? in control to 8.1 £ 1.0 Q- cm? during reperfusion (n = 6, P < 0.05).
Similar findings were reported following hypoxia (see Section 3.1.3). This decrease
in R could not be attributed to the natural deterioration of the perfused tubule
preparation, as indicated by the time control experiment summarized in Figure 3.4b.

In a tubular epithelium, the transepithelial resistance consists of two parallel
components, the resistance across tubular cells (equal to the sum of apical and ba-
solateral membrane resistances) and the shunt resistance (the tight junction). To
clarify which component(s) of R, were altered by ischemia, resistances of the apical
(Rap) and basolateral (Ry) membranes as well as shunt resistance (R,) were deter-
mined before and after the ischemic perfusion, using electrical cable analysis (refer
to Section 2.3.4 and Appendix A for details).

In this experiment, double impalements with two voltage-electrodes into two ad-
jacent cells a certain distance (z) apart were established, and the voltage deflection
(AVi1) was recorded by one electrode when a DC current was injected via the other
electrode. The AW, ~ z relationship was determined and used to calculate the par-
allel resistance of apical and basolateral membrane (R,), which was then combined
with the result from luminal cable analysis to yield individual membrane resistances
(see Equations 2.8 to 2.10). As shown in Figure 3.8, the AW, attenuated exponen-
tially with the increase in distance (z). No difference in the AV, ~ z relationship
between control (filled circles) and reperfusion groups (empty circles) was observed
(control: n = 63; reperfusion: n = 21, P > 0.4 with pooled { test).

Table 3.1 summarizes the resistance data derived from both luminal and cellular
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Figure 3.8: Attenuation of basolateral voltage deflection (AVi) along the tubules in
cellular cable analysis. The AV,j-axis is drawn in the logarithmic scale. The z is the
distance between current-injection and sensing microelectrodes. Straight lines were
fitted to data by least square regression analysis; r, correlation coefficient. Control
(solid line and filled circles) and reperfusion following 20-min ischemia (broken line
and empty circles) were compared by pooled ¢ test; NS, not significant. See Appendix
A for details.
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Table 3.1: Effects of ischemia on tubular resistances®

R, a Rap Ry R,

Control 4+9 36+02 369+48 924+11 13+1
n 63 6 63 63 6

Post-ischemia 83 + 13° 3.8 + 0.4° 454 £ 88® 101 £16® &+ 1°¢
n 21 6 21 21 6

3 Abbreviations: R,, parallel resistance of apical and basolateral membranes; o, voltage
divider ratio; Rap, apical membrane resistance; Ry, basolateral membrane resistance; R,
shunt resistance. Values are means + S.E. in © - cm2, but o is dimensionless. n, number of
measurement.

®P > 0.3 versus control, compared with pooled 1 test.
¢P > 0.6 versus control, compared with paired ¢ test.
4P < 0.05 versus control, compared with paired 1 tesi.
cable analyses. These results indicated that the change in R, was solely due to the
decrease in shunt resistance. The cell membrane resistances remained unchanged.
In summary, although perfusion with ischemic Ringer depolarized W and de-
creased a]®, the changes in electrophysiological parameters pertaining to cell in-
tegrity and function (Wi, a2, tk(bl), Rap and Ry;) were transient and returned to
control values immediately after the ischemic insult. However, the decreases in V.
and Ry, persisted into the reperfusion period. Changes in V,. and R,. appear to be
tightly coupled, because an examination of the six tubules studied during ischemia
(filled circles) and the seven tubules studied during hypoxia (empty circles) indicated

that for each individual tubule, there was a good correlation between the percentage

decrease in V. and the percentage decrease in Ry, (Figure 3.9). This high degree of
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correlation would suggest that the decrease in V. is in fact the result of a decrease

in R..
3.3 Electrophysiological Effects of Ouabain

The Nat ,Kt-ATPase was blocked by bath perfusion of control Ringer containing
10-* M ouabain. Changes in electrophysiological parameters associated with the
inhibition of Nat ,K+-ATPase were recorded. As shown in Figure 3.10, 10~* M
ouabain depolarized V4 by 16.3 + 1.1 mV (n = 6, P < 0.001) and depolarized V.
from —1.7£0.2mV to —0.1£0.1 mV (n = 7, P <0.001). Intracellular Na* activity
(a]®) increased from 16.7 + 2.3 mM t0 55.7 £ 3.3 mM (n = 3, P < 0.01). Changes
in Vi1, Vie and a]® occurred immediately following the application of ouabain to
the bath, and reached their maximal values in 5 to 6 min. These results are in
agreement with previous reports of the effects of ouabain on membrane potential
[200] and intracellular Nat activity [157] in the mouse and the rat kidney tubules,

respectively.

3.4 Hypoxia/Ischemia and
Proximal Tubular Ultrastructure

Effects of hypoxia and ischemia on the ultrastructure of perfusion-fixed proximal
straight tubules were studied. The morphological structure of proximal straight
tubules perfused with control Ringer solution was well preserved (Figure 3.11a).
The brush border and the basal membrane remained intact, endocytic vacuoles were

small and located close to the apical membrane surface. Although some mitochondria
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Figure 3.9: Correlation between the effects of 20-minute hypoxic (empty circles)
and ischemic (filled circles) perfusion on Ve and Rie. Vie (%) and R (%) refer
to the ratios of Vi and R,. during reperfusion to the initial control values of these
parameters. Each point represents a simultaneous measurement of both V;. and R,
in a single tubule; r, correlation coefficient.
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Figure 3.10: Representative tracings of a2, V4 and V,, in response to bath perfusion
of 10~4M ouabain (OUA) at 37°C. Compositions of luminal perfusate (L) and bath
superfusate (B) are given at the top of the tracings. C, control perfusion. See legend

to Figure 3.3 for details.
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appeared elongated, the majority of these structures were rounded in appearance,
and randomly distributed in the cytoplasm. After 60 min of perfusion with control
Ringer at 37°C, there were more numerous lysosome-like structures associated with
the Golgi apparatus (Figure 3.11b). However, other cellular ultrastructures appeared
to be intact. The ultrastructure of mouse proximal straight tubule described above
is similar to those described in rabbit proximal straight tubules [149], fixed by either
in vivo or in vitro perfusion.

Figure 3.12 compares the ultrastructures of proximal tubules perfused with con-
trol Ringer (a) with those perfused with either hypoxic (b,d) or ischemic (c) solutions.
Twenty minutes of hypoxia or ischemia followed by 5 min of reperfusion had little
effect on the overall cel'ular structure of the proximal tubule. The brush borders
were mainly intact and approximately the same height after the hypoxic or ischemic
insults. The nuclei had similar appearance, and the mitochondria were similar in
density and shape in all tubules. However, there appeared to be an increase in the
number and size of autophagosomes and myeloid bodies in both hypoxic and ischemic

tubules (Figure 3.12d).

3.5 Hypoxia/Ischemia and
Intracellular ATP Content

Reduction in intracellular ATP content is a hallmark of ischemia. It was therefore of
interest to investigate the effects of hypoxia and ischemia on tubule ATP content in
the present model system. In freshly isolated proximal straight tubules, intracellular

ATP content was 6.64 + 0.58 pmoles/mmTL (n = 14), approximately 7 mM as
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Figure 3.11: (a) Ultrastructural appearance of proximal straight tubule cells un-
der control conditions. The tubule was isolated and perfused bilaterally with con-
trol Ringer for 15 min at 37°C before it was fixed by bilateral perfusion of the
paraformaldehyde-glutaraldehyde solution (Section 2.4.2). (b) The ultrastructure of
a proximal tubule fixed after 60 min of perfusion with control Ringer at 37°C. Arrow-
head in (b) indicates the basal empty space resulted from the fixation (see Section
2.4.2 for details). Abbreviations: M, mitochondrion; D, dense body (lysosome); G,
Golgi apparatus; LEV, large endocytic vacuole; SEV, small endocytic vacuole; N,
nucleus; BM, basement membrane. Bars represent 2 pum.
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Figure 3.12: Proximal tubules were fixed after 15 min of perfusion with control Ringer
at 37°C (a), after 20 min of hypoxic perfusion followed by 5 min of control reperfusion
at 37°C (b), or after 20 min of ischemic perfusion followed by 5 min of control
reperfusion at 37°C. Arrowhead in (b) indicates focal damage to the microvilli, an
enlarged view of which is shown in (d). Abbreviations: AU, autophagosome; MB,
myeloid body; MV, multivesicular endosome; G, Golgi apparatus; TJ, tight junction.
Bars represent 10 gm in (a) to (c), and 1 gm in (d).
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calculated according to the outer and inner diameters of the tubule. This value
is comparable to that reported by Uchida in S3 segments of microdissected mouse
proximal tubules {196]. Thirty-minute perfusion with control Ringer significantly
increased the intracellular ATP content to 8.34 + 0.68 pmoles/mmTL (n = 14,
P < 0.005 compared with freshly dissected group). Figure 3.13 compares the cellular
ATP levels between control perfused tubules and those subjected to 20 min of either
hypoxic or ischemic perfusion at 37°C. At the end of the 20-min hypoxia, tubule
ATP content was 47% of control perfused tubules (8.69 + 0.90 versus 4.06 £ 0.33
pmoles/mmTL, n = 8, P < 0.001). On the other hand, the decrease in tubule ATP
content following the 20-min ischemia was not statistically significant (7.07 £ 0.91
versus 5.59 % 0.48 pmoles/mmTL, n = 5, P > 0.1). These data would suggest that
the energy metabolism of proximal tubule cells was compromised due to the low Po;
in the hypoxic Ringer. However, some comp(;nents in the ischemic Ringer solution
appeared to prevent tubular ATP depletion in the face of a low Po; environment.

The effects of these components in the ischemic solution will be discussed in Section

6.1.2.
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Figure 3.13: Effects of 20-min hypoxic (a) and ischemic (b) perfusion at 37°C on
tubular ATP content. Each pair of data were obtained from a pair of tubules isolated
from the same kidney, one perfused with control Ringer (C) and the other perfused
with either hypoxic (H) or ischemic Ringer (I). See Section 2.6.1 for details.



Chapter 4
RESULTS II:

Temperature and
Preservation Solutions

4.1 Effects of Cooling

In this section, the effects of cooling from 37°C to cither 4°C or 22°C on electrophysi-
ological parameters and cell volume were stuslied. Previous studies have documented
that exposure of proximal tubule cells to reduced temperatures leads to inhibition of
the Nat,K+-ATPase and disturbance of cellular ionic balance, similar to the effect
of ouabain [127].

Figure 4.1 illustrates the effects of cooling from 37°C to 4°C on V., W,, and
tk(py in mouse proximal straight tubules, perfused bilaterally with control Ringer
solution. Cooling to 4°C rapidly depolarized Vi, from —1.72 £ 0.26 mV to +0.03+
0.12mV (n = 5, P < 0.001). Despite the rapid change in solution temperature
(half time of cooling from 37°C to 4°C was within one minute, see Section 2.2), the
depolarization of W, was gradual, reaching —16.942.0 mV after 60 min from control
values of —=73.9+£1.6 mV (n = 5, P < 0.001). Associated with this depolarization
of Vi was a 55% decrease in tkgp, from 0.72 £ 0.02 to 0.32 £ 0.05 after 60 min
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(n = 5, P <0.001). The recovery of all parameters was completed within 30 min
of rewarming to 37°C. These results extend the observation previously reported by
VoIkl and colleagues that cooling led to a depola,riza}tion of V1 and a decrease in
tkoy) [200].

In Figure 4.2, cooling to 22°C rapidly depolarized V. from —2.30£0.27 to —0.62+
0.14 mV (n = 5, P < 0.005). Changes in W, and tky were not as dramatic as
those recorded at 4°C. Thirty minutes of perfusion with Ringer solution at 22°C
depolarized W, by 7.2 £ 1.3 mV (n = 5, P < 0.005) and reduced tk) from 0.67
+ 0.03 to 0.54 £ 0.04 (n = 5, P < 0.01). The recovery of all parameters was
completed within 30 min of rewarming to 37°C.

Cooling to 22°C for 30 min did not significantly affect the intracellular Nat
content (a}*), whereas cooling to 4°C significantly increased a]¥® from 13.2 + 2.0 to
42.6 £ 2.7 mM (n = 6, P <0.001) over a 40-min period (Figure 4.3).

Table 4.1 compares apical membrane resistance (R,p), basolateral membrane re-
sistance (Rui), and shunt resistance (Rs) at 37°C, 22°C and 4°C. Resistances of all
tubule-barriers increased dramatically at 22°C. Cooling to 4°C further increased Ry
and R,. However, no further significant increase in R,, was observed.

Cooling from 37°C to 4°C led to a sustained decrease in cell volume of approx-
imately 20% of the 37°C-control value, as measured witl. morphometric method
described in Section 2.4.1. This decrease in cell volume persisted for the duration
(60 min) of perfusion at 4°C (n = 4, P < 0.005, Figures 4.4c and 4.5). These
results obtained from light microscopy were confirmed using electron microscopy

(Figure 4.6). As shown in Figure 4.6, although a decrease in cell volume at 4°C
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Figure 4.1: Representative tracings of basolateral cell membrane potential (V) and
transepithelial potential (Vi) in response to cooling to 4°C. Tubular lumen (L, up-
per bar) was continucusly perfused with control Ringer solution, except for two
substrate-free Ringer (0-sub) pulses (solid areas) at the beginning and the end of
the experimental protocol. Bath perfusate (B, lower bar) was periodically switched
between control and 20-K* (solid areas) solutions to evaluate the change in baso-
lateral K* transference number [tk1)] with the cooling. Temperature changes were
indicated between two bars. See Section 2.6.2 for details.
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Figure 4.2: Representative tracings of W, and V. in response to cooling to 22°C.
Tubular lumen (L, upper bar) was continuously perfused with control solution, with
interruption by three 0-sub pulses (solid areas). Bath perfusate (B, lower bar) was
periodically switched between control and 20-K+ (solid areas) s~iutions to evaluate
the change in tky with the cooling. Temperature changes were indicated between
two bars.
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Figure 4.3: Effects of cooling from 37°C to 4°C and 22°C on intracellular Nat
activity (aM®): time courses. Rapid cooling from 37°C to 4°C (open circles) and
22°C (closed circles) started at 0 min, and continued for 40 min (4°C) and 30 min
(22°C), respectively. Averages of five and six experiments for closed and open circles,
respectively. * P < 0.05 versus control.



-1
o0

Table 1.1: Effects of temperature on tubular resistances®.

Temp. R.p Ry R,

37°C 369 + 48 (63) 92 4 11 (63) 13 £ 1 (6)
220C 1415 + 165 (44) 447 + 44 (44) 22 £ 1° (9)

4°C 1952 & 204° (26) 2012 + 1687 (26) 53 + 47 (6)

%Values are means & S.E in Q. cri®. Numbers of measurements are indicated in paren-
theses. See legend to Table 3.1 for abbreviations.

b P < 0.05 versus 57°C control.

¢P < 0.05 versus 37°C control, P > 0.05 versus 27°C data.

4P < (.05 versus 37°C control and 22°C data.
is evident, the structural integrity of the cells appears to be well maintained and
similar to control. Cooling from 37°C to 22°C resulted in a decrease in cell volume
of approximately 10% of 37°C-control value. Such a cell shrinkage was sustained for
up to 30 min at 22°C (Figures 4.4d and 4.5).

In summary, exposure of proximal tubules to 4°C led tn a depolarization of mem-
brane and transepithelial potentials, an increase in intracetlular Nat content, and
a decrease in membrane ionic conductances. In contrast, exposure to 22°C did not.
affect intracellular Nat content and caused only a slight depolarization of membrane

potential, but it dramatically decreased the transepithelial potential and the mem-

brane ionic conductances. Exposure to both temperatures also caused cell shrinkage.



Figure 4.4: Effects of temperature on cell volume in isolated mouse proximal straight
tubules perfused with control Ringer solution. All photomicrographs were taken at
200x power. (a) 5 min after perfusion at 37°C, (b) 60 min after perfusion at 37°C,
(c) 60 min after cooling to 4°C, (d) 30 min aftcr cooling to 22°C. Abbreviations: ID,
inner diameter; OD, outer diameter; BB, brush borders. Bar represents 50 pm and
applies to all photographs.
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Figure 4.5: Time courses of cell volume changes following cooling from 37°C to
4°C (half-closed circles) and to 22°C (closed circles). Relative cell volume (R,) was
calculated according to Equation 2.11. Cooling from 37°C te 22°C and 4°C was
initiated at 0 min. A time control of R, in tubules perfused at 37°C was also shown
(open circles). Averages of four (4°C and 22°C) and three (37°C) experiments. Error
bars are not shown when they are equal to or smaller than the size of the symbols.
* P < 0.05 versus control.
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Figure 4.6: Eftects of temperature on cell ultrastructures in isolated mouse proximal
straight tubules perfused with control Ringer solution. Tubules were perfusion fixed
after 10 min of perfusion at 37°C (a), or after 60 min of perfusion at 4°C ’b). Th=
basal empty space (arrnwhead) seen in (a) ‘nay be due to the fixation artifact (see
Section 2.4.2). Bars represent 10 pm.
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4.2 Compearison of EC and UW Soiutions
at 22°C and 37°C

Preservation solutions are designed to preserve kidneys for transplantation at tem-
peratures close to 0°C. Pilot studies were conducted to test the abilities of EC and
UW solutions to preserve single perfused tubules at reduced temperature. EC and
UW solutions were introduced both to the lumen and the bath sides of the tubules
for up to 60 min at 4°C, followed by reperfusion with control Ringer and rewarming
to 37°C. It was found that tubules were able to survive this experimental manoeuvre
with no significant change in their morphological and eclectrophysiological parame-
ters. In fact, isolated perfused proximal tubule can survive 60 min of 4°C perfusion
with control Ringer solution. Indeed, preservation of kidney function for up to 12
hours using Ringer solution has been reported in some early studies.

Although EC and UW solutions are not designed for preservation at temperatures
substantially higher than 0°C, renal tubules could be exposed to these solutions when
kidneys are rewarmed to room temperature or even body temperature during the
anastomosis (see Section 1.4.2). The effects of EC and UW perfusion at 22°C and

37°C were therefore studied on single perfused tubules.

4.2.1 Effects of EC and UW solutions at 22°C

Perfusion with EC solution at 22°C resulted in a significant increase in cell volume
after a 10-min delay. The increase in cell volume was completely reversed following a
6- to 12-min washout of EC solution using control Ringer solution (Figure 4.7). On

the other hand, the increase in cell volume was minimal when tubules were exposed
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to UW solution at 22°C (Figure 4.8). The changes in cell volume during EC and
UW perfusion at 22°C are summarized in Figure 4.9.

In order to document if the morzhological changes attributed to the 20-min EC
exposure described above brought about any irreversible deterioration in tubulac
transport function, Vi was measured at the end of the 6- to 12-min washout period
and compared with cont.ol values (Figure 4.10). A significant deterioration of Vi,
was recorded in tubules previously exposed io the EC solution, even though the
cell volume had returned to the control value. In contrast, V.. was not affected by
the 20-min UW exposure/perfusion. These data suggest that the initial cell swelling
during EC perfusion may have a more permanent damaging effect on proximal tubule

transport.

4.2.2 Effects of EC and UW solutions at 37°C

The effects of EC and UW perfusion on cell morphology and transepithelial potential
at 37°C were also investigated. A significant increase in cell volume was observed
after 3 min of EC perfusion (Figure 4.11). Increases in cell volume in EC solution
reached their maximum value between 6 and 12 min. Following 12 min, the height of
the cell layer decreased, which may be explained by a disruption of ceilular structure
(Figure 4.11e). On the other hand, no cell swelling was observed in UW solution
(Figure 4.12). The data on cell volume are summarized in Figure 4.13.

The electron micrographs confirmed the cell volume changes observed using light
microscopy. In Figure 4.14a, after 10 min of EC perfusion at 37°C, considerable cell

swelling resulted in partial occlusion of the tubular lumen. Blebbing of cytoplasmic
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Figure 4.7: Effects of EC perfusion on tubular morphology at 22°C. The proximal
tubule was initially perfused with control Ringer solution (a), followed by a 20-min
EC perfusion [{b) 5 min, (c) 10 min, (d) 15 min, (¢) 20 min], and a 10-min washout
of the EC solution with control Ringer ({). The tip of the perfusion pipette (PP)
is seen on the right in each photograph. Bar represents 50 um and applies to all

photographs. See Section 2.6.3 for the detailed experimental protocol.
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Figure 4.9: Effects of EC perfusion (open circles) and UW perfusion (closed circles)
at 22°C on cell volume. EC and UW perfusion was initiated at 0 min. Relative cell
volume (Ry) was determined according to Equation 2.11, in which subscript ¢ denotes
tubular diameters in control Ringer at 22°C (see Section 2.6.3). Error bars are not
shown when they are equal to or smaller than the size of the symbols. Averages
of four experiments for each preservation solutivn. * P < 0.05 versus control (time
Z€ro).
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Figure 4.10: Recovery of V;. following a 20-min EC perfusion (EC) and a 20-min UW
perfusion (UW) at 22°C. Changes in V;. were expressed as a percentage of control
(C), the latter being set at 100%. Control data refer to the V. measured in control
Ringer before EC or UW perfusion at 37°C. Recovery data were also measured in
control Ringer at 37°C, but after the 20 min of EC or UW perfusion at 22°C. Averages
of four experiments for each preservation solution. * P < 0.05 versus control. See
Section 2.6.3 for the detailed experimental protocol.
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Figure 4.11: Effects of EC perfusion on tubular morphology at 37°C. The proximal
tubule was initially perfused with control Ringer solution (a), followed by a 20-min
EC perfusion [(b) 3 min, (c) 6 min, (d) 12 min, (e) 20 min}, and a 10-min washout
of the EC solution with control Ringer (f). Bar represents 50 um and applies to all
photographs.
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Figure 4.12: Effects of UW perfusion on tubilar morphology at 37°C. The proximal
tubule was initially perfused with control Ringer solution (a), followed by a 20-min
UW perfusion [(b) 5min, (c) 10 mn, (d) 15 min, (€) 20 min]. Bar represents 50 pm

and applies to all photographs.”
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Figure 4.13: Effect- of EC perfusion (open circles, open squares, and half-closed
squares), EC-mannitol (ECM) perfusion (closed circles, n == 6) and UW perfusion
(half -losed circles, n = 6) at 37°C on relative cell volume (R,). Open circles, EC
perfusion on both the luminal and the basolateral sides [EC(L&B), n = 5]. Half-
closed squares, EC pezfusion on the basolateral side only [EC(B), n = 7). Open
squares, EC perfusion on the luminal side only [EC(L), n = 4]. Error bars are not
shown when they are equal to or smaller than the size of the symbols. * P < 0.05
versus control (time zero).
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contents into the lumen was also seen. In contrast, perfusion with UW solution at
37°C did not result in cell swelling, even though the perfusion time was doubled
to 20 min (Figure 4.14b). In Figure 4.14b, the apical surface of the tubule cell
was essentially intact, although it appeared that, compared to control, there was an
increase in the number of endocytic vacuoles. Large empty spaces along the basal
surface of the cells may be artifacts of fixation. Such an artifact was especially
noticeable under this experimental condition because fast exchange of bath UW
solution with the fixative was impossible owing to the high viscosity of the UW
solution.

The recovery of electrogenic transport function following EC and UW perfusion
at 37°C was assessed by measuring Vie. Tubule reperfusion with control Ringer
following a 9-min EC perfusion at 37°C recovered only one third of the original
Vie- After a 10-min UW perfusion at 37°C, the V. recorded during reperfusion with
control Ringer was not significantly different from the control value (Figure 4.15).

The deterioration of V|, during the reperfusion period after a 9-min EC perfusion
may be correlated with the ultrastructural changes seen under this experimental
condition. In Figures 4.16a and 4.16d, cell swelling during the EC perfusion led to
some cellular damage upon reperfusion, although the cell volume appeared to return
to normal. In contrast, proximal tubule cells recovering from UW perfusion were
better preserved, as judged by the overall ultrastructural appearance of the cells,
although some large vacuoles were seen (Figure 4.16b). Figure 4.16¢ also illustrates
the ultrastructure of a proximal tubule perfused with EC-mannitol solution followed

by control reperfusion. Compared with Figure 4.16b, it appeared that ECM solution



Figure 4.14: Effects of EC & UW perfusion on cellular ultrastructures. Tubules were
perfusion-fixed immediately after either 2 10-min EC perfusion (a) or a 20-min UW
perfusion (b) at 37°C. Arrowheads indicate basal empty spaces. Bars represent 10

pm.
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Figure 4.15: Recovery of V. following a 9-min EC perfusion (EC), a 10-min EC-
mannitol perfusion (ECM), and a 10-min UW perfusion (UW) at 37°C. Changes in
Vie were expressed as a percentage of control, the latter being set at 100%. Control
data (C) refer to the Vi measured when tubules were perfused with control Ringer
solution before the EC, ECM, or UW perfusion. Recovery data were also measured
in Ringer solution, but after the EC, ECM, or UW perfusion. Averages of three
(UW and ECM) and four (EC) experiments. * P < 0.05 versus control. See Section
2.6.3 for the detailed experimental protocol.
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was as effective, if not better than, the UW solution in this model system. The
electrophysiological assessment of the effectiveness of ECM solution will be described

in the following section.

4.3 Further Investigation of Osmotic Effects
of EC solution at 37°C

Epithelial cells, such as proximal tubule cells, possess characteristic apical and ba-
solateral membranes, which differ in their protein and lipid content from each other.
Each membrane surface has unique transport systems and ionic permeabilities (sce
Section 1.1.3). Because of the structural and functional differences between the api-
cal and the basolateral membranes, one would predict that the EC solution might
affect cell volur.: differently when perfused in the lumen as opposed to the bath.

The sidedness effect of the EC solution on cell volume was studied. When per-
fused on the luminal side only, the EC solution [EC(L)] significantly decrcased rather
than increased the cell volume (Figure 4.13). In contrast, when perfused via the bath
only, the EC solution increased the cell volume at a higher rate than in bilateral per-
fusion experiments [compare EC(B) and EC(L&B) curves in Figure 4.15]. The data
would suggest that the osmotic threat of the EC solution originated from its inter-
action with the basolateral membrane.

The effectiveness of mannitol as a membrane impermeant was tested by substitut-
ing glucose in EC solution with mannitol (ECM solution, see Table 2.2). Compared
with the original EC solution, ECM solution abolished the increase in cell volume,

as shown in Figure 4.13. In addition, Vi, was well preserved after a 10-min ECM
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Figure 4.16: Cell ultrastructures during control reperfusion following EC, ECM or
UW perfusion at 37°C. Proximal tubules were fixed following a 9-min EC perfusion
and a 6-min control reperfusion (a), following a 10-min UW perfusion and a 15-min
control reperfusion (b), and following a 10-min ECM perfusion and a 6-min control
reperfusion (c). Arrowhead in (a) indicates a damaged cell, a close-up view of which
is given in (d). Bars represent 10 gm in (a) to (c), and 5 gm in (d).
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perfusion at 37°C (Figure 4.15). This result is consistent with the well preserved
tubular ultrastructure seen under this experimental ccndition (see Figure 4.16c),
and suggests that the choice of an effective osmotic agent in preservation solutions

is crucial in the prevention of cell swelling at 37°C.



Chapter 5

DISCUSSION 1I:
Electrophysiology of Proximal
Tubular Transport

The model system of amphibian proximal tubules was developed in the 1970’s and
1980’s so that ionic gradients and permeabilities could be easily studied using electro-
physiological methods [5, 31, 33, 96]. Such analysis has proven to be an effective way
to assess the transport function in amphibian proximal tubules. The mammalian
proximal tubular cell is smaller than its amphibian counterpart, rendering some
electrophysiological measurements (e.g. cell cable analysis described in Appendix
A) difficult. Let us begin with a discussion on the analysis of the electrophysiology
of tubular transport in mouse proximal tubules under control situations. Alterations
of the transport in the face of hypoxia, ischemia and cooling in vitro will be discussed

later.

5.1 The Control Proximal Tubule

5.1.1 Diffusional potentials

Cell membrane potential originates from ionic gradients across the membrane. These

gradients are maintained primarily by the Nat K+-ATPase. The membrane potential
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(Em) can be approximated by the combined diffusional potentials of three major ions,

Nat*, Kt and Cl—:

_RT

PraX + Pyaal® + Pgial!
B =TF

> 5.1
" PeaF + Paad]™ + Pyl (5-1)

1

where the P’s are permeability coefficients and subscripts o and i represent ionic
activities outside and inside the cell, respectively. This is the well known constant
field equation, also known as the Goldman-Hodgkin-Katz equation [76, 92].

The constant field equation also applies to the calculation of the transepithelial
diffusional potential (E..). However, since symmetrical solutions were used in the
perfused tubule preparation in this study, the Ei. across the tight junction (the

paracellular barrier) was assumed to he zero!.

5.1.2 Transepithelial and transmembrane potentials

The proximal tubule has been modeled as an electrical circuit, with a battery (the dif-
fusional potential) and a resistor (the ionic conductance) across each barrier (apical
and basolateral membranes, as well as the tight junction) [31] (Figure 5.1). Accord-
ing to this equivalent electrical circuit, diffusional potentials for apical (E,p) and
basolateral (E})) membranes derived from the constant field equation (Equation 5.1)
are tightly coupled in proximal tubules. In other words, the electrical potentials

recorded across the basolateral (V4,i) membrane, the apical (V,,) membrane and the

'When proximal tubules are perfused with symmetrical solutions, local ionic gradient across
the tight junction may develop, which makes E:. deviate from zero. This is because the NaCl
concentration in the narrow lateral intercellular space (LIS) may be higher than that of bulk
bath solution as a result of active Nat pumping into the LIS and the slow diffusion of NaCl
from this compartment to the bath. However, in Necturus proximal tubules, the estimated NaCl-
diffusion potential across the tight junction was an order of magnitude smaller than the recorded
Vie, suggesting that paracellular diffusional potentials contribute little to the Vie (31, 32]. I therefore
assumed Fi. to be zero for this discussion.
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tight junction (V,) are functions of Ey, E,p, the apical (R,;) and the basolateral

(R,1) membrane resistances, and the transepithelial resistance (Rie) [31]:

Ep(Rap + Rie) — Eap R

W Ry + Rap + Rie (5.2)
o - alfar K-t *
e = R o
Conversely, the E,, and Ey) can be expressed by V,,, Vi1, Rap, Rul, and Rie:
Eup = VoiRap + V},;i(eRap + Ri) (5.5)
Ey = Vo (R + 1;;:..-) + VapRul (5.6)

The objective of the electrophysiological analysis is to understand the ionic per-
meabilities of each diffusional barrier (apical and basolateral cell membranes, and
paracellular pathway). Such knowledge is crucial for the description of the transport
characteristics of the tubular epithelium (see, for example, Figure 1.1). Determi-
nation of potentials and resistances across individual barriers would enables one to
derive the diffusional potentials across these barriers (E,, and Ey). Such diffusional
potentials are much more informative than recorded membrane potentials (V,, and
Vo1) in revealing ionic gradients and permeabilities across the cell membranes.

The electrophysiological analysis based on the equivalent electrical circuit just
described was first developed by Boulpaep and colleagues in amphibian proximal
tubules [31]. In the following section, we will apply this analysis to the mouse
proximal straight tubule using electrophysiological parameters obtained from this

study.
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Figure 5.1: Equivalent electric circuit for the proximal tubules. The dash lines
indicate cell borders. Notice that Vo, + W = Vie. See text for abbreviations.
(Illustration modified from reference [31]).
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5.1.3 Basolateral cell membrane

Using experimentally determined membrane? and transepithelial potentials (Vi =
~70.0 mV, V,e = —1.7 mV, V,, = +68.3 mV) and resistances (Ry = 92 Q - cm?,
R =13 Q- cm?, R, = 369 Q- cm?, see Table 3.1), Ey) was calculated according to

Equation 5.6:

-70 x (92 4+ 13) + 68.3 x 92
13

= -82.0mV (5.7)

Ey =

If intracellular K* activity (aX) of 106 mM was assumed?, with extracellular K+
activity (aX) at 4.65 mM (aX = [K+], x 0.93 = 5 mM x 0.93 = 4.65 mM, 0.93 being

the activity coefficient), the Nernst potential for potassium was calculated to be:

RT . d¥
EK = —F—ln$

= 61.51n(4.65/100)

= -82.0 mV (5.8)

Therefore, the diffusional potential derived from the experimental data (Equa-
tion 5.6) can be almost perfectly approximated with the Nernst potential of the
transmembrane K* gradient (Equation 5.8). This result indicates that the K+ con-

ductance is the predominant ionic conductance across the basolateral membrane.

2Vap is calculated as the difference between Vi and V), see the equation in the legend to Figure
5.1

3Although a¥ of 100 mM is higher than those measured by liquid ion-exchanger microelectrodes
(40 to 80 mM) [25, 61, 117], this value is very close to the values determined by electron microprobe
analysis [132] and flame photometry [193] (assuming the activity coefficient of 0.7). The reason for
choosing aX as 100 mM is that the microelectrode methods may lead to an underestimation of aX,
as discussed by Laprade and colleagues [117].
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The relative importance of K*-diffusion potential to the overall basolateral diffu-
sional potential can alsc be estimated by measuring basolateral potassium transfer-
ence number (tk(p1), see Section 2.3.3 for details). However, as pointed out by Vélkl
and colleagues [200], che measured ik is always an underestimate of the actual
contribution of potassium potential (or conductance) to the overall diffusional poten-
tial (or conductance). This is because the recorded change in basolateral membrane
potential (AV4) in response to bath 20-K* pulses is smaller than the actual change
in the diffus’snal potential (AEy,), with portions of AEy, being distributed across
the apical membrane and the tight junction (see Figure 5.1). Using Equation 5.6 and
assuming that resistances of all barriers were not affected by elevation of basolateral
[K*] (see discussion below), the value of Ey, after bath perfusion of 20-K* Ringer

was calculated to be:

—44.0 x (92 + 1?) + 43.0 x 92
13

Eugoky =

= —51.1mV (5.9)

where the Vi1 and V,, values were derived from the recorded magnitudes of depolar-

ization of V41 and V. in the presence of 20-K* Ringer. 1. follows that

AEy = Eyok) — Ew

= —51.1-(-82.0) = +30.9 mV (5.10)

By substituting AV, with AEy into Equation 2.3, the corrected k() (tk(b,))

can be derived as follows:

thwn) = AEwF Zk /(RT In4) = 0.83 (5.11)



103

It appears that the experimentally determined apparent tk(y (0.70, see Section
3.1.2) is in good agrecment with the corrected ti () (0.83).

The inherent assumption made in the measurement and analysis of k) is that
intracellular K* activity does not change witn a brief application of 20-K* Ringer.
In addition, two more assumptions were implied in this analysis. First, the potas-
sium conductance of the basolateral membrane was assumed to be constant during
the membrane depolarization with 20-KX* Ringer in the bath. Unfortunately, the
validity of this assumption can not be evaluated with confidence because of the lim-
ited knowledge of the properties of K* conductances in the basolateral membrane of
proximal tubular cells. The two types of K* conductance identified so far appear to
be voltage-dependent [152, 165]. The inward-rectifying potassium channel recorded
in the basolateral membrane of rabbit proximal straight [70] and convoluted [152]
tubules was described as “moderately voltage-dependent” and activated by depo-
larization [152]. In contrast, the K* channel found in the basolateral membrane of
Necturus proximal tubule is activated by hyperpolarization [165]. All these possible
changes in basolateral K* permeability in response to membrane depolarization were
ignored in the process of obtaining both tx ) and ti((bl).

Second, we have assumed that the diffusional potential across the tight junction
(Fie) remained zero even though a transepithelial K* gradient was set up during
basolateral 20-K* perfusion. Because of the tight coupling of the diffusional potential
across each barrier, the generation of E,. during basolateral 20-K* perfusion would
require that Ei. be incorporated in the calculation of Ey(aox) (Equation 5.9, [31]).

However, the E,. generaied by this transepithelial K* gradient (lumen 5 mM, bath 20
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mM) appears to be small, because in the present study, the Vi was only depolarized
by 0.68 £ 0.08 mV (n = 6) under this condition?. Considering ihat the calculated
Nernst potential of potassium across the tight junction is 37.1 mV, it is apparent that
the tight junction is almost impermeable to K*. This finding is contradictory to the
result obtained from the autoperfused dog kidney [34], in which the K* permeability
was found to be the highest 2among several cations (e.g. Nat) and anions (e.g. Cl7).
However, it agrees with the low cation permeability observed in amphibian proximal
tubules [4, 162]. Species variation may account for some of the discrepancy.

The contribution of the K* potential to overall basolateral diffusional potential
estimated from potassium transference number is lower than what one would predict
if the values of Fx (Equation 5.8) and Ey; (Equation 5.7) were compared. That Ey,
equals Ex would imply that the basolateral membrane potential is solely due to the
K*-diffusion potential. The tky-analysis is probably more accurate than the sim-
ple comparison between Ex and Ej,), because the electrogenic Nat,Kt-ATPase that
is not included in this model system contributes a significant portion of the inside-
negative basolateral membrane potential [164]. This means that [y is probably a
combination of Ex, depolarizing Nernst potentials (e.g. Ec)) and a hyperpolarizing
pump potential. The Na*t conductance can not contribute significantly to the re-
maining 17% of the basolateral membrane conductance (Equation 5.11)* because it

would depolarized Fj) away from the value derived from Equation 5.8.

“Because of the low shunt resistance (R;) compared with resistance across the cell membranes
(Rap and Ry, see Table 3.1), it can be predicted that Vi is a good approximation of Ei. See
reference [31] for details.

5Gince the sum of the individual ionic transference number must equal 1, t'x(bl) =1- th(m) =

0.17, t’x(bl) being the sum the ionic transference numbers other than that of K*.
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5.1.4 Apical cell membrane

The origin of the apical membrane potential (Eap) is more complex. There is a
significant contribution of a Nat-diffusion potential to E,, [31, 65]. According to
Fromter [65], Nat-glucose transport alone may contribute up to 20% of the apical
membrane conductance in rat proximal tubules. In amphibian proximal tubules,
luminal ion-substitution experiments indicate that the K¥ and Cl~ conductances are
lower than that of Nat [30]. Information is quite limited on the relative importance
of each ionic diffusional potential to F,, in mammalian proximal tubules.

The E,p can be derived from membrane potential and resistance data recorded in
this study, which were given at the beginning of Section 5.1.3. According to Equation

5.5, E,p was calculated to be:

—70.0 x 369 + 68.3(369 + 13)
13

Eyp =

= +20.0 mV (5.12)

The positive sign implies that the cell interior is negative relative to the lumen®. Since
the value of E,, is far away from the Nernst potential for potassium calculated in
Equation 5.8 (4+82.0 mV, cell negative), it is apparent that one or several depolarizing
diffusional potentials contribute significantly to E,,. Nat conductance must be
involved because for all major ions, only the Nernst potential for Nat is lower than
the Eqyp [ENa = —52.7 mV, lumen positive (aN* = 14.6 mM, a2 = 140 mM x 0.75

= 105 mM, 0.75 being the activity coefficient).].

5The convention in electrophysiological analysis of tubular transport formulates that Vap + Vit
= Ve (see Figure 5.1). When the bath potential is considered zero, both V) and V;. are negative.
To satisfy the above equation, the cell interior-negative Vap (as well as E,p) must be expressed as
a positive value.
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To estimate the contribution of K*-diffusion potential to the Eup, luminal ionic-
substitution experiment was performed. The apparent #(.p) measured by luminal
perfusion of 20-K* Ringer was 0.11 £ 0.01 (n = 5). Very low K* and Cl~ conduc-
tances were also reported in amphibian proximal tubules using similar experimental
manoeuvre [30]. This would suggest a substantial contribution of Nat-potential to
the E,p.

However, as pointed out in Section 5.1.3, the recorded voltage change (AV,,)
following lumen application of 20-K* Ringer may not reflect the actual change in
the diffusional potential (AE,p). Equation 5.5 was used to calculate the E,, during
luminal perfusion of 20-K* Ringer, based on the same assumptions made when the

Eyy was derived (see Section 5.1.3):

—66.6 x 369 + 64.2 x (369 + 13)
Ea.p(20K) = 13

= —39mV (5.13)

where the V4, was directly measured and V,, was calculated according to: V,, = V.
- Vol

The corrected i, was calculated according to Equation 2.4 as follows:
;((ap) = AEaPFZI\’/(RT In 4)

= [20.0 - (-3.9)]/37.1

= 0.65 (5.14)

In contrast to the ti (), which underestimates the t;((bl) by less than 20% (sce

Section 5.1.3), the tk(.p) underestimates the ti(,,) by as much as 80% (0.11 vs.
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0.65). This dramatic difference between tk(ap) and ti,,, highlights the problem of
interpretit;g the data from luminal ionic substitution experiments.

If 65% of the apical ionic conductance is a K* conductance, then the remaining
35% must be predominantly Nat conductance to account for the E,, of +20.0 mV
(Equation 5.12). Ta fact, if I assume that the remaining conductance (35%) is a

Na*t conductance, according to the constant field equation (Equation 5.1), the E,,

calculation would be:

P _RT In P/ PnaaX + a2
ap F PK/PNaaiK -+ a}\“‘
1.86 x 4 65 + 105

1.86 x 100 + 14.6

= —61.5]g

= +15.2mV (5.15)

where the ratio Pg/Pya equals 1.86 (0.65/0.35)7. The E,, so calculated is reasonably
close to the value of +20.0 mV calculated according the Equation 5.12.

This calculation would indicate that in the presence of luminal substrate, about
one third of the apical membrane conductance is a Nat conductance. According
to Fromter’s analysis in rat proximal tubules, the Nat-substrate cotransport path-
way accounts for 47% of total apical conductance in the presence of glucose and
phenylalaine (5 mM each) [65]. It may be that the Nat conductance estimated in

this study mainly originctes from the Nat-cotransport pathways®. In other words,

"The terms “conductance” and “permeability” are used interchangeably in this analysis. Strictly
speaking, “conductance” and “permeability” are two directly related yet distinct electrophysiolog-
ical parameters [174].

8The analysis presented here models the Nat-substrate cotransporter as a Nat-battery in series
with a Nat-conductance, as previously described by Frémter [65]. This model appears to be supe-
rior to a current source model (see for example reference {31]), because even though the cotransport
system showed saturation with the increase in the transmembrane chemical gradient of Na*, the
transport activity was sensitive to changes in electrical gradient of Nat around the resting mem-
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the Na*t-cotransport pathways may be the predominant component of apical Nat
conductance. This remains to be further substantiated.

It should be pointed out that the calculation of apical potassium transference
number is less reliable than the similar calculation of basolateral potassium trans-
ference number. According to Equation 5.5, the E,, values are subject to large
variation with relatively small errors of V4, and V,,%, because the apical resistance is
fourfold higher than the basolateral resistance (see Table 3.1). Therefore, the above

calculation can only be regarded as a first-order estimate.

5.1.5 Loop current

The electric circuit model presented in Figure 5.1 predicts that whenever E,, + Ly

# 0, there is a closed loop current o, given by [31]:

Eap + Ebl
Rap + Rbl + Rte

1= —

(5.16)

With the available E,p, Ey and resistance data, o, was calculated to be:

200 -82.0
369 +92 + 13

= 131 pA/cm? (5.17)

L =

Since it was assumed that E\. = 0 in the present symmetrical perfusion system

(see footnote on page 98), Ijoop can also be expressed by the following equation

brane potential value (—60 to —70 mV) [143]. In addition, inhibition of the cotransport system
increased apical membrane resistance by over twofold [143]. Therefore, this transport system looks
more like a battery in series with a resistor than a constant current source with infinite internal
resistance.

9The error of V,, originates from the experimental errors of both Vi and Vi, because Vyp is
calculated from V4 and Vi (see footnote on page 101).
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according to the equivalent circuit model (Figure 5.1):

I = —Vie/ R, (5.18)

In a leaky epithelium like proximal tubules, the shunt resistance is a good ap-

proximation of transepithelial resistance, and Equation 5.18 can be rewritten as
I = —Vie/ Rue (5.19)

Therefore, Ijo0p can be directly obtained from the experimental data (Vie and Rie).
This loop current is the same expression as the equivalent short-circuit current (Is)
introduced by Greger [78], although the two currents are conceptually different. As
pointed out by Greger, the I, is linked stoichiometrically to the rate of electrogenic
Na* reabsorption. The value obta.ined from this study (131 gA/cm?) is smaller than
that obtained from thick ascending limbs (200 to 600 pxA/cm?), probably because
electrogenic Nat reabsorption accounts for a much larger proportion of total Na*
reabsorption in thick ascending limbs than in proximal tubules [78].

Results from this study and many others (for example, see [15] and [143]) illus-
trate that removal of organic substrate from tubular lumen abolishes the Vi, (and
hoop according to Equation 5.19), suggesting that electrogenic Nat reabsorption in
this segment reflects solely the Nat-substrate cotransport. Significant increase in
apical membrane resistance was also observed following luminal substrate removal
in salamander [143] and rat [65] proximal tubules. It appears that removal of luminal
substrates reduces the luminal Na* conductance to a negligible level, with the por-
tion of K* conductance becoming predominant (see Section 5.1.4). It follows that

both luminal and basolateral membrane potentials are determined by the Nernst
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potential of transmembrane K+ gradient. These two membrane potentials therefore
would cancel out, causing both loop current and Ve to vanish.

In summary, the data analysis presented in this section confirms that the baso-
lateral membrane of mouse proximal straight tubules is predominantly permeable to
K*. The basolateral membrane potential can be approximated by the K*-diffusion
potential. The contribution of the Nat-diffusion potential to the basolateral mem-
brane potential is negligible. The analysis of apical ionic permeability by means
of ion-substitution experiments is complicated by the tight ele~trical coupling be-
tween the apical membrane, the basolateral membrane, and the tight junction. A
semiquantitative calculation suggests that potassium conductance may account for a
large portion of the apical membrane conductance. But unlike the basolateral mem-
brane, there is also a significant Nat permeability in the apical membrane, which
may largely be accounted for by Na*-coupled cotransport systems. The paracellular
pathway has a very low K* permeability. Thus, the transepithelial K+ gradient can
not generate a transepithelial potential. However, we can not exclude the contribu-
tion of a local NaCl gradient to the transepithelial potential. When the diffusional
potential of this local salt gradient is assumed to be zero, the transepithelial poten-
tial can be accounted for by an electrogenic Na*-transport current flowing across the

tight junction.
5.2 Effects of Hypoxia and Ischemia

Renal ischemia leads to reduction in tubular reabsorption of Na* and water upon

reperfusion (see Section 1.1.2). However, information on tubular transport during
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and immediately after hypoxia or ischemia is limited. Effects of hypoxia and ischemia
on the electrophysiological characteristics of mouse proximal straight tubules are

discussed below.

5.2.1 Basolateral membrane potential
and K* transference number

In proximal straight tubules, the basolateral cell membrane is highly permeable to K+
(see Section 5.1.3). Therefore, a large portion of basolateral cell membrane potential
difference (V) can be attributed to the Kt equilibrium potential. In this study,
neither V4 nor tig,y was affected following 20-min wvarm hypoxia (Figures 3.2 and
3.3a) or ischemia (Figures 3.6 and 3.5a), suggesting that the hypoxic and/or ischemic
insult resulted in no permanent alteration of the transmembrane K+ permeability
and concentration gradient.

The W, was also continuously monitored during the 20-min hypoxic and ischemic
perfusion periods. In about 75% of the tubules studied, there wa. no significant
change in W, during the 20-min hypoxic perfusion. In the other 25% of tubules
(4 out of 15), W, began to depolarize towards the end of hypoxic perfusion (Figure
3.1a, insert). This depolarization, which was reversible following control reperfusion,
was very similar to the response produced by ouabain, suggesting that the Na*,K+-
ATPase activity may bz compromised during the hypoxic perfusion. It may be
that ATP depletion in this group of tubules was more severe. This variation in Vj;
response suggests differences in vulnerability to hypoxia among individual isolated
tubular segments, or even among individual cells in a single tubule. From the assay

of tubule ATP content, a 53% (ranging from 42% to 64%) reduction of cell ATP



was observed. The hypoxia-induced depolarization of ¥4, may occur only in those
tubules where a high percentage of ATP depletion was achieved. In this context, it
is worthwhile to point out that in another ongoing study in our laboratory, in which
proximal tubules are subjected to organic substrate deprivation, a 66% decrease
in cellular ATP is observed before any significant depolarization of W, is recorded
(Morgunov, personal communications).

Bilateral perfusion with the ischemic Ringer immediately induced massive depo-
larization of V4 in all 20 tubules studied (Figure 3.5). Such a depclarization is not
unexpected because the ischemic Ringer has a high concentration of K+ (20 mM,
Table 2.1). In addition, a decrease in pH (7.0 in ischemic Ringer) may also initiate
a depolarization of W, (possibly through the activation of Na*-(HCO3 )3 cotrans-
porter [1]). This depolarization of W, may have masked any cffect of low Po, on
Vi1, as observed in 25% of tubules subjected to hypoxia (Figure 3.1). Nevertheless,
judging from the complete recovery of both W, and tx,1y immediately following the
20-min ischemic perfusion, it appears that, compared with the hypoxic experiment,
exposure to an simulatel ischemic environment does not initiate irreversible damage

to tubule cells.

5.2.2 Intracellular Nat activity

aM® is good indicator of alterations in tubular transport. Because of the rapid trans-
cellular Nat traffic, even a slight imbalance in apical entry and basolateral exist may
result in either accumulation or depletion of a]* [175, 176]. For example, removal of

organic substrates from luminal perfusate decreased «* (Figure 3.5, also see [143]),
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whereas inhibition of basolateral Na*-extrusion with ouabain increased aN* (Figure
3.10)!°. The well maintained aN* following 20-min hypoxic or ischemic perfusions
(Figures 3.3 and 3.5) would suggest that either 1) apical Nat-entry and basolateral
Nat-exit mechanisms were intact, or 2) both were compromised to a same extent.
Further experimental evidence would indicate that the first possibility is more likely
(see Section 5.2.3). In contrast to this study, a significant increase in a]¥® was observed
in a whole-kidney ischemic preparation of rat within 20 min [132], suggesting that the
in vitro perfused proximal tubules are more resistant to hypoxic or ischemic insult
than proximal tubules in situ.

Continuous monitoring of a]® during the 20-min hypoxic perfusion revealed no
change in a]® in all six tubules studied. Simultaneous monitoring of membrane po-
tential in these tubules indicated that the V4 was also stable throughout the exper-
imental ccurse. It appears that all the tubules used in the aN* experiment belonged

to the majority (75%) group described in Section 5.2.1. In contrast to hypoxic per-

fusion, a decrease in aN* during ischemic perfusion was observed (Figure 3.5). Such

Na

a decrease in a}® may result from the effect of high K* content in the ischemic so-

lution. High extracellular concentration of K* depolarizes cell membrane, reducing

the driving force for Na* entry and reducing a]2. Indeed, reduction in aM* was also
observed with bath application of 20-K* Ringer in this study (Figure 3.5) and in

salamander proximal tubules [143]. Considering the accumulation of Nat inside the

101¢ is noteworthy that the transcellular Na* flux described here may set up an Na+ concentration
gradient across the cytosol. In regions close to the basolateral membrane, where the tips of Nat
electrodes are most likely located, the Na* concentration may be the lowest. Therefore, a]N®
measured by means of Nat-selective microeletrodes may be an underestimate of average cytosolic
Nat activity.
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cell as one of the mechanisms of ischemic injury, high extracellular [K*] may have
a beneficial role by decreasing a]®. Indeed, many preservation solutions clinically
used for kidney preservation contain high concentrations of K* [131]. However, as
discussed in Section 6.2.3, high K* content in preservation solutions has its own

nitfalls, especially at warm temperatures.

5.2.3 Transepithelial potential and tubular resistances

A 40% reduction in both Vi, and R,. was observed immediately following the 20-min
hypoxic and ischemic perfusions. In agreement with these observations, in a chemical
ischemic model (ATP depletion by Antimycin A [42]) in cultured LLC-PK; mono-
layer, the transmonolayer electrical resistance was also reduced tho 60% of control
after 2-h exposure to 0.1 uM Antimycin A. A closer look at the experimental data
from the present study revealed a significant correlation between the V,, change and
the R change for each tubule studied (Figure 3.9). Such a relationship implies that
even with the reduction in both electrical potential and resistance across the tubular
epithelium following the hypoxic and ischemic perfusions, the loop current across the
paracellular pathway (Jjoop= —Vie/ Ric) remains unchanged. As discussed in Section
5.1.5, the loop current is closely associated with electrogenic Na* reabsorption in
proximal tubules. It follows that the Vi, and R,. data predict an unaltered trans-
cellular electrogenic Nat transport following 20-min in wvitro hypoxic and ischemic
perfusions. This prediction is in agreement with the W, ¢k, and aM® findings, and
suggests a lack of cell damage following the hypoxic or ischemic insult.

To further prove that the functional integrity of tubular cells is not affected



115

by the 20-min hypoxic or ischemic perfusion, the cell membrane resistances were
directly measured using electrical cable analysis. Because such an analysis requires
a large amount of experiment data, which are very difficult technically to obtain, cell
membrane resistances were only compared between control and postischemic tubules.
The membrane resistance data for control tubules obtained in this study (Table 3.1)
are comparable to those obtained using other methods [65], confirming the validity
of this analysis. Twenty minutes of ischemic perfusion did not significantly alter
R,, and Ry in this model system. Such a finding, combined with the findings
that the potential differences and the ionic gradients across cell membranes were
restored, would indicate that electrogenic ionic flux across the membranes was not
compromised. This conclusion is in agreement with the previous conclusion that
Iioop across the paracellular pathway was unchanged (see above). In other words,
the experimental data demonstrate separately that the ionic current flowing through
two parts of a closed circuit, one across cell membranes and one across shunt, is not
altered following the ischemic insult.

However, the unaltered electrogenic transport after 20 min of hypoxia and is-
chemia does not imply that the overall transepithelial transport was not affected.
Proximal tubular reabsorption consists of both electrogenic and electroneutral trans-
port [97]. Since electrogenic reabsorption is generally believed to contribute a small

portion of total reabsorption!!, we have to consider potential changes in electroneu-

1Net sodium flux (Jna) across the rat proximal tubule was estimated according to the volume
flux (Jv) data (Jy = 2 nL/mm/min) [2, 44]. Assuming the fluid reabsorption is iso-osmotic in this
segment, Jn, was calculated as

JNa = 140mEq/L x 2nL/mm/min = 280pEq/mm/min (5.20)

Taking the electrogenic Na*-transport current (Ig) as 28 pEq/mm/min [65], this current only
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tral transport. In fact, hypoxia and ischemia made the leaky proximal tubule even
more leaky, as indicated by the reduction in Ri.. This would inevitably increase
electroneutral backleaks, and therefore decrease the efficiency of total reabsorption.
In other words, changes in net reabsorption do not necessarily parallel changes in
electrical current or potential difference across the epithelium. Consistent with this
concept, Hanley [87] has reported that the decrease in fluid reabsorption (Jy) was
greater than the decrease in transepithelial potential difference in proximal tubules
of the rabbit kidney following 60 min of total ischemia.

As mentioned in Section 5.1.5, in a leaky epithelium like the proximal tubule,
transepithelial resistance (Rye) is a good approximation of shunt resistance (R),
which consists of two components: tight junction (Ry;) and lateral interspace resis-
tances (Rys) [33]

Rte = Rs - RtJ + Rlls (52])

In mammalian proximal straight tubules Ry is only 20% of R, (refer to Appendix
A). Therefore, decreases in Rs, especially when over 20%, are mainly attributable
to decreases in R,;. This prediction is in agreement with the morphological findings
reported by Molitoris’ group suggesting damage to the tight junction using in vivo
[138] or in vitro [42] isckemic models.

In summary, the electrophysiological observations suggest that the proximal tubule
cells are capable of maintaining their functional integrity after a 20-min exposure to
oxygen tension averaging 4 mmHg. In contrast, the tight junction appears to he

more susceptible to low Po, than transcellular membrane transport components.

accounts for 10% of total Na* transport (Ig/Jna = 0.1).
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Damage to the tight junction may increase the leakiness of the tubular epithelium

and reduce the total transepithelial transport.

5.3 Effects of Cooling

Previous studies in both mammalian [24, 38, 171, 172, 173, 200] and amphibian
[144, 162] proximal tubules have documented a reduction of fluid transport and
depolarization of transepithelial potential during cooling. However, the effects of
cooling on individual barriers of the proximal tubules have only been analyzed in
amphibian preparations [144, 162]. In this section, the temperature sensitivities of

apical and basolateral membranes of mouse proximal straight tubules are discussed.

5.3.1 Cooling to 22°C

Cooling to 22°C resulted in a depolarization of both W, and Vi, (Figure 4.2), re-
duction in tg)y (Figure 4.2), and an increase in cell membrane and transepithelial
resistances (Table 4.1). Using the experimentally obtained potential and resistance
data at 22°C, the diffusional potentials across the apical and the basolateral mem-

branes were calculated according to Equations 5.5 and 5.6, respectively:
Ep = 4232 mV (5.22)

Fy = —-74.6 mV (5.23)

The FEy, calculated above is less negative than the Ej,; derived from 37°C data
(Equation 5.7). This difference may be accounted for by 1) a reduction of trans-
membrane K* gradient, or 2) a decrease in the relative membrane conductance to

K* (tkmy). Experimentally, a decrease in ty)) was observed during the cooling to



22°C (Figure 4.2). If the correcting procedures illustrated in Equations 5.9 to 5.11

are used, the corrected k1 (t;\»(bl)) can be derived as:
ey = 0.72 (5.24)

Therefore, cooling from 37°C to 22°C led to a decrease in iy, from 0.83 (Equation
5.11) to 0.72. Assuming that the transmembrane K* gradient is unchanged after
cooling to 22°C, the reduction in ti,, itself would account for a depolarization of
Ey by 11.8 mV (—78 x 0.72 4+ 82 x 0.83 = 11.8 mV, where Fy of —82 mV was
obtained from Equation 5.8). This is comparable to the 7.4-mV depolarization of
Ey) calculated according to Equations 5.23 and 5.7. Such a comparison implies
that membrane depolarization at 22°C is mainly due to a reduction of the relative
membrane permeability to K*. The reduction in tig,y was also observed when the
Nat,K*-ATPase was inhibited with ouabain [200], suggesting a correlation between
the inactivation of the Nat K*-ATPase (either by ouabain or by cooling) and the
decrease in KT permeability.

One the other hand, the apical diffusional potential was not dramatically affected
by cooling to 22°C (23.2 mV at 22°C, Equation 5.22 versus 20.0 mV at 37°C, Equa-
tion 5.12). However, cooling to 22°C increased the apical membrane resistance by
nearly fourfold (see Table 4.1). It appears that the various conductive pathways to
ions such as Nat and K* in the apical membrane decrease prop‘ort,ionally during
cooling, so that the E,, remains stable.

According to Equation 5.19, the loop current at 22°C can be calculated:

Iy =27 pA/cm? (5.25)
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This value is only 21% of the 37°C-control Ii,.p (Equation 5.17), suggesting that elec-
trogenic Na* transport is considerably reduced, but is not completely shut down.
Because of the temperature sensitivity of the Nat K+-ATPase [45, 62|, cooling will
inevitably reduce the activity of basolateral Na* extrusion. It appears that proximai
tubular cells possess ways to coordinate the transport activity in apical and baso-
lateral membranes, so that a reduction of basolateral Na* exit is accompanied by a
reduction of apical Nat entry, or vice versa. As a result, with the decrease in trans-
cellular Nat flux, the apical entry of Na* still matches exactly the basolateral exit of
Nat. This conclusion is base:! #n the experimental observation that the intracellular
Nat activity remained stable during the cooling period (Figure 4.3).

A previous study in perfused rabbit proximal straight tubules demonstrated com-
plete elimination of both V;. and volume reabsorption during cooling to 21°C [173].
The analysis in the present study not only demonstrates a severely compromised
tubular transport at 22°C, but also suggests that such a reduction in transport may

represent a protective measure whereby cells preserve their functional integrity.
5.3.2 Cooling to 4°C

Compared with those recorded at 22°C, electrophysiological data recorded at 4°C
deviate further from the 37°C-control (see Section 4.1). According to Equations 5.5
and 5.6, the diffusional potentials across the apical (E,,) and the basolateral (Ey)
membranes can be derived from the experimentally measured membrane potentials

and resistances as follows:

Eap = 4169 mV (5.26)
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By =—16.9 mV (5.27)

Note that because the Vi, is zero, the V4, and V,;, are perfect representations of Ly,
and E,;, respectively.

In the basolateral membrane, the dramatic increase in membrane resistance is
probably due to the inactivation of K* channels, because the ti,, decreased from
0.83 at 37°C to 0.32 at 4°C'2. This reduction of tk(bl) may partially account for the
depolarization of Ey;. In addition, an accumulation of intracellular Nat (Figure 4.3)
suggests that the depolarization of Ey may also be due to a loss of intracellular
K*. Such a disturbance in ionic balance indicates that the activity of the Nat K+-
ATPase is severely compromised at 4°C that even with the dramatically reduced
membrane ion permeabilities, the Na* , K*-ATPase is still unable to prevent the loss
of intracellular K* or the gain of intracellular Nat. A similar increase in a]® at
temperatures below 8°C was also observed in rat medullary collecting duct, but
not in medullary thick ascending limb [157, 183]. In amphibian proximal tubules,
cooling to 5.5°C dramatically reduced tubular Na* transport, but did not affect
intracellular Na* content [144]. These differences in the a]¥® response to cooling may
relate to the difference in temperature sensitivities of either the Nat K+*-ATPase or
ionic permeabilities among various mammalian and amphibian preparations [144].

The apical membrane E,, was only slightly lower than the 37°C control and the
22°C value. When the R, value at 22°C and at 4°C are compared, no significant

difference is observed (Table 4.1), suggesting that no further decrease in total ionic

permeability occurs as the preparation is cooled from 22°C to 4°C. [owever, the in-

wtK(b[) equals t;((bl) at 4°C.
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formation provided in this study is not sufficient to indicate if there is a change in the
relative permeability for each individual ion. The fact that the diffusional potential
across the apical membrane remained unchanged even after the loss of intracellular
ionic balance would suggest that there is a certain change in the contributions of
various ionic permeabilities to the total membrane conductance.

Cooling to 4°C abolished transepithelial potential. The loop current, as calcu-
lated according to Equation 5.19, was zero at 4°C, suggesting that the electrogenic
Nat transport was completely blocked.

In summary, cooling to 22°C led to a slight depolarization of basolateral diffu-
sional potential, which can be attributed to a reduction in the relative contribution
of Kt permeability to the total basolateral membrane conductance. Cooling to 22°C
also dramatically increased both apical and basolateral membrane resistances and
decreased transepithelial electrogenic Nat transport. The decrease in electrogenic
Nat transport at 22°C, however, was not accompanied by disturbances of intracel-
lular ionic balance. It appears that tubule cells are able to sacrifice their transport
activity for their functional integrity at 22°C. On the niler hand, cooling from 22°C
to 4°C led to a further increase in the basolateral membrane resistance, whereas
no further increase in apical membrane resistance was observed. This observation
suggests that the apical ionic conductance is more sensitive than the basolateral con-
ductance to cooling. Such a difference in temperature sensitivity would be beneficial
for tubule cells to maintain their low intracellular Nat level, because with cooling,
apical Na*t entry is reduced before the basolateral pump-leak system [175, 176] is im-

paired. However, such a protective measure was no longer effective at 4°C, because



even with the decrease in ionic conductance and the absence of transcellular Nat
transport, the intracellular Na* level still increased gradually at 4°C. This would
suggest that the activity of the Nat ,K+-ATPase was suppressed to such a level that

it failed either to sustain any transport or to preserve cellular ionic balance.



Chapter 6

DISCUSSION 1I:
Tubular Metabolism
and Morphology

Kidney tubules may encounter many challenges at all stages of renal transplantation.
In early clinical and experimental studies, mush effort was directed towards reduc-
ing the adverse effects of cold ischemia and extend the cold-storage time [19, 50].
Recently, it became increasingly evident that two transient phases, cooling and re-
warming, contributed significantly to tubular injury [28, 131]. This study examines
two aspects of the tubular injury. First, the potential threat of short-term warm
hypoxia and ischemia on proximal tubules in the cooling and rewarming phases, and
second, reperfusion injury during implantation due to the presence of preservation

solutions at warm temperatures.

6.1 Effects of Hypoxia and Ischemia

It has been documented by in vivo experiments that both morphological and func-
tional alterations can occur in proximal tubules within 15 min from interruption
of renal blood flow [72, 115, 141]. A 20-min period of hypoxia and ischemia was
chosen in the present study, to detect sublethal changes in tubular morphology and
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metabolism.
6.1.1 Morphological changes

The ultrastructural integrity of the proximal tubule is well preserved under the in
vitro hypoxic and ischemic conditions in the present study. The only prominent
change observed in tubules perfused with hypoxic or ischemic Ringer solutions ap-
pears to be the change in the appearance of vacuoles suspected of being lysosomes.
Several distinct cytoplasmic vacuoles containing organelles, suggestive of autophagy,
were observed (see Figure 3.12). In addition, numerous myeloid bodies were also
observed in tubular cells following the hypoxic or ischemic insult.

Morphological changes in proximal tubules occurring early (15 to 30 min) in
mild renal ischemia in vivo include clumping of the nuclear chromatin, distortion of
microvilli, and changes in the shape and the redox state of mitochondria, as described
by Trump and colleagues (see [118] for a review). These changes were not cvident
in the perfused tubule system used in this study, in which tubules were fixed after
a 5-min reperfusion period following a 20-min hypoxic or ischemic period. Increase
in lysosome-like structure seen in the present study, however, has heen observed
previously in proximal tubules recovering from 30 to 60 min of ischemia (stage B;
and Bj in proximal straight tubules [72] and stage A; in proximal convoluted tubules
[73]). Formation of myeloid bodies following ischemia and 1eperfusion in wivo has
also been observed, and has been associated with the internalization and digestion of
the microvilli {73]. In the present study, however, more numerous and larger myeloid

bodies were observed in the absence of major damage to the microvilli, suggesting
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that these structures may be different in origin. The myeloid bodies observed in this
study showed more similarity to those induced by aminoglycoside antibiotics, which
have been reported to interfere with the function of lysosomal enzymes (see [105] for
a review). It is not clear at this point if hypoxia and ischemia share the pathogenesis
of aminoglycoside nephrotoxicity with respect to lysosomal malfunction.

In summary, it appears that proximal tubules in the present tubule-perfusion
model show a slightly different spectrum of ischemic and reperfusion injury compared
to that observed in in vivo ischemic models, suggesting differences between the two
model systems in the initial metabolic and functional states of tubular cells, and in

the ischemic environments with which the cells interact.

6.1.2 Metabolic changes

Proximal straight tubules (S; segments) are marginally oxygenated even in intact
kidneys, rendering them vulnerable to ischemic insult [36]. Studies using in vivo
ischemic models and transplantation models indicate that the S; segment is one of
the most susceptible proximal tubular segment to ischemic injury [6, 73, 58, 201].
Single isolated perfused proximal straight tubules in the present model system are
less susceptible to hypoxic and ischemic insults than tubules in whole kidney prepa-
rations. This suggests that the hypoxic/ischemic Ringer solution may not completely
mimic the tubular environment in an ischemic whole kidney for the following two
reasons. 1) Because of the more efficient O, delivery in the present in vitro model,
Po; in the hypoxic/ischemic solution may still be above the critical level. In iso-

lated whole kidney experiments, cortical Po; levels dropped rapidly to virtually zero
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within 30 sec following the termination of perfusion [121]. The bath Po, level of
4 mmHg in the present study is clearly less severe and may be above the lethal Po,
that produces cell injury. In this context, it is worthwhile to mention that a study
using suspensions of isolated rat kidney cells demonstrated that half-maximal oxi-
dation of cytochromes relative to aerobic cells occurred at a Po, level of 4 uM (or
3 mmHg) [9]. 2) This simulated ischemic condition, although taking into account
factors such as the K* and lactate accumulation, low pH, and substrate deprivation,
is only a partial simulation of renal ischemia in vivo. Other constituents that may
catalyze the process of cell injury (e.g. enzymes or hormones) need to be accounted
for. Extended exposure (beyond 20 min) must also be addressed te evaluate the time
course of potential tubular cell injury.

The data from tubule ATP assays support the notion that tubules perfused with
hypoxic Ringer solution are marginally oxygenated. A 50% reduction of tubular ATP
content was observed following a 20-min perfusion with hypoxic Ringer (sce Figure
3.13a). This ATP depletion was less severe than that observed in whole-kidney is-
chemic model systems {16, 90, 190], suggesting that a residual ATP production was
present during the hypoxic perfusion. Acidosis is unlikely to develop under this
condition, because lactate produced by glycosis (if any) is washed away by a well-
buffered perfusion solution. In addition, H* extrusion by II*-ATPase remains fully
active with 50% reduction of [ATP};, because K, of the H*-pump is approximately
80 M [161]. On the other hand, when acidosis and hyperkalemia were imposed
by perfusion with ischemic Ringer, tubular ATP content was better preserved (Fig-

ure 3.13b). This lack of significant decrement of [ATP]; further emphasizes that
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the present in vitre ischemic model may not mimic the true pathological condition.
[ATP]; was better preserved due to the high-K* content of the ischemic Ringer. As
shown in Figure 3.5, depolarization of the cell membrane and the transepithelial
potentials and a decrease in the intracellular Na* activity were observed during the
ischemic perfusion. Because the Nat,K*-ATPase activity is directly regulated by
Nat in the range of physiological intracellular concentration (K, = 10 to 20 mM
[204]), ischemic perfusion may lead to a reduction in the activity of Nat ,K+-ATPase
and subsequent curtailment of ATP expenditure (see Section 1.1.1). A low pH in the
ischemic Ringer could also be protective. In an in vitro model of hypoxia in isolated
rabbit proximal tubule suspensions [205], it has been shown that the depletion of
cellular ATP by hypoxia was significantly less in tubule suspensions protected by an
acidic pH.

In suspensions of isolated rabbit proximal tubules, the activity of Nat ,K+-ATPase
depends on [ATP]; in a linear fashion, showing no saturation up to 4 mM [182]. This
is in sharp contrast to the results obtained using lysed membranes of proximal tubu-
lar cells or digitonized tubules — K, for [ATP]; of 0.3 to 0.4 mM was obtained
under these experimental conditions [182, 3]. Such a discrepancy would suggest that
in intact cells, there is a steep [ATP); gradient between the mitochondria, where
ATP is produced, and the sub-basolateral-membrane compartment, where ATP is
hydrolyzed by the Nat ,K+-ATPase. If [ATP};-dependence of Nat,K+-ATPase ob-
served in suspensions of rabbit proximal tubules holds true for the present model
system, one would expect a proportional reduction in Nat,K+-ATPase activity dur-

ing the hypoxic perfusion. Since membrane depolarization during hypoxia was only
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observed in a subpopulation of tubules where there may have been a high percent-
age of ATP depletion (see Section 5.2.1), it appears that there may exist a certain
threshold-activity of the Nat pump above which cells are able to maintain their ionic
balance, presumably by reducing membrane ionic permeabilities. It is noteworthy
that the ATP-dependent K* conductance is not likely to be activated by a mild
reduction in [ATP];, because in whole cell preparations, this channel opens only if
[ATP]; drops to values below 2 mM [104].

It was concluded from the discussion in Section 5.2 that 20 min of hypoxic and
ischemic perfusion at 37°C damaged the tight junction. The fact that reduction in
tubular ATP content was only observed during the hypoxic perfusion, but not during
the ischemic perfusion, implies that ATP depletion may not be directly linked to the
damage to the tight junction. This is contradictory to the study using confluent
LLC-PK, cells [42], in which 2 hours of ATP depletion led to the opening of the
tight junction. It is possible that both ATP depletion and low Po, act in concert to
exert the damaging effects on tight junctions. Possible mediators, other than ATP
depletion, of low- Pos-induced damage of tight junction are alterations of a variety of
intracellular second-messenger systems {12, 20]. In addition, the Ca®* concentration
(2 mM) in the Ringer solution used in this study is higher than serum Ca?* level of
1.2 mM. Although this hypercalcemic situation alone has no effect on the integrity
of the transepithelial resistance (see Figure 3.1.3), it may have a negative influence
on the tight junction when cell metabolism and transport are altered by the ischemic
perfusion. In this context, it is of interest to point out that the Ca?*-ATPase on the

basolateral membrane, which participates in the maintenance of a low intracellular
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Ca?* concentration, is more sensitive to ATP depletion than the Nat ,K*-ATPaseis
(Km = 3 mM for Ca**-ATPase [59] compared to 0.4 mM for Nat ,K+-ATPase [181],
both assayed in lysed-cell preparations). Therefore, with hypercalcemia, it is pos-
sible that even a slight reduction of [ATP]; may result in cytosolic Ca?* overload.
The relationship between intracellular Ca?t concentration and renal tubule injury
certainly represents a interesting issue for further investigation.

In summary, this pert of the study demonstrates the successful survival of ep-
ithelial cells of single isolated perfused proximal tubules exposed to oxygen tension
averaging 4 mmHg. The tight junction appears to be more susceptible to low Po,
than transcellular membrane-transport components. A decrease in transepithelial
resistance precedes noticeable cell injury. Recent studies using renal cell cultures
reported that significant cell injury was only observed after 20 min or longer of intra-
cellular ATP depletion {10, 42, 128]. However, decrease in transepithelial resistance

was detectable between 2 to 20 min [42, 128].

6.2 Effects of Temperature and
Preservation Solutions

6.2.1 Maintenance of cell volume at 37°C

According to the Donnan equilibrium theory [55], the presence of negatively charged,
cell-membrane impermeable macromolecules in the intracellular compartment results
in the accumulation of K* ion inside the cell. K* is also accumulated because of
the activity of the Na*,K*-ATPase. The Donnan system, however, is not a true

equilibrium state, because the cell interior has a higher osmolarity. The “Double
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Donnan” theory states that the transmembrane osmotic gradient is counterbalanced
by Na* ions, which are abundant in the interstitial luid. The Na* ion is an effective
osmotic agent because it is constantly extruded from the cell by the Na* ,K+-ATPase,
making this ion functionally impermeable across the cell membrane. Chloride is
driven out of the cell by an inside negative-membrane potential to maintain the

electrical neutrality [116, 127].

6.2.2 Effects of temperature on cell volume

Despite the net gain in a]® at 4°C, the present study showed no significant increase
in cell volume. It is generally believed that entry of Nat and Cl™ during the cooling
phase causes cell swelling [19]. In our system, we observed cell shrinkage rather than
swelling (Figure 4.5). This could be explained as follows: when Nat K+-ATPase is
inhibited, the net loss of K+ is faster than the net gain of Nat, resulting in a net loss
of intracellular osmolarity and subsequently causing cell shrinkage [77]. An initial
decrease in cell volume has been documented following ouabain treatment at 37°C
[123]. Cell volume decrease at 4°C can also be visualized with electron microscopy.
This was accompanied by the appearance of flattened endocytic vacuoles in the
cytoplasm (see Figure 4.6). However, the overall cellular ultrastructure appears
to be normal. These observations are in agreement with the study by Trump and
colleagues [193], in which significant ultrastructural effects of cold temperature (4°C)

were only observed beyond 1 hour of cooling.
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6.2.3 Effects of high-K* content in
preservation solutions

Preservation solutions that mimic the intracellular ionic composition appear to be
beneficial in prolonging cold storage of kidney in vitro [28]. Both EC and UW so-
lutions are high in K* content and low in Na*t content [28, 131]. The rationale for
the beneficial effect of high-K* content in preservation solutions has not been docu-
mented experimentally. Theoretically, by preserving intracellular ionic composition,
less energy would be expended to restore cellular ionic balance during the initial
stage of rewarming. High-K* solutions may also prevent intracellular alkalinization
by the Nat/H* exchanger [28].

However, high extracellular K* ccntent has dramatic effects on electrical activ-
ity of tubular cells. It dissipates the transmembrane K* gradient and hence cell-
membrane potential. Because the cell membrane is much more permeable to K*
than Nat, substitution of Kt for Na*t in the extracellular fluid also constitutes an
osmotic threat to the cell volume. The entry of Kt along with Cl-, the latter being
accelerated because of the dissipation of inside-negative membrane potential, may
result in cell swelling [207].

The effect of a high-K* solution on cell volume depends on cell membrane per-
meability to K*. Trn. K* conductance of individual cell membranes (gi) can be
estimated according to the experimentally measured K+ transference number [ty

and tk(ap)] and membrane resistance data (Rap and Ry)

9K(ap) = tK(ap)/Rap (61)
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Table 6.1: Estimated cell membrane Kt conductances®

Temperatures | 37°C  22°C 4°C
Barriers® AP BL BL BL
gK© 03 7.3 12 0.2
gke? 1.8 9.0 16 0.2

3Calculated from membrane resistances (Rap and Ry) and K+ transfer-
ence numbers [tk(ap) and tg(piy] according to Equations 6.1 and 6.2.

b AP, apical cell membrane; BL, basolateral cell membrane.

¢x10~3 mho/cm?.

dderived according to calibrated Uk (ap) 204 P (1) data (see Sections 5.1.3
and 5.1.4).

gr(bly = tiny/ R (6.2)

At 37°C, the basolateral cell membrane is highly permcable to K* (Table 6.1).
Therefore, bath perfusion with high-K* solutions is highly dangerous, for it can canse
drastic cell swelling.

On the other hand, the apical cell membrane is much less permeable to K+ (Table
6.1). Accordingly, luminal perfusion of high-K* solutions should have a less effect
on cell volume. Indeed, bath application of the high-K* EC solution led to dramatic
cell swelling, whereas luminal application of the EC solution led to cell shrinkage
instead (Figure 4.13).

Temperature modifies cell membrane permeability to K*. As shown in Table
6.1, cooling to 22°C decreased the gk of basolateral membrane (_qK(bl)) to one-sixth
of the gk at 37°C. However, this value is still six times higher than the gk of the

apical membrane (gK(ap)) at 37°C. Cooling to 4°C further decreased the gi) to the
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level of gk(ap) at 37°C. These K* conductance data may partially explain the effects
of EC solution on cell volume at the three different temperatures. EC perfusion
at 37°C resulted in rapid cell swelling (Figures 4.11 and 4.13). Exposure to EC
solution at 22°C also led to cell swelling, but after a 10-min delay (Figures 4.7 and
4.9). No cell swelling was observed in EC solution at 4°C for up to 1 hour (data not
shown). However, one should be aware that the control of cell volume under such
conditions depends not only on the membrane permeability to K+, but also on the
effectiveness of membrane impermeants in the preservation solutions, as discussed
in the following section. The relative contribution of each factor in preventing cell

swelling is not clear.

6.2.4 Effects of membrane impermeants
in preservation solutions

Because of the potential osmotic threat from the high-K* content in preservation
solutions, membrane impermeants are added to the solutions to provide additional
extracellular osmolarity, stabilizing the cell volume. Glucose is used as a membrane
impermeant in the EC solution. Raffinose and lactobionate are added to the UW
solution as membrane irpermeants (Table 2.2).

Both EC and UW perfusion had no e.tect on cell volume in tubules perfused at
4°C for up to 1 hour. This is in part due to the beneficial effects of cold temperature
in reducing membrane permeability to K* (Table 6.1). In addition, the presence of
effective membrane impermeant in both solutions further ensured the stability of cell
volume.

However, at 22°C, although cells were faced with similar osmotic threats from
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the high-K* content in both EC and UW solutions, cell volume increased in tubules
exposed to the EC solution (Figures 4.7 and 4.9) but not in tubules exposed to
the UW solution (Figures 4.8 and 4.9). These data suggest that the membrane
impermeants in UW solution are more effective than the glucose, the membrane
impermeant in EC solution, in stabilizing the cell volume at 22°C. An explanation
of this may be that glucose is membrane permeable at 22°C.

Tubular cells exposed to high-K* solutions at 37°C are at the highest risk of
swelling because the basolateral membrane permeability to K+ is the highest at
this temperature. However, no cell swelling was observed in UW solution (Figures
4.12 and 4.13), indicating that the membrane impermeants in this solution remain
effective at 37°C. On the other hand, perfusion with EC solution (bath side or both
sides) produced dramatic cell swelling (Figures 4.11 and 4.13). It appecars that at
37°C, glucose is highly membrane permeable. The striking difference in cell volume
changes between tubules perfused with EC and UW solutions was further supported
by the ultrastructural study, as illustrated in Figure 4.14. Our data strongly support
Andrews’ and Coffey’s observation that at 37°C, renal ischemia in the presence of
EC solution was more detrimental to tubular morphology than simple ischemia in a
rat in vivo model 7).

The opposite effect of lumen versus bath EC perfusion on cell volume (Figure
4.13) is in agreement with the observed difference in K* conductance between apical
and basolateral membranes (Table 6.1). In addition, the presence of giucose in the
luminal perfusate may also be protective, because the glucose permeability across

the apical membrane is substantially lower in the absence of a transmembrane Nat
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gradient (10 mM of Nat in the EC solution). The observed cell shrinkage with
EC solution present in lumen only (Figure 4.13) could be accounted for by the
hyperosmolarity of this solution. The difference of osmolarities between luminal EC
solution (320 mOsin/L, Table 2.2) and bath Ringer solution (300 mOsm/L, Table 2.1)
may lead to water flux from the bath to the lumen, increasing the hydrostatic pressure
of the tubular lumen. This increase in luminal hydrostatic pressure decreases the
thickness of the cell layer (i.e. cell volume) because the cells are compressed against
the rigid basement membrane.

Both experimental [166] and clinical [79] renal transplantation studies suggest
a better prognoses using EC-mannitol compared to normal EC as a preservation
solution. In this study, substitution of glucose with mannito! greatly reduced cell
swelling at 37°C (Figure 4.13), suggesting that mannitol is much less membrane
permeable than glucose. Since mannitol and glucose have a similar molecular weight
and polarity, the rates of simple diffusion across the cell membrane for these two
molecules should be similar [56]. It appears that the high glucose permeability
of the basolateral cell membrane is attributable to mechanisms other than simple
diffusion, possibly carrier mediated transport systems [46, 110]. The superiority
of EC-mannitol over normal EC solution for long-term (12 to 48 h) preservation
of tubular morphology at 0 to 2°C has been demonstrated in an isolated kidney
model [6]. In fact, replacing mannitel (182 MW) with a larger saccharide, sucrose
(342 MW), is even more beneficial [6]. Several studies have also suggested that EC-
mannitol is more effective than normal EC solution in preventing ischemic damage

at 37°C (166, 189]. Similar results were obtained when sucrose was used as the
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membrane impermeant [7]. These studies emphasize the importance of membrane
impermeants in renal preservation solutions, and highlight Belzer and colleagues’
choice of a large-molecular-weight anion (lactobionate, 358 MW) and saccharide
(raffinose, 594 MW) as membrane impermeants in the UW solution {19].

Since the renal medulla utilizes glucose as its main metabolic fuel [210], does
replacing glucose with mannitol affect glucose metabolizing segments of the nephron?
As pointed out by Belzer and Southard [19], glucose in EC solution may have a
negative influence on liver preservation by stimulating acidosis, because the liver
has a high capability to metabolize glucose. It appears that providing metabolic
substrates during cold ischemia does not improve the outcome of renal preservation.
Raffinose in the UW solution is nonmetabolizable, so is mannitol in the EC-mannitol
solution. Therefore, it may be justifiable from the metabolic point of view to replace

glucose in the EC solution with mannitol.

6.2.5 Correlation between cell swelling
and deterioration of transepithelial potential

The reduction of V;, following EC perfusion at 22°C (Figure 4.10) and 37°C (Figure
4.15) suggests that tubular transport may be compromised due to the initial cell
swelling associated with the exposure of the tubule to the EC solution. This could
be accounted for by 1) the destruction of cell integrity, or 2) the damage to cell-to-
cell junctions. Evaluation of vital dye uptake at the end of the experiments would
be a simple and useful way to assess cell integrity. In fact, significant dye uptake
was observed during reperfusion with dye-containing control Ringer solution in the

lumen after a 20-min EC perfusion at 37°C. Minimal dye uptake was observed after
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a 20-min EC perfusion at 22°C. These observations, however, are merely qualitative.

With electron microscopy, severe tubular cell damage was seen after 9 min of EC-
perfusion followed by a 5-min control reperfusion. The cell damage, however, did not
occur uniformly in a proximal tubule, but was limited to only one or two cells in any
given cross section (Figure 4.16). Increasing EC-perfusion time to 20 min produced a
more profound and uniform cell damage. On the other hand, cell integrity was better
preserved after 10 min of UW-perfusion followed by a 15-min control reperfusion.
Although UW perfusion for up to 20 min had little effect on the structural integrity
of the tubular cells (Figure 4.14), numerous large vacuoles were detected under the
light microscope immediately following control reperfusion. Normal morphology of
cells appeared to be regained during the 15-min repecfusion period, although some
large vacuoles persisted {Figure 4.16b). However, these vacuoles appear to have little
effect on the electrical integrity of the tubular epithelium, because a nearly complete
recovery of V,. was observed after 15 min of reperfusion. In addition, in agreement
with the intact electrical integrity of proximal tubules recovering from 10 min of
EC-mannitol perfusion, the overall ultrastructure of tubular epithelium appeared
normal under such conditions (Figure 4.16). It may be worthwhile to note that the
EC-mannitol solution is much less viscous than the UW solution. As a result, 5 min
of reperfusion with control Ringer was enough to restore the V;. and morphology. It
is not clear from the information presented here what causes the appearance of the
large vacuoles during the slow wash out of the UW solution in this model system. It
is noteworthy that HES (approximately 250,000 MW), which is responsible for the

high viscosity of the UW solution, can not be filtered by the glomeruli, nor can it
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cross the peritubular capillary endothelium. It appears that under in vivo conditions,
renal tubules are exposed to a UW solution which is less viscous. This implies that
transient vacuolization during reperfusion observed in this study may not occur in
clinical tresisplantation.

In summary, EC perfusion at 22°C and 37°C led to profound cell swelling, ac-
companied by the damage to electrogenic tubular transport upon reperfusion with
control Ringer. UW perfusion at these temperatures had no effect on cell volume.
Tubular transport was also better preserved. UW solution appears to be superier to
EC solution at warmer temperatures because of the presence of membrane imper-
meants which are effective over a wide temperature range compared to glucose in
the EC solution, which is memibrane permeable at warm temperatures, The dam-
aging effects reported in this study may partially explain the higher percentage of
delayed graft function and decreased graft survival as a result of using Euro-Collins’
(EC) solution, compared with using University of Wisconsin (UW) solution in renal

preservation [156].



Chapter 7
CONCLUDING REMARKS

The in vitro perfusion system used in this study appears to be an effective way
to characterize detailed structural and functional alterations of individual tubular
segments under conditions that would be experienced during renal transplantation.

Renal hypoxia was simulated in this model system by low-Po, perfusion, ac-
complished by adding Oxyrase™ to the perfusion solutions. The data suggest that
functional integrity of tubular cells is well preserved at an average oxygen tension
(Po;) of 4 mmHg for up to 20 min, whereas the overall tubular transport may be
compromised because of the damage to tight junctions. It would appear that dam-
age to the cell-to-cell junction is one of the earliest events in tubular hypoxic injury,
proceeding the injury to the cell body. Low Po; in combination with glucose de-
pletion, lactate and K+ accumulation, and acidic pH was used to simulate the in
vivo ischemic environment. Similar electrophysiological alterations were observed
when tubules were perfused with the ischemic solution. More profound tubular in-
ju:y may be expected if the hypoxic/ischemic perfusion time is prolonged, or if total
anoxia is achieved. Alternatively, tubular injury may be induced by respiratory in-

hibitors that deplete cellular ATP. Further investigation of the electrophysiological
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and morphological profiles of perfused tubules under these condition would help us to
better understand the structure-function relationship of the renal tubules subjected
to hypoxic/ischemic injury.

Tubular perfusion with warm preservation solutions reveals the damaging effect
of the EC solution on tubular transport at 22°C and 37°C due to its ineffectiveness
in maintaining cell volume. The UW solution ar.d the EC-mannitol solution are
far superior to the EC solution in preserving cell volume and tubular transport at
these temperatures. If we interpret the observed structural and functional changes at
warm temperatures as an accelerated injury process occurring at temperatures close
to 0°C, the data in this study would indicate a better outcome of renal preservation
using UW or EC-mannitol solution than that of using EC solution. Possibilities exist
that the EC-mannitol may be used as a less expensive alternative of the UW solution
in clinical practice.

From the data presented in this study, it is evident that rinsing the organ prior
to impla.uiation would be beneficial in preserving tubular structure. Several recent
studies have demonstrated the beneficial effect of terminal rinse in organ preservation
[51, 69, 153]. However, the effectiveness of terminal rinse solutions on transplanta-
tion outcome cannot be solely explained by the tubular effect(s) observed in this
study [51]. The situation appears to be more conplicated. As research goes on in
search of more efficient preservation solutions for organ transplantation, the present
model provides a useful system to evaluate the cellular effects of these new solu-
tions. Moreover, understanding the mechanisms of protection may directly lead to

the development of new preservation solutions.



Appendix A

Cable Analysis in
Mammalian Proximal Tubules

Electric cable analysis has been used extensively to determine resistances of different
barriers in amphibian proximal tubules [5, 81]. The proximal tubule was modeled as
a concentric electrical cable in these studies. Cable equations were simplified, consid-
ering the dimensions and geometry of amphibian proximal tubules. One of the most
important simplifications was to separate the concentric cable into two independent
cables, namely, luminal cable for determination of R, and «, and cellular cable for
determination of R, (also refer to Section 2.3.4).

Previous data on cable analysis in mammalian tubule preparations are limited.
Although the transepithelial resistance was determined in a few studies [34, 200],
R,, and R of mammalian proximal tubules have never been, to the best of our
knowledge, measured using cable analysis. Mammalian proximal tubules differ re-
markably from their amphibian counterparts in geometry and dimension. Therefore,
any simplification of cable theory made for amphibian proximal tubules should be
reevaluated. The application of cable theory to mouse proximal straight tubules is

described as follows. Basics of cable theory can be found in studies by Anagnos-

141



topoulos and colleagues [5] and by Guggino and colleagues [81].

A.1 General Theory

The mouse proximal straight tubule was modeled as a double-cylindrical concen-
tric cable of infinite length. The equivalent electric circuit is shown in Figure A.l.
The voltage distributions along the double cable, following a current injection, are

described by the following equations:
AVie=A e 4 Be 2/ (A.1)

AViw=C e 4 D e/ (A.2)

where J and 75 are combined double-cable length constants (¥ < n), and z is the
distance from the current source. A, B,C and D are constants to be determined by
boundary conditions (see below).

Equations A.1 and A.2 reflect the concept of “cross talk” between luminal and
cellular cables. That is, the voltage changes of each cable are determined not only
by its own exponential term (usually the main term), but also by an exponential
term of the other cable. Both 9 and 7 are expressions of intrinsic length constants
of luminal () and cellular () cables.

Simplifications and complications in applying the cable equations for resistance
measurements are discussed as follows under the conditions of luminal and cellular

current injections, respectively.
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Figure A.1: Equivalent electrical circuit of mouse proximal tubule for cable analysis.
Only one elementary unit of the circuit is shown. Dashed lines indicate cell borders.
I; and ] designate current flow along cellular and luminal cables, respectively; r,p,
my and 1, are transverse resistances of apical, basolateral and shunt per unit length,
respectively; r. and r} are core resistances of cellular and luminal cables, respectively.

Modified from Figure 1 in [5]
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A.2 Intraluminal Current Injection
and Luminal Cable

The values of A and B in equation A.1 and A.2 which satisfy the boundary conditions

of luminal current (Ip) stimulation are [5]:

rnlo®3 (A — n?)

A= A3
N~ ) (A3)
_ o (A} = 9?) .
B = 2% —17) (h.4)
where 7 is the core resistance per unit length: r = p/27r¢, p and a being core

resistivity and the radius of the tubule, respectively.
The cellular cable term (A-term) is negligible compared with the luminal cable

term (B-term) under the following two assumptions:
9 e/ < pe®/m (A.5)

9 < 9? (A.6)

When experimentally measured length constants were incorporated in Equations
A.5 and A.6, it was found that these assumptions were met when z > 50 pm. Since
tubules less than 50 pm were never used in the study, Equation A.1 was simplified

as:

AV, = T2 el

= Vye =/ (A7)

where V; denotes the AV,. at the current-injection site.
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For a finite cable with length X, Equation A.7 becomes:

AV,

Vo= —7
A cosh(X/\)

(A.8)

where AV, and AV, denote AV, at the perfusion and collection ends, respectively.
According to Equation A.8, \; was determined from experimentally measured AV,
and AV, (see equation 2.5). R.. was subsequently determined according to Equation

2.6.

A.3 Intraluminal Curi=r: Injection
and Voltage Divider Ratio

The voltage divider ratio (c, see Sectim 2.3.4) was used as an approximation of
R,/ R in amphibian proximal tubules. The assumption was that transepithelial
current flow occurred first across the apical cell membrane, then across the basolat-
eral cell membrane. However, this assumption may not be true for the following two
reasons: 1) If the resistance of the lateral intercellular spaces (R);) is not negligible
compared with Ry, a significant portion of current entering the cell from the tubule
lumen can exit via Ry rather than Ry [53]; 2) The current flowing across the api-
cal membrane may not equal the current flowing across the basolateral membrane

because of the intercellular current exchange through cell-to-cell junctions [53].

A.3.1 «o and R

The first error mentioned above always results in an underestimate of R,,/ R by
overestimating Ry. This systematic error has to be considered in epithelia with

narrow lateral intercellular spaces, such as mammalian proximal tubules. The degree
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of deviation of a from R,,/Ry depends both on fractional interspace resistance
(Ruis/ Rs) and on the ratios of cell membrane to shunt resistance (Rap/ Re and R/ R.).

To correct for this error, the Ry, was calculated according to {33
Rlis = (d X p)/(l X w;) (Ag)

where d (cm) is the interspace depth, p (2-cm) is the resistivity of the Ringer solution
(Figure 2.2), w; (cm) is the interspace width, and ! (cm/cm?*-epithelium) is the
total linear extent. Dimensional data (d,w; and [) were obtained from clectron
micrographic studies in rabbit proximal tubules [188, 208]. The estimated Ry, was

2.7 Q- cm?. a was then modified using equations 31 to 37 in reference [33].

A.3.2 « and intercellular current exchange

The second error leads to a fall in « with distance (z), from overestimate near the
current-injection site to underestimate further away from the current source. Two

parameters used to evaluate the degree of deviation are
LA Tap
=,/—(1+— A.10
p=y/r(1+7) (A-10)

r T4
=, /—(1+2£ A1l
1= [Z0+2) (A1)

where 7 and 7. are core resistances per unit length of luminal and cellular cable,
respectively. Resistances r,p, o1 and 7, are expressed as ohm per unit length of
luminal membrane, basolateral membrane, and shunt pathway, respectively. The
greater the ratio ¢/p, the smaller the length dependence of «, and the smaller the
error. The ¢/p ratio calculated using experimental data was greater than 150. In

addition, experimentally measured o showed no dependency on distance (z). These
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observations suggest that « is not affected by intercellular current exchange in tubule

preparations used in the present study.

A.4 Intracellular Current Injection
and Cellular Cable

A.4.1 Cross talk

When the current is injected intracellularly, the voltage deflection along the cellular

cable is [5]:

7‘(;2[0 )‘Ce—z/ﬂ[l + %em(;’;—% ] (A12)

A‘/l)l =

where r. 1s the core resistance of cell cable per unit length, and

_ 4rcr|(_1_ _ 1 )_2
ra, AN

(A.13)

Tap being the resistance of luminal membrane per unit length.

The magnitude of the second term in equation A.12 determines if AW, can be
simplified to a single exponential. This requires that 1) the term mn/49 be much
smaller than 1 (0.02 for Necturus, for example), and 2) z < 59. Using experimental
data recorded in mouse proximal tubules, it was found that both requirements were
met, and that the second term in equation A.12 contributed less than 5% of AV,
if ¢ < 55um. The effect of “cross talk” was therefore not taken into account in the

present analysis because AV, was never measured at = > 55um (see Figure 3.9).

A.4.2 Point-current distortion

One of the assumptions inherent in the foregoing analysis is that the injected currents

are uniformly distributed across the cross section of tubules. In the case v luminal
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current injection, a disc current source with diameter similar to that of tubular
lumen is assumed. In the case of cellular current injection, a ring current source
covering the cross section of cell layer is assumed. Although the tip of the perfusion
pipette mimics the disc current source in luminal analvsis, the tip of an intracellular
electrode is by no means close to the ring shape, but rather a perfect point source.
The attenuation of AW, along the tubule in response to a point-current injection

is given by [81]

AVt (oyey = 2 35 P ~l(z/a)y/(a/A + ] (A.14)

2 (af/Ac)* + n?

where Vj is the AW, at current-injection site, a is the radius of the tubule, A is the
length constant of cellular cable, and subscript z,y = 0 indicates that both current-
injection and AV-sensing electrodes are on a same axis parallel to the longitudinal
axis of the tubule. Experimentally, the condition z,y = 0 was met by laying tubule
tightly against the flat bottom of the chamber and impaling both electrodes into cells
located in a same focusing plane of an inverted microscope (200x). In the working
range of 17um < z < 55um (0.5 < z/a < 1.5), up to 7 terms in Equation A.14 have
to be included (-3 < n < +3). V5 and A: in Equation A.14 were determined from
the experimentally measured AW, ~ z relationship by recursive calculation with
the aid of a personal computer (see Section A.5). R, (sce Section 2.3.4) was then
calculated as

R, = 4madVo/Io (A.15)

Ip being the input current (3 to 20 nA?),

1For each pair of impalement, at least two current amplitudes were used. Data were considered
reliable only if the recorded AV changed proportionally with changes in current amplitude.
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A.5 Data Analysis

The following flow chart shows the general format employed to analyze the data
obtained from measureraents of cell membrane and transepithelial resistances. To
start with the calculation, all simplifications mentioned above were assumed valid.
Raw results were obtained from exnerimental data based on these simplified equa-
tions. The raw results were regarded as final results only if all the foregoing criteria
werc met. Otherwise, the experimental data were fit to the original equations by
means of recursive analysis, which generated a new set of results. These results then
replaced the last version of raw results. This cycle continued until final results were
obtained. It is worthwhile to note that this type of analysis allows one to refine an
experimental model recursively using a single experimental-data pool — with each
cycle of data processing, an increasing amount of information is extracted from the

experimental data.

experimental data

\

Simplified equations

\

raw resulls <——

|

criteria

yes
no

final original
results equations




The standard errors of experimental data were transferred to the results using

error propagation equations

n

f(: R
6f(171,.’l}2,.. ',mn) = \JZ(aJ ((EI’ZZ‘ bl )633.)2 (A]G)

1=l
where z; and éz, denote an experimental datum and its standard error, respectively,

and f(z1,%3,...,2,) and 8f(zy,22,...,2,) are calculated result and its standard

error, respectively.
The basic concept of this flow chart was written into the following BASIC pro-

gram, which was run on a personal computer (IBM PC/XT).

1 REM

2 REM #%* A BASIC PROGRAM FOR CABLE ANALYSIS ##x

3 REM

10 DIM X(11),VXvo(10,11)

99 REM

100 REM **x Print Out the Title of the Programme *#*

101 REM

110 CLS

120 FOR I=1 TO 4:PRINT:NEXT I

130 PRINT TAB(10)"#######"TAB(24) "####"TAB(33) "#######"TAB(46) "###"
TAB(58) "#####u##"

140 PRINT TAB(9)"###"TAB(23)"#"TAB(26) "##"TAB(33)"##"TAB(39)"##"
TAB(46) "###"TAB(58) "###"

150 PRINT TAB(9)"###"TAB(22)"######"TAB(33) " #### 444" "TAB(46) "#u#4"
TAB(58) "#### s

160 PRINT TAB(9)"###"TAB(21)"#"TAB(26)"##"TAB(33) "##"TAB(39)"##"
TAB(46)"###"TAB(58) "###"

170 PRINT TAB(10)"#######"TAB(20)"#"TAB(26)"##"TAB(33) "####ass"
TAB(46) "###u#u##t"TAB(58) "#o4 st 4#n"

180 PRINT:PRINT:PRINT TAB(23)"THE SYSTEM FOR CABLE ANALYSIS"

190 PRINT TAB(22)" "

200 PRINT:PRINT TAB(?22)"(C) COPYRIGHT 1991, YONGDONG YOU"

210 FOR I=1 TO 5:PRINT:NEXT I

220 PRINT "Press ’F5' key to continue..."

230 STOP




299 REM

300 REM *** Main Programme -~ Menu #*#*

301 REM

310 CLS

320 PRINT:PRINT:PRINT:PRINT:PRINT TAB(32)"### MENU ###":PRINT
330 IF L1=0 THEN GOTOD 350

340 FOR I=L1 TO 1 STEP -1:PRINT TAB(20-I);CHR$(251);:NEXT I
350 PRINT TAB(20)"1. Data Input"

360 IF L2=0 THEN GOTO 380

37C FOR I=L2 TO 1 STEP -1:PRINT TAB(20-I);CHR$(251);:NEXT I
380 PRINT TAB(20)"2. Calculations of Membrane Resistances"
390 IF L3=0 THEN GOTO 410

400 FOR I=L3 TO 1 STEP -1:PRINT TAB(20-1);CHR$(251);:NEXT I
410 PRINT TAB(20)"3. Luminal Cable"

420 IF L4=0 THEN GOTO 440

430 FOR I=L4 TO 1 STEP -1:PRINT TAB(20-I);CHR$(251);:NEXT I
440 PRINT TAB(20)"4. Cellular Cable, Cross Talk"

450 IF L5=0 THEN GOTO 470

460 FOR I=L5 TO 1 STEP ~1:PRINT TAB(20-I);CHR$(251);:NEXT I
470 PRINT TAB(20)"5. Cellular Cable, Point Distortion"

480 IF L6=0 THEN GOTG 500

490 FOR I=L6 TO 1 STEP -1:PRINT TAB(20-I);CHR$(251);:NEXT I
500 PRINT TAB(20)"6. VDR, Cross Talk"

510 IF L7=0 THEN GOTO 530

520 FOR I=L7 TO 1 STEP -1:PRINT TAB(20-I) ;CHR$(251); :NEXT I
530 PRINT TAB(20)"7. VDR, Effect of Rlis"

540 IF L8=0 THEN GOTO 560

550 FOR I=L8 TO 1 STEP -1:PRINT TAB(20-I);CHR$(251);:NEXT I
560 PRINT TAB(20)"8. Print Out the Final Results"

570 PRINT TAB(20)"9. Quit"

6580 FOR I=1 TO 5:PRINT:NEXT I

590 INPUT "Your choice";CHOICE

600 ON CHOICE GOSUB 1000,2000,3000,4000,5000,6000,7000,8000,9000
990 END

999 REM

1000 REM *** Subroutine 1, Data Input ***

1001 REM

1010 CLS

1012 IF L1=0 THEN GOTO 1020

1014 PRINT:PRINT:PRINT"Data input has already been completed!"
1016 GOTO 1900

1020 PRINT:PRINT:PRINT TAB(30)"### DATA INPUT ###"

1030 PRINT:PRINT CHR$(224);"(";CHR$(230);"m) =";:INPUT ALPHA
1040 PRINT "S.E.M. of ";CHR$(224);"(% of mean)";:INPUT EALPHA
1050 PRINT CHR$(225);"(";CHR$(230);"m) =";:INPUT BETA



1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1900
1910
1920
1930
1990
1999
2000
2001
2010
2015
2020

2030
2040

2050
2060
2070
2080
2090
2100
2500
2510
2520
2530
2540

2550
2560

2600
2610

PRINT "S.E.M. of ";CHR$(225);"(% of mean)";:INPUT EBETA
INPUT "VO(mV) =";VO

INPUT "S.E.M. of VO(% of mean)";EVO

PRINT "Rte(";CHR$(234);"cm";CHR$(253);") =";:INPUT RTE
INPUT"S.E.M. of Rte() of mean)";ERTE
PRINT"ao(";CHR$(230) ;"m) =";:INPUT AD

INPUT "S.E.M. of ao() of mean)";EAQ

INPUT"VDR =",VDR

INPUT "S.E.M. of VDR(% of mean)'";EVDR
PRINT"Ri(";CHR$(234);"cm) =";:INPUT RI
PRINT"d(";CHR$(230);"m) =";:INPUT D

INPUT"S.E.M. of d(% of mean)“;ED

PRINT:PRINT"Press 'F5’ key to go back to menu..."

STOP

Li=1

GOTO 300

RETURN

REM

REM *** Subroutine 2, Calculations of Membrane Resistances %xx*
REM

CLS

IF Li=0 THEN GOTO 2800

PRINT:PRINT:PRINT TAB(17)"### CALCULATIONS OF MEMBRANE
RESISTANCES ###"

RZ=.00628*A0*VO*ALPHA

SRZ=.00628*SQR( (VO*ALPHA*EAD/100%A0) ~2+ (AO*ALPHA*EV0/100%*V0) ~2
+(AO*VO*EAPLHA/100*ALPHA) ~2)

RBL=(VDR+1) /VDR*RZ
SRBL=SQR((RZ/VDR*+EVDR/100) ~2+( (VDR+1) /VDR*SRZ) ~2)
RAP=VDR*RBL

SRAP=SQR ((RBL*EVDR/100*VDR) ~2+ (VDR*SRBL) "2)

RS=RTE* (RAP+RBL) / (RAP+RBL-RTE)
SRS=RS"~2*SQR((ERTE/100/RTE) ~2+ (SRAP~2+SRBL"2)/ (RAP+RBL) "4)
RINPUT=V0/.00002

RAP1=1592*RAP/A0

SRAP1=1592*SQR((SRAP/AD) ~2+(RAP/A0*EAQ/100)"2)
RBL1=1592+RBL/ (AD+D)
SRBL1=1592*SQR((SRBL/(A0+D)) ~2+(RBL/ (AQ+D) "2*EAQ/100*A0) "2
+(RBL/ (AO+D) "2%ED/100%D) ~2)

RS1=1592*RS/ (A0+D/2)
SRS1=1592*SQR((SRS/ (A0+D/2)) "2+ (RS/(AQ+D/2) " 2*EAD/100%A0) "2
+(RS/(AD+D/2) “2*ED/200%D) ~2)

PRINT:PRINT

PRINT "Rap =";CINT(RAP);CHR$(241) ;CINT(SRAP);CHR$(234);
"cm" ;CHR$ (253)



153

2620 PRINT " =";RAP1;CHR$(241);SRAP1;CHR$(234);"cm"

2630 PRINT "Rbl =";CINT(RBL);CHR$(241) ;CINT(SRBL) ; CHR$(234);
"cm" ; CHR$ (253)

2640 PRINT " =";RBL1;CHR$(241);SRBL1;CHR$(234);"cm"

2650 PRINT "Rs =";CINT(10%RS)/10;CHR$(241) ; CINT(10%SRS)/10;
CHR$(234) ;"cm" ; CHR$(253)

2660 PRINT " =";RS1;CHR$(241);SRS1;CHR$(234);"cn"

2670 PRINT:PRINT "Rz =";CINT(RZ) ;CHR$(241);CINT(SRZ) ;CHR$(234);"cn";
CHR$(253)

2770 PRINT "Rinput =";RINPUT;CHR$(234)

2780 PRINT CHR$(224);" =";ALPHA;CHR$(241);EALPHA*ALPHA/100;
CHR$(230) ;"m"

2790 PRINT CHR$(225) ;" =";BETA;CHR$(241);EBETA*BETA/100;

CHR$ (230) ;"m"

2795 L2=L2+1

2798 GOTO 2900

2800 PRINT:PRINT:PRINT"Warning: This system is not functional
without input data.”

2810 PRINT:PRINT"Go back to ’Data Input’ first."

2900 PRINT:PRINT:PRINT"Press ’F5’ key to return to menu..."

2910 STOP

2930 GOTO 300

2990 RETURN

2999 REM

3000 REM *** Subroutine 3, Luminal Cable **x*

3001 REM

3010 CLS

3020 IF L3<>0 THEN GOTO 3200

3050 PRINT:PRINT:PRINT TAB(20)"### LUMINAL CABLE (ZL) ###"

3060 PRINT:PRINT"What is the ";CHR$(225);" and Rte after ZL
correction?"

3070 PRINT CHR$(225);"(";CHR$(230);"m) =";:INPUT BETA

3080 PRINT "Rte(';CHR$(234);"cm";CHR$(253);") =";:INPUT RTE

3090 FOR I=1 TO 6:PRINT:NEXT I

3100 PRINT"Press ’'F5’ key to continue..."

3150 STOP

3200 CLS

3220 PRINT:PRINT:PRINT TAB(20)"### LUMINAL CABLE (CROSS TALK) ###"

3230 PRINT:PRINT"x(";CHR$(230);"m)"TAB(20);CHR$(224) ;"*exp(~x/";
CHR$(224) ;") "TAB(40) ;CHR$ (225) ; "*exp(-x/";CHR$ (225);")"
TAB(60) ; CHR$ (224) ;" *exp/" ;CHR$ (225) ; "*exp"

3240 FOR I=1 TO 6

3250 X=50%I

3260 XA=ALPHA*EXP(-X/ALPHA)

3270 FOR J=1 TO 50



3280
3280
3300
3310
3320
3330
3340
3350
3360
3370
3400

3410
3450

3500
3510
3520
3530
3540

3900
3910
3920
3930
3990
3999
4000
4001
4010
4020
4030
4040
4050
4060

4070
4080
4090
4100
4110
4120
4200
4210
4300

XA=XA*10

IF XA>1000 THEN GOTO 3310

NEXT J

XA=CINT(XA)/1000

XB=BETA*EXP(~X/BETA)

FOR K=1 TO 50

XB=XB*10

IF XB>1000 THEN GOTO 3370

NEXT K

XB=CINT(XB)/1000

PRINT X;TAB(20);XA;"E";-J+3;TAB(40);XB;"E";-K+3;
TAB(60) ; XA/XB;"E" ;K-J

NEXT 1

PRINT:PRINT CHR$(225) ;CHR$(253);"/";CHR$(224) ;CHR$(253) ;" =";
CINT(BETA"2/ALPHA"2)

FOR I=1 TO S:PRINT:NEXT I

INPUT "Is modification needed (Y/N)'";A$

IF A$<>"Y" THEN GOTO 3900

CLS

PRINT:PRINT"Sorry, this part of the programme is not available
right now."

PRINT:PRINT"Press ’F5’ key to go back to menu..."
STOP

L3=L3+1

GOTO 300

RETURN

REM

REM **% Subroutine 4, Cellular Cable -- Cross Talk ***
REM

CLS

PRINT:PRINT:PRINT TAB(20)"### CELLULAR CABLE, CROSS TALK ###"
RHOC=2*A0*VO/ALPHA/ (2*A0+D) *1E+09
RHOL=3.183+%RI/A0"2*1E+07
M=4*RHOL*RHOC/RAP1~2/(1/ALPHA~2-1/BETA"2) “2*1E-16
PRINT:PRINT"m-term: ' ;M*BETA/ALPHA/4;"*";"exp(";
1/ALPHA-1/BETA;"x)"

PRINT:PRINT "x(";CHR$(230);"m)"TAB(20)"m-term"
FOR I=1 TO 10

X=10%I
MTERM=M*BETA/ALPHA/4*EXP((1/ALPHA-1/BETA) *X)
PRINT X;TAB(20);CINT(1000%MTERM)/1000

NEXT I

PRINT:INPUT"Is modification needed (Y/N)";B$

IF B$<>"Y" THEN GOTO 4900

CLS



4310

4900
4910
4920
4930
4990
4999
5000
5001
5010
5020
5030

5040
5050
5060
5070
5080
5090

5100
5110
5120
5130
5140
5150
5160
5170
5200
5210
5250
5260

5270
5300
5310
5315
5320
5330
5340
5350
5360
5370
5380
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PRINT:PRINT"Sorry, this part of the programme is not available
right now."

PRINT:PRINT'"Press ’F5’ key to continue..."

STOP

L4=L4+1

GOTO 300

RETURN

REM

REM #*#*% Subroutine 5, Cell Cable -- Point Distortion ***
REM

CLS

IF L5=1 THEN GOTO 5700

PRINT:PRINT:PRINT TAB(1Q)"### CELL CABLE, POINT DISTORTION ###"
:PRINT

FOR I=1 TO 3

C(I)=1/SQR(1+I*I*(ALPHA/AQ)"2)
E(I)=1/ALPHA*(1-1/C(I))

PRINT I;"-term =";2%C(I);"*exp(";E(I);"x)"

NEXT I

PRINT:PRINT"x(";CHR$(230) ;"m)"TAB(20)"1st-term"
TAB(40)"2nd-term"TAB(60)"3rd-term"

FOR I=1 TO 10

X=10*I

PRINT X;

FOR J=1 TO 3

PRINT TAB(20%J);CINT(1000%2*C(J)*EXP(E(J)*X))/1000;
NEXT J

PRINT

NEXT I

PRINT:INPUT"Is modification needed (Y/N)";C$

IF C$<>"Y" THEN GOTO 5750

CLS

PRINT:INPUT"How many terms do you want to include in
modification (1-3)";N

PRINT:PRINT"OK! I’m modifying now, please wait..."
5(0)=.5

FOR I=1 TO 10

PRINT''»x";

A(I)=ALPHA*(1.07+1/100)

FOR J=1 TO N

D(I,J)=1/SQR(1+J~2*(A(I)/AD)"2)
F(I,J)=1/A(I)-1/A0*SQR((AQ/A(I))"2+]"2)

NEXT J

FOR K=0 TO 10

X(K)=20+K*4



5390
5400
5410
5420
5430
5440
5450
5460
5500
5510
5520

5530
5540
5550
5560
5570
5580
5590
5600
5610
5620
5630
5700
5710
5750
5760
8770
5780
5790
5799
5800
5801
5810
5815
5820
5830
5840
5850
5860
5870
5880
5890
5900
5910
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VXVo0=0

FOR L=1 TO N

VXVO=VXVO+2*D(I,L)*EXP(F(I,L)*X(K))

NEXT L

VXVO(I,K)=EXP(-X(K)/A(I))*(1+VXV0)

NEXT K

NEXT I

GOSUB 5800

PRINT:PRINT CHR$(224);"(i)";TAB(20)"1/S(i)"TAB(40)"intercept"
FOR I=1 TO 10

PRINT CINT(100*A(I))/100;TAB(20);CINT(-100/S(I))/100;TAB(40);
CINT(100%EXP(I(I)))/100

NEXT I

FOR I=1 TO 10

IF ABS(-1/S(I)-ALPHA)=(-1/S(I)-ALPHA) THEN GOTO 5570
NEXT I

ALPHA=(A(I)+A(I-1))/2

PRINT:PRINT"The new ";CHR$(224);" =";ALPHA
COEF=EXP ((I(I)+I(I-1))/2)

PRINT"The coefficient =";COEF

V0=V0/COEF

PRINT "The new VO =";V0

GOTO 5750

CLS

PRINT:PRINT"This programme can not be repeated!"
PRINT:PRINT"Press ’F5’ key to return to menu..."
STOP

L5=1

GOTO 300

RETURN

REM

REM #** Sub-subroutine 5(1), Linear Regression **x
REM

FOR I=1 TO 10

PRINT"#";

0=0:P=0:Q=0:R=0

FOR J=0 TO 10

0=0+X(J)

P=P+L0OG(VXV0(I,J))

Q=Q+X(J)*LOG(VXV0(I,J))

R=R+X(3)*X(J)

NEXT J

S(I)=(Q-0%P/11)/(R-0*0/11)

I(I)=P/11-S(1)*0/11

NEXT I
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5990 RETURN

5999 REM

6000 REM *#* Subroutine 6, VDR -- Cross Talk **x*
6001 REM

6010 CLS

6020 PRINT:PRINT:PRINT TAB(25)"### VDR, CROSS TALK ###"
6030 RHOC=2%A0*V0/ALPHA/ (2+A0+D)*1E+09

6040 P=SQR(RHOL/RHOC)* (1+RAP1/RS1)

6050 Q=SQR(RHOC/RHOL)*(1+RAP1/RBL1)

6060 PRINT:PRINT"p =";P

6070 PRINT:PRINT"q =";Q

6080 FOR I=1 TO 10:FRINT:NEXT I

6090 INPUT"Is modification needed (Y/N)';D$

6100 IF D$<>"Y" THEN GOTO 6900

6110 CLS

6120 PRINT:PRINT"Sorry, this part of the programme is not available
right now."

6900 PRINT:PRINT"Press 'F5’ key to go back to menu..."

6910 STOP

6920 L6=L6+1
6930 GOTO 300

6990 RETURN

6999 REM

7000 REM ** Subroutine 7, VDR -- Effect of Rlis *x*x*

7001 REM

7010 CLS

7020 IF L7=1 THEN GUTO 7240

7030 PRINT:PRINT:PRINT:PRINT TAB(25)"### VDR, EFFECT OF Rlis ###"
7040 RAREA=.8

7050 RLIS=.0503*RI

7060 C=RLIS/RS

7070 B=RBL/RS

7080 Y1=(1-C)/B*SQR(B*(1~RAREA)/C)

7090 Y2=RAREA*SQR(C/(B*(1-RAREA)))

7100 RDL=SQR(C*(1-RAREA)/B)

7110 W21=RAREA*(1+Y2)*EXP(RDL)/(1-Y1)+RAREA/(Y1-1)

7120 W22=1+(Y2-1)*EXP(-RDL)+(1+Y1)*(1-(1+Y2)*EXP(RDL))/(1-Y1)
7130 W23=W21/W22

7140 W24=Y2/W22

7150 W11=(RAREA+W23*(Y1+1))/(Y1-1)

7160 W12=W24*(Y1+1)/(Y1-1)

7170 R1=W11*EXP(RDL)+W23*EXP(-RDL)

7180 R2=W12*EXP(RDL)+W24*EXP (-RDL)

7190 VDR1=VDR*R2/(RAREA-VDR*R1)

7200 PRINT:PRINT:PRINT"Measured VDR =";VDR



7210
7220
7230
7240
7250
7900
7910
7920
7930
7940
7990
7999
8000
8001
8010
8020
8030
8040
8050
8060
8070
8080
8090
8100

8110
8120

8130
8140

8150
8160

8170
8180

8190

8500
8510
8520
8530
8590
8799

PRINT:PRINT"Modified VDR =";VDR1

VDR=VDR1

GOTO 7900

CLS

PRINT:PRINT"This part of the programme cannot be repeated!'"
FOR I=1 TO 7:PRINT:NEXT I

PRINT"Press ’'F5’ key to return to menu..."

STOP

L7=1

GOTO 300

RETURN

REM

REM *#** Subroutine 8, Print out the Final Results *¥x*

REM

CLs

PRINT:PRINT:PRINT TAB(24)"### PRINT OUT THE FINAL RESULTS ###"
PRINT:PRINT:PRINT:PRINT TAB(35)"Please wait..."

FOR I=1 TO 7:PRINT:NEXT I

LPRINT:LPRINT:LPRINT"Cell Membrane Resistances"

IF RI<60 THEN CHOICE1=1

IF RI>60 AND RI<80 THEN CHOICE1=2

IF RI>80 THEN CHOICE1=3

ON CHOICE1 GOSUB 8800,8830,8860

LPRINT "Rap ='";CINT(RAP) ;CHR$(241) ;CINT (SRAP) ;CHR$(234);"cm";
CHR$ (253)

LPRINT * =";RAP1;CHR$(241) ;SRAP1;CHR$(234);"cn"

LPRINT "Rbl =";CINT(RBL);CHR$(241) ;CINT(SRBL) ;CHR$(234);"cm";
CHR$(253)

LPRINT " =";RBL1;CHR$(241);SRBL1;CHR$(234);"cm"

LPRINT "Rs =";CINT(10%RS)/10;CHR$(241) ;CINT(10%SRS)/10;

CHR$ (234) ;"cm" ; CHR$ (253)

LPRINT " =";RS1;CHR$(241);SRS1;CHR$(234);"cm"

LPRINT:LPRINT "Rz =";CINT(RZ);CHR$(241);CINT(SRZ) ;CHR$(234);
"cm' ;CHR$ (253)

LPRINT "Rinput =";RINPUT;CHR$(234)

LPRINT CHR$(224) ;" =";ALPHA;CHR$(241);EALPHA*ALPHA/100;
CHR$(230) ;"m"

LPRINT CHR$(225);" =";BETA;CHR$(241) ;EBETA*BETA/100;

CHR$(230) ;"'m"

PRINT"Press ’F5’ key to return to menu..."
STOP

L8=L8+1

GOTO 300

RETURN

REM



8800
8801
8810

8820
8829
8830
8831
8840

8850
8859
8860
8861
8870

8880
8999
92000
9001
9010
9020
9030
9040
9050
9060
9070
9080

9090
9990

REM *** Sub-subroutine 8(1), Temp.:37 C **x

REM

LPRINT"Mammalian Proximal Tubules, Temp.:37";CHR$(248);"C"
:LPRINT

RETURN

REM

REM #*** Sub-subroutine 8(2), Temp.:22 C %%

REM

LPRINT"Mammalian Proximal Tubules, Temp.:22";CHR$(248);"C"
:LPRINT

RETURN

REM

REM *** Sub-subroutine 8(3), Temp.:4 C *¥x*

REM

LPRINT"Mammalian Proximal Tubules, Temp.:4";CHR$(248);"C"

:LPRINT

RETURN

REM

REM *** Subroutine 9, End of the Programme *%x
REM

CLS

FOR I=1 TO 5:PRINT:NEXT I

PRINT TAB(18)"#########"TAB(32) "###"TAB(40) "##"
TAB(47) "#us#ssin"

PRINT TAB(18)"###"TAB(32)"### #"TAB(40)"##"TAB(47) "##s"
TAB(54) "###"

PRINT TAB(18)"######a##"TAB(32) "### #"TAB(40)"##"TAB(47) "###"

TAB(54) "##t#"

PRINT TAB(18)"###"TAB(32)"### #"TAB(40)"##"TAB(47) "###"
TAB(54) "#u#r"

PRINT TAB(18)"#########"TAB(32) "###"TAB(40) "#a"

TAB(47) "#u#snsnag"

PRINT:PRINT:PRINT TAB(17)"--- THIS IS THE END OF THE
PROGRAMME ---"
FOR I=1 TO 7:PRINT:NEXT I

RETURN
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