


ABSTRACT
MEMBRANE TRANSPORT ALTERATIONS IN DISEASE STATES

C.E. POLI de FIGUEIREDO JESUS COLLEGE

The present thesis investigates cell membrane abnormalities in selected
diseases. Membrane transport systems are studied in chronic renal failure (CRF), endstage
diabetic nephropathy, renal transplantation and atherosclerotic vascular disease. The role of
membrane cholesterol concentration in modulating transport activity is also explored.

Erythrocyte choline uptake is elevated in CRF and here it is shown that
transporter activity returns to normal following a successful kidney transplant. Choline uptake
recovers in parallel to the plasma creatinine changes. Plasma factors are suggested to play a
role in transport activity in uraemia. The activity of the leucocyte sodium-hydrogen antiporter
(Na/H) is shown to be normal in CRF with or without end-stage diabetic nephropathy.
Erythrocyte lactate transport was investigated at 37°C for the first time. Kinetic parameters
of transport were characterized. Lactate uptake in erythrocytes is mediated mainly via the
monocarboxylate carrier. No lactate transport alterations are present in uraemic patients when
compared with normal subjects.

The possible influence of membrane cholesterol on the activity of transporters
in disease was approached in two ways. First, cell cholesterol content was modulated in vitro
employing liposomes. With this approach, lymphoblast Na/H antiporter activity is inhibited
by cholesterol-enrichment while activation is seen with cholesterol-depletion. Erythrocyte
choline uptake was insensitive to cholesterol modulation. It is suggested that membrane
cholesterol content is unlikely to contribute to the membrane transport abnormalities in the
uraemic syndrome. In erythrocytes liposome depletion of cholesterol reduced Na/Li
countertransport activity. In vivo treatment with the HMG CoA reductase inhibitor simvastatin,
which reduces plasma cholesterol levels, was employed to look at Na/Li countertransport
activity in patients with atherosclerotic vascular disease. Although simvastatin reduces mean
cholesterol by about 30%, there was no change in erythrocyte mean cholesterol content.
Erythrocyte Na/Li countertransport was unaffected by simvastatin treatment. Accordingly an
in vivo relationship between membrane cholesterol and Na/Li countertransport activity could
not be tested in this study.

The present results emphasize the selective nature of alterations in membrane

composition and function in various disease states.
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CHAPTER 1

GENERAL INTRODUCTION

The research presented in this thesis concerns membrane transport in cells from
human subjects with a range of clinical diseases. The cell membrane is essential to the cell and
has numerous functions. Alterations in its composition or function can be involved in pathological
states. I do not intend to review all membrane transport systems in all diseases- perhaps a
impossible task. Rather the objective here is to study selected examples of transport systems and
diseases and to use as models for possible interactions between membrane function and clinical
disorders.

The study of membrane transport in human disease is important for several
reasons other than just providing a better understanding of disease pathophysiology. Membrane
transport abnormalities can be the cause of disease, as in the case in cystic fibrosis, where an
abnormally low trans-epithelial chloride transport is present [Higgins & Hyde 1991, Riordan et
al 1989]. In patients with essential hypertension an abnormally elevated rate of erythrocyte
sodium-lithium countertransport (Na/Li countertransport) is manifest and has been postulated to
be a disease marker, being valuable for diagnostic and research purposes [Canessa et al 1980]. The
presence of transport abnormalities may be a secondary or adaptive response in disease as shown
in malaria-infected erythrocytes, where some transport systems show abnormal function and certain
cryptic transporters are expressed [Kirk et al 1991, 1992]. Finally membrane transport can be the
target for therapeutic action of drugs as in the inhibition of the sodium-potassium ATPase (Na/K
ATPase) by the cardiac glycosides used for treatment of cardiac failure and supraventricular

arrhythmias [Sweadner & Goldin 1980], or the inhibition of Na/K/Cl cotransport by loop diuretics



[Hendry & Ellory 1988].

The connection between membrane transport and disease has been sought
previously. Hypertension is an example of a clinical disorder in which much research on the
properties and function of cell membranes has been carried out [Garay et al 1982, Canessa et al
1980, Blaustein 1977, Mongeau et al 1990, Postnov & Orlov 1985]. In this thesis attention will
be directed principally towards renal disease, which is my main interest.

The models chosen in the present study were varied, and are listed below. First,
erythrocyte choline transport in patients with chronic renal failure (CRF) and following kidney
transplantation was analyzed. Erythrocytes were also used to look at the transport of lactate under
physiological conditions and in patients with CRF. Experiments on the sodium-hydrogen antiporter
(Na/H antiporter) activity and intracellular pH (pHi) in uraemic patients with or without diabetic
nephropathy were performed using the white cell as a model system. A novel approach was used
to look at the relationship between membrane cholesterol levels and transfer of selected substrates
across the cell membrane via the Na/Li, Na/H and choline transporters. Initially, liposomes were
employed for the in vitro modulation of cell membrane cholesterol content, and membrane
transport activity was examined. The models used were the lymphoblast Na/H antiporter, the
erythrocyte Na/Li countertransport and the erythrocyte choline carrier. In order to study influences
of cholesterol modulation in vivo on transport activity, patients suffering from atherosclerotic
vascular disease and treated with the HMG CoA reductase inhibitor, simvastatin, were examined.
Simvastatin treatment results in reduction of blood cholesterol. The activity of the Na/Li
countertransporter was measured in erythrocytes obtained before and following treatment.

For each transporter and cell type, different methods for cell separation and ion

transport measurements were required. The various techniques chosen will be introduced and

discussed later.



The introduction to this thesis will have two parts. First an introduction to

membrane transport and then a description of the association between disease and membrane

transport.
The first part of the introduction will start by looking at membrane structure and
how it affects transport. This is particularly relevant because some studies involved interference

with that structure by modifying cell cholesterol levels.

1.1. MEMBRANE COMPOSITION AND MEMBRANE TRANSPORT

The mechanisms responsible for altered membrane transport in disease are varied.
Both endogenous and exogenous factors may play a role, and a combination of different influences
is a common feature. Genetic determinants create a predisposition on which environmental factors
may act. Factors may act upon the transport protein directly, or on protein synthesis and/or protein
regulators which can induce changes that modulate its copy number, activity or function.

In this work special consideration was given to the membrane lipid fraction, and
in particular to the membrane cholesterol. The rationale behind this was the known interaction
between the major components of the cell membrane. Cholesterol is one of the major components
of cell membrane and a molecule very much involved in the concept of "health and disease”. It
is particularly important when considered in relation to disorders involving increased risk of
vascular disease, such as the ones examined here.

In the next section basic concepts of cell membrane structure, composition and

function will be reviewed.



1.1.1. MEMBRANE CELL STRUCTURE

All human cells are surrounded by an external membrane (plasma membrane)
providing a reactive interface and barrier between external medium and cytoplasm. Although
different tissues perform distinct functions, the general structure and function of cell membranes
is common. The cell membrane has a wide range of functions including the formation of physical
boundaries, maintenance of cell composition, selective transport of substrates or waste products,
transduction of chemical signals and the provision of an ideal environment for the appropriate
intracellular functions [Evans & Graham 1989].

Singer and Nicolson in the 70’s [Singer and Nicolson 1972] described the fluid
mosaic model for the membrane structure, and stressed its dynamic aspect. A diagram based on
their work is reproduced as figure 1.1.a. The relative proportions of the membrane components
do not necessarily reflect reality, since the proportion of protein is usually higher than as shown
in the figure [Yeagle 1987, 1989] and varies with cell type [Stein 1990]. The figure shows the
basic structure of the cell membrane as a lipid bilayer in which proteins are embedded, together
with smaller amounts of associated carbohydrates. Lipids provide the membrane’s main structure
due to lipid hydrophobic effects and amphipathic characteristics (hydrophobic and hydrophillic
groups within the same molecule) [Yeagle 1989]. A hydrophobic environment exists in the middle
of the bilayer populated by hydrocarbon chains while the lipid polar heads face the aqueous phase.
The relative amounts of lipid also vary with the type of membrane, and table 1.1 illustrates the
composition of human erythrocyte. In human cells phospholipids are the predominant component,

however the molar ratio of phospholipid:cholesterol is close to 1:1.



TABLE 1.1
ERYTHROCYTE MEMBRANE COMPOSITION

LIPID/PROTEIN RATIO 0.75
(weight)® (mole %)°
MAJOR LIPIDS
Phosphatidylcholine 25 % 17%
Phosphatidylethanolamine 22 % 16%
Phosphatidylserine 10 % 6%
Sphingomyelin 18 % 17%
Cholesterol 25 % 45%

a. Gennis 1989; b. Yeagle 1987

The distribution of molecules in the membrane is asymmetrical. Membrane protein
asymmetry is a consequence of the way in which proteins are originally inserted into the bilayer
[Gennis 1989]. The mechanisms léading to membrane lipid asymmetry is not completely clear.
It is possible that physical forces and cytoskeletal interactions may be involved. "Flip-flop" motion
of lipids (molecule rotation of 180 degrees about an axis in the plane of the membrane) is helped
by the presence of ATP-requiring enzymes "flipases” or "translocases” [Gennis 1989] contributing
to the asymmetry. The human erythrocyte membrane lipid composition is an example where
phosphatidylcholine and sphingomyelin are the main phospholipids at the external interface and
phosphatidylethanolamine and phosphatidylserine at the inner side (figure 1.2) [Verkleij et al
1985]. Lipids, and proteins, can also rotate ébout their axes and diffuse laterally [Stubbs 1983,
Carruthers & Melchior 1988, Yeagle 1989, Spector & Yorek 1985]. This dynamic equilibrium is
important and results in domains maintaining diverse functions and regulating biological function.

Cholesterol is a major lipid component of the cell membrane. An interesting
feature of cholesterol is that it is essential for normal mammalian cell growth and function, and

yet, as stated by Yeagle, often plays a lethal role in the development of vascular disease [Yeagle
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1987]. It belongs to a group of lipids that cannot form bilayers by themselves upon hydration, but
can interdigitate into bilayers to modify bilayer structure [Carruthers & Melchior 1988]. It consists
of a planar, fused-ring nucleus, a polar hydroxyl group, and a hydrocarbon tail. Cholesterol
increases ordering of the lipid bilayer due to the effect of its rigid sterol structure on the lipid
components of the membrane [Yeagle 1985, 1989]. This effect on membrane fluidity is one of the
possible mechanisms by which cholesterol affects membrane permeability [Cooper 1977, Shinitzky
et al 1980, Gier et al 1980]. Cholesterol may also alter the behaviour of membrane transport
proteins by direct protein-cholesterol interactions [Spector & Yorek 1985].

The ability of cholesterol to move from one membrane to another was used in this
thesis to study its participation in regulating membrane function [Bruckdorfer et al 1968a,b, 1969,
Dawidowicz 1987, Shinitzky & Inbar 1974). Cholesterol can exchange between membranes, Or
net cholesterol flux can occur when there are concentration gradients of cholesterol between the
cells and vesicles. In plasma, lipoproteins participate in this cholesterol transfer [Norum et al 1983,
Miller 1984, Mahlberg & Rothblet 1992]. Some evidence suggests that this exchange occurs via
the aqueous phase, and it is possible that cholesterol is distributed according to thermodynamic
equilibrium. Alternatively, it can be maintained by a flux of cholesterol through some sorting
process from the site of synthesis to the plasma membrane [Yeagle 1987]. Cholesterol is also
asymmetrically distributed in the different cell membranes [Kier et al 1986]. In erythrocytes,
cholesterol is nearly symmetrically distributed between the two faces of the lipid bilayer. Rapid
transbilayer movement of cholesterol occurs and may assist in the necessary shape changes of
erythrocytes in the circulation [Yeagle 1987, Lange et al 1980, 1981].

Membrane lipids are in a fluid state at physiological temperatures where the
degree of fluidity depends on chemical composition [Mato 1991]. Passage through this fluid

barrier is possible for hydrophobic substances. Charged or hydrophilic groups such as the major



cellular metabolites will seldom cross the lipid barrier of the cell directly. Rather this transport
function will be provided by specific membrane proteins. The lipid composition is regulated by
the cell, but will also vary with cell age, cell cycle and a variety of stimuli or changes in the
environment and physiological state [Stubbs & Smith 1984].

Membrane proteins embedded in the lipid bilayer can be intrinsic or extrinsic.
Intrinsic proteins are bound firmly to the membrane and linked by van der Vaals forces to the
lipid hydrocarbon chains. Proteins that span the membrane include those that are involved in
transmembrane transport of substrates. Lipids and proteins exist in intimate association in the
membrane and one might expect cell membrane lipid to play a role in modulating membrane
protein activity. Membrane-bound enzymes usually require a lipid bilayer to maintain full activity,
and the bilayer provides a medium where the hydrophobic regions of proteins can be anchored
[Clandinin et al 1991].

The membrane is organized in such a way that domains exivst where lipid-protein
interactions are highly specific and organized to reflect specific cellular functions [Yeagle 1989,
Clandinin et al 1991]. Specific interactions between lipid and protein led to the concept of a lipid
annulus that provides a specific microenvironment around hydrophobic regions of functional
membrane proteins, enabling lipid to influence particular membrane proteins independently
[Clandinin et al 1985, 1991, Yeagle 1989]. Interactions between those two elements may be
achieved by several mechanisms including: associations with membrane cytoskeleton,
conformational interactions, changes in acyl chain length and saturation, fluidity and molecular
charge [Spector & Yorek 1985, Yeagle 1989, Clandinin et al 1991].

Carbohydrates are attached to the proteins or lipids. The cells also have a
cytoskeleton that stabilizes the plasma membrane and maintains cell shape and some cell types

may have intercellular junctions. With the rare exception of erythrocytes, human cells usually have



internal membranes, but these are not going to be considered in this thesis.

Endogenous and environmental factors interact together to maintain and regulate
membrane composition. Any alterations in the precise balance may contribute to pathological
conditions. It was the intention to look at alterations in transport of molecules through the
membrane in a range of diseases and to examine the possible role of modulation of lipid
composition in affecting certain transporters. The routes by which molecules can cross membranes

will now be reviewed.

1.1.2. MEMBRANE TRANSPORT MECHANISMS

There are several good reviews on this topic [Stein 1986, 1989, 1990; Christensen
1975; Jain 1988; Bonting & De Pont 1981; Ellory & Young 1982; Ellory & Lew 1977; Ellory et
al 1988a; Gennis 1989, Sachs & Fleischer 1989, Klingenberg 1989, Arohson 1990, Clark 1988,
Hofer & Hoggett 1981].

The lipid bilayer provides an effective barrier to most small solutes. Some
permeants can move across the cell membrane down an electrochemical gradient "unaided" by
membrane components. This simple diffusion will depend on substrate factors such as size, charge,
hydrophobicity, and on the lipid bilayer characteristics. Mediated transport of substances is mainly
protein-mediated and can operate by various mechanisms, such as pores and channels, facilitated
diffusion and primary or secondary active transport.

Pore and channels consist of proteins that form "tunnels" through the membrane
in which binding sites for solutes are accessible from either side at the same time. Pores have
usually a poor selectivity and discriminate solutes primarily on the basis of their size. The term

channel is usually reserved to describe ion channels which can be highly selective. These proteins



have different mechanisms by which they can be in an open or closed state, allowing, or not, the
traffic of solutes; such gating mechanisms are controlled by voltage, ligands, pressure,
phosphorylation and other stimuli.

Active transport is defined as transport of substrate against its electrochemical
gradient, and requires energy for this uphill transfer, which usually results in accumulation of
substrate on one side of the membrane. Primary active transporters are mainly ion pumps, such
as the Na-K ATPase, where translocation is coupled directly with an energy-yielding reaction.
Chemical gradients are generated by the ion pumps. Secondary active transporters use
electrochemical gradients as the driving force for the translocation of their substrates. They operate
as countertransporters (or antiporters) or as cotransporters (or symports). In the present thesis Na/H
and Na/Li are examples of countertransporters in which Li or H are exchanged for Na present on
the other side of the membrane. An example of cotransport is seen when lactate fluxes via the
monocarboxylate transporter are analyzed. Lactate is transferred together with a proton, and the
energy is provided by a pH gradient (see table 1.2).

The term "carrier" refers to transporters other than primary active transporters,
channels or pores. Carrier- mediated transport is relevant to all the chapters of this thesis. Simple
carriers represent facilitated diffusion systems, which facilitate solute flux down its chemical or
electrochemical gradient. One of the best studied is the glucose transporter in erythrocytes
(GLUT1) and other cells [Gould 1992, Holman 1992, Lienhard et al 1992]. The glucose
transporter exemplifies a family of proteins which are structurally and functionally related,
performing specific roles at cellular level. There are 5 subtypes of glucose transporters identified
to date. All transport glucose, but each has discrete characteristics suited to different tissue needs.
Alterations in this carrier-mediated transport are believed to play a role in disease states in where

insulin resistance is present, such as hypertension, obesity and renal failure. In chapter 3 another



previously identified carrier will be studied in renal failure patients: the choline transporter. A
simple carrier can be represented by the diagram in figure 1.3. A carrier moves its substrate from
one side of the membrane (cis) to the other compartment (trans). It is able to facilitate flow of
substances by changing orientation and conformation during transport.

In the figure, C represents the carrier, and it can be present in two conformational
states depending on whether the substrate binding site is facing the intra- or extracellular face of
the membrane. The carrier in its external position (C,) will bind the substrate (S) forming the
carrier-substrate complex (CS,). The carrier will then be reoriented towards the inside of the
membrane (CS,) unloading the carrier (C,) and liberating the substrate on the trans side (S). The
arrows represent the different steps to achieve transport: b refers to the translocation of the loaded
carrier, d the reorientation (translocation) of the unloaded carrier, a and ¢ represent the breakdown
or formation of the carrier-substrate complex.

One of the characteristics of carrier-mediated transport is trans-acceleration. If

transport rate is measured in the absence of substrate on the trans side (e.g. intracellularly) the
transporter will cycle as follows C, + S —= CS, = CS, — C, + S — C,, so after transporting and

delivering the substrate the carrier travels empty. Trans-acceleration occurs when substrates are

present at both sides of the membrane and the transfer of the substrate-carrier complex (C, + S

& CS, & CS, ¢ C, + S) operates at higher flux rates. The substrate-carrier complex

translocates in the membrane faster than the empty carrier.
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The various transporters studied in the present thesis are classified in table 1.2.

TABLE 1.2,
MEMBRANE TRANSPORT SYSTEMS STUDIED - MECHANISMS

CHOLINE SIMPLE CARRIER

Na/Li COUNTERTRANSPORTER = SECONDARY ACTIVE TRANSPORTER
Na/H ANTIPORTER SECONDARY ACTIVE TRANSPORTER
MONOCARBOXYLATE CARRIER SECONDARY ACTIVE TRANSPORTER

Next, the basis for the kinetic parameters used to analyze transport data in this
thesis will be presented. Transport function is characterized by showing enzyme Kkinetic,
electrogenicity, specificity, and regulation [Sacks & Fleischer 1989)]. Kinetic analysis under
defined experimental conditions allows some understanding of the transporter and the steps taken
to transfer the substance through the membrane. Various procedures can be used such as
measurement under equilibrium exchange, zero trans, infinite trans and infinite cis conditions
[Stein 1989]. The use of inhibitors and varying cell substrate conditions can provide information

on the type of transporter and its regulation [Stein 1986, 1989, 1990, and reviews above].

1.1.3. KINETICS OF MEMBRANE TRANSPORT

Analysis of data in this thesis will be based on functional measurements of
membrane transport activity, and objective parameters should be used for quantifying and
comparing fluxes under different conditions. Transporter activity is measured by examining the
transfer of the substrate in question from one side of the membrane to the other compartment, as
a function of variables such as substrate concentration and time. A complete review is beyond the

scope of this thesis [For broader reviews see: Lieb 1982, Stein 1986-1989-1990, Aronson 1990,
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Cornish-Bowden & Wharton 1988]. Some of the principles necessary to interpret the parameters
used in the present studies will be briefly mentioned below.

Consider the theoretical fluxes seen in figure 1.4.a, plotting flux versus substrate
concentration. In this particular example we can see that with increasing concentrations the flux

increases up to a saturating level. The resulting curve can be fitted to the Michaelis-Menten

formula;
V= e (1.1)

in which v is flux, S is substrate concentration and V_,, and K are the maximal capacity of
transport and the concentration of substrate necessary to obtain half of V_, respectively.

This is a typical example of a transporter that exhibits saturation kinetics fitted
by the Michaelis-Menten equation used in enzymé kinetics. The uptake increases until all the
transporters available are occupied by the substrate, and when the transporter rate is fully occupied
the transport is at its maximum (V).

The concentration of substrate necessary to produce half of the maximum capacity
of transport corresponds to the K,,. This parameters defines the affinity of the transporter for its
substrate, a higher K representing a lower affinity. Usually transporters that are highly specific
tend to have a low K.

When analyzing the transmembrane transport of a particular substrate more than
one transport system can be involved. For example, as shown in figure 1.4.b, both simple diffusion
and a carrier-mediated transport can be involved. In simple diffusion flux will increase linearly
with substrate concentration, and the rate of transport will depend on the characteristics of the
membrane and permeability to the substance.

In figure 1.4.b the transport is the summation of two components, where the

12



saturable component can be resolved by the subtraction of the diffusion component from the total

flux. Diffusion is represented by the straight line shown in the inset. Flux will the represent the

sum of the two forms.

V= oeeeeeeee- + kpS (1.2)
Ky +S)
in which k;, represents the slope of the linear component.

Experimentally determination of the time course should precede any kinetic
observations. This allows the introduction of another important concept: the initial rate of
transport. If a substrate is moving from one compartment to the other of a cell membrane, the
concentration in both intra- and extracellular compartments will be changing. Under appropriate
conditions the initial flux represents the unidirectional flux of substrate, corresponding to a linear
relationship between flux with time as seen in figure 1.4.c. Using initial rates of transport the back
flux can be disregarded.

As seen above we can differentiate diffusion from mediated transport. In diffusion
the rate of transport increases linearly with the concentration of the solute, whereas mediated
transport exhibits saturation kinetics. Mediated transport permits a faster movement of substances
important for the cell above the rate at which they would cross an lipid bilayer. It should be
stressed that usually true simple diffusion of ions is minimal; where the linear component (leak)
of transport represents a mediated flux that would only start to show saturation at much higher
substrate concentrations.

Identification of the various transport pathways and mechanisms is greatly
facilitated by the use of specific inhibitors. Analysis of Na/K pump activity is possible by
employing the specific inhibitor ouabain. However, specific inhibitors are not always available.
The lack of inhibitors for erythrocyte aminoacid transporters makes the identification of such

pathways very difficult.
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Kinetic parameters obtained under different defined conditions allow the
identification and discrimination of discrete transport pathways. Two important Kinetic concepts
are equilibrium exchange and zero-trans fluxes. In equilibrium exchange (EE) conditions the
substrate is present on both sides of the membrane at equal concentrations, i.e. equilibrium. Using
EE and zero-trans modes provides information on the mechanism of transport. The discrimination
between a carrier and a pore is often possible by this criterion. The presence of substrate on the
opposite (trans) side of the membrane can accelerate the rates of transport, trans-acceleration, in

the case of a carrier, but never in the case of a channel.

1.1.4. BLOOD CELLS AS MODELS

The cells used in the present thesis were blood cells (erythrocytes and leucocytes).
Blood cells are very easily and safely obtained from humans, and represent excellent models of
membrane transport systems. Data from work on both erythrocytes and leucocytes have shown that
several different membrane transport pathways are altered in disease. There are clearly differences
between blood cells and cells from other tissues. However, alterations such as impaired function
of Na-K ATPase in patients with CRF have been described iniﬁaliy in erythrocytes and
subsequently very similar findings shown for other cells such as leucocytes, muscle, neurones
system cells and others [Welt et al 1964, Edmondson et al 1975, Cotton et al 1979, Fraser et al
1985a)]. Care should be taken when making generalizations but, as a model, erythrocytes and
leucocytes have proved their value.

Some of the present studies (Na/H antiporter activity and membrane cholesterol
changes) were performed on lymphoblasts (Epstein-Barr (EB) Virus modified lymphocytes). The

volume of blood necessary to perform these in vitro studies on isolated peripheral blood cells
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would be very large and cultured lymphoblasts were chosen as an alternative to look at the effects
of changing membrane cholesterol on the antiporter activity.
The studies performed in this thesis had the approval of the Oxford Research

Ethical Committee and consent was obtained from the patients.

1.2. CLINICAL DISEASE AND MEMBRANE TRANSPORT

In the second part of this introduction some background information on the chosen
models of diseases and transporter will be presented. Table 1.3. illustrates the relationship between
transporters and disease by showing a few examples of diseases in which the transporters studied

in the present thesis have been postulated to play a role in the pathophysiology.

TABLE 1.3 ,
EXAMPLES OF ABNORMAL MEMBRANE TRANSPORT IN DISEASE
TRANSPORTER INHIBITORS DISEASES
CHOLINE N-ETHYLMALEIMIDE!, ALZHEIMER’S*
IMIDAZOLE?, DEPRESSION®
QUININE?, MALARIAS
Na/Li PHIL.ORETIN’, HYPERTENSION?,
N-ETHYLMALEIMIDE?, HYPERLIPIDAEMIA!,
INHIBITIN®. DIABETESY,
IgA NEPHROPATHY?®,
Na/H AMILORIDE AND HYPERTENSION?Y,
ANALOGUES™. DIABETES'.
LLACTATE CINNAMIC ACIDY, PHENYLKETONURIA,
MERCURIALS®, and MAPLE-SYRUP
STILBENESY, DISEASE?,
MALARIAZ,

REF:1. KRUPKA & DEVES 1988, 2. DEVES & KRUPKA 1987, 3. TALBOT ET AL 1992, 4. MILLER ET AL 1986,
5. UNEY ET AL 1985, 6. KIRK ET AL 1991, 7. PANDEY ET AL 1978, 8. DUHM ET AL 1976, 9. MORGAN ET AL
1989, 10. CANESSA ET AL 1980, 11. HUNT ET AL 1986, 12. KROLEWSKI ET AL 1988, 13. BOERO ET AL 1991
, 14. BENOS 1988, 15. NG & DUDLEY 1989, 16. NG ET AL 1990b, 17. HALESTRAP 1976, 18. DEUTICKE 1982,

19. DEUTICKE ET AL 1982, 20. DENTON & HALESTRAP 1979, 21. KANNANI ET AL 1991.
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The principal theme of this thesis is chronic renal failure (CRF) and is discussed

next.

1.2.1. CHRONIC RENAL FAILURE AND MEMBRANE TRANSPORT

Renal failure is a result of the inability of the kidneys to perform their function.
The causes of renal impairment are multiple and can result in acute (and potentially reversible),
or chronic kidney damage depending on the nature of the insult. Impaired function of the kidneys
can result in the syndrome known as uraemia. The term uraemia was used initially by Piorry in
1847 to describe an illness caused by "contamination of the blood with urine" [May et al 1991].
The inability of the kidneys to perform their function leads to manifestations that involve multiple

organs and systems, as illustrated in table 1.4.

OTHERS

TABLE 14
MANIFESTATIONS OF URAEMIA
NEUROLOGIC GASTROINTESTINAL
Drowsiness Anorexia
Impaired memory Nausea and Vomiting
Asterixis and myoclonus Pancreatitis
Confusion and disorientation Mucosal inflammation
Peripheral neuropathy Ascites
Restless legs
Cramps DERMATOLOGIC
- Coma Pruritus
CARDIOVASCULAR HAEMATOLOGIC
Accelerated atherosclerosis Anaemia
Cardiomyopathy Platelet dysfunction
Pericarditis Immunodepression
Hypertension ENDOCRINOLOGIC
PULMONARY Hyperparathyroidism
Pulmonary oedema Insulin resistance
Pneumonitis Hyperlipidacmia
Pleuritis Altered thyroid function
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These are widespread changes, which suggest that either several factors acting
independently participate in the development of the uraemic state or that a single factor disturbs
cellular metabolism by affecting functions basic to different cell types [May et al 1991]. With
symptoms that resemble intoxication, it has been suggested that the syndrome involves
accumulation of uraemic toxins [May et al 1991, Ringoir et al 1987]. Dialysis treatment, with
removal of accumulated substances, improves several of the uraemic manifestations and is a strong
argument in favour of the toxins theory [Maher 1989].

The broad range of membrane functions, the varied manifestations of uraemia and
the reported altered intracellular electrolyte composition in patients with CRF suggest that cell
membrane changes may play a role in the pathophysiology of uraemia [Mitch & Wilcox 1982,
Frommer & Kurtzman 1984]. Metabolites accumulated from protein metabolism, bacterial flora
in the gut, or other substances could affect numerous biological processes [Bergstrom 1989] and
have to be distributed within the body compartments, certainly with the participation of cellular
membranes.

Membrane transport abnormalities have indeed been demonstrated in renal failure.
Welt and co-workers pioneered the field when they described alterations in the erythrocyte Na/K
ATPase in a group of patients with renal failure [Welt et al 1964, 1967, Cole et al 1968]. The
abnormal erythrocyte, "The Sick Cell" [Welt et al 1967], was suffering from a reduced activity
of the Na/K ATPase with an inhibitory effect of about 50% on ouabain-sensitive potassium and
sodium fluxes and had a raised intracellular sodium content [Welt et al 1964, 1967]. These initial
findings were soon confirmed by others [Cole 1973, Kramer et al 1976, Villamil et al 1968,
Francavilla et al 1972]. Interestingly the abnormalities were not restricted to erythrocytes, but also
described in other cell types and tissues from both patients and animal models [Patrick et al 1972,

Patrick & Jones 1974, Edmondson et al 1975, Minkoff et al 1972, Cunningham et al 1971, Cotton
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et al 1979, Penpargkul et al 1976, Fichn et al 1976].

Welt’s group also observed that the abnormalities were reversible, and also found
a 16 % reduction of the ouabain-sensitive ATPase activity by incubation of normal cells with
uraemic plasma [Welt et al 1967, Cole et al 1968). Haemodialysis treatment improved the Na-K
ATPase function [Welt et al 1967]. Treatment by kidney transplantation was shown later to
improve Na pump function [Zannad et al 1982], and the low muscle membrane potential
[Cunningham et al 1971], secondary to inhibition of Na-K ATPase, improved with adequate
haemodialysis [Cotton et al 1979]. This initial work clearly pointed to the presence of a plasma-
borne factor.

The Na-K pump is been the most extensively studied transporter in uraemia.
Welt’s patients who had pump inhibition, also had a high intracellular Na, and those with higher
intracellular sodium seemed to be sicker [Welt et al 1964, 1967, Cole et al 1968]. The inhibition
of the Na-K pump seems to be a consistent cellular event in renal failure, despite some apparently
controversial results. The discrepancies could be explained by the heterogenicity of the patients,
cell age, cell type, methodology and intracellular Na content [Reviewed by Kaji & Kahn 1987 &
May et al 1991]. It is also clear that degree of uraemia and dialysis regimen affect the activity of
the pump. The defect may be in part due to a reduced pump number [Cheng et al 1984] or
reduction in pump turnover [Izumo et al 1984]. When studying Na-K pump activity in plasma it
was shown that both dialysed and non-dialysed uraemic patients had reduced Na-K pump function
with diverse effects on pump turnover and/or functional pump number depending on the dialysis
treatment [Ellory et al 1988, Fervenza et al 1989]. Once again the reversibility of the changes by
dialysis and renal transplantation were shown, again suggesting a possible "plasma factor” [Ellory
et al 1988b, Fervenza et al 1989a].

The search for such a "circulating factor" or factors has been going on for more
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than 25 years. Which uraemic toxin is responsible? Bricker’s tradeoff theory suggested that a
natriuretic factor could account for the changes in sodium excretion, during the progression of
renal failure [Bricker et al 1970 & 1972]. It has been suggested that "middle molecules”
(molecules that behave on dialysis as though their molecular weights were in the range of 300-
5000 daltons) could be responsible [Schoots et al 1986, Babb et al 1972, 1973, Bergstrom 1989].
More recently there has been increasing evidence for an endogenous digitalis-like factor [Graves
& Williams 1987, Graves et al 1983, Lancet editorial 1991] affecting the Na-K ATPase function
in renal failure [Kramer et al 1985]. This postulated factor has cross-reactivity with antibodies to
cardiac glycosides [Kramer et al 1985, Kelly et al 1986a], but at least part of the inhibition is due
to nonesterified fatty acids (NEFA) and lysophospholipids [Kelly et al 1986b, 1986a]. Renal
failure patients with high NEFA content in the erythrocyte membrane did improve Na pump
activity after haemodialysis [Kelly et al 1989], and the change in the pump activity correlated with
reduction on the membrane NEFA content [Kelly et al 1989]. However, recent evidence against
this hypothesis has been presented [Dwight et al 1992].

In summary, the Na-K ATPase activity in patients with uraemia is inhibited, due
to either decreased pump turnover and/or pump number. The reversibility of the inhibition with
dialysis or transplantation, and the effect of uraemic plasma on normal cells strongly suggests the
presence of a circulating inhibitor, perhaps »an digitalis-like factor.

So far it may seem that the uraemic syndrome is restricted to only one membrane
transport system. However, this is not the case, and membrane transport function in uracmia
proved to be an extremely interesting field of investigation. Table 1.5 is an extensive summary

of several membrane transporters that have been studied in uraemia.
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TABLE 1.5

MEMBRANE TRANSPORT IN URAEMIA

TRANSPORTER FUNCTION
CELL/MODEL

Na/K ATPase

RBC/Human
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited

Inhibited
Inhibited
Inhibited
Inhibited

.........

.........

---------

.........

Activated
RBC/Rats Inhibited
Leucocyte/Human Inhibited
Inhibited
Inhibited
Inhibited

Smooth Mugcle/RatInhibited
Brain/Rat Inhibited

Inhibited
Adypocyte/Rat Inhibited

Muscle/Rat Inhibited
Inhibited
Mugcle/Human = .........

---------

---------

Myocardium/Rat Inhib/Norm
Inhibited
Inhibited
Normal
Normal
Inhibited

Na,K,Cl Cotransport
RBC/Human inhibited

Inhibited

Inhib/Normal

Inhibited

---------
.........

---------

Adypocyte/Rat Inhibited
Muscle/Rat Inhibited

Na-I1 Countertransport
RBC7Human Norma i

Normal

OBSERVATIONS

HD
S+
s_

S+

X

S+, HD
s -

TX

xT

High early

X, S+

Sug
Sug
HD
S+
Diet.
S+

HD, Diet

ARF:I, CRF:N

CAPD:N, HD:I
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---------
.........

.........

Activated
Normal

Na~H antiporter
faucocyte;numan Normal
Anion exchanger

RBC/Human Inhibited

HD-
HD-
HD-
HD-
HD-
HD, S+

Na and/or K passive permeability (leak)
RBC/Human Norma .

Normal
Normal
Normal
Normal
Normal
Normal
Reduced
Smooth Muscle/RatNormal
Adypocyte/Rat Normal
S8keletal Muscle/Rat
Normal
Aminoacid
Yy
RBC/Human Activated
Activated
Gly
RBC/Human Inhibited
Inhibited
ASC
RBC/Human Normal
Inhibited
Skeletal Muscle/Rat
Normal
L
RBC/Human Normal
Skeletal Muscle/Rat
Normal
T
RBC/Human Normal
A system
Adypocyte/Rat Inhibited
Skeletal Muscle/Rat
- Inhibited

Aminoisobutyric acid transport

Skeletal muscle/Rat

ca transport
RBC/Human

Inhibited
Heart/Rat Inhib/Norm
Brain/Rat Activated
SM/Rabbits Inhibited

Glucose transport
Leucocyte/Human Inhibited

Inhibited
Diaphragm/Rat  .........
Adypocyte/Rat Inhibited
Inhibited
Nucleoside (Uridine)
RBC/Human Normal
Lactate
RBC/Human Normal
Choline
RBC/Human Activated
Activated
Activated
Activated

wWater transport
Brain/Rat Normal
Urea transport
Brain/Rat Normal

X

Insul N

Insul -

ARF:I, CRF:N

HD
S+
S+

X
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MEMBRANE TRANSPORT IN URAEMIA/ EPITHELIA

TRANSPORTER FUNCTION OBSERVATIONS REFERENCES
CELL MODEL
Na/K ATPase
Kidney/Rabbits Activated . Salehmoghaddam et al 1985.
Kidney/Rat Activated . Fanestil 1968,
Activated . Schon et al 1974.
Activ/Norm . Mujais & Kurtzman 1986.
Activated . Jacobson et al 1980
Normal . Salihagic et al 1988.

Rectal mucosa/Human

Normal Hene et al 1985.
Na/H antiporter
Kidney/Dog Activated Sug Hruska et al 1982.
Activated . Cohn et al 1982a.
Activated . Cohn et al 1982b.
Kidney/Rabbit Activated . Nord et al 1985.
Kidney/Rat Activated . Harris et al 1984.
Activated . Salihagic et al 1988.
Activated . Preisig & Alpern 1991.

Na-Phophate cotransport

Kidney/Dog

Inhibition

Na-Glucose Cotransport

Kidney/Dog
Kidney/Rat

Inhibited
Normal

Na-Proline Cotransport

Kidney/Dog

Inhibited

Na-alanine cotransport

Hruska et al 1982.

Hruska et al 1982.
Harris et al 1984.

Hruska et al 1982.

Kidney/Rat Normal . Harris et al 1984.
Na/3HCO,
Kidney/Rat Activated Preisig & Alpern 1991.

Na or H conductive pathways

Kidney/Dog Activated . Cohn et al 1982b.
Kidney/Rat Normal . Harris et al 1984,
Kidney/Rabbit Normal . Nord et al 1985.
choline

Kidney/Mice Normal . Katz et al 1976.
Kidney/Rats Activated . Toback 1984.

ABBREVIATIONS: HD: Alteration in the transport function is improved or reversible with haemodialysis;
HD-: No effect on transport function by haemodialysis; S+: Plasma or serum effect on transport function;
S-: No plasma or serum effect; TX: Alteration in the transport function is improved or reversible with
kidney transplant; 7xT: Higher transporter activity following renal ;ransplgnt; High early: Eleyaged
activity in early stages of uraemia; NEFA: Correlation of transport activity with red cell nonesterified
fatty acids; Sug: Study only suggests the changes in transport; Diet: Improvement of transporter
function with dietary treatment; MP: Low membrane potential; ARF: Acute renal failure; CRF: Chronic
renal failure; N: Normal; I: Inhibited; Insul:N- Normal transport activity with insulin; Insulin:-
=Reduced sensitivity to insulin.
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The table has been divided in two parts. The second part refers to epithelial cells
(mainly kidney cells), in which specific adaptative changes occur vin renal failure. Renal
hypertrophy is a feature of some stages of progressive renal disease or some models of renal
failure [Fine et al 1992]. There is increased biosynthesis of lipids and proteins and the activity of
transporter proteins in kidney cells may actually reflect an effect of the renal hypertrophy, rather
than renal failure. As shown in the table, effects such as Na-K ATPase activation in epithelial cells
seems to be present, while inhibition seems to be the rule in other tissues. Further discussion will
concentrate only on nonepithelial tissues.

There are two striking features in the Table. First, the specificity of the transport
changes: inhibition of transport in uraemia is not universal. In fact the changes seem to be specific
for each particular transport system and cell type. Activation, inhibition and normal rates of
transport can all be found. For some system’s the affinity for the substrate, measured as K, is
altered without modification on the maximal capacity of transport, V.. In other cases V_,, is the
only parameter affected.

The aetiology of the membrane abnormalities in uraemia is unresolved. As
discussed above, there is strong evidence for a digitalis-like plasma factor. Circulating factors have
been suggested, with some controversy, for other transporters such as Na,K,Cl cotransport and Na-
Li countertransport [Kelly et al 1985, 1987, Quarello et al 1985, Corry et al 1986, 1987, Woods
et al 1983]. Several other studies suggest abnormal transport of aminoacids or glucose in different
organs [Clark & Mitch 1983, May et al 1985, Garber 1978, 1978, Tizianello et al 1987, Deferrari
et al 1987]. Some investigations have been performed in whole organs with disparate techniques,
and it is difficult to know whether the changes reflect abnormal membrane transport, or rather they
reflect abnormal cell metabolism [Morgan & Morgan 1964, May et al 1985, Kahn 1978, Garber

1978, 1978]. Incubation of cells or tissues with uraecmic serum has provided further evidence for
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the presence of a plasma-borne factor inducing abnormal cell function, which can affect glucose
uptake in this syndrome [Balestri et al 1972, Morgan & Morgan 1964, Dzurik 1986, Maloff et al
1983, McCaleb et al 1984]. The influence of insulin on cellular transport/metabolism of different
substrates has also been studied in CRF. It is suggested that uraemia is associated with an insulin-
resistant state, where there is defective glucose or aminoacid transport in peripheral tissues
(muscle, fat). However splanchnic substrate uptake is varied, but for glucose hepatic uptake is
usually normal even in CRF [Mondon et al 1978, May et al 1985, Arnold & Holliday 1979, Lacy
1970, Frolich et al 1977, 1974, Kahn 1983].

The plethora of the clinical manifestations and cellular transport changes in
uracmia reflects their widespread nature. Cell membranes are obvious candidates for the etiology
of the changes: physical properties could be at least partially responsible. Reduced erythfocyte
membrane fluidity, increased osmotic fragility and abnormal membrane composition all have been
reported in uraemia [Ota et al 1980, Giardini et al 1984, Komidori et al 1985] .

The reversibility of the membrane transport alterations is another fascinating
aspect. If a circulating uraemic factor is present it has to react or associate with the membrane in
order to exert its effect. Removal of the offending uraemic environment should tend to reverse the
abnormalities.

The next few sections will introduce the specific transport systems that were

examined in patients with chronic renal failure in the present thesis.
1.2.1.1. CHOLINE TRANSPORT

Of all the transport systems looked at in uraemic patients, the one that shows the

most dramatic alterations is the erythrocyte choline carrier [Fervenza et al 1991b]. A consistent
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2 to 3 fold difference in the maximum rate of erythrocyte choline uptake in uraemic patients was
found when compared with normal controls [Fervenza et al 1991b]. The choline uptake in patients
with CRF was higher than in controls, with no overlap between the two groups. Changes of such
magnitude are not common in clinical situations where an overlap is frequently present. Fervenza
et al [1991b] also described choline transport in a group of renal transplant patients with kidney
grafts of different ages and function. A wide scatter of choline uptake activity was seen. However,
choline uptake rates exhibited a significant correlation, when plotted against creatinine clearance.
The significance of the alteration is not clear, It is possible that it is secondary to circulating
plasma factors. Alternatively it could be due to membrane changes induced during erythropoiesis
or due to modifications during cell aging. The changes are consistent and reproducible [Fervenza
et al 1991b].

Choline is a quaternary ammonium ion required to make membrane phospholipid,
as a precursor for the biosynthesis of the neurotransmitter acetylcholine and as an important source
of labile methyl groups [Zeisel et al 1991]. There is an endogenous pathway for the de novo
biosynthesis of choline, but choline is an essential nutrient for humans, present in the food
primarily as phosphatidylcholine [Zeisel et al 1991].

CH,
|

CH, -*N-CH,CH,0H CHOLINE (MW 121.18)

CH,

Choline cannot cross cell membranes at a significant rate by simple diffusion, nor

is it a usual substrate for ion-specific channels [Stein 1990], although it enters Cl-channels in
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malaria infected cells [Kirk et al 1992]. Askari [1966] found that choline could be transported into
human erythrocytes. The transporter does not have an obvious physiological role in mature red
blood cells, and it is probably vestigial considering that choline is neither incorporated into
phospholipid nor converted into a metabolite in the erythrocyte [ Askari 1966, Martin 1968]. This
makes erythrocytes a very useful model for studying the choline transporter [Martin 1977].

The erythrocyte choline transporter has been studied extensively and its kinetics
have been characterized. Two distinct mechanisms of choline uptake in red cell have been
identified, simple diffusion and a facilitated mechanism which becomes saturated at low
extracellular concentrations of the ion [Askari 1966]. At extracellular choline concentrations of 100
mM or higher, the flux through the saturable component is a negligible function bf the total cation
flux [Askari 1966]. At micromolar concentration of extracelullar choline (physiological plasma
concentrations) the erythrocyte choline uptake is larger than that expected via simple diffusion and
follows Michaelis Menten kinetics. The half-maximal infiux is around a choline concentration of
20 to 30 pM [Martin 1968, 1972, 1977; Askari 1966], near the physiological mean plasma
concentration of 8-20 uM [Bligh 1952, Zeisel et al 1991, Greenwald et al 1985, Toback 1984].
The choline carrier can perform choline-choline exchange or unidirectional choline fluxes. The
kinetics of the carrier are somewhat complex [Martin 1968, Edwards 1973, Deves & Krupka
1979a, b, c, 19813, b, 1983,1986, Krupka & Deves 1980a, b].

The alterations in choline transport in renal failure, the mechanisms of which
remain unclear, deserve more investigation. The present study was undertaken to expand the
understanding of the molecular and clinical basis of this disturbance. It involved patients
undergoing kidney transplantation, which is a valuable opportunity to study membrane transport
changes after acute changes in renal function. The study was designed in a longitudinal fashion

allowing the same patient to be followed for several months.
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The rates of choline transport were also measured in a group of CRF patients who
had never been submitted to dialysis treatment. The association of transport with renal function
will be shown.

Erythrocyte life span is reduced in CRF, so a larger fraction of the cell population
will be represented by younger cells [Desforges 1970, Eschbach 1989a). To look at the effects of
cell aging in the rate of choline transport, experiments were performed in young and old red cell

fractions separated from normal blood.

1.2.1.2. SODIUM HYDROGEN ANTIPORTER AND INTRACELLULAR pH

Free hydrogen ions exist at very low concentration in physiological media, and
H* activity (concentration for practical purposes) is represented by its negative logarithm, or pH.
Maintenance of a stable pH is essential for cell and tissue function. Abnormal composition of body
fluids, as mentioned above, is one of the striking features of uraemia. The kidneys are important
regulators of the body pH: acid is excreted and bicarbonate is reabsorbed. Deterioration of renal
function with glomerular filtration rates below 20-30 ml/min will result in acidosis. Metabolic
acidosis, or uraemic acidosis, induces several metabolic derangements and may eventually explain
some of the clinical manifestations of the uraemic syndrome [Warnock 1988, Madias & Kraut
1989]. It is surprising that pHi and its regulation in uraemia has received little attention. Bearing
those facts in mind we studied pHi and the activity of an important acid extruding membrane
transport system, the Na/H antiporter, in leucocytes from CRF patients.

Several vital cell functions are dependent on intracellular pH and its values are
kept reasonably stable by regulatory mechanisms. If H* and HCO", were passively distributed

across the plasma membrane, according to the membrane potential most cells would have a more
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acid pHi. This tcndency to acidosis is counteracted by acid extruding mechanisms [Hoffmann &
Simonsen 1989, Boron 1989b]. Cells deal with acid or base loads by the action of cytoplasmic
buffers that will minimize the changes in pH and then finally the acid-base disturbances will be
corrected by transport mechanisms. In the steady-state pH is determined by the rate of addition
or removal of H* or OH" equivalents [Boron 1989b], by metabolism and acid-base transport via
the cell membrane. It seems logical to expect disturbances in intracellular acid-base homeostasis
and regulation in patients with renal failure.

Regulation of pHi is necessary to counteract the tendency of cells to became
acidotic. Acid extrusion mechanisms involved in pH regulation are frequently driven by a
concentration gradient for another ion (secondary active transport). An illustration of the main
mechanisms regulating intracellular pH can be seen in figure 1.5.

The main transport systems are the Na/H antiporter, a acid extruding transporter,
and the HCO’, dependent systems (Na-dependent and independent CI/HCO', exchangers) [Bock
& Marsh 1988, Grinstein 1987, Ross & Boron 1981, Busa & Nuccitalli 1984, Saleh & Batlle
1991, Boron 1985, 1987, 1989b, Aalkaer 1990, Kahn et al 1990, 1991, Swallow et al 1990,
Hoffmann & Simonsen 1989]. The Na-dependent C1/HCO", exchanger is mainly involved in acid-
extrusion, while the Na-independent CI/HCO; exchanger is involved in HCO;-extrusion
[Simchowitz & Davis 1990, Kikeri et al 1990, Reinertsen et al 1988, Thomas 1989, Ganz et al
1989]. The monocarboxylate carrier involved in lactate transport and pH regulation will be
discussed later. The monocarboxylate carrier has been suggested as one of the main acid-extruding
systems in neutrophils [Simchowitz et al 1991].

The work described in chapters 3 and 4 concerns the activity of the Na/H
antiporter. The Na/H antiporter in ‘mammalian cells was initially demonstrated in 1976 using rat

small intestine and kidney proximal tubule cell brush-border membranes [Murer et al 1976]. The
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antiporter is an electroneutral system that normally exchanges extracellular sodium with
intracellular H*, has a stoichiometry of 1:1 and it is present in almost all vertebrate cells studied
up to now [Montrose & Murer 1988]. Due to its properties it is an important system involved in
protecting the cell against an acid load. Its activity is inhibited by amiloride and its analogues
(notably 5,N-substituted analogues such as ethylisopropyfamiloride) [Frelin et al 1987, Benos
1988]. At normal pHi the antiporter is quiescent, while at more acid pHi the transporter is
activated by an internal allosteric modifier site [Aronson et al 1982]. Antiporter activation without
intracellular acidification can be achieved by several factors. The activity of the Na/H antiporter
is reported to be modulated by diverse stimuli including growth factors, hormones, mitogenic
lectins, fertilization (for eggs), diacylglycerol, tumour promoters, vanadate, intracellular Ca** and
osmotic shrinking [Moolenaar et al 1983, Grinstein & Rothstein 1986, Simchowitz 1985a, 1985b,
Grinstein 1988]. Inhibition of the transporter has been shown to occur by treating cells with
parathyroid hormone and cyclic AMP [Pollock et al 1986, Kohn et al 1985, Reuss & Peterson
1985]. The activity of the antiporter is determined, at least partially, genetically [Lifton et al
1991]). There are 4 isoforms identified to date [Clark & Limbird 1991, Igarashi et al 1991,
Orlowsky et al 1992]. The antiporter is reported to be regulated via phosphorylation as shown by
Sardet et al [1990]. Modulation of the antiporter on protein phosphorylation by alters the pH
dependence of the internal modifier site thus adjusting the set point of activation. Identification,
isolation and cloning of the antiporter has recently been achieved [Pouyssegur et al 1984, Franchi
et al 1986, L’Alleiman et al 1984, Sardet et al 1989, Sardet et al 1990, Bianchini et al 1991].
There are several extensive reviews on the antiporter [Grinstein & Rothstein 1986, Grinstein 1988,
Grinstein et al 1989a, 1989b, Grinstein & Dixon 1989, Mahnensmith & Aroson 1985].
Alterations in Na/H antiporter activity have been reported in hypertension ,

diabetes mellitus, cancer, renal acid-base disorders and organ hypertrophy [Cohn et al 1982a,
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1982b, Harris et al 1984, Manhnensmith & Aronson 1985, Nord et al 1985, Livne et al 1987, Ng
et al 1988, 1989, 1990a, 1990b, Trevisan et al 1989, Nosadi et al 1989, Canessa 1991].

In this thesis fluorescence techniques were employed to study leucocyte pHi, using
the pH-sensitive dye bis (carboxyethyl) carboxyfluorescein (BCECF) [Tsien 1989]. Na/H antiporter
activity was measured as the ethyl-isopropyl amiloride (EIPA)-sensitive and sodium-dependent
alterations in pHi. Patients with chronic renal failure undergoing regular dialysis treatment were
studied. They were separated into two groups: diabetic and non-diabetic patients. It has been
suggested previously that patients with insulin dependent diabetic nephropathy with a elevated
activity of the Na/H antiporter would represent a subgroup with a predisposition for the
development of complications including nephropathy. This interesting observation raises the
question of what is happening in the chronic renal failure diabetic and non-diabetic population on

dialysis.

INSULIN DEPENDENT DIABETES MELLITUS (IDDM) AND DIABETIC
NEPHROPATHY

Diabetes is a disease characterized by lack of insulin or ineffective insulin action.
It is classified into insulin dependent diabetes mellitus (IDDM) and non insulin dependent diabetes
mellitus (NIDDM). IDDM has a strong association with certain HLLA types and the destruction of
pancreatic 8 cells by immune processes. In IDDM the genetic influences are not crucial and the
environmental factors are not clear, but viruses and toxins have been suggested. NIDDM is much
commoner than IDDM and the understanding of its cause is far from been reached, but genetic
mechanisms are probably important. The work in this thesis will only include patients with IDDM.

One possible complication of diabetes is diabetic nephropathy, and in patients with
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IDDM it usually presents as persistent proteinuria after 7-10 years of diabetes. Only 30-50% of
the patients with IDDM will develop nephropathy suggesting that there is a subset of patients at
risk. Once persistent proteinuria is present the usual course is deterioration of renal function, and
after 6 months to 15 years patients may reach end stage renal failure with uraemic syndrome and
the need for renal replacement therapy. Patients without overt nephropathy may have urinary
albumin excretion subclinically elevated (microalbuminuria). Microalbuminuria is predictive of
later proteinuria. Until the stage of microalbuminuria it is believed that therapeutic intervention
can reverse the process; unfortunately the same is not true for the later stages of the disease. The
earliest nephrological alteration that can be detected in diabetic nephropathy is an increment in the
glomerular filtration rate and this may be implicated in the pathophysiological mechanism of renal
insult [Drury et al 1989].

Could Na/H antiporter activity be a clinical marker for early detection of patients
at risk? This question is still unresolved!

The leucocyte Na/H antiporter Vmax is raised in patients with insulin dependent
diabetes mellitus with albuminuria(IDDM) in association with a more alkaline intracellular pH
(pHi) [Ng et al 1990a, 1990b]. The behaviour of the Na/H antiporter in other cell types or in
human cells, when end stage renal failure is present, is unknown. The leucocyte has proven to be
a good model to study the Na/H antiporter [Grinstein et al 1985 ,1986; Ng & Bomford 1989, Ng
& Dudley 1989, Ng et al 1990a, 1990b]. Insulin dependent diabetes mellitus patients develop
albuminuria in the early stages of nephropathy, and are the population at risk of end stage kidney
disease. A highér Vmax of the Na/H antiporter is present in patients with IDDM and albuminuria,
but not in patients with IDDM without nephropathy [Ng et al 1990b], suggesting that the
antiporter activity could be a possible genetic marker to predict which patients are at a higher risk

of developing uraemia. Studies of the RBC Na/Li countertransporter, perhaps an analogous system,
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have provided similar conclusions [Krowlewski et al 1988, Mangili et al 1988, Carr et al 1990].
If the Na/H antiporter activity is a marker for the patients who will develop nephropathy one

would expect a higher activity in patients with end stage diabetic nephropathy.

1.2.1.3. LACTATE TRANSPORT

Metabolic production of lactic acid tends to acidify cells, in those cell types
actively undergoing glycolysis, such as red blood cells, skeletal and cardiac muscle, and cancer
cells. Accumulation of lactic acid is an intracellular stress, and there is a requirement for the cell
to transport the final metabolic product of glycolysis out of the cell [Denton & Halestrap 1979].

As mentioned above, renal failure is associated with metabolic and acid-base
changes which have been suggested to involve cellular disturbances. Lactate transport is an
obvious candidate to be studied, because changes in lactate transport could have consequences for
cell function. Accordingly, in this thesis, lactate transport has been investigated in erythrocytes
from uraemic patients.

Lactate is a short-chain aliphatic monocarboxylate. In this chemical group lactate
and pyruvate are physiologically important. Monocarboxylates are the anions of weak and rather
lipophilic acids that can permeate membranes by nonionic diffusion of the undissociated acid via
the lipid domain of the membrane [Green 1949, Deuticke 1982, Halestrap 1976]. Lactic acid is
an important intermediate of the different pathways involved in the metabolism of carbohydrates,
proteins and lipids. Under anaerobic conditions, such as in exercise when glycolysis is the main
source of energy, lactic acid accumulates and it is vital that lactate is transported out of the cell.
The pK, for lactic acid is 3.86, so at physiological pHs the concentration of undissociated acids

is very small [Halestrap & Poole 1989].
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The current view is that lactate transport across the cell membrane is via a combination of
transfer of the non ionized form, transfer via the anion exchanger and via a monocarboxylate
carrier system (MC) [Dubinsky & Racker 1978, Leeks et al 1978, Deuticke 1980, 1982, 1989,
Deuticke et al 1978, 1982, Halestrap & Poole 1989, Halestrap et al 1990, Poole et al 1989, 1990].
Detailed studies in human or animal models at 37°C are lacking, but at lower temperatures it is
felt that the monocarboxylate system is the principal system responsible for this flux. In the
present thesis the experiments were carried out at 37°C as the physiologically relevant temperature.
Special attention has been paid to solving the problems of rapid transport, to look at fast fluxes
at this temperature. Transport inhibitors have been used to try and dissect lactate uptake into its
component parts so that the monocarboxylate carrier, in particular, could be identified and lactate
transport examined in renal disease.

Lactate transport across the cell membrane via diffusion of the free acid, anion
exchanger and via an monocarboxylate carrier is illustrated in figure 1.6 [Halestrap 1976, Deuticke
et al 1982, Deuticke 1989].

At physiological pH the concentration of non-ionized lactic acid is too low to
account for the observed rates of lactate transport [Halestrap & Poole 1989]. In erythrocytes lactate
transport by the transporter designated anion exchanger (band 3) and monocarboxylate carrier

(MC) has been demonstrated using inhibitors of the different systems [Halestrap 1976, Deuticke



1989, Dubinsky & Racker 1978].

The monocarboxylate system can transport monocarboxylate anions. Net
movement and electrical neutrality is maintained by exchange of H* (or cotransport of OH)
[Spencer & Lehninger 1976, Dubinsky & Racker 1978). Evidence for the presence of a
monocarboxylate carrier was first presented by Halestrap and Denton [1974, 1975], using cinnamic
acid derivatives, such as o-Cyano-4-hydroxycinnamate (CHC), on the transport of
monocarboxylates in mitochondria and red blood cells.

Lactate uptake was shown to follow Michaelis Menten kinetics and the kinetic
parameters were dependent on temperature and pH [Halestrap 1976, Dubinsky & Racker 1978].
Inhibition of transport by CHC is competitive.

The presence of a spéciﬁc monocarboxylate transporter has also been demonstrated
in several other cell types such as Ehrlich ascites cells, cardiac cells, liver cells, skeletal muscle,
smooth muscle, intestine, placenta and kidney tubules [Spencer & Lehninger 1976, Trosper &
Philipson 1987,1989, Lupo et al 1990, Edlund & Halestrap 1988, Koch et al 1981, De hemptinne
et al 1983, Mason & Thomas 1985, Fishbein 1986, Kutchai et al 1978, Kastendieck & Moll 1977,
Moll et al 1980, Mengual et al 1983, Jorgensen & Sheikh 1984, Lamers 1975].

It is thus established how the transporter works at low temperature and at rather
unphysiological conditions. The questions to be answered concern lactate fluxes at 37°C
(physiological temperature) and how fast lactate can be transported by the red blood cells under
such conditions. This is important in situations such as exercise and in sickle cell disease, when
the lactic acid produced by muscle needs to be buffered and transported. The characterization of
the lactate transfer in renal failure is also important for comparison with other transporter activity

and the potential role that alterations could play in the pathophysiology of this syndrome,






1.2.2. ATHEROSCLEROTIC VASCULAR DISEASE. TREATMENT WITH
SIMVASTATIN

This study in patients with atherosclerotic vascular disease aims to look at the
effects of lowered blood cholesterol concentration on membrane transport function and membrane
cholesterol content.

Atherosclerosis is a widely prevalent arterial lesion characterized by infiltration
or retention of lipids in the vessel walls, with proliferation and necrosis of connective tissue,
alterations which result in compromise to the integrity of the vessel wall and lumen [Woolf 1990].
Its aetiology is not completely understood, but it is multifactorial with both genetic and
environmental factors. It is the major cause of death in Western society and several risk factors
have been identified: hyperlipidaemia, hypertension, smoking, diabetes and family history.
Manifestation of the disease includes coronary artery disease, cerebral vascular events and
peripheral artery disease [Galton & Thompson 1990, Ball & Mann 1988].

The participation of elevated plasma cholesterol and lipids levels as a risk factor
for atherosclerotic vascular disease has been demonstrated in several studies [Martin et al 1986,
Ball & Mann 1988]. It is now recognized that reduction in plasma cholesterol levels with diet or
drug treatment is beneficial in reducing and retarding the progression of the vascular lesions
[Watts et al 1992]. Despite extensive epidemiological evidence for risk factors associated with
atherosclerosis, the mechanisms underlying this disease are poorly understood.

Chapter 6 aims to examine the possible participation of cell membrane properties
in the genesis of atherosclerosis. The transfer of lithium across the cell membrane via the
erythrocyte Na/Li countertransporter was the model selected. Several diseases are potentially

atherogenic, such as hypertension, hyperlipidaemia and diabetes mellitus. In such diseases there



are reports of increased activity of the Na/Li countertransport system. In some instances, such as
for diabetes, the activity of the erythrocyte Na/Li countertransport is reported to be higher in
patients who will develop complications like nephropathy and cardiovascular events [Krolewsky
et al 1988, Mangilini et al 1988, Carr et al 1990, Nosadi et al 1991, Semplicini et al 1992, Faria
et al 1992]. Plasma cholesterol and triglyceride levels are correlated with both the Na/Li
countertransport and with atherosclerotic vascular events [Hunt et al 1986, 1989, 1991, Corrocher
et al 1985]. If the transporter is involved in the pathogenesis of atherosclerosis, and is in part
regulated by membrane lipids, lipid-lowering treatment might result in modification of the

transporter activity. This hypothesis will be tested.

1.2.2.1. LITHIUM TRANSPORT

Lithium is the smallest of the alkali cations, group IA of the periodic table, and
has one positive charge when in solution [Ehrlich & Diamond 1980]. Only trace amounts of
lithium are present in the human body and its use in medicine started as a substitute for sodium
ions. Lithium salts are one of the main treatments for manic-depressive illness. Cade in 1949 first
described the use of lithium salts to control and prevent manic attacks in a patient [Cade 1949].
Lithium is toxic, and therapeutic and toxic levels are very close with a low margin of safety, so
monitoring its concentration is important [Abdu-Saleh 1988]. Interest in the membrane transport
properties of lithium started around 1973 when Mendels & Frazer found that red blood cell lithium
concentration was one third of the plasma concentration, and suggested that red cell lithium
concentration and membrane properties could correlate with the clinical status of the patients
treated with lithium [Mendels & Frazer 1973, 1974]. That was a surprising finding considering

that the expected ratio for a monovalent cation in the red blood cell would be around 1.2,



considering the Nerst equation and the erythrocyte membrane potential of -10mV [Tosteson 1981].
An uphill extrusion system was then suspected [Haas et al 1975; Duhm et al 1976], and extensive
studies on the mechanisms of erythrocyte lithium transport have been performed [Duhm et al
1976, Duhm & Becker 1977 a,b,c, 1979; Pandey et al 1978a,b ; Sarkadi et al 1978; Ehrlich &
Diamond 1979].

There are several erythrocyte membrane transport systems for lithium identified
and illustrated in figure 1.7. Lithium can be transported via a "leak" pathway, Na/Li
countertransport system [Haas et al 1975], a bicarbonate-dependent pathway [Duhm & Becker
1977a, Funder et al 1978], Na/K ATPase [Beauge & del Campillo 1976, Dunham & Senyk 1977,
Pandey et al 1978], the choline carrier [Martin 1972] and Li-K cotransport [Canessa et al 1982].

Studies by Ehrlich and Diamond showed that only 3 of the systems are important
physiologically. Influx of lithium is 70 % via a "leak" pathway and 30 % via the bicarbonate-
sensitive pathway (as Li*CO; on the anion exchanger). Efflux is largely (75%) via the Na/Li
countertransporter and 25 % as a "leak” [Eilrlich & Diamond 1979].

Haas et al and Duhm et al independently demonstrated that lithium was extruded
from the red blood cell via an uphill mechanism, driven by the sodium electrochemical gradient
maintained by the Na/K ATPase [Haas et al 1975; Duhm et al 1976]. This transport system was
later characterized in more detail. The Na/Li countertransporter performs electroneutral exchange
of sodium with lithium with a stoichiometry of 1:1 [Sarkadi et al 1978]. The system is ouabain-
insensitive, but can be inhibited by several other substances such as phloretin, frusemide, quinine
and quinidine [Pandey et al 1978]. The energy for the transport is derived from the sodium
gradient maintained by the sodium pump. Lithium does not seem to play any physiological role,
so is surprising that erythrocytes have a system for lithium transport. In fact it has been suggested

that under normal condition the transporter functions as the Na/Na exchanger [Pandey et al 1978,
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Sarkardi et al 1978]. Inhibitin is an inhibitor of both the Na/Na exchanger and Na/Li
countertransport providing further evidence that they may be actually the same protein [Morgan
et al 1989]. Na/Li countertransport is the main mechanism responsible for the maintenance of the
RBC-plasma lithium concentration ratio in individuals receiving lithium therapy. Na/Li transport
activity shows saturation with increased Na and Li and follows Michaelis-Menten kinetics [Sakardi
et al 1978). The mechanism of the countertransport is consecutive (figure 1.3) [Hannaert & Garay
1986). Kinetic analysis shows that the concentrations need to activate half-maximally the system
(k,) are: internal Na and Li 9.0 and 0.5 mM, respectively, external Na and Li 25 and 1.5 mM,
respectively [Sakardi et al 1978). The k,, is very constant between individuals, but the maximal
capacity of transport (V) varies enormously between individuals. These values have been
questioned recently [Rutherford et al 1992]. The activity of the transporter is, at least in part,
controlled by genetic mechanisms as suggested by studies with relatives of a manic-depressive
patient [Pandey et al 1978] and hypertensive families [Hasstedt et al 1988].

Studies on the effects of lithium in psychiatric diseases were the starting point for the
demonstration of Na/Li countertransport alterations in diseases. Mendels & Frazer found that the
RBC lithium concentration was a better predictor of rat brain lithium concentration than the
plasma concentration [1973]. They also showed that the red blood cell lithium concentration was
a better predictor of the clinical status and response to lithium therapy in manic patients. Studies
suggested that the interindividual variability had a genetic component [Dorus et al 1975, 1983
Mendlewicz et al 1978, Pandey et al 1978].

In the 80’s interest in the system in relation to disease was again stimulated when
Canessa detected a higher activity of the Na-Li countertransport in patients with essential
hypertension and their relatives [Canessa et al 1980]. Numerous other studies have since confirmed

a higher rate of Na/Li exchange in patients with essential hypertension and those at risk of
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hypertensive cardiovascular complications [Canali et al 1981, Cusi et al 1981, Trevisan et al 1981,
Adragna et al 1982, Woods et al 1982, Clegg et al 1982, Williams et al 1983, Cooper et al 1983,
Trevisan et al 1983, Turner et al 1985, Norling et al 1986, Beuckelmann & Erdmann 1986,
Morgan et al 1986, Turner et al 1987, Weder & Schork 1989, Laurenzi & Trevisan 1989].
Physiological perturbations, such as pregnancy, can temporarily alter Na/Li countertransport
[Worley et al 1982, Smith et al 1982, Levy et al 1986a). Environmental factors such as exercise
training can also influence the activity of the countertransporter [Adragna et al 1985]. Obesity,
body weight and alcohol consumption [Miilunpalo et al 1985, Trevisan et al 1983, Turner et al
1985, 1987, McDonald et al 1988] affect the activity of the Na/Li countertransporter, as also due
hyperlipidaemia and change in plasma lipids composition [Worley et al 1982, Hunt et al 1986].
Recently, interest has been focused on the higher activity of the countertransporter in patients with
Insulin Dependent Diabetes Mellitus (IDDM) at risk of complications such as nephropathy
[Krolewsky et al 1988, Mangili et al 1988, Carr et al 1990] and cardiovascular complications
[Semplicini et al 1992, Nosadi et al 1989, 1991]. Transport abnormalities of this system have also
been described in patients with uraemia and thyroid diseases [Woods et al 1983a, Brent et al
1989]. Countertransport activity is also partially determined by race and gender [Okpaku et al
1980, Ibsen et al 1982, Weder et al 1984, Canessa et al 1984, Turner et al 1985, Bunker et al
1987, Laurenzi & Trevisan 1989].

In summary there are apparent genetic and environmental features involved in the
regulation of the Na/Li countertransporter, and a potential physiopathological role in atherogenic
disorders. We looked at the modulation of this transporter after treatment with simvastatin (a HMG
CoA reductase inhibitor inducing reduction of plasma cholesterol levels) in a longitudinal fashion

as part of a placebo-controlled study, using the patient as his own control.
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1.3. STRUCTURE OF THE THESIS

Following this introduction the chapters on the individual studies performed will
be presented. Considering the diverse techniques employed to measure the different transporters,
no general material and methods chapter will be presented. The methods are described in the

individual chapters
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CHAPTER 2

ERYTHROCYTE CHOLINE UPTAKE IN CHRONIC
RENAL FAILURE AND RENAL TRANSPLANTATION

The present chapter describes an investigation of erythrocyte choline carrier
activity in patients with chronic renal failure (CRF) following kidney transplantation. A
longitudinal study has been carried out in which choline transport activity was analyzed before and
periodically after kidney transplantation. Changes of the transporter with time were observed and
compared with graft function.

As discussed in the Introduction (chapter 1), the mechanisms of the changes of
the transporter activity in uraemia are not understood and it is possible that they are secondary to
uraemic toxins, circulating plasma factor(s) or to alterations of the transporter during
erythropoiesis. The present study was designed to examine the relationship between renal function
and transporter activity in more detail further. The intention was to evaluate longitudinal changes
in the choline transporter activity as the renal function changes due to the transplanted kidney.

This chapter also includes experiments on choline transport in red cells of different

ages and on patients with CRF before renal replacement therapy becomes necessary.

2.1. CHOLINE UPTAKE / MATERIAL AND METHODS / PATIENTS

2.1.1. MATERIAL AND SOLUTIONS

Measurements of the activity of the choline carrier in erythrocytes were performed

using a solution containing (in mM): NaCl 150, KC1 5, MOPS 10, Glucose 5, pH 7.4 with tris
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base (Saline) and a MgCl, wash solution containing (in mM): MgCl, 107, MOPS 10, pH 7.4 with
tris base (Wash solution).

Choline chloride was from Sigma Chemical Co. (Poole, Dorset, UK) and was
recrystallized by dissolving in hot ethanol and recrystallization started by placing the solution on
ice. Crystals were then separated by filtering using paper filter on an Erlenmeyer funnel under
suction, and washed with diethyl ether. Ether was eliminated by evaporation in a desiccator under
vacuum for a period of approximately 12 hours. Because of deliquescence, a solution of about 1
molar was made, the osmolarity was measured, and the concentration adjusted accordingly
[Fervenza 1990]. Choline solutions used in the flux experiments were prepared in saline from the
stock solution. Radioisotopic choline was from Amersham International plc (Amersham Place
Little Chalfont, Buckinghamshire, UK) as [Methyl-'*C] choline chloride in aqueous solution with
2% ethanol at specific activity of 55 mCi/mmol.

Density gradient separation of young and old red cell fractions used Percoll
(Sigma Chemical Co.). Concentrated (10 x) Histidine Buffered Saline, containing (in mM) NaCl
1500 and histidine 100 at pH 7.55, was used to prepare an Iso-osmotic Percoll Stock solution by
adding 1 part (v/v) of 10 times concentrated histidine buffered saline to 9 parts of Percoll. Iso-
osmotic histidine buffered saline was obtained by diluting 1 part of the 10 times concentrated
histidine buffered saline in 10 parts of distilled water.

All the chemicals used throughout this thesis were Analar grade, unless otherwise

stated.

2.1.2. CELL PREPARATION

In all the studies blood was obtained by peripheral venepuncture, unless stated
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otherwise. Anticoagulation was by adding 15-20 units of heparin per ml of blood or by using
commercially available vacutainers with lithium heparin. Blood was used one or two hours and
was kept on ice. Cells were separated from plasma by centrifugation at 4°C (5 min, 3000 g),
sufficient to sediment the cells. Plasma, buffy coat and upper layer of red cells were removed by
careful aspiration with a vacuum pump, in order to eliminate platelets, white cells and reticulocytes
as far as possible [Young & Ellory 1982]. The red cells were then washed with saline or a
"washing solution" in accordance with the experimental protocol. Three washes in 20 vol medium
were usually employed by resuspending the cells, centrifuging and discarding the solution
repeatedly.

For choline flux measurements 3-10 ml of blood was obtained from normal

control or patients.

2.1.2.1. RED CELL QUANTIFICATION

Packed cell volumes were determined spectrophotometrically using Drabkins
reagent (cyanomethehemoglobin method). Triplicate samples of 100 ul of red cell suspension were
added to 3 tubes of 4.8 ml of Drabkins solution and readings were made after at least 10 minutes.
Haemoglobin was determined by spectrophotometry using a Perkin Elmer, lambda 5, UV/Vis
spectrophotometer reading the optical density (absorbance) at a wavelength of 540 nm. To convert
haemoglobin to haematocrit the following formula was used:

Abs . (TV/ V RBC)

Hct = - == (2.1)
CF

where Hct: Haematocrit, Abs: Absorbance or optical density at 540 nm, TV: Total volume, ie,

Drabkin’s solution and rbc suspension (4.9 ml), V RBC: volume of red blood cells added to the
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Drabkin’s reagent (0.1 ml), (TV / V RBC) being the dilution factor and CF: calibration factor
(247).

The calibration factor used is standard for the laboratory, but it was also confirmed
by the experiments illustrated in figure 2.1, in which absorbance is plotted as a function of the
haematocrit of a blood sample after successive dilutions using a microhaematocrit centrifuge to
measure red cell pellet directly. The regression line for Hct/Abs obtained has a slope of 19.8.

Applying this value to the above formula we obtain:

Het (TV/ V RBC)
...... = 2.2)
Abs CF
4.9
CF = - = 0.247 23)
19.8

Standard microhaematocrit glass tubes were filled by capillarity with a well mixed
cell suspension and sealed‘with clay sealant. The tubes were placed in the microcentrifuge and
spun down for five minutes. Haematocrit readings were made using commercially available
haematocrit reading scales.

These methods of red cell quantification are widely used and accepted for
measuring red cell volume. If necessary red cells can also be counted by means of a
haemocytometer or by Coulter counter. To evaluate haemoglobin concentration the same method
as above can be used and haemoglobin standards used to compared with absorbance. An

estimation of the RBC indices can be obtained using the formulae described below:



Hct
MCV = - ———- = fl 2.4)
Red blood cell (in millions per ul) x 1000

Haemoglobin concentration (g/1)
MCH = et ------= pg 2.5)
Red blood cell (in millions per ul) x 1000

Haemoglobin concentration (g/1)
MCHC = e e e e e e e . - e m— - —————— = g/l (26)

MCYV being mean cell volume, MCH: mean cell haemoglobin and MCHC: mean cell haemoglobin

concentration,

2.1.2.2. CELL SEPARATION ACCORDING TO CELL AGE

It is known that the density of red blood cells increases as the cell ages, so most
age-separation methods use centrifugation techniques which separate cells depending on their
density. The density (specific gravity) of red blood cells varies from 1.085 to 1.110 from the
youngest to the oldest [Wolowyk 1982]. In the present studies Percoll density gradient separation
[Wolowyk 1982, Ellory & Wolowyk 1979] or differential centrifugation in saline [Hall & Ellory

1986] methods were employed to obtain light and dense cell fractions.

PERCOLL DENSITY GRADIENT

The method used for separation of cells according to cell age involved the use of
a self-generated continuous density gradient of a colloidal silica solution, Percoll, which has been

described in detail by Wolowyk [1982] and will be briefly summarized.



Iso-osmotic Percoll stock solution was diluted to a density of 1.1 g/dl by addition
of 17 volumes of isotonic buffered saline solution to 83 volumes of the Iso-osmotic Percoll stock
solution. A self-generated continuous gradient was obtained by spinning 30 ml of 1.1 g/dl Percoll
with a fixed angle rotor at 24000 g for 15 minutes at 20°C. Centrifuge brakes were kept off to
avoid disturbing the gradients during rotor deceleration. The density gradient was checked by
means of coloured density marker beads.

Washed red blood cells were resuspended to a haematocrit of approximately 15-20
% with histidine-buffered saline, and 5 ml of the blood suspension layered carefully onto each of
the gradient tubes. Tubes were then spun at 800 g for 10 minutes at room temperature using a
swing out-rotor.

The top layers, with the younger cells, and the bottom layers were retrieved
carefully by means of aspiration. The middle gradient layer was discarded. The cells were washed
five times with cold saline and choline uptake measured.

A disadvantage of this method is the small proportion of young cells present in
a normal individual. Large volunies of blood plus several gradient tubes are needed. In order to
evaluate the kinetic parameters of choline transport (V,, and K_) in the young and old cell
fractions, patients with haemochromatosis who were polycythaemic with high a reticulocyte count
(5-8 %) were employed. In these patients the separation method employed was differential

centrifugation (repeated-centrifugation) in saline [Hall & Ellory 1986, Tucker & Young 1980].

DIFFERENTIAL CENTRIFUGATION IN SALINE

The cells used in those experiments were kindly prepared by Ms. S. Ody. Briefly,

blood was washed by repeated suspension and centrifugation (800 g, 15 min) of the cells in about
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5 vol. of ice-cold saline. Care was taken to remove leucocytes from the top of the cell pellet
following each centrifugation step. Washcd cells were suspended in approximately equal volume
of saline, then centrifuged for 1 h (800 g, 4°C). The top one third fraction was harvested, pooled
between tubes and the procedure was repeated three times successively in order to obtain the
young cell fraction. The procedure was repeated to obtain old dense cells but using the bottom
fractions of the tubes. The young cell fraction had 10-23 % reticulocytes while the old cell fraction
had less than 0.2 % reticulocytes, as assessed by using New Methylene Blue staining [Dacie &

Lewis 1991].

2.1.3. RADIOISOTOPIC FLUXES

Membrane transport studies involve the assessment of the transfer and distribution
of a substrate from one side to the other side of the cell membrane. This can be achieved by
several methods including spectrophotometry, nuclear magnetic resonance, fluorescence, alterations
in cell volume or pH and others. For the choline transport experiments, radioactively-labelled
substrate was employed (also employed on the lactate experiments, chapter 4).

Radioactive isotopes are a very sensitive and versatile way of detecting and
measuring transport of different substrates, when used in conjunction with cell separation
techniques [Young & Ellory 1982], and the energy emission can be easily detected by means of
liquid scintillation spectroscopy. The isotopes usually have the same chemical and biological
properties as the unlabelled substrate, despite a different atomic mass, allowing them to be used
as markers or tracers for that substrate. They were used in the present thesis to measure

unidirectional fluxes. For choline the tracer was obtained as “C labelled choline chloride.
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2.1.4. TEMPERATURE

Fluxes were performed at 37°C using a shaking waterbath or alternatively gently
mixing the cell suspension frequently. Fluxes were started by transferring the tubes from ice to
the waterbath and they were stopped at the appropriate time by transferring the tubes back to ice
and waiting two minutes before spinning the cells down. It has been shown by Young and Ellory

[1982] that temperature equilibration is reached within two minutes by this method.

2.1.5. CHOLINE TRANSPORT

Choline uptake was performed using the method of Fervenza et al [1991b].
Erythrocytes were obtained as described above and washed three times with saline. Cells were then
resuspended at a haematocrit near 5% in 1 ml saline containing 250 uM choline and tracer
amounts of [*“C]-choline. Uptake was started by transferring the samples from ice to a water bath
at 37°C. After 5 minutes incubation, fluxes were stopped on ice for two minutes. Cells were
separated by rapid centrifugation (14000 g, 15 sec) in an Eppendorf microfuge, the supernatant
discarded, and 3 rapid washes with ice cold magnesium chloride solution carried out, to eliminate
all the extracellular radiolabelled choline. Cells were lysed with 0.5 ml of Triton X-100 (0.1% in
water) and protein precipitated by adding 0.5 ml of 5% trichloroacetic acid. After 10 minutes
centrifugation in a microfuge, the clear supernatant containing the released intracellular choline
content was transferred to a vial with Pico-fluor 40 scintillation fluid and the *C activity counted
by B-scintillation spectroscopy. Sample haematocrit were determined by the cyanomethaemoglobin

method.

Time courses of uptake were performed with an extracellular choline concentration
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of 250 uM and samples incubated for varied periods of time. Concentration dependence
experiments were executed by incubating the cells for five minutes at several extracellular choline

concentrations.
2.1.6. PLASMA CREATININE

Plasma creatinine concentration in CRF patients was determined using an
autoanalyser (American Monitor Perspective Analyzer), with the routine biochemistry samples by
the laboratory staff, Oxford Renal and Transplant Unit at the Churchill Hospital. The choline flux

measurements were performed without knowledge of the creatinine values.

2.1.7. PATIENTS FOR CHOLINE UPTAKE STUDIES

2.1.7.1 CHRONIC RENAL FAILURE

Choline uptake V_,, and renal function were assessed in a group of 11 chronic
renal failure patients with varied degree of renal impairment, who have never received dialysis
treatment. These patients were selected from patients attending the weekly pre-dialysis clinic of

the Oxford Renal Unit, and are described in table 2.1,
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TABLE 2.1.
CHRONIC RENAL FAILURE PATIENTS (PRE-DIALYSIS)

MEAN (SEM) RANGE
Number of patients (n): 11

Male/Female (n) 9/2

Age 56 (3.7) 39-77
Creatinine (M) 262 (42) 119-533
Urea (mM) 14.7 (1.9) 5.7-27.8
Sodium (mM) 141 (1.4) 130-147
Potassium (mM) 4.4 (0.2) 2.9-5.5
Haemoglobin (g/dl) 12.3 (0.6) 9.7-17.2
MCV (f1) 90.5 (0.8) 87-95.6

2.1.7.2. KIDNEY TRANSPLANTATION

The longitudinal study in patients following renal transplantation involved patients
from the Oxford Transplant Centre. Choline uptake V. and plasma creatinine levels were
measured in 10 patients immediately prior to transplantation, several times during the first two
months and less frequently afterwards up to a period of 6 months. Six were haemodialysis patients
(HD), 2 were on continuous ambulatory peritoneal dialysis (CAPD), and 2 were pre-dialysis
patients. Aetiology of the renal failure was glomerulonephritis in four, pyelonephritis in 2, drug
induced nephropathy in 1 and unknown aetiology in 3. Clinical details of the patients are included

in table 2.2.
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TABLE 2.2.
CHRONIC RENAL FAILURE
DATA BEFORE TRANSPLANT

MEAN (SEM) RANGE
Number of patients (n): 10
Haemodialysis 6

CAPD 2
Predialysis 2
Age (years) 45.8 4.7) (21-64)
Male/Female (n) 5/5
Initial results
Creatinine (UM) 860.5 (74) (532-1211)
Urea (mM) 25 (2.9) (13.6-40.1)
Sodium (mM) 138.9 (1.5) (131-147)
Potassium (mM) 5.0 (0.3) (3.8-6.9)
Haemoglobin (g/dl) 9.2 (0.8) (6.1-13.7)
MCYV (1) 92.9 (5) (85.2-102.2)

Assessment of the renal function was via plasma creatinine levels. Patients were
followed for a period of up to 6 months. One patient that had an unsuccessful kidney transplant
was followed until graft nephrectomy was performed. In one patient the initial choline uptake
levels were not determined. The overall results are shown as the average values for the following
intervals: 1-7, 8-14, 15-21, 22-28, 29-42, and 43-56 days during the first two months and monthly

afterwards.

2.2.RESULTS

2.2.1. CHOLINE UPTAKE IN NORMAL RED BLOOD CELLS

Normal human red blood cells were used to characterize erythrocyte choline

uptake. Figure 2.2 shows the time course of choline uptake using saline buffer containing an
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extracellular choline concentration of 250 uM. Influx was measured at several intervals up to 10
min, and the flux was shown to increase in a linear manner during this period. On that basis a
5 minute period was considered adequate to estimate the initial unidirectional influx rates for

choline.

2.2.2. CHOLINE UPTAKE IN CHRONIC RENAL FAILURE

Uptake of choline in patients with chronic renal failure prior to dialysis is shown
in figure 2.3. In the figure data from patients with chronic renal failure, without symptoms of
uraemia, and not requiring renal replacement therapy are shown. The degree of renal impairment
was variable, with plasma creatinine concentrations ranging from 119 to 514 pM. Choline uptake
correlated significantly with the renal function (Spearman correlation coefficient: 0.6, p <0.05).
These results are in agreement with the previous published results on patients with variable

degrees of renal function as a result of renal transplantation [Fervenza 1991b].

2.2.3. CHOLINE UPTAKE FOLLOWING RENAL TRANSPLANTATION

Initial mean plasma creatinine was 860 UM (SEM: 74) with a rapid decline after
renal transplantation reaching a level of 140 uM (SEM: 11) at the sixth month. Significant decline
in creatinine levels occurred in the first two weeks and this is shown in figure 2.4. Maximum
mean choline influx rate was 72 umol/l cells.h (SEM: 6) pre-transplant. Values for normal control
is lower [Fervenza et al 1991b]. A significant decline was seen in the first week, as illustrated in
figure 2.5. The fall in choline transport rate and in plasma creatinine levels are very similar with

a mean half-time of decline to its final value of 4.0 and 3.8 days, for choline uptake V_,, and
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plasma creatinine concentration respectively. Another way of looking at the data was by plotting
mean plasma creatinine levels and mean choline influx V_, together, as in figure 2.6, giving a
significant correlation (Spearman correlation coefficient r>:0.743, p<0.01).

The analysis of the data from each individual patient also provides extra
information. The patient described in figure 2.7 had acute deterioration of renal function at the
second week post transplant with marked increase in plasma creatinine levels, improving after
treatment with 3 pulses of methylprednisolone. Interestingly, the choline uptake V. also showed
similar changes, with increases during the rejection period. Figure 2.8 demonstrates another patient
presenting with an initial improvement going onto a moderate degree of renal impairment and
subsequent graft failure. Follow up was continued until graft nephrectomy was performed. Again
the changes in choline transport are similar to the changes in the creatinine levels and when the
graft failed choline uptake returned to its pre-transplant levels. It must be said that in one of the
patients despite a successful transplant, choline V,_,, decreased only during the first two weeks

post-transplant.

2.2.4. CHOLINE UPTAKE IN YOUNG AND OLD ERYTHROCYTES

Choline uptake was measured in young and old erythrocyte fractions. The data
shown in figure 2.9 was obtained from four normal donors using Percoll density gradient separated
cells. The mean V_,, in the young erythrocyte fraction was 38.8 (SEM:5.5) umol/1 cells.h, higher
than the older cell fraction with 25.8 (SEM:3.7) umol/1 cells.h (p<0.019, t test).

The yield of cells from the Percoll gradient was small, so more detailed studies
were done using blood obtained from polycythaemic haemochromatosis patients who were

frequently venesected. Those patients had a large number of circulating reticulocytes and young
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cells. The cells were separated by differential centrifugation in saline. With this method a large
volumes were obtained of bulk for the old and the reticulocyte rich populations. In these patients
young cells had a higher choline transport V,,, of 38.4 (SEM: 4.2) umol/1 cells.h compared with
22.1 (SEM: 2.9) umol/1 cells.h for the old cell fraction (n: 3, p<0.05, t-test, figure 2.10). The K,
was not different in the 2 groups as shown in figure 2.11. An experiment for a single subject is
illustrated in figure 2.12. The figure shows the plot of choline uptake as a function of with

extracellular concentration, showing substrate saturation for both cell fractions.

2.3. DISCUSSION

This investigation was designed as a longitudinal study to assess the influence of
renal transplantation and recovery of renal function in erythrocyte choline transport from CRF
patients. It enabled choline transport to be followed as a time course aftervrenal transplant, and its
connection with renal function modifications. The aim was to try to answer the questions: What
happens with the choline uptake after a kidney transplant? How quickly does the transporter
function change? Is this due to a change in the membrane itself, or is this secondary to a plasma
factor?

Membrane transport abnormalities in uraemia were reviewed in the introduction.
The results in this chapter show that the abnormal erythrocyte choline transport in CRF recovers
its normal function following a successful renal transplant. The recovery parallels the changes in
renal function. Again it is stressed that while membrane transport changes are usually subtle in
uraemia, erythrocyte choline transport is grossly abnormal and perhaps the most dramatic
membrane transport alteration in uraemia.

Choline is usually derived from the diet or from endogenous sources [Zeisel et
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al 1991]. Acara [1975] and Rennick [1974] have studied the metabolism of choline in several
species. Choline, an essential nutrient, participates in several processes, is phosphorylated and
enters membranes as phospholipids [Haudrich et al 1975, Ancelin & Vial 1989], is oxidized to
betaine in the liver and kidneys since it is an important methyl donor [Acara 1975, Rennick 1974},
and in neurons it is incorporated into acetylcholine. The plasma levels of choline are maintained
within the range of 8-20 uM [Bligh 1952, Zeisel et al 1991, Greenwald et al 1985] and the
kidneys and liver are important in maintaining its level constant [Acara 1975, Rennick 1974,
Acara & Rennick 1973, Gardiner & Paton 1972].

Choline transport, despite some kinetic complexities, is well characterized in
erythrocytes [Devés & Krupka 1978, 1979a,b,c, 1981a,b, 1983, 1986,1987, Krupka & Devés
1980a,b, 1988]. The erythrocyte choline carrier is a high affinity system capable of generating net
fluxes of choline or choline-choline exchange fluxes [Martin 1977, Devés & Krupka 1979a,b]. The
transporter does not have any known physiological role, since choline is not metabolized or
incorporated to the erythrocyte [Askari 1966, Martin 1968], so it was surprising to find marked
alterations in association with uraemia. Studies of the kinetics of this carrier in renal failure
patients have shown that the maximal capacity of transport, V,,,, and the affinity were higher in
red cells of patients on dialysis compared with normal controls. The mean V_,, for transport in
dialysis patients was 2-3 times higher and not overlapping with normal controls. Renal transplant
patients with functionally different grafts had a wide range of choline uptake rates, and a positive
correlation was present between creatinine clearance and choline influx V. [Fervenza et al
1991b]. The abnormalities of the erythrocyte choline transporter in uraemia were clear, significant
and consistent [Fervenza et al 1990a, 1991b, Bibby et al 1990, Talbot et al 1992]. The present
results provide further insights into its possible mechanisms.

The most immediate thought in a disease associated with accumulation of
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metabolites is that the higher choline V_,, could be due to raised intracellular choline or "uraemic
toxins" that could be acting as a carrier substrate.

Rennick, Acara et al [1976] studied plasma choline during dialysis. They showed
that the levels of choline are reduced at 2 hours of dialysis, but recovered to predialysis levels by
6 hours. This suggests that mechanisms were being activated to produce homeostasis of plasma
choline concentration. Higher choline concentrations in renal failure may be due to reduced
metabolism and extraction of choline via the kidneys, or to abnormal incorporation into
acetylcholine or phospholipid [Rennick et al 1976]. Other metabolites, such as dimethylamine and
trimethylamine, which show increased plasma concentrations in renal failure could also be
involved. The high concentrations of these aliphatic amines in renal failure derive from the
increased gut flora transforming dietary choline and phospholipids [Simenhoff et al 1976]. These
compounds are potential substrates for the choline carrier, and could cause trans-stimulation.
However, the possibility of trans-stimulation effects causing the elevation of the fluxes in CRF
appears very unlikely, since that choline uptake was abnormally elevated even in experiments
performed after cells were repeatedly washed to obtain zero trans conditions [cf Fervenza et al
1991b]. It seems rather that a factor(s) is acting upon the transporter protein itself or upon its
regulatory mechanisms.

Erythrocyte choline transport can be modified by changes in intra- and
extracellular pH [Devés et al 1986]. However the pH shifts required are far greater than those seen
in chronic renal failure.

Anaemia is one of the clinical features of renal failure, and its etiology is
multifactorial. Factors involved include lack of erythropoietin synthesis, blood loss, iron
deficiency, aluminium intoxication and haemolysis [Eschbach 1989,1989a, Erslev 1970].

Erythrocyte survival time is reduced from 120 days, depending on the severity of uraemia,
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resulting in a larger proportion of circulating young circulating red blood cells [Eschbach
1989,1989a]. It is conceivable that this could also have effect on the overall membrane transport
activities. In fact some membrane transport systems alter their activities as the cell ages [Hall &
Ellory 1986, Uney et al 1985]. Kaji and coworkers have suggested that a higher number of
younger erythrocytes may have masked the defect in the activity of the Na/K pump in uraemia
in some studies, considering that a younger cell population has a higher number of Na pumps/cell
[Kaji & Kahn 1987]. If conditions are controlled for cell age, it has been shown that the youngest
uraemic cells have fewer Na/K pumps than the youngest normal cells [Cheng et al 1984]. The
evidence presented in this thesis militates against the possibility of cell age having an effect on
the overall expression of choline transport activity in renal failure. First, red cell fractions with
different densities showed to have an enhanced maximal capacity for choline transport in younger
cells, with no difference in affinity (fig 2.9 to 2.12). In uraemic patients both V_, and K were
abnormally elevated. Second, after transplantation, increased erythropoietin will be present from
the kidney graft, with production and release of new red cells into the circulation from the bone
marrow. If the effect was due to cell age, choline uptake after transplantation should increase and
not decrease - this is clearly not the case (fig 2.5). Third, the half-time for choline uptake recovery
was much faster than any significant modification in red cell population (figure 2.7).

A plasma factor, perhaps a digitalis-like substance, has been suggested as the
cause of the inhibition of the Na-K ATPase in chronic renal failure [Cole et al 1968, Graves et
al 1983]. Lipids have also been described as potential candidates. Non-esterified fatty acids
(NEFA) are increased in the erythrocyte membrane of uraemic patients and evidence suggests that
NEFA can inhibit the Na,K ATPase in vitro [Kelly et al 1989]. Other uraemic toxins could also
be involved in those changes. The effects could be secondary to a plasma factor affecting

circulating erythrocytes by acting upon specific sites at the membrane, or alternatively the
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influence of uraemia on cell maturation during erythropoiesis inducing structural changes.
Immediately after renal transplantation there is an improvement in the renal function and we
demonstrated that the recovery of the choline V ,, towards normal values was parallel with the
changes in creatinine. During a reversible decline in renal function, treated with
methylprednisolone, the choline uptake was temporarily increased (figure 3.8). The changes in the
choline transport system were fast and accompanied the changes in renal function. This suggested
that circulating plasma factors, that were rapidly cleared by a functioning kidney, were involved.
If the changes were during cell maturation (when erythrocyte membrane synthesis occurs), with
intrinsic structural membrane changes, one would expect slower recovery due to the erythrocyte
life span. If a circulating factor is involved it must interact with the membrane strongly, otherwise
it would be washed away during the initial cell wash in procedures prior to flux measurements.

Altered physical membrane properties of uraemic cells have the potential to
influence cell membrane function [Viljoen et al 1991, Bleiber et al 1980, Komidori et al 1985].
Evidence that cell membrane protein function is extensively altered in uraemia, includes changes
in different tissues, different transport systems [table 1.5] and receptor function [Ruiz et al 1990].
These widespread membrane changes also appear to be specific, considering that some transport
systems are inhibited, while other are activated or unaltered. Altered transport could result from
abnormal lipid composition [Bleiber et al 1980, Komidori et al 1985, Kelly et al 1989], reduced
fluidity [Komidori et al 1985] or other changed membrane physical properties associated with
uraemia and/or dialysis [Viljoen et al 1991].

The significance, clinical importance and mechanisms of the alterations are not
clear. Several clinical features of the uraemic syndrome are successfully reversed by renal
transplantation. Some membrane alterations present in chronic renal failure such as Na,K ATPase

inhibition, are also corrected following a renal transplant [Fervenza et al 1989a]. It has been
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suggested that changes in intracellular sodium appear to be related to the severity of uraemia [Welt
et al 1964, 1967, Kaji & Kahn 1987], but previously a correlation with the clinical evolution of
uraemia has not been demonstrated with any alteration in membrane function. Data in this thesis
illustrate that the maximum transport capacity of the choline transporter (V,,) was elevated in
uraemic patients. Choline influx V_, values presented here were similar to those of a previous
study of the choline transport system in CRF [Fervenza et al 1991b]. Choline uptake rates also
correlated with renal function in pre-dialysis chronic renal failure patients (fig 3.4). This was
similar to the association present in patients with functional transplants. This agreement suggests
an influence of the degree of the renal impairment rather than other factors in transplantation such
as immunosuppressive treatment.

Choline uptake has also been studied in Alzheimer’s disease (AD). In this
neurodegenerative disorder red cell choline transport is reported to be higher,Jower or unaltered
[Kanof et al 1985, Glen et al 1981, Miller et al 1986, Butterfield et al 1985, Friedman et al 1981].
These conflicting results could be due to different methodological approaches and different
intracellular choline concentrations. In chronic renal failure red cell choline uptake is high even
under zero-trans conditions, (that is when cell choline content is depleted) [Fervenza et al 1991],
suggesting that there is an effect on the carrier itself. The changes in AD are not unequivocal but
one could be tempted to compare this neurological disease with uraemia. It is perhaps reasonable
to say that choline transport may be involved in the mechanisms of some manifestations of renal
failure. Rennick et al [1976] in fact have shown a correlation of plasma choline concentration with
nerve conduction velocity in renal failure, an interesting association that deserves further
investigation. Work by Simenhoff and coworkers suggested that dimethylamine and
trimethylamine are toxic products in uraemia [Simenhoff et al 1963, 1976, 1977, 1978,

Simmenhoff 1975]. Those aliphatic amines are derived from endogenous and exogenous sources
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[Simenhoff et al 1963, 1977, 1976, 1978, Simenhoff 1975]. Choline and phosphatidylcholine from
the diet are transformed by the gut bacterial flora [Simenhoff et al 1976] and amines accumulate.
Treatment with antibiotics is associated with reduced levels of aliphatic amines and with a
Symptomatic improvement on the manifestations of uraemia [1976). There is also a correlation
with plasma urea [Simenhoff al 1963]. An interesting hypothesis by Lee et al [1991] raised the
possibility that toxic effects of urea on metabolism are counteracted by methylamines. These
aspects can not be addressed directly in the present work, but it is interesting to speculate that
alterations in choline transport and metabolism could well be an adaptative response of the cell
to the uraemic milieu.

The possible clinical implications of the abnormal choline transport, depend
largely on whether the findings in red cells can be extended to other cell types. Choline transport
is important in the nervous system, endothelial cells and others [Estrada et al 1990, Bevan &
Kinne 1990, Haga & Noda 1973, Yamamura & Snyder 1973, Kuhar & Zarbin 1978, Suzuki et
al 1987, Vyas & O’Regan 1985]. Cultured bovine cerebral endothelial cells have a saturable
choline transport system that shows substrate affinity similar to that of the erythrocyte choline
transport system [Estrada et al 1990]. The sensitivity of the endothelial cell and erythrocyte
systems to inhibition by choline analogues is also similar. The endothelial cell transporter may
control access of choline to the cerebral fluid and abnormalities could affect acetylcholine
production [Estrada et al 1990]. Neuronal choline uptake involves two distinct systems [Martin
1977], one similar to the erythrocyte system and the other a Na-dependent system with a higher
capacity [Haga & Noda 1973, Yamamura & Snyder 1973, Kuhar & Zarbin 1978]. A complex and
unexplained characteristic of the erythrocyte choline carrier is the irreversible inhibition of
transport caused by long term treatment with lithium salts used in the treatment of bipolar illness

[Martin 1977, Beilharz et al 1986, Mallinger et al 1984, Jope et al 1980, Hunt et al 1984, Uney
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et al 1985). The effects of uraemia on choline transport in other cell types have not been examined
yet.

Finally, abnormal choline transport is also present in malaria infected erythrocytes
[Ancelin et al 1991, Kirk et al 1991]. Increased permeability to several substrates such as amino
acids, sugars, nucleosides and ions is present in plasmodium-infected red cells. Recently a novel
malaria-induced erythrocyte choline pathway, not saturable to choline concentrations of up to 500
uM, and distinct both kinetically and pharmacologically from the endogenous choline carrier has
been described [Kirk et al 1992]. These disturbances of choline transport are distinct from the one

present in uraemia.

2.4. SUMMARY : CHOLINE TRANSPORT

In conclusion we have shown that the changes in the choline transport system
present in uraemia are reversible on renal transplantation, that maximum rates of red cell choline
uptake recover rapidly and follow the modifications of plasma creatinine concentration. There is
some evidence to suggest that a circulating factor could be involved. This is an example where
a clear demonstration of a defect in membrane function can be related to the clinical aspects of
a disease. The exact clinical importance of these findings is not clear yet and further studies are
required. Choline transport abnormalities in other tissues from uraemic patients or animals, such
as brain and muscle, should be sought.

The modifications cannot be explained by the production of young cells from the
bone marrow of the kidney recipient. Young erythrocytes have a more active choline transporter.
It is suggested that circulating factors are involved in the aetiology of these changes, acting by

modifying the properties of the cell membrane.
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CHAPTER 3

SODIUM HYDROGEN ANTIPORTER ACTIVITY IN
CHRONIC RENAL FAILURE AND DIABETIC
NEPHROPATHY

'The present chapter will describe experiments on the intracellular pH, and activity
of the sodium-hydrogen antiporter (Na/H antiporter) in leucocytes of patients with chronic renal
failure (CRF) with and without diabetic nephropathy.

CRF causes systemic acidosis by an impairment of the urinary acidification
mechanisms and the renal homeostatic responses to acidosis [Warnock 1988, Madias & Kraut
1989, Dubose 1984). It is also characterized by several derangements of cell function [Eknoyan
& Knochel 1984]. The changes in cellular pH homeostatic mechanisms are not well understood
in CRF. Intracellular pH (pHi) regulation in uraemia has not received much attention, and it is
possible that derangements of pHi homeostasis may underlie some pathological conditions in this
syndrome.

Insulin dependent diabetes mellitus patients develop albuminuria in the early
stages of nephropathy [Drury et al 1989, Selby et al 1990}, and those are the ones at risk of end
stage kidney disease [Viberti et al 1982]. A higher Vmax of the leucocyte Na/H antiporter is
present in patients with IDDM and albuminuria, but not in IDDM without nephropathy [Ng et al
1990b]. This fact lead to the suggestion that the antiporter activity is a possible genetic marker
to predict which patients are at a higher risk of developing advanced nephropathy [Ng et al
1990b]. Studies of the RBC Na/Li countertransporter, perhaps an analogous system, have provided

similar conclusions [Krolewski et al 1988, Mangili et al 1988, Carr et al 1990]. These
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observations lead us to suspect that the Na/H antiporter would be increased in activity in end stage
kidney nephropathy secondary to diabetic nephropathy. Until now no work has examined the

leucocyte Na/H antiporter activity in uraemia and end stage diabetic nephropathy. These facts are

summarized in a schematic form in the figure 3.1.

3.1. LEUCOCYTE pHi AND Na/H ANTIPORTER.
MATERIAL AND METHODS / PATIENTS.

3.1.1. MATERIAL AND SOLUTIONS

Nigericin, monensin, fatty-acid-free bovine serum albumin (BSA), dextran, and
tissue culture fluid (TC199) were from Sigma Chemical Co, Poole, Dorset, UK. TC199 was
buffered with 15 mmol/l 4-(2-hydroxyethyl)-1-piperazine-enthanesulphonic acid (HEPES) and was
nominally bicarbonate-free, Its composition was adjusted to NaCl 140 mmol/1, KCl 5.5 mmol/l
(pH 7.4). Ethylisopropyl amiloride (EIPA) was a gift from Dr. Alexander Bearn, of Merck, Sharpe
and Dohme, Rahway, New Jersey, USA. Bis(carboxyethyl) carboxy-fluorescein acetoxymethyl
ester (BCECF-AM) was from Cambridge Bioscience, Cambridge, UK. All the other chemicals
were Analar grade.

Isotonic NaCl buffer had the following composition (in mmol/1): NaCl 140, KCl1
5, CaCl, 1.8, MgSO, 0.8, glucose 5, HEPES 15, and BSA 1 g/l (pH 7.4 with tris base). Isotonic
KCl buffer was composed of (in mmol/1): KC1 140, CaCl, 1.8, MgSO, 0.8, glucose 5, HEPES 15
(pH 6.0). Nigericin and monensin were prepared in isotonic KCI buffer from a stock solution at

4 and 10 mmol/l respectively, in absolute alcohol.
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NON-DIABETICS
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ALBUMINURIA

NORMAL NO NEPHROPATHY

pHi normal pHi normal pHi alkaline

Na/H I

Na/H normal Na/H normal

Renal Failure
pHi ?
Na/H: ?

Renal Failure
pHi ?
Na/H: ?

FIGURE 3.1: Diagram summarizing the known findings for the Na/H
antiporter activity and intracellular pH in type I (insulin dependent)
diabetic and non-diabetic patients. The present study is designed to
look at patients with renal failure with and without diabetic
nephropathy.



3.1.2. WHITE CELL PREPARATION

Studies of pHi and activity of the Na/H antiporter were performed using white
blood cells. Leucocytes are readily available and are very convenient to use with fluorescent

indicators to assess pHi.

LEUCOCYTES

Leucocyte separation from blood or bone marrow can be carried out by density
gradient centrifugation methods as described in a series of papers by Boyum [1968] and by
dextran sedimentation as described by Baron and Ahmed [1969].

The Boyum method involves liquid phases where a suspension of cells is layered
onto separation fluid of relatively high density. The outcome of the separation is determined by
the sedimentation rates of the cells in the two phases. The Boyum method involves a combination
of low viscosity and high density medium (Isopaque) with a solution of high viscosity and low
density (methylcellulose, dextran and ficoll) [Boyum 1968]. At present it is easily done employing
a commercially available medium such as Histopaque (Sigma Chemical Co.), that contains a
mixture of ficoll and sodium diatriazoate. Those methods were used to isolate a specific population
of leucocytes, such as lymphocytes.

To obtain a total whole population of leucocytes, dextran sedimentation of
erythrocytes, centrifugation and rapid lysis of red blood cells [Baron & Ahmed 1969] was used.
Heparinized blood (20-30 ml) was obtained from peripheral venepuncture or from the vascular
access in haemodialysis patients. Blood was kept at room temperature and used immediately.
Frothing was avoided during collection and manipulation. Dextran solution was prepared at 0.12

g in 10 ml of TC199 and placed in universal tubes. Ten ml of blood was added to each tube,
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mixed by inversion (10-20 x), and placed on a stand at an angle of 45°. Any frothing was removed
by aspiration with a pasteur pipette and around 30 minutes allowed for the erythrocytes to
sediment to the bottom of the tube. Plasma with leucocytes, some erythrocytes and platelets was
removed, without disturbing the sedimented layer of red blood cells. This plasma was centrifuged
at about 300 g for 10 minutes. The cell pellet containing leucocytes was collected and vortexed
with 15 ml of distilled water for 15 seconds, to produce a hypoosmotic shock and lyse any
residual red blood cells. Osmolality was restored by the addition of 5 ml of a 4 times concentrated
TC199 solution. The cells were then washed twice with TC199 with centrifugation at low speed
for 10 minutes to allow removal of platelets from the supernatant (300g). Leucocytes were then

used according to each experimental protocol.

3.1.3. INTRACELLULAR pH AND Na/H ANTIPORTER MEASUREMENTS

3.1.3.1. METHODS OF MEASUREMENTS

Various methods are available to measure intracellular pH. There are several
reviews on the subject [Roos & Boron 1981, Vaughan-Jones 1988, Okerlund & Gillies 1988,
Russell 1988, Tsien 1989, Rink et al 1982, Boron 1987]. They include distribution of weak acid
and bases, nuclear magnetic resonance (NMR), micro-electrodes and optical methods using
fluorescent indicators.

Intracellular pH can be measured using dyes that change colour or fluorescence
with changes in pH. They produce easy and accurate measurements of steady state pHi, as well
as monitoring rapid pH changes [Roos & Boron 1981)]. In the present thesis we used the

fluorescent probe BCECF.
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Fluorescent probes usually have a spectrum dependent on pH. They have several
advantages and can be incorporated into the intact cell without damage to the membrane. They
measure ion activity or free concentration [Tsien 1989]. Fluorescence is proportional to dye
protonation so that the higher the pH the greater the fluorescence intensity.

The most popular indicators are derivatives of fluorescein, as is the case for
BCECF (figure 3.2). It has a pKa of 6.97-6.99 [Rink et al 1982, Bright et al 1987], and its
fluorescence is pH dependent. For excitation and emission the peak wavelengths in which the
fluorescence is pH dependent are 502 nm and 528 nm [Tsien 1989]. There is a wavelength (439
nm) at which the excitation efficiency is independent of pH, i.e. at which all the spectra at
different pHs cross (isoexcitation point). This is a very useful characteristic since the ratio of the
excitation efficiency at a pH-sensitive wavelength to that at the isoexcitation point (502 nm/439
nm) gives a measure of pH that cancels out dye concentration, optical path length and cell
concentration [Tsien 1989]. For a illustration of the BCECF spectra see figure 3.3.

Loading with the fluorescent dye is achieved by using the hydrolysable ester form,
acetoxymethylester- BCECF-AM, which is permeant to cell membrane. In the cell cytosol this
form is cleaved by esterases and the impermeant pH-sensitive form BCECEF is released [Roos and
Boron 1981, Tsien 1989]. Calibration can be carried out in situ by subjecting cells to a known
internal pH with the use of a K/H ionophore, such as nigericin [Thomas 1979]. Backleak of dye
is easily determined by centrifuging the cells and measuring the fluorescence in the supernatant
[Roos and Boron 1981]. Corrections should be made for the intrinsic fluorescent properties of the

tissue being used, autofluorescence.
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FIGURE 3.2: BCECF molecule.






3.1.3.2. Na/H ANTIPORTER

Studies of the Na/H antiporter activity use the fluorescent dye to assess changes
in pHi and hence measure Na-dependent H efflux. Determination of the proportion of the fluxes
via the Na/H antiporter can be achieved with the inhibitor amiloride or some of its more specific
derivatives like ethyl isopropyl amiloride [Frelin et al 1987, Benos 1988]. Alternatively the Na-
dependent pH changes reflect the antiporter activity [Grinstein 1988, Bock & Marsh 1988].

In this work, all the solutions and TC199 were bicarbonate-free to enable the study
of the Na/H antiporter without contributions from other pH regulation mechanisms such as HCO/
anion exchangers [Simchowitz & Ross 1985, Simchowitz & Weer 1986, Simchowitz et al 1985,

Simchowitz & Davis 1990, Goldsmith et al 1990].

3.1.3.3. EXPERIMENTAL PROTOCOL

BCECF LOADING

Cells were resuspended and incubated at 37°C for 30 minutes with the esterified
pH-sensitive fluorescent dye BCECF-AM, final concentration 10° moles/l. The leucocytes were
then washed 3 times and resuspended in TC199 and kept at room temperature for 20 minutes (30
minute for lymphoblasts) to achieve deesterification of BCECF-AM intracellularly, before any
measurements were made. Intracellular pH determinations immediately after dye loading give

lower values due to the continuous de-esterification of BCECF-AM.
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INTRACELLULAR pH DETERMINATIONS

Intracellular pH under resting conditions was measured after washing the cells in
an isosmotic NaCl buffer containing BSA (1 g/1).
The fluorescence of the intracellular BCECF was measured on a Perkin-Elmer luminescence
spectrometer (LS-5B) equipped with a magnetic stirrer and a thermostatically-warmed cuvette
holder. Excitation wavelength was at 500 and 439 nm (slit width 2.5 nm) and the emission
wavelength was set at 530 nm (slit width 10 nm). Fluorescence ratio data (500/439 nm) were
converted to pH units by constructing a calibration curve for every experiment in the pH range
6.0 to 7.8. Calibration employed a double ionophore technique (nigericin and monensin) [Ng &
Dudley 1989]. To construct the calibration curve from pH 7.8 to 6.0, cells were suspended in an
isotonic KCI buffer containing nigericin and monensin, but no albumin was used to remove the
ionophores from the membrane. Starting from a pH of 7.8 in one cuvette and 6.8 in another, pH
was progressively changed by sequential addition of MES and then two minutes equilibration,
when sequential readings of the fluorescence ratio and of the cuvette cell suspension pH by means
of an pH electrode were made. The plot of the pH against fluorescence ratio gave a curve fitted
by a non linear least squares technique. The fluorescence ratio results were converted to pH using

the following equation:

F= A+B(10°PH7%) / (1+10P%K)

where F was the fluorescence ratio (500/439), A and B were constants obtained from the
curve and pK was the pK of the intracellular trapped BCECF [Ng et al 1990a].
Dye leakage from the cells contributed less than 6% of the total

fluorescence after 10 minutes of incubation, the time by which the readings had been made [Ng
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and Dudley 1989].

Rapid changes in the fluorescence were recorded on a disk and processed for
subsequent analysis of the data with a microcomputer. Excitation at 500 nm was measured with
a long (4s) integration of the fluorescence from excitation at 439 nm at the end of each
experiment. At 439 nm, the isoexcitation point, fluorescence remained constant throughout the

experimental period.

INTRACELLULAR pH CLAMPING

Cells were washed once, resuspended and incubated at 37°C for 5 minutes in
isotonic KC1 buffer containing nigericin 2 umol/l and monensin 5 pmoV/1, at pH values of 6.0 [Ng
et al 1990b, Baron & Ahmed 1969]. The monensin (Na/H ionophore) depleted the cell of Na and
the nigericin (H/K ionophore) set pHi equal to extracellular pH. In the presence of both ionophores
the extracellular and intracellular pH should be equal, and as there was no external Na in the KCl
buffer the intracellular Na would fall to very low levels. Cells were then spun down, resuspended
and washed in the same KCl buffer (pH 6.0), but containing non-esterified fatty acid free bovine
serum albumin (1g/1) and without ionophores. The albumin binds the nigericin and monensin and
extracts them from the cell membrane. With this procedure the pHi was clamped at pH=6.0 and

the maximum capacity of the Na/H antiporter can be assessed.

Na/H ANTIPORTER V,,,

When pHi is near 6.0, the leucocyte Na/H antiporter is operating near its maximal

transport capacity [Ng & Bomford 1989]. The maximal capacity (Vmax) of the antiporter was thus
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measured with the pHi clamped at 6.0 as above. The cells were then resuspended in "isotonic KCl
buffer” containing 1 g/l BSA. The initial rate of change of intracellular pH after rapid addition of
external sodium (final concentration: 133 mmol/l) was measured in the absence and presence of
10° mol/l EIPA, The EIPA-sensitive rate of change of intracellular pH was taken to represent the
Na/H antiporter activity. The product of buffering power measured at pH 6.0 and the EIPA-
sensitive rate of change of pHi allowed Na/H antiporter activity to be expressed in mmol.I"'.min™*
of H* efflux.

In the experiments using lymphoblasts a sodium-free isotonic solution containing
N-methyl-D-glucamine (NMDG) was used instead of EIPA and the difference in rate of change
of pHi after adding NaCl and that after adding NMDG represents the Na/H antiporter Vmax. The
rate of change of pHi after adding NMDG or adding NaCl in the presence of EIPA was identical

under the present experimental conditions.

BUFFERING CAPACITY

Intracellular buffering power varies with pHi [Ng & Dudley 1989] and was
measured at both resting pHi and when pHi was 6.0, by recording the change in the intracellular
pH after the addition of extracellular (NH,),SO, (1 to 16 mmol/l final concentration) [Ng &
Dudley 1989]. If the pKa of NH; inside and outside the cells is assumed to be the same, and only
NH, crosses the cell membrane rapidly and causes a step change in internal pH, then it is possible
to determine the buffering power of cells loaded to different internal pH values following the
calculation from the Henderson Hasselbalch equation:

(change in [NH,"],,

Buffering power = R
(change in internal pH)
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and the change in [NH,*],, is defined as follows:

total base concentration x 1(pHo-Ha

( 1+1 OpHo-pHa)

in which pHo and pHa are the pH of the buffer and the intracellular pH respectively after adding
the (NH,),SO, and the units are mmol/l.pH unit. The pK, of NH, is 8.89. The total base
concentration is the concentration of ammonium added to the solution in mmol/l.

These methods were developed by Dr. Leong L Ng at the Department of Clinical

Pharmacology and Sheikh Rashid Diabetes Unit at the Radcliffe Infirmary in Oxford.

3.1.4. PATIENTS

Thirteen chronic renal failure patients without diabetes (CRF), and eight chronic
renal failure patients with insulin-dependent diabetes and end-stage diabetic nephropathy (CRF-
DM) on haemodialysis treatment were evaluated. None of them had essential hypertension. These
patients were compared with 25 normal controls.

The average age of CRF patients was 55 years (range: 21 to 77) with a male/
female ratio of 7/6. The aetiology of renal failure was pyelonephritis (3), IgA nephropathy (1),
polycystic kidneys (1), glomerulonephritis (1), scleroderma (1), and unknown (6). The CRF-DM
patients had an average age of 51 (range: 35 to 68) and 6 were male. The results of intracellular
pH determinations, buffering capacity and Na-H antiporter Vmax measurements were compared
with the findings in 25 normal controls [Mean age: 42 (range: 18 to 68); M/F: 12/13].

Mean plasma creatinine was 843 umol/l in the CRF patients, 802 pmol/1 in the
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CRF-DM patients and 83 umol/l in the control group. Clinical and laboratory details of the

subjects studied are shown in table 3.T.

Mean blood pH was not significantly different in the two groups 7.36 (SD: 0.05)

in CRF and 7.33 (SD 0.03) in CRF-DM (F: 147, df: 1,19, p>0.05, NS).

TABLE 3.1
CLINICAL DATA
CONTROL CRF CRF-DM

Number 25 13 8
Age(years)

Mean 42 55 51
Range 18-68 21-77 35-68
Male/Female(n) 12/13 7/6 6/2
Time on HD(years)

Mean 3.5 34
Range 0.2-13 0.1-10
Duration of DM(years)

Mean 27
Range 18-34
Creatinine(umol/1)

Mean 83 843 802
Range 60-108 558-1094 501-1191
Urea(mmol/1)

Mean 24 26
Range 14.5-38.5 7.2-43.7
Sodium(mmol/1)

Mean 141 138 136
Range 138-144 133-146 133-141
Potassium(mmol/1)

Mean 4.2 5.1 55
Range 3.7-4.7 3.5-6.6 4.3-7
Glucose(mmol/l)

Mean 5.1 5.5 9.5
Range 4.6-6.3 4.2-7.2 5.2-16.3
Haemoglobin(g/dl)

Mean 14.1 8.1 7.0
Range 12.5-16.4 5.9-11.2 4.8-8.6
Blood pH

Mean 7.36 7.33
Range 7.29-7.42 7.29-1.39
Blood HCO, (mmol/1)

Mean 19.1 21.7
Range 14.3-22.6 18.7-27.3
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3.2. RESULTS

3.2.1. INTRACELLULAR pH MEASUREMENTS, BUFFERING CAPACITY

and Na-DEPENDENT H' EFFLUX.

Figures 3.4 and 3.5 illustrate typical results for intracellular pH measurements.
After the dye loading, cells were allowed 20-30 minutes until complete deesterification of BCECF-

AM was achieved. Immediate measurements of pH after loading gives lower values of pHi.

3.2.2. INTRACELLULAR pH

The results for intracellular pH at resting conditions are illustrated in figure 3.6.
Data from Insulin Dependent Diabetes Mellitus patients (IDDM) from Ng et al [1990b] are also
included for comparison and were collected at the same period of time as the present study. One
way analysis of variance (ANOVA) shows that the mean intracellular pH of the groups is
significantly different (f: 18.60, df: 3, 61, p<0.001). The mean value for the normal controls was
7.43 + 0.09. Patients with chronic renal failure on dialysis treatment (CRF) v;rere significantly
more acidic, with a mean pHi of 7.34 + 0.05 (t: 2.73, df: 61, p=0.004). The end stage renal failure
patients with diabetes mellitus (CRF-DM) showed a normal leucocyte pHi of 7.42 + 0.07
compared to controls (t: 0.29, df: 61, p<0.05, NS) even though they had a systemic metabolic
acidosis. The group with diabetes and early nephropathy (IDDM) had a markedly more alkaline
mean intracellular pH of 7.59 + 0.14 compared with normal controls (t: -5.27, df: 61, p<0.004)
or with CRF-DM (t: -4.09, df: 61, p<0.004). It is therefore apparent that the patients with diabetes

mellitus tended to have a higher intracellular pH than non-diabetic patients, with normal or
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impaired renal function.

3.2.3. BUFFERING CAPACITY

Analysis of the resting buffering capacity is illustrated in figure 3.7. Buffering
capacity had a considerable individual variability with mean (SEM) values of 14.76 = 0.96
mmoles/1.pH unit for normal controls, 13.24 + 0.66 for CRF, 10.86 + 1.95 for CRF-DM and 10.72
+ 1.61 for IDDM. ANOV A showed no significant difference between the groups (F: 2,48, p>0.05,

NS).

3.2.4. Na/H ANTIPORTER ACTIVITY

Figure 3.8 demonstrates the Na/H antiporter V. for the different groups of
patients. It is apparent that the mean maximal capacity of transport was very similar in three
groups (Controls, CRF and CRF-DM), with a control V. of 55.2 mmol/ 1. min (SD: 8.8), CRF
56.5 (SD: 9.9) and CRF-DM 56.8 (SD 12.8). The difference between the groups shown in the
ANOVA (F: 9.33, df: 3,61, p< 0.001) is due to the significantly higher V_, in the IDDM patients

(IDDM 73.8 mmol/1.min; t: -4.90 (xControl), t: -3.85 (XCRF), t:-3.24 (x CRF-DM), p<0.0 04).

3.2.5. BLOOD pH

Blood pH was measured in the patients with renal failure with or without diabetes.
Mean blood pH was not significantly different being 7.36 (SD: 0.05) in CRF and 7.33 (SD 0.03)
in CRF-DM (F: 147, df: 1,19, p>0.05, NS), as shown in figure 3.9.
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3.2.6. INTRACELLULAR pH AND BLOOD pH

Individual values for blood pH and intracellular pH are examined in figure 3.10.
A surprising finding was the presence of a significant negative correlation, i.e. patients with the
markedly acidotic plasma showed a more alkaline intracellular pH. No correlation could be shown
between blood pH and V. of the Na/H antiporter, or between buffering capacity and blood pH,

within the CRF and CRF-DM groups.

3.3. DISCUSSION

Although metabolic acidosis is one of the main characteristics of the uraemic
syndrome few studies have looked at the regulation of pHi in uraemic cells. Previous studies have
used different techniques and models. DMO (dimethyl oxazolidinedione) was employed to measure
whole body pHi in uraemic rats [Rothe et al 1984] and uraemic patients [Tizzianello et al 1977],
and also to study muscle pHi [Guisado et al 1977, Irvine & Dow 1966]. Total CO, was used to
evaluate muscle pHi [Canale et al 1986] and *'P NMR to study human red blood cells [Monti et
al 1987,1989]. These studies showed that pHi in renal failure was not different from controls
except in red blood cells [Monti et al 1987, 1989] and in one human muscle study [Canale et al
1986]. The present paper is the first study using BCECF in leucocytes to investigate pHi in renal
failure.

Our finding of a lower pHi in leucocytes in chronic renal failure agrees with the
work of Monti in red blood cells [Monti et al 1987, 1989] and of Canale in muscle [1986]. The
findings of a lower intracellular pH may have important cellular consequences. Protein breakdown

is one of the results of metabolic acidosis and also occurs in renal failure [May et al 1987, 1986].
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Grinstein and others have shown that some immune deficiency mechanisms may be related to a
lower pHi [1988a, 1988b]. Immunodepression is a well known feature of CRF [Bonomini et al
1988], and it is possible that a lower leucocyte pHi is one of the factors contributing to this.

The major finding in this work was that patients on haemodialysis for end-stage
renal failure have a normal mean leucocyte Na/H antiporter V.. This was true for patients with
diabetic nephropathy and for non-diabetic subjects. Insulin-dependent diabetic patients with early
nephropathy (defined as having albuminuria without a reduced glomerular filtration rate) are
reported to show significant elevated leucocyte Na/H antiporter activity [Ng et al 1990b]. These
patients also have increased Na/H antiporter activity in cultured fibroblasts [Trevisan et al 1989].
Similar increases in activity of the erythrocyte Na/Li countertransport system have been observed
in diabetics with early nephropathy [Krowlewski et al 1988, Mangili et al 1988, Carr et al 1990].
It has been speculated that this cluster of abnormalities of Na/H and Na/Li transport may represent
a genetically;detennined marker for the risk of nephropathy in diabetes mellitus [Ng et al 1990b,
Krowlewski et al 1988, Mangili et al 1988, Carr et al 1990]. Similar countertransport abnormalities
are reported in essential hypertension [Ng et al 1989], and in family members of diabetics with
either nephropathy and hypertension [Walker et al 1990, Canessa et al 1980].

If these countertransport changes are determined genetically, then patients with
end stage diabetic nephropathy might be expected to show enhanced leucocyte Na/H antiporter
Ve This study has shown that they do not. It has recently been reported that erythrocyte Na/Li
countertransport is normal in certain patients with end-stage diabetic nephropathy and that this
group as a whole do not exhibit the same clear increase in mean Na/Li countertransport seen in
early diabetic nephropathy [Carr et al 1990]. The countertransport changes seen in early diabetic
nephropathy appear to ameliorate in diabetic patients with end-stage renal failure. This suggests

that non-genetic factors may play a significant role in determining Na/H and Na/Li countetransport
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activity. One possibility is that uraemia itself is such a factor which might inhibit Na/H antiport.
However the data here from non-diabetic patients with renal failure shows no inhibition. It is not
known whether ion transporters in diabetic subjects are more susceptible to modulation by a
“uraemic" factors. Perhaps it should be pointed out that the activity of the antiporter measured at
an intracellular pH of 6.0 provides an approximation of the maximum rates of Na/H antiporter.

Studies of Na/H antiporter activity have been reported in membrane vesicles
isolated from rat, rabbit, and canine proximal tubules both in control conditions and after induction
of renal failure in a remnant kidney model [Cohn et al 1982a,b, Nord et al 1985, Harris et al
1984]. There was enhanced activity associated with renal failure. This finding may have been
organ specific and related to the compensatory renal hypertrophy occurring in this model of
uraemia. The data presented in this chapter do not support the hypothesis of widespread increase
in Na/H antiporter activity in renal failure.

The measurements reported here for leucocyte intracellular pH were made in
bicarbonate-free solutions. Accordingly, pH values in vivo are likely to be somewhat different and
to be influenced by plasma bicarbonate concentrations and by the activity of the anion-exchange
protein. Most studies of intracellular pH in renal failure have reported normal values [Rothe et al
1984, Tizianello et al 1977, Irvine & Dow 1966], although there are reports of intracellular
acidosis in human erythrocytes and in human skeletal muscle in uraemia [Canale et al 1986, Monti
et al 1987]. In diabetic patients with early nephropathy the mean intracellular leucocyte pH (in
bicarbonate-free media) is increased with respect to controls and with respect to diabetes without
evidence of nephropathy [Ng et al 1990b]. This abnormality is consistent with the enhanced Na/H
antiport V. which could cause cell alkalinization by increased proton efflux. The reduced mean
intracellular pH measured here in the non-diabetic CRF group cannot be explained on this basis,

as these patients had a normal mean Na/H antiport V,,. Changes in the set-point for activation
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of the Na/H antiporter could occur in the CRF group without alterations of V. Such changes
might account for alterations in pHi, and this possibility is not excluded by the current
experiments. The measured intracellular acidosis did not show a positive correlation with plasma
PH, and so does not appears to be secondary to plasma acidosis. It is of interest that diabetic
nephropathy may be associated with increased intracellular pH (whether comparing patients with
normal glomerular filtration rate or comparing patients with end-stage renal failure) but the
significance of these findings is unknown at present.

Despite the lower pHi in CRF the Vmax of the Na/H antiporter was unchanged
when one might have expected a higher rate of transport. In canine brush bordef vesicles the Na/H
exchanger exhibits increased activity in renal failure [Cohn et al 1982a,b]. Specialized epithelial
cells may behave differently from white cells. Also studies on vesicles may not reflect pump
activity in intact cells, as intracellular regulators may have been disturbed during vesicle
preparation. The Na/H antiporter has an intracellular allosteric modifier binding site [Aronson et
al 1982] and its activity is regulated by pHi with a set point. The transporter can also be regulated
by phosphorylation under the action of a number of agonists [Sardet et al 1990]. Leucocyte pHi
is reported to be invariant with extracellular pH in the range of 6.8-7.4 [Levin et al 1976, Deutsch
et al 1984]. Uraemic toxins could inhibit the response to intracellular acidosis as, for example,
parathormone (PTH) has been demonstrated to have an inhibitory effect on the antiporter [Pollock
et al 1986, Miller & Pollock 1987]. We do not have plasma PTH values from all the patients, but
plasma alkaline phosphatase measurements from CRF and DM-CRF groups did not correlate with
the Vmax of the Na/H antiporter (data not shown).

Raised intracellular sodium has been reported in uraemic leucocytes [Edmondson
et al 1975]. This could have reduced H efflux via the Na/H antiporter due to competition between

intracellular Na and H for the transporter. This is unlikely in the present experiments as the
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monensin used in the pH-clamping technique reduces intracellular Na* to very low levels,
preventing inhibition of the antiporter by intracellular Na* binding [Ng & Bomford 1989].
However we cannot exclude a more chronic effect of raised intracellular sodium on Na/H
antiporter activity.

The activity of the Na/H antiporter was higher in patients with IDDM with early
nephropathy and pHi was raised in this group [Ng et al 1990a, 1990b]. A similar result has been
reported in fibroblasts from IDDM patients with nephropathy [Trevisan et al 1989]. As with the
Na/Li countertransport system [Krolewski et al 1988, Mangili et al 1988], perhaps an analogous
transporter, these alterations have been attributed to genetic factors. In this study we have
demonstrated a different behaviour of the transporter and pHi in the diabetic patients with end
stage renal failure on dialysis treatment. These patients do not have a raised antiporter Vmax.

These findings demonstrate abnormal behaviour of the pHi homeostatic
mechanisms in the uraemic syndrome, not entirely attributable to changes in the Vmax of the
Na/H antiporter, and not attributable to abnormal plasma pH. Uraemia may have an inhibitory
effect on the different mechanisms of cellular pHi control, and this could explain the contrasting
results in IDDM and CRF-DM. The effect could be secondary to a circulating factor or an
influence of the "uraemic environment” where the precursor cells develop and differentiate,
resulting in changes of membrane protein expression or in the synthesis of the antiporter. Altered
membrane lipids have been suggested to affect other transporters in uraemia [Kelly et al 1989] and
lipid changes could be involved. This issue is not yet resolved but various membrane transport
systems have been shown to have altered kinetics in renal failure including the Na/K ATPase and
amino acid transporters [Ellory et al 1988c, Fervenza et al 1988, 1989a, 1990). Our studies in
uraemic diabetic and non-diabetic subjects suggest no alteration in the Vmax of the antiporter

compared to normal controls. The differences in intracellular pH between the uraemic and non-
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uraemic subjects in both diabetic and non-diabetic groups might be explained by alterations in the
Km or cooperativity of the antiporter internal proton binding sites.

One could argue that the lower pHi in uraemia was secondary to a lower blood
pH. However, as shown in figure 3.9, pHi in the uraemic patients showed a negative correlation
with blood pH. In other words the patients with systemic acidosis had a higher value of pHi.
There was no correlation between blood pH and either Vmax or buffering capacity.

The intracellular buffering capacity at rest was not different in the various groups.
A higher buffering capacity could be expected if pHi falls below 7 [Ng & Dudley 1989]. All the
pHi values measured in the uraemic patients (diabetic and non-diabetic) were above 7.0. Other pHi
regulating mechanisms are present in leucocytes such as CYHCO, exchange [Simchowitz & Ross
1985, but the contribution of CI/HCO, exchange in our experiments was minimal as cells were
studied in nominally bicarbonate free media.

The absence of bicarbonate in the present experiments enabled the study of the
Na/H antiporter without interference from bicarbonate-chloride exchange. In vivo, pH values and
buffering capacity would be infiuenced by bicarbonate [Goldsmith & Hilton 1992, Thomas 1989,
Syme et al 1991]. In leucocytes bicarbonate-dependent systems participate in the regulation of pHi
[Schimchowitz & Roos 1985, Mason et al 1989, Schimchowitz et al 1991]. The acid extruding
Na-dependent C1-HCO; exchanger has not been demonstrated in leucocytes yet. In previous
experiments, the presence of such a mechanism was not found in leucocytes [Ng-personal
communication]. In a cell line (U937 human leukaemic cells) Na-dependent CI-HCOj; exchange
has been demonstrated, but surprisingly the same cells lack the Na-independent CI-HCO;” system
[Ladoux et al 1987]. It is probable that leucocytes share similarities with mesangial and smooth
muscle cells where bicarbonate-dependent mechanisms are largely responsible for the steady state

intracellular pH [Ganz et al 1989, Kikeri et al 1990, Kahn et al 1990]. In the presence of
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bicarbonate, acid extrusion from vascular smooth muscle is mostly due to the Na/H antiporter at
low pHi values, while Na-dependent Cl-HCO," exchange predominates at resting pHi [Kikeri et
al 1990, Kahn et al 1990]. The relative contributions of these mechanisms to pH regulation in
leucocytes are unclear. Growth factors and other factors have been shown to influence both
bicarbonate-dependent and -independent acid-base transporters [Ganz et al 1989, Kikeri et al 1990,
Hoog et al 1991]. In leucocytes phorbol esters have an inhibitory effect on the CI/HCO;y
exchanger, while they stimulate Na/H exchange [Hogg et al 1991]. In vivo studies on rat skeletal
muscle have suggested that bicarbonate is crucial in regulating resting intracellular pHi, with Na/H
antiporter activity increased in spontaneously hypertensive rats (SHR), but no evidence for a
difference in bicarbonate handling between SHR and Wistar-Kyoto rats [Syme et al 1991]. The
present study has not examined the influence of bicarbonate-dependent mechanisms in uraemia;
it has looked at the only pHi regulatory mechanism that seems to work without bicarbonate
[Thomas 1989].

We can conclude that the pHi regulating mechanisms in uraemia are complex. Non
diabetic haemodialysis patients have a low mean leucocyte pHi. The higher pHi secondary to
activation of the Na/H antiporter in IDDM with early nephropathy is no longer present when they
develop end-stage kidney disease and are on haemodialysis treatment. Nevertheless, the pHi of

IDDM patients on dialysis is higher than that of non-diabetic uraemic patients.

3.4. CONCLUSION

CRF patients have a lower leucocyte pHi when measured under bicarbonate-free
conditions. The activity of the Na/H antiporter is not altered in chronic renal failure. The higher
activity of the Na/H antiporter present is IDDM patients with early nephropathy is not present in

patients with end stage diabetic nephropathy. Figure 3.11 summarizes the findings.
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FIGURE 3.11: Diagram with the answers to the question of figure 3.1.




CHAPTER 4

ERYTHROCYTE LACTATE UPTAKE UNDER
PHYSIOLOGICAL CONDITIONS AND IN CHRONIC
RENAL FAILURE

The work presented in this chapter represents a study of erythrocyte lactate
transport in patients with chronic renal failure (CRF). The attention directed towards this transport
in uraemia derives from our interest in examining the widespread changes in membrane transport
present in uraemic patients. Lactate transport has not been examined in CRF previously. The
chapter will also describe the characterization of lactate uptake in erythrocytes under conditions
close to physiological. When the study on CRF was being planned it became clear that there was
a lack of information on the transport of lactate at physiological temperatures, so some effort was
concentrated on characterizing the rates of transport at normal conditions of body temperature.
Information on erythrocyte lactate transport via the monocarboxylate carrier, anion exchanger
(band 3) and via diffusion of the undissociated acid is available from various extensive studies,
but they have usually being performed at low temperatures (0-25°) [Deuticke et al 1978, 1982;
Deuticke 1980, 1982, 1989; Halestrap 1976; Halestrap et al 1990; Leeks & Halestrap 1978, 1979;
Halestrap & Poole 1989; Poole et al 1989, 1990; Dubinsky & Racker 1978; Juel et al 1990;
Fishbein 1986; Fishbein et al 1988a, 1988b; Edlund & Halestrap 1988; Johnson et al 1980].

The uptake of lactate in erythrocytes is very important under stimulated anaerobic
metabolism, such as during exercise, and red cell lactate accumulation is a factor in buffering and
transporting lactic acid away from exercising muscle [Fishbein 1986].

In renal failure blood lactate concentration has been reported to be either normal,
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or elevated [Diesel et al 1990, Askanijii & Sacks 1991, Savig et al 1991]. The rise in blood lactate
after exercise has also been reported to be abnormal in uraemia. The results have been
controversial, either presenting more marked [Parrish 1981, Parrish et al 1990] or reduced [Savig
et al 1991, Diesel et al 1990] blood lactate concentrations after exercise.

Chronic renal failure patients [Capaldo et al 1990] and acutely uraemic dogs
[Cianciarruso et al 1991] have been reported to have normal blood lactate levels and hepatic
lactate liver uptake; however, splanchnic lactate uptake was abnormal after glucose infusion.
Glucose infusion in controls resulted in net hepatic lactate output, while uraecmics had net
splanchnic lactate uptake [Capaldo et al 1990, Cianciarruso et al 1991].

Finally in uraemia abnormal lactate transport could play a role in the pathogenesis
of acid-base disturbances.

The methodology for the study is presented next.

4.1. METHODS AND PATIENTS FOR LACTATE WORK

4.1.1. MATERIAL AND SOLUTIONS

Lactate experiments used a glucose-free saline solution with the following
composition (in mmol/l): NaCl 150, KC1 5, MgCl, 1, MOPS 10 and pH 7.4 with Tris base. L-
Lactic acid, o-cyano-4-hydroxycinnamate (CHC), bumetanide, 4,4’ -diisothiocyanostillbene-2,2’-
disulfonate (DIDS), 4-acetamido-4’-isothiocyanostillbene-2,2’-disulfonate (SITS) and p-
chloromercuribenzene sulfonate (PCMBS) were obtained from Sigma Chemical Company (Poole,
Dorset, UK). L-[**C] lactic acid (specific activity of 154-160 mCi/mmol) was from Amersham

International (Little Chalfont, Buckinghamshire, UK). Lactate solutions were prepared from a 40
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mM stock of L-lactic acid in saline with pH adjusted to 7.4. CHC and bumetanide had to be
dissolved initially using tris base. Stock solutions of CHC (30 mM), bumetanide (1 mM), SITS
or DIDS (2 mM) were prepared in the saline medium and the pH adjusted to 7.4.

Cell separation with oil was achieved by using dibutyl phthalate (DBT),

from Sigma Chemical Company.

4.1.2. CELL PREPARATION

Cells were prepared as for the choline experiments (chapter 2), but a glucose-free
saline was used to wash and incubate the cells, in order to avoid glycolysis and production of
lactic acid. All washes were at 37°C and the cells were incubated with saline at 37°C for 30
minutes in order to deplete intracellular lactate. Cells were resuspended at an haematocrit of 16

% and kept on ice. The final haematocrit during the fluxes was around 8%.
4.1.3. LACTATE UPTAKE PROTOCOL

For lactate fluxes at 37°C, techniques that allow very fast measurements of the
transport of the labelled substrate had to be employed. With flux rates of a few seconds it is
essential to be able to stop the fluxes as quickly as possible. This can be achieved by inhibition
of transport by diluting the cell suspension with a cold medium containing inhibitors of lactate

transport (CHC or PCMBS), and finally by separation of the cells by centrifugation through oil.



4.1.3.1. LACTATE UPTAKE

Before starting flux measurements, cells (obtained as in chapter 2) were washed
once more, resuspended in saline (or saline with the required inhibitor) and incubated at 37°C for
ten minutes.

Assessment of transport required mixing the cells with the substrate and sample
at timed intervals. Unless otherwise stated, extracellular lactate concentration during each flux
measurement was 1 mM, i.e. close to physiological resting concentrations. Fluxes were started by
adding and mixing 0.2 ml of red blood cell suspension to the "flux tubes", which contained 0.2
ml of saline with the labelled L-lactate at twice the desired final concentration. Tracer amounts
of “C-Lactate were present. Flux was stopped by quickly transferring a 0.2 ml aliquot to a cold
"stop tube" already placed in a microfuge and then spinning for 15 seconds. The stop tubes were
kept on ice and contained 0.5 ml of dibutyl phthalate and 0.5 ml of 6 mM CHC in saline, or 10
uM PCMBS. For the measurements two workers were needed, one to perform the actual fluxes
and the other to perform the timing (seconds). The supernatant was aspirated first, followed by
the oil layer and the walls of the Eppendorf tube cleaned using a cotton swab. Triton X-100 (0.1
% v/v in water) was used to lyse the cells and TCA 5 % (w/v) to precipitate proteins. Activity of
“C was counted by B-scintillation spectroscopy.

Uptake was represented as pmol/(I.sec) and the values obtained from the slope
of the regression line calculated from four samples taken at times under 15 sec (4,8,11 and 15 sec
for example). The y axis intercept of the regression line for fluxes up to 15 sec was used as a

measure of extracellular space contamination (vide section 4.1.3.2).



4.1.3.2. ADJUSTMENT FOR EXTRACELLULAR CONTAMINATION

In the stop technique as employed the cells were spun through oil (DBT). Despite
dilution of the cell suspension with ice cold saline and inhibitors, some of the radiolabelled marker
was trapped in the extracellular space within the cell pellet. If this was not taken into consideration
flux measurements would be artificially elevated. The y-intercept of the regression line, at time
zero, of the measurements up to 15 seconds was taken as an estimate of the extracellular
contamination, allowing correction for the actual fluxes by subtracting this value. Figure 4.1.a and
.b illustrates a representative example in which a time course was performed with or without
inhibitors. All the regression lines intercept at the same point on the y axis as seen in figure 4.1.a.
When this figure was subtracted the corrected true values for the fluxes can be plotted in figure
4.1.b.

As an alternative, fluxes could be measured as rapidly as feasible (3-4 sec) at 0°C
in the presence of inhibitors. In this case, the radioactive label detected in the cell pellet

represented the trapped extracellular 1abel or membrane-bound contamination.

4.1.3.3. TEMPERATURE EFFECT

Different temperatures were compared using a water-bath to incubate cells at 37°C,
room temperature and 0°C on ice. Most experiments were performed at 37°C in order to estimate

the fluxes close to physiological conditions.






4.1.3.4. INHIBITORS

Inhibitors used include SITS, DIDS, CHC, bumetanide and PCMBS. The
inhibitors were chosen for their reported efficiency in inhibiting the monocarboxylate carrier
and/or band 3 [Halestrap 1976, Leeks & Halestrap 1979, Deuticke 1989, Deuticke et al 1982,
Gunn 1985, Wieth & Brahm 1985]. The concentration of inhibitor used will be stated for each
experiment. Lactate was 1 mM final concentration, unless stated otherwise. Extracellular
contamination in some experiments was taken as the trapped counts at 0°C, following sampling

as quickly as possible.

4.13.5. LACTATE UPTAKE IN PLASMA

Plasma was used in some experiments in order to simulate physiological
conditions. After venesection blood was kept on ice for 10 minutes and cells separated by
centrifugation at 2°C. Plasma was saved and kept on ice; one sample was used to measure lactate
plasma levels. Immediately before measurements, red cells were suspended using non-labelled
plasma with a packed cell volume of about 16 %, and incubated at 37°C. Fluxes were started by
adding and mixing 0.1 ml of red blood cell suspension in plasma to the flux tubes, which
consisted of 0.1 ml of plasma with tracer amounts of C-lactic acid at 37°C. Aliquots of plasma
with the added radiolabel had been taken as a standard for scintillation counting. At appropriate
time intervals the flux was stopped by transferring an 0.1 ml aliquot to a cold stop tube already
placed on a microfuge for immediate centrifugation. Stop tubes were kept on ice and contained

0.5 ml of dibutyl phthalate and 0.5 ml of 6 mM CHC in saline. Time courses were performed.
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4.1.3.6. PATIENTS

Chronic renal failure patients on dialysis treatment at the Oxford Renal Unit,
Churchill Hospital, were selected for the experiments. Their clinical characteristics are summarized
in Table 4.1. The etiology of renal failure were Reflux Nephropathy, Henoch Schonlein Purpura,

Adult polycystic kidney disease and 2 with obstructive uropathy.

TABLE 4.1
CHRONIC RENAL FAILURE PATIENTS - CLINICAL DATA
MEAN RANGE
SEX M3/F2
AGE 48 21-74
CREATININE (uM) 697 418-1026
GLUCOSE (mM) 5.12 4.2-7.1
POTASSIUM (mM) 4.6 3.6-6.1
SODIUM (mM) 138 132-142
HAEMOGLOBIN (g/dl) 11.1 6.5-15.3
MCV {) 87.9 63.3-107.9

4.2. RESULTS

4.2.1. TIME COURSE AND TEMPERATURE DEPENDENCE

Lactate uptake at three different temperatures is shown in figure 4.2. There was
a marked temperature effect on the rates of lactate uptake and this was one of the reasons leading

other authors to perform lactate studies at low temperatures. After 5 minutes lactate was 457, 242

88



and 24 pmol/l when measured at 37, 20 and 0°C respectively, at an extracellular concentration of
lactate of 1 mM.

Fluxes performed over a period of up to 20 seconds were linear with time, as
shown in figure 4.3. Measurements of the fluxes for a period up to 15 seconds are adequate for
estimation of the initial rates of transport. In the graph the initial rates of lactate uptake are 6.8,
2.1 and 0.3 pmol/l.sec respectively at 37, 20 and 0°C.

All the other experiments were performed by measuring the initial rate of lactate

uptake at 37°C.

4.2.2. CONCENTRATION DEPENDENCE

Concentration dependence studies showed that total lactate influx displayed
saturation kinetics. Lactate uptake shown in figure 4.4. was an example of data from one

individual who at 37°C gave a V,, of 43 umol/l.sec and a K, of 4 mM.

4.2.3. TIME COURSE WITH INHIBITORS OF LACTATE TRANSPORT

It is reported that o-cyano-4-hydroxycinnamate (CHC) is a "specific" inhibitor of
the lactate carrier [Halestrap 1976]. The literature suggests that the rest of the fluxes, ie CHC-
resistant, are mainly mediated by band 3. Accordingly the experiments shown in figure 4.5 were
performed. These results were initially surprising since there was a similar inhibition of the fluxes
with either 6 mM CHC or 400 uM DIDS, and less inhibition by bumetanide (another band 3
inhibitor) [Gunn 1985, Wieth & Brahm 1985].

The initial rates of lactate uptake in several normal volunteers were inhibited as
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shown in figure 4.6. SITS and CHC, at the specified concentrations, inhibit similar fractions of

the fluxes while SITS and bumetanide are less effective in inhibiting the fluxes.

To examine the effects of each inhibitor, concentration curves were performed.

4.2.4. CONCENTRATION DEPENDENCE OF INHIBITORS ON LACTATE
TRANSPORT

Inhibition of lactate transport (extracellular lactate concentration: 1 mM) by CHC,
SITS, DIDS, bumetanide and PCMBS is shown in figures 4.7 to 4.11.

PCMBS seemed to be the most effective inhibitor of lactate uptake with 50%
maximal inhibition at 2 uM. At higher concentrations, PCMBS inhibited 90 % of the total lactate
flux at 5 uM. All the other inhibitors had variable but significant effects on lactate fluxes. CHC
was able to inhibit up to 20 % of the total lactate fluxes with half-maximal inhibition at
approximately 0.5 mM. The anion exchange inhibitors SITS, DIDS and bumetanide had less

effective inhibitory capacity.

4.2.5. PLASMA

To mimic physiological conditions, uptake was measured in autologous plasma
instead of saline. Tracer amounts of radiolabel were added to plasma, which had its lactate
concentration measured. Lactate uptake from plasma of four individuals into erythrocytes had an
initial rate of 8.8 pmol/l.sec (SEM 1.6), with uptake of 430 (SEM 98) pmol/l.sec (range 304-625)
after 5 minutes. These results are comparable to the values obtained using saline. A representative

time curve is illustrated in figure 4.12.
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4.2.6. CHRONIC RENAL FAILURE

Lactate uptake was determined in 5 patients with CRF on haemodialysis, and
compared with 5 healthy controls. Initial rates of uptake were measured at 37°C with extracellular
lactate concentrations varying from 0.5 to 20 mM over 5-15 s. The results in figures 4.13 and 4.14
show that the mean maximum rate of lactate uptake in CRF was 81 umol/ L.sec (SEM: 9), with
a similar V,_ of 83 (SEM: 10) in the control group. Mean K values were 8.0 mM (SEM: 1.9)

and 11.5 (SEM: 2.6) for CRF and controls , respectively (NS).

4.3. DISCUSSION

This chapter presented two main observations. First, it demonstrated the activity
of the lactate transporter under physiological conditions of temperature and pH. Second, it showed
that lactate erythrocyte uptake in patients with chronic renal failure on dialysis treatment was

similar to normal controls.

ERYTHROCYTE LACTATE UPTAKE UNDER PHYSIOLOGICAL CONDITIONS OF

TEMPERATURE

Lactate is a small carboxylic acid and under normal pH is usually an anion. The
movement of physiologically important anions across the red cell membrane is more difficult to
measure than that of cations, because membrane anion transport is so much faster than that of
cations. Most studies employ some means of slowing the rate of ion transport, such as cooling the

cell suspension, or substituting a larger anion, e.g., sulphate [Clark 1988].
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In order to study erythrocyte lactate fluxes in disease states it was necessary first
to characterize the transport at normal temperature conditions. Biochemically lactate is formed
from the reduction of pyruvate. Pyruvate is an important intermediate of the major catabolic and
anabolic pathways [Denton & Halestrap 1979], participating in th¢ major metabolic pathways for
carbohydrates, lipids and proteins. The breakdown of glucose results in the production of lactate
and protons and its accumulation would cause metabolic acidosis with consequent alterations in
cell function [Alberti & Cuthbert 1982]. Glycolysis is the main metabolic pathway in the
production of lactate, occurring chiefly under anaerobiosis as seen in anoxia or exercising skeletal
muscle. Red cells do not have mitochondria and the principal source of energy is from glycolysis
with resulting lactate formation [Denton & Halestrap 1979]. The lactate produced in glycolyzing
cells is released into the blood and then extracted by the liver, kidney, heart or resting skeletal
muscle where it is metabolized again into glucose. Specific transport systems enable the rapid
translocation of these metabolites across the membranes of different types of cells [Spencer &
Lehninger 1976].

The main anion transporter in erythrocytes is the anion exchanger protein (band
3). The affinity of band 3 for monocarboxylates is very low, and the K, values are high [Halestrap
1976, Deuticke 1982]. As discussed previously three main pathways for lactate transport have been
identified.

Lactate fluxes are fast and special techniques have to be employed in order to
measure the linear initial rate of transport. In experiments using rapid cell separation through oil,
associated with a cold inhibitor-stop method, information of the activity of the transporter at 37°C
can be obtained. Lactate-monocarboxylate exchange operates in a faster mode than the net flux
of lactate in exchange with protons, but in these studies cells were present at zero-trans conditions

for lactate [Dubinsky & Racker 1978]. Concern about the possible effect of metabolism on the
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measured transport rates has been expressed [Halestrap et al 1990]. L-lactate is not further
metabolized in erythrocytes. Its interconversion by lactate dehydrogenase, which catalyses the
reduction/oxidation of lactate and pyruvate, is the major metabolic complication [Deuticke 1982].
No inhibitor of this enzyme was present in our experiments, and this complication would be of
more concern in efflux experiments [Deuticke 1982]. To minimize this factor the fluxes were
measured in saline without glucose, i.e. no substrate for the glycolytic pathway present in the red
cells was available. The fluxes were also performed with the cells depleted of their lactate content
as described in the methods section. The fluxes at 37°C were shown to be linear for at least 20
seconds, representing the equivalent of a first order reaction and a non-significant backflux
component,

The transport via a monocarboxylate carrier was first confirmed by the use of
cinammate and its derivatives as inhibitors of the lactate and pyruvate transport in mitochondria
and erythrocytes by A Halestrap [Halestrap 1976, 1975, Halestrap & Denton 1974]. This carrier
has since been identified and characterized in several different tissues.

The results seen in the present work are in agreement with previous descriptions
that lactate uptake is largely via the monocarboxylate carrier. The inhibition of a significant
proportion of lactate uptake by various inhibitors of the anion exchange protein, band 3, led to an
initial proposition that larger contribution of the anion exchanger to the fluxes occurred at 37°C.
That is not the case as is shown by the very effective inhibition achieved with PCMBS, which
does not inhibit fluxes via band 3 [Deuticke 1989]. This confirms the participation of the
monocarboxylate carrier in about 90 % of the lactate uptake, values similar to that seen at lower
temperatures [Deuticke 1982]. PCMBS is a slowly penetrating organomercurial that acts almost
instantaneously when added to the cells, suggesting an action on an extracellular sulphydryl site

[Deuticke et al 1978, Dubinsky & Racker 1978, Johnson et al 1980]. Although CHC has been
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proposed as a specific inhibitor of the monocarboxylate carrier, the present study suggests PCMBS

is a better inhibitor to measure the MC fraction of the fluxes.

It is difficult to compare the kinetic parameters in the present thesis with those

in the literature, since no previous measurements of lactate transport in erythrocytes have been

carried out at 37°C. Furthermore the rates of transport are markedly influenced by the experimental

conditions and pH. Still, some indirect evidence supports the present findings. Fishbein [1986] has

shown that erythrocyte lactate efflux at 20°C has a Km of 7.2 mM and a Vmax of 17 umol/l.sec

(1.02 mM/min). Extrapolation of his data for lactate efflux at 37°C, applying estimated values of

lactate carrier activation energy [Dubinsky & Racker 1978], resulted in values for Vmax of 133

umol/l.sec (8 mM/min) [Fishbein 1978]. Results for lactate fluxes by other author are illustrated

in table 4.2, for comparison.

REFERENCE
FISHBEIN 1976

DUBINSKY &
RACKER(1978)

DEUTICKE 1982

HALESTRAP 1976

LEEKS &
HALESTRAP(1978)

PRESENT STUDY

TABLE 4.2

ERYTHROCYTE LACTATE FLUXES

T (°C) K, (mM)

20

25
20
10
5

10
10
25

37

7.2

134
10.5
0.33
9.14
8.07
18.6
18

11.5

V,ax (HMoOl/1.5€C)

17

55
14.5
1.5
1.7
19.5
13.9
7.61
11.3

83
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The activity of the transporter also varies between species and cell types [Edlund
& Halestrap 1988, Deuticke 1989, Leeks & Halestrap 1979, Poole et al 1989, Halestrap et al 1990,
Lupo et al 1990, Watt et al 1988, Fafournoux et al 1985, Jennings & Adams-Lackey 1982,
Trosper & Philipson 1989, 1987, Monson et al 1982, Spencer & Lehninger 1976].

The main function of the lactate transporter is to export lactate (in skeletal
muscle), the major organic acid that accumulates inside the cell. The erythrocyte obtains most of
its energy from glycolysis and needs a rapid transporter of lactate. In muscles high levels of lactate
occur mainly at exercise and an important role of the carrier is to participate in muscle lactate
extrusion. Blood cells contain a third of the aqueous volume of blood, and the rapid uptake of
lactate exported from muscle would dilute the rise in plasma lactate and facilitate efflux from
muscle [Fishbein 1986]. At the level of the liver the release of lactate to hepatocytes would help
gluconeogenesis [Denton & Halestrap 1979]. As has been proposed for amino-acids [Christensen

1982,1990], erythrocytes then play a role in the interorgan distribution of lactate.

ERYTHROCYTE LACTATE TRANSPORT IN URAEMIA

Metabolism of carbohydrates is abnormal in uraemic patients, with significant
alterations related to a peripheral resistance to the action of insulin [Alvestrand et al 1989,
DeFronzo et al 1982, Mak 1989]. Anaemia of renal failure can provoke a hypoxic stimulus
perhaps as a stimulus for anaerobic glycolysis. As described in the introduction of this chapter,
lactate levels in uraemia are reported to be either normal or elevated and there is also conflicting
evidence on lactate levels following exercise. The experiments described in this chapter shows that
erythrocyte transport of lactate in chronic renal failure is normal. It does not appear that abnormal

lactate transport is a key factor in uraemic cell damage. This is an important result, in which the
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selectivity of the abnormalities of membrane transport in uraemia is confirmed. An normal lactate
transport is important in preventing further metabolic derangements in renal failure.

Study of lactate transport in diseases has been of interest. A deficiency of
monocarboxylate carrier in patients with muscular pain [Fishbein 1986, and the existence of
naturally occurring inhibitors of the mitochondrial and red cell monocarboxylate carrier in
phenylketonuria (phenylpyruvate) and maple syrup disease (o-ketoisocaproate) induces severe
metabolic abnormalities [Denton & Halestrap 1979]. Also in starvation and diabetes, due to the
ability of the monocarboxylate carrier to transport ketone bodies its role is important [Denton &
Halestrap 1979]. In these conditions the lactate carrier participates in the mechanisms of disease.

That is not the case for renal failure patients.
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CHAPTER 5

MEMBRANE CHOLESTEROL MODULATION
AND THE EFFECTS ON MEMBRANE TRANSPORT

The present chapter presents "in vitro" experiments on the modulation of
membrane transport processes by changes in membrane cholesterol. Cholesterol was altered by cell
incubation with liposomes of defined composition. The objective was to analyze the direct effect
of altered membrane cholesterol on the activity of some of the transport systems studied in this
thesis in the context of disease processes.

Membrane lipid composition is known to modulate membrane function [Yaegle
1989, Deuticke & Haest 1987, Clandinin 1991, Cabantchik et al 1986, Spector & Yorek 1985,
Luly 1989, Carruthers & Melchior 1988, Lucio et al 1991]. The significance of this modulation
for cell physiology in health and disease is not completely clear, but this process may be important
in pathological states [Clandinin et al 1991]. As mentioned previously blood lipids and cholesterol
are very much involved in concepts of certain diseases. It is clear now that there is an association
between plasma cholesterol levels and mortality and morbidity, mainly in the context of
cardiovascular disease [Ball & Mann 1988]. The association of low cholesterol and increased risk
of neoplasia (or other non cardiovascular deaths) is controversial, but has been reported [Ball &
Mann 1988]. The diseases in focus in the present thesis: chronic renal failure, diabetes and
atherosclerotic vascular disease all have clinical associations with changes in blood lipids [Lindner
et al 1974, Martin et al 1986, Gibbons 1986, Betteridge 1989, Mulec et al 1990, D’ Amico &
Sanna 1991, Hargreaves et al 1991]. They also have abnormal erythrocyte membrane lipid

composition reported [Bleiber et al 1980, Baldini et al 1989, Wood et al 1984, Michalak et al
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1988]. Further association between dyslipidaemia and hypertension has been reported in some
individuals [Williams et al 1988, Hunt et al 1989, 1991].

Sodium-lithium countertransport in the erythrocyte has been examined in
cholesterol-depleted cells and compared with control cells. The lstudy of Na/Li countertransport
was a preliminary 'study to the investigation on patients with atherosclerosis treated with lipid-
lowering therapy, which will be described in the next chapter. Sodium-hydrogen antiporter

activities and choline transport have been studied in cells enriched and depleted in cholesterol.

5.1. MATERIAL AND METHODS

5.1.1. MATERIAL AND SOLUTIONS

L o-phosphatidylcholine (from egg yolk), cholesterol (from porcine liver), tissue
culture medium 199 without sodium bicarbonate (TC199) and glutamine were obtained from
Sigma Chemical Company, Dorset, Poole, UK. TC199 was buffered with 15 mmol/1 4-(2-
Hydroxyethyl)-1-piperazine-ethanesulphonic acid (HEPES) and was nominally bicarbonate-free;
its composition was adjusted to (in mmol/l) Na 140, K 5.5 (pH 7.4 with tris base). Chloroform
and methanol were from BDH Limited, Atherstone, UK; 2-propanol and n-hexane (HPLC grade)
from Aldrich Chemical Company, Gillingham, UK; and nitrogen (N,) from BOC Ltd, Brentford,
Middlesex, UK. RPMI and foetal bovine serum were from Flow Laboratories, Rickmansworth,
Herts, UK. All other chemicals were Analar grade.

Sonication was performed using an Astell Scientific bath sonicator for the
phosphatidylcholine liposomes employed for erythrocyte cholesterol depletion in the Na/Li

countertransport experiments. An MSE ultrasonic power unit with a 9mm diameter probe tip was
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used to prepare all the other liposomes.
Liposomes and control solutions had Penicillin 50 UI/ml and Streptomycin 50
pg/ml added to avoid bacterial growth under prolonged incubation periods.

Other chemicals and equipment are described in the relevant chapters of this thesis

on each of the transporters.

5.1.2. LIPOSOME PREPARATION AND CELL CHOLESTEROL
MODULATION

Modification of cell cholesterol was achieved with the use of liposomes.
Cholesterol depletion was performed with phosphatidylcholine liposomes (PC liposomes), while

enrichment was achieved with cholesterol-phosphatidylcholine liposomes (PCCH liposomes).

5.1.2.1. LIPOSOMES FOR CHOLESTEROL DEPLETION AND_ Na/Li
COUNTERTRANSPORT

One ml of a lecithin solution (phosphatidylcholine 100mg/ml in
chloroform/methanol) was evaporated to dryness under nitrogen in a round-bottomed glass and
then aspirated under vacuum. The lipids were resuspended in 20 ml saline (lecithin 5 mg/ ml of
saline) and sonicated for 30 min twice with a interval of 15 min for refrigeration. Liposomes were
cooled and used immediately. The saline had the following composition: NaCl 150 mM, KCI 5
mM, MgCl, 1 mM, Glucose S mM, MOPS 10 mM, pH 7.4 with tris base. MgCl, was included
to prevent haemolysis [JC Ellory, FJ Lucio Cazana, BM Hendry & C Harvey: personal

communication].
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Incubation of erythrocytes with PC liposomes or control saline was performed
overnight (= 12 hours). For each ml of packed cells a total of 100 mg of lecithin was used.
Packed erythrocytes were resuspended with the liposome suspension (1:20, V/V), incubated and
mixed constantly by a rotating mixer in a water bath at 37°C. A control cell suspension was
submitted to the same procedures, but in saline without liposomes. This method was modified after
others [e.g. Claret et al 1978, Shinitzky & Inbar 1974]. After the incubation period, the cells were
spun down at 1500 g for 15 min, and the supernatant and top layer of cells discarded.
Subsequently cells were washed five times with ice cold saline and centrifuged at 3000 g. Two
or three aliquots of red cell suspension were separated for haematocrit and cholesterol content

measurements. The cells were then used for measurements.

5.1.22. LIPOSOMES FOR CHOLESTEROL MODULATION OF THE Na/H
ANTIPORTER

Liposomes were prepared with some modifications from previous methods [Claret
et al 1978, Shinitzky & Inbar 1974]. Lecithin alone (240 mg) (PC liposomes), or with cholesterol
(480 mg) was dissolved in chloroform-methanol (2:1,v/v) (PCCH liposomes) were evaporated to
dryness under nitrogen in a round-bottomed glass vessel. Complete dryness was achieved by
aspiration under vacuum for 2 hours. The lipids were dispersed in 16 ml of "isotonic KCl buffer”
(chapter 3) and sonicated using an MSE Ultrasonic Power Unit. Sonication was carried out using
a 9 mm diameter probe tip at maximum energy output while cooling the dispersion with ice. After
sonication of PC liposomes for 60 min and PCCH liposomes for 120 min, the suspensions were
centrifuged at 4°C for 40 min at 100,000g using an MSE Europa Ultracentrifuge (Model 55M)

with an MSE 8x35 ml titanium angle rotor. The supernatants containing the liposomes were then
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saved for the experiments and kept at 4°C to be used in the next 24 hours.

Depletion or enrichment of membrane cholesterol in lymphoblasts was achieved
by incubating 8 to 16 x10° lymphoblasts per ml in PC or PCCH liposomes at 37°C using a water
bath, while the control cells were incubated in the same isotonic KCI buffer without the liposomes.
The medium was changed every 2 hours of incubation. At times 0, 2, 4 and 6 hours of incubation,
samples were taken and the cells washed 3 times with TC199. One aliquot was taken and used
for measuring the pHi and the Vmax of the Na/H antiporter, as described in chapter 3. The other
aliquot was used to count cells with a Coulter Counter (Coulter Electronics, Luton, UK), and to
measure the membrane cholesterol content (see below). The medium was changed every 2 hours
of incubation. Cell viability was higher than 95% after 6 hours of incubation when tested by

trypan blue exclusion.

5.1.2.3. LIPOSOMES FOR CHOLESTEROL MODULATION OF THE CHOLINE
TRANSPORT

Liposomes for all the other experiments were prepared as described for the
experiments with lymphoblasts. The liposomes obtained in that way with more intense sonication
are smaller, and more effective at achieving faster cell cholesterol changes. The saline comprised
NaCl 150 mM, KC1 5.36 mM, MgCl, 1 mM, MOPS 15 mM, Glucose 10 mM, pH adjusted to 7.4
with NaOH. Phosphatidylcholine liposomes for cholesterol depletion were submitted to sonication
with an initial concentration of 7.6 mg of PC/ml of saline and the mixed cholesterol-
phosphatidylcholine liposomes had 15.3-7.6 mg/ml of saline. The incubation under the different

conditions was performed at a packed cell volume of approximately 7 %.
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5.1.3. CHOLESTEROL EXTRACTION AND MEASUREMENTS

Lipid extraction was in chloroform/isopropanol (7:11) following which the solution
was dried under nitrogen and the residue resuspended in n-hexane for analysis of cholesterol by
normal phase isocratic high-performance liquid chromatography (HPLC). The solvent phase was
97% n-hexane 3% isopropanol with a 5 ym Microsorb Silica column. An internal standard of
progesterone was used and the system was calibrated with pure cholesterol standards. Prior to the
lipid separation the lymphoblasts were counted using a Coulter Counter and erythrocytes had the
packed cell volume measured. The cholesterol values were comparative and cell cholesterol results
are expressed as percentage of change from the sample taken at control time zero. Measurements

of cholesterol were kindly done by Dr. Francisco J Lucio Cazana and Prof. Bruce M Hendry.

5.14. WHITE CELLS FOR THE CHOLESTEROL MODULATION
EXPERIMENTS

5.14.1. LYMPHOCYTES

Lymphocytes were isolated using Histopaque-1077 with a method similar to
Boyum [1968]. Histopaque 1077 density is 1.077. Sixty ml of blood were obtained, mixed with
40 ml of TC199 and a 20 ml aliquot carefully layered over S ml of Histopaque 1077 in universal
tubes. Lymphocytes and other mononuclear cells will be held at the plasma-histopaque interface,
while RBC and granulocytes will gravitate to the bottom, after centrifugation at 300 g for 30
minutes. Any residual red cells were eliminated by hypotonic shock as described for dextran

sedimentation in chapter 3.
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S.1.4.2. LYMPHOBLASTS

Modulation of membrane cholesterol and its effects on intracellular pH and Na/H
antiporter activity was performed by using cultured Epstein Barr Virus modified lymphocytes,
lymphoblasts. These experiments require a large yield of cells representing large volumes of blood,
if lymphocytes were to be separated. Lymphoblasts growing in culture were used as an alternative,

The lymphoblast tissue culture manipulation and cell feeding was kindly
performed by Dr. L.L.. Ng who provided the cells for the experiments. The following conditions
were used: transformed human lymphocytes by Epstein-Barr virus were cultured in RPMI medium
containing 10% foetal bovine serum, 1 mmol/l glutamine, SO IU/ml penicillin, 50 pg/ml
streptomycin and 24 mmol/l NaHCO, (pH 7.4 with 5% CO, in air). These lymphoblasts were fed
every 2 days, keeping the cell density between 0.5 and 1 x 10%ml. The cell viability as judged by
trypan blue exclusion was over 98%.

After retrieval from the culture, lymphoblasts were washed three times and then

used accordingly for each experimental protocol.

3.1.5. Na/Li COUNTERTRANSPORT

The activity of the erythrocyte Na/Li countertransport has been reported to be
altered in conditions such as essential hypertension [Canessa et al 1980}, insulin dependent
diabetic patients with a higher risk of developing diabetic complications, uraemia and
hyperlipidaemia [Woods et al 1983, Hunt et al 1986, Krolewski et al 1988, Mangili et al 1988].
All these conditions are implicated in a higher risk of developing vascular disease. Erythrocyte
cholesterol modulation was performed to evaluate any possible influence on the countertransport

activity. The methods for assessing its activity are discussed next.
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5.1.5.1. CELL PREPARATION

Blood preparation and cell quantification is described in detail in chapter 2.
Usually 10 to 20 ml of blood was required from normal controls or patients, kept on ice and
experiments were performed within 1 to 2 hours. Packed red cells were washed 3-5 times with ice

cold MgCl, wash solution (MgCl, 107 mM, MOPS 10 mM pH 7.4 tris base).

5.1.5.2. GLASSWARE CARE

Special care had to be taken with the cleaning of the glassware used to prepare
and keep the solutions used in the Na/Li countertransporter experiments. Any undesired
contamination, e.g. traces of ions and detergent, can have a major effect on the measurements
using atomic absorption or emission spectrophotometry. In those experiments all the glassware as
submitted to the following cleaning procedures:

After standard cleaning in an automatic glass washing machine, glassware was
washed with ethanol, the excess was discarded and immediately nitric acid was added to the tube
and the reaction was allowed to continue until all the brown fumes had gone. Four washes with
deionized water were then given and the items placed in a drier.

Due to the chemical reaction between the alcohol and nitric acid, toxic fumes were
emitted so the procedures were carried out on a fume cupboard with special care and protection

due to risk of explosion and the corrosive characteristics of the chemicals and the reaction.
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5.1.5.3. IONIC MEASUREMENTS

Intracellular sodium, potassium and lithium measurements were done using flame
photometry (IL Flame Photometer, Instrumentation laboratory IL. 943) with caesium as an internal
standard. Cell samples for electrolyte measurements were separated and washed three times (10000
g, 15 sec) with ice cold MgCl, wash solution using an Eppendorf microfuge. Triplicate samples
were taken to estimate the haematocrit. After the last wash the supernatant was aspirated and
discarded. The remaining cell pellet was then lysed by adding 0.5 ml Triton X-100 (0.1 %, w/v).
TCA 5% (w/v) was added to precipitate the protein, and the tube was spun in a microfuge (10000
g) for 10 minutes. The clear supernatant was then aspirated and used for electrolyte analysis.

Potassium and lithium were analyzed in the standard mode of the flame
photometer. Measurements of intracellular sodium used the prediluted mode with a standard
containing Na 1.4 mM, K 0.05 mM, Li 0.01 mM and Cs 1.5 mM. Lithium in the efflux medium
was measured by means of atomic absorption spectrophotometry (Atomic absorption
spectrophotometer-ATOMSPEK, Hilger & Watts H1170) using a slit width of 30 nm and
wavelength of 670.8 nm. Standards contained lithium chloride (0 to 100 uM) made up in the same
Na-containing or Na-free solution used for the efflux experiments. Alternatively lithium was
measured by means of atomic emission spectrophotometry using a Pye Unican spectrophotometer
using the same standards as above. A mixture of acetylene and compressed air was used to fuel
the flame.

Extreme care was needed in cleaning the burning slot, monitoring aspiration rates
and checking the calibration for every individual experiment.

Electrolytes are expressed as mmoles/l rbc and intracellular concentration was

calculated using the formula below (mmoles/ 1 rbc):
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[ION)= ( x . TV ) / Hct (5.1)

where [ION]; is intracellular concentration of ion; x; measured concentration in mmoles/l; TV:
total volume (ml) in the tube, that is) 0.5 ml Triton X-100, 0.5 ml TCA and cell volume (Hct);
Hct: Haematocrit.

The initial protocol employed a wash solution contained sucrose and glucose (75
mM MgCl,, 85 mM sucrose and 10 mM glucose) [Canessa et al 1980). This solution caused
frequent difficulties when used in the atomic absorption/emission spectrophotometer, even when
sucrose was replaced in the solution with higher concentrations of MgCl,. The flame would get
contaminated very quickly, needing frequent interruptions to clean the flame slit. Magnesium-salt-
containing media provided unstable readings in another study using flame emission

spectrophotometry [Ibsen et al 1982].

5.1.54. Na/Li COUNTERTRANSPORT ASSAY

Sodium-lithium countertransport was measured with a modified method based on
Canessa et al [Canessa et al 1980; Trevisan et al 1982; Smith et al 1982].

All the solutions were prepared using deionized water. After erythrocytes were
obtained and washed as above with ice cold MgCl, wash medium, cells were then resuspended
at approximately 10 % haematocrit, and two 1 ml samples taken into two Eppendorf tubes for
measurements of intracellular electrolytes. The tubes were spun down with a microfuge (10000
g, 15 sec), supernatant discarded and cells lysed with 0.5 ml Triton X-100 and proteins
precipitated by adding 0.5 ml TCA. After centrifugation the clear supernatant was saved for later

measurements of intracellular sodium, potassium and lithium. Three 100 ul aliquots of cell
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suspension were used to estimate haemoglobin content.

To load the erythrocytes with lithium the cells were suspended at an haematocrit
of approximately 10% in the lithium loading solution at 37° for 3 hours in a shaking water bath.
Lithium loading solution consisted of (in mmol/1) 150 LiCl, 10 Glucose and MOPS 10 at pH 7.4
with tris base. The lithium loaded cells were then washed with ice-cold washing solution
(containing in mmol/l: 107 MgCl,, 10 MOPS at pH 7.4 adjusted with tris base) (3000 g, 5 min)
five times to eliminate extracellular lithium. At the last wash cells were resuspended at
approximately 10 % haematocrit and samples taken for measurement of intracellular electrolyte
content and haemoglobin as described above.

To measure Na/Li countertransport, lithium efflux was measured in a sodium-free
and a sodium-enriched solution containing ouabain. The Na-free solution consisted of (in mmol/l)
N-Methyl-D-Glucamine (NMDG) 150, Glucose 10, MOPS 10 and ouabain 0.1, pH 7.4 with 30%
HC. Na-enriched solution consisted of (in mmol/1) NaCl 150, glucose 10, MOPS 10, ouabain 0.1,
pH 7.4 with tris base. The difference between the two represents the Na-dependent ouabain-
insensitive lithium efflux, or Na/Li countertransport. Lithium-loaded cells were divided into two
aliquots and resuspended in ice-cold either Na-enriched or Na-free solutions. Three 100 pl samples
from each were used to estimate haemoglobin. The suspension was then divided between 8
Eppendorf tubes and kept on ice. Fluxes were started at time zero by placing the tubes in a water
bath at 37°C. At time 0, 20, 40 and 60 minutes tubes were transferred to ice and kept for two
minutes to stop the fluxes. Then tubes were spun down in a microfuge (10000g, 15 sec) and the
clear supernatant was saved for measurement of the lithium content by means of atomic absorption
or emission flame spectrophotometry.

This protocol meets the conditions necessary for approximate estimation of the

maximum rate of Na/Li exchange. In order to produce maximal Na/Li countertransport, it is
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necessary to maintain saturating concentrations of the exchanger substrates at both membrane
surfaces [Tosteson et al 1981, Ibsen et al 1982). Under these conditions the internal concentration
of lithium and external sodium concentration are at least 10 and 6 times higher, respectively, than

that necessary to half-activate exchange. However, recently those values have been questioned

[Rutherford et al 1992,a,b]

Lithium efflux in mmoles/l rbc.h was computed from the linear regression of
lithium loss (mmoles/1) as a function of time (h). The difference between the lithium efflux in the
sodium containing solution and the sodium free solution represents the Na/Li countertransport. One

example is shown on figure 5.1.

5.1.6. Na/H ANTIPORTER

Methods for measuring pHi and Na/H antiporter activity are described in Chapter
3. Na replacement with N-Methyl-D-Glucamine (NMDQ) is used instead of inhibition by EIPA
to measure the Na-independent H flux. The difference between efflux in either Na or NMDG
media is taken as an approximation of Na/H antiporter activity, V_,.. The use of EIPA or NMDG

gave identical results.

5.1.7. CHOLINE

The protocol for choline uptake measurements is described in chapter 2.

108






5.2.RESULTS

5.2.1. ERYTHROCYTE SODIUM-LITHIUM COUNTERTRANSPORT

5.2.1.1. ERYTHROCYTE CHOLESTEROL MODULATION

Depletion of cell membrane cholesterol was achieved with the use of
phosphatidylcholine liposomes. Figure 5.2 shows that depletion of cholesterol can be achieved
successfully after a few hours incubation and it is effective in depleting membrane cholesterol up
to about 12 hours incubation.

We found that in some incubations the liposome to cell concentration ratio can

influence the ability of the liposomes to modulate cell cholesterol.

5.1.2.2. ERYTHROCYTE SODIUM LITHIUM COUNTERTRANSPORT

Membrane cholesterol was depleted in red cells from 10 normal subjects (control).
Mean membrane cholesterol content was 1.92 (SEM 0.30) umoles/ml cells after depletion,
compared with 3.11 (SEM 0.18) in control cells from the same blood, as shown in figure 5.3
(p<0.01, t test).

Lithium loading in the cholesterol-depleted cells achieved a mean value of 8.3
(SEM 1.7) mmoles/ 1 cells, and 6.0 (SEM 1.4) in the control group. Mean Na/Li countertransport
activity was 273 (SEM 49) pmoles/1 cells.h in cholesterol-depleted cells, compared with 342 (SEM

53) pmoles/l. h in the matched control (p<0.01, t test, figure 5.4).
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5.2.2. SODIUM HYDROGEN ANTIPORTER ACTIVITY IN WHITE

BLOOD CELLS

Initial experiments used lymphocytes, but to obtain sufficient cell numbers for

these studies cultured EBV-modified lymphocyte (lymphoblasts) was used.

5.2.2.1. LYMPHOCYTE CHOLESTEROL MODULATION

Attempts to use the lymphocyte as a model to study cholesterol modulation of the
Na/H antiporter activity were not very successful. Possible reasons for this include varied cell
yield obtained, incubations at 0-4°C, and the low concentration of cholesterol in the
phosphatidylcholine-cholesterol liposomes employed initially. Sonication with a bath sonicator

resulted in inappropriate liposomes to employ with white cells.

5.2.2.2. LYMPHOBLAST CHOLESTEROL MODULATION

Cell membrane cholesterol modulation of lymphoblasts by liposomes is shown in
Figure 5.5 and 5.6. Cholesterol levels during the incubation period are given as the percentage
change from the mean value at time zero. Control cells did not change their cholesterol content
significantly during the incubation period and lymphoblast incubation with liposomes at 37°C
proved to be a effective method of modulating cell cholesterol. Cells incubated with PC liposomes
had a progressive depletion of cholesterol up to 46% at 6 hours. Cholesterol enrichment with
PCCH liposomes was rapid in the first 2 hours, with a subsequent slower rate of increase of

cholesterol. Cell cholesterol enrichment was very marked, doubling after 6 hours of incubation.
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When compared with control cells, the differences were highly significant (p<0.001, n:3).
Initially, incubations were performed at low temperature as suggested by Shinitski
& Inbar [1974]. Figure 5.5 shows that the modulation of lymphoblast cholesterol was not

successfully achieved at low temperatures, in contrast to what was obtained at 37°C.

5.2.2.3. INTRACELLULAR pH

In the control cells intracellular pH fell progressively with time from the initial
value of 7.24 + 0.02 to a final value at 6 hours of 7.05 + 0.01. In contrast the cholesterol-depleted
cells showed a very modest drop in pH, the final value being 7.17 + 0.02. Finally the cholesterol-
enriched cells showed a marked drop in pH, with time to a final value of 6.98 + 0.01. The
differences between control and the cholesterol-depleted and enriched groups were significant
(p<0.005, n:8), as shown in Figure 5.7. This experiment under bicarbonate-free conditions shows
that cholesterol-depleted cells were able to regulate pHi better than the other groups and it is likely

that the Na/H antiporter was the mechanism involved.

5.2.2.4. No/H ANTIPORTER ACTIVITY

In the control group the activity of the Na/H antiporter (defined as Na dependent
H* efflux at pH 6.0) was maintained throughout the incubation. A significant (p<0.001, n:8)
increase in the Na/H antiporter Vmax of cholesterol-depleted cells occurred after 2 hours of
incubation , and the increased flux was maintained throughout the experiment. The effect on the
antiporter activity was very marked (p<0.001, n:8) in the cholesterol-enriched cells, with almost

complete inhibition of the Na/H antiporter activity. These changes are illustrated in Figure 5.8.
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Figure 5.9. shows data where the Na/H antiporter activity and the corresponding
cell cholesterol content were analyzed in the same experiment. A significant correlation between
the activity of the Na/H antiporter and cell cholesterol content was found (Spearman correlation
coefficient: -0.821, p<0.001, n:20). Data from all time points for each of the three groups of cells
are plotted together in this figure.

As mentioned above, incubation of lymphoblasts with the liposomes of the same
composition at 4°C did not change the cholesterol content even up to 6 hours of incubation. The
pHi and Na/H antiporter activity was also not altered significantly. This confirms that changes in

Na/H antiporter activity were due to cholesterol modulation.

5.2.3. CHOLINE

The activity of the choline transporter was also examined in red blood cells

following modification of membrane cholesterol.

5.23.1. ERYTHROCYTE CHOLINE TRANSPORTER

Figure 5.10 illustrates choline transport in the cholesterol-depleted, control and
cholesterol-enriched red cells. There is no difference in the rate of choline uptake between these
three groups. Depleted cells had a choline uptake Vo Of 11 (SEM 0.7) umol/Lh and K, of 15
uM (SEM 2.8). Control cells had choline uptake V_, of 12.2 (SEM 0.6) umol/L.h and K, of 10

puM (SEM 1.5). A V. of 12.4 (SEM 0.7) pymol/Lh and K, of 12.7 pM (SEM 2.3) for
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cholesterol-enriched cells. In these experiments cholesterol depletion of 44 % and enrichment of

40 % were achieved, compared to control cells.

5.3. DISCUSSION

Results reported in this chapter concentrate on the effect of cholesterol modulation
on membrane transport activity. Erythrocyte Na/Li countertransport and lymphoblast Na/H
antiporter activities are shown to alter after changes in cholesterol content. In contrast, no
significant change in the choline uptake in erythrocytes could be detected by either increasing and

reducing cholesterol content.

CHOLESTEROL AND MEMBRANE TRANSPORT

Interactions between membrane proteins and their lipid environment are important
in determining membrane function. Membrane cholesterol influences the fluidity of the membrane,
regulates the activity of ion pumps and may be required for the normal function of essential
membrane enzymes [Yeagle 1989]. In general, the mechanism of membrane lipid effects on
transport involves the physical and chemical characteristics of the bilayer. Membrane fluidity,
phospholipid composition, acyl chain carbon number, degree of saturation/desaturation, bilayer
thickness, the nature of the head group and its charge have all been implicated directly in
regulation of membrane protein function [Deuticke & Haest 1987, Yeagle 1989]. The concept of
an annulus of specific lipid for membrane proteins, suggests a microenvironment in which lipids
could influence proteins independently and not necessarily respond to change in bulk lipid
properties such as fluidity [Clandinin et al 1991]. Some lipids act as cofactors or allosteric

regulators. Interactions with cytoskeletal elements by membrane lipids and proteins also participate
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in modulating membrane function. It is clear that membrane lipids, including cholesterol,
participate in the regulation of membrane function. The lipid bilayer not only provides a physical
boundary to the cell essential for cell survival [Yeagle 1989] but also interacts with the other
membrane elements. How alterations in the membrane composition participate in pathological
changes is still unclear.

The cholesterol effect on membrane transporter has been studied in several
systems [Reviewed in Deuticke & Haest 1987, Yeagle 1989]. Activation by cholesterol is shown
for the erythrocyte monocarboxylate carrier and passive Ca uptake, Na-dependent gamma-
aminobutyrate uptake in synaptic plasma membranes and the erythrocyte glucose transporter
[Masiak & LeFevre 1974, Neyses et al 1975, Gunze et al 1980, Yuli et al 1981, North & Fleischer
1983]. No effect of cholesterol on calcium pump activity is probably due to the absence of
cholesterol from its lipid annulus [Marsh 1985, Bennett et al 1980]. Other systems that are
insensitive to cholesterol are Na and K channels in squid axons and choline uptake in synaptic
plasma membranes [Steele et al 1981, North & Fleischer 1983]. Inhibition of the erythrocyte
Na/K/Cl cotransport, reconstituted glucose transporter, 1-lactose and 1-arabinose transport in human
erythrocytes by cholesterol have been reported [Wiley & Cooper 1975, Grunze et al 1980, Jackson
& Morgan 1982, Connolly et al 1985].

The effects of cholesterol on the Na/K pump are interesting and seem to be
biphasic for cholesterol depletion with both inhibition and activation depending on the magnitude
of cholesterol modification [Lucio et al 1991]. A biphasic response is also seen in rat medulla
membrane vesicles [Yeagle et al 1988], and in studies on the glucose transporter in human
erythrocyte and 3t3 mouse fibroblasts [Yuli et al 1981, Carruthers & Melchior 1988)]. The
erythrocyte anion transporter (band 3 protein) activity is suppressed by raised cholesterol levels,

while being insensitive to cholesterol depletion [Grunze et al 1980, Kéhne et al 1981, Jackson &
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Morgan 1982, Gregg & Reithmeier 1983, Rooney et al 1984].
The results are therefore complex depending on the type of cell studied and the

range over which cholesterol concentration is altered [Deuticke & Haest 1987, Yeagle 1989].

PRESENT RESULTS AND LIPIDS IN DISEASE

The interest in the present results is that the activity of both the Na/Li and the
Na/H antiporter have been associated with plasma lipid changes in several clinical conditions
including hypertension, diabetes, pregnancy, obesity, exercise and hyperlipidaemia.

Hypertension has been studied extensively from the point of view of membrane
transport, and in fact this disease has received most of the attention in recent years. The most
consistent abnormalities involve the Na/Li countertransport or the Na/H antiporter [Canessa et al
1980, Duhm & Behr 1986, Clegg et al 1982, Morgan et al 1986, Turner et al 1987, Carr et al
1989, 1989a,b, Woods et al 1982, Trevisan et al 1983, Weder et al 1986, 1991, 1991a, Hunt et
al 1986, Beucklelmann D & Erdmann 1984, 1986, Cusi et al 1981, Brugara et al 1983, Smith et
al 1984, Cooper et al 1983, Weder et al 1991]. Postnov has even suggested that hypertension
could be referred as a membranopathy [1990, Postnov & Orlov 1985].

Studies in a large population of hypertensive subjects suggested that Na/Li
transporter activity may in part be explained by plasma lipid levels. Although there are some
discrepancies, cholesterol and triglyceride composition seem to be correlated most frequently with
transport activity. In pregnancy and after exercise Na/Li activity is altered, an effect probably
secondary to changes in lipid composition in the blood. Certainly, membrane lipid alterations are
not a unique factor by which to explain all the changes associated with hypertension, but there are
strong suggestions that they may contribute to its pathogenesis. Other transporters have also been

reported as abnormal in hypertension including the Na-KCl cotransporter [Garay et al 1982], Na-K
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ATPase [Hilton 1986] and calcium pump [Postnov 1990].

The resuits presented here show a definite alteration in transport function with
Cholesterol modulation. However the importance and role of these changes is more complex to
establish. The Na/Li countertransport and Na/H antiporter have been suggested to be similar
transporters [Mahnesmith & Aronson 1985]. However they are unlikely to be the same considering
the different affinity for inhibitors. Reduced levels of cholesterol lower the activity of the Na/Li

countertransport in erythrocytes, but activate Na/H antiporter activity in lymphoblasts.

Na/Li COUNTERTRANSPORT AND MEMBRANE LIPID ALTERATIONS.

If the Na/Li countertransport participates in the pathology of disease and
cholesterol modulation interferes with its activity, there may be potential therapeutic implications.
At present genetic determinants cannot be modified, but the environmental factors such as blood
lipids can.

This study shows a reduction in the activity of the transporter after depleting
membrane cholesterol. The mechanism of this reduction is not clear, but previous work using
cholesteryl hemisuccinate failed to demonstrate any significant change in Na/Li countertransport
[Levy et al 1986]. This suggests that mechanisms other than membrane fluidity may be playing
a role and that the effects are specific for each sterol species. More recently [Engelmann & Duhm
1991] Na/Li countertransport activity was examined after cholesterol modulation and it was
suggested that cholesterol enrichment reduces Na/Li exchange rates with depletion having the
opposite effect. The results seem to be significant statistically, but the magnitude of the changes
are small. Our results are at variance with their findings. It is possible that methodological
differences could explain the discrepancy, including the different lipid species employed. Levy et

al used cholesteryl hemisuccinate and not cholesterol, while Engelmann & Duhm used liposomes
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with dipamitoyl phosphatidylcholine.

As mentioned earlier the activity of the Na/Li countertransport has been correlated
with plasma lipid composition. If plasma cholesterol directly influences membrane cholesterol
levels, it could be suggested that lower plasma cholesterol would induce reduced Na/Li

countertransport activity. This is discussed further in the next chapter.

Na/H ANTIPORTER AND MEMBRANE LIPID ALTERATIONS.

Modulation of Na/H antiporter activity in cultured cells by several growth factors,
hormones and other factors has been described [Grinstein & Rothstein 1986, Sardet et al 1990].
The antiporter activity is abnormal in some pathological states including hypertension and insulin
dependent diabetes mellitus (IDDM) [Ng & Dudley 1989, Ng et al 1990a, 1990b].

In this study we have used cultured lymphoblasts as a model system to study
Na/H exchange. Liposome treatment was an effective way to alter cell cholesterol. Cholesterol-
depleted cells had a smaller change in pHi during incubation for up to 6 hours, an interesting
finding considering that the cells were incubated in KCl buffer in the absence of bicarbonate,
conditions where neither the Na/H antiporter nor any anion/HCO; exchangers are operating. As
a result, intracellular protons produced by metabolism would accumulate with time, accounting
for the gradual intracellular acidification of the control cells in isotonic KCl buffer. The
subsequent measurement of pHi in Na*-containing buffers would reflect an alteration of pHi in the
alkaline direction by activation of Na/H exchange. Thus, in cells depleted of cholesterol (PC
liposomes), the progressive fall in pHi with time was less than that of control cells, while in those
enriched with cholesterol (PCCH liposomes) pHi fell more rapidly. This means that PC-treated
cells (when they were resuspended in Na'- containing buffers) were able to dispose of the

intracellular metabolic acid produced better than control cells, and the control cells better than
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PCCH-treated cells. As bicarbonate was absent from the NaCl buffer, it is likely that Na/H
exchange was enhanced in PC-treated cells and depressed in PCCH treated cells.

Direct confirmation of these deductions comes by measuring Na/H exchange,
clamping pHi to a level near the maximal transport capacity of the antiporter. Higher cholesterol
levels reduced the Vmax of the antiporter while lower cholesterol levels enhanced its activity. The
cholesterol effect on transporters can be due to membrane fluidity changes, conformational
modifications, direct lipid-protein interactions or other interactions with membrane components
[Deuticke & Haest 1987, Yeagle 1989, Spector & Yorek 1985]. Previous studies from Dudeja and
coworkers using rat colonic brush-border membrane vesicles suggest a correlation between the
activity of the Na/H antiporter and membrane fluidity, and the fluidity changes could be secondary
to changes in cholesterol/phospholipid ratio [Brasitus et al 1986, Dudeja et al 1986, 1987a, 1987b].
Our studies in intact cells are in agreement with these findings on membrane vesicles, although
we have used liposomes to modulate the cholesterol content directly.

One possible caveat to be considered in the present case is that the changes result
directly from an alteration in phosphatidylcholine produced by incubation with liposomes. This
is unlikely since both the cholesterol-depleted and the enriched lymphoblasts were equally exposed
to phosphatidylcholine, so the effect is far more likely to be due to cholesterol modulation.

In insulin-dependent diabetes mellitus (IDDM) the cholesterol:phospholipid ratio
in erythrocytes has been reported to be decreased [Baldini et al 1989], although this finding is
controversial [Bryszewska et al 1986]. The Vmax of the antiporter in leucocytes and fibroblasts
is enhanced in IDDM with albuminuria,and this is considered to be a familial effect [Ng et al 1990
a, 1990b). Our results raise the possibility that altered membrane lipid composition may play a
role in the abnormal membrane transport and cell physiology of cells from IDDM patients.

Shinitzky and Inbar have demonstrated in rat lymphocytes that membrane
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cholesterol levels are higher than in lymphoma cells and have suggested that the malignancy of
lymphoma cells is inhibited by increasing the levels of cholestefol in the plasma membrane, with
a possible relationship between control of growth and membrane fluidity [1974]. This hypothesis
is consistent with our findings if the pivotal role of Na/H antiporter activity in cell growth and
proliferation is considered [Madshus 1988].

In conclusion, this study has demonstrated that the activity of the lymphoblast
Na/H antiporter can be dramatically modulated by membrane cholesterol content and supports the
idea that membrane cholesterol levels may play a role in some of the alterations in cellular
function in disease.

Since the present study was performed, further evidence to support the importance
of membrane lipids in the activity of the Na/H antiporter activity has been published [Ng &
Davies 1991, 1992]. HMG CoA reductase inhibitors (simvastatin and 25-hydroxycholesterol)
reduced the activity of the antiporter, and the effects were prevented by addition of mevalonate
thus bypassing the inhibition by simvastatin [Ng & Davies 1991]. Pravastatin produced similar
effects [Ng & Davies 1992]. It was hypothesized that the abnormalities could also result from

anomalous control of the mevalonate pathway.

CHOLINE TRANSPORT AND MEMBRANE LIPID ALTERATIONS.

Choline uptake in erythrocytes was unaffected by modulation of cell cholesterol.
It has been demonstrated preViously that cholesterol has no effect on choline uptake in synaptic
plasma membranes [North & ﬁeischer 1983]. However the choline transporter in this preparation
is different from the transporter described in red blood cells. The lack of modulation of choline
transport by cholesterol argues against a possible effect of cholesterol or membrane fluidity

changes, causing the abnormally elevated choline uptake seen in patients with chronic renal failure
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(chapter 2). However, it does not exclude the possible effect of other lipid membrane components

or plasma lipids affecting the transporter activity - this has still to be tested.

5.5. CONCLUSION

The main conclusion from this chapter is that membrane transport can be
modulated by membrane cholesterol. The sensitivity of transporters to cholesterol is specific for
each transport system. The possibility of affecting membrane function by modulating its lipid
content, or its metabolic pathways, is an exciting field of investigation considering the potential
therapeutic implications.

Lipid-lipid, lipid-protein, protein-protein and lipid(protein)-cytoskeleton
interactions are complex. This study has looked at only one component of the lipid bilayer
(cholesterol) and further studies are necessary to understand the full implications of these findings.

The next chapter will describe the study of Na/Li countertransport activity

following in vivo modification of plasma cholesterol.
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CHAPTER 6

SODIUM LITHIUM COUNTERTRANSPORT
IN ARTERIOSCLEROSIS AND FOLLOWING
TREATMENT WITH SIMVASTATIN

The preceding chapter demonstrated that changes in membrane transport systems
can occur secondary to modification of the membrane cholesterol content. Experiments performed
under in vitro and relatively "controlled" conditions provide much of the information applied to
understanding the mechanisms of normal physiology and modifications in disease. Despite this,
it is sometimes difficult to extrapolate from the in vitro to the in vivo situation.

The present longitudinal study was designed to evaluate the activity of the sodium-
lithium countertransport (Na/Li countertransport) system in erythrocytes of patients with
atherosclerotic vascular disease before and after treatment with simvastatin, an inhibitor of the
HMG-CoA reductase, which results in reduced synthesis of cholesterol with lower levels of plasma
cholesterol [Aronson & Ng 1990, Maher & Thompson 1990, Alberts 1990, Slater & MacDonald
1988, Walker 1988]. The population of patients studied was recruited when they attended the
clinic of the Oxford Cholesterol Study (OCS) [Keech AC 1990]. This study, of the effect of
simvastatin treatment on plasma lipid levels with a long term follow-up of patients with vascular
disease, offered us the opportunity to examine effects on the Na/Li countertransport after alteration
of the lipid profile of the patients.

The idea behind the project is illustrated in Figure 6.1. Several factors have been
described as being of risk in the development of atherosclerotic vascular disease, including

hypertension and hyperlipidaemia [Samuelson 1988, Hulley 1988, Mann & Ball 1988, Martin et
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FIGURE 6.1: Schematic representation of the hypothesis behind the study
in the present chapter. Genetic and environmental factors interact to
determine cell composition, cell function and risk or manifestations of
disease. Simvastatin is an effective treatment to reduce plasma
cholesterol. Reducing plasma cholesterol in patients reduces the risk
of atherosclerotic vascular complications. The possible interaction with
the cell membrane was examined by studying membrane cholesterol
composition and Na/Li countertransport activity. :



al 1986, Garber et al 1989). Diseases such as diabetes and uraemia are also associated with a
higher risk of vascular alterations [Steiner 1988, Linder et al 1974, Velez & Henrich 1984,
Betteridge 1990]. A common element of these atherogenic pathologies is alterations in cell
membrane properties, as demonstrated by the abnormal activity of the Na/Li countertransport
[Canessa et al 1980, Hunt et al 1986, Krolewski et al 1989, Trevisan et al 1986]. This system is
not only altered in pathological states, but also can be modified in physiological conditions such
as pregnancy perhaps due to altered plasma cholesterol levels [Worley et al 1982, Macphail et al
1990). Determinants of the transport rate via the Na/Li system include genetic factors, diet, gender,
age, exercise, weight and blood lipids [Dorus et al 1980, Williams et al 1983, Behr et al 1985,
Beuckelmann & Erdmann 1984, Duhm & Behr 1986, Smith et al 1982, Worley et al 1982, Cooper
et al 1983, Duhm et al 1982, Turner et al 1985, Clegg et al 1982, Adragna et al 1985, Ehrlich et
al 1983, Turner & Michels 1991, Nosadi et al 1991, Hunt et al 1991, Hassttedt et al 1988]. It is
possible that the mechanism of action of such determinants involves alteration in cell composition
and consequently function. The inheritance of the transporters may involve gene/s that control the
membrane exchange protein per se or that determine other factors influencing Na/Li
countertransport. They also could be altered by exogenous factors [Hunt et al 1991, Duhm 1989].
The objective of the present study is to evaluate the activity of the Na/Li countertransporter and
determine membrane cholesterol levels in patients with atherosclerotic vascular disease before and
after significant reduction in their plasma lipids with simvastatin treatment.

Treatment with simvastatin is expected to decrease plasma cholesterol by 20-45
% [Grundy 1988]. Cholesterol has been reported to exchange very quickly between the plasma
pool and the erythrocyte cell membrane [Dawidowicz 1987, see ch 5], so a modification of the
membrane cholesterol content would be expected as blood cholesterol decreases. The activity of

the transporter was tested in the patients before, and at 2 and 5 months after treatment with
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simvastatin. Concomitantly plasma and cell membrane cholesterol were evaluated in the same
patients. We hypothesized that treatment with simvastatin would decrease the membrane

cholesterol levels with consequent reduction in the Na/li countertransport.

6.1. MATERIAL AND METHODS

6.1.1. METHODS

The methodology employed for the study of the Na/Li countertransport in
erythrocytes from the patients of the OCS, and for membrane cholesterol extraction and

measurements are described in the previous chapter (Chapter 5).

6.1.2. PATIENTS

Patients for this study were selected randomly from a larger number being
recruited to the Oxford Cholesterol Study (OCS) [Keech 1990]. This is a double-blind, placebo-
controlled study of simvastatin effects in patients with a clinical history of atherosclerosis,
excluding patients with a total cholesterol of less than 3.5 mmoles/l, and being conducted in
preparation for a large mortality trial. The patients were allocated to receive placebo, 20 mg or
40 mg simvastatin in one oral dose per day. Advice on moderating their intake of cholesterol and
saturated fats was given. Blood samples were taken during their visits to the OCS clinic prior to
initiation of treatment, and after 2 and 5 months treatment. Serum was separated for measurements
of total cholesterol, and the erythrocytes used for membrane cholesterol measurements and Na/Li

countertransport assays.
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6.2. RESULTS

The results are express alterations in cholesterol content as a percentage of change
from time zero, that is before any treatment was started. Three groups are present for each
condition: The first group is of patients that received placebo (n:10), the second group of patients
who received simvastatin at 20 mg daily (n:18),:and the third group received simvastatin at 40 mg
per day (n:14),

All the results are presented in figure 6.2. The measurements were not different

for any of the parameters between 2 and 5 months, and they will be illustrated together.

6.2.1. PLASMA CHOLESTEROL

The effect of treatment with simvastatin on the plasma composition is shown in
figure 6.2. No significant change is seen in the plasma cholesterol of the placebo group at the 2
and 5 months follow up. Blood cholesterol is lower in the two groups receiving simvastatin after
2 months and remained lower at the last follow-up. The mean total blood cholesterol has decreased

by about 30 %.

6.2.2. RED BLOOD CELL CHOLESTEROL

Mean erythrocyte cholesterol in the sample immediately before treatment was
started was 3.2 pmoles/ml cells. It is interesting to notice that there was no significant change in
the red blood cell cholesterol content after 2 and 5 months treatment with simvastatin or in the
placebo group, despite the fact that there was a significant modification in the total plasma
cholesterol levels.
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6.2.3. Na/Li COUNTERTRANSPORT

As seen for cell cholesterol, no significant change is present after 2 and 5 months
of treatment for all the groups. The mean Na/Li countertransport activity in the initial samples was

0.34 mmoles/L.h.

6.3. DISCUSSION

In the previous chapter it been shown that on depleting erythrocyte membrane
cholesterol the activity of the Na/Li countertransport system in erythrocyte is reduced. This is
interesting because blood lipid abnormalities and hypertension associated with atherosclerotic
vascular disease are associated with high rates of Na/Li countertransport (discussed in chapters 1
and 5). There is an obvious question which arises: are those high transport rates because of high
cholesterol content in the cell membrane in those patients? Michalak et al [1988] investigated
patients with atherosclerosis and they show a high red cell cholesterol content. Thus, is the high
red cell cholesterol and red cell Na/Li countertransport activity related? Could this be a
pathophysiological mechanism by which membrane cholesterol is modifying the membrane
transport system? To investigate this further patients with atherosclerosis the present study on
patients undergoing blood cholesterol reduction by simvastatin has been performed.

A significant reduction of 30 % in plasma cholesterol was obtained with the
treatment, but no change in erythrocyte membrane cholesterol or in the activity of Na/Li
countertransport occurred. The fact that cholesterol exchanges spontaneously between red cells and
plasma has been known for a long period [Hagerman & Gould 1951]. This is a fast exchange,

reported to be in the range of minutes or hours [Hagerman & Gould 1951, Eckles et al 1955].
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Exchange of cholesterol was also demonstrated to occur using phosphatidylcholine-cholesterol
dispersions or vesicles. Net movement of cholesterol can occur depending on the properties of the
liposomes, and in particular the fractional and physical properties of the dispersion cholesterol
[Bruckdorfer et al 1968a, 1968b, 1969, Lange & D’Alessandro 1977, Haran & Shporer 1977,
Backer & Dawidowicz 1979]. The mechanism of cholesterol transfer is not completely clear, but
there are indications that aqueous diffusion is involved for cholesterol exchange [Dawidowicz
1987]. Whatever the mechanism, equilibration of plasma cholesterol and erythrocyte cholesterol
is fast [Dawidowicz 1987]. It is possible that the chemical potential of cholesterol in the blood (or
"free aqueous cholesterol’) does not change when the total cholesterol is reduced by about 30%
by simvastatin. If the chemical potential did fall, then a reduced erythrocyte membrane cholesterol
content would be predicted.

A possible caveat to be considered in the simvastatin study relates to the variation
between the groups. The patients for the study were randomly selected from a larger study (OCS).
This created a few unexpected difficulties: the distribution of the patients was different in the
groups, since we had limited access to the patients’ data. There is a wide scatter of interindividual
variation in the activity of the Na/Li activity, in agreement with previous investigations. By using
each individual as his own control this fact was minimized. Na/Li countertransport activity was
not statistically different in any group, but large standard deviations are present. It may be
necessary to study much larger populations to confirm the present findings. Despite that, no
correlation was present between the changes in the plasma and membrane cholesterol levels and
the changes in the activity of the Na/Li countertransporter.

The mechanism by which plasma lipid can be related to membrane transport
processes is not known, but it has been thought that they affect transport via altered membrane

lipids [Hajem et al 1990, Weder et al 1991]. In a recent study by Carr et al [1990] lipid lowering
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therapy (not specified) resulted in changes in the Na/Li countertransport correlated with plasma
triglycerides, and not with cholesterol. Dietary modification of fatty acid composition of plasma
lipids, also failed to demonstrate modulation of the Na/Li countertransporter activity [Sacks et al
1987]. Studies by Weder’s group of the effects of treatment with another HMG-CoA reductase
inhibitor, lovastatin, on membrane transport and plasma lipids have also failed to show any
alteration in the activity of erythrocyte Na/Li countertransport despite changes in plasma
cholesterol [Weder et al 1991]. The same study has indirect evidence that lovastatin treatment
reduced the activity of platelet Na/H antiporter. In fact simvastatin has been suggested to reduce
only plasma cholesterol, not cholesterol in the cell membrane [Mazzanti et al 1990], and although
in in vitro studies on lymphoblasts simvastatin reduced the activity of the Na/H antiporter [Ng &
Davies 1991] the mechanism of this activation was postulated not to be via cell cholesterol
depletion. Lymphoblasts treated with simvastatin actually had a higher cholesterol content [Ng &
Davies 1991].

The present study cannot confirm the participation of membrane lipids in the in
vivo regulation of Na/Li countertransport and of its participation in vascular disease. Whether
changes in cell cholesterol levels and Na/Li countertransport play a role in the aetiology of
vascular disease remains unknown. The hypothesis could not be tested due to the lack of change

in cell cholesterol with simvastatin treatment.

127



CHAPTER 7

GENERAL DISCUSSION

This thesis presents studies of selected membrane transporters in certain disease
states. Membrane transport systems, such as the erythrocyte choline carrier, the erythrocyte lactate
transporter, the leucocyte Na/H antiporter and the erythrocyte Na/Li countertransport system were
studied in relation to chronic renal failure (CRF), diabetic nephropathy and atherosclerosis. The
diseases chosen have heterogenous causes and manifestations, affecting several body systems and
organs, and their pathophysiological basis is not fully understood. To look at aspects of altered
cell function with disease, blood cells were used as a convenient and accessible model system to
study membrane transport.

What was the present aim? Most biological processes are genetically determined.
Environment will interact with genetic factors and modify the expression of predetermined genes.
Disease can result from perturbation of either of these infiuences or can affect their normal
interaction. By investigating cell membrane properties it was hoped to be able to identify specific
defects that may be present in disease, allowing a better understanding of the pathological basis
of disease. An abnormality in transport may serve as a marker for disease or yield a clue to
symptoms. Environment can cause abnormal membrane function by itself or by interacting with
genetic factors in susceptible subjects. Such alterations have potential implications for diagnosis,
research and therapeutics. This thesis attempts to present a general view of several of those

influences using certain specific models.
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MEMBRANE CHOLESTEROL. WHY SHOULD IT BE STUDIED?

Membrane composition is one of the possible determinants of cellular transport
and I have concentrated on one of the major cell membrane components, namely cholesterol. In
the Introduction to this thesis, the literature on the effects of membrane cholesterol in regulating
membrane transport function was reviewed [eg Yeagle 1987, 1985, 1989, Stubbs & Smith 1984,
Spector & Yorek 1985). There is a continuous transfer of cholesterol between plasma and cell
membranes [Lange et al 1980, 1981, Norum et al 1983, Miller 1984, Dawidowicz 1987], and
plasma cholesterol levels have been implicated as an etiological factor for complications of the
clinical conditions selected for this thesis.

Patients with uraemia have been shown to present with accelerated atherosclerosis
(Lindner et al 1974]. It has also been suggested that the altered lipid metabolism in uraemia which
results in elevated plasma triglyceride and cholesterol concentrations, and an abnormal lipoprotein
profile (high levels IDL and VLDL, decreased levels of HDL) would have a possible atherogenic
role in this syndrome [Attman & Alaupovic 1991]. Plasma cholesterol levels in uraemia have also
been reported to be lower than controls due to reduced HDL-cholesterol [Hsia et al 1985,
Dieplinger et al 1986]. In general HDL-cholesterol is involved in removing cholesterol molecules
from the tissues, while LDL-cholesterol has the opposite role. A reduced plasma HDL
concentration is a risk factor for cardiovascular disease. In fibroblasts cultured in uraemic plasma
a net transport of free cholesterol into the cell was described [Dieplinger et al 1986, Hsia et al
1985]. This suggests that increased flux of free cholesterol from plasma to cell membrane could
increase the risk of atherosclerotic vascular disease.

Another atherogenic disease in which plasma lipid levels and metabolism are

altered is diabetes [Gibbons 1986, Betteridge 1989]. Arterial disease is a major problem facing
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these patients and is responsible for considerable morbidity and mortality [Drury et al 1989]. There
is evidence that plasma cholesterol levels correlate with the appearance of atherosclerosis in
insulin-dependent diabetes mellitus [Merrin et al 1992]. Diabetic patients free of complications are
likely to have fewer disturbances in blood rheology [Tooke 1989). Further alterations in membrane
cholesterol and lipid composition in blood cells have been described in diabetes [Vermes et al
1987, Juhan-Vague et al 1984, Baldini et al 1989, Bryszewska et al 1986].

The association of plasma cholesterol levels with atherosclerosis has been
demonstrated in several studies [Martin et al 1986, Hargreaves et al 1991, Garber et al 1989,
Feinlieb et al 1979], while erythrocyte cholesterol concentration has been shown to be elevated
in this disease [Michalak et al 1988]. Despite such extensive evidence for the pathological role
played by the plasma lipids in these diseases, not much attention has been paid to possible cellular
abnormalities. The role of cell cholesterol in modulating membrane transport has therefore been

analyzed in detail.

URAEMIA AND THE CELL MEMBRANE

The study of membrane transport in renal failure is a fascinating field. The
widespread nature of the uraemic manifestations and membrane transport abnormalities has been
discussed in the previous chapters. Uraemia is an example of disease in which environmental
factors are the basis of the manifestations, as suggested by the uraemic toxins theory [Ringoir et
al 1986, Knochel 1984, Vanholder et al 1989]. Reduced kidney function leads to multiple
adaptative metabolic changes as homeostasis is perturbed, some substances are accumulated and
others have curtailed production [Maher 1989, Eknoyan & Knochel 1984].

Although it is almost 30 years since defects of membrane transport in uraemia
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were first demonstrated [Welt et al 1964], the mechanisms are still not understood in detail. There
are several interesting points to discuss.

The specificity of the transport defects seen in uraemia is striking. The present
study of the erythrocyte choline transporter is an example of a grossly abnormal cellular function.
In contrast, the two systems participating in the regulation of cell pH studied in here, the
erythrocyte lactate transport and the leucocyte Na/H antiporter, seem to be normal in patients with
renal failure. Table 1.5 (Chapter 1) described several other transporters studied previously. Both
activation and inhibition of transport can occur, with some transporters remaining unchanged.

The disease-related abnormalities can be organ specific, which is most clearly seen
in epithelial tissues, principally the kidneys. Na/H antiporter activity is unchanged in uraemic
leucocytes [chapter 3], while most studies demonstrate an activation of the remnant kidney in
experimental animal models of uraemia [Cohn et al 1982a,b, 1982a, Nord et al 1985, Harris et al
1988, Salihagic et al 1988, Preisig & Alpern 1991). This adaptative capacity is impressive, since
in an attempt to compensate for the reduced renal mass the kidney increases the activity of the
Na/H transporter involved in cell growth, cell proliferation and cellular acid-base homeostasis
[Fine et al 1992, 1985a, 1985, Seifter & Harris 1986]. This response is probably organ specific
since in other models of kidney hypertrophy activation of the Na/H antiporter can also occur
[Sefter & Harris 1986, Harris et al 1986, Dudeja et al 1991]. Kelly et al [1990] have used a
similar argument to justify a normal Na/K pump in myocardial cells of uraemic rats with cardiac
hypertrophy, when skeletal muscle of the same rats had inhibited pump activity.

Several circulating factors have been postulated as potential causes of membrane
transport alterations in renal failure, including the so-called "uraemic toxins". It is logical to expect
that in a disorder largely related to an excretory dysfunction, that accumulated substances will

create a new environment in which cells will have to operate. The notion of toxaemia has major
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therapeutic implications. By dialysis treatment the uraemic environment can be modified and
several clinical manifestations are controlled. In fact reducing the levels of accumulated substances
is the main aim of dialysis. Improvement of the clinical and biochemical features of renal failure
with removal of diffusible substances during dialysis is a strong argument for the circulating factor
theory in uraemia [May et al 1991].

In uraemia, suggestions of circulating factors with specific inhibitory activity
comes from the early work on the Na/K ATPase by Welt, which showed that the inhibition of the
pump was reversible by haemodialysis [Welt 1967] and that uraemic serum could reproduce the
defect in normal erythrocytes [Cole et al 1968]. The reversibility of the changes is important, and
further studies support the idea of inhibitors of the Na/K pump in uraemic plasma [see chapter 1].
The removal of substances from the plasma by dialysis or transplantation has a beneficial effect
in several membrane transport abnormalities, as shown for the Na-K ATPase [Zannad et al 1982,
1985, Izumo et al 1984, Diez et al 1986, Fervenza et al 1989]. Further evidence for a plasma-
borne factor came from cross-incubation studies, in which transport is measured in normal cells
incubated with uraemic plasma (and vice-versa) or including plasma obtained prior to and after
dialysis [Kramer et al 1976, Izumo et al 1984, Fervenza et al 1989]. Circulating factors have also
been suggested to affect other transporters such as glucose transport, Na/Li countertransport, and
metabolic processes such glucose utilization [Haag-Weber et al 1989, Balestri 1972, McCaleb et
al 1984, Woods et al 1983, Morgan & Morgan 1964].

The spectrum of potential toxins is immense, including urea, guanidine,
methylguanidine, indoxyl sulphate, myoinositol, hippuric acid, peptide, hormones, f,
microglobulin, polyamines, amines [Vahholder et al 1989]. The concept of middle molecules,

implicated as uraemic toxins, was introduced for substances that behave as having a molecular

weight around 350-5000 daltons [Babb et al 1972, Bergstrom 1989].
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Several endocrine systems are altered in patients with renal failure, and hormones
can play a role in regulating the function of selective membrane transport systems. In peripheral
tissues insulin can stimulate the rate of glucose transport, Na/K ATPase, amino acid uptake and
Na/H antiporter [Klip 1988]. Insulin resistance is one of the characteristics of renal failure [Maloff
et al 1983, DeFronzo et al 1981, 1983]. It is also present in states such as hypertension,
hyperlipidaemia, atherosclerosis and diabetes [Doria et al 1991]. Thyroid function is usually
reduced in uraemia [Lim et al 1980], and can affect transporters such as the Na/K ATPase and the
Na/H antiporter [Sacktor & Kinsella 1988]. Other hormones with potential to affect transport
function are altered in uraemia, parathormone (PTH) for example, and this illustrates how complex
the relationship between membrane transport and uraemia is.

Renal transplantation is the most effective way of reversing the uraemic syndrome,
and in this thesis advantage was taken of this to provided strong evidence for the association of
a transport system with the clinical evolution of renal failure. The dramatic down-regulation of
erythrocyte choline uptake parallels the recovery of renal function following a successful kidney
graft. The half-time of the changes for both the choline transporter and renal function are similar.
The rapid increment and recovery of the choline transport activity during a reversible reduction
in graft function supports the concept that a circulating factor may be involved. If this is the case
this factor must be rapidly excreted or metabolized by a functioning kidney. It also must interact
strongly with the cell membrane considering that in the present assay of red cell choline transport
activity washed cells are used. If a "toxin" was only present in the plasma, it would be completely
removed by the initial washes - which is not the case.

The uraemic syndrome manifestations may result of alterations on the physical
properties of the cell membrane, reflecting altered membrane composition. For example,

erythrocyte membrane fluidity, measured by electron spin resonance, is reduced in haemodialyzed
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patients, associated with a significant decrease of phosphatidylcholine and change in the molar
ratio of phosphatidylcholine to sphingomyelin [Komidori et al 1985]. Red cell deformability is
increased in CRF [Viljoen et al 1991]. Erythrocyte membrane phosphatidylethanolamine is
elevated and phosphatidylcholine is reduced [Bleiber et al 1980]. An increased content of
erythrocyte membrane cholesterol has also been shown in cells of uraemic patients with a reduced
content of phosphatidylcholine and sphingomyelin [Peuchant et al 1988].

Thus, modification of the intrinsic characteristics of the membrane could
participate in abnormal transport in uraemia, The present study attempted to look at the possible
effect of changes in one of the components of the lipid bilayer, cholesterol on membrane transport.
Kelly and coworkers [1989] have demonstrated that an increase in the activity of the Na-K pump
was correlated with a reduction in nonesterified fatty acid (NEFA) content of the membrane.
Fractions in desalted deproteinized plasma extracted by chromatography were shown to exhibit
inhibitory activity for the Na/K pump, displaced ouabain from the enzyme and had digitalis-like
immunoreactivity [Kelly et al 1985, 1986].

Historically, the concept of endogenous digitalis-like factors (EDLF) developed
from studies in animals that received a volume-expanding dose of saline, which suggested a
circulating factor was to be responsible for the natriuresis [de Wardener et al 1961]. Later, volume
expansion was shown to produce an inhibition of the Na/K ATPase [Gonick et al 1977]. As
natriuretic factor does not have an inhibitory effect on the Na/K pump the term EDLF emerged
to allow differentiation. EDLF are postulated to play a role in hypertension and renal failure
pathogenesis [Haddy et al 1979, Poston et al 1981, Kelly et al 1986]. Such endogenous substances
have been identified as NEFA and steroids [Kelly et al 1986, Tamura et al 1987, Lancet editorial
1991, Mathews et al 1991, Ludens et al 1991].

In the present thesis another steroid molecule (cholesterol) was the focus of
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attention. It is disappointing to report that when looking at the membrane transport system which
shows the most marked alteration in uracmia (choline transport) no modification of activity was
detected by enriching or decreasing membrane cholesterol content, On the other hand, marked
modulation of the Na/H antiporter occurred on changing cell cholesterol, ie modulation of a
transporter known to remain unchanged in renal failure patients. Cholesterol levels have been
reported to be abnormal in the plasma of uraemic subjects, but it is not possible to identify a role
for membrane cholesterol in the transport changes associated with uraemia. It is, of course,
possible that compensatory lipid adaptations occur in cells adapted to different cholesterol levels,
as has been shown to be the case in atherosclerotic patients [Mickalak et al 1988]. Other possible
lipid bilayer modifications include changes in phospholipid or fatty acid composition; however this
has not been addressed in the present study.

Uraemic manifestations can be linked with membrane transport dysfunction. The
cellular consequences of an inhibited Na-K ATPase are obvious and basic to several cell properties
such as the membrane potential and transport systems depending on Na gradient, i.e. secondary
active transport [Cotton et al 1979, Cunningham et al 1971, Bilbrey et al 1973). The choline
transporter again is an important example of a transporter able to affect cellular activity. High
plasma choline levels have been related to a reduced nerve conduction velocity in haemodialysis
patients [Rennick et al 1976], a significant finding in view of uraemic neuropathy. If abnormal
choline transport occurs at the blood-brain barrier and across cerebral endothelial cells, the
availability of choline for acetylcholine synthesis in the CNS could be compromised [Estrada et
al 1990]. However, this is unlikely since in the nervous system a Na-dependent choline transporter
is more important than the Na-independent system similar to the one present in erythrocytes that
we have tested [Haga & Noda 1973]. Choline is not metabolized or incorporated into red cells,

making erythrocytes a excellent model for the study of choline transport changes [Askari 1966,
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Martin 1977]. The significance of choline transport modification in other cells dependent on
choline as a precursor of phospholipid and a methyl-group donor will need to be assessed by
studies in these cell types [Suzuki et 1987, Zeisel et al 1991]. Choline is derived in part from diet
and in the gut it can be metabolized to aliphatic amines, accumulation of which has been shown
to be associated with uraemic symptoms [Simenhoff 1975, Simenhoff et al 1963, 1976, 1977,
1978, Zeisel et al 1991). The possible participation of these amines in the erythrocyte choline
transport system has not been determined.

The present thesis also demonstrates that the erythrocyte lactate transporter and
leucocyte Na/H antiporter in uraemia are normal. These two systems are important in maintaining
the acid-base homeostasis of the cell [Bock & Marsh 1988, Simchowitz & Davis 1990]. In
particular the lactate study represents an important negative result. Normal functioning of the
monocarboxylate carrier is essential to prevent further metabolic derangement in uraemic cells.
Lactate and pyruvate are at the cross-roads of all the major metabolic pathways involving protein,
lipids and carbohydrates [Denton & Halestrap 1979]. Adequate lactate transporter function is
important in exporting lactic acid from exercising muscle or in other cells, such as erythrocytes,
involved in glycolysis [Wasserman & Casaburi 1991, Denton & Halestrap 1979 ]. A normal
uptake is essential for gluconeogenesis and for red cells participating in the interorgan distribution
of substances [Relman 1978, Christensen 1975].

It was interesting to find normal Na/H antiporter activity in the presence of a
reduced intracellular pH in the uraemic patients. Two facts should be considered. First, despite
reduced pHi in uraemia when compared with control conditions, in each of the groups pHi was
not low enough to be below the acid threshold, or set point, at which activation of the antiporter
would occur [Aronson et al 1982]. Second, it must be kept in mind that the studies aimed to look

at the Na/H antiporter in isolation and bicarbonate-free solutions were used throughout the
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experiments. The pHi in bicarbonate buffered solutions is likely to be different considering the
participation of anion/bicarbonate exchangers in the intracellular acid-base homeostasis [Thomas
1989, Simchowitz & Ross 1985], as discussed in the introduction and in chapter 3.

To sum up, abnormal membrane transport is one of the manifestations of the
uraemic syndrome and may be involved in its pathogenesis. Of the factors which influence
transport, environmental abnormalities such as the change in profile of plasma composition (e.g.
uraemic toxins, blood lipids, hormones) seem to be the most signiﬁcanf determinant. This has been
shown by the fact that membrane transport systems are significantly altered by the plasma
composition. Eventually, these alterations in the composition of the extracellular fluid may interact
with genetic determinants of membrane transport and result in a modification of the expression
of membrane transporters. The changes are not only specific for each transport system, but they
are also reversible. Interestingly for the choline transporter the changes reverse in a period much
shorter than the red cell life span, which suggest that changes are not due to an intrinsic membrane
defect during cell maturation. The change can be quickly reversed with variations in renal
function, as demonstrated in the transplant patients. Improvement or correction of cellular defects
can be achieved by removal of the cells from the uraemic "habitat”. The principle behind the

dialysis treatment is to modify that environment.
DIABETIC NEPHROPATHY: Na/H ANTIPORTER AS A GENETIC MARKER?

The study on the leucocyte Na/H antiporter included data on patients with end-
stage diabetic nephropathy. The interest in examining this particular group of patients results from
the extensive data identifying membrane transport via the erythrocyte Na/Li countertransport and

leucocyte Na/H antiporter as a marker for a group of patients prone to develop renal and
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cardiovascular complications of insulin dependent diabetes mellitus (IDDM).

About a third of patients with IDDM develop advanced nephropathy [Anderson
et al 1983, Krolewski et al 1985], and there is a strong association with a predisposition to
essential hypertension [Krolewsky et al 1988]. Mangili et al [1988] and Krolewski et al [1988]
independently suggested that increased erythrocyte Na/Li countertransport activity, a system
abnormal in essential hypertension, could also be a genetic marker for diabetic nephropathy
[Canessa et al 1980, Turner et al 1987, Williams et al 1983, Redgrave et al 1989]. The high Na/Li
countertransport activity was confirmed by other groups in patients with early nephropathy and
the possible genetic link further supported by studies in parents of IDDM patients [Carr et al 1990,
Walker et al 1990]. The genetic link has been questioned by a Danish group who suggested other
reasons for the familial clustering of diabetic nephropathy [Jensen et al 1990, Borch-Jonhsen et
al 1992]. That conclusion has been questioned, since the data supported a high Na/Li
countertransport in IDDM with renal involvement [Laffel et al 1991]. Further evidence exists for
Na/Li countertransport activity as a marker in studies showing an association of high transporter
activity and renal, cardiac and metabolic complications in IDDM and hypertension [Semplicini et
al 1989, 1992, Jones et al 1990, Mangili et al 1990, Trevisan et al 1992].

Findings similar to the alterations in erythrocyte Na/Li countertransport were
found for the Na/H antiporter in leucocytes, fibroblasts and platelets [Ng et al 1990a, 1990b,
Trevisan et al 1989, Halkin et al 1991] of IDDM and hypertensive patients [Ng et al 1988, 1989,
Livne et al 1987]. There are functional similarities between the two transporters, but they probably
represent different proteins on the basis of inhibitor sensitivity and the weak correlation between
the function of the two processes in clinical studies [Pandey et al 1978, Carr et al 1988, Halkin
et al 1991, Semplicini et al 1992]. However it is still possible that Na/Li countertransport may be

one isoform of the Na/H antiporter [Orlowsky et al 1992, Igarashi et al 1991, Clarck & Limbird
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1991]. The protein and gene for the Na/Li countertransport is still to be identified in spite of
extensive studies on the Na-H system [Lifton et al 1991, Sardet et al 1989].

The point is that the activity of both systems has been suggested as a potential
predictor of the subgroup of diabetics who will develop overt diabetic nephropathy, with a higher
activity expected in IDDM uraemic patients. In the present study the activity of the antiporter was
normal in cells from uraemic diabetics. If a high Na/H antiporter activity is a marker for early
identification of patients who will develop end stage diabetic nephropathy, a high Na/H antiporter
activity would be expected in patients with uraemia due to IDDM. In the present thesis it is of
particular interest to consider the associations between plasma lipids and Na/H antiporter and
Na/Li countertransport system activity [Trevisan et al 1992, Ng & Davies 1992].

It was surprising to find a normal activity of the Na/H antiporter in these patients
with renal failure. The elevated Na/H antiporter activity found in leucocytes associated with an
alkaline pHi in early diabetic nephropathy is not present when they patients develop uraemia. It
is unlikely to be a factor related to uraemia per se; in non-diabetic uraemics Na/H antiporter
activity is not altered. The lack of difference in the V,, of the Na/Li countertransport between
IDDM patients with or without nephropathy has been described [Elving et al 1991, 1992]. This
is consistent with the hypothesis of Barzilay et al [1992] that when nephropathy develops late in
the course of diabetes other factors, such as hyperglycaemia, could be more significant.

Abnormal physical properties of the membrane in IDDM may be involved in
modifying transporter expression. In diabetes erythrocytes has been reported to have reduced
membrane fluidity and impaired cell deformability, possibly due to an increased membrane
cholesterol/phospholipid ratio [Bryszewska et al 1986, 1990]. Leucocytes from a rat model of
diabetes also had a reduced membrane fluidity [Masuda et al 1989]. However there has been one

study in which no change in erythrocyte membrane fluidity was present, despite a low cholesterol,
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low phospholipid content, reduced cholesterol:phospholipid ratio and changes in the fatty acid
composition of the red blood cells [Baldini et al 1989]. Recently, it has been reported that
leucocytes from diabetic patients with initial nephropathy fail to present a reduction in activity of

the Na/H antiporter activity with raising plasma HDL levels, as seen in normal individuals [Ng

& Davies 1992].

ATHEROSCLEROSIS AND SIMVASTATIN TREATMENT

Atherosclerotic vascular disease is, again, a heterogeneous disorder. It is
characterized pathologically by lesions in the arteries resulting from accumulation of excess
plasma-derived lipid, proliferation of connective tissue forming a fibro-muscular cap and necrosis
of connective tissue at the plaque base [Woolf 1990]. There are several potential risk factors, eg
hyperlipidaemia, gender, diabetes, hypertension and others [Tunstall-Pedoe & Smith 1990,
Brindley & Rolland 1989, Martin et al 1986, Ball & Mann 1988]. The disease can be genetically
determined as seen in the case of familial hypercholesterolaemia, in which an autosomal dominant
gene is responsible for defective or a redﬁced number of LDL receptors in the cells [Goldstein &
Brown 1983]. Plasma lipids and cholesterol levels are strong determinants of the morbidity and
mortality associated with atherosclerosis [Martin et al 1986, Mann & Ball 1988]. Evidence has
recently suggested that if plasma cholesterol is reduced with treatment, the lesions of
atherosclerosis will also diminish [Watts et al 1992].

We assessed here the possible link between the atherosclerotic process in relation
to the cell membrane composition and Na/Li countertransport system. In mature erythrocytes no
synthesis of membrane lipids can occur, and the modifications in cell cholesterol content are

derived from the exchanges with the plasma lipoproteins [Lange et al 1980, 1981, Dawidowicz
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1987].

Proving the hypothesis that changing membrane cholesterol affects the Na/Li
countertransport in vitro was straightforward. The same cannot be said about the study in which
plasma cholesterol was altered in vivo by treating atherosclerotic patients with an HMG CoA
reductase inhibitor (simvastatin). Plasma cholesterol was effectively lowered by this treatment, but
surprisingly, membrane cholesterol levels did not alter. It is clear in the present study that no
reduction in membrane cholesterol concentration was obtained with simvastatin treatment.

As described earlier recent studies showed no change or slight elevation in cell
cholesterol concentration with HMG CoA reductase inhibitors [Mazzanti et al 1990, Ng & Davies
199\1]. It is feasible that by reducing plasma cholesterol, its inhibitory effect on cell cholesterol
synthesis will be reduced [Goldstein & Brown 1990, Ng & Davies 1991, 1992]. This effect is a
possible explanation for the elevation of cholesterol in membranes of cells capable of metabolizing
and synthesizing membrane cholesterol [Norum et al 1983]. The same is not true for mature
erythrocytes, in which exchange with plasma lipids is achieved [Dawidowicz 1987], unless the
effects occur during reticulocyte maturation.

The lack of change in membrane Na/Li countertransport activity in the
simvastatin-treated patients may be related to the stability of the membrane cholesterol in the
present study. In other studies lipid-lowering therapy resulted in reduction of erythrocyte Na/Li
countertransport activity associated with change in plasma triglycerides, but not with plasma
cholesterol [Carr et al 1990, 1990a, 1991]. Lovastatin, another HMG CoA reductase inhibitor, had
no effect on the erythrocyte Na/Li countertransport, but actually suppressed platelet Na/H
antiporter in the same group of patients [Weder et al 1991c]. This same study was in agreement
with the present findings of no correlation between the magnitude of changes in plasma lipids and

activity of cation transport. The lack of association may also be due to the use, in the present
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study, of total plasma cholesterol as the lipid parameter, which is associated with Na/Li activity
in some studies [Hunt et al 1986,Corrocher et al 19851, but not all [De la Sierra et al 1988,
McDonald et al 1990]. Perhaps analysis of other lipid fractions, such as HDL, LDL or
triglycerides would yield different results from the present study. The reduction of Na/H antiporter
activity seen in cultured lymphoblasts treated with HMG CoA reductase inhibitors has been
suggested to result not from alterations in membrane cholesterol, but perhaps other products of
mevalonate metabolism [Ng & Davies 1991, 1992].

The main finding of the simvastatin study is that cell membrane total cholesterol
is not modified by the reduction of plasma cholesterol with simvastatin. The influence of plasma

lipids on the activity of Na/Li countertransport does not seem to involve cholesterol cell content.

TRANSPORTERS

It seems unassailable that membrane transport alterations are important in disease.
Which alterations are present, which are important, which are significant, which are just an
epiphenomenon, which can be used as a marker, and which can be used for therapeutic
interventions are all questions to which I do not have a clear answer.

There are some specific disorders in which transport abnormalities are clear cut.
Take the example of glucose-galactose malabsorption: a single point gene mutation is responsible
for a defective Na-dependent epithelial transporter that can result in a fatal disorder. Now with
adequate diagnosis simple dietary measures prevent any serious consequences of the disease
[Wright et al 1992].

It would be satisfying if the same could be said for heterogenic and/or polygenic

diseases, such as the ones studied in here. Of the transport systems studied in this thesis, the
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results for the choline transporter seem to be particularly significant. Its activation is one of the
most marked changes described in uraemia and indeed such marked alterations are not usual in
most clinical disorders. To assess the significance of the findings, choline transport should be
assessed in other tissues such as brain and muscle. There is a potential for the choline transporter
to be used as a clinical marker in uraemia, but probably for practical purposes urea, creatinine and
clearance studies are more feasible and cheaper. Further characterization of choline transport
mechanisms in renal failure should be sought and plasma effects should be assessed by cross-
incubation studies with normal and uraemic plasma.

The potential clinical implications of altered choline metabolism have been
mentioned above, and are exemplified by the role of choline in peripheral neuropathy [Rennick
1976] and choline metabolites in the clinical manifestations of uraemia [Simenhoff et al
1977,1978, Simenhoff 1975]. Altering bacterial flora with antibiotics, results in reduced
accumulation of these potential toxins and improved symptomatology [Simenhoff et al 1976].
Presently it has been demonstrated that there is an association of the clinical evolution of uraemia,
reversed by transplantation, and the activity of the erythrocyte choline carrier.

The studies of the acid-base regulatory transport systems, Na/H antiporter and
lactate, provide useful information in the patients with chronic renal failure. These are important
negative results: characterizing the activity of each transporter in uraemia is of interest in
attempting to understand the nature of its metabolic derangements. However, there are factors that
deserve further investigation. The reduced pHi in uraemia may eventually suggest that HCO, -
dependent mechanisms could be altered in the syndrome [Thomas et al 1989]. Bicarbonate is
largely responsible for controlling resting intracellular pH in a number of cell types [Thomas 1989,
Simchowitz & Ross 1985]. The studies here were performed in bicarbonate free solutions in order

to analyze the Na/H antiporter in isolation. The study also cannot exclude a possible abnormality
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in the Na/H antiporter substrate affinity in patients with uraemia with or without endstage diabetic
nephropathy. |

Normal lactate transport is generally important for cellular homeostasis and so was
measured in the present thesis in uraemic cells. Additionally a significant contribution of the
lactate study was to provide, for the first time, information on lactate transport rates at
physiological conditions of temperature. Further studies should consider using bicarbonate
containing buffers and varying lactate concentration, considering that in exercise plasma
bicarbonate has been shown to be the main buffer for plasma lactate [Wasserman & Casaburi
1991]. A negative association between blood bicarbonate concentration and lactate concentration
is present during exercise [Stringer et al 1992]. In fact the present work does report fluxes
measured in plasma which will still have significant bicarbonate levels. The fluxes in plasma were
not significantly different from fluxes performed in saline.

In this thesis blood cells have been used as models, and all the studies make
assumptions that in vitro modifications reflect the disturbances present in vivo, and that changes
in one tissue reflect the changes in other cell types [Swales 1990]. The in vitro studies using blood
cells are a way towards characterizing membrane disorders in disease. Further investigations in
vivo are desirable.

Finally the intention of the present thesis was not to study one process, for
example uraemia, in detail, but to investigate a number of clinical situations and number of
transporters systems, in different cell types to look at a wide range for potential pathophysiological
effects. The fact that the changes were found to be selective both in transport system and disease
states confirms the utility of the approach for membrane transport but also defines large areas of
work for the future, since it seems obvious that many of these situations should be studied in more

depth.
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