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Mefloquine is one of the drugs approved by the FDA for malaria chemoprophylaxis. Mefloquine is also
approved for the treatment of malaria and is widely used for this purpose in combination with artesunate.
However, the clinical utility of the compound has been compromised by reports of adverse neurological effects
in some patients. In the present study, the potential neurological effects of mefloquine were investigated with
six 7-week-old female rats given a single oral dose of the compound. Potential mefloquine-induced neurological
effects were monitored using a standard functional observational battery, automated open field tests, auto-
mated spontaneous activity monitoring, a beam traverse task, and histopathology. Plasma mefloquine con-
centrations were determined 72 h after dosing by using liquid chromatography-mass spectrometry. Mefloquine
induced dose-related changes in endpoints associated with spontaneous activity and impairment of motor
function and caused degeneration of specific brain stem nuclei (nucleus gracilis). Increased spontaneous motor
activity was observed only during the rats’ normal sleeping phase, suggesting a correlate to mefloquine-induced
sleep disorders. The threshold dose for many of these effects was 187 mg/kg of body weight. This dose yielded
plasma mefloquine concentrations after 72 h that are similar to those observed in humans after the treatment
dose. Collectively, these data suggest that there may be a biological basis for some of the clinical neurological

effects associated with mefloquine.

Malaria, caused by parasitic protozoa of the genus Plasmo-
dium, is endemic in tropical regions inhabited by approxi-
mately 50% of the global population (46). There are estimated
to be 350 to 500 million clinical cases and at least a million
deaths annually (46). Malaria is also a problem for travelers. In
the United States alone, there were 1,337 cases of imported
malaria and eight deaths in 2002 (37). In the United States,
there are five approved drugs available for malaria chemopro-
phylaxis. These are mefloquine, doxycycline, atovaquone-
proguanil (Malarone), chloroquine, and hydroxychloroquine
sulfate (4). Of these, only mefloquine, chloroquine, and hy-
droxychloroquine sulfate have sufficiently long half-lives to
permit weekly dosing (4). Weekly dosing enhances compliance
with prophylactic dosing regimens. However, resistance of ma-
laria parasites to chloroquine and hydroxychloroquine sulfate
has become extremely widespread (46). Consequently, meflo-
quine, doxycycline, and atovaquone-proguanil are most com-
monly used for malaria prophylaxis, although atovaquone-
proguanil is most often prescribed for shorter excursions.
When given for malaria prophylaxis, mefloquine is given as a
250-mg tablet once weekly (4).

Mefloquine is also U.S. Food and Drug Administration
(FDA) approved for the treatment of malaria (34). The prod-
uct label recommends the administration of 1,250 mg meflo-
quine hydrochloride (1,140 mg mefloquine base) as a single
dose (34). This represents a dose of 12.5 to 25 mg/kg for most
adults depending on body weight (50 to 100 kg). However, it is
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currently more common for the drug to be administered as a
split dose (750 and 500 mg 6 hours apart), as recommended by
the Centers for Disease Control (CDC) (3). This recommen-
dation is based on the observation that vomiting is seen less
frequently with split dosing (32). Outside the United States,
mefloquine is most commonly administered in combination
with artesunate for treatment of malaria (45). Unfortunately,
mefloquine has also been associated with neurological se-
quelae, including anxiety, panic attacks, suicidal ideation,
nightmares, sleep disturbances, dizziness, tremor, headache,
mood changes, and fatigue (1, 31). These effects generally
occur more frequently at the treatment dose, even in the ab-
sence of malaria, than at the prophylaxis dose (31, 33).
These observations suggest that the neurological effects of
mefloquine are dose dependent and should have a biological
basis. However, for a number of reasons this has never been
unequivocally demonstrated. First, there has been only one
report, in the patent literature, of mefloquine-attributable neu-
rological effects in an animal model (38). Second, the reported
incidence of adverse neurological events after mefloquine ad-
ministration is variable (5). This is probably due to a combi-
nation of factors, including (i) lack of formal diagnostic criteria
(case definition), (ii) varying definitions of neurological effects,
(iii) varying definitions of mild versus severe effects, and (iv)
differences in protocols used for data collection (11, 35). Fi-
nally, in vitro studies have shown that mefloquine interacts
with a bewildering array of protein targets and cellular signal-
ing pathways (6, 8, 16, 17, 21, 22, 24, 30, 44), any of which may
or may not be clinically important. As a first step in the direc-
tion of rendering these challenges more tractable, a proof-of-
concept in vivo neurological evaluation of the effects of meflo-
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quine would be invaluable. This is the subject of the present
study.

We report here the results of an evaluation of the neurolog-
ical effects of mefloquine in rats. Our objective was to maxi-
mize the possibility of detecting any in vivo neurological effects
attributable to mefloquine. This was achieved by careful selec-
tion of the test system, subject gender, and observation time.
At the time this study was conceived, no formal FDA guide-
lines for neurotoxicity testing existed. In contrast, first-tier neu-
rological screens, such as those recommended by the U.S.
Environmental Protection Agency (EPA), are often employed
to detect a broad range of possible neurological effects that
may be induced by uncharacterized test compounds (43). In
the EPA screen, rats are treated with a range of doses of the
test compound and potential neurological effects are assessed
using a functional observational battery (FOB), automated
activity monitoring, and histopathology (43). A modified ver-
sion of this screen was used here. Female rats were selected
since the neurological effects of mefloquine in humans are
more often observed in women (18, 19, 36). This may be due to
higher plasma concentrations or areas under the curve (19),
but a gender bias cannot be ruled out. We chose a 72-h ob-
servation window because neurological effects in humans are
most often observed during this time frame (18, 36). Finally, in
an attempt to put any neurological findings observed into a
clinical context, plasma mefloquine concentrations were deter-
mined in order to guide dose selection.

MATERIALS AND METHODS

Animals. Six female 7-week-old Sprague-Dawley rats (Charles River, Wil-
mington, MA) were used. The rats were acclimatized in animal holding rooms
for 7 days before testing began. Food and water were provided ad libitum.
Animal holding rooms were on a 12-h light/dark cycle with lights out at 9 p.m.
Research was conducted in compliance with the Animal Welfare Act and other
federal statutes and regulations relating to animals and experiments involving
animals and adhered to principles stated in the NRC Guide for the Care and Use
of Laboratory Animals (26).

Chemicals. Racemic GMP mefloquine hydrochloride was obtained from the
Walter Reed Army Institute of Research chemical inventory. All calculations
relating to dose and concentrations were made and are expressed in terms of salt
weight, since the salt used was identical to the clinical formulation. Corn oil was
purchased from Spectrum Organic Products (Petaluma, CA). All perfusion and
staining reagents were purchased from FD Neurotechnologies (Baltimore, MD).
Ketamine and xylazine were purchased from NSL Animal Health (Baltimore,
MD). All other reagents, including liquid chromatography-mass spectrometry
supplies and heparin, were purchased from Sigma (St. Louis, MO).

Experimental design. This study was conducted in two parts. Phase 1 was a
dose-ranging study. In the dose-ranging study, the effects of mefloquine were also
assessed on several neurological endpoints (beam traverse and histopathology).
In phase 2, larger numbers of animals were treated with a range of doses selected
on the basis of the phase 1 study. The potential neurological effects were eval-
uated using the functional observational battery and automated activity moni-
toring.

Phase 1. Groups of four rats were given the drug vehicle (corn oil) alone or
mixed with a single dose of orally administered mefloquine at the doses indicated
in Table 1. The animals were closely monitored in the posttreatment phase and
weighed daily, and any clinical signs indicative of acute toxicity were noted.
Euthanasia was considered if clinical signs of toxicity were severe or persistent.
For the purposes of determining a 50% lethal dose (LDs,), euthanasia was
considered equivalent to death. After 72 h postdosing, the animals were anes-
thetized (ketamine-xylazine 70/6 mg/kg intramuscularly) and whole blood was
collected into heparinized syringes via cardiac puncture. Plasma was then sepa-
rated and mefloquine concentrations were determined as outlined below. During
the posttreatment phase, some of the rats were used in a pilot mode to test the
effect of mefloquine in a beam traverse test. An additional group of two animals
was treated with 765 mg/kg mefloquine to confirm toxicity. Additional animals
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TABLE 1. Experimental design

Design for:

Factor

Phase 1 Phase 2

Purpose Acute toxicity/PK
determination

Dose identification

Selected neurological

endpoints

FOB evaluation (multiple-
dose-level study)

Dosing groups 13.6, 24, 43, 77, 136,
242, 343, 430, 574,

and 765 mg/kg“

Prophylaxis dose (45 mg/kg)

Treatment dose (187 mg/kg)

Intermediate dose (327 mg/kg)

MTD? (574 mg/kg) (n = 8 per
treatment group)

Vehicle Corn oil (3.0 ml/kg,
n = 0)

Corn oil (2.25 ml/kg, n = 8)

“Minimum of four rats per group for the toxicity/pharmacokinetics (PK)
study, with an additional three rats for the 187-mg/kg group and an additional
two rats for the 765-mg/kg group for the histology and confirmatory toxicity exper-
iments.

» MTD, maximum tolerated dose.

were dosed with the drug vehicle alone or mefloquine at 187 mg/kg or 765 mg/kg
and sacrificed for histopathology as outlined in Table 1.

Determination of phase 2 doses. Doses of 45, 187, 327, and 574 mg/kg were
selected for the phase 2 study. The maximum tolerated dose is represented by
574 mg/kg, and this was calculated as described below. An intermediate dose was
327 mg/kg. Mefloquine doses of 45 and 187 mg/kg were found to generate plasma
mefloquine concentrations of the same order of magnitude as those observed
after prophylaxis and treatment in humans, respectively. The target mefloquine
plasma concentrations were 800 and 2,100 ng/ml. A mefloquine concentration of
800 ng/ml represents the approximate mean steady-state trough plasma level 7
days after weekly doses of mefloquine (18). A mefloquine concentration of 2,100
ng/ml represents the population mean whole-blood level 7 days after adminis-
tration of a split dose of 25 mg/kg (15 mg/kg followed by 10 mg/kg 24 h later [39]).
Whole-blood mefloquine concentrations are generally higher than plasma con-
centrations, and the dose used is at the higher end of the normal range of
mefloquine treatment doses. However, it is important to note that the range of
mefloquine concentrations reported in the latter study was very wide (800 to
8,800 ng/ml [39]). In both of the clinical studies, mefloquine levels were deter-
mined by high-performance liquid chromatography (18, 39).

Phase 2 experiments. In this phase, four different dose levels were selected as
outlined in Table 1. Experiments were performed with four batches of 10 rats
each, with rats randomly allocated to each dosing group (2 rats per dose) in each
batch. One day prior to dosing, the animals were subjected to a predose battery
of observational and neurological tests as described in the next section. This
series of tests was repeated 24 and 48 h after dosing. Rats were sacrificed at 72 h
after dosing.

Determination of plasma mefloquine concentrations. Rat plasma samples
were prepared using a plasma crash method in which 50 pl of thawed plasma was
added to 150 pl of ice-cold acetonitrile. Samples were vortexed and then cen-
trifuged to precipitate proteins. Triplicate aliquots of the supernatant were then
analyzed using liquid chromatography-tandem mass spectrometry. Mefloquine
levels were quantified using internal calibration employing plots of the analyte
area/internal standard area ratio versus internal standard amount in ng/ml. A test
calibration curve prepared in rat plasma was extracted and run using this method
the morning of the analysis of submitted samples. Chromatograms were analyzed
using the mass spectrometry software Xcalibur Quanbrowser, and peaks were
integrated. Peak areas of mefloquine and the internal standard were determined,
and their ratios were calculated as analyte area/internal standard area. The
amount in ng/ml of mefloquine was determined using the equations derived from
the calibration curves. Mefloquine concentrations were determined and are
expressed in terms of ng salt/ml.

Histology. Animals were deeply anesthetized with ketamine-xylazine (100/8
mg/kg) and perfused via the ascending aorta with 100 ml of saline followed by
500 ml of 0.1 M phosphate buffer (pH 7.4) containing 4% paraformaldehyde.
The brains were removed and postfixed in the same fixative for 6 h at 4°C.
Following immersion in 0.1 M phosphate-buffered saline (pH 7.4) containing
20% sucrose for 48 h (4°C), the brains were rapidly frozen and stored at —75°C.
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Rat brains were cut with a cryostat. Serial sections (50 or 30 wm in width) were
cut coronally through the whole brain, including the cerebellum and the brain
stem, from approximately bregma 3.70 mm to bregma —14.60 mm, as described
by Paxinos and Watson (29). For brain regions between bregma 3.70 mm and 8.3
mm, sets of 15 serial sections spanning 510 wm were collected. The first three
sections in each set were 50 wm thick, and the final 12 sections were 30 pm in
width. For brain regions between —8.3 mm and —14.60 mm, sets of nine serial
sections spanning 310 pm were collected. The first two sections in each set were
50 pm in width, and the final seven sections were 30 wm in width.

The second slices in each serial set were collected in 0.1 M phosphate buffer
containing 4% paraformaldehyde and were processed for the detection of neu-
ronal damage with the silver staining process using FD Neurosilver kits according
to the manufacturer’s instructions (FD Neurotechnologies, Inc., Baltimore,
MD). The principle of the staining is based on the findings that certain compo-
nents of neurons undergoing degeneration, such as lysosomes, axons, and ter-
minals, become particularly argyrophilic. Under certain conditions, these cellular
elements bind silver ions with high affinity. Upon reduction, the silver ions form
metallic grains that are visible under light microscopes (12, 13, 27).

Silver-stained sections from control and high-dose (765 mg/kg) rats were
examined blindly, and any neuronal degeneration in the cortex, cerebellum, and
brain stem was identified. Sections containing any such identified affected regions
then underwent detailed examination for all rats, and any neurodegeneration of
specific nuclei or regions was rated. This was done via blinded scoring using a
relative, semiquantitative scale: no damage (—), borderline damage (+/—), mild
damage (+), moderate damage (++), marked damage (+++), or severe dam-
age (++++). Similar semiquantitative scoring approaches are commonly used
for a variety of histopathological evaluations (e.g., see references 9 and 28) and
have also been used to evaluate the neurotoxic effects of other antimalarials (14).

FOB and neurobehavioral screening battery. Rats were subjected to a series of
individual FOB testing procedures as listed in Table 2 and described by Mc-
Daniel and Moser (25). A number of procedures, including grip strength, land-
ing-foot splay, pupil response, and body temperature, were excluded, as resource
constraints did not allow data collection. Some testing procedures were opti-
mized for our purposes as follows.

The open field used was a 16- by 16- by 12-in arena (San Diego Instruments,
San Diego, California), and session times were 5 min per animal. These sessions
were digitally recorded to allow each animal’s path length, rest time, and speed
(with and without rests) to be determined using a video tracking system (San
Diego Instruments, San Diego, California). In contrast, in the EPA screen,
animals are monitored in real time by a single observer. Objective measurements
of speed, etc., are not possible using that approach. Nor is it possible to review
video footage to more closely examine interesting behavioral changes.

Motor activity as measured by total photo beam breaks was assessed during a
2-h period before and after lights out (7 p.m. to 11 p.m.) by using photo beam
racks mounted to the animals’ home cages (Hamilton Kinder, Poway, Califor-
nia). This was necessary since we were specifically testing the hypothesis that
spontaneous motor activity would increase during the day (sleep phase) but not
at night.

The sequence of testing events was conducted as follows: (i) 5 min of home
cage observation, (ii) handling/capture response, (iii) open field tests, (iv) stim-
ulus/reactivity monitoring, and (v) spontaneous activity measurements. The FOB
was conducted just prior to and 24 h and 48 h after dosing.

Beam training and testing. In phase 1, selected rats given the drug vehicle or
arange of mefloquine doses (14 to 765 mg/kg) were subjected to a beam traverse
test. Procedures were performed as described by Lyeth et al. (23) with the
following modifications. An elevated 220-cm-long by 2.5-cm-wide beam was
utilized. In the week prior to dosing, rats were trained to traverse this beam with
the aid of an air gun (rather than white noise) as a nonharmful noxious stimulus
to run. On the last of the predose sessions, the time (in seconds) to traverse a
1.5-m section of the beam was recorded for two runs. Beam traverse time was
again measured for a single run 24 h and 48 h after dosing. Prior to beam testing
rats, a balance test was conducted to ensure that the animals were able to remain
balanced on the beam between barriers 30 cm apart for 60 s. No rats tested were
unable to perform this task.

Data analysis. For the phase 2 study, the two lowest doses of mefloquine (45
and 187 mg/kg) were selected such that plasma mefloquine concentrations in rats
72 h after dosing were in the same range as those observed in humans after
clinical dosing. The mefloquine doses in rats yielding concentrations of 800 and
2,100 ng/ml 72 h after dosing were estimated by linear regression analysis of
mefloquine plasma concentrations versus dose and were found to be 45 mg/kg
and 187 mg/kg, respectively.

In the present study, the maximum tolerated dose was defined as the dose
resulting in death in approximately 1% of animals (i.e., an LD, ). Calculation of
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TABLE 2. Measures of the functional observational
and neurobehavioral test battery

FOB measure?

Autonomic
Lacrimation (h)
Salivation (h)
Urination (o.f.)
Defecation (o.f.)
Vocalizations (h.c., 0.f.)

Activity
Rearing (o.f.)
Motor activity counts (s.m.a.)
Home cage posture (h.c.)
Speed (o.f.)
Path length (o.f.)
Resting time (o0.f.)

Excitability
Ease of removal (h)
Handling reactivity (h)
Arousal (o.f.)
Clonic movements (h.c., o.f.)
Tonic movements (h.c., o.f.)
Palpebral closure (h.c., h)

Motor function
Gait score (0.f.)
Righting reflex (s.r.)
Beam balance and traverse (b.t.)

Sensorimotor
Tail pinch response (s.r.)
Click response (s.r.)
Touch response (s.r.)
Approach response (s.1.)

Physiological and other measures
Body wt (h)
Piloerection (h)
Bizarre behavior (h.c., o.f.)
Stereotypy (h.c., o.f.)

“ Measures are organized according to domains of neurological function and
location within testing schedule. Measures shown in boldface were changed by
mefloquine treatment. Abbreviations in parentheses refer to the point in the
observational battery at which endpoints were measured. h.c., home cage obser-
vations; h, handling observations; o.f., open field tests; s.r., stimulus reactivity
measurements; b.t., beam testing; s.m.a., spontaneous motor activity measure-
ments.

an LDy, normally requires formal estimates of the LDs, and variance. Due to
humane considerations, data obtained in this study were not sufficient for formal
estimates of the LDs, since death was not used as the primary endpoint. An
approximate LDs, for female rats was estimated based on clinical observation of
the animals and likely clinical outcome in the event of acute toxicity. Variance
was estimated using data from a historic acute-toxicity study (20) in which the
LDs, of mefloquine in male rats was determined. The LD, was then estimated
using Probit analysis (10).

Changes in FOB endpoints were scored as normal/no change to abnormal/
maximum change by using descriptive, quantal, ranked, or continuous scaling
systems as described by McDaniel and Moser (25). The exceptions to this were
palpebral closure and beam traverse time. All states of palpebral closure were
noted for each time point for each rat. For the purposes of analysis, the highest
score for each rat was used. For the beam traverse experiments, net beam time
was calculated by subtracting the average beam traverse time of two predose runs
from the time recorded for a single run at 24 and 48 h. Spontaneous activity data
were normalized to predose values prior to further analysis.

For each endpoint, descriptive statistics were generated for each treatment
group at each dose. The data were examined to identify possible trends across
treatment group or dose. Possible changes were evident for palpebral closure and
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FIG. 1. Mefloquine plasma concentrations in juvenile female rats
at 72 h at various dose rates. Mefloquine plasma concentrations were
highly correlated with dose (+* = 0.938, P < 0.001, standard linear
regression). Doses at which plasma concentrations were estimated to
be 800 ng/ml (prophylaxis) and 2,100 ng/ml (treatment) were 45 and
187 mg/kg, respectively.

spontaneous motor activity. Where appropriate, data for these potentially af-
fected endpoints were analyzed using two-way analysis of variance (dose versus
time). Bonferroni posttests followed to assess individual group differences.
Where relevant, differences between two individual groups were tested using a ¢
test with Welch’s correction for unequal variance. Differences across treatment
groups at a single time point were assessed using one-way analysis of variance
with posttesting conducted using Dunnett’s multiple-comparison test. This gen-
eral approach to analysis differs slightly from that used by the EPA in that data
for each neurological domain are often pooled for the purposes of analysis.

The beam traverse data were collected from a pilot experiment in phase 1.
Consequently, the sample size in each treatment group in this study was insuf-
ficient to warrant meaningful statistical analysis of any changes in beam traverse
time in any single dose group. Consequently, a post hoc analysis, in which beam
traverse data were pooled into three treatment groups and analyzed statistically
as described above, was performed.

RESULTS

Mefloquine plasma concentrations, toxicity, and dose selec-
tion. Rat plasma mefloquine concentrations were highly cor-
related with dose (Fig. 1) (* = 0.938, P < 0.001, standard
linear regression). The mefloquine dose that generated rat
plasma concentrations at 72 h that were comparable to those
found in humans after prophylactic dosing was 45 mg/kg. The
corresponding dose for treatment was 187 mg/kg. The maxi-
mum tolerated dose (i.e., the LD,,;) was estimated on the basis
of the incidence of frank clinical signs of toxicity observed at
the various mefloquine doses. These included severe lethargy,
weight loss, piloerection, and secretion of porphyrin pigments.
At doses less than 765 mg/kg, no acute toxic signs were ob-
served. Acute signs of toxicity were observed with all rats given
765 mg/kg mefloquine. As outlined in Table 3, there was a
significant decline in body weight and death would have been
the likely outcome in at least three of six rats at the 765-mg/kg
dose. Therefore, the LD, was estimated to be 765 mg/kg and
the LD,,; was determined to be between 514 and 601 mg/kg by
use of a standard Probit analysis (95% confidence intervals). A
dose of 574 mg/kg was selected as the maximum tolerated
dose. A dose intermediate between the approximate treatment
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and maximum tolerated doses was also selected for the phase
2 experiments (327 mg/kg).

Effects of mefloquine on beam traverse time. Mefloquine
induced a dose-dependent increase in beam traverse time
(Fig. 2). This effect was statistically significant if the data are
pooled into vehicle alone, low-dose (13.6- to 136-mg/kg), and
high-dose (>136-mg/kg) groups (Fig. 2). Further evidence of a
dose-related effect is the observation that there was a signifi-
cant correlation between net beam traverse time and plasma
mefloquine concentration at both 24 h (* = 0.48, P = 0.006)
and 48 h (¥ = 0.67, P = 0.0003) (Fig. 3).

Histological changes induced by mefloquine. Silver-stained
brain sections from rats dosed with the vehicle alone, 187
mg/kg mefloquine, or 765 mg/kg mefloquine were examined to
determine whether gross pathological changes were evident.
Degenerating fibers were observed in the nucleus gracilis (n.
gracilis) and to a lesser extent in the nucleus cuneatus and
solitary tract in the high-dose rats. This effect was less pro-
nounced in the 187-mg/kg-dose group and was not present in
controls (Fig. 4 and Table 4). Other nuclei of the cortex,
cerebellum, and brain stem appeared unaffected by use of this
staining procedure.

General description of findings in FOB and open field. In
phase 2, functional observational battery, open field, and ac-
tivity data were examined to assess whether any changes at-
tributable to mefloquine occurred (Table 2). The treatment
groups were the drug vehicle and 45, 187, 327, and 574 mg/kg
mefloquine. Mefloquine induced dose- and time-dependent
changes in motor activity and palpebral closure (home cage),
and these observations are discussed in the next section. Meflo-
quine at a dose of 574 mg/kg induced a significant decline in
body weight after 72 h (4.7%, P = 0.0008), whereas no statis-
tically significant change occurred with the other treatment
groups. Mefloquine did not alter baseline values for the other
parameters evaluated (Table 2). The only other notable
change was a tendency towards time-dependent decreased ex-
ploratory behavior in open field tests (data not shown).

Mefloquine induced changes in motor activity endpoints.
Mefloquine induced a dose- and time-related increase in mo-
tor activity during the rats’ sleeping phase (i.e., in the light) and
a decrease in palpebral closure in the home cage observations
(Fig. 5 and 6). Similar changes in motor activity were not
observed during the rats’ awake phase (i.e., in the dark) (Fig.
5). Together these data suggest that mefloquine disrupts nor-
mal sleep patterns in rats. The threshold dose of this effect
appears to be the treatment dose (187 mg/kg), with the peak

TABLE 3. Clinical signs and weight change in six rats
administered 765 mg/kg mefloquine

Time Wt change for rat no. Decl_ine in
(h) relative wt
1 2 3 4 5 6 (% predose + SE)
0 None None None None None None 100 = 2.0
24 None None None None None None 99 = 2.7
48  Mild Mild None None Mild Severe” 96 = 2.2
72 Severe” Mild Severe” Mild Mild 91 +2.9°

“ Death was the likely outcome for rats with severe clinical symptoms or weight
loss. These rats were euthanized.
® Significantly different from predose values.
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FIG. 2. Effects of mefloquine on beam traverse time at various doses, as expressed in terms of net change from predose traverse times.
Mefloquine induced a general increase in net beam traverse time at 24 and 48 h with increasing dose. This effect was statistically significant (P <
0.01) at the high dose if the data are pooled into three treatment groups (vehicle [V], 13.6 to 136 mg/kg, and >136 mg/kg). Note that the negative

change in the vehicle group represents an expected learning effect.

effect being observed at 24 h. In some rats, an unusual pattern
of behavior, characterized by excessive grooming, hyperactiv-
ity, unusual jumps, and rapid, abrupt, and frequent changes in
body position, was observed. We have termed this “anxious-
ness/hyperactivity”, and its incidence appeared to be time and
dose related (Table 5). The effect peaked at 24 h, and the
threshold dose was 187 mg/kg. Similar behavior was observed
with a single vehicle-dosed rat at all observation times. Con-
sequently, it is possible that mefloquine exacerbates a pattern
of behavior that is manifest in a small proportion of the general
population (e.g., anxiety).

Net Traverse Time (s)

DISCUSSION

Mefloquine was found to exhibit dose- and concentration-
related changes in several important neurological domains,
including sleep phase activity (increased photo beam breaks
during the sleep phase), excitability (hyperactivity/anxious-
ness), and motor function (delayed beam traverse). Dose-
related brain stem lesions, mainly in the n. gracilis, were also
observed. The threshold dose level for these effects was 187
mg/kg. To the best of our knowledge, similar findings have
not been reported before, and there has been only one other

24 h,r? =0.48, P=0.006
48 h, r? = 0.67, P=0.0003

f T T T ¥ ¥ T T
0 1000 2000 3000 4000 5000 6000 7000

Mefloquine [ng/ml]

FIG. 3. Mefloquine induces a delay in beam traverse time that is correlated with plasma concentration. Net beam traverse time was correlated
with mefloquine plasma concentrations at 24 h (* = 0.48, P = 0.006) and 48 h (©* = 0.67, P = 0.0003), suggesting a dose-related effect.
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FIG. 4. Mefloquine induces neuronal damage in specific brain stem
nuclei. Neuronal degeneration, as revealed by the presence of black-
stained metallic granules, occurred in the nucleus gracilis (ng) after
high-dose mefloquine treatment (765 mg/kg) (A). This effect was less
pronounced with the 187-mg/kg dose (B) and was not observed with
controls (C). The nucleus cuneatus (nc) and solitary (sol.) tract were
affected to a lesser degree. Sections are stained with silver. Magnifi-
cation, X4.

report of mefloquine-induced neurological effects in animal
models in the scientific literature (38). In that study, Shep-
herd et al. reported clonic convulsions and aggression after
sequential daily dosing of mefloquine at 300 mg/kg in mice.
While these observations are also noteworthy, the relevance
of the dosing regime used to clinical practice is unclear, and
plasma mefloquine concentrations were not determined. In
contrast, our data indicate that changes in neurological end-

ANTIMICROB. AGENTS CHEMOTHER.

points of clinical relevance occur in rats after administration
of mefloquine at doses that yield plasma mefloquine con-
centrations of the same order of magnitude as the clinical
range.

The most frequently observed neurological effects in hu-
mans after a single oral dose of mefloquine are nausea, dizzi-
ness/vertigo, and sleep disorders (33, 34). The first of these
would be difficult to detect in a rat model but the observed
weight loss may be a reflection of anorexia, a common effect of
nausea in humans. The last two may also have a correlate in
our rat model. Sleep disorders induced by mefloquine occur
more frequently in humans at the treatment dose than at the
prophylaxis dose and decrease in severity with time (33). With
rats, we also observed a dose- and time-dependent relative
increase in activity during the normal sleeping phase that
peaked at 24 h and declined thereafter. The threshold dose was
between 45 and 187 mg/kg, respectively. These observations
are underscored by the effect of mefloquine on the degree of
palpebral closure and hyperactivity observed during home cage
monitoring. However, it is interesting that these changes were
not reflected in other measures of general activity during the
awake phase (for example, in the open field endpoints). Fur-
ther studies are clearly required to investigate this phenome-
non in more depth.

The effect of mefloquine on the sleep phase of rats is prob-
ably unrelated to the observed brain stem lesions and may
represent a pharmacological as opposed to a permanent toxi-
cological effect of mefloquine. In in vitro studies, mefloquine
has been shown to interact with a number of potential neuro-
logical targets, including neuronal calcium homeostasis, the
endoplasmic reticulum calcium pump, acetylcholinesterase,
blood-brain barrier P glycoproteins, glutaminergic synaptic ac-
tivity, connexins, A,a receptors, and potassium and anion
channels (6, 8, 16, 17, 21, 22, 24, 30, 44). The A,a receptor is
a strong candidate for potential involvement, given its sus-
pected role in sleep modulation and its potent inhibition by
mefloquine (41, 42, 44).

Mefloquine induced delays in beam traverse time that ap-
peared to be correlated with dose and plasma concentration.
Impaired motor performance of this nature can occur as a
result of anatomical changes, including damage to the vestib-
ular apparatus and/or loss of vestibular or proprioceptive func-
tion due to degeneration of the relevant brain stem nuclei (7).
For example, ataxia has been associated with the pathological
effect of oil-soluble artemisinin antimalarials on vestibular
brain stem nuclei (14, 15). The brain stem structure that we

TABLE 4. Histopathological changes observed with
mefloquine-treated rats

Degree of neurodegeneration” for treatment group receiving:

Nucleus Mefloquine dose (mg/kg)
Ve v v
187 187 187 765 765 765
Gracilis - - = 4+ ++ H/= A+ A At
Cuneatus - - - - +- - ++ + ++
Solitary tract — - — + ++ + ++ ++ ++

“ Neurodegeneration was scored using a relative, semiquantitative scale: no
damage (—), borderline damage (+/—), mild damage (+), moderate damage
(++), marked damage (+++), or severe damage (++++).

>V, vehicle control.
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FIG. 5. Mefloquine disrupts sleeping patterns of rats in a dose- and time-dependent manner. The effects of dose and time on spontaneous
motor activity were evaluated for a 2-h period prior to (light) and after (dark) lights out at night at 9 p.m. Since rats are nocturnal, the “light” testing
period corresponds to the animals’ sleep phase, while the animals are normally active during the “dark” phase. Mefloquine induced a significant
dose-dependent (P = 0.0006) and time-dependent (P < 0.0001) effect on spontaneous activity of rats, and there was a significant interaction
between dose and time (P = 0.0055). This effect was not observed during the rats’ active phase (P of >0.66 for all factors). Spontaneous activity
in the rats’ sleep (light) phase peaked at 24 h, and the threshold dose was 187 mg/kg (specific treatment groups which were different from predose
values are indicated by an asterisk [P < 0.05]). Mean activity counts in the dark (mean =+ standard error of the mean [SEM] of 1,340 = 74) were
significantly higher than those in the light (mean = SEM of 554 = 58 [P < 0.0001]), but no differences between groups in predose activity counts
were observed in either the light or the dark (P of >0.39 in both cases).
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Degree of Palpebral Closure
R

Predose 24 h

Time
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— Control
145 mg/kg
3 187 mg/kg
I 327 mg/kg
I 574 mg/kg

FIG. 6. Effects of mefloquine on palpebral closure in the home cage during the light phase. Palpebral closure was monitored on a scale from
1 (eyes open) to 4 (eyes closed). Mefloquine induced a dose-dependent (P = 0.0023) and time-dependent (P < 0.0001) decrease in palpebral
closure, although there was no significant interaction between dose and time (P = 0.11). There were no significant differences across groups for
the predose palpebral closure data (P = 0.27). Significant differences were observed at 24 h for the 187- and 327-mg/kg treatment groups (P <

0.01 [indicated by an asterisk]).

observed to be primarily targeted by mefloquine was the n.
gracilis. The n. gracilis is a component of the dorsal column
system which transfers proprioceptive signals (40). Thus, it is
reasonable to suspect that functional deficits in terms of beam
traverse may be related to a loss of proprioceptive input. A
possible test of this hypothesis would be to compare beam
traverse times under normal conditions to those where com-
pensatory visual cues were eliminated by occluding vision.
Such an experiment should result in longer beam traverse
times if damage to the proprioceptive systems is present. Sim-
ple clinical neurological exams of humans might also reveal
whether loss of proprioceptive function underpins the vertigo/
dizziness seen with some mefloquine-treated patients. It is also
important to point out that the mefloquine-induced brain stem
injury revealed by silver staining is permanent in nature. What
is not clear, however, is whether and at what doses a perma-
nent functional deficit is the result. We hope to address this
question in future studies.

This study has demonstrated that mefloquine exhibits dose-
and concentration-related endpoints that may be clinically rel-
evant. However, the question of whether the threshold doses
for these effects also have clinical relevance is more conten-

TABLE 5. Effects of mefloquine on hyperactivity/anxiousness
at various time points

Incidence (%) of hyperactivity/anxiousness
in treatment group® receiving:

Time Mefloquine dose (mg/kg)
Vehicle
45 187 327 574
Predose 12.5 0 0 0 0
24 h 12.5 0 25 50 50
48 h 12.5 0 0 27.5 37.5

¢ Each treatment group consisted of eight rats.

tious. The threshold dose for many of the neurological effects
in this study was 187 mg/kg. This dose may be clinically rele-
vant since it yielded plasma mefloquine concentrations that are
within the same order of magnitude as those observed in hu-
mans during treatment of malaria. This dose is 7.2-fold higher
in mg/kg terms than that used for malaria treatment of humans
(25 mg/kg maximum total dose). This is not surprising given
that equivalent doses normally scale on the basis of mg/m?
rather than mg/kg, and the FDA recommends that an allomet-
ric scaling factor of 6.2 be applied when extrapolating doses
from humans to rats. Nevertheless, it may have been preferable
to select a corollary to the human treatment dose on the basis
of more-comprehensive information obtained from pharmaco-
kinetic studies with rats (area under the curve and maximum
plasma concentrations). Actual mefloquine plasma concentra-
tions prior to 72 h in our model are not known. The equiva-
lence of the dose and the neurological findings observed
should be interpreted with this context in mind.

Mefloquine remains a valuable drug for those patients who
do not experience adverse effects. However, the continued use
of mefloquine will remain controversial given its association
with neurological effects in some individuals. Here we have
demonstrated that mefloquine induces dose- and concentra-
tion-related neurological effects in rats that may have clinical
relevance and could result in permanent damage to the central
nervous system. Therefore, it is likely that at least some of the
clinical neurological effects of mefloquine have a solid biolog-
ical basis. Further characterization of our animal model and a
systematic investigation of the neurological effects of meflo-
quine are clearly required.
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