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Chapter 1 Introduction 

schizonts then divide and release merozoites when the erythrocyte is ruptured for the life cycle to 

continue. 

A · InIea_ $""96 

A=~~SI.as" 

Figure 1.1: The life cycle of the malaria parasite. Image taken from 

http://w\\.W.cdc.gov/ma!arialbio!ogvllifecvcle.htm 

Sometimes the merozoites develop into gametocytes within the erythrocyte. When the mosquito 

ingests these cells during a blood meal the gametocytes take on either a male or female form. 

When the erythrocyte is lysed, the male and female fonns fuse to form an ookinete. The ookinete 

migrates to the gut wall of the mosquito where it forms an oocyst. ntis oocyst divides to form the 

sporozoites that will migrate to the mosquito saliva to continue the cycle when the next human 

host is bitten (Prescott, 1993). 

1.3 Antimalarial Drugs that Target tbe Blood Stages 

Most of the antimalarial drugs used today act on the erythrocyte stages of the parasite life cycle. 

The three main classes of drugs involved in targeting the erythrocyte stages are: 

2 
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Chapter 2 Sensitivity to Chloroquine aod Verapamil 

2.2 Results and Discussion 

Table 2.1 shows the geographical origin of the strains/clones used in this study. 3D7 is assumed 

to be an African strain although it was isolated from an airport worker in Amsterdam (Crandall et 

ai, 2000; Pradines et ai, 2002). FAC8 was derived from a Brazilian isolate lTG2F6 (Biggs et ai, 

1989). The CQR strains represent all three continents (Asia, Africa and South America) where 

cases of malaria are most often found. Thus the parasites used in this study represent a 

geographically diverse group. 

Table 2.1. The CQ sensitivity of the strains used in this study and their geographical origin. 

Strain/Clone Chloroquine sensitivity Geographical origin 

3D7 CQS -I Africa 

DID CQS r-Papua New O-u"inea 

FAC8 CQR 
I 

- ,' -

Brazil 
----.-

K1 CQR South East Asia 
--~ -.- -

RSAII CQR Africa 

W2 CQR Indochina! Asia 

In vitro resistance to CQ was defined as an 1Cso > 100nM while CQS strains exhibited ICsos < 

1 OOnM in line with previous reported literature (Basco & Le Bras, 1994; Cremer et ai, 1995). For 

the purpose of this study, complete reversal of CQ resistance was defined as a reduction in the 

1C50 to a level below 100nM for the CQR strains. 

The parasite lactate dehydrogenase assay was used to determine drug sensitivity to CQ and VPL 

(See Chapter 10, Section 10.5). The parasites (2% parasitaemia and 1 % haematocrit) were 

incubated with either CQ or VPL that had been serially diluted. For the resistance reversal results, 

the CQ was serially diluted and a fixed concentration of VPL (1)JM) was added to each well of 

the plate. The assay was performed over 48 hours (Makler et aI, 1993). 

27 
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Chapter 2 Sensitivity to Chloroquine and Verapamil 

125 
• 307 

100 · 010 
~ • FACS 
:s 75 K1 ns 
::; • RSA11 
~ 50 

W2 0 c 

25 

0 
-3 -2 -1 0 1 

Log [CQ] (~M) 

Figure 2.1 The differences in the sensitivity to CQ for the strains used in this study. The curves represent 
the data from at least three experiments each performed in duplicate. The curves were generated using the 
Prism 3.0 non-linear regression function (sigmoidal dose response equation). 

2.2.2 Characterization of the effect of 1pM VPL on CQ sensitivity for the strains 

used in this study 

The addition of 111M VPL had no effect on altering the sensitivity to CQ in either of the CQS 

strains. VPL reversed resistance to CQ in all four CQR strains. The level of chemosensitization 

was similar in three of the four CQR strains. This is evident in the Activity Enhancement Index 

(AEI; see Table 2.2). FAC8, Kl and W2 all show an enhanced activity of between 3.6-4 times 

wi th I)lM VPL. However RSA II has an AEI approximately twice that of the other CQR strains. 

Thus for three of the four CQR strains it would appear that the VPL sensitive component is 

constant and the main difference lies in their level of resistance to CQ. 

RSA II is the only African CQR strain in this study. It would be interesting to screen other 

African strains to determine if they also are more sensitive to VPl reversibility. 
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Chapter 2 Sensitivity to Chloroquine and Verapamil 

None of the CQR strains had their 1C50 reduced to a value close to those of the CQS strains 

tested. However all the lC50s were reduced to levels below those for the cutoff (I OOnM) in 

defining the CQS strain from the CQR strain. 

125,-----------------------------~ 

100 

Z' 
:c 75 
m 
:> 
~ 50 
o 

25 

• 307 
• 010 

• FAC8 
K1 

• RSA11 
D W2 

O+-------r-----~~~~~------~ 

-3 -2 -1 o 1 

Log [CQ] (~ 

Figure 2.2 The differences in the sensitiviry to CQ in the presence of I flM YPL for the strains used in this 
srudy. The curves represent the data from at least three experiments each performed in duplicate. The 
curves were generated using the Prism 3.0 non-linear regression function (sigmoidal dose response 
equation). 

Although the AEls for 3 of the 4 CQR strains are similar, their initial 1C50s for CQ differ more 

than two-fold. Thus although the VPL effect was constant, the overall effect on reversing 

resistance was diminished as the resislance to CQ increased. Thus the CQ lC50 with VPL in the 

W2 strain fell marginally within the threshold distinguishing CQS strains from CQR strains. 

Strains more resistant to CQ than W2 may not be sensitized sufficiently in the presence of VPL 

to make the effect clinically relevant. This observation of the diminution of the VPL reversal 

effect in highly CQR strains has been reported (Platel et ai, 1998). However this is not true for all 

strains since the RSAll strain had a far more marked decrease in 1C50 in the presence of VPL 

despite its 1Cso being similar to that of the W2 strain. 

30 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2 to 

two 

et 

to to seen or 

s on is not 

we 

or a 

is no 

most is no 

31 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2 Sensitivity to Chloroquine and Verapamil 

125~--------------------------~ 

100 

~ 
:.c 75 
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:> 50 
~ 

25 

o 

• 

-1 o 1 

Log [VPL] (J.tM) 

• 307 
• 010 
· FACB 

K1 
• RSA11 
c W2 

2 3 

Figure 2.3 The differences in the sensitivity to VPL for the strains used in this study. The curves represent 
the data from at least three experiments each performed in duplicate. The curves were generated using the 
Prism 3.0 non-linear regression function (sigmoidal dose response equation). 

VPL ICsos in plasmodial strains are an order of magnitude higher than CQ ICsos against the CQS 

strains There is no signjficant difference in VPL IC50 between CQS and CQR strains (p>O.05) nor 

is there a difference between strains from different geographical regions. This supports the theory 

of Bray et al (1998) that there is no cross-resistance between VPL and CQ. This would suggest 

that the mechanism regulating sensitivity of Plasmodium Ja/ciparum to VPL is separate from the 

mechanism causing resistance to CQ. 

Some of the reported IC50s for VPL have suggested that CQR strains are more sensitive to VPL 

than CQS strains (Gerena et ai, 1992; Martiney et aI, 1995, Adovelande et al, 1998). 

Hypersensitivity to VPL has been observed in certain multidrug resistant tumour cells (Cano­

Gauei and Riordan, 1987; Warr et ai, 1988). Even though the MDR cells accumulated less VPL 

than the wild 1yJ)e cells they were 40 times more sensitive to VPL toxicity (2~M vs. 80jJM) 

(Cano-Gauci and Riordan, 1987). Martiney et al (1995) suggested that VPL in their CQR 

P Ja/ciparum strain was, on average, 3.2 fold more toxic than in their CQS strain. These effects 
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Chapter 2 Sensitivity to Chloroquine and Verapamil 

2.2.4 The expression of Pghl and its relationship to sensitivity to VPL 

The correlation between Pgh1 expression and CQ or MQ sensitivity is already well-established. 

Pgh 1 levels have not been correlated with VPL sensitivity nor has it been reported for the African 

strain RSA11. 

Comparison of the Pghl levels between the known strains and the African strain (RSAll) might; 

a) aid in explaining the increased AEI observed for the RSAll strain and 

b) reveal a possible correlation between VPL sensitivity and Pghl expression. 

Vacuoles were used in the determi nation of the Pgh 1 levels because it is known that most of the 

Pghl protein resides in the parasite food vacuole membrane (Cowman et ai, 1991). Equal 

numbers of vacuoles isolated from trophozoites (See Section 10.10 for methodology) were run 

using sodium dodecyl polyacrylamide electrophoresis (SDS-PAGE). The proteins were 

transferred to a PVDP membrane by western blotting and probed with anti-Pgh1 antibodies 

raised to either the N-terminal ATP-binding site or to a C-terminal region (See sections 10.15-

10.17). 

3D? DIO FAC8 KI RSAll 3D? DIO FAC8 KI RSAll 

Panel A Panel B 

Plate 2.1 Western Blot results showing the expression of Pgh I from food vacuoles of several strains of 
Plasmodium Jalciparum. In Panel A the membrane was incubated with anti N-terminal ATP-binding site 
antiserum. In panel B the membrane was incubated with the anti-C-terminal region antiserum. The strains 
tested from left to right are: 3D7, DIO, FAC8, Kl and RSAII. W2 was not tested. 

The P-glycoprotein homologue (Pghl) was detected in vacuoles from all 5 strains tested and was 

recognized by both the antisera tested. Equal numbers of vacuoles were loaded onto the gel and it 
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Chapter 3 Verapamil effect on J H_CQ accumulation 

3.2 Results and Discussion 

In all of the following sections the accumwation of 3H-CQ was measured in parasites (I % 

haematocrit, 5% parasitaemia) over I hour. VPL and other chemosensitisers were added 15 

minutes before the addition of the 3H-CQ. For a detailed description of the methodology, refer to 

section 10.6. 

3.2. J The effect of increasing VPL concentrations on 3 H-CQ accumulation in CQS 

strains 

Figure 3.1 clearly illustrates that VPL had no effect on increasing CQ accumulation in the CQS 

strains 3 D7 and D 1 0 at concentrations reported to reverse resistance (I-IOIlM). At higher 

concentrations (1 OOIlM-l mM) there was a significant drop in CQ accwnwation in both strains. 

The 3D7 strain appeared to be more sensitive to the effects of the higher VPL concentz:ations on 

CQ accumulation than did D 10. 

a 1.5 

(J • 3D7 , 
::I:c . 010 .., 0 
c·- 1.0 _ .. 
Q).!! ICIO(nM) 
II) ::I Strain/Clone AEI 
IG E CQ alone CQ+ IIlMVPL ~ ::I 
u CJ 

3D7 21.40 2J ,45 0,998 c CJ 0,5 
-IG 
"C 010 26,48 2700 0981 
"'5 
U. 

0.0 
·9 -8 ·7 -6 -5 -4 -3 -2 

Log[VPL](M) 

Figure 3.1 The dose dependent effect of VPL on the accumulation of JH_CQ (2nM) in the CQS strains 
307 and 010. Each experiment was perfonned in triplicate on three separate occasions. The curves were 
generated using the Prism 3.0 Spline curve function. The ICsos provided on the right are taken from Table 
2.2. 
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strains accumulated between 3-4 times the amount of CQ maximally relative to the control and 

all demonstrated a sharp decline in CQ accumulation at 1 mM similar to the CQS strains. 

5~------------------------~ 
a 
u r. c 4 

M 0 
C .-
.- "iU 3 
~"5 
IV E 
~ :J 2 
IJ (.) 
c (.) -« 

"'C 

"0 
LL 

• FAC8 

· K1 

· RSA11 

O+---~--,---,---,---,---,---~ 

-9 -8 -7 -6 -5 -4 -3 -2 

Log[VPL] (M) 

StnliniClone 
IC", (nM) 

AEI 
CQ alone CQ + I~M vPL 

FAC8 155.8 4), !2 3.60 

KI 255,0 62.82 4,059 

RSAll 354.0 42.55 8.320 

Figure 3.2 The dose dependent effect of VPL on the accumulation of 3H_CQ (2nM) in the CQR strains 
F AC8, K I and RSA II. Each experiment was perfonned in triplicate on three separate occasioos. The 
curves were generated using the Prism 3.0 Spline curve function. The ICsos provided on the right are taken 
from Table 2.2. 

There did not appear to be any correlation between the amount of CQ accumulated and the shift 

in sensitivity to CQ. RSAII showed a marked shift in sensitivity to CQ (8-fold) but did not 

accwnulate any more CQ than did K[ or FAC8. At II-LM VPL there was a very small difference 

in the amount of 3H-CQ accumulated. 

All three of the CQR strains exhibited a maximal accwnulation of between 3-4 times the control 

value at VPL concentrations between 1O-IOOI-LM. FAC8 reached its maximal accumulation 

"later" than the other two strains but its level of resistance reversal with ll-LM VPL is not 

markedly different from the other CQR strains. FAC8 expresses higher levels of Pgh 1 than the 

other two strains. However it is difficult to predict how this might have a bearing on the response 

to VPL reversal given that the function of Pgh I is currently not known. 
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Figure 3.3 The effect of a range of chemosensitjsers on the accumulation of 3H_CQ (2nM) in the CQS 
strains, 307 and 010, at a fixed concentration of 111M. The bars represent fold increases over the controls. 
Each experiment was performed in triplicate on two separate occasions. The drugs examined were: 
verapamil (VPL), promethazine (PRO), chlorpromazine (CHP). chlorpheniramine (CHF) and desipramine 
(DES). 

All concentrations used were non-toxic to the parasites and thus would not be expected to exert 

any effect on the CQS parasites. Kalkinidis et al (2002) showed that chlorpromazine (CHP) can 

inhibit ~-haematin formation similarly to CQ. If the binding to haem and subsequent inhibition of 

I)-haematin formation is linked to CQ uptake (Bray et aI, 1998) then CHP might be expected to 

compete for CQ accumulation. However the concentrations used here are clearly not high enough 

to compete for CQ accumulation. CHP is monoprotic and thus will not accurnulate as much as 

CQ did and it has a lower capacity for inhibiting ~-haematin formation than did CQ (Kalkinidis et 

al,2002). 

3.2.4 The effect of various chemosensitisers on ]H-CQ accumulation at the same 

concentration (l pM) in the CQR strains 

The effect of VPL at 111M did not differ signjficantly from other chemosensitisers tested at same 

concentration (p>O.05) in either CQR strain. ChJorpheniramine had a consistently smaller 

increase in accumulation than the other chemosensitisers tested albeit statistically insignjficant 

(p>O.05). All the chemosensitisers increased CQ accumulation between 2-3 fold in both strains. 

For RSA11, l).tM VPL enhanced CQ sensitivity 8.3 fold with a 2.67 fold increase in CQ 
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accumulation. Similarly for the K I strain, an AEI of 4.059 was onJy accompanied by a 2.043 fold 

increase in CQ accumulation. Similar results have been previously reported (Bray et ai, 1994). 

Figure 3.4 The effect of a range of chemosensitisers on the accumulation of )H-CQ (2nM) in the CQR 
strains, K 1 and RSA I I, at a fixed concentration of I f1 M. The bars represent fold increases over the 
controls. Each experiment was perfonned in triplicate on two separate occasions. The drugs examined 
were: verapamil (VPL), promethazine (PRO), chlorpromazine (CHP), chlorpheniramine (CHF) and 
desipramine (DES). 

All the chemosensitisers are monoprotic with similar pKa's (see table 10.1) and would thus be 

expected to accwnulate to the same levels as VPL did in the CQR strain. All appear to have an 

equal capacity to increase CQ accumulation at this concentration. Although the chemosensitisers 

are structurally and functionally different, their similar behaviour on 3H-CQ accumulation points 

to a corrunon mode of action in Plasmodium falciparum. Thus the work on VPL can likely be 

extrapolated to the other chemosensitisers. 

3.2.5 The temperature dependence o/the VPL effect on 3H-CQ accumulation 

While it is known that )H-CQ accwnulation is temperature and energy dependent, not much is 

known about the temperature and energy dependence of the resistance reversal effect by VPL. 
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VPL is able to increase the accumulation ofJH-CQ a137°C in the CQR strain (Kl). At 4°C there 

was a decrease in CQ accumulated in the CQR strain and VPL did not increase the amount ofCQ 

accumulated at this temperature (see Figure 3.5). 

There was also a large decrease in the CQ accumulated at 4°C in the CQS strain. As expected 

VPL had no effect on CQ accwnulation in the CQS strain at either 37°C or at 4°C. 

The demonstration of the temperature dependence of CQ accumulation has been previously 

reported (Sanchez et 81, 1997). In both their CQS strain (HB3) and their CQR strain (Dd2), there 

was a decrease in the CQ accumulated at 4°C when compared to that accumulated at 37°C. 

a a 
0 K1 u J 010 :l: c :i: c: 
.. 0 .. 0 
c- Eil ;]1 .2 
:: :t i~ ~E 
.. ::I L. :::I 
u U 

<) ::! CUi 
-CII E " "1:1 "C 
'0 '0 LL IL. 

37"C 37"C "OC "OC 0 
37°C 37"C 4°C "OC ... + SIJMVPL + + 51JM VPL 

Figure 3.5 The temperature dependence of VPL on JH_CQ accumulation in a CQR (K I) and CQS CD 10) 
strain of Plasmodiumfalciparum. All values were determined relative to the control (37°C; No VPL). The 
experiment was performed twice in triplicate. 

Sanchez et al (1997) suggest that the temperature dependence of CQ accumulation implies a 

transport mechanism is responsible for the uptake of CQ in Plasmodium falciparum. However 

this could also imply that an efflux pump is not operating efficiently given that most of the 

parasite enzymes or energy-dependent processes should only be optimal at 37°C. VPL did not 

affect the uptake of CQ in the CQR strain at 4°C. This result is consistent with the mode of action 

of chemosensitisers being energy dependent. It is thus unlikely that the action ofVPL is a general 

changing of the fluidity of the membrane as has been suggesting for function of VPL in some 

MDR cancer cells (Orori et ai, 1995). 
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3.2.6 The effect of metabolic deprivation on the VPL effect on 3H-CQ accumulation 

Azide inhibits oxidative phosphorylation and malaria parasites need an external source of glucose 

for glycolysis (KIogstad et al, 1992). Thus cells treated with azide and deprived of glucose were 

considered energy depleted. This method was also used by Bray et aJ (1992) to examine 

metabolic deprivation. 

The accumulation of CQ in the CQS strain (D 10) was greatly reduced in the absence of glucose. 

The addition of VPL had no effect on CQ accumulation under any conditions as expected for the 

CQS strain. 

In the CQR strain there was an increase in CQ accWTIulation in the absence of glucose (see Figure 

3.6). VPL increased CQ accwnulation when glucose was present, but decreased the CQ 

accumulation in the absence of glucose, albeit insignificant (p = 0.0892). The increase in CQ 

accumulation in the absence of glucose was similar to the amount of CQ accumulated in the 

presence ofVPL and glucose. 

a :l 

0 K1 a 
:i: I: 

0 010 
~ 0 :i: I: 

E~2 ... 0 1:. 
aI- - .. .. ~ a-
G E 10 ~ e ~ .. E 
u u CD ~ 
I: U 1 ...... - .. .. u 
'0 -= III 
'0 .... 
LL '0 

0 LL 

Gltcose 
GlJcose 

-t ... Azide 
+ ... Azide 

... .. 5~VPl 
-t ... 5J.1MVPl 

Figure 3.6 The effect of metabolic deprivation on the VPL effect on )H-CQ accumulation at 37°C in a 
CQR (Kl) and a CQS (010) strain of PJasmodiumjaJciparom. All values were detennined relative to the 
control (PBS + 1 mglml glucose; No VPL). The azide concentration was J OmM. The experiment was 
perfonned once in triplicate. 
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4.2 Results and Discussion 

4.2.1 Accumulation Of3H-VPL by erythrocytes and parasitized erythrocytes 

The uptake of 3H-YPL (InM) was examined in both parasitised and unparasitised erythrocytes. 

The experiment was performed over I hour. Thereafter the cells were spun at 13000rpm for 1 

minute, the supernatant removed and the pellet processed for scintillation counting. The complete 

experimental procedure can be found in section 10.6 of the Methodology chapter. 

From Figure 4.1 it is evident that VPL is rapidly lost from the pellet of either unparasitized or 

parasitized erythrocytes when it is washed once with PBS, suggesting a low affinity binding site, 

ifany. The accumulation of 3H-YPL is not significantly different between the unparasitized or the 

parasitized erythrocytes for both the washed (p = 0.1249) and unwashed samples (p = 0.8787). 

3000.---------------------------~ 

2500 

2000 
:E 
2i 1500 

1000 

500 

o 
Unwashed 

_RBC 

_ D10 

Washed 

Figure 4.1 The accumulation of 3H_ VPL (J j.LM) into unparasitized and parasitized erythrocytes over I hour 
and the effect of washing the pellet with PBS. Both erythrocyte and DI0 infected erythrocyte samples 
were at 1% haematocrit with the D I 0 parasitaemia at 5%. This experiment was perfonned twice in 
tripl icate. 

This experiment was performed UStng the standard conditions of 1% haematocrit and 5% 

parasitaemia. Under these conditions CQ accumulates to a far greater extent in parasitized 
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VPL accumulated at a similar rate and to t!1e same levels in both the drug sensitive and MDR 

cells. This occurred despite it being a substrate for the P-glycoprotein efflux pump. 

4.2.3 The concentration dependence oj3H-VPL uptake into a CQR and CQS strain 

of Plasmodium falciparum at 4QC and 3rc. 

The equilibration of 3H-VPL in the CQS strain is not saturable over a I million fold concentration 

range. The experiment was performed at both 37°C and at 4°C. There is no difference between 

the two curves and they are almost superimposable. This represents a fundamental difference 

between the accumulation ofCQ and VPL in the Plasmodium parasite. 

10.0 

---:E 
7.5 D-

C ...... 
Cl 
0 5.0 

...J 

• 37°C 
2.5 

4°C .. 

0.0 
-10 -9 -8 -7 -6 -5 -4 -3 -2 

Log [VPL] 

Figure 4.3 A comparison of the concentration dependence of 3H_ VPL accumulation at 37'C and 4°C in 
enri ched trophozoites from the CQS strain CD 10). The experiments were performed in triplicate on 2 (4OC) 
or 3 (37°C) separate occasions. The linear regressions were generated using Prism 3.0. The linear 
correlation coefficients for the two cwves are: ~ = 0.9987 for the experjment performed at 4°C and ~ = 
0.9980 for the experiment performed at J7°C. 

Figure 4.4 shows the same pattern for the CQR strains as for the CQS strain. There is no 

saturation over the large concentration range (1 nM to I mM). Also there is no difference between 
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the experiments when performed at 4°C and when performed at 37°C. These curves are also 

almost identical to those of the CQS strain. 

10.0 
......... 
:E 
Il.. 7.5 
C 
'-' 
C) 

5.0 0 
...J 

3JDC • 
2.5 • 4°C 

0.0 
-10 -9 -8 -7 -6 -5 -4 -3 -2 

Log [VPL] 

Figure 4.4 A comparison of the concentration dependence of'H-VPL accumulation at 37°C and 4°C in 
enriched trophozoites from the CQR strain (KI). The experiments were performed in triplicate on 2 (4OC) 
or 3 (37°C) separate occasions. The linear regressions were generated using Prism 3.0. The linear 
correlation coefficients for the two curves are: r' ~ 0.9983 for the experiment performed at 4°C and r' ~ 
0.9983 for the experiment performed at 37°C. 

JH-VPL equilibration is not saturable over a large concentration range suggesting that any 

binding sites present are of high capacity and low affinity. The similar accwnulation profiles at 

both 4°C and 37°C and the lack of energy dependence argue against an active uptake. Thus VPL 

appears to accumulate by means of diffusion only. VPL does not inhibit ~-haematin formation at 

10 equivalents (Warhurst et ai, 2003) and thus probably does not bind to haematin. CQ uptake is 

highly dependent on its binding and access to haematin (Bray et ai, 1998). 

The lack of any significant difference in the saturable accumulation of VPL between the two 

strains is supported by the lack of any significant difference between the ICsos for VPL in the 

strains. The difference in CQ accumulation is very closely linked to the difference in its ICso 

between CQS and CQR strains. 
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4.2.4 The effect of a large excess ofCQ and VPL on 3H-VPL accumulation in CQS 

and CQR strains of Plasmodium falciparum. 

From Figure 4.5 it is observed that neither an excess of CQ nor an excess of VPL has any 

significant effect on the accumulation of)H-VPL in the CQS strain. Although there appears to be 

a slight decrease in accumulation of 3H-VPL, this decrease is not significant (p > 0.05). An 

excess of CQ causes a decrease in the accumulation of 3H-CQ in the CQS strain while, as 

expected, VPL has no effect on )H-CQ accumulation in the CQS strain. 

c g: 
.9~ 
== 0 1 EN 
:::.0 
o.c:. 
E g. 10 
Q.!:; 

50 

o .. 1j.!.M co 
+ 5j.!.M VPL 

A B 

Figure 4.5 The effect ofa large molar excess ofCQ or VPL on the accumulation of 10M 3H-VPL (A) or 
1 nM 3H ~CQ (B) in enriched trophozoites from the CQS strain (D 1 0). The experiment was perfonned three 
ti mes in triplicate. 

In the CQR RSA 11 strain, there is also no significant change in the accumulation of 3H-VPL in 

the presence of a large excess of either CQ or VPL. This differs greatly from the effect of these 

two drugs on the accumulation of 3H_CQ in the same strain. There is a large decrease in 3H~CQ 

accumulation in the presence of I!J..M CQ while there is a 2-fold increase in 3H-CQ accumulated 

when 5}.lM VPL is present. 
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Figure 4.6 The effect of a large molar excess of CQ or VPL on the accumulation of 1 nM 3H-VPL (A) or 
InM 3H-CQ (B) in enriched lrophozoites from the CQR strain (RSAll). The experiment was performed 
three times in triplicate. 

The results for another CQR strain W2 were similar to those of the CQR strain RSA II. Again 

there is no change in the accumulation of 3H-VPL with either a large excess of unlabelled CQ or 

VPL. The ]H-CQ accumulation is greatly altered under the same conditions. 

A 

11J,M co 
5).lM VPL 

.. 

B 

1)Jl'.ACQ 
5f.1M VPL 

Figure 4.7 The effect of a large molar excess of CQ or VPL on the accumulation of 1 nM )H-VPL (A) or 
1 nM 3H_CQ (B) in enriched trophozoites from the CQR strain (W2). The experiment was performed three 
times in triplicate. 

This illustrates the differences in the accumulation of CQ relative to that of VPL in strains of 

varying sensitivity to CQ. There is no difference in the VPL accumulation in either the CQS or 
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5.2 Results and Discussion 

5.2.1.1 Time course of3 H-CQ uPJalce inJo CQS and CQR strains and Jhe effecJ ofVPL. 

From Figure S.1.a it is clear that the CQS strain (010) accumulated more CQ after 60 minutes 

than the CQR strain (Kl). When the time course was performed on the CQS strain in the 

presence of 5)lM VPL there was a slight decrease in the CQ acclUDulated after 60 minutes 

although this difference was not significant (p>O.05). The curves are almost identical during the 

first 15 minutes before the slight divergence is observed. This C{)nfirmed that VPL had no effect 

on the time course of CQ uptake in the CQS strain. In the CQR strain VPL increased the net CQ 

uptake at 60 minutes (3.75 fold). 

10000 • D10 
• 010 + VPL 

7500 • K1 

.:2 • K1 + VPL 
0... 

5000 0 

2500 

0 
0 10 20 30 40 50 60 70 

lime (Minutes) 

Figure 5.1.a A time course comparing the accumulation of tnM 3H-CQ in the presence and absence of 
51lM VPL in a CQS and CQR srrain of Plasmodium ja/ciparum. Each experiment was perfonned in 
duplicate on 3 separate occasions. The curves were generated in Prism 3.0. 

Steady state was achieved when the rate of uptake equaled the rate of efflux. Steady state was 

reached much sooner in the CQR strain (see Figure 5.l.b). The time taken to reach half the steady 

state values (TYz) was 4.55±1.44 mins for the CQR strain and 12.4±4.32mins for the CQS strain 

in the absence of VPL. VPL slowed the accumulation of CQ to steady state by almost two-fold in 

the CQR strain (7.95±O.99mins). Interestingly VPL enhanced the time to steady state for the CQS 
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strain (I 0.9±3.37mins) albeit not statistically signjficant (p = 0.66). These observations are very 

similar to those of Bray et al (1994) although the actual values differ. They found that VPL 

slowed the accumulation to such an extent that the T'h of the CQR strain was identical to that of 

the CQS strain. 

CD 100 .... 
-oj! 
Q) II) .... 
"' >- 75 --0 

E "' 
::::I CD 
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o II) 50 
"' 0 ... 

" CD (,,) > 
25 ~:;:; 

o .!! 

~~::;;:::$~==::n .. 010 - CO alone 
010 ~ CO + VPL 

• K1 - CQ alone 
• K1 - CO + VPL 

CD 
~ 

0 
0 10 20 30 40 50 60 

Time (minutes) 

Figure S.1.b A measure of the rate of CQ uptake to steady state based on Figure S.1.a. The curves were 
generated in Prism 3.0 using a nonlineaI regression analysis. 

The accumulation of 3H-CQ was time-dependent in both CQS and CQR strains. The CQS strain 

exhibited a greatly increased rate of uptake within the first five minutes when compared to the 

CQR strain. These results contrast with those of Krogstad et at (1987) but are similar to those of 

Bray et al (1994), who found that steady state was reached sooner in the CQR strain when 

compared to the CQS strain. VPL slows down the time to steady state in the CQR strain although 

not to the same extent. Bray et aI (1994) suggest that their results indicate an enhanced efflux. 

capability in the CQR strain and that VPL inhibits this efflux. They also propose that the lower 

accumulation in the CQR strain is thus a product of both a reduced uptake and enhanced emux. 

In a later study they showed that VPL increased the initial CQ uptake rate 2.5 fold (Bray et ai, 

1996) once again supporting their assumption that changes in uptake rates are important in 

determining resistance to CQ. 
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Figure 5.2 A time course comparing the accumulation of I nM JH-VPL in the presence and absence of 
I ~M CQ in a CQS and CQR strain of Plasmodium jalcipanlm. Each experiment was perfonned in 
duplicate on 2 separate occasions. 

The rapid accumulation of 3H_ VPL into both CQS and CQR strains of P./alciparum contrasted 

markedly from JH-CQ accumulation where steady state was achieved much later and where there 

was a clear difference between the two strains. This lack of time-dependent accumulation was 

most probably due to rapid diffusion of VPL into the cells. Kinetic differences of CQ are closely 

related to the differences in sensitivity to CQ. The lack of differences in kinetics of VPL may also 

explain why its lC50s are similar between CQS and CQR strains. 

The lack of competition for the accumulation of )H-VPL by a high molar excess of CQ in either 

the CQS or the CQR strain contrasts with results reported by Bray et aJ (1992). They suggest that 

CQ does compete for 3H-VPL accumulation. CQ is known to bind to FPIX (Chou et al, 1980~ 

Bray et al, }998) and to PfCRT (Zhang et ai, 2004) but it is not known if there is a receptor for 

VPL. Any putative VPL receptor would have to be of high capacity and low affinity. 

5.2.1.3 Time course ojJH-VPL uptakE into mammalian eel/lines. 

The accumulation of 3H-VPL was measured in two mammalian cell lines that are cultured 

routinely in our laboratory. Neither cell line overcxpresses P-glycoprotein. The cells were plated 

into a 24-well microtitre plate. When cells became confluent they were exposed to 3H-VPL 
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(lnM). This is the same concentration used in the Plasmodium Jalciparum experiments. The 

medium was removed at various time points and the cells processed for scintillation counting as 

described in Section 10.13. 

It is clear that VPL was taken up rapidly by two mammalian cell lines (see Figure 5.3). 

Accumulation occured most rapidly within :he first 5 minutes and thereafter reached saturation. 

Steady state was reached within 1 hour. Both these cell lines had similar uptake curves. 

The pattern of VPL accumulation in mammalian cells differed from that observed in 

P Jalciparum strains. In the mammaJlan cells the uptake was time dependent whereas the VPL 

diffused/equilibrated rapidly into the Plasmodium strains. This pattern of VPL uptake into 

mammalian cells was more similar to that ofCQ uptake in Plasmodiumfalciparum. 
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Figure S.3 Time course for the uptake ofJH-VPL (lnM) into two mammalian cell lines. Each experiment 
was performed in duplicate on 2 separate occasions. The curves were generated in Prism 3.0 using a non­
linear regression analysis. 

VPL accumulates into acidic lysosomes in mammalian cells and its accumulation can be reduced 

by raising the intralysosomal pH with CQ (Lelong et ai, 1991). VPL also binds to membrane 

vesicles of certain cell types (Cornwell et ai, 1987). 
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significantly faster than the results of Krogstad et al (1987). However it was slower than the 

emux rates observed in the CQR strain (see Figure 5.5). 
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Figure 5.4. Comparison of the efflux patterns for 3H-CQ in parasites exposed to 5!-1M VPL under various 
experimental conditions in the CQS strain DIO. Each point is measured as a percentage of the T=O value 
after subtraction of the equilibrium value at 60 minutes. 

It is clear that under these experimental conditions VPL has no effect on the efflux of 3H_CQ 

from the CQS strain. This is in contrast to the findings of Bray et al (1992) who reported that 

VPL could slow efflux from both CQS and CQR strains. 

In Figure 5.5 the effect of VPL on slowing the emux of 3H-CQ can be observed for tbe CQR 

strain. In both experiments VPL was absent from the accumulation buffer. In One experiment 

5JlM VPL was added after CQ had reached steady state and was only present once efflux had 

been initiated. In the other experiment VPL was absent during efflux. VPL had no effect on CQ 

efflux in the first minute but slowed efflux between 1-10 minutes. 
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The efflux pattern in the absence of VPL is very rapid with most of the CQ removed within the 

first minute. TIlis result agrees with previous data on the rapid efflux of CQ from CQR parasites 

(Krogstad et ai, 1987; Bayoumi et ai, 1994). 

150 -

----- No VPL 

---.- VPL in Efflux on~ 

I 

20 30 40 50 60 70 

Time (min) 

Figure 5.5 Comparison of the efflux patterns for 3H_CQ in parasites in the absence or presence of 5~M 
VPL during the efflux phase in the CQR strain K I. Each point is measured as a percentage of the T=O 
value after subtraction of the equilibrium value at 60 minutes. 

When VPL was present in both the accumulation and efflux buffers it significantly inhibited CQ 

efflux from the CQR parasite but still not to the rates observed in the CQS strain (see Figure 5.61 

Table 5.1). This may explain why the accumulation of CQ in CQR strains never reaches the 

levels seen in the CQS strains. 

When VPL was removed during the efflw{ phase there was an increase in the efflux rate. TIlis 

was probably due to the rapid movement ofVPL from the parasite into the external medium. This 

would reduce any interaction between VPL and a putative pump. It also suggests a low binding 

affinity of VPL for the putative receptor. However enough VPL must still have been present 

during the initial efflux phase when efflux is most rapid as it still had a significant effect in 

retarding the efflux rate (see Table 5.1). 
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When VPL was present during the CQ accumulation stage but absent during the efflux stage 

there was a slight decrease in the effiux rates compared to when it was present at all stages. 

However the VPL concentration must have been high enough during the crucial first minutes of 

measurement to exert the effect of slowing the rate down. Since VPL accumuJates rapidly 

possibly through diffusion, it is likely that it will diffuse out of the cells as quickly and equilibrate 

with the external medium. 
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Figure 5.6 Comparison of the efflux patterns for JH_CQ in parasites in the absence or presence of 5J.1M 
VPL during the efflux phase in the CQR strain K I. Both samples contained 51lM VPL during the I hour 
accumulation phase with the 3H_CQ. Each point is measured as a percentage of the T=O value after 
subtraction of the equilibrium value at 60 minutes. 

Results summarized in Table 5. t show that in the absence of VPL there was an 8-fold difference 

in the efflux rates to equilibrium between the CQS and CQR strain. VPL had no significant effect 

on the efflux rates in the CQS strain under any conditions tested. 

When VPL was present in the initial CQ accumulation phase and during the efflux phase there 

was a significant slowing of the efflux rate in the CQR strain. CQ emux under these conditions 

was nevertheless still more rapid than the rate seen in the CQS strain. When VPL was present in 

the accumulation phase but absent in the efflux phase, there was a less pronounced slowing of the 
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Chapter 8 

A - Control 

(No Drug) 

B -100nM CQ 

C - IOOnM CQ 

+ IJ,lM VPL 

D - l).lM VPL 

E - IJ,lM CQ 

Immunofluorescence of Haemoglobin 

e~ 
e , 

t 

Plate 8.1 Microscope images of the effect of CQ and VPL on the chloroquine-sensitive strain, 
D1O. The panels represent from left to right phase-contrast image, TRITe-labeled anti­
haemoglobin image. DAPI-stained nucleus image. The panels represent from top to bottom: (A) 
Control (No drug), (B) iOOnM CQ-treated, (C) lOOnM CQ + I)lM VPL treated, (D) I)lM VPL 
treated. (E) l)..lM CQ treated . 
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Chapter 8 

A - Control 

(No Drug) 

B -lOOnM CQ 

C -lOOnM CQ 

+ l~M VPL 

D -l~M VPL 

E -l~M CQ 

Immunofluorescence of Haemoglobin 

Plate 8.2 Microscope images of the effect of CQ and VPL on the chloroquine-resistant strain. 
RSAI1. The panels represent from left to right: phase-contrast image. TRITC-Iabeled anti­
haemoglobin image. DAPI-stained nucleus image. The panels represent from top to bottom: (A) 
Control (No drug). (B) lOOnM CQ-treated. (C) IOOnM CQ + lJlM VPL trealed, (D) l~lM VPL 
treated, (E) I)..tM CQ treated. 
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Chapter 10 Materials and Methodology 

Plate 10.1 Microscope images of Giemsa stained enriched trophozoites (Panel A) and non­
enriched trophozoites (Panel 8) from Plasmodiwnfalciparwn. Trophozoites are identified by the 
dark haemozoin crystals located in the food vacuole of the parasites (Parasite samples counesy of 
U.I.M. Wiehan). 

10.9 Trophozoite Isolation 

Late trophozoites were isolated from the erythrocytes using saponin lysis. 2.5ml of a 1 % 

saponin solution in water was added to 45ml of parasite pellet resuspended in PBS (final 

concentration of sapon in: 0.05 %). The parasites were left for bet ween 2-5min and were 

then spun at J 500g for 10min to pellet the trophozoites. The parasite pellet was then 

transferred into microcentrifuge tubes and washed 4 times with PBS at 6500rpm to 

remove any excess haemoglobin. 

If the parasitised erythrocytes were harvested in microcentrifuge tubes, J ml of a 0.25% 

saponin solution was added and left for 2 minutes. Thereafter the parasite pellet was spun 

at 6500rpm for 3 minutes. The pellet was then washed 4 times in PBS to remove 

haemoglobi n. 
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