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Abstract: Angiostrongylus cantonensis is a nematode with an indirect lifecycle, using molluscs as
intermediate hosts. Rats are the definitive host. By administering a suitable anthelmintic, at an
appropriate interval, the risk of clinical neuroangiostrongyliasis occurring in paratenic hosts (e.g.,
dogs, man) can be eliminated. We wanted to determine if infective larvae (L3) of A. cantonensis can be
safely killed during their migration through the central nervous system (CNS) by oral administration
of an anthelmintic combination containing moxidectin (480 µg/kg, Simparica Trio™; M-S-P), thereby
preventing patent infections in rats. Eighteen rats were used: ten received oral M-S-P every four
weeks; eight rats were used as controls. Rats were initially given M-S-P as a chew to eat, but an
acquired food aversion meant that subsequent doses were given by orogastric lavage. All 18 rats
were challenged once or twice with approximately 30 L3 A. cantonensis larvae via orogastric lavage.
Infection status was determined by faecal analysis using the Baermann technique and necropsy
examination of the heart, pulmonary arteries and lungs. Eight out of ten rats dosed with M-S-P
had zero lungworms at necropsy; a single female worm was detected in each of the remaining two
rats. No treated rats had L1 larvae in faeces. In contrast, all eight controls were infected with patent
infections, with a median of 14.5 worms per rat detected at necropsy. The difference in infection rates
was significant (two tailed Fishers Exact; p = 0.0011). Moxidectin given orally once every month
killed migrating larvae before they reached the pulmonary arteries in 80% of treated rats, while in
20%, only a single female worm was present. Considering the short half-life of moxidectin in the rat,
it is likely that the effectiveness of moxidectin is due to larvicidal action on migrating L3, L4 and
L5 larvae in the brain parenchyma or subarachnoid space, either 7 days (L3/L4 in cerebrum and
spinal cord) or 14 days (L4/L5 in cerebrum and subarachnoid space) after inoculation. This study is a
prelude for future research to determine if monthly moxidectin administration orally as M-S-P could
prevent symptomatic neuroangiostrongyliasis in dogs.

Keywords: Angiostrongylus cantonensis; rat lungworm; moxidectin; Simparica

1. Introduction

The rat lungworm Angiostrongylus cantonensis is a nematode with a complex indirect
life cycle. This involves an unusual obligatory migration stage, in which L3 larvae migrate
through the central nervous system (CNS), where they grow, moult and further mature.
The parasite uses molluscs, such as snails and slugs, as intermediate hosts, while rats are
the definitive host [1]. Rats and paratenic hosts become infected by ingesting L3 larvae
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present in tissues of the intermediate and paratenic (transport) hosts. A. cantonensis usually
does not produce overt clinical signs in rats, unless the definitive host ingests a heavy dose
of infective larvae over a short time. If this happens, verminous pneumonia develops,
clinically manifested by dyspnoea and reduced exercise tolerance [1–4]. Rarely, transient
neurological signs occur; although, usually despite extensive neural migration by larvae,
neurological signs in rats are absent or unappreciated.

Adult lungworms live in the pulmonary arteries of several rat species. The life cycle
is complex, involving snails as intermediate hosts, and a variety of different species as
paratenic hosts. Male and female lungworm mate in the pulmonary arteries. Females lay
eggs which embolise to the pulmonary parenchyma. After hatching, first stage L1 larvae
move up the mucociliary escalator, are swallowed, and appear in faecal pellets of the rats,
which are attractive to snails. Snails become infected by ingestion of infective first stage
larvae, which develop and mature into L3 larvae. The life cycle is completed when rats
ingest snails. L3 larvae penetrate the intestine of the rat, travel in the portal circulation
to the liver, and then rapidly reach the systematic circulation. The most unusual aspect
of the lifecycle involves an obligatory migration of L3 larvae in the rat central nervous
system (CNS). Larvae migrate widely through the CNS, including the spinal cord, brain
and optic nerves, growing, moulting and growing further until they are ready to leave the
CNS via the arachnoid villi to make their way back to the right ventricle and pulmonary
arteries [1–4].

In contradistinction to the situation in rats, the migration of infective L3 larvae can
cause serious disease in accidental hosts such as dogs, wildlife (birds, possums, bats) and
humans [1–5]. Rat lungworm disease (neuroangiostrongyliasis) is most often manifested
as eosinophilic meningoencephalitis [3,4], and peripheral eosinophilia is often reported in
canine and human dead-end hosts [2]. The actual migration of larvae through the CNS and
the inflammatory response thereby incited can together give rise to hindlimb weakness,
paralysis and even death, if the animal does not receive treatment. This is due to severe
damage to the CNS, especially the spinal cord and cauda equina, and in some cases the
brain [4–6].

To minimise the prevalence of clinical rat lungworm disease, it is necessary to interrupt
critical portions of the life cycle of A. cantonensis, thereby limiting the number of infections,
and their extent, in dogs, wildlife and man [6–9]. Although it is certainly helpful to reduce
the number of rats and snails in the environment, the strategy most likely to be successful
at preventing canine infections is the administration of prophylactic anthelmintics. The key
consideration for anthelmintic choice is the half-life of the drug and its dosing frequency.

The macrocyclic lactone moxidectin has a long half-life in most species, including dogs.
When given at monthly intervals, it has been shown to be highly effective in preventing
infection of dogs with Angiostrongylus vasorum [10,11], a closely related parasite of dogs
which has a similar lifecycle, but without the novel larval migration though the CNS. It
is therefore to be expected that moxidectin, if given at the same dosage interval, is also
likely to prevent infective larvae of A. cantonensis reaching and damaging the CNS of
dogs [12,13]. This is because L3 larvae migrating through canine tissues on their way to
the CNS will be killed in transit if moxidectin concentrations are sufficiently high in the
blood and extracellular fluid, which is likely for up to a month after dosing with systemic
moxidectin, as a result of its long half-life [14,15].

The aim of this study was to evaluate the efficacy of an orally administered combina-
tion of sarolaner/moxidectin/pyrantel embonate (Simparica Trio™ [M-S-P]; Zoetis; [16])
given every four weeks against subsequent challenge with A. cantonensis L3 larvae in rats.
When we designed this experiment, the pharmacokinetics of moxidectin in the rat had not
yet been determined, and we erroneously thought that the half-life in the rat would be
comparable to that in the dog (see later).
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2. Materials and Methods
2.1. Animals

Eighteen juvenile male rats (Rattus norvegicus; Wistar strain) were used for this study.
All rats were approx. 4–5 months-of-age at the start of the study; Group 1 rats were
19 weeks, Group 2 rats were 14 weeks, while Group 3 and 4 rats were 11 weeks old at the
start of the experiment. The median weight of the rats at the start of the experiment was
505 g. Rats were housed in pairs in cages with an appropriate substrate (wood shavings),
enrichment items (e.g., cardboard rolls), and were fed commercial rat cubes and provided
with fresh tap water ad libitum.

The first dose of M-S-P was given to the rats in tablet form. Our assumption was that
a product developed to be palatable chew for dogs, would also be palatable for rats, and a
pilot dose given to rats (not part of this study cohort) was consumed. Food was withheld
from each treatment rat overnight to ensure the subjects were hungry. Each rat was isolated
in their own cage the following day with no bedding and just the half tablet, with rats
monitored over the course of the day. This proved satisfactory on the first occasion that
the product was provided. However, when given the second and third doses of M-S-P,
rats were reluctant to eat the ‘chew’ voluntarily, probably because they had developed a
taste aversion. To circumvent this, the half tablet was dissolved in 3 mL of distilled water
to form a suspension and was administered to each rat via orogastric lavage under light
isoflurane anaesthesia. Rats were monitored shortly after the procedure for any evidence
of aspiration, regurgitation or vomiting.

All 18 rats were each challenged, on one or two occasions, with approx. 30 A. canto-
nensis L3 larvae. Infective L3 larvae were first freshly harvested from macerated tissues
of chronically infected snails 2–3 h prior to administration. Larvae were administered to
rats via oral gavage using a plastic pipette under light isoflurane anaesthesia. One of the
investigators (RL) counted out 30 larvae as they were sucked up into a pipette tip; the
approximate final volume was made up with distilled water to a volume of 500 µL. These
larvae were then instilled into the distal oesophagus, although it was not possible to control
for the loss of some larvae (via subsequent regurgitation and vomiting) during the gavage
process. We expected that 50–75% of administered larvae would reach the stomach due to
losses of larvae during this procedure.

The control group consisted of eight rats, four of which were given 30 L3 at 2 weeks
(Group 1), and four of which were given the same dose at 7 weeks (Group 2). The treatment
group consisted of ten rats, divided into two groups of five, that had been given M-S-
P orally at zero weeks, four weeks and eight weeks by voluntary intake (t = 0), and
subsequently using gastric lavage (t = 4 and 8 weeks) (Table 1). The monthly administration
of M-S-P was chosen to mimic the situation whereby pet dogs are given this product on
an ongoing monthly basis, while potentially being exposed to rat lungworm larvae at
random occasions.

One treatment group (Group 3) was challenged with infectious L3 larvae only once (at
week 2; two weeks after M-S-P), while the other treatment group (Group 4) was challenged
twice (at week 2 and week 7; two and three weeks after M-S-P, respectively).
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Table 1. Timetable that outlines the schedule of when rats were challenged with A. cantonensis L3

larvae and when the Simparica Trio™ (M-S-P) dose was administered.

Week Group 1
(Control; n = 4)

Group 2
(Control; n = 4)

Group 3
(ST; n = 5)

Group 4
(ST; n = 5)

0 M-S-P M-S-P
1
2 30 L3 larvae PO 30 L3 larvae PO 30 L3 larvae PO
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2.2. Dosage Calculation

Rats received sarolaner/moxidectin/pyrantel (half of the Simparica Trio™ tablet,
10.1–20 kg size; Zoetis, Sydney, New South Wales, Australia). This tablet contains 24 mg
sarolaner, 480 µg of moxidectin and 100 mg pyrantel [16]. Therefore, each rat voluntarily
consumed or was gavaged with approximately 240 µg of moxidectin. For a rat weighing
500 g, this equates to a dose of 480 µg/kg. The dose calculation assumes that the tablet is
homogenous in its formulation, which is unproven.

2.3. Examination for Patent Infection and Presence of A. cantonensis L1 in Rat Faeces

The Baermann technique was used to extract A. cantonensis L1 in rat faeces [17,18].
A wet preparation slide with a coverslip was made and viewed using conventional light
microscopy using the 10× objective lens. Larvae in faeces were highly motile when
detected.

2.4. Necropsy Examination of Rats to Detect Adults A. cantonensis in the Right Ventricle and
Pulmonary Artery of Rats

All rats were humanely euthanised at week 14 by inspiration of 100% carbon dioxide.
Each rat was weighed using electronic scales immediately after euthanasia. The heart and
lungs were removed from the chest cavity by a combination of blunt and sharp dissection to
locate all adult nematodes in the right ventricle and/or pulmonary arteries. The numbers
of male and female worms were determined by examination under a dissecting microscope.
The worms were small, ranging from approximately 15–25 mm in length with the females
having a slightly larger diameter and longer length, as well as the ‘barber’s pole’ appear-
ance, caused by the alimentary tract (containing digested blood) and reproductive tract
being wrapped around each other [2,4,9].

2.5. Statistical Analysis

The weights of treated and control rats were compared using the Mann–Whitney U
test. A two-tailed Fisher’s Exact test was used to compare the number of adult A. cantonensis
worms present in treated versus control rats. The two M-S-P treatment groups (of 5 rats)
were combined (10 rats in total) and compared to the 8 control rats.

3. Results

There were no mortalities or treatment-related adverse reactions over the course of
the study. All rats continued to grow and increase in body mass during the experiment.
None of the rats appeared dyspneic (at rest) at any time during the experiment.
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Both control groups, Group 1 and Group 2, were successfully infected with A. can-
tonensis L3 larvae (Table 2). A total of seven out of eight control rats had adult worms
(11–23) present on necropsy at Week 14 and all seven were positive for A. cantonensis L1
larvae on Baermann examination of faecal pellets. One of the eight control rats (from
Group 1) had no A. cantonensis L1 larvae in its faeces and only a single A. cantonensis adult
male worm present in a pulmonary artery. Considering that approx. 30 L3 were given
to each rat, the resulting worm burden (median 14.5 worms; IQR 11.5 to 16.5 worms) per
rat was consistent with about half of the larvae reaching maturity. Noticeable lesions in
the pulmonary parenchyma were present in all the control rats except for the rat with the
single worm infection (Figure 1). The gross pulmonary lesions were mostly localised in the
caudodorsal portions of the lungs.

Table 2. Pooled results of the worm burden found in the control and treatment groups. Rats were
dosed with approx. 30 L3 larvae.

Parasite
Status

Group 1
(Control; n =4)

One Challenge at
2 Weeks

Group 2
(Control; n = 4)

One Challenge at
7 Weeks

Group 3
(M-S-P; n = 5)

One Challenge
at 2 Weeks

Group 4
(M-S-P; n = 5)

Two Challenges at 2
and 7 Weeks

Infected 4/4 4/4 0/5 2/5

A.c.Male 4,5,10,1 17,8,10,6 0,0,0,0,0 0,0,0,0,0

A.c.Female 8,6,6,0 6,9,6,7 0,0,0,0,0 1,0,0,0,1

A.c.Total 12,11,16,1 23,17,16,13 0,0,0,0,0 1,0,0,0,1

L1 larvae in
fresh faeces

3/4 rats positive
(1 rat with a single

male worm was
negative)

4/4 positive 0/5 positive

0/5 positive
(2/5 rats each had a
single female worm
and were negative)

Lung
lesions 3/4 4/4 0/5 0/5

Body weight
(g)

690,674,662,595
(median 668)

580,673,595,591
(median 593)

646,586,595,616,538
(median 595)

584,565,633,616,589
(median 589)

A.c. Angiostrongylus cantonensis.
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burden of mature A. cantonensis is shown in (B) on the right.
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All four Group 3 rats that were treated with M-S-P on weeks 0, 4 and 8 weeks remained
negative despite a single challenge with A. cantonensis L3 larvae at week 2 (Table 1). Group
4 rats were treated on weeks 0, 4 and 8 and challenged with A. cantonensis L3 larvae at week
2 (2 weeks after M-S-P) and again at week 7 (3 weeks after M-S-P; Table 1). All four rats
were negative for A. cantonensis L1 larvae in their faeces, but at necropsy, two out of five
rats each had a single female A. cantonensis recovered from the pulmonary arteries.

Thus, 8/10 rats dosed with M-S-P had zero lungworms at necropsy; in the remaining
two rats, which might not have received a full dose of M-S-P for technical reasons, a single
female worm was detected. In contrast, 8/8 control rats were infected with A. cantonensis,
with a median of 14.5 worms per rat detected at necropsy and patent infections with motile
L1 abundant in faecal pellets. The difference in infection rates was highly significant (two
tailed Fishers Exact; p = 0.0011; [19]).

We can also express the results in terms of percentage burden reduction. In control
rats, 109 worms were present in 8 rats; whereas in rats given M-S-P monthly, only 2 worms
were present in 10 rats; so, the burden reduction was 13.625 worms per rat to 0.2 worms
per rat, which is a 98.5% reduction. Monthly M-S-P administration prevents the shedding
of L1 larvae in all rats, regardless of whether there was one or two challenges with infective
larvae. Likewise, monthly M-S-P prevented the development any of discernible gross lung
pathology at necropsy examination.

There was no significant difference between the weights of the treated and control rats
at the end of the experiment (Mann–Whitney U test; U = 22; p = 0.12; [20]).

4. Discussion

M-S-P is a fixed dose combination of three anthelmintic drugs designed to be ad-
ministered monthly in dogs to prevent heartworm disease, tick paralysis, flea, lice and
mite infestations, and intestinal nematode infections [16]. Its spectrum covers all impor-
tant and common helminth infections except tapeworms (cestodes). The experiments
described here represent a model (pilot experiments) for a conceptually similar study that
we hope to undertake in dogs to determine if it is possible to prevent them from getting
neuroangiostrongyliasis when given M-S-P as a monthly preventative.

In this study, rats were used as a surrogate for dogs because it is much easier to
obtain animal ethics approval for rat experiments in our jurisdiction and such trials are
substantially less expensive. Our aim was to use the moxidectin component of M-S-P to
interrupt the life cycle by killing migrating L3 larvae in the CNS, thereby preventing them
maturing into adult nematodes and reproducing within the definitive host [3,9]. Because
M-S-P is given either 1 week or 2 weeks after larval challenge, the L3 larvae have all left the
gut and entered the CNS. Furthermore, because the L3 are no longer in the gut, the pyrantel
in the M-P-S does not contribute any effect on larvae, as pyrantel does not achieve effective
concentrations in the CNS, which is where the L3 larvae are at this point in time. Finally,
sarolaner is an isoxazoline ectoparasiticide thought to have no effect on nematode larvae,
but is rather a selective inhibitor of arthropod γ-aminobutyric acid- and l-glutamate-gated
chloride channels in fleas and ticks.

What we would actually like to show in dogs is that moxidectin concentrations in
plasma are sufficiently high to kill L3 before they enter the CNS, but this is harder to
prove in rats, as the migration of modest larval burdens do not usually cause observable
neurologic signs. In rats, the L3 larvae can be found circulating in blood within a few hours
of inoculation, and within 24 h, L3 larvae have entered the spinal cord and brain where
they grow, moult twice, approximately on days 7 and 14 post-infection, then reach the
subarachnoid space from where they eventually leave the CNS as L5 larvae, on the way to
the right ventricle and pulmonary arteries [3,4,21].

The pharmacokinetics of moxidectin given orally to Wistar rats had not been deter-
mined at the start of the research project, which commenced in mid-February 2021 during
the COVID pandemic. It was presumed that moxidectin would have a half-life in rats
comparable to what has been reported in the dog, such that monthly administration would
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have substantial and cumulative activity, such that when rats would be challenged with an
oral dose of infective larvae, blood concentrations of moxidectin might be sufficient to kill
the larvae before they migrate to the CNS. Based on this notion, the experimental protocol
set out in Table 1 was constructed.

However, with the benefit of the data from Buchter and colleagues published in July
2021, serum levels of moxidectin are essentially nil by 48 h after oral administration of
500–750 µg/kg [22]. The half-life of moxidectin given orally to dogs is very long viz. 621 h
(13.9 to 25.9 days), while in Wistar rats the half-life is only 10.4 h; this means that therapeutic
blood levels of moxidectin are unlikely to be maintained for more than 2–3 days in our rats,
whereas in dogs the coverage extends to approximately a full calendar month [14,15,22].
In other words, if M-S-P is given at t = 0, 4 weeks and 8 weeks, then blood concentrations
would have fallen to zero by the time the inoculum of 30 L3 larvae were given at week 2 or
week 7.

Therefore, the action of moxidectin in M-S-P is attributable to its larvicidal action on
migrating L3, L4 and L5 larvae in the CNS when it is given at 4 weeks and 8 weeks, with
the M-S-P reaching short-lived therapeutic levels 2 weeks or 1 week, respectively, after
larval challenge (Figure 2). Thus, our results confirm those of Schmahl et al. [18] who
showed that moxidectin given transdermally at 4–32 mg/kg (with imidacloprid as the
topical Advocate™; Elanco) at 15 days post-infection was highly effective at killing the
‘CNS-dwelling larvae’ of A. cantonensis [3,4,18,21]. It is, in some respects, remarkable that
the death and disintegration in the order of 11–23 larvae (expected to be approx. 3 mm
long [21]; Figure 2) did not produce more discernible neurological signs that might be
appreciated even by a short daily examination.

In our study, M-S-P was administered either 7 or 14 days after challenge with infective
larvae. Larvae are in the CNS at this stage and remain susceptible to moxidectin, as this
macrocyclic lactone readily crosses the blood brain barrier (BBB) [23,24]. Furthermore,
inflammation from the migrating larvae may have caused the BBB to become leaky and
pro-inflammatory cytokines are known to inhibit the p-glycoprotein pump, allowing more
of the lipophilic drug to enter the extracellular fluid around the parasite [23,24]. This means
that in the first rat treatment group (Group 3), it was the M-S-P containing moxidectin given
2 weeks after larval challenge which killed larvae migrating through the CNS, when the
moxidectin blood and CNS concentrations were sufficiently high. The same was true in the
first challenge of the second treatment group of rats (Group 4), but in the second challenge,
the M-S-P containing moxidectin given 1 week after larval challenge was the dose that
was effective. It was fortuitous that the dose of moxidectin we selected based on the older
literature and allometric scaling was similar to doses informed by recent pharmacokinetic
studies. The chosen dose of approx. 480 µg/kg was close to the most efficacious dose
(500 µg/kg) used for treating Strongyloides ratti infections in rats [22].

As stated, this study was conducted in the spirit of being a pilot experiment, as there
had been limited previous research into the chemoprophylaxis of A. cantonensis infection
in rats or dogs. The product M-S-P was selected as it represents the drug combination of
greatest potential to prevent the important parasitic diseases of companion dogs in eastern
Australia, including rat lungworm disease. The ‘palatable chew’ formulation of M-S-P,
however, contributed to dosage inaccuracy, in that we do not know whether the active was
uniformly distributed in the tablet, nor were we sure that rats swallowed all of the drug
when it was given by gavage under light gaseous anaesthesia. This may have contributed to
the two rats with a single worm infection despite monthly M-S-P administration. Although
rats would eat the tablet once, they would not eat them subsequently, probably because of
the development of a food aversion to one or more of the active ingredients. It was thus
necessary to create a drug suspension administered by gastric lavage under anaesthesia
for subsequent administrations. The half a tablet dose was not fully administered, as a
small amount of residual solution was always left in the dead space of the pipette. It would
have been much easier if the rats could have consumed the complete dose on their own.
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Presumably, this would not be a problem if the experiments were repeated in dogs, the
species for which the palatable chew was developed.
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Figure 2. Growth of A. cantonensis in experimental white Wistar rats; 3 M = 3rd moult; 4 M = 4th
moult. The blue arrows indicate the size of the migrating larvae at 7 days and 14 days when they
would be exposed to moxidectin following the administration of Simparica Trio™ by ingestion
following gastric lavage. Inset: photo of a wild rat after removal of the calvarium to demonstrate
young adult worms (L5) in the subarachnoid space overlying the cerebrum. Photograph courtesy of
Lydia Tong and Derek Spielman, Taronga Zoo; original diagram adapted from Manoon Bhaibulaya’s
classic paper in 1973 [25], with modifications.

A further complication of the oral gavage technique also applies to administering
the infective L3 larvae. The exact number of L3 larvae administered orally to each rat
was variable from rat to rat, which would in part explain some of the variation in worm
numbers observed in control rats at necropsy. When performing oral gavage, a portion
of the solution will always remain inside the dead space of the pipette. Thus, a few L3
larvae probably remained in the pipette after each administration. For this reason, a new
pipette was used for each gavage. In relation to the single control rat that had a much lower
worm burden than the rest of the controls, it is suspected that the oral gavage of the L3
larvae was not technically perfect in this individual. This control rat did develop a single
worm infection, but the worm burden was smaller than the other controls, suggesting most
larvae were not swallowed, or were swallowed and then regurgitated. Indeed, a risk of
oral gavage under gaseous anaesthesia is that gastric reflux and aspiration pneumonia can
occur with poor technique and especially with insufficiently deep anaesthesia [25].

Moxidectin is an anthelmintic used to prevent other nematode species such as the heart-
worm Dirofilaria immitis [12] and in the UK and Europe, Angiostrongylus vasorum [11,13,26].
This latter parasite causes ‘French heartworm’, a complicated disease resulting from the
presence of many adult worms in the pulmonary arteries of infected dogs. This canine
disease can be prevented by the monthly administration of moxidectin, which kills both
migrating larvae and adult worms in the pulmonary arteries. The efficacy of this drug is
in part due to its very long half-life in the dog, which results in cumulative kinetics with
effective blood concentrations of moxidectin present for the entire month when the product
is given every four weeks. Moxidectin targets nematodes by opening chloride channels in
their cell membranes, causing lethal paralysis [27]. Based on the results presented here and
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in the work of Schmahl and colleagues [10], the moxidectin in M-S-P provided blood and
CNS concentrations sufficient to prevent rat lungworm developing to patency following an
oral challenge with L3 larvae. Interestingly, Schmahl et al. [10] observed that the doses of
moxidectin they used had no effect on adult lungworms in the pulmonary artery of rats,
but given the recent work showing the short half-life of moxidectin in the rat [12], it seems
most likely that mature worms require more than 1–2 days of effective moxidectin blood
concentrations to succumb.

Moxidectin is generally considered superior to other macrocyclic lactone anthelmintics
such as ivermectin, selamectin and milbemycin, with moxidectin showing a faster onset
of activity and a greater efficacy, for example against L3 larvae of Strongyloides spp. [22].
Moxidectin also has a substantially longer half-life and a greater area under the curve when
given orally to dogs compared to when it is given to rats [14–16,22]. Moxidectin remains in
the blood for sufficiently long in the dog that the drug accumulates when given monthly,
resulting in progressively higher serum and tissue concentrations. Such prolonged high
levels likely explain its efficacy against mature A. vasorum worms in the pulmonary arteries
of dogs [14,15].

In the dog, the prolonged kinetics of moxidectin would likely prevent neuroan-
giostrongyliasis by killing infective L3 larvae before they would reach the CNS, a mech-
anism not observed in these experimental rats because of the much shorter half-life of
moxidectin in this species. However, this needs to be confirmed experimentally. Moxidectin
in various formulations is already being used prophylactically with this intention in highly
endemic areas, such as in Hawaii, Sydney, Brisbane and along the east coast of Australia. A
further issue relates to whether the long-acting depot formulations of moxidectin (Proheart
SR12™; Zoetis) would produce sufficiently high concentration in serum to kill infective
third stage larvae of A. cantonensis, and for how long [14].

Completion of this study has helped to further expand the knowledge of anthelmintics
used in rats. Monthly moxidectin would prevent pet rats from developing a patent A. can-
tonensis infection should they eat an infected slug or snail.

5. Conclusions

This study demonstrates unequivocally that administering Simparica Trio™ contain-
ing moxidectin can interrupt the lifecycle of A. cantonensis in rats by causing lethal paralysis
of infective larvae migrating through the spinal cord, peripheral nerves, brain and sub-
arachnoid space. This research conducted on rats can be used to help guide preventive care
in domestic animals such as dogs, as well as wildlife and zoo animals in high prevalence
areas with endemic A. cantonensis.

Author Contributions: Conceptualisation, M.H., R.M., J.Š. and R.L.; methodology, M.H., R.M., J.Š.
and R.L; formal analysis, M.H., R.M., J.Š. and R.L.; investigation M.H., R.M., J.Š. and R.L; resources,
R.L.; data curation, R.L.; writing—M.H.; writing—review and editing, M.H., R.M., J.Š. and R.L;
supervision, R.M., J.Š. and R.L.; project administration, R.L.; funding acquisition, J.Š. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by Richard Malik, Rogan Lee and student (DVM) research funds
provided by the Sydney School of Veterinary Science, University of Sydney.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Ethics Committee of Westmead Hospital, NSW Government Western Sydney Local Health District
(approval number was 5167.12.20 and date of approval).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data applicable to this investigation are presented in this manuscript.

Acknowledgments: The authors appreciate the assistance of the on-site personnel at Westmead
vivarium who cared for these rats over the course of study. We also wish to thank the veterinarian
who oversees the vivarium, Ross Matthews, for advice about ethics and welfare of the rats and the
conduct of the experiment.



Pathogens 2023, 12, 305 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Traub, R.; Brown, G.; Coleman, G.; Constantinoiu, C.; O’Handley, R.; Slapeta, J. Parasites of the dog and cat. 4.1.4. Parasites

causing multi-systemic disease in small animals: Angiostrongylus spp. (Parastrongylus). In Australian Animal Parasites Inside &
Out; Brown, G., Coleman, G., Constantinoiu, C., Gasser, R., Holyoake, P., Hobbs, R., Lymbery, A., O’Handley, R., Phalen, D.,
Pomroy, W., et al., Eds.; The Australian Society for Parasitology: Cairns North, Australia, 2015; pp. 546–549.

2. Wun, M.K.; Davies, S.; Spielman, D.; Lee, R.; Hayward, D.; Malik, R. Gross, microscopic, radiologic, echocardiographic
and haematological findings in rats experimentally infected with Angiostrongylus cantonensis. Parasitology 2020, 148, 159–166.
[CrossRef] [PubMed]

3. Barratt, J.; Chan, D.; Sandaradura, I.; Malik, R.; Spielman, D.; Lee, R.; Marriott, D.; Harkness, J.; Ellis, J.; Stark, D. Angiostrongylus
cantonensis: A review of its distribution, molecular biology and clinical significance as a human pathogen. Parasitology 2016,
143, 1087–1118. [CrossRef] [PubMed]

4. Mackerras, M.; Sandars, D. The life history of the rat lung-worm, Angiostrongylus cantonensis (Chen) (Nematoda: Metastrongyli-
dae). Aust. J. Zool. 1955, 3, 1–21. [CrossRef]

5. Lee, R.; Pai, T.-Y.; Churcher, R.; Davies, S.; Braddock, J.; Linton, M.; Yu, J.; Bell, E.; Wimpole, J.; Dengate, A.; et al. Further studies
of neuroangiostrongyliasis (rat lungworm disease) in Australian dogs: 92 new cases (2010–2020) and results for a novel, highly
sensitive qPCR assay. Parasitology 2020, 148, 178–186. [CrossRef] [PubMed]

6. Mason, K.V. Canine neural angiostrongylosis: The clinical and therapeutic features of 55 natural cases. Aust. Veter. J. 1987,
64, 201–203. [CrossRef] [PubMed]

7. Lunn, J.A.; Lee, R.; Smaller, J.; MacKay, B.M.; King, T.; Hunt, G.B.; Martin, P.; Krockenberger, M.B.; Spielman, D.; Malik, R. Twenty
two cases of canine neural angiostrongylosis in eastern Australia (2002–2005) and a review of the literature. Parasites Vectors 2012,
5, 70. [CrossRef] [PubMed]

8. Garcia, J.S.; Lúcio, C.D.S.; Bonfim, T.C.D.S.; Junior, A.M.; Tunholi, V.M.; Tunholi-Alves, V.M.; Mota, E.M.; Simões, R.D.O.;
Santana, A.C.; Hooper, C.; et al. Metabolic and histopathological profile of Rattus norvegicus (Wistar) experimentally infected by
Angiostrongylus cantonensis (Chen, 1935). Exp. Parasitol. 2014, 137, 35–40. [CrossRef] [PubMed]

9. Cowie, R.H. Biology, systematics, life cycle, and distribution of Angiostrongylus cantonensis, the cause of rat lungworm disease.
Hawai’i J. Med. Public Health A J. Asia Pac. Med. Public Health 2013, 72 (Suppl. S2), 6–9.

10. Willesen, J.; Kristensen, A.T.; Jensen, A.; Heine, J.; Koch, J. Efficacy and safety of imidacloprid/moxidectin spot-on solution
and fenbendazole in the treatment of dogs naturally infected with Angiostrongylus vasorum (Baillet, 1866). Veter. Parasitol. 2007,
147, 258–264. [CrossRef]

11. Becskei, C.; Willesen, J.L.; Schnyder, M.; Wozniakiewicz, M.; Miroshnikova, N.; Mahabir, S.P. Field safety and efficacy of an orally
administered combination of sarolaner, moxidectin and pyrantel (Simparica Trio®) for the prevention of angiostrongylosis in
dogs presented as veterinary patients. Parasites Vectors 2020, 13, 385. [CrossRef]

12. Kryda, K.; Six, R.H.; Walsh, K.F.; Holzmer, S.J.; Chapin, S.; Mahabir, S.P.; Myers, M.; Inskeep, T.; Rugg, J.; Cundiff, B.; et al.
Laboratory and field studies to investigate the efficacy of a novel, orally administered combination product containing moxidectin,
sarolaner and pyrantel for the prevention of heartworm disease (Dirofilaria immitis) in dogs. Parasites Vectors 2019, 12, 445.
[CrossRef] [PubMed]

13. Di Cesare, A.; Traversa, D. Canine angiostrongylosis: Recent advances in diagnosis, prevention, and treatment. Vet. Med. 2014,
5, 181–192. [CrossRef]

14. The European Agency for the Evaluation of Medical Products; Committee for Veterinary Medicinal Products. Moxidectin.
1997. Available online: https://www.ema.europa.eu/en/documents/mrl-report/moxidectin-summary-report-1-committee-
veterinary-medicinal-products_en.pdf (accessed on 20 May 2021).

15. Bowman, D.D.; Charles, S.D.; Arther, R.G.; Settje, T. Laboratory Evaluation of the Efficacy of 10% Imidacloprid + 2.5% Moxidectin
Topical Solution (Advantage® Multi, Advocate®) for the Treatment of Dirofilaria immitis Circulating Microfilariae in Dogs. Parasitol.
Res. 2015, 114 Suppl. S1, S165–S174. [CrossRef] [PubMed]

16. Simparica Trio Zoetis Petcare. Available online: https://www.zoetispetcare.com/products/simparica-trio (accessed on
20 May 2021).

17. Snyder, P.W.; Hogg, J.T.; Ezenwa, V.O. Comparison of modified Flotac and Baermann techniques for quantifying lungworm
larvae in free-ranging bighorn sheep (Ovis canadensis) feces, Montana, USA. J. Wildl. Dis. 2015, 51, 843–848. [CrossRef] [PubMed]

18. Schmahl, G.; Mehlhorn, H.; Harder, A.; Klimpel, S.; Krieger, K.J. Efficacy of a Combination of Imidacloprid plus Moxidectin
against Larval and Adult Stages of Nematodes (Trichuris muris, Angiostrongylus cantonensis) in Rodents. Parasitol. Res. 2007,
101 (Suppl. S1), 85–92. [CrossRef]

19. Hess, A.S.; Hess, J.R. Understanding tests of the association of categorical variables: The Pearson chi-square test and Fisher’s
exact test. Transfusion 2017, 57, 877–879. [CrossRef] [PubMed]

20. Neely, J.G.; Hartman, J.M.; Forsen, J.W.; Wallace, M.S.; Clinical Research Working Group. Tutorials in Clinical Research: Part
VII. Understanding Comparative Statistics (Contrast)—Part A: General Concepts of Statistical Significance. Laryngoscope 2003,
113, 1534–1540. [CrossRef] [PubMed]

http://doi.org/10.1017/S0031182020001420
http://www.ncbi.nlm.nih.gov/pubmed/32741388
http://doi.org/10.1017/S0031182016000652
http://www.ncbi.nlm.nih.gov/pubmed/27225800
http://doi.org/10.1071/ZO9550001
http://doi.org/10.1017/S0031182020001572
http://www.ncbi.nlm.nih.gov/pubmed/32829721
http://doi.org/10.1111/j.1751-0813.1987.tb15181.x
http://www.ncbi.nlm.nih.gov/pubmed/3675410
http://doi.org/10.1186/1756-3305-5-70
http://www.ncbi.nlm.nih.gov/pubmed/22480148
http://doi.org/10.1016/j.exppara.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24333291
http://doi.org/10.1016/j.vetpar.2007.05.001
http://doi.org/10.1186/s13071-020-04262-4
http://doi.org/10.1186/s13071-019-3702-6
http://www.ncbi.nlm.nih.gov/pubmed/31506094
http://doi.org/10.2147/VMRR.S53641
https://www.ema.europa.eu/en/documents/mrl-report/moxidectin-summary-report-1-committee-veterinary-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/moxidectin-summary-report-1-committee-veterinary-medicinal-products_en.pdf
http://doi.org/10.1007/s00436-015-4522-z
http://www.ncbi.nlm.nih.gov/pubmed/26152417
https://www.zoetispetcare.com/products/simparica-trio
http://doi.org/10.7589/2014-10-244
http://www.ncbi.nlm.nih.gov/pubmed/26267464
http://doi.org/10.1007/s00436-007-0615-7
http://doi.org/10.1111/trf.14057
http://www.ncbi.nlm.nih.gov/pubmed/28295394
http://doi.org/10.1097/00005537-200309000-00024
http://www.ncbi.nlm.nih.gov/pubmed/12972930


Pathogens 2023, 12, 305 11 of 11

21. Bhaibulaya, M. Comparative studies on the life history of Angiostrongylus mackerrasae (Bhaibulaya, 1968) and Angiostrongylus
cantonensis (Chen, 1935). Int. J. Parasitol. 1975, 5, 7–20. [CrossRef] [PubMed]

22. Buchter, V.; Hofmann, D.; Häberli, C.; Keiser, J. Characterization of Moxidectin against Strongyloides ratti: In Vitro and In Vivo
Activity and Pharmacokinetics in the Rat Model. ACS Infect. Dis. 2020, 7, 1069–1076. [CrossRef] [PubMed]

23. Janko, C.; Geyer, J. Moxidectin has a lower neurotoxic potential but comparable brain penetration in P-glycoprotein-deficient
CF-1 mice compared to ivermectin. J. Veter. Pharmacol. Ther. 2012, 36, 275–284. [CrossRef] [PubMed]

24. Nau, R.; Sörgel, F.; Eiffert, H. Penetration of Drugs through the Blood-Cerebrospinal Fluid/Blood-Brain Barrier for Treatment of
Central Nervous System Infections. Clin. Microbiol. Rev. 2010, 23, 858–883. [CrossRef]

25. Damsch, S.; Eichenbaum, G.; Tonelli, A.; Lammens, L.; Bulck, K.V.D.; Feyen, B.; Vandenberghe, J.; Megens, A.; Knight, E.; Kelley,
M. Gavage-Related Reflux in Rats: Identification, pathogenesis, and toxicological implications (review). Toxicol. Pathol. 2010,
39, 348–360. [CrossRef] [PubMed]

26. Helm, J.R.; Morgan, E.R.; Jackson, M.W.; Wotton, P.; Bell, R. Canine angiostrongylosis: An emerging disease in Europe. J. Veter.
Emerg. Crit. Care 2010, 20, 98–109. [CrossRef] [PubMed]

27. Page, S.W. Chapter 10. Antiparasitic Drugs. In Small Animal Clinical Pharmacology; Maddison, J.E., Page, S.W., Church, D.B., Eds.;
Saunders/Elsevier: Edinburgh, UK, 2008; pp. 210–214; ISBN 9780702028588.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/0020-7519(75)90091-0
http://www.ncbi.nlm.nih.gov/pubmed/1112632
http://doi.org/10.1021/acsinfecdis.0c00435
http://www.ncbi.nlm.nih.gov/pubmed/32991142
http://doi.org/10.1111/j.1365-2885.2012.01424.x
http://www.ncbi.nlm.nih.gov/pubmed/22834856
http://doi.org/10.1128/CMR.00007-10
http://doi.org/10.1177/0192623310388431
http://www.ncbi.nlm.nih.gov/pubmed/21422261
http://doi.org/10.1111/j.1476-4431.2009.00494.x
http://www.ncbi.nlm.nih.gov/pubmed/20230439

	Introduction 
	Materials and Methods 
	Animals 
	Dosage Calculation 
	Examination for Patent Infection and Presence of A. cantonensis L1 in Rat Faeces 
	Necropsy Examination of Rats to Detect Adults A. cantonensis in the Right Ventricle and Pulmonary Artery of Rats 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

