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Abstract

Laboratory and field studies have shown that ivermectin, a drug that targets invertebrate ligand-
gated ion channels (LGICs), is potently active against Anopheles spp. mosquitoes at
concentrations present in human blood after standard drug administrations; thus ivermectin holds
promise as a mass human-administered endectocide that could help suppress malaria parasite
transmission. We evaluated other systemic LGIC-targeting drugs for their activities against the
African malaria vector Anopheles gambiae using in vitro blood feeding assays. Eprinomectin,
selamectin, moxidectin, and N-tert-butyl nodulisporamide were evaluated as potentially systemic
drugs having similar modes of action to ivermectin; all primarily are agonists of invertebrate
glutamate-gated chloride ion channels. Additionally, nitenpyram and spinosad were evaluated as
systemic drugs that primarily work as agonists of nicotinic acetylcholine receptor channels. Only
eprinomectin killed Anopheles gambiae at concentrations that were comparable to ivermectin. At
sub-lethal doses, nitenpyram and moxidectin marginally affected mosquito re-blood feeding
ability. The macrocyclic lactones, particularly eprinomectin, caused significantly increased
knockdown and significantly inhibited recovery in blood fed females. These data are a first step in
evaluating drugs that might be eventually combined with, or substituted for ivermectin for future
malaria parasite transmission control.
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1. Introduction

Endectocides (drugs that have activity against endo- and ecto- parasites) are widely used in
human and animal health. In humans, ivermectin is used in mass drug administrations
(MDA) for control of onchocerciasis and lymphatic filariasis (Cupp et al., 2010; Molyneux
et al., 2003), and prescribed to individuals for elimination of Strongyloides stercoralis
infections (Suputtamongkol et al., 2011) and sometimes used off-label for scabies and lice
infestations (Mounsey et al., 2009; Mumcuoglu et al., 1990). Ivermectin (22,23-dihydro-
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avermectin) is a semi-synthetic 16-membered macrocyclic lactone derived as a fermentation
product of Streptomyces avermitilis. This drug is known as an agonist of the glutamate-gated
chloride channels (GluCls) of insects (Kane et al., 2000), which can ultimately lead to their
paralysis and death. Many studies have demonstrated that therapeutic blood concentrations
of ivermectin or the avermectins can be potently active against adult female Anopheles spp.
when these mosquitoes ingest blood meals from treated vertebrates. Despite differences in
the routes and concentrations administered to different vertebrates in the following studies:
Anopheles quadrimaculatus (Gardner et al., 1993; Jones et al., 1992), An. stephensi
(Gardner et al., 1993; lakubovich et al., 1989; Jones et al., 1992; Pampiglioni et al., 1985),
Anopheles sacharovi (lakubovich et al., 1989), Anopheles farauti (Foley et al., 2000), An.
punctulatus (Bockarie et al., 1999), and An. gambiae (Chaccour et al., 2010; Fritz et al.,
2009; Sylla et al., 2010) have all been shown to be susceptible. Due to variable drug
formulations and pharmacokinetics in different vertebrates, the most efficient way to
comparatively measure lethal concentrations (LCsg) or sub-lethal drug effects of
endectocides against adult mosquito species is to add known drug concentrations to in vitro
blood meals (Tesh and Guzman, 1990). With this technique, we that found that Anopheles
gambiae s.s. G3 strain (LCgg = 22.4 ng/ml) was 27 times more sensitive to ivermectin in a
blood meal than Aedes aegypti RexD strain (LCsg = 601.3 ng/ml), that this LCsgq against
Anopheles gambiae was half the maximal human plasma concentration expected after
standard human MDAs, and that sub-lethal drug effects significantly disrupted An. gambiae
physiology (Kobylinski et al., 2010). Fritz et al (Fritz et al., 2009) calculated similar LCsxq
values against An. gambiae s.s. Kisumu strain and An. arabiensis Dongola strain.

Ivermectin MDASs can disrupt malaria parasite transmission, and as a systemic drug,
ivermectin should be effective at targeting both endophagic and exophagic malaria vectors.
Such MDAs could be highly effective tools for integrated malaria and helminth control if
administered more frequently (Foy et al., 2011; Sylla et al., 2010). This human MDA
strategy would likely benefit from alternative drugs that might be added to, or substituted for
ivermectin to potentially relieve resistance pressure on both mosquitoes and helminths.
Eprinomectin and selamectin are also semi-synthetic derivatives of the avermectins, but they
have different chemical structures from ivermectin. Eprinomectin (4”-epi-acetylamino-4"-
deoxy-avermectin B1) was developed in light of concerns over the milk residue profile of
ivermectin-treated dairy cows (Shoop et al., 1996b). Selamectin is a C13-monosaccharide-
C5-oxime (Banks et al., 2000) that was developed following reports of unusual IVM
sensitivity of collies and the need for a broader spectrum anti-parasitic drug in companion
animals (Bishop et al., 2000). Moxidectin is in the milbemycin drug class, which are also
16-membered macrocyclic lactone endectocides related to the avermectins, but they lack a
disaccharide substituent at C-13 position of the macrolide ring and are derived from the
fermentation broth of Streptomyces cyanogriseus (Takiguchi et al., 1980). Moxidectin is
better known for its anthelmintic properties than its insecticidal properties (Shoop et al.,
1995). It is being investigated as an alternative treatment for onchocerciasis (Siva, 2009),
and it was determined safe in human volunteers at doses of 3 and 36 mg/kg (Cotreau et al.,
2003). Nodulisporic acid A is a metabolite of the endophytic fungus Nodulisporium sp. and
is structurally related to indole diterpenes. N-tert-butyl nodulisporamide is derivative of a
nodulisporic acid A, and was developed as a long-lasting oral systemic ectoparasitocide for
flea and tick control in companion animals (Meinke et al., 2009). All of the aforementioned
drugs primarily target insect GIuCls, but may also exhibit cross activities against y-amino
butyric acid-gated chloride channels (GABA-CIs).

The insect nicotinic acetylcholine receptor channels (NAChRs) are common insecticide
targets for drugs such as the neonicotinoids, and some newer drugs targeting this channel
might have the capability to also target mosquito channels as oral systemics for humans or
other vertebrates. Among these, the neonicotinoid nitenpyram acts as an agonist of nAChRs
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and is used as a daily oral systemic flea control drug for companion animals (Rust et al.,
2003). Spinosad is similarly used as an oral systemic flea control drug, but it has favorable
pharmacokinetics in dogs (administered monthly), and the component spinosyns have
unique molecular structures and are derived by fermentation of the soil actinomycete
Saccharopolyspora spinosa (Snyder et al., 2009; Snyder et al., 2007). Spinosyns are known
as agonists of both nAChRs and GABA-ClIs (Sparks et al., 2001).

This study was designed to comparatively evaluate the systemic drugs ivermectin,
eprinomectin, selamectin, moxidectin, N-tert-butyl nodulisporamide, nitenpyram and
spinosad for activity against the African malaria vector Anopheles gambiae. The LCsq of
each drug was calculated from serially diluted drug concentrations fed to mosquitoes
through in vitro blood meals. Previous reports observed lethargy and poor coordination of
mosquitoes ingesting sub-lethal concentrations of ivermectin. This study also attempted to
quantify these sub-lethal drug effects by testing mosquitoes that ingested the LCo5 and LCsg
of each drug.

2. Materials and methods

2.1 Mosquitoes

2.2. Drugs

Anopheles gambiae G3 strain (origin, The Gambia) were raised at 28-31°C, 80% relative
humidity, and a 14:10 light dark cycle. Larvae were raised on a diet of ground fish food and
adults were allowed access to water and 10% sucrose ad libitum.

Nodulisporic acid A and N-tert-butyl-nodulisporamide technical grade powders were both
generously provided by Merck & Co., Inc. (Rahway, NJ, USA), but N-tert-butyl
nodulisporamide was used in all assays reported, because the latter drug was found to be
significantly more lethal and caused more significant sub-lethal effects. Spinosad technical
grade powder was generously provided by Elanco Animal Health (Greenfield, IN).
Selamectin technical grade powder was generously provided by Pfizer, Inc. (Groton, CT).
Ivermectin, nitenpyram and eprinomectin technical grade powders were purchased from
Sigma-Aldrich (St. Louis, MO). Drug powders were dissolved in dimethylsulfoxide
(DMSO) to 10 mg/ml, and aliquots of this stock were frozen at —20°C. We could not obtain
moxidectin as a technical grade powder, therefore we purchased the commercially available
Cydectin® (Fort Dodge Animal Health, Fort Dodge, 1A), which was a 10 mg/ml solution in
an unreported vehicle.

2.3. In vitro blood feed and LCgg determinations

Blood feeds and LCs assays were performed and analyzed as described previously
(Kobylinski et al., 2010). Briefly, serial dilutions of drugs were added to blood in membrane
feeders; moxidectin solution and the other drug aliquots dissolved in DMSO were diluted in
phosphate buffered saline (PBS) to five different concentrations per drug, at which point 10
wl was mixed with 990 ul human blood. These mixtures were then blood fed to mosquitoes
between 2 and 8 days post emergence. Fully engorged mosquitoes were immediately sorted
on chilled glass plates after the blood feed, then returned to clean 4 liter cages with access to
water and 10% sucrose, and monitored for survival daily over 5 days. At least three
replicates containing at least 50 mosquitoes each were performed with each drug. A non-
linear mixed model with probit analysis was used to calculate the LCsq as described
previously (Kobylinski et al., 2010).
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2.4. Mosquito re-blood feeding assays

Re-blood feeding assays were performed as previously described (Kobylinski et al., 2010).
Briefly, age-matched adult cohort females were given a blood meal containing the LCys and
LCs of each drug; 990 ul of human blood with 10 ul of drug mixture. Vehicle-only controls
were fed blood containing 10 ul of a PBS-DMSO mixture equivalent to the volumes found
in each matched drug concentration. Moxidectin controls were fed blood mixed with 10 pl
PBS alone. Mosquitoes were blood fed at 2 days post emergence, and 10 fully engorged
mosquitoes per replicate were placed into separate organdy-covered 50 ml tubes with access
to water. Every 24 hours, the mosquitoes were offered a human arm on which to blood feed
for 5 min. Each replicate proceeded until all mosquitoes either re-blood fed on the human
arm or died. Three replicates per drug concentration were analyzed. Re-blood feeding curves
of the cumulative percent re-blood feeding over time were constructed. Mosquitoes that died
instead of re-blood feeding were treated as censored data and curves were analyzed by
LogRank analysis (Mantel-Haenszel method; proportional hazards model) and the hazard
ratio with 95% confidence intervals using Prism (GraphPad Software, Inc.).

2.5. Initial knockdown assays

For each assay, 20 newly-emerged cohort female An. gambiae s.s. G3 strain mosquitoes per
replicate were placed in tall 8 L volume cages (one rectangular 4 L cage sealed onto the top
of another 4 L cage, scored on the inside) and held with access to water and 10% sucrose
until 2 days post emergence. At this age, they were offered 990 ul freshly-drawn human
blood spiked with 10 pl of drug corresponding to the LCys5 and LCs, or 10 pl of vehicle-only
control solution. Immediately prior to the blood feed, sticky fly paper (Olson Products, Inc,
Medina, OH, USA) was lined on the bottom of the cage. Newly blood fed mosquitoes blood
typically rest on the sides of the cages. Those that blood fed and then landed on the bottom
of the cage (as opposed to resting on the scored sides) were trapped by the fly paper and
defined as ‘knocked-down’. Knockdown rates of blood fed mosquitoes were calculated at
1hr, 3hrs and 24hrs post blood feed. Four replicates were performed for each drug
concentration tested, and drug groups were compared to vehicle-matched controls by
LogRank analysis (Mantel-Haenszel method; proportional hazards model) and the hazard
ratio with 95% confidence intervals using Prism (GraphPad Software, Inc.).

2.6. Recovery assays

For each assay, newly-emerged cohort female An. gambiae s.s. G3 strain mosquitoes were
placed in 4 L volume cages and held with access to water and 10% sucrose until 2 days post
emergence. Then they were offered 990 pl freshly-drawn human blood spiked with 10 ul of
drug corresponding to the LCy5 and LCs, or 10 ul of vehicle-only control solution.
Immediately following the blood feed, 20 fully-engorged blood fed females were placed in
the bottom chamber of a Mosquito Breeder (BioQuip Products, Inc., Rancho Dominguez,
USA), which consists of an emergence cone leading into a top chamber. A wet cotton ball
and raisins were placed in the sides of the top chamber. Mosquitoes able to recover from the
toxic effects of a sub-lethal concentration blood meal were able sense the food and water
source and use coordinated flight to pass through the emergence cone and gain access to
water and sugar in the top chamber. The proportion ‘recovered’ was defined by the
proportion of mosquitoes in the top chamber and calculated at 1hr, 3hrs, 24hrs and 48hrs
post-blood feed. Control mosquitoes demonstrated near 100% recovery rates by 24hrs.
Three replicates were performed for each drug concentration tested, and drug groups were
compared to matched controls by LogRank analysis (Mantel-Haenszel method; proportional
hazards model) and the hazard ratio with 95% confidence intervals using Prism (GraphPad
Software, Inc.).
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3. Results

3.1. LCgg determinations

There were significant differences in the concentration of each drug needed to kill 50% of
blood feeding mosquitoes (Table 1). Of the drugs tested, only eprinomectin had LCsq values
comparable to ivermectin. Nitenpyram exhibited the most potent toxicity of the oral
systemic nAChR agonists (LCsp = 111 ng/ml [64.4, 222.1]).

3.2. Re-blood feeding assays

When administered at sub-lethal concentrations, nitenpyram and moxidectin were the only
drugs to marginally affect re-blood feeding rates, but only at the LCy5 concentrations (Fig
1). LCys5 nitenpyram (78.65 ng/ml) compared to vehicle-only control; P = 0.058, Hazard
ratio = 0.5032 [0.185, 1.029]. LCy5 moxidectin (1001 ng/ml) compared to vehicle-only
control; P = 0.0562, Hazard ratio = 0.6564 [0.2125, 1.02]. All other drugs at LCy5 and LCg
concentrations failed to affect mosquito re-blood feeding (data not shown).

3.3. Knockdown assays

Sub-lethal concentrations of some drugs caused a noticeable knockdown effect; mosquitoes
were often observed to be either lethargic or twitching, exhibiting uncoordinated flight, and
resting on the bottom cages post-blood feeding. We quantified this effect in two phases: a)
initial knockdown and b) recovery from toxicity. Of the drugs tested, nitenpyram,
ivermectin, eprinomectin and moxidectin exhibited significant knockdown differences
relative to controls (Table 2, Figs 2 & 3). Both sub-lethal concentrations of ivermectin and
eprinomectin caused significant knockdown, however, the knockdown effect of
eprinomectin was much more rapid, occurring in the first hour after the blood meal was
ingested compared to ivermectin, whereas the knockdown effect was not apparent until
24hrs after the blood meal. The LCys of nitenpyram and the LCs of moxidectin caused
knockdown effects, but neither did at the other sub-lethal drug concentration. The significant
P value from the LCg N-tert-butyl nodulisporamide concentrations is not relevant because it
is an inverse result (Hazard ratio <1) due to an unusual number of control mosquitoes that
stuck to the fly paper.

3.4. Recovery assays

Significant inhibited recovery was observed from mosquitoes that ingested both
concentrations of each avermectin derivative (Table 2, Figs 4 & 5). The strongest effect was
observed for eprinomectin, where 93% of mosquitoes ingesting the lowest concentration
(LCs) failed to recover after 48 hrs (Fig 5). Both concentrations of nitenpyram also
significantly inhibited mosquito recovery, but the effect was stronger with the LC»s. Neither
spinosad nor N-tert-butyl nodulisporamide affected recovery of An. gambiae at either sub-
lethal drug concentration.

4. Discussion

These experiments provide a comparative evaluation of systemic endectocides for their
effectiveness against the African malaria vector Anopheles gambiae s.s. Derivatives of
macrocyclic lactones are highly variable in their affects against this mosquito. Of the four
tested, only eprinomectin compared favorably with ivermectin for mortality and sub-lethal
affects on mosquito physiology at similar concentrations. The systemic neonicotinoid
nitenpyram can kill Anopheles gambiae and sub-lethal concentrations can cause knockdown
and inhibit their recovery, but only at ~5 times the concentration of ivermectin and
eprinomectin. The newer and unique drugs spinosad and N-tert-butyl nodulisporamide were
largely ineffective against Anopheles gambiae. In general, the drug efficacies did not
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correspond to differences in the drugs’ mode of actions. These data should be useful for
future drug discovery efforts and malaria control programs seeking to expand the tools for
malaria parasite transmission control.

Of the drugs tested, only ivermectin is approved for human use in MDA campaigns,
although moxidectin has recently been tested as a replacement for ivermectin in
onchocerciasis control (Siva, 2009). In general, the discovery of novel systemic
endectocides and ectoparasiticides is driven by the veterinary pharmaceutical industry
seeking new compounds for flea, tick and endoparasite control. Anopheles gambiae is highly
anthropophilic (Sylla et al., 2010), therefore any drug with favorable activity against this
vector would need to be evaluated for efficacy and safety in humans. To enhance its utility
in humans, any efficacious new drug for malaria parasite transmission control would best be
simultaneously evaluated for activity against human helminths, particularly the soil
transmitted helminths (Foy et al., 2011). Alternatively, most of these drugs have been
approved for veterinary use, and some have shown similar activity against the cow-biting
species An. arabiensis (Fritz et al., In press). Applying these drugs to cattle or other
livestock in areas dominated by zoophagic vectors may simultaneously control endo- and
ectoparasites of the livestock and malaria parasite transmission to nearby humans.

The in vitro blood feeding assays we employed are useful for direct comparative evaluations
of these drugs against colonized mosquitoes without the added variable of pharmacokinetic
differences in vertebrates. All of these drugs, and not their metabolites, have direct activity
against their molecular targets. With the exception of ivermectin and moxidectin, the
pharmacokinetics of the other drugs have not been reported in humans, and so we compared
the sub-lethal concentrations (LC,s and LCs) of each drug in our experiments.
Pharmacokinetic differences between these drugs in a human would likely exacerbate the
differences we observed in drug activity against Anopheles gambiae. Indeed, eprinomectin
was designed as an avermectin derivative with reduced excretion into the milk of dairy cows
(Shoop et al., 1996b). Likewise, nodulisporic acid was developed as single dose, longer
lasting systemic ectoparasiticide for flea and tick control (Meinke et al., 2002).

The LCsp and re-blood feeding assays are helpful in predicting endectocide affects against
the two most important components of vectorial capacity the daily probability of mosquito
survival (p) and the daily probability of a mosquito feeding on a human (a) (Black and
Moore, 2005). However, field data on the affects of ivermectin human MDA on wild An.
gambiae survival demonstrated at least 3 fold greater efficacy over laboratory predictions
using these assays, despite incomplete MDA coverage (Sylla et al., 2010). Factors likely
contributing to this enhanced field effect are knockdown and inhibited recovery of
mosquitoes, neither of which has been previously quantified for endectocides.

Knockdown in the field after ingesting a sub-lethal drug concentration would contribute to
mortality by exposing freshly blood fed mosquitoes to desiccation and to ants, spiders, or
other predators common in African houses. Inhibited recovery from a blood meal containing
a sub-lethal drug concentration would contribute to mortality by preventing mosquitoes from
escaping the dwelling through door gaps and open eaves in order to seek water and plant
nectar to prevent desiccation and acquire nutrients. We felt the need to design our own
knockdown assay instead of using the standard WHO knockdown bioassay (World Health
Organization, 2006), because the latter is a test designed for evaluating the affects of volatile
pesticides impregnated on filter papers against unfed mosquitoes. Our knockdown assay,
while effective, was less robust than the recovery assay. We employed two-times taller than
normal, rectangle-shaped cages (32 cm height x 16 cm width x 16 cm length) with scored
sides for the former assay to limit the number of control mosquitoes that naturally landed on
the fly paper after imbibing their blood meal. Regardless of this precaution, random flying
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behavior would sometimes cause non-intoxicated mosquitoes to touch the bottom and get
stuck to the fly paper. In contrast, nearly all control mosquitoes from the recovery assays
reached the top chamber through the emergence cone and accessed the sugar and water,
while many drug-fed mosquitoes failed this task. Despite the insectary being held at 80%
relative humidity during the recovery experiments, drug-affected mosquitoes that failed to
acquire direct access to water and sugar following the blood meal began to die on the bottom
of the chamber between 24-48 hrs, probably from a combination of drug toxicity,
desiccation and depleted energy reserves. From these results, it is reasonable to postulate
that wild intoxicated mosquitoes would have even more difficulty escaping eaves or gaps in
dwellings and subsequently difficulty foraging in the harsher natural environment to access
needed water and possibly sugar sources. The recovery assay we developed should be a
simple quantifiable test for mosquito intoxication in the field that would complement the
direct mortality assays we have previously employed (Sylla et al., 2010).

The highly variable efficacy of each drug against An. gambiae, despite structural or target
site commonalities of some drugs, is currently not understood. The crystal structure of
ivermectin complexed to the glutamate-gated chloride channel of Caenorhabditis elegans
was recently elucidated (Hibbs and Gouaux, 2011). Lipophilic ivermectin integrates into the
plasma membrane and buries itself between the transmembrane domains of each channel’s
subunit proteins, stabilizing the open conformation of the channel. Differential side chains
of the avermectin derivatives could alter this molecular interaction specifically with the An.
gambiae GIuCl. Alternatively, differential drug efficacies could depend on the specificities
of An. gambiae detoxification enzymes, such as various cytochrome P450s (Stevenson et al.,
2011), or xenobiotic transporters such as P-glycoprotein (Buss and Callaghan, 2008), for
each drug. Regardless of the reasons for variable efficacy, it may be unlikely that any drug
with a LCxq significantly greater than ivermectin could be expected to act as ivermectin’s
supplement or substitute for malaria parasite transmission control unless the drug was
exceptionally safe at the higher required concentrations. An offsetting factor would be if the
substitute drug had superior bioavailabilty in human sera following oral or alternative
administration.

None of the alternative drugs we tested, other than moxidectin, have been examined for
safety or bioavailability in humans. In the absence of such data, we can only directly
compare LCsps and sub-lethal effects, and these comparisons suggest eprinomectin, and
possibly nitenpyram, might be considered alternatives to ivermectin for malaria parasite
transmission control if they were proven safe for humans. Nitenypyram has the advantage of
being a different compound (a neonicotinoid) and targeting a different channel (nAChRS)
than ivermectin, and its acute oral toxicity for vertebrates (rat oral LCsq = 1680 mg/kg) (Yu,
2008) is high enough for the drug to be marketed as an oral flea control product for dogs and
cats. To its detriment, approximately a 5-fold higher concentration relative to ivermectin
would be needed in human blood to elicit a comparable mortality effect against An.
gambiae, it has a very short half-life in dogs and cats, and nAChR vertebrate orthologues
can be agonized by the drug (Tomizawa and Casida, 2003). Also, neonicotinoids are not
known as anthelmintics. Eprinomectin should be considered as an alternative to ivermectin
for malaria parasite transmission control. The drug has almost identical mortality effects
against An. gambiae, but causes faster mosquito intoxication than ivermectin.
Eprinomectin’s pharmacokinetics are also favorable because there is less excretion in dairy
cattle milk (Shoop et al., 1996a), which might carry over to human pharmacokinetics and
ultimately allow its distribution to newly lactating mothers during MDAs. Lastly
eprinomectin has excellent broad spectrum activity against veterinary helminths and
ectoparasites (Hoste et al., 2004; Shoop et al., 1996b), and it is reasonable to speculate that
this activity would carry over to human helminths. One detriment might be that cross-
resistance to ivermectin would limit eprinomectin’s efficacy, although this remains
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speculative until tested through bioassays. Ultimately, eprinomectin should be considered
for evaluation in human clinical trials for dual activity against human helminths and malaria-
transmitting mosquitoes.
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Re-blood feeding frequency of An. gambiae s.s. G3 strain after a primary blood meal that
contained moxidectin (MOX, A & B) or nitenpyram (NPM, C & D). Re-blood feeding
frequency was assessed for 2 days post-emergence. Mosquitoes ingested blood containing
either the LCy5 (panels A & C) or the LCs (panels B & D) of each drug and were compared
to mosquitoes ingested vehicle-only control blood meals. Censored data are marked by

upticks on the graph curves.
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Figure 2.

Knockdown measurements of An. gambiae s.s. G3 strain over 24 hours following ingestion
of the LCy5 of seven different drugs. Mosquitoes were blood fed ivermectin (IVM, A), N-
tert-butyl nodulisporamide (NOD, B), eprinomectin (EPM, C), nitenpyram (NPM, D),
selamectin (SEL, E), spinosad (SPN, F) and moxidectin (MOX, G). Curves representing
mosquitoes that ingested drug in their blood meals are marked with solid circles (e), while
curves representing mosquitoes that ingested vehicle-only control blood meals are marked
with open circles (o).
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Figure 3.

Knockdown measurements of An. gambiae s.s. G3 strain over 24 hours following ingestion
of the LCs of seven different drugs. Mosquitoes were blood fed ivermectin (IVM, A), N-
tert-butyl nodulisporamide (NOD, B), eprinomectin (EPM, C), nitenpyram (NPM, D),
selamectin (SEL, E), spinosad (SPN, F) and moxidectin (MOX, G). Curves representing
mosquitoes that ingested drug in their blood meals are marked with solid squares (m), while
curves representing mosquitoes that ingested vehicle-only control blood meals are marked
with open circles (o).
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Recovery measurements of An. gambiae s.s. G3 strain over 48 hours following ingestion of
the LC»s5 of seven different drugs. Mosquitoes were blood fed ivermectin (IVM, A), N-tert-
butyl nodulisporamide (NOD, B), eprinomectin (EPM, C), nitenpyram (NPM, D),
selamectin (SEL, E), spinosad (SPN, F) and moxidectin (MOX, G). Curves representing
mosquitoes that ingested drug in their blood meals are marked with solid circles (e), while
curves representing mosquitoes that ingested vehicle-only control blood meals are marked

with open circles (o).
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Figure 5.

Recovery measurements of An. gambiae s.s. G3 strain over 48 hours following ingestion of
the LCs of seven different drugs. Mosquitoes were blood fed ivermectin (IVM, A), N-tert-
butyl nodulisporamide (NOD, B), eprinomectin (EPM, C), nitenpyram (NPM, D),
selamectin (SEL, E), spinosad (SPN, F) and moxidectin (MOX, G). Curves representing
mosquitoes that ingested drug in their blood meals are marked with solid squares (m), while
curves representing mosquitoes that ingested vehicle-only control blood meals are marked
with open circles (o).
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Table 1

LCsq determination of systemic endectocides blood fed to Anopheles gambiae s.s. G3 strain mosquitoes.

Drug Mode of Action LCsq (ng/ml) [95% fiducial limits]
Ivermectin® GluCl agonist 22.4118.0, 26.9]
Eprinomectin GluCl agonist 23.6 [19.3, 26.7]
Selamectin GluCl agonist 277 [214.6, 336.2]
Moxidectin GIuCl & GABA-CI agonist 2789 [1525, 4430]
N-tert-butyl nodulisporamide GluCl agonist 760 [645.6, 886.8]
Nitenpyram NAChR agonist 111 [64.4, 222.1]
Spinosad nAChR & GABA-CI agonist 461 [405.9, 510.7]

1 S oo .
Data from Kobylinski et al (Kobylinski et al., 2010) and presented here for comparative purposes.

GluCl - glutamate-gated chloride channel; GABA-CI - y-amino butyric acid-gated chloride channel; nAChR - nicotinic acetylcholine receptor
channel.
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