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Abstract—A study of concentration- and substrate-dependence of chloroquine uptake has been carried
out on mouse erythrocytes infected with the chloroquine-sensitive NK65 and the chloroquine-resistant
RC strains of Plasmodium berghei. The presence of drug binding sites of high and low affinity in such
strains of P. berghei was confirmed. High affinity uptake sites in cells parasitized with chloroquine-
sensitive and chloroquine-resistant parasites have similar characteristics, but in the sensitive strain the
major component of chloroquine-uptake is at high affinity and dependent on the availability of ATP
whilst in the resistant strain the major component of uptake is at low affinity and independent of energy.
An absolute increase in the quantity of the low affinity site in erythrocytes parasitized with chloroquine-
resistant P. berghei was noted, which may be related to an increase in quantity of parasite membrane.

The problem of drug-resistant malaria, especially
that of Plasmodium falciparum resistant to the best
therapeutic drug, chloroquine, has developed with a
major threat to global malaria control over the last
20 years [1]. It is therefore important that we should
have a full understanding of the mode of action
of this 4-aminoquinoline and of the mechanisms of
resistance to the drug, in order to design rational
replacement therapies.

P. berghei, a malaria parasite of rodents, has been
used as a model for studies of uptake of chloroquine
since the 1960s and the results obtained have sup-
ported the hypothesis [2] that resistance is related to
reduced uptake of the drug by erythrocytes infected
with resistant strains [3-5]. This has been reported
using P. falciparum itself in Aotus erythrocytes [6].
Work on other strains of rodent malaria [7, 8] has
not entirely supported the findings [2] made on two
particular strains of P. berghei. Since subsequent
work was also carried out on the same two strains
[3-5] further work on other rodent malaria strains
appears justified. This study examines chioroquine
uptake in another chloroquine-resistant strains of P.
berghei, the RC strain of Peters [9, 10] and compares
it with that of a sensitive strain of the same species,
NKG65 [11], neither of which has hitherto been used
for such studies. The influence of energy supply, in
the form of D-glucose, is also examined.

MATERIALS AND METHODS

Parasites. Strain NK65 (LUMP 1150) has been
continuously passaged by us in T.O. albino mice
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(free from Eperythrozoon) for 3 years without inter-
vening mosquito passage. The sensitivity of the strain
to chloroquine was tested at intervals using intra-
peritoneal (i.p.) administration of chloroquine at a
dose of 5mg/kg for 5 days. This eliminated the
infection.

Strain RC was obtained from the Department
of Parasitology, Liverpool School of Tropical
Medicine. On receipt it was tested for resistance to
a 5-day chloroquine course as described above. The
strain was maintained under drug pressure (10 mg/
kg twice weekly) and retested at intervals. Before
use for uptake studies the infection was allowed to
grow for 1-2 weeks in undrugged mice.

Maintenance of mice. The mice were given water
ad lib., kept at 25°, and fed on Dixon’s diet 86
(Dixon & Sons Ltd., Crane-Mead Mills). For induc-
tion of reticulocytosis mice were injected sub-
cutaneously with 60 mg/kg phenylhydrazine HCl for
3 days.

Parasitaemia. The erythrocyte infection rate
(E.L.R.) was assessed as a percentage of erythrocytes
infected by examination of thin blood films after
fixation in methano! and staining for 45 min in 10%
Giemsa’s stain. On each blood film, parasitized cells
and uninfected erythrocytes were counted until more
than 100 infected erythrocytes had been found. Reti-
culocytaemia was assessed by examination of slides
made from blood stained with new methylene blue
in citrate saline.

Purification of erythrocytes. Pooled heparinized
blood taken by cardiac puncture from groups of 5
mice anaesthetized with chloroform was added to an
equal volume of standard buffer 1 (SBI) sup-
plemented with 10 units/ml heparin and kept on ice.
(SBI: NaCl, 60; KCI, 5; MgSO,, 2; Na,HPQ,, 50;
NaH,PO,, 5; D-glucose, 5 mmoles/l. The pH was
adjusted to 7.4 with 0.1 N HCl and the final medium
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had an osmolarity of 286 mOsm/kg (Digimatic osmo-
meter 3DII, Advanced Instruments Inc., MA).) The
cells were collected by centrifugation at 700 g for
5min and further washed with 5vol. of SBI. Leu-
cocytes were removed using an adaptation of the
cellulose powder procedure [12]. One millilitre of
packed cells was made up to 6 ml with SBI. The
suspension was layered on a 6 cm column of 6-7 g
dry CF11 powder (Whatman Ltd., Maidstone, Kent,
U.K.). The erythrocytes were then eluted with 10 ml
cold SBI applied under slight pressure from a 20 ml
syringe. The first 13 ml of the eluted suspension was
centrifuged and the resultant pellet resuspended in
SBI to a ratio of 1:14 (v/v) and kept on ice.

14C chloroquine experiments. One millilitre of the
1:14 purified erythrocyte suspension was added to
2ml of SBI containing the radioactive drug at 37°.
Then 1 ml of SBI was added to bring the total vol-
ume to 4mi. The incubation mixtures, in weighed
Sterilin plastic centrifuge tubes, were incubated at
37° at 12r.p.h. on a roller-tube apparatus. (Plastic
tubes were preferred to glass to avoid drug absorp-
tion.) After intervals of up to 60 min the cells were
separated from the medium by centrifugation at 700 g
for Smin at room temperature. In each tube 8§
10 x 107 erythrocytes were present (2-2.5 x 107/ml)
(Coulter counter).

Immediately after centrifugation the supernatant
medium was pipetted off, and the wet pellet weighed.
All calculations of the radiolabel concentration per
kg erythrocytes are based on wet weight corrected
for intercellular water. (Inulin space was estimated
from preliminary experiments using *C inulin car-
boxyl to be 15%.) Chloroquine was extracted from
the supernatant medium and the cell pellet by the
method devised by Fitch [3].

Pellet. The pellet (~0.1g) was lysed with 1 mi
distilled water containing 0.1 mg “cold” chloroquine
diphosphate (Sigma Chemical Co., St. Louis, MO)
to displace bound drug. After transferring to a large
glass-stoppered Pyrex tube the lysate was then mixed
with 1 ml of 2N NaOH and the drug was extracted
using 2.5 ml heptane containing 1.5% (v/v) isoamyl
alcohol, agitating using a Whirlimixer for 1 min.
(Preliminary experiments showed that over 95% of
the total radioactive chloroquine was extracted using
this procedure.)

Supernatant. Three millilitres of the supernatant
was added to 1 ml of distilled water containing 0.3 mg
“cold” chloroquine diphosphate. One millilitre of
5N NaOH was added, and extraction was carried
out as before. One millilitre of heptane extract was
added to 10 ml of Packard toluene scintillator and
the counts were read in a Packard Tri-Carb Liquid
Scintillation Spectrometer (Model 3003). Counting
efficiency (75-89%) was determined using the
sample channels ratio method after plotting a
standard curve for *C hexadecane.

Radioactive supplies. '*C inulin carboxyl and *C
hexadecane were obtained from Amersham (Amer-
sham, U.K.), and chloroquine (ring-3-1*C) diphos-
phate was obtained from New England Nuclear (Bos-
ton, MA) (specific activity: 30 mCi/mmole).

Measurement of “high-affinity” uptake. The uptake
at sites saturable at low drug concentrations was
distinguished from “low-affinity” uptake at unsatu-
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rable sites, by parallel incubations with 5 x 10~7 to
3.9 x 107 moles/1 radioactive drug with and without
an excess of “cold” drug (1.25 x 1073 moles/1). The
uptake of radioactivity in the presense of “cold” drug
was subtracted from that in its absence, giving “high-
affinity uptake”.

Correction for parasitaemia. Where this adjust-
ment could be carried out, the following calculation
was employed.

uptake if erythrocytes were 100% parasitized

b d K 100 — x
observed uptake — (W e)

.100
X

where e is the uptake due to erythrocytes and x is

the parasitaemia.

Effects of glucose and analogues. Here the buffer
(SBI) was where necessary used without the addition
of 5 mmoles/1 glucose. Initial “C chloroquine con-
centrations of 50 nmoles/l were used, and incubation
was at 37° for 45 min. Glucose and analogues were
obtained from Sigma (London) Ltd., and solutions
were prepared fresh in SBI without glucose. Final
concentrations of all substrates are indicated at
appropriate places in the text. L(+) lactate pro-
duction was monitored as follows. One millilitre of
a 1 in 10 dilution of purified, infected erythrocytes
was incubated at 37° in 4 ml of SBI containing a range
of concentrations of D-glucose. One millilitre of
medium + cells was removed at zero time and there-
after 1 ml samples were removed at intervals. Ali-
quots were deproteinized with 0.1 ml of 6 M per-
chloric acid and chilled in ice immediately on
removal. Each aliquot was centrifuged at 4° for
10 min at 700 g and 0.5 ml of supernatant was trans-
ferred to a clean plastic sterilin tube and neutralised
with 0.091 ml of 3 M KHCO,. Lactate was measured
on these samples by the technique of Gutmann and
Wahlefeld [13]. Lactate production was shown in
preliminary experiments to be linear with time, and
so a standard incubation time of 30 min was chosen.
In each tube 1.1 to 1.4 x 10% erythrocytes were pre-
sent (2.2 to 2.8 x 107 cells/ml).

RESULTS

Characteristics of the infection in mice.

The NK65 infection developed more rapidly and
killed the mice more quickly than the RC infection.
The maximum parasitaemia obtainable for NK65
was in the region of 80% by the 7th day, when most
mice died. Maximal parasitaemia, generally less than
40% for RC strain, was not reached until the 14th
day and deaths occurred on this day or subsequent
days. These characteristics, and the exclusive pref-
erence of RC strain for polychromatophils, have
been noted many times previously.

Time-course of *C chloroquine uptake

At an initial medium concentration of 5 x 1078
moles/1, uptake plotted against time gave a curve
approximating to a rectangular hyperbola. The
initial rate of uptake was very rapid and could not
be determined accurately using our techniques, but
in cells parasitized with P. berghei NK65 it was



Plasmodium berghei—chloroquine uptake

10

Erythrocytic drug concentration {umoles/kg)

]
100
% Erythrocytes infected

Fig. 1. Uptake of *C chloroquine into NK65 (O) and RC

(@) strain infected erythrocytes. Initial concentration of

drug was 50nmoles/l. The ordinate shows the con-

centration of labelled drug in the erythrocyte pellet in

umoles/kg. The abscissa shows the percentage of eryth-

rocytes infected. The number of replicates used is given for
each point.

in excess of 10 times that into unparasitized cells.
Equilibrium was reached after not more than 30 min
in parasitized and unparasitized cells. Subsequent
experiments were carried out for 45 min to ensure
that equilibration had taken place.

Relationship of parasitaemia to drug uptake

Uptake from medium originally containing
5 x 10~ 8 moles/1 **C chloroquine was directly pro-
portional to parasitaemia in erythrocytes infected
with NK65 and with RC strains (Fig. 1). Surprisingly
the results for both strains fitted the same regression,

Bound drug in pellet {(umoles/kg)
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with a correlation coefficient of 0.998 (P < 0.001).
The equation for the straight line was

y=0.06x + 1.2

where x is the % parasitaemia, y is the drug uptake
in umoles/kg and the y intercept, 1.2, is the uptake
due to unparasitized erythrocytes.

Low and high affinity uptake

Corrected total uptake for erythrocytes infected
with P. berghei NK65 ranged from 17.22 to
0.44 umoles/kg over a series of initial [*C] chlo-
roquine concentrations from 1.25x1077 to
3.9 x 10~° moles/1(Table 1). Values for RC-infected
erythrocytes were higher (21.37 to 0.52 umoles/kg).
Practically the same proportion of uptake took place
at high-affinity throughout the range of concen-
trations, and this proportion was significantly lower
(27.4%) in erythrocytes infected with RC strain than
that in erythrocytes infected with NK65 (62.4%).
Uninfected erythrocytes, with or without 60% reti-
culocytes, showed a total uptake averaging only
14.9% of the corrected value for cells infected with
NK63. Of this, 32 to 55% could be classed as high
affinity.

Figure 2 shows graphs of bound versus free
chloroquine concentrations in experiments carried
out three times on uninfected erythrocytes, eryth-
rocytes infected with NK65, and erythrocytes
infected with RC strain. The “low-affinity” uptake,
obtained in the presence of 1.25 x 107 moles/1 non-
radioactive chloroquine is also plotted against equi-
librium concentration of radioactive drug in the
medium. Correction for parasitaemia is not legit-
imate here, because it is not possible to adjust the
drug concentration in the medium at equilibrium.

Subtracting low affinity uptake from total uptake
gave curves (examples illustrated in Fig. 3) showing
the differences between high affinity uptake in unin-
fected erythrocytes and in those infected with NK65
and RC.

60 80

40

Free drug {(nmoles/l)

Fig. 2. Total and low-affinity uptake of radiolabelled chloroquine by uninfected erythrocytes (. . .)
erythrocytes infected with NK65 P. berghei (O, 0) and erythrocytes infected with RC P. berghei (@,

)

®). The ordinate shows the concentration of radiolabelled drug in the erythrocyte pellet in umoles/kg.
The abscissa shows the concentration of free drug in the medium at equilibrium in nmoles/I. Parasitaemia:
NK&é5, 59.3% RC, 31.5%



C. O. DiriBe and D. C. WARHURST

3022

‘(siuswadya
INOJ 10] "(I°S F SUBDW) SIIAJOULIOU %,(p PUB SAIAOO[NINIAT 9409 JO SUnSISUCD sa1L00IIAIe paIoojuIun Suisn paureIqo S)NSAT UMOYS 24 d]qe] dY1 JO 100] oY1
1V (S195j0R1Q UI) S]] PIIOIJUI-GOYN JO axeidn oy3 jo o8ejusoiad e se osje passoidxd pue ‘usa1d are (DY) S|S0 PLIOIJUIUN I0] SINJEA “(S19)0RIq Ul SanjeA
peroatIosum) eruseisered 107 PAlOSLIOd 310/ S[J92 POOIG PIOAPUI I0F sanfea axeidy "poiedipur suonenuaduod §nip [eIul 9y} 18 UM G JO] Sem wOlRqnouj

0EF PSPy 600 F 650 900F¢T 500
SOOI T8Iy 6USTVELL PETFHPTY POOq SMUARIAIOINONIY %09
JUBIN ‘uBdN “UBaN (0€'T + SR P1 :uBSW)

(Zo0F200) (ROOFLLO) (65D Woox9z0) (2007670 66000

LS8 76'97 9¢'19 0FW0  YOOFVI0  €00FLITO  I00FLOO  B00FISO  £00F WO
(0F91°0) (€0°0F ¥t°0) (09's1) (S0'0+09°0) (80°0%72L0) 84000

v67S 0807 Ly19 £0°0 ¥ 60°0 0F92°0 SO0OFL90 €00FLI0 OL0OFSTT  CTLOF601
_ 0¥9¢0) (100 6°0) (ses1) ro=szn Qo= 9¢10°0

SSPS 12%¢ 6149 T00F 810 6I0FI90  S00F8ET €O0OFEEOD $E0FIST  SUOFSIT
(600=6L0) (6T'0F9LTD) (69'¢1) (€Tox797) (81'0%78°7) 71600

LO¥Y v0'87 P0'¥9 W0F9C0 LI0FIT  OE0F9LT 1007650 SYO=THsS STOFICY
(cc0F881) (STO0FETE) (8LsT) peo+86y) (L0FveEs) <290°0

ol vy £9°9¢ vZ'79 OT'0F 960  S90FOLE €TOFIOS 600FLTT  $EOFOI01  LUOFSO8

@rox e’y (SIox799) (Lezn (Zs0F sT01) (LO1T=F12°11) .
78°1E 9912 719 SO0FOL0  STOFIES tTOFOIS0L 90T 80T FLETT 91 F LI sero
oHdN oY SOMN 9N o) ! SO3N (oyerdn go3IN  (erwoeysered  (enusesered (1/soowm)
30 %) %0¥) %09) uoHENUDU0O
ogdn o S9N wngpowr
Tenug
Anuyge-ySy 1e oyerdn 9 (s19%oRIq UT S9N[EA P13AII0OUN) (s1o30RIQ UI SaN[RA P91021100UN)

(8%/se1oun) ayerdn Ayuyye-ysly parasiio)  (84/sotowrd) oyerdn eumboioyd D, Pe102110D

aumboioyo 7y, jo axeidn Ajuyje Y3y pue [BJ0] UI SUOHELIEA T J]qB]



Plasmodium berghei—chloroquine uptake

40 60
Free drug (nmoles/l)

Fig. 3. High affinity uptake of radiolabelled chloroquine by
uninfected erythrocytes (@), erythrocytes infected NK65 P.
berghei (O) and erythrocytes infected with RC P. berghei
(@). The ordinate shows the concentration of radiolabelled
drug in the erythrocyte pellet in umoles/kg corrected for
low affinity uptake. The abscissa shows the concentration
of free drug in the medium at equilibrium in nmoles/1.

——

Bound drug in pellet (umoles/kg) corrected

When the data for high-affinity uptake of drugs
by infected cells shown in Fig, 3 and from further
experiments were transformed as described by Scat-
chard [14] and replotted, the curves shown in Fig. 4
were obtained. Although the intercepts of the two

Bound/free

Bound drug {umoles/kg)

Fig. 4. Scatchard plot of high affinity uptake of radio-
labelled chloroquine by NK65 P. berghei-infected (O) and
RC P. berghei-infected (®) erythrocytes. The results are
transformed from those shown in Fig. 3 and further experi-
ments. The ordinate shows the high affinity component of
the bound radiolabelled drug concentration in the eryth-
rocyte pellet divided by the concentration of free drug in
the medium at equilibrium (x107?). The abscissa shows
the high affinity componen: of the bound radiolabelled
drug concentration in the erythrocyte pellet in umoles/kg.
(Mean parasitaemia in NK65 was 60%, in RC it was
35%.)
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lines on the x axis were clearly different,
3.4 X 1073 moles/kg for NK65 and 5.7 x 10~¢ moles/
kg for the RC strain, the slopes of the two lines,
10~ moles/1 and 4 X 10~°moles/l representing the
dissociation complex of the drug-receptor complex,
Kp, were not significantly different from one another
(Student’s t-test). The similarity in slope indicates
that the high-affinity receptor for chloroquine is simi-
lar in NK65 and RC strains. Correcting the intercept
values for mean parasitaemias of 60% and 35% in
NK65 and RC strains, using simple proportion, the
values become 5.67 and 1.63 x 1075 moles/kg
respectively, indicating that NK65 infected eryth-
rocytes have 3.5 times as many high affinity receptor
sites as those infected with RC [15, 16].

Influence of glucose

At concentrations from 0.1 to 400 mmoles/], glu-
cose showed little effect on the uptake of [!*C]
chloroquine by uninfected erythrocytes. It stimu-
lated uptake strongly in erythrocytes infected with
NKG65 strain P. berghei. In the absence of glucose
total uptake fell by 44%. Glucose increased the
cells: medium concentration ratio (uncorrected for
parasitaemia) by a factor of 14.2 (“uptake index”).
In RC-infected erythrocytes the influence of glucose
was much less, and uptake in the absence of glucose
was markedly higher than it had been in NK65 (7.42
as opposed to 4.1 umoles/kg after correction for
parasitaemia). In the absence of glucose there was
a 17% drop in uptake, whilst addition of glucose
increased the uptake index by a factor of 4.5
(uncorrected).

2 Deoxy-D-glucose

In uninfected erythrocytes in the presence of
5mmoles/l glucose, 5mmoles/l deoxy glucose
caused 16% inhibition of uptake. In erythrocytes
infected with NK65, the same concentration of deoxy
glucose inhibited drug uptake by 71%, having more
effect than simple omission of glucose from the
medium. Uptake ratio was reduced by a factor of 24
(uncorrected). In RC-infected erythrocytes, deoxy
glucose inhibited uptake by 12%. Uptake index was
halved. RC-infected erythrocytes in the presence of
glucose and deoxy glucose took up 3.6 times as much
chloroquine as NK65-infected erythrocytes under
the same conditions.

L-glucose and 3-O-methyl-D-glucose

At concentrations between 2.5 and 400 mmoles/I,
L-glucose and 3-O-methyl glucose had no effect on
uptake of [!*C] chloroquine by uninfected eryth-
rocytes, erythrocytes infected with NK65 or RC
strains. This lack of effect was noted with or without
5 mmoles/l D-glucose. Uptake was unaffected by the
rise in osmolarity of the medium produced by the
high concentrations used.

Dose-response curves of glucose and deoxy glucose

Stimulation of uptake by glucose reached a plateau
between 2 and 10 mmoles/l (Fig. 5). In NK65-
infected erythrocytes the uptake then declined stead-
ily with concentrations of glucose above 20 mmoles/
1, until at 400 mmoles/l uptake was depressed to a
level near that observed in the absence of glucose.
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Fig. 5. Influence of glucose on uptake of **C chloroquine
into uninfected (@), NK65-infected (O) and RC-infected
(@) mouse erythrocytes. (Parasitaemia: NK65, 45%; RC,
38%). This is a representative experiment and means of
duplicate determinations are shown. Ordinate: concen-
tration of radiolabelled drug in erythrocyte pellet, as
umoles/kg; abscissa: glucose concentration in the medium,
as mmoles/1. Initial chloroquine concentration in medium
was 50 nmoles/1.

This phenomenon was observed to only a slight
degree in RC-infected and uninfected erythrocytes,
at concentrations above 200 mmoles/1.

Deoxy glucose at concentrations from 2.5 up to
25 mmoles/l had the same inhibitory effect in the
presence of 5 mmoles/] glucose as described above
for 5mmoles/l deoxy glucose. The higher con-
centrations used had no more effect than did the
lesser, and any dose-response might presumably
have been detected below 2.5 mmoles/l.

Lactate production

There was not significant difference in lactate pro-
duction by NK65-infected and RC-infected eryth-
rocytes, over 30 min incubation, at an initial con-
centration of 5mmoles/l glucose (0.79 +0.03 and
0.81 + 0.04 mmoles/l respectively: 4 experiments,
values uncorrected for parasitaemia, which was 40%
for both strains). Lactate production began to reach
a plateau at initial concentrations between 2 and
5 mmoles/1 glucose (Fig. 6).

DISCUSSION

The selective toxicity of antimalarial blood schiz-
ontocides such as chloroguine to malaria parasites
is related to concentrative uptake by the infected
erythrocytes. Macomber and colleagues [2] showed
that chloroquine was concentrated 100-fold from the
plasma by P. berghei-infected erythrocytes in mice.
Concentrations in erythrocytes infected with highly
chloroquine-resistant P. berghei were one half to one
third those in erythrocytes infected with a sensitive

BE 34:17-B
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Fig. 6. Influence of glucose on lactate production by eryth-

rocytes infected with NK65 (O) and RC (@) strains of P.

berghei. This is a representative experiment and means of

duplicate determinations are shown. Parasitaemia was 40%

for each strain. Ordinate: lactate concentration after

30 min, in mmoles/l; abscissa: initial glucose concentration,
in mmoles/1.

strain. Studies in the simian malaria P. knowlesi [17]
confirmed in vitro that chloroquine concentrations
in infected cells were 300 to 600 times those in
uninfected cells. The uptake of drug was found to
follow a biphasic pattern [18] with an initial phase of
rapid uptake taking 15 minutes which was apparently
energy and substrate independent, and led to the
accumulation of 30-50% of the total uptake. Cooling
inhibited this phase, but it was not dependent on
glucose or affected by KCN, DNP, NaN,, NaF or
iodoacetic acid. It was suggested that initial binding
to a membrane-located receptor was involved, as in
pinocytosis, and then an energy-dependent process
{possibly pinocytosis) further concentrated the drug
in the parasite. Fitch [3] using the rodent malaria P,
berghei analysed uptake in more detail, In vitro after
incubation with 10 nmoles/l radiolabelled chloro-
quine he found gradients (cells: medium) were 600:1
for cells infected with chloroquine-sensitive
parasites, 100:1 in resistant parasites, and 14:1 for
uninfected cells. The K, for the highest affinity satu-
rable binding site was 107® moles/l. Complete satu-
ration of the high affinity sites occurred at 10 umoles/
kg cell pellet, and these sites were deficient in his
highly chloroquine-resistant strain. Similar but much
less marked observations were made on P. fal-
ciparum in Aotus monkey erythrocytes [6]. Although
glucose stimulated uptake of chloroquine into
chloroquine-sensitive P. falciparum and P. berghei,
accumulation of drug into resistant strains was not
stimulated [19, 20]. Erythrocytes infected with chlo-
roquine-resistant P. berghei had an inferior ability
to concentrate chloroquine from low external con-
centrations, but they had a maximal capacity for
accumulating chloroquine as large as, or larger than,
that of erythrocytes infected with a sensitive strain
[5).

Our observations on chloroquine uptake in 2 dif-
ferent strains of P. berghei, using different conditions
of incubation {(lower haematocrit:1.8% as compared
with 5% used by Fitch [3]. Higher temperature: 37°
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instead of 22°~25°. Higher sodium concentration: 165
compared with 125 mmoles/l. Lower glucose con-
centration: 5 compared with 86 mmoles/1) generally
confirm the observations of Fitch and colleagues
on other strains (Table 1, Figs. 1-3). They extend
previous observations on the decreased importance
of high affinity uptake in erythrocytes infected with
chloroquine-resistant parasites. In chloroquine-sen-
sitive NK65 62% of uptake is at high-affinity whilst
only 27% is at high-affinity in the chloroguine-resist-
ant RC strain. These proportions are apparently
independent of initial drug concentration over this
range. From the Scatchard transformation (Fig. 4) it
is clear, as also observed by Fitch, that the high
affinity receptor for chloroquine is similar in NK65
and RC strains. NK65-infected erythrocytes have 3.5
times as many high affinity sites as those infected
with RC. Returning to Table 1, the role of low
affinity uptake in RC-infected erythrocytes is high-
lighted. In NK65-infected erythrocytes 38% of
uptake is at low affinity but 73% is at low affinity
in RC-infected erythrocytes. Since uptake over the
concentration range used in these experiments was
similar in both RC and NK&6S5 strains, the amount of
“low affinity receptor” is almost doubled in RC-
infected erythrocytes. This cannot be accounted for
by the fact that RC parasites inhabit immature eryth-
rocytes (see Table 1) although parasite effects on the
erythrocyte may be responsible.

Turning to the stimulatory effects of glucose,
Tables 3 compares the deoxyglucose-sensitive, glu-
cose-dependent and high affinity components of
chloroquine-uptake in erythrocytes infected with
NK65 and RC strains. It is apparent that de-
oxyglucose-sensitive and glucose-dependent com-
ponents parallel the high affinity component of
uptake. That is, the high affinity uptake is glucose-
dependent and sensitive to deoxyglucose.

Deoxyglucose has a higher inhibitory effect, even
in the presence of glucose, than merely omitting
glucose from the culture medium. Deoxyglucose
locks up ATP in an unusable form as 2-deoxy-D-
glucose 6 phosphate [20-22] and its effects support
the conclusion that availability of ATP as an energy
source is an important factor for high-affinity drug
uptake in the infected erythrocyte. Uptake in the
absence of glucose, that is inhibited by deoxyglucose,
can be ascribed to ATP already available in the
parasite~host complex. The inhibitory effect of high
concentrations of glucose on drug uptake in eryth-
rocytes parasitized with chloroquine-sensitive P. ber-
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ghei was noted by Fitch and colleagues [5] but no
explanation was suggested. A possible explanation
is that glucose transport and chloroquine transport
are closely linked. The lack of effect of 3-O-methyl
glucose, known to be taken into cells via the glucose
transport system but not metabolized further
[20,21,23] indicates that there is no direct link
between chloroquine uptake and glucose uptake.
This, together with the lack of effect of high con-
centrations of L-glucose, which is not transported
into cells by the glucose transport system, emphasizes
also that an osmotic effect, inside or outside the cell,
is not involved.

The marked inhibitory effect of low concentrations
of deoxyglucose provides the clue. The glycolytic
rate observed here for both NK65- and RC-infected
erythrocytes is limited, and begins to reach a steady
level around 5 mmoles/l glucose (Fig. 6). At increas-
ing glucose concentrations there will be a reduced
availability of ATP owing to accumulation of glu-
cose-6-phosphate. Neither L-glucose nor 3-O-methyl
glucose can produce this result since neither is able
to react with ATP. This conclusion again emphasizes
the link between high-affinity chioroquine-uptake
and ATP, since the sensitivity of uptake in RC-
infected erythrocytes to high glucose concentrations
is low. The major pathway of glucose utilization in
P. berghei is glycolysis to lactate [24], therefore the
similarity between dose-response curves of glucose
on chloroguine uptake and on lactate production
further confirms the linkage between chloroquine
uptake and the availability of glycolytic ATP in
NKé65-infected erythrocytes. From the evidence of
lactate production there was no difference in meta-
bolic activity between erythrocytes infected with
NK65 and RC strains, in spite of the fact that har-
vesting was carried out on days 5-6 in the former,
and on days 12-14 in the latter.

What is the nature of the low affinity sites which
are found in increased number in chloroquine-resist-
ant P. berghei? Tt has been noted that (digestive?)
vacuole numbers are increased in this strain [10]
and this could easily lead to a two-fold increase in
membrane in the cell. Interactions between anti-
malarial schizontocides such as chloroquine and
phospholipid membranes have been reported [25]
with IDsg values in the micromolar range, and the
related drug mepacrine has been observed by
fluorescence microscopy to localize first in mem-
branes of intraerythrocytic malaria parasites [26]. It
is quite possible that increase of parasite membrane

Table 3. Comparison of deoxyglucose-sensitive, glucose dependent, and high affinity uptake of '*C
chloroquine

Total % Deoxyglucose- % Glucose % at high
uptake (umoles/kg) sensitive dependent affinity
Uninfected
erythrocytes 1.05 £ 0.162 16.2 14.3 42.7 = 10.7
NKé5-infected 7.31%+0.55 70.5 44.0 62.4+13
RC-infected 8.89 +0.71 11.7 16.6 274x53
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is responsible for the increase in quantity of low
affinity site in the RC-infected erythrocyte. This
appears to be the simplest of several alternative
explanations.

The nature of the high affinity site is of great
interest, since changes in the accessibility or quantity
of this site are responsible for resistance to blood-
schizontocides. It was suggested by Homewood et al.
[27] that hydrogen ion, localized in the digestive
vacuoles (lysosomes) of the parasite was responsible
for trapping the weakly basic chloroquine. It has
also been proposed [28, 29] that haemin, transiently
released during the digestion of haemoglobin in the
parasite digestive vacuole is the high affinity receptor
for chloroquine. Digestion of haemoglobin depends
on the secretion of hydrogen ion into the digestive
vacuole, so availability of either of these proposed
high-affinity sites depends on availability of hydrogen
ion inside the digestive vacuole. On this basis the
link between ATP supply and the high affinity site
can be related to availability of ATP for a membrane-
related proton pump [27, 30-32]. ATP would, how-
ever, also be necessary for pinocytosis, if this is
necessary to allow chloroquine to enter the parasite
[18].

It is possible that the glucose dependence of the
high affinity site is directly or indirectly related to
availability of protons. The reduced dependence of
uptake in RC strain on glucose can be explained by
the reduction in importance of the high affinity site
for uptake, and the increased importance of the
glucose-independent low affinity site.

Although it is advisable that future studies should
be carried out on cloned material, our experiments
have been carried out on 2 strains of P. berghei which
have not previously been used for these purposes,
using 37° for incubation throughout, and confirm the
studies of Fitch and colleagues carried out at 22-25°
on two other strains. In addition, our observations
shed more light on the importance of glucose-stimu-
lated uptake in the chloroquine-sensitive strain, and
its relationship to the availability of ATP, and they
demonstrate clearly the absolute increase in low
affinity, glucose-insensitive, uptake in the chloro-
quine-resistant strain, which is possibly related to
membrane changes.
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