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and Their Specific Accumulation
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During asexual development within erythrocytes, malaria parasites synthesize
considerable amounts of membrane. This activity provides an attractive target
for chemotherapy because it is absent from mature erythrocytes. We found that
compounds that inhibit phosphatidylcholine biosynthesis de novo from choline
were potent antimalarial drugs. The lead compound, G25, potently inhibited in
vitro growth of the human malaria parasites Plasmodium falciparum and P. vivax
and was 1000-fold less toxic to mammalian cell lines. A radioactive derivative
specifically accumulated in infected erythrocytes to levels several hundredfold
higher than in the surrounding medium, and very low dose G25 therapy com-
pletely cured monkeys infected with P. falciparum and P. cynomolgi.

The widespread resistance of malaria para-
sites to most common antimalarials, and
cross-resistance to structurally unrelated
drugs, emphasize the need for new chemo-
therapeutic targets (/). When parasitizing red
blood cells, the parasite invests heavily in
membrane biogenesis, making phospholipid
(PL) biosynthesis essential for intraerythro-
cytic development (2), whereas these activi-
ties are absent from mature uninfected eryth-
rocytes (3). Phosphatidylcholine (PC) is the
major PL present in infected erythrocytes. It
is mainly synthesized from plasma-derived
choline by the parasite enzymatic machinery
and provides an attractive target for antima-
larial chemotherapy (2).
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To inhibit PC synthesis in malaria par-
asites, we designed and synthesized a series
of compounds based on their capacity to
mimic choline structure (4). They were
optimized for in vitro antimalarial activity,
and there was a very close correlation be-
tween the inhibition of parasite growth in
vitro and specific inhibition of parasite PC
biosynthesis de novo from choline (5). The
compounds do not interfere with other
types of PL synthesis, such as that of phos-
phatidylethanolamine or macromolecules
like DNA (5). Toxic activity is highest
against mature parasites, when PL synthe-
sis is maximal (5). We hypothesize that the
most likely drug target is the choline trans-
porter, either on the surface of the infected
erythrocyte or in the plasma membrane of
the intracellular parasite (6). Structure-ac-
tivity relation (SAR) studies revealed the im-
portance of the cationic group volume. Du-
plication of this group (bisquaternary ammo-
nium salts) separated by a sufficiently long
alkyl chain markedly increases antimalarial
activity to within the low-nanomolar range
(7). This defined the lead compound, G25
[1,16-hexadecamethylenebis(N-methylpyrro-
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lidinium) dibromide] (7), which we analyze
here.

G25 was assessed against Plasmodium
falciparum strains with preexisting resistance
against chloroquine (CQ), quinine (Q), me-
floquine, and pyrimethamine (8, 9) and
against four clinical isolates with varying re-
sistance to CQ, Q, and cycloguanil from pa-
tients in different African countries (10). G25
was effective against all strains and isolates
tested, with 50% inhibitory concentrations
(IC,,’s) ranging between 1 and 5.3 nM. Steep
dose-response curves with IC,/IC,, ratios of
less than 3 were consistently observed (9),
indicating inhibition of a specific target and
not a general cytotoxic effect. To assess the
effect of G25 in the host, we measured IC,,
levels of G25 against Jurkat lymphoblast,
U937 macrophage, and MEG-01 megakaryo-
blast human cell lines (9). The IC,, obtained
was three to four orders of magnitude higher
than the IC,,, against P. falciparum. No mu-
tagenic activity [Ames test (/ /)] with or with-
out metabolic activation was evident at the
highest nontoxic concentration (77 uM).

Antimalarial activity [4 days suppressive
test (/2)] and acute toxicity were first deter-
mined after intraperitoneal administration of
G25 in P. chabaudi—infected mice (13). Rap-
id and total clearance of parasites was ob-
served with a 50% effective dose (ED,,) of
0.08 mg/kg and a 50% lethal dose (LD,) of
1.4 mg/kg, indicating a therapeutic index ( TI)
of 17 in this animal model. These results
prompted us to test G25 in vivo against hu-
man malaria parasites in 4otus monkeys (/3).
Animals infected with the P. falciparum FVO
strain (14, 15) generally develop fulminating
parasitemia (Fig. 1A, monkey M100) and, if
not treated, die with parasitemia above 10 to
20%. Animals were initially treated when
parasitemia was ~0.1%, at about 4 days after
infection. G25 was administered intramuscu-
larly (i.m.) twice daily for 8 days. Three
monkeys treated with 0.2 mg of G25 per kg
of body weight (9) were cured 4 days after
treatment started and showed no recrudes-
cence at 60 days follow-up (e.g., M151; Fig.
1A). Similar clearance was noted after treat-
ment with quinine (M150, Fig. 1A) and Fan-
sidar (9).

To determine the minimal effective G25
dose, we treated three monkeys with decreas-
ing doses of G25 at 0.1% parasitemia. At G25
doses of 0.09 and 0.03 mg/kg, parasite clear-
ance occurred on day 4 (Fig. 1B), without
recrudescence over 60 days. At a dose of 0.01
mg/kg, parasitemia initially decreased but
then rose again at day 2.5. At day 7 and
beyond, parasitemia was only detectable in
thick blood films, suggesting that a dose of
0.01 mg/kg G25 is close to the threshold of
therapeutic activity. We determined the LD,
in rats to be 1.4 mg/kg and the maximal
tolerable G25 dose under subacute conditions
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in Macaca fascicularis monkeys and beagle
dogs to be about 0.9 mg/kg (9). Because
Aotus monkeys were cured with 0.03 mg/kg,
the TI in P. falciparum—infected Aotus mon-
keys is at least 30, indicating high in vivo
efficacy of G25 against P. falciparum. In
further experiments, G25 efficacy was tested
at about 100-fold higher initial parasitemia (5
to 14%). A total of nine 4otus monkeys were
treated i.m. with 0.2 mg/kg G25 twice daily
over 8 days. Eight monkeys cleared the par-
asites 4 to 5 days after the first dose (e.g.,
M169; Fig. 1C) (9), similar to control animals
treated with Fansidar (9). One monkey died
after 2 days at 19% parasitemia, most likely
owing to an irreversible clinical condition.
Two monkeys were challenged 60 days after
G25 therapy and found to remain susceptible
to parasite infection, indicating that parasite
clearance and absence of recrudescence were
unlikely to be related to antiparasite immuni-
ty. Decreasing the G25 dose to 0.09 mg/kg in
one monkey (9) or reducing the therapeutic
window to only 4 days at 0.2 mg/kg in two
monkeys (e.g., V59; Fig. 1C) also success-
fully cured highly infected monkeys without
recrudescence. The permanent cationic
charge of G25 did not lead us to expect good
oral absorption. Nevertheless, oral adminis-
tration of G25 at 4 mg/kg over 8 days at 4%
initial parasitemia appeared to be fully effec-
tive (V51, Fig. 1C). Recent experiments with
analogs of G25 designed for good oral bio-
availability have shown much higher oral

Fig. 1. In vivo efficacy of G25 against P. falci-
parum in Aotus monkeys. Aotus lemurinus gri-
seimembra monkeys were inoculated intrave-
nously with 10° P. falciparum FVO-infected
RBCs isolated from a donor monkey. Para-
sitemia was determined by analysis of Giemsa-
stained thin films. Antimalarial treatments
were started either as soon as patent para-
sitemia became detectable [generally on day 4
to 6 after infection (A and B)] or later at a
higher initial parasitemia (C). The start of ther-
apy was defined as day 0. G25 in saline was
administered i.m. at 8 am. and 8 p.m. for 8
days. (A) Monkey M151 (O) was treated with
0.2 mg/kg G25, and M150 (A) with a single
30-mg dose of quinine (i.v.). An infected un-
treated control monkey M100 (<) showed typ-
ical development with steadily rising para-
sitemia. M100 was cured on day 7 at 8%
parasitemia with a single oral dose of 25 mg/kg
Fansidar. (B) The G25 doses were reduced to
0.09 mg/kg (M67, O), 0.03 mg/kg (M74, A), and
0.01 mg/kg (M156, <). (C) Representative data
from monkeys treated at an initial parasitemia
above 5%. G25 was given at doses of 0.2 mg/kg
twice daily either for 8 days (M169, <) or for
only 4 days (V59, A); monkey V51 (O) received
oral G25 doses of 4 mg/kg twice daily for 8
days. All animals were tested for parasites up to
60 days after treatment with both Giemsa-
stained thick and thin films and a highly sensi-
tive method based on polymerase chain reac-
tion amplification of species-specific sequences

bioavailabilty in preliminary experiments in
nonhuman primates (/6), which is of impor-
tance for future first-line antimalarials that
must generate oral activity. G25 thus fully
succeeded in curing P. falciparum—infected
monkeys even at high parasitemia without
recrudescence.

The other major human malaria parasite,
P. vivax, favors invasion of immature eryth-
rocytes (reticulocytes). Reticulocytes retain
some metabolic activities, which may pro-
vide the parasite with compensatory mecha-
nisms under drug pressure. We therefore in-
vestigated the activity of G25 against P. vivax
and against the phylogenetically closely re-
lated nonhuman primate parasite P. cynomol-
gi (17), which also favors invasion of reticu-
locytes. The in vitro IC,, values of G25
against P. vivax and P. cynomolgi were in the
same range as against P. falciparum (9), in-
dicating high sensitivity of reticulocyte-re-
stricted parasites to this class of drugs.

For in vivo studies, we used P. cynomolgi
in rhesus monkeys. G25 treatment was initi-
ated on day 7 after infection when para-
sitemia ranged between 0.2 and 0.5%. Five
monkeys were treated (0.15 mg/kg i.m., twice
daily, 8 days), and five remained untreated
(Fig. 2). Treated animals had a peak para-
sitemia of 0.45 to 1% immediately before
administration of the second dose (12 hours
after treatment). From day 4 onward, para-
sites were not detectable by thick-film anal-
ysis. The five untreated monkeys showed a
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from small ribosomal RNA genes, as described (30). All animals remained parasite free.
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typical blood-stage parasitemia development
for P. cynomolgi M strain in rhesus monkeys
(18, 19). A peak parasitemia ranging from 5
to 10% at 3.5 days after the start of treatment
was observed, and all control monkeys
showed a typical recrudescence (0.2 to 2.5%
parasitemia) at day 10 or 11. In contrast, no
recrudescence was detected in treated mon-
keys until the end of the experiment at day
36. At day 3, blood samples obtained from
all treated monkeys and from one untreated
monkey were washed extensively to re-
move circulating G25 and cultured over-
night to determine whether parasites could
recover and develop further in fresh culture
medium. Parasites from treated monkeys
did not recover, whereas untreated parasites
grew well, indicating that G25 toxic activ-
ity was irreversible.

G25 thus fulfills essential in vitro and in
vivo criteria for the development of a new
class of antimalarials. G25 cured infected
monkeys at doses of 0.03 mg/kg, far below
those used with current antimalarials (CQ,
Q, and mefloquine). The satisfactory TI is
lower in vivo in the monkey model (>30)
than in vitro (~2000). This difference is
due to a specific interaction of G25 with the
cholinergic system. Experiments with ro-
dents indicate that at very high doses, G25
provokes a rapid and transient hypoxia as a
result of interference with respiratory mus-
cles, a decrease in the respiration rate, and
concomitant strong hemoglobin oxygen de-
saturation (9). Indeed, the LDy, could be
increased ninefold if G25 was given while
providing respiration assistance for the rat
).

To study the interaction of the effectors
with infected erythrocytes, we synthesized
the tritium-labeled bisquaternary ammo-

Parasitemia in %

0 = 'Y
1012345678 9101112131428
Days post treatment
Fig. 2. Efficacy of G25 against P. cynomolgi~
infected rhesus monkeys. An adult Macaca mu-
latta (rhesus) monkey was infected with P.
cynomolgi M strain blood-stage parasites. At
1% parasitemia, 10° parasites were used to
infect 10 rhesus monkeys (3 to 6 years of age,
sex-matched into two groups of five). At day 7
after infection (parasitemia 0.2 to 0.5%), treat-
ments were started with G25 in saline (i.m.,
0.15 mg/kg twice daily, 8 days) (A). Control
monkeys (®) received saline injections. Para-
sitemia was determined on finger-prick blood
with Giemsa-stained thin and thick blood films.
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nium salt VB5-T (N,N,N’,N’-tetramethyl-
N,N'-di{2-N[2-(p-*H-benzoyl)benzoyl]-
aminoethyl}-1,12-dodecanediaminium dibro-
mide) (9). VBS-T is a G25 analog, predicted
by our SAR studies and confirmed experi-
mentally to have potent in vitro antimalarial
activity [IC5, of 18.3 = 3.3 nM (SEM, n =
4)]. Using enriched P. falciparum trophozoite
preparations (20), we observed that almost
180-fold more VBS-T was accumulated in
infected than in normal red blood cells
(RBCs) (1253 £ 108 pmol and 7 = 1 pmol
per 101° cells, respectively). We measured
drug accumulation (9) at VB5 concentra-
tions ranging between 0.002 and 25 uM
after 10-min incubations (Fig. 3A). Accu-
mulation was linear with increasing VBS5
concentrations. No saturation was observed
around the IC,, of VBS (Fig. 3A, inset) or
at concentrations up to 1000-fold above the
IC,, of VBS5. In a kinetic analysis with 50
nM and 1 pM VBS, accumulation increased
linearly over the 3.5-hour time course of
the experiment (/0). At the same time, the
cellular accumulation ratio (CAR), i.e., the
concentration ratio of cell-associated VBS
to that in the same volume of culture su-
pernatant, increased linearly to a value of
~300. A steady state was observed only at
25 uM VB5 (plateau at 1600 nmol/10'°
cells after 2 hours) (Fig. 3B). VBS-T accu-
mulation was essentially irreversible; in-
deed, infected RBCs that had been loaded
with VB5, washed, and reincubated in fresh
medium retained 95 and 87% of VBS af-
ter 3 hours at 37° and 4°C, respectively
(Fig. 3C). Accumulation was not due to
a metabolization-dependent concentration
gradient. Indeed, high-performance liquid
chromatography of infected RBCs loaded
for 1 hour at 37°C with 250 nM VBS-T
revealed that more than 80% of the total
radioactive material eluted at the same re-
tention time as coinjected, nonradioactive

A B

&

VBS5-H preparation (9). Finally, VB5-T is
not substantially accumulated in human
CD4* lymphocytes [CAR of 1.4 and 5.3
after 10 and 60 min, respectively (9)], cor-
roborating the absence of toxicity of G25 in
this cell line (9).

Initial fractionation studies with saponin
lysis (21) indicated that more than 70% of
accumulated VBS-T was recovered in the
100,000g pellets, whereas less than 20% was
present in the erythrocyte cytosol fraction;
the parasite cytosol appeared to be virtually
free of VBS-T (10). VB5-T did not copurify
with hemozoin crystals (22), and Ro40-4388,
an inhibitor of hemoglobin proteolysis that
interferes with the accumulation of the im-
portant antimalarial CQ (23), had no effect on
VB5 accumulation or on G235 in vitro anti-
malarial activity [at 5 uM Ro40-4388 (10)],
indicating that the mode of action of quater-
nary ammonium salts is likely to be indepen-
dent of hemoglobin degradation. Furosemide
(24), an inhibitor of the parasite-induced new
permeation pathway (NPP) (25), had no ef-
fect on VBS accumulation [at 100 wM furo-
semide (0)], indicating that VB5 accumula-
tion does not involve the NPP. This is in
contrast to pentamidine, an antiprotozoal
drug of the diamidine compound class (26).
Our current hypothesis is that VB5-T accu-
mulates in association with the extensive
membrane network surrounding the parasite
(27), leading to a concentration of the drug at
the parasite surface, where it might interfere
with choline uptake and consequent PC syn-
thesis by the parasite.

The in vivo properties of anti-PL effectors
against human malaria in nonhuman primates
indicate that these compounds fulfill many cri-
teria for potential clinical development. The
concentration of bisquaternary ammonium
salts through accumulation in infected eryth-
rocytes could explain both their potent activ-
ity and their specificity for parasitized RBCs.
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Fig. 3. Accumulation of VB5-T in infected erythrocytes. (A) Accumulation of VB5-T in infected (M)
and normal RBCs (J) after 10 min at 37°C at a range of external concentrations. (B) Kinetic
analysis of VB5 accumulation at 25 uM in infected (M) and normal (OJ) erythrocytes. (C) Release
of VB5-T from infected erythrocytes that had been preloaded for 10 min with 50 nM VB5-T. Cells
were washed to remove excess VB5 and reincubated in complete medium either at 37°C (@) or 4°C
(O). Quantities of VB5 remaining with the cells were expressed as a percentage of the amount after
the wash (time = 0). In all graphs values are the mean = SD (small SDs are hidden by the symbols)
of one representative experiment performed in triplicate. Experiments were repeated twice.
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REPORTS

Midbrain Control of
Three-Dimensional Head
Orientation

Eliana M. Klier, Hongying Wang, Alina G. Constantin,
J. Douglas Crawford*

Little is known about the neural mechanisms controlling head posture and why
they fail in clinical syndromes like torticollis. It is well established, however, that
the brain controls eye position by integrating eye velocity commands. By
electrically stimulating and reversibly inactivating midbrain sites in the head-
free (nonimmobilized) monkey, we found that the interstitial nucleus of Cajal
functions as a neural integrator for head posture. We suggest that a bilateral
imbalance in this structure, through either direct damage or inappropriate input,
could be one of the mechanisms underlying torticollis.

The head participates in the control of visual
gaze (/, 2) and in several stabilizing/righting
reflexes (3, 4). However, some people have a
clinical disorder called torticollis (literally
meaning “twisted neck”) that causes their
heads to become locked in inappropriate po-
sitions (3, 6). Although these abnormal posi-
tions may have various horizontal and verti-
cal components, the head is usually deviated
torsionally (i.e., rolled about an axis running
between the nose and the back of the head)
(6). Unfortunately, little is known about the
neural mechanisms of either normal or abnor-
mal head posture. For example, it is not
known if head posture is an emergent prop-
erty of distributed reflex systems or if there is
one common path that sets the desired level
of neck muscle activation (6).

One clue might be drawn from the oculo-
motor system, which is closely associated
with head control during gaze shifts (/, 7) but
is much better understood. Eye orientation is
held by a neural integrator that converts ve-
locity-like movement commands into tonic
position signals for the eye muscles (8). The
pons and medulla have circuitry for horizon-
tal eye velocity integration (9), whereas the
midbrain interstitial nucleus of Cajal (INC)
participates in integrating vertical and tor-
sional eye movement signals, with clockwise
(CW) and counterclockwise (CCW) torsion
controlled on opposite sides of the midline
(10, 11). Anatomical and physiological evi-
dence also implicate the INC in the control of
head motion because some of its output neu-
rons participate in the interstitio-spinal tract,
which controls neck muscles (/2). Thus, the
INC might also have a neural integrator for
head control (73, 14).
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We recorded three-dimensional (3D)
orientations of the eye and head in four
alert and behaving monkeys (Macaca fas-
cicularis) (15, 16). The 3D motor behavior
and brainstem physiology of these monkeys
are nearly identical to that of humans (/7,
18). Electrical stimulations were delivered to
the INC and surrounding regions during pe-
riods of motionless gaze fixation (/9). In all,
93 putative INC sites were stimulated in
monkey 1 (M1), 19 sites in M2, 9 sites in M3,
and 8 sites in M4 in light, dim light, and
complete darkness.

Figure 1 shows simulated head caricatures
accurately depicting final 3D head orientations
measured after stimulations in either the left or
right INC. These stimulations produced mainly
torsional deviations in head position, with final
head postures resembling those seen in torticol-
lis. The same stimulations produced small or
variable vertical movements ( perhaps because
up and down vertical signals are intermingled in
the INC so that they cancel during stimulation)
and even smaller systematic horizontal move-
ments (Fig. 1, B and C). Stimulation of the right
side (from midline) always produced CW rota-
tions of the head (77 sites), whereas leftward
stimulations always produced CCW head rota-
tions (52 sites), from the subject’s viewpoint
(20).

These observations suggest that the INC
is involved in the active control of head
orientation. To understand the nature of its
control signals, we looked at the time
course of the evoked torsional movements
(Fig. 1, B and C). These trajectories initial-
ly showed a delayed and sluggish response
after stimulation onset, as expected with a
high-inertia system like the head. But once
in motion, the head moved with a constant
velocity “ramp” until stimulation offset.
Then, after a brief delay, the head stopped
moving and held all or most of its induced
torsional position (27). This is the sort of
time course expected if one charges up an
integrator with a constant input and then
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