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Abstract Angiostrongylus cantonensis (A. cantonensis) is the
most common infectious agent causing eosinophilic meningi-
tis. As an important food-borne parasitic disease,
angiostrongyliasis cantonensis is an emerging infectious dis-
ease which brings severe harm to central nerve system
of human. Rat, one of the few permissive hosts of
A. cantonensis known to date, plays an indispensable role in
the worm’s life cycle. However, the tolerance and adaptation
of rat to A. cantonensis infection is rarely understood. In this
study, we infected rats with different numbers the third stage
larvae (L3) of A. cantonensis and explored their tolerance
through analysis on survival curve, neurological function
score, and detection of pathological damages in organs includ-
ing the brain, lung, and heart of the animals. Results indicated
that rats’ survival condition worsens, and body weight
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dropped more significantly as more worms were used for in-
fection. Death appeared in groups infected with 80 and more
A. cantonesnsis per rat. Morris water maze revealed that the
neurological function of rats damaged gradually with increas-
ing infection number of A. cantonensis larvae. When the num-
ber of infected parasite exceeded 240 per animal, rats showed
significant neurological impairments. Collection of
A. cantonensis from rat lung after 35 days of infection implied
an upper limit for worm entry, and the average length of worm
was inversely proportional to the infection amount, while the
ratio between female and male worms was positively related
to the infection number. The degree of pulmonary and cardiac
inflammation was proportional to the infection number of
A. cantonensis. Meanwhile, there existed considerable amount
of adult worms in rat’s right atrium and right ventricle, leading
to a right heart myocardial inflammation. The present study
firstly reports the tolerance and adaptation of rat, a permissive
host of A. cantonensis to its infection, which will not only
provide accurate technical parameters for maintaining
A. cantonensis life cycle under laboratory conditions but also
help unveil the underlying mechanism of the distinct patho-
logical outcomes in the permissive and non-permissive hosts
with A. cantonensis infection.

Keywords Angiostrongylus cantonensis - Rat - Tolerance -
Adaptation

Introduction

The rat lungworm Angiostrongylus cantonensis
(A. cantonensis, Nematoda: Metastrongylidae) was firstly dis-
covered in the pulmonary vessels of rat and named and clas-
sified in 1935 (Chen 1935). The hosts of A. cantonensis can be
classified as permissive and non-permissive hosts based on
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whether the worms could migrate to and mature in the lung of
the hosts. In permissive hosts, such as rats, A. cantonensis can
migrate from the brains into the lung where they sexually
maturate, with slight eosinophilic inflammation and nerve
damages. By contrast, in mice or human (the non-permissive
host of A. cantonensis), the worms fail to migrate to the lung
for sexual maturation but develop into the fifth stage larvae in
the brain, where they die and cause severe meningitis or me-
ningoencephalitis characterized by increasing eosinophils in-
filtration (Wang et al. 2012; Li et al. 2014a, b). The first case
of human infected with A. cantonensis was reported in Taiwan
in 1945, and new infections in human raised in mainland
China, Thailand, Brazil, and the USA afterwards. As a public
health issue, angiostrongyliasis cantonensis gains increasing
attention recently (New et al. 1995; Tsai et al. 2004; Lv et al.
2009; McBride et al. 2017).

In the recent decades, a plethora of researches have been
explored to develop integrated strategies for the prevention
and control of angiostrongyliasis cantonensis (Eamsobhana
2014). Since both mouse and human are the non-permissive
hosts of A. cantonensis, mouse has become the most widely
used animal model in studies on invasion, migration and sur-
vival of the parasite, and coevolution between host and para-
site (Liu et al. 2017; Feng et al. 2015). On the other hand, it is
obvious that study on the interaction between A. cantonensis
and its permissive host, rat, and the tolerance of rat to its
infection will offer additional valuable clues for clarifying
the serious pathological injury caused by A. cantonensis in
non-permissive hosts.

In the present study, we infected rats with a series of num-
bers of the third stage larvae (L3) of A. cantonensis by
intragastric administration followed by evaluation on the sur-
vival condition, neurological functions, immunopathological
damage to the brain, lung, and heart of the infected animals,
and counting the worms and calculation of the ratio between
harvested adult female to male worms in order to gain a better
insight on the tolerance of rat to A. cantonensis infection.

Method and materials
Animals

Sixty Sprague-Dawley (SD) rats (6—8 weeks old) were pur-
chased from the Experimental Animal Centre of Sun Yat-sen
University (SYSU) in this study. The experimental protocols
were approved by the Institutional Animal Care and Use
Committee of SYSU. All of the rats were housed in a specific
pathogen-free environment, and the procedures done were in
accordance with the regulations of the Guide for the Care and
Use of Experimental Animals of the National Institutes of
Health. Rats were randomly divided into 12 groups (5 rats
per group), and they were orally infected with L3 of
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A. cantonensis. The 12 groups were named according to the
number of worms used per rat for infection: group GO (0
worm per rat), group G5 (5 worms per rat), group G10 (10
worms), group G20 (20 worms per rat), group G40 (40 worms
per rat), group G80 (80 worms per rat), group G120 (120
worms per rat), group G160 (160 worms per rat), group
G200 (200 worms per rat), group G240 (240 worms per rat),
group G280 (280 worms per rat), and group G320 (320
worms per rat).

Parasites preparation

All of the L3 of A. cantonensis for infection in this study were
obtained from Biomphalaria glabrata of 21 days post infec-
tion with the first stage larvae (L1) of the parasite. The snails
were homogenized and digested in a pepsin-HCI solution
(pH 2.0, 500 IU pepsin/g tissue) at 37 °C with incubator for
2 h. Then, the infective L3 were washed in phosphate-
buffered saline (PBS) and counted under an anatomical mi-
croscope for infection on animals.

Rat survival status monitor

The body weight of each rat was measured and recorded on
the daily base. The body weight of the rat in each group were
statistically analyzed at 30 days post infection by comparing
the change with their original weight. Meanwhile, the survival
status of each group was observed. The changes of symptoms
and death in each group were recorded every day for plotting
survival curves.

Neurological function evaluation

After infection for 21 days, the neurological function of rats
were assessed with the Morris water maze (MWM) by the
experimental apparatus (RWD Life Science, Shenzhen,
China) (Zhang et al. 2015). Memory training was performed
for five consecutive days, and the rats were trained in four
quadrants, then followed by a spatial probe task on the 7th
day. The rat had to swim until it climbed onto the escape
platform. Animals that failed to find the platform within
120 s were gently guided to the platform. At the end of each
trial, animals were allowed to stay on the platform for 10 s.
The probe task was done in the third quadrant (Jiang et al.
2015). The swim escape latency, average swim speed, time
spent in the target quadrant, and number of times the rats
crossed the previous location of the platform were recorded
by a video tracking system (Taimeng Tech, Chengdu, China).
The escape latency (s) and path length (cm) were analyzed in
each trial and averaged over five trials for each rat. The veloc-
ity of each rat was also calculated (Mutlu et al. 2015; Zhong
et al. 2017).
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Histopathological examination

The rats were sacrificed under deep anesthesia by ether inha-
lation followed by blood-letting, and gross samples of the
brain, lung, and heart were taken pictures for pathological
injury scoring. Then, specimens of the heart and lung tissue
of rats were fixed in 4% paraformaldehyde then embedded in
paraffin and serially sectioned and stained with hematoxylin
and eosin according to the conventional staining methods (Yu
etal. 2014).

Worm collection

Worms were harvested from the lung and brain after sacrific-
ing the rat and were counted under the anatomical microscope.
For worms collected from the lung, the average length was
calculated by measuring the length of 10 randomly chosen
worms from either sex or mixed population. For worms iso-
lated from the brain, 10 worms were randomly chosen from
the population for length measurement.

Statistical analysis

The statistical analyses were performed with GraphPad Prism
5.0 (GraphPad Software, Inc., USA) using a one-way analysis
of variance (ANOVA) followed by the Tukey-Kramer test.
The data were presented as the means + standard derivation
(SD). Differences among the comparisons were considered
statistically significant when the P value was less than 0.05.

At least three rats were used for Morris water maze neurolog-
ical function scoring and H&E staining observation.

Results

Rats survival status worsen as A. cantonensis infection
number increased

To explore the tolerance of rat under different amounts of
A. cantonensis infection, we monitored the survival status of
the infected rat for 35 days by taking advantage of the param-
eters of body weight and survival rate. The weight of rat in all
groups increased during the first 20 days post infection.
During 20 to 30 days post infection, for groups GO, G5, and
G10, the weight of rats kept growing up; for groups G20 and
G40, the body weight showed slight decrease; for the rest
groups, the weight of rats dropped gradually (Fig. 1a). Then,
we compared the change of rats” body weight between day 0
and day 30. Rats infected with lower dose of parasites gained
more weight at the end of infection than that in rats infected
with higher dose (Fig. 1b). In groups G280 and G320, the
average of rats’ weights in day 30 were even less than their
original weight (Fig. 1b). Comparing with groups of GO, G5,
G10, and G20, the change of weight in groups G280 and
G320 was significantly different (P < 0.001). Similarly,
weight of rats in group G240 decreased significantly when
compared with that of rats in groups of G5 and G10
(P < 0.05). We also analyzed the survival rate of rats in each
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group. From 27-day post-infection, death started to appear in
groups with infection number of 80 A. cantonensis per rat and
above. And the higher the infection rate, the lower the survival
rate in the group. Of note, none of the rats died in groups of
less than 80 worms per rat (Fig. lc).

Higher A. cantonensis infection dose impaired rat
neurological function

In order to understand how the amount of A. cantonensis in-
fection affected the rat neurological function, we applied the
Morris water maze for evaluation at 21-day post-infection
(Fig. 2a). During the first five training trails, no difference in
swimming speed was detected among groups (Fig. 2b, c¢). But
we could still observe a decrease trend in the escape latency as
the trail increased from the first to the fourth session in all
groups (Fig. 2d). The average escape latency of five trails in
each group revealed that rats infected with more than 200
worms per rat spent significantly more time than rats infected
with 10 and 20 worms per rat (P < 0.05) (Fig. 2¢), indicating
that higher infection amount of A. cantonensis impaired rats’
spatial learning memory. By analyzing the percentages of time
for rats spent swimming to the expected position of the plat-
form, we found that compared with lower infection dose
group (infection amount less than 80 A. canfonensis per rat)
(Fig. 2f1-£5), group with higher infection dose spent more
time in the platform quadrant (Fig. 2f6—f12) with a more
tanglesome route. What is more, the number that rats passed
across the platform was greater in groups with lower infection
dose. There is significant difference between uninfected rat
group with groups of G160 and G120 (P < 0.05 and
P < 0.01, respectively) (Fig. 2g). In percentage of time spent
in the target quadrant, all groups with infection number less
than 200 worms per rat had no significant difference in statis-
tics (Fig. 2h).

A. cantonensis infection caused inflammation in multiple
organs of the rat

Next, we investigated the damages to rat organs caused by
A. cantonensis under different infection dose. The brain, lung,
and heart were obtained from rat after sacrificing at 35-day
post-infection. As the permissive host, at day 35 after infec-
tion, the A. cantonensis in rat have already migrated from the
brain to the lung. As expected, there was no obvious patho-
logical changes in rat brain in groups infected with less than
280 L3 per rat (Fig. 3a—j). In groups G280 and G320, mass
bleeding existed underneath the meninges (Fig. 3k, 1), dem-
onstrating the higher amount of A. cantonensis could also lead
to damage in rat brain. By contrast, in the lung of rat, when the
infection amount reached 40 worms per rat, evident pulmo-
nary congestion showed up, and the severity increased as the
infection dose elevated (Fig. 4a—1). In consistent with the gross
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observation, after A. cantonensis infection, the alveolar spaces
were filled with a mixed mononuclear/neutrophilic infiltrate,
and the infiltration aggravated as the infection worms in-
creased (Fig. 5a-1), and massive red blood cells infiltrated
the alveolar space in groups G280 and G320 (Fig. 5k, 1).
Similarly, the pathological injury in the heart exacerbated as
the infection number of the parasites increased. H&E staining
results revealed that no inflammatory response in rat heart
when infection dose was lower than 200 worms per rat
(Fig. 6a—h). When the number of the infected parasites
exceeded 200 per rat, the inflammatory infiltration appeared
in serous pericardium and myocardium (Fig. 6i-1). Notably,
we also found worm residency in the right atrium and right
ventricle of the rats in groups with infection amount above 80
worms per rat (Fig. 6m—o).

The length and sex ratio of recovered A. cantonensis
changed in rat of high infection number

We harvested A. cantonensis from the brain to the lung of the
rat in each group at the end of experiment. The overall recov-
ery rate in rat lung showed no significant difference among all
groups (Fig. 7a). Then, we counted female and male adult
worms from the lung separately, and the female to male ratio
increased as the infection number went high (Fig. 7b).
Significant differences were observed between the group
G20 and the groups infected with above 200 L3 (P < 0.05)
(Fig. 7b). Besides, the length of worms in each sex were mea-
sured. The average length of worms shortened as the infection
number increased in both sexes. For female worms, worms in
group G320 showed significant shorter length than those in
the rest of the groups (P < 0.001) (Fig. 7¢). The group G280
also owned shorter worm length compared with the groups
G40, G80, G120, and G160 (P < 0.01) (Fig.7¢c). Likewise, for
male worms, the average length in group G320 was signifi-
cantly shorter than that in groups G80, G120, and G160
(P < 0.05) (Fig. 7d). Taken together, the average length of
worms harvested from rat lung decreased in the groups with
higher infection number, with significant difference between
group G320 and groups G160, G200, and G240 (P < 0.001)
(Fig. 7e). By contrast, the immature worms collected from the
brain had similar body length, significant difference in length
was only observed between group G320 and group G200
(P <0.05) (Fig. 7f).

Discussion

Parasitism is one of the most pervasive phenomena in the
biological world (Huntley and De Baets 2015). To survive
and replicate in the hosts and to complete their life cycles,
parasites have evolved elegant strategies (Swann et al.
2015), one of which is to parasitize a wide variety of hosts.
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Fig. 3 Representative gross histopathologic photos of rat brain after A. cantonensis infection. a to 1 represented groups with infection rate from 0 to 320

worms per rat. Arrows pointed to the bleeding under meninges

For example, a dozen of mammals can serve as definitive
hosts of Schistosoma japonicum (Gryseels et al. 2006) and
Clonorchis sinensis (Liu et al. 2017; Tang et al. 2016), and
Toxoplasma gondii can invade and survive in all nucleated
cells of any warm-blooded animal (Szabo and Finney 2017).
Unlike the parasites mentioned above, only a small number of
vertebrates, such as rats and hamsters, have been reported as
the permissive hosts of A. canfonensis hitherto (Wang et al.
2015; Ishii et al. 1980), while mice, monkeys, and human
serve as A. cantonensis non-permissive hosts, in which the
invaded L3 cannot develop into adult worms and failed to
maintain the continuity of the life cycle (Qvarnstrom et al.
2016; Wei et al. 2015; Ko 1978). It indicates that
A. cantonensis and the permissive hosts (rat and hamster)
are adapted to each other in the process of coevolution
(Papkou et al. 2016). Although rats and mice are both hosts
of A. cantonensis, the pathological injury to central nerve sys-
tem caused by the same pathogen, A. cantonensis, are distinct
in these two animals. As a permissive host, what is the

maximum infection number of A. cantonensis for rats without
leading to death and whether the worm development and re-
covery rate, sex ratio will be affected by the infection amount
in rats are yet unknown.

Our results confirmed that from day 27 after infection,
when partial of the fifth stage of larvae (L5) of
A. cantonensis had migrated from the brain to the lung, rat
in groups G80 and above began to die. While in mice model,
the death appeared at day 18 when the fourth stage larvae (L4)
and L5 resided in the brains of mice. The first death in rat after
infection has postponed 9 days compared with that in infected
mouse, which is in coincidence with the previous report on the
different pathological injury caused by A. cantonensis in the
permissive host and the non-permissive host (Li et al. 2014a,
b; Wang et al. 2015). Meanwhile, it also suggested that unlike
mice which were died from severe damage of neural inflam-
mation caused by A. cantfonensis, the death of rats were attrib-
uted to the severe injury on the heart and the lung besides the
brain (Figs. 3-6). In addition, none of the rats died in the

Fig. 4 Representative gross histopathologic pictures of rat lung after A. cantonensis infection. Infection rate increased from a 0 to 1 320 worms per rat.

Arrows: regions showing lung congestion
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Fig. 5 Representative photomicrographs from lung of rat infected with
A. cantonensis in each group stained with H&E. a to 1 were groups with
infection rate ranging from 0 to 320 worms per rat. Black arrows: mixed

groups G5, G10, G20, and G40 at day 35, implying the most
appropriate infection dose is 40 A. cantonensis per rat for its
life cycle maintenance under laboratory conditions.

In the present study, we observed that at day 35 after infec-
tion, A. cantonensis could migrate and reside into rats’ lung
which leads to evident swelling and bleeding combining with
a large number of eosinophils infiltration (Fig. 5) as the infec-
tion dose increased. This observation is consistent with results
reported by other researchers (Lan and Lai 2008; Lee et al.

mononuclear/neutrophilic infiltration in the alveolar spaces. Blue arrows:
massive red blood cell infiltration

1996). Surprisingly, we also found worm residency in the
right atrium and right ventricle of the rats in group G120,
leading to severe myocardial inflammation (Fig. 6).

On the other hand, in the parasitic relationship, the host will
also have an impact on the parasite. Our results showed that
A. cantonensis infection dose affected the length and sex ratio
of worms collected in rats. Although the recovery rate did not
change significantly among groups with different infection
amount, the length of worms, either female or male, in groups

Fig. 6 Representative H&E staining in the heart of rat infected with
A. cantonensis in each group. From a to 1, the number of A. cantonensis
for infection went from 0 to 320 worms per rat. Black arrows:
pericardium and myocardium infiltrated with a mixed mononuclear/

neutrophilic. m—o A. cantonensis were found residency in the rat right
atrium and right ventricle. Black arrow: A. cantonensis worm in the gross
heart sample. n Enlarged photo of the rectangle region in (m). 0 H&E
staining of the region (n). Arrows: A. cantonensis worm
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with higher infection dose (280 or 320 A. cantonensis per rat)
were significantly shorter than that in groups with lower in-
fection dose (160 L3 per animal). It is probably due to the
intense competition for nutrition and living space and higher
environmental pressure under high parasite density (Paterson
and Viney 2002; Reynolds et al. 2016; Hirao and Ehlers
2008). Interestingly, we also noticed that the ratio of female
to male worm increased as the infection dose elevated, which
could be the consequence of higher selective pressure in the
dense nematodes population (Therese and Bashey 2012;
Haukisalmi et al. 1996).

In summary, our results demonstrated that although rat has
been considered as a permissive host for A. cantonensis, over-
dose (more than 80 A. cantonensis per rat) infection can lead
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to their death, which could be ascribed to the inflammatory
injury in multiple organs for instance, the brain, heart, and
lung. Besides, the length of the worms collected in rats’ lung
and the ratio between female and male worms were inversely
correlated with the infection dose. Hence, our findings have
enriched the understanding of the interaction between
A. cantonensis and its host as well as the adaptability and
tolerance between them.
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