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SIMULATION OF KINETIC DATA ON THE INFLUX AND
EFFLUX OF CHLOROQUINE BY ERYTHROCYTES
INFECTED WITH PLASMODIUM FALCIPARUM

EVIDENCE FOR A DRUG-IMPORTER IN CHLOROQUINE-SENSITIVE
STRAINS
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Abstract—Literature data on influx and efftux kinetics of chloroquine (CQ) with erythrocytes infected
with the malaria parasite Plasmodium falciparum were simulated using a four-compartment model with
first-order exchange between the compartments. The four compartments represent (1) the buffer
surrounding the infected erythrocyte; (2) the cytosoi of the host erythrocyte; (3) the parasite cytosol;

and (4) the food vacuole. Simulations showed that basal membrane transport of CQ, estimated from

data on influy of CO into uninfected red cellg laruplv accounts for untake and release of CQ bv
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erythrocytes infected with two different CQ-resistant (CQ -R) parasite strains. In contrast, the rate of
uptake of CQ by erythrocytes infected with a CQ-sensitive (CQ-S) strain is substantially higher than
predicted by uptake with membrane transfer by basal diffusion of CQ. Simulations also indicate that
the difference in kinetics of CQ uptake by erythrocytes infected with the CQ-S and CQ-R strains can
be explained by a net increase in the inward permeability coefficient at the host erythrocyte membrane,
the composite membrane surrounding the parasite or the food vacuole membrane. The results are
consistent with the presence of a drug-importer for CQ in erythrocytes infected with sensitive strains,
which is absent in those infected with resistant strains. They are not consistent with the hypothesis that
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CQ resistance is attributable to a drug-exporter in resistant cells which is lacking in sensitive cells.

Chloroquine (CQ#t) has been shown to accumulate
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malaria parasite [1] where it is generally thought to
exert its antimalarial action [2—5] A widely accepted
view is that the accumulation of CQ within the food
vacuole is largely [6-9], or in part [10], the result of
the weak base properties of the drug and the pH
gradient between the extracellular medium and the
food vacuole. Based on this view, it has been
proposed that differences in the accumulation of CQ
between erythrocytes infected with CQ-sensitive
(CQ-S) and CQ-resistant (CQ-R) parasites can be
explained, for the most part, by a difference in
the food vacuole pH of these parasites [8,9].
Accumulation of CQ according to the weak base
hypothesis assumes that biological membranes are
predominantly permeable to the unionised drug
species, and that membrane exchange of this species
is symmetrical under equilibrium conditions; this is
consistent with evidence from studies which suggest
that the translocation of CQ across the membrane
of the uninfected human erythrocyte is by a process
of passive diffusion of the unionised drug species
[11, 12]. However, several recent hypotheses claim
that transport mechanisms of CQ other than simple
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passive diffusion operate in the infected erythrocyte.
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important determinants of the antimalarial actions
of CQ and involved in the development of drug
resistance u] the malaria parasttc

Warhurst [13, 14] has suggested that a drug carrier
or permease exists within the membrane of the
intraerythrocytic parasite that iransports CQ from
the host erythrocyte cytosol to the parasite cytosol,
thus facilitating drug uptake into the parasite. Drug
resistance could then arise from either a decrease in
the number or efficiency of the permease units.
Another suggestion proposes the existence of a
verapamil-sensitive drug-exporter which is thought
to be responsible for an apparent increase in the
rate of efflux of CQ from CQ-R parasites compared
with CQ-S parasites, resulting in a greater reduction
in the accumulation of drug within the infected
erythrocyte in CQ-R parasites than in CQ-S parasites
[15, 16]. It has also been suggested that asymmetrical
CQ transporters may exist in the membranes of the
parasitised erythrocyte which contribute to the
accumulation of CQ “within the cell [10]. Recently,
it has been proposed that protonated CQ is

exchanged with protons across the membrane of the
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food vacuole by means of a membrane carrier [17].

This study presents a kinetic model of the uptake
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on first-order exchange of CQ between the four
main compartments of an infected erythrocyte (Fig

J.} l\lllcub Udl.d gcucratcu uamg lllC lllUUCl are
compared with experimental kinetic data reported
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Fig. 1. Model of the malaria-infected erythrocyte showing
the four compartments used to model the kinetics of CQ
uptake, and the transport constants, k,, for exchange of
CQ between compartments  and j; extracellular buffer i =
1, host erythrocyte cytosol { = 2, parasite cytosol i = 3 and
food vacuole i = 4. The parasite cytosol is surrounded by
a double boundary to represent the composite membrane
comprising the membrane of the parasitophorous vacuole
and the plasma membrane of the parasite.

by Geary et al. [8] (Study 1) which describe the
uptake of CQ by erythrocytes infected with CQ-R
and CQ-S strains of Plasmodium falciparum.
Simulations are also compared with data describing
the efflux of CQ from erythrocytes infected with
different CQ-R and CQ-S strains of P. falciparum,
reported by Krogstad et al. [15] (Study 2). The aim
of the present study is to examine whether differences
in the membrane permeability characteristics of CQ
can explain observed differences in CQ transport
between erythrocytes infected with CQ-S and CQ-
R strains of P. falciparum.

THEORY

Four-compartment first-order model

The parasitised erythrocyte, suspended in buffer,
is treated as a closed four-compartment system with
first-order exchange between the compartments as
illustrated in Fig. 1. The four compartments are: (1)
the buffer surrounding the infected erythrocyte; (2)
the cytosol of the host erythrocyte; (3) the parasite
cytosol; and (4) the food vacuole. Assuming that
the rate-determining process is movement of
drug across the membranes separating these
compartments, the following first-order equations
describe the time dependence of the change in
concentration of unbound CQ in solution in the
various compartments of the infected erythrocyte
suspended in buffer:

dc,

Vl—dt—=k21cz —kinCy )
dC,

V2 ? = klZCI bt (k21 + k23)C2 + k32C3 (2)
dC,

V3 7 = k23C2 - (k32 + k34)c3 + k43c4 (3)
dC,

V, Tdt_ =k3C; — ka3 C,y C))
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where C, represents the unbound CQ concentration
in the extracellular buffer (i = 1), host erythrocyte
cytosol (i = 2), parasite cytosol (i = 3) and the food
vacuole (i = 4); V,; represents the apparent volumes
of distribution of the respective compartments; and
k; represents the transport constant for transfer of
CQ from compartment i to j. The transport constants
are defined as

kij = PijSij (5)

where P; is the CQ permeability coefficient for
unidirectional transfer from compartment ; to j and
S, is the surface area of the membrane separating
these compartments. Pj; is defined with respect to
the total CQ concentration; interpretation in terms
of transport of individual CQ species is dealt with
later.

In the absence of binding of CQ to cell components,
the volumes of distribution in Equations 1-4 equal
the physiological volumes of cell water within the
compartments. When binding is present, the
apparent volume is greater than the true com-
partmental volume. The initial assumption in the
present study is that binding of CQ to cell components
is insignificant; provisions for cell surface binding
are included in some simulations. Although the
parasitemia is low in the experimental studies (see
later), total uptake into infected erythrocytes is much
greater than uptake into uninfected erythrocytes,
and therefore uninfected erythrocytes do not
contribute significantly to the observed uptake. If
the role of uninfected erythrocytes is significant in
other uptake studies, the model is easily adapted by
adding an extra differential equation, but this is not
necessary here.

Equations 1-4 were solved using standard
techniques to yield an expression for C;, the CQ
concentration in the buffer. For comparison with
the experimental data, the amounts of CQ in the
infected erythrocyte fraction were calculated at each
time point as the difference between the total amount
of CQ present in suspension and the amount in the
buffer. The analytical solution to the differential
equations is discussed in Appendix 1. The simulations
obtained from this solution were verified using
simulations based on numerical integration of
Equations 1-4 (see also Appendix 1).

Estimation of parameters for simulations

Dimensions of compartments. The volumes of
intraerythrocytic P. falciparum and its food vacuole
as fractions of the total volume of the host erythrocyte
have been estimated to be 0.36 £0.09 and
0.032 = 0.02, respectively, during the trophozite-
early schizont stages [6]; parasites used in Study 1
were also synchronised to the trophozoite-schizont
stage. (The growth stage of parasites used in Study
2 was not reported; for the purposes of the
simulations, the compartmental dimensions of these
parasites were assumed to be the same as those
reported for the trophozoite-early schizonts.) Taking
the total volume of the host erythrocyte to be the
same as that of a normal erythrocyte (8.6 X 107! cm?
[18]), since the size of the host erythrocyte is
reported not to be altered significantly when infected
with P. falciparum [19], and the cell water fraction
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Table 1. Values of compartment volumes and surface areas
used in simulations

Parameter* Study 1 Study 2
V, (em?) 0.991 1.0t

V, (cm®) 2.7 x 107 7.4 x 1073
Vs (cm®) 1.6 x 1074 4.4 x 107
V, (cm?) 1.4 x 1073 3.8 x 1076
Sy (cm?) 11.9 3.26
Sy (cm?) 3.48 0.95
Sy (cm?) 0.69 0.19

* Calculated for a 1-mL suspension volume.
+ No haematocrit was reported in Study 2.

to be 0.7 [20] for all compartments, the volume of
cell water within each compartment was calculated
from the compartmental volume fractions. The
surface area of the host erythrocyte, again based on
the dimensions of the uninfected cell, was taken to
be 1.63 X 107%cm? [21]. The surface areas of the
intracellular parasite and parasite food vacuole were
estimated from their volumes by assuming that these
structures are spherical. To determine the total
volume and surface areas of the host cell, parasite
and food vacuole, the volume and surface area of a
single compartment were multiplied by the number
of infected erythrocytes in 1 mL of suspension. A
0.86% hematocrit and 7.3% parasitemia were
reported in the data taken from Study 1. This
represents 7.3 X 10° infected cells per mL of
suspension (taking the volume of each cell to be
equal to 8.6 x 107! mL). In Study 2, the reported
number of infected cells per mL was 2 x 10°. The
values of parameters describing cell dimensions in
terms of the compartment volumes and surface areas
used in the simulations are shown in Table 1.

Permeability coefficients. Evidence from previous
studies indicates that the unionised CQ species (CQ°)
is the predominant membrane permeant in the
uninfected erythrocyte membrane and that transport
appears to be by a process of passive diffusion
[11, 12]. A linear Arrhenius plot of the permeability
coefficients of CQ° was reported over the temperature
range 0 to 25° [12]. The permeability coefficient of
the unionised species at the temperature of the
experimental studies, 37°, was estimated to be
7.5cm/sec, by assuming that this relationship
remains linear to 37°. This value is of the same order
of magnitude as the permeability coefficient of CQ°
reported for transport across the membrane of the
rat liver hepatocyte at 37° [22]. As no basal
permeability values are available in the literature
for the individual membranes of the infected
erythrocytes, the preliminary assumption made for
the purposes of the simulations was that the
permeability coefficients for basal diffusion of CQ°
across all membranes of the infected erythrocyte
approximate the value estimated for the uninfected
human erythrocyte membrane (7.5cm/sec). As
discussed later, this assumption was modified in
some instances in the light of the results of the
simulations.

One complication when modelling transport across
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the membranes of the infected erythrocyte is that
the parasite is surrounded by two membranes, the
parasite plasma membrane and the membrane of
the parasitophorous vacuole. The latter is derived
from the host erythrocyte plasma membrane. Since
the resistance to transport across each membrane,
which is inversely proportional to the permeability
coefficient, is approximately additive [23], the
permeability coefficient of CQ° across the composite
membrane is expected to approximate 3.75 cm/sec,
based on the value assumed for a single membrane
(7.5 em/sec).

pH of the compartments. In simulations where it
is assumed that the membrane is permeable to one
drug species (e.g. the unionised species), the
transport rate constants, defined in Equation 5, can
be written as

kij=ffkp§sij (6)

where f§ is the concentration of the permeable
species as a fraction of the total drug concentration
in compartment i and pJ is the permeability
coefficient for that species. Values for f} for the
proposed transported species were estimated from
the pH of the relevant compartment and the pK,
values of CQ at 37° (8.12 and 10.42 [24]).

The pH of the extracellular buffer used in all
simulations was 7.4, as reported in Studies 1 and 2.
Values of 7.1 and 7.4 were chosen for the pH of the
host erythrocyte and parasite cytosols, respectively,
as suggested by Warhurst [14]. Other pH values,
which differ by as much as 0.5 units from these
values, have been reported for the host and parasite
cytosols (see, for example, Ref. 13); however,
simulations (not shown) of CQ uptake using the
model indicated that the rate and extent of uptake
are insensitive to variations of this order in the pH
of these compartments.

The reported kinetic data in Study 1 describe CQ
uptake by erythrocytes infected with a CQ-S (FCN)
and a CQ-R (VNS) strain of P. falciparum. As part
of Study 1, the pH of the food vacuole of various
parasite strains was estimated from the equilibrium
distribution ratio of CQ between the food vacuole
and the extracellular buffer (C,/C|) using the
relationship

Cy/Cy = [H*]/[H*]{ ™

where [H*], and [H™], are the proton concentrations
in the food vacuole and buffer, respectively. Equation
7 assumes that CQ distributes according to its weak
base properties, with symmetrical exchange of CQ°
across all membranes involved. The intravacuolar
pH values, estimated from data reported in Study 1
at low CQ concentrations, are in the ranges 4.3 to
4.4 and 4.7 to 4.8 for the CQ-S (FCN) and CQ-R
(VNS) parasites, respectively. Due to the reported
effects of high CQ concentrations on the pH [4, 6}
and osmotic balance [25] of the food vacuole, only
data reported in Study 1 at low total CQ
concentrations (10 nM) were examined.

The CQ-resistant strain used in Study 2 (Indochina
I/CDC) was reported in another study [4] to have
an intravacuolar pH range of 5.2 to 5.4, This range
was determined independently of CQ distribution
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Fig. 2. Kinetics of CQ uptake by erythrocytes infected with the CQ-R (VNS) strain of P. falciparum

reported in Study 1; simulation with basal permeability coefficients. The curve was generated assuming

membrane transfer of only CQ°, with permeability coefficients of CQ° equal to 7.5 cm/sec across all
membranes, and a food vacuole pH value of 4.68.

by spectrofluorimetry using fluorescein-dextran as a
label. The CQ concentration used in Study 2 (1 nM)
has been shown previously not to influence food
vacuole pH [4]. Data on the kinetics of CQ uptake
by infected erythrocytes were also reported in Study
2, but were unsuitable for the purposes of the present
study.

RESULTS AND DISCUSSION

Interpretation of rapid initial uptake apparent in data
reported in Study 1

Figure 2 shows data on the kinetics of uptake of
CQ by erythrocytes infected with the CQ-R (VNS)
strain reported in Study 1. The curve in Fig. 2 shows
simulated uptake kinetics with membrane transfer
by basal diffusion, generated by assuming membrane
transfer solely of CQ°, with permeability coefficients
equal to 7.5cm/sec (the value estimated for the
uninfected erythrocyte at 37°) across all membranes,
and a food vacuole pH of 4.68. This pH value
was chosen so that the predicted equilibrium
concentration of CQ in the infected erythrocyte
fraction equals the reported value (12.2 uM). It is
clear from inspection of Fig. 2 that, although the
simulated uptake profile is of the same order of
magnitude as the data, the observed initial uptake
of CQ by the infected erythrocytes is much too rapid
to be explained by the initial rate of uptake predicted
by the model. A similar initial rapid phase is also
apparent in data reported in Study 1 describing
uptake by erythrocytes infected with the CQ-S
(FNC) strain, but was not observed in Study 2 or
with uninfected erythrocytes (11, 12].

The most likely explanation for the initial rapid
phase of uptake is surface binding to the plasma
membrane of the infected erythrocytes. Simulations
were conducted to investigate this possibility by

incorporating a binding term into the model. The
apparent amounts of CQ taken up in the initial rapid
phase by erythrocytes infected with the FCN and
VNSstrainsat 10~7 and 10~% M CQare approximately
proportional to the CQ concentration which suggests
that the proposed surface binding can be considered
linear over this concentration range. A term
describing equilibrium linear surface binding was
incorporated into the model by using an apparent
volume of distribution of the extracellular buffer,
rather than the true volume (see Appendix 2). It
was estimated that the extent of CQ uptake by the
infected erythrocytes in the initial rapid uptake phase
observed in Study 1 corresponds to apparent volumes
of distribution for the extracellular buffer that are
1.21 and 1.22 times the true volumes of the buffer
for infection with the CQ-R and CQ-S strains,
respectively.

Uptake of chloroquine with equilibrium surface
binding and membrane transport by basal diffusion

The data from Study 1 showing the uptake of CQ
by erythrocytes infected with the CQ-R (VNS) strain
are plotted again in Fig. 3. The unbroken line in
Fig. 3 simulates uptake of CQ with membrane
transfer by basal diffusion and rapid initial uptake
by surface binding. This curve was generated
assuming membrane transfer solely of CQ°, with
permeability coefficients of 7.5 cm/sec across all
membranes, the equilibrium binding term described
above, and a food vacuole pH of 4.74. This pH
value, which is within the range reported in Study 1
for the VNS strain (4.7 to 4.8), was again chosen so
that the predicted equilibrium concentration equals
the reported value (12.2 uM). (This value is slightly
higher than the pH value of 4.68 used in the
simulation described in Fig. 2 due to the residual
effect at equilibrium of the binding term included in
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Fig. 3. Kinetics of CQ uptake by erythrocytes infected with the CQ-R (VNS) strain of P. falciparum
reported in Study 1; simulations with basal permeability coefficients and equilibrium binding term. The
unbroken line was generated using the equilibrium binding term (see text) and a food vacuole pH of
4.74, assuming membrane transfer of only CQ° with permeability coefficients of CQ° equal to 7.5 cm/
sec across all membranes. The broken line was generated using the same parameters, except that the
permeability coefficients of CQ” for exchange between the erythrocyte cytosol and the parasite cytosol
were assigned a value of 3.75 cm/sec to account for the composite membrane surrounding the parasite.
The dotted line was generated assuming the parameters used to generate the unbroken line, except
that all permeability coefficients were increased by a factor of 1.5.

this simulation.) The same parameters were used to
generate the broken line shown in Fig. 3, except
that the inward and outward permeability coefficients
of CQ° at the composite membrane separating the
host cell and parasite cytosol were assigned a value
of 3.75 cm/sec to simulate the additional resistance
of the double membrane comprising the membrane
of the parasitophorous vacuole and the parasite
plasma membrane. The additional resistance results
only in a marginally lower uptake rate, indicating
that the composite membrane surrounding the
parasite is unlikely to be a major rate-limiting barrier
to overall transport.

The rates of CQ uptake obtained in both
simulations illustrated in Fig. 3 are marginally lower
than the observed rates but can be brought into line
by increasing the inward and outward permeability
coefficients at each membrane by a factor of 1.5
(illustrated by the dotted line in Fig. 3). This appears
to be a small adjustment in basal permeability, given
that the lipid composition of the membranes of the
parasitised erythrocyte is substantially different from
that of the uninfected erythrocyte [26-28], and this
difference is expected to have some influence on the
passive transport behaviour of CQ. For example, it
has been suggested that an alteration in erythrocyte
membrane lipid induced by P. falciparum results in
a more fluid and permeable membrane [28]. This
suggests that the assigned permeability coefficient of
7.5cm/sec could underestimate slightly the true
value and explain the small discrepancy noted in
Fig. 3between the simulations and the experimentally
derived results.

Cellular efflux of chloroquine with membrane
transport by basal diffusion

Figure 4 shows a plot of the data from Study 2
which describes the efflux of CQ from erythrocytes
infected with a different CQ-R strain (Indochina I/
CDC) from that used in Study 1. The data fall
between the two lines which are generated using the
minimum (pHS5.2; upper curve) and maximum
(pHS5.4; lower curve) intravacuolar pH values
reported for the Indochina I/CDC strain [4] and the
conditions assigned earlier for basal diffusion (i.e.
that each membrane is permeable only to the
unionised drug species and a permeability coefficient
of 7.5 em/sec across the host erythrocyte and food
vacuole membranes and 3.75cm/sec across the
composite membrane surrounding the parasite; no
equilibrium binding termisused in these simulations).
This result provides further evidence that membrane
transport of CQ by a process of basal diffusion of
the unionised drug species appears largely to explain
the observed kinetic behaviour of CQ when
erythrocytes are infected with CQ-R parasites. A
higher rate of CQ efflux from erythrocytes infected
with a CQ-R strain than from those infected with
the CQ-S strain was reported in Study 2. To explain
this observation, it was proposed that a membrane
carrier operates in CQ-R parasites to facilitate the
removal of CQ from the infected erythrocyte. This
proposal conflicts with evidence presented here, that
membrane transfer by basal diffusion can account
largely for the observed kinetics of uptake and
release of CQ by erythrocytes infected with a CQ-
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Fig. 4. Kinetics of CQ efflux from erythrocytes infected with the CQ-R (Indochina I/CDC) strain of
P. falciparum reported in Study 2; simulations with basal permeability coefficients. Both curves were
generated assuming efflux with membrane transfer by basal diffusion (i.e. assuming membrane transfer
of only CQ°, with permeability coefficients of CQ° equal to 7.5 cm/sec for transfer across the membranes
of the host erythrocyte and food vacuole, and 3.75 cm/sec for transfer across the composite membrane
surrounding the parasite). The minimum reported food vacuole pH for this strain (5.2) was used to
generate the upper curve, and the maximum reported pH (5.4) was used to generate the lower curve.

R strain. Simulations of kinetic data for CQ-S strains
will be discussed in the following section.

The authors of Study 1 presented a fundamentally
different interpretation of their uptake data than
that advanced here. It was suggested that equilibrium
was rapidly achieved between CQ in the extracellular
fluid and the food vacuole by passive exchange of
the drug. This process was thought to be accompanied
by an increase in the food vacuole pH, due to the
weak base properties of CQ. The gradual increase
in intracellular CQ was interpreted as being the
consequence of a slow return of the food vacuole
pH to its normal resting value. A recent article [29]
has presented a mathematical model of uptake based
on this interpretation. However, the simulations in
the present study do not support this interpretation,
since they suggest that CQ transport by basal
diffusion is much too slow to allow for the equilibrium
approximation.

Uptake of chloroquine by erythrocytes infected with
a chloroquine-sensitive parasite strain

The data reported in Study 1 describing CQ uptake
by erythrocytes infected with the CQ-§ (FCN) strain
is plotted in Fig. 5. The curve shown in Fig. 5 was
generated with all permeability coefficients at basal
values, using the equilibrium binding term and
assigning a value for the pH of the food vacuole of
4.30 (which is within the reported range for this CQ-
S strain). The simulated rate of CQ uptake (after
the rapid initial phase} is markedly lower than
the observed uptake rate despite a comparable
equilibrium cellular concentration (15.2 uM). The
results of these simulations suggest that while basal
permeability conditions adequately simulate kinetic
data for the CQ-R strain, this is not the case for the

CQ-S strain. This comparison also suggests that the
difference inkinetics of CQ uptake observed between
the two strains of Study 1 cannot be explained simply
by the difference in food vacuole pH if basal
membrane transport conditions exist in erythrocytes
infected with either the CQ-R or CQ-8 strain.

The following sections report simulations which
explore possible explanations of the kinetic dif-
ferences between erythrocytes infected with CQ-S
and CQ-R strains.

Simulations of symmetrical changes in membrane
permeability to chloroquine

The high rate of CQ uptake by erythrocytes
infected with the CQ-S strain observed in Study 1
may possibly be explained by a symmetrical increase,
relative to basal values, in the permeability to CQ
of the membranes of the infected erythrocyte,
induced by the CQ-S parasite. This could be related
to the changes in erythrocyte membrane permeability
characteristics reported for glucose [30], amino acids
[31, 32], polyols {33, 34], anions [35] and nucleosides
[36, 37] during the erythrocytic stages of malaria. It
has been proposed that the membrane transport of
amino acids, anions, glucose and sorbitol, modified
during the trophozoite stage of malaria, appears
to exhibit pore-like behaviour [33-35,38] which
facilitates the transport of small substrates and larger
neutral molecules. This increase in membrane
leakiness also could act to increase CQ permeation,
for example by allowing passage of CQ cations
(although cationic molecules appear to be excluded
by the newly formed pores {33, 34]).

In simulations presented here, the presence of
highly permeable or leaky membranes is mimicked
by increasing the permeability of selected membranes



Membrane transport of chloroquine in malaria

£ 16
2 . -
2]
w
=
-
o
S n
z 12
T
Ly
o
ad
Q
w
-
= o8
(T
z
z ]
=z
o
= 4;
o
[+ 4
—
=z
L
(=)
z
o
(S
g
3 i 500 1200 1800 2400 3000 3600

TIME ELAPSED (s}

Fig. 5. Kinetics of CQ uptake by erythrocytes infected with the CQ-S (FCN) strain of P. falciparum

reported in Study 1; simulation with basal permeability coefficients. The unbroken line simulates uptake

of CQ with membrane transfer by basal diffusion (see legend to Fig. 4). The equilibrium binding term
(see text) and a food vacuole pH value of 4.30 were used in this simulation.
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Fig. 6. Kinetics of CQ uptake by erythrocytes infected with the CQ-S {(FCN) strain of P. falciparum
reported in Study 1; simulations with basal and symmetrical nonbasal permeability coefficients. The
unbroken line simulates uptake of CQ with membrane transfer by basal diffusion (see legend to Fig.
4). The equilibrium binding term (see text) and a food vacuole pH value of 4.30 were used in this
simulation. The broken line was generated using the same parameters, except that the permeability
coefficients for transfer of CQ across the host erythrocyte membrane (Py; and Py,) and the composite
membrane surrounding the parasite (P,; and Ps,) were increased by a factor of 10° over basal levels.
The dotted line was generated assuming the parameter values used to generate the unbroken line,
except that the permeability coefficients of CQ"° for transfer across the membrane of the food vacuole
were assigned a value of 10° cm/sec.

of the infected erythrocyte to very large values,
which effectively removes the membrane as a barrier
to CQ transport.

Preliminary studies showed that increasing the
inward and outward permeability coefficients by a
factor of 10* over basal levels effectively removed

the host erythrocyte membrane and the composite
membrane surrounding the parasite as barriers to
transport of CQ (i.e. kinetics of uptake were
independent of permeability coefficients when
permeability coefficients were increased beyond this
value). The data reported in Study 1 describing CQ
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uptake by erythrocytes infected with the CQ-S
(FCN) strain are shown again in Fig. 6, along with
the curve (unbroken line) simulating uptake with
equilibrium binding and membrane transfer by basal
diffusion (and using a food vacuole pH of 4.30). The
effect of raising the permeability across the
erythrocyte membrane and the composite membrane
surrounding the parasite by a factor of 104 over basal
levels is shown by the broken line in Fig. 6. It is
apparent that the effective removal of these
membranes as barriers to the transport of CQ is
insufficient to increase the predicted rate to that
observed in Study 1 for erythrocytes infected with
the CQ-S strain. This result also indicates that,
although the host erythrocyte membrane and the
composite membrane surrounding the parasite have
some influence on uptake kinetics, they are unlikely
to provide the major rate-determining barrier to
overall transport of CQ; the major transport barrier
appears to be the food vacuole membrane.
Modelling possible permeability increases at the
food vacuole membrane requires some restrictions.
To comply with the proposal that unbound CQ
accumulates within the food vacuole by a process of
ion trapping, permeation across the membrane of
the food vacuole must remain selective to CQ° and
maintain symmetry of transfer of CQ° at equilibrium.
The dotted line in Fig. 6 shows that a close fit to the
data describing the uptake of CQ by erythrocytes
infected with the CQ-S strain of Study 1 can
be obtained by introducing a sufficiently large
symmetrical increase in permeability of the food
vacuole membrane to CQ° (while maintaining basal
transport conditions at the erythrocyte and parasite
membranes). In this simulation, agreement with the
experimental data required that the inward and
outward permeability coefficients at the food vacuole
membrane be assigned a value of 10° cm/sec (1 km/
sec) for the unionised species, which is clearly
unreasonably large for permeation under physio-
logical conditions. This result suggests that the food
vacuole membrane cannot be reasonably expected
to allow unionised CQ to permeate with the high
permeability coefficient required to explain the
observed kinetic data. It is possible, however, that
the membrane of the food vacuole also allows
symmetrical exchange of CQ cations, consistent with
a leaky food vacuole membrane, but it is difficult to
see how CQ could accumulate to the high levels
observed within the food vacuole in such a situation.

Simulations of asymmetrical changes in membrane
permeability to chloroquine

The lower half-time of CQ uptake by erythrocytes
infected with the CQ-S strain, compared with that
for erythrocytes infected with the CQ-R strain, could
be explained by a larger inward permeability
coefficient at any membrane (P, P,; or Piy; see
Fig. 1) for CQ-S strains relative to CQ-R strains
while the outward permeability coefficients (Py;, Px,
and P,;) are unchanged. This would simulate the
presence of an asymmetrical membrane carrier which
favours inward permeation, such as the permease
proposed by Warhurst [13, 14].

One complication for modelling an asymmetrical
change in permeability is that it is associated with a
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change in the equilibrium distribution ratio of the
permeant across the relevant membrane. The
presence of asymmetrical transport across any of the
three membrane systems in the infected erythrocyte
would invalidate the calculations of the pH of the
food vacuole by the method used in Study 1 since
these calculations, based on CQ distribution between
the buffer and infected cell, assume symmetrical
transfer of the unionised drug species across all
membranes at equilibrium. A net increase in the
inward permeability coefficient at any membrane
requires an increase in the food vacuole pH to
maintain the observed distribution ratio.

The data reported in Study 1 describing the uptake
of CQ by erythrocytes infected with the CQ-S (FCN)
strain are plotted again in Fig. 7. The curve shown
in Fig. 7 was generated by increasing P, (host
erythrocyte cytosol to parasite cytosol; see Fig. 1)
by a factor of 10 compared with the basal value
(with basal values for the permeability coefficients
at all other membranes, and using the equilibrium
binding term). The pH of the food vacuole was
chosen to be 4.82 in this simulation to maintain the
equilibrium CQ concentration in erythrocytes
infected with the CQ-S strain reported in Study 1
(15.2 uM). The generated line gives an excellent fit
to the observed data. An almost identical curve (not
shown) can be generated by increasing P;, 7-fold
over basal levels (while maintaining basal transport
conditions at all other membranes) and adjusting
the food vacuole pH to 4.74. These results indicate
that an asymmetrical carrier system which favours
the inward transport of CQ, operating at the host
erythrocyte membrane or the composite membrane
surrounding the parasite, can explain the observed
kinetics of uptake exhibited by erythrocytes infected
with a CQ-S strain.

The adjustment in the food vacuole pH of the
CQ-S (FCN) strain in simulations of the asymmetrical
permeability changes (i.e. from pH 4.30 to pH 4.82
and 4.74 when increasing P,; and Py, respectively)
brings the food vacuole pH values into line with the
values reported for the CQ-R (VNS) strain (4.7 to
4.8), for which no asymmetrical permeability change
was required to simulate uptake. This suggests the
possibility that the food vacuole pH may not differ
between the two parasite strains, and that differences
in the apparent food vacuole pH, calculated in Study
1 from the CQ distribution in different parasite
strains, could arise not from a true pH difference,
but from an alteration in membrane permeability to
CQ.

A reasonable fit to data from Study 1 describing
the uptake of CQ by the CQ-S strain can also be
obtained by altering the inward permeability
coefficient of the food vacuole membrane (Psg).
However, the requirement in this case is that P34 be
increased by a factor of at least 100 over the basal
value, and the food vacuole pH adjusted to
compensate; for a 100-fold increase in P;4, a food
vacuole pH of 5.3 was required to achieve the correct
equilibrium cellular concentration of CQ. (Note that
increasing P34 by a factor of 100 over the basal value
is reasonable if CQ cations are transported from the
parasite cytosol to the food vacuole since the cation
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Fig. 7. Kinetics of CQ uptake by erythrocytes infected with the CQ-S (FCN) strain of P. falciparum

reported in Study 1; simulation with basal and asymmetrical nonbasal permeability coefficients. The

curve was generated by increasing P,; by a factor of 10 compared with the basal value (and maintaining

all other permeability coefficients at basal levels; see legend to Fig. 4). The equilibrium binding term
(see text) and a food vacuole pH of 4.82 were used in this simulation.

concentration exceeds that of CQ° by about four
orders of magnitude at pH 7.4.)

The concept of an asymmetrical transport system
which resides within the membranes surrounding the
parasite is broadly consistent with the permease
hypothesis raised by Warhurst [13,14], who has
proposed that a carrier molecule or permease is
responsible for transporting diprotonated CQ from
the host erythrocyte cytosol to the parasite cytosol.
However, the present simulations provide no
information to allow distinctions to be drawn
between different possible mechanisms of increased
permeability.

Effects of changes in asymmetrical permeability and
food vacuole pH on the cellular efflux of chloroquine

A comparison of data reported in Study 2
describing efflux of CQ from erythrocytes infected
with a CQ-R (Indochina I/CDC) strain and a CQ-
S (Haiti 135) strain provides a further opportunity
to test the findings of the present studies. These
data are illustrated in Fig. 8, and show that the rate
and extent of CQ release from infected erythrocytes
appear to be reduced markedly in erythrocytes
infected with the CQ-S strain. Krogstad et al. [15, 16]
have raised the possibility that a drug-exporter
operating in CQ-R parasites can explain the higher
rate of CQ release from erythrocytes infected with
resistant parasites. As discussed previously, this
proposal is inconsistent with evidence that membrane
transfer by basal diffusion accounts largely for the
kinetics of CQ uptake and release by erythrocytes
infected with CQ-R strains. However, it is possible
that a transport system operating preferentially in
the inward direction reduces the rate and extent of
CQ release from the infected erythrocyte since the
kinetics of release from the infected erythrocytes
depend not only on the rate of transfer out of each

BP 42:81-L

compartment of the infected erythrocyte, but also
on the rate of transfer in the reverse direction (see
Equations 1-4 and Fig. 1). For example, if P54 were
much greater than P;,, due to the presence of a“
drug-importer in the food vacuole membrane, drug
entering the parasite cytosol during efflux from the
food vacuole would be preferentially returned to
the food vacuole, rather than transferred to the
erythrocyte cytosol; this would result in a lower net
rate of efflux. The aim of this section is to investigate
by simulation whether a transport system operating
in erythrocytes infected with a CQ-S strain that
imports CQ in the direction of the food vacuole may
be an alternative explanation of the observations of
Study 2 to that proposed by its authors.

The curves illustrated in Fig. 8 show the effect of
increasing the inward permeability coefficient of CQ
on the kinetics of CQ efflux reported in Study 2.
The food vacuole pH was assumed to be 5.3 in these
simulations, which is within the range reported for
the CQ-R (Indochina CDC) strain of Study 2 [4].
(The influence of intravacuolar pH on efflux will be
discussed later.) The unbroken line in Fig. 8 was
generated assuming membrane transfer solely by
basal diffusion, and the broken line was generated
by increasing P,; by a factor of 10 over the
basal value (with other permeability coefficients
maintained at the basal value), consistent with the
increase in this value required to reasonably fit the
uptake of CQ by the erythrocytes infected with the
CQ-S (FCN) strain of Study 1 (see Fig. 7). While
this curve confirms that a net increase in the inward
membrane permeability signifiantly reduces the rate
and extent of CQ release, the 10-fold increase in Py;
is clearly insufficient to account adequately for data
describing the efflux of CQ from erythrocytes
infected with the CQ-S strain. To achieve a
reasonable fit of these data (dotted line in Fig. 8),
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Fig. 8. Kinetics of CQ efflux from erythrocytes infected with the CQ-R (Indochina 1/CDC; ™M) and
CQ-S (Haiti 135; W) strains of P. falciparum reported in Study 2; simulations with basal and nonbasal
permeability coefficients. The unbroken line simulates efflux of CQ with membrane transfer by basal
diffusion (see legend to Fig. 4). The broken line was generated by increasing P,; by a factor of 10 over
the basal value (and maintaining all other permeability coefficients at basal levels). The dotted line was
generated by increasing P,; by a factor of 250 over the basal value (and maintaining all other permeability
coefficients at basal levels). A food vacuole pH of 5.3 was used in all three simulations.

P,; must be increased by a factor of 250 over the
basal value (while maintaining the other permeability
coefficients at basal levels). A similar fit of these
efflux data was also achieved by increasing Py
(parasite cytosol to food vacuole) by a factor of
about 150. (Simulating an increase in P, by a factor
of 250 gave essentially the same equilibrium position
as that obtained when increasing P,; by this factor,
but in this case equilibrium is attained in less than
120 sec which is too rapid to account for the observed
data.) These increases in permeability coefficients
are much greater than those required for the CQ-S
strain of Study 1. This may indicate a drug-importer
operating in erythrocytes infected with the CQ-S
strain of Study 2 which is much more active than in
erythrocytes infected with the CQ-S strain of Study
1. Alternatively, as discussed below, the discrepancy
may be aconsequence of the estimate of intravacuolar
pH in the CQ-R strain of Study 2.

Ginsburg [9] has suggested that the reduced rate
of efflux from erythrocytes infected with a CQ-S
strain is also consistent with a reduction in the
concentration of membrane permeable unionised
CQ within the food vacuole, arising from a lower
intravacuolar pH in CQ-S parasites. This proposal
is tested in simulations shown in Fig. 9. The unbroken
and broken lines shown in this figure were generated
by assuming efflux with membrane exchange by
basal diffusion. The unbroken line was obtained by
choosing a food vacuole pH of 5.3 (as in Fig. 8),
whereas the broken line, which reasonably simulates
the observed efflux of CQ from erythrocytes infected
by the CQ-S strain, was generated using a food
vacuole pH of 4.5, The difference in the food vacuole
pH values chosen in these simulations agrees with

the difference stipulated by Ginsburg [9] to account
for the difference in CQ efflux from erythrocytes
infected with CQ-R and CQ-S strains. It is important
to note that a reasonable fit to the data shown in
Fig. 9 also can be obtained by simulating a decrease
in intravacuolar pH in combination with an increase
in the inward membrane permeability to CQ. To
illustrate this proposal, a reasonable fit to the efflux
of CQ from erythrocytes infected with the CQ-S
strain observed in Study 2 (shown by the dotted line
in Fig. 9) was achieved when increasing P,; by a
factor of 10 over the basal value (and maintaining
the other permeability coefficients at basal levels)
and assigning a food vacuole pH of 4.7; this
combination is consistent with the P,; value and
food vacuole pH used to model the uptake of CQ
by erythrocytes infected with the CQ-S (FCN) strain
reported in Study 1 (see Fig. 7).

A reduction in efflux rate of CQ on addition
of the calcium channel blocker verapamil was
interpreted in Study 2 as competition between CQ
and verapamil for sites on the proposed drug-
exporter. Ginsburg [9] offered the alternative
explanation that verapamil may act by reducing the
food vacuole pH in CQ-R parasites, rather than as
an inhibitor of a drug-exporter. The overall effect
would be a reduction in the rate of CQ efflux out of
the infected erythrocyte and an increase in the
amount of CQ retained by the infected erythrocyte.
Experiments in Study 2 have shown that 10 uM
verapamil increases the equilibrium concentration
of CQ in erythrocytes infected with the CQ-R strain
by a factor of 2-3. Simulations (not shown) have
demonstrated that, under basal transport conditions,
a reduction in food vacuole pH of about 0.2 to 0.3



Membrane transport of chloroquine in malaria

0

§177

FRACTION OF €Q RETRINED IN INFECTED ERYTHROCYTES

o 300

600 as0 1200

TIKE ELAPSED (s}

Fig. 9. Kinetics of CQ efflux from erythrocytes infected with the CQ-8 (Haiti 135) strains of P.
falciparum reported in Study 2; simulations with basal and nonbasal permeability coefficients and
altered food vacuole pH values. The unbroken line was generated assuming efflux with membrane
transfer by basal diffusion (see legend to Fig. 4) and using a food vacuole pH of 5.3. The broken line
was generated using the same parameters, except that a food vacuole pH of 4.5 was used. The dotted
line was generated by increasing P, by a factor of 10 over the basal value (and maintaining ail other
permeability coefficients at basal levels) and using a food vacuole pH of 4.7.

units is sufficient to mimic this observed effect of
verapamil.

Conclusions

Krogstad et al. [15, 16] have proposed that the
increased cellular efflux of CQ from erythrocytes
infected with CQ-R strains, compared with efflux
from erythrocytes infected with CQ-S strains, is due
to an increase in membrane permeability which
favours the outward transport of CQ, consistent with
the presence of a drug-exporter. This drug-exporter
is thought to be absent or deficient in erythrocytes
infected with CQ-S parasites. In contrast to this
proposal, results from the present study show that
the kinetics of uptake and release of CQ by
erythrocytes infected with two different CQ-R strains
can largely be explained by membrane transfer of
CQ by basal diffusion without a need to postulate a
drug-exporter. On the other hand, simulation of
cellular uptake of CQ by erythrocytes infected with
the CQ-S strain of Study 1 requires an additional
increase in membrane permeability that favours
inward transport of CQ, consistent with a drug-
importer system. A drug-importer that operates
preferentially in erythrocytes infected with a CQ-S
strain can also explain the low rate and extent of
CQ efflux from erythrocytes infected with a CQ-8
strain. On the basis of the limited data available,
the simulations of the present study suggest that CQ
resistance is not the consequence of a specialised
drug-exporter in erythrocytes infected with CQ-R
parasites, which is absent or deficient in CQ-S
strains, but rather the consequence of the presence
of a drug-importer in erythrocytes infected with CQ-
S parasites, which is deficient in CQ-R parasites.

APPENDICES
Appendix 1. Analytical and numerical solutions to
the differential equations

The analytical solution to Equations 1-4 with respect to
C,, the unbound CQ concentration in buffer, is
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where C4 Cy0, Cso and C,; are unbound CQ
concentrations in the extracellular buffer, erythrocyte
cytosol, parasite cytosol and food vacuole, respectively, at
time zero,

V., V, ¥V, V,  V,
_k21k32 k21k34 k21k43 k23k34 k23k43 k32k43
VoV, VoV VoV, VoVs VoV, ViV,
_k2!k32k43

V;y_V;V,;

and o, 8 abd vy are the roots of the cubic equation

ki ku kn ky ku K
53+[£+_31_ fn Xz —34+-£]s2
Vi V. VoV, VoV
. [klszB k}2k32 k12k34 k!ﬁkd3 k21k32
VI V2 VI V3 V] V3 V1 V4 V2 V3
k21k34 k21k43 k23k34 k23k43 k32k43]
V2V3 V2V4 V2V3 V2V4 V3V4
k12k23k34 k12k23k43 k12k32k43 k21k32k43 _
VLV, | VWLV, ViVLV. o VWLV,

@, B and y were obtained numerically [39]. The above
equations were written as part of computer programs
designed to generate predicted cellular CQ concentrations
at given time values.

The analytical solution to Equations 1-4 was validated
by numerical integration of these equations using the NAG
(Numerical Algorithm Group, Oxford) Fortran library
routine DO2EBF, which integrates systems of ordinary
first-order equations by the Gear method [40]. The
assumptions and codings used in the numerical solutions
are different from those used in the analytical solution.
Cellular uptake and efflux data generated using the
analytical and numerical solutions to Equations 1-4 did
pot differ significantly.

Appendix 2. Addition of the equilibrium surface
binding term using the apparent volume of the buffer

The rapid initial uptake phase observed in the cellular
uptake data reported in Study 1 was interpreted as the
equilibrium binding of CQ to the surface of the host
erythrocyte. This surface binding term was included in the
kinetic model by using an apparent volume, rather than
the true volume, of the extracellular buffer. The apparent
volume was determined as follows. The concentration of
unbound CQ in the buffer (C,) immediately after initial
rapid uptake is given by the expression

Ci=(A,— A,V (A1)

where A, is the total amount of CQ present in the
erythrocyte suspension, A, is the amount of CQ taken up
by infected erythrocytes in the rapid uptake phase and V,
is the true volume of the buffer. Values for A, were
estimated by curve fitting the data from Study 1 using
nonlinear regression with a single exponential function
containing a separate binding term. Equation Al can also
be written as

C,=A,/V, (A2}

where V| is the apparent volume of the buffer. Combining
Equations Al and A2 and rearranging gives

V= VbAI/(Af —Ap) (A3)

V', was shown to be 1.21 and 1.22 times V, for uptake of
CQ by erythrocytes infected with the CQ-R (VNS) and
CQ-S (FCN) strains of Study 1, respectively.

V. FERRARI and D.

10.

11.

12.

13.

14,
15.

16.

17.

18.

19.

20.

J. CUTLER

REFERENCES

. Aikawa M, High-resolution autoradiography of malarial

parasites treated with *H-chloroquine. Am J Pathol 67:
277-284, 1972,

. Chou AC, Chevli R and Fitch CD, Ferriprotoporphyrin

IX fulfills the criteria for identification as the
chloroquine receptor of malaria parasites. Biochemistry
19: 1543-1549, 1980.

. Yayon A and Ginsburg H, Chloroquine inhibits the

degradation of endocytic vesicles in human malaria
parasites. Cell Biol Int Rep 7: 895, 1983.

. Krogstad DJ, Schlesinger PH and Gluzman Y,

Antimalarials increase vesicle pH in Plasmodium
falciparum. J Cell Biol 101: 2302-2309, 1985.

. Ginsburg H and Geary TG, Current concepts and new

ideas on the mechanism of action of quinoline-
containing antimalarials. Biochem Pharmacol 36: 1567~
1576, 1987.

. Yayon A, Cabantchik ZI and Ginsburg H, Identification

of the acidic compartment of Plasmodium falciparum-
infected human erythrocytes as the target of the
antimalarial drug chloroquine. EMBO J 3: 2695-2700,
1984,

. Yayon A, Cabantchik ZI and Ginsburg H, Susceptibility

of human malaria parasites to chloroquine is pH
dependent. Proc Natl Acad Sci USA 82: 2784-2788,
1985.

. Geary TG, Jensen JB and Ginsburg H, Uptake of

[*Hjchloroquine by drug-sensitive and -resistant strains
of the human malaria parasite Plasmodium falciparum.
Biochem Pharmacol 35: 38053812, 1986.

. Ginsburg H, Effect of calcium antagonists on malaria

susceptibility to chloroquine. Parasitol Today 4: 209~
210 and 213, 1988.

Schlesinger PH, Krogstad DJ and Herwaldt BL,
Antimalarial agents: Mechanism of action. Antimicrob
Agents Chemother 32: 793-798, 1988.

Ferrari V and Cutler DJ, Uptake of chloroquine by
human erythrocytes. Biochem Pharmacol 39: 753-762,
1990.

Ferrari V and Cutler DJ, Kinetics and thermodynamics
of chloroquine and hydroxychloroquine transport
across the human erythrocyte membrane. Biochem
Pharmacol 41: 23-30, 1991,

Warhurst DC, Antimalarial schitzontocides: Why a
permease is necessary. Parasitol Today 2: 331-334,
1986.

Warhurst DC, Mechanism of chloroquine resistance in
malaria. Parasitol Today 4: 211-213, 1988.

Krogstad DJ, Gluzman IY, Kyle DE, Oduola AMJ,
Martin SK, Milhous WK and Schiesinger PH,
Efflux of chloroquine from Plasmodium falciparum:
Mechanism of chloroquine resistance. Science 238:
1283-1285, 1987.

Krogstad DJ, Schiesinger PH and Herwaldt BL,
Antimalarial agents: Mechanism of chloroquine
resistance. Antimicrob Agents Chemother 32: 799801,
1988.

Vanderkooi G, Prapunwattana P and Yuthavong Y,
Evidence for electrogenic accumulation of mefloquine
by malarial parasites. Biochem Pharmacol 37: 3623~
3631, 1988.

Dacie JV and Lewis SM, Collection of blood and
normal values. In: Practical Haematology (Eds. Dacie
JV and Lewis SM), pp. 1-20. Churchill Livingstone,
New York, 1984.

Bruce-Chwatt LJ, Diagnostic methods in malaria. In:
Essential Malariology (Ed. Bruce-Chwatt LI}, pp. 103~
126. William Heinemann Medical Books, London,
1985.

Guyton AC, Textbook of Medical Physiology. WB
Saunders, Philadelphia, 1976.



21.
22.
23.
24.

25.

26.
27,

28.

29.

30.

31.

32

Membrane transport of chioroquine in malaria

Ponder E, Hemolysis and Related Phenomena. Grune
& Stratton, New York, 1971.

MaclIntyre AC, Studies of chloroquine distribution in
tissues. Ph.D. Thesis. University of Sydney, 1989.
Cussler EL, Diffusion—Mass Transfer in Fluid Systems.
Cambridge University Press, Cambridge, 1984.
Ferrari V and Cutler DJ, Temperature dependence of
the acid dissociation constants of chloroquine. J Pharm
Sci 76: 554-556, 1987.

Ginsburg H, Nissani E and Krugliak M, Alkalinization
of the food vacuole of malaria parasites by quinoline
drugs and alkylamines is not correlated with their
antimalarial activity. Biochem Pharmacol 38: 2645-
2654, 1989.

Holz GG, Lipids and the malarial parasite. Bull WHO
55: 237-248, 1977.

Schwartz RS, Olson JA, Raventos-Suarez C, Yee M,
Heath RH, Lubin B and Nagel RL, Altered plasma
membrane phospholipid organization in Plasmodium
falciparum-infected human erythrocytes. Blood 69:
401-407, 1987.

Maguire PA and Sherwin IW, Phospholipid compo-
sition, cholesterol content and cholesterol exchange
in Plasmodium falciparum-infected red cells. Mol
Biochem Parasitol 38: 105-112, 1990.

Ginsburg H and Stein WD, Kinetic modelling of
chloroquine uptake by malaria-infected erythrocytes.
Assessment of the factors that may determine drug
resistance. Biochem Pharmacol 41: 1463~1470, 1991.
Homewood CA and Neame KD, Malaria and the
permeability of the host erythrocyte. Nature 252: 718~
719, 1974.

Sherman IW, Transport of amino acids and nucleic
acid precursors in malarial parasites. Bull WHO 55:
211-225, 1977.

Ginsburg H and Krugliak M, Uptake of L-tryptophan

33.

34,

35.

36.

3n

38.

39.

40.

5179

by erythrocytes infected with malaria parasites
(Plasmodium falciparum). Biochim Biophys Acta 729:
97-103, 1983.

Ginsburg H, Krugliak M, Eidelman O and Cabantchik
ZI, New permeability pathways induced in membranes
of Plasmodium falciparum infected erythrocytes. Mol
Biochem Parasitol 8: 177-190, 1983.

Ginsburg H, Kutner S, Krugliak M and Cabantchik
ZI, Characterization of permeation pathways appearing
in the host membrane of Plasmodium falciparum
infected red blood cells. Mol Biochem Parastitol 14:
313-322, 1985.

Kutner 8, Ginsburg H and Cabantchik ZI, Perm-
selectivity changes in malaria (Plasmodium falciparum)
infected human red blood cell membranes. J Cell
Physiol 114: 245-251, 1983.

Gero AM, Bugledich EMA, Paterson ARP and
Jamieson GP, Stage-specific alteration of nucleoside
membrane permeability and nitrobenzylthioinosine
insensitivity in Plasmodium falciparum infected eryth-
rocytes. Mol Biochem Parasitol 27: 159-170, 1988,
Gero AM, Scott HV, O’Sullivan WJ and Christopherson
RI, Antimalarial action of nitrobenzylthioinosine in
combination with purine nucleoside antimetabolites.
Mol Biochem Parasitol 34: 87-98, 1989,

Kutner S, Breuer WV, Ginsburg H, Aley SB
and Cabantchik ZI, Characterization of permeation
pathways in the plasma membrane of human
erythrocytes infected with early stages of Plasmodium
falciparum: Association with parasite development. J
Cell Physiol 125: 521-527, 1985.

Press WH, Flannery BP, Teukolsky SA and Vetterling
WT, Numerical Recipes—The Art of Scientific Comput-
ing. Cambridge University Press, Cambridge, 1986.
Hall Gand Watt] M(Eds.), Modern Numerical Methods
for Ordinary Differential Equations. Clarendon Press,
Oxford, 1976.



