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Carotid Taenia solium Oncosphere Infection: A Novel Porcine Neurocysticercosis Model
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Abstract. Neurocysticercosis (NCC), the infection of the human central nervous system (CNS) with larval cysts of
Taenia solium causes widespread neurological morbidity. Animal models are crucial for studying the pathophysiology
and treatment of NCC. Some drawbacks of current NCC models include differences in the pathogenesis of the model
and wild-type parasite, low rates of infection efficiency and lack of reproducibility. We describe a novel porcine model
that recreates infection in the CNS with high efficiency. Activated oncospheres, either in a high (45,000–50,000) or low
(10,000) dose were inoculated in the common carotid artery of 12 pigs by ultrasound-guided catheterization. Following
oncosphere injection, either a high (30mL) or low (1–3mL) volume of saline flush was also administered. Cyst burden in
the CNS was evaluated independently according to oncosphere dose and flush volume. Neurocysticercosis was
achieved in 8/12 (66.7%) pigs. Cyst burden in the CNS of pigs was higher in the high versus the low oncosphere dose
category (median: 4.5; interquartile ranges [IQR]: 1–8 andmedian: 1; IQR: 0–4, respectively) and in the high versus the low
flush volume category (median 5.5; IQR: 1–8 andmedian: 1; IQR: 0–2, respectively), although not statistically different. All
cysts in theCNSwere viable,whereas both viable anddegenerated cystswere found in themusculature. Carotid injection
of activated oncospheres in pigs is effective in reproducing NCC. Oncosphere entry into the CNS by way of vasculature
mimics wild-type infection, and provides a useful alternative for future investigations on the pathogenesis and antipar-
asitic treatment of NCC.

INTRODUCTION

Taenia solium, also referred as the “pork tapeworm,” causes
taeniasis and cysticercosis, which is considered a neglected
zoonotic disease. It is common in many rural areas of de-
veloping countries where the lack of sanitation and hygiene
conditions, human open-air defecation, and the presence of
free-roaming pigs is common.1,2 The parasite has a two-stage
lifecycle, including humans as the definitive host of the in-
testinal adult tapeworm and pigs as the natural intermediate
host of the larval form or cysticercus.2 Humans develop tae-
niasis by eating infected pork containing larval cysts, whereas
pigs develop cysticercosis in their tissue by ingestion of in-
fective eggs released in the feces of a human tapeworm
carrier.2,3 Humans can also develop cysticercosis when they
accidentally ingest eggs by fecal–oral route from a close
contact with a tapeworm carrier.4 Cyst establishment in the
central nervous system (CNS) leads to the development of
neurocysticercosis (NCC), a debilitating neurological condi-
tion considered as the leading cause of late-onset epilepsy in
low-income countries.5,6 This disease has also become an
increasing public health concern in industrialized countries,
withmore than18,000cases in theUnitedStates, resulting in a
negative economic impact due to hospitalization costs.7

Clinical manifestations in human NCC can vary from
asymptomatic cases to severe illness, and even death.8 The
variety of signs observed reflects the characteristics of the
infection in the CNS (stage, number, and location of cysts

as well as the host’s immune response toward larval cysts).4

Neurological symptoms include persistent headache, mem-
ory loss, hydrocephalus, increased intracranial pressure, and
most commonly, the development of seizures and epilepsy.4,9,10

Antiparasitic therapy can also exacerbate clinical manifes-
tations in NCC, probably as a result of the inflammatory re-
sponse to antigens released by dying cysts immediately after
treatment. Typically, steroids are co-administered with anti-
parasitic drugs to control the inflammatory response sec-
ondary to cyst damage by the immune response, and to
reduce the risk of seizures.11 Further studies are necessary
for a better understanding of the pathophysiological process-
es in NCC, host–parasite interactions, and for improving
current therapeutic regimens. In this context, the development
of an accurate animal model may be valuable for the study
of NCC.
Animal models are critical for studying the processes that

occur during the infection course in NCC. An ideal animal
model that closely resembles the parasite lifecycle is useful
to study the pathophysiological processes that occur during
cyst implantation into the CNS, the development of the im-
mune response, and the identification of specific biomarkers
for early stages of development.12 In addition, an animal
model with high rates of viable cyst infections in the CNSmay
allow the control of variables such as infection dose and cyst
longevity, especially important in controlled studies for treat-
ment regimens.13–15 A variety of studies have been performed
using pigs16–20 and rodents21–24 as NCC animal models, each
with their own advantages and disadvantages. We describe
a novel experimental porcine NCC model, using ultrasound-
guided carotid artery catheterization. By inoculating onco-
spheres into the carotid artery, the model aims to accurately
recreate oncosphere entry into the CNS through the blood–
brain barrier. This method would not generate any artifact to
brain tissue or meninges due to direct injection of parasites
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into the brain and could potentially reveal important informa-
tion about early CNS infection, especially how oncospheres
gain access into the brain. Our model produces high rates of
infection efficiency into the CNS and provides an alternative
for further experimental studies.

MATERIALS AND METHODS

Study animals. Twelve mixed-breed pigs 8–11 weeks old,
negative to T. solium antibodies determined by lentil lectin–
bound glycoprotein enzyme-linked immunotransfer blot
(LLGP-EITB)25,26 were purchased from a cysticercosis-free
farm in Lima, Peru. Pigs were housed in the veterinary facili-
ties at San Marcos University (FMV-UNMSM), in Lima, Peru,
where they were allowed 2 weeks of acclimatization in their
new environment. All study procedures were reviewed and
approved by the Animal Use andCare Committee of the FMV-
UNMSM (Ethics Authorization Number 007), which adheres
with the guidelines of the Office of Laboratory Animal Wel-
fare of the National Institutes of Health.
Parasite, oncosphere collection, and inoculum

preparation. A total of six adult tapeworm specimens were
collected from patients treated with a single oral dose (2 g)
of niclosamide.27 Taenias were collected and stored in Fal-
con 15-mL tubes containing saline solution with antibiotics
(10 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL
amphotericin B) at 4�C until used (within a 4-week period of
collection). Species differentiation (T. solium and Taenia sag-
inata) was performed by microscopy for morphological char-
acteristics of gravid proglottids (numbers of uterine branches)
and scolex (rostellum with hooks in T. solium), and confirmed
by polymerase chain reaction as previously described.28

Eggs were obtained from gravid proglottids by gentle ho-
mogenization, washed three times in distilled water (with cen-
trifugation steps between washes of 2,500 × g per 5 minutes
each), collected, and subsequently exposed for 10 minutes
to 0.75% sodium hypochlorite at 4�C for oncosphere hatch-
ing as previously described.29 The supernatant containing
oncospheres was centrifuged in RPMI 1640 medium (Sigma
Chemical Co., St. Louis, MO), resuspended in the same me-
dia, and a sample containing approximately 100 oncospheres
was placed in a Neubauer chamber and tested for viability by
microscopy using Trypan Blue at 0.4%. Oncospheres were
then activated using artificial intestinal fluid (1 g pancreatin
[Sigma Chemical Co.], 1 mL pig bile, and 200 mg Na2CO3,
adjusted to a volume of 100 mL with RPMI medium) by in-
cubation at 37�C for 1 hour as previously described.29,30

Activated oncospheres were rinsed, resuspended in RPMI
medium, counted, and separated in individual inoculums of
1 mL for immediate use within 2 hours.
Infection procedure. Activated oncospheres were inocu-

lated in pigs via catheterization of the common carotid artery
as this vessel supplies the cerebral anterior vasculature (see
Figure 1). Pigs were anesthetized using a combined intra-
muscular dose of ketamine (20mg/kg) plus xylazine (2 mg/kg)
for induction and intravenous doses of ketamine (5 mg/kg)
every 20 minutes for maintenance. Animals were placed in
dorsal recumbency and monitored for anesthetic depth and
cardiovascular stability. The ventral section of the neck was
sterilized with povidone-iodine at 10% for catheterization. A
portable ultrasound device (Micromaxx; Sonosite, Bothell,
WA) with a vascular probe was used to visualize the carotid

artery on the right side of the neck, and the Seldinger tech-
nique31 was performed for percutaneous catheterization of
the artery, using a 22-ga, 10-cm sterile central line venous
catheter (Arrow International, Teleflex Int, Reading, PA).
Two variables for oncosphere administration were con-

sidered: 1) parasite dosage (number of activated onco-
spheres administered) and 2) volume of sterile saline flush

FIGURE 1. Schematic representation of the common carotid artery
anatomy of the swine head and neck. The carotid rete mirabile is
situated at the termination of the ascending pharyngeal artery. In the
swine, the internal carotid artery is very short and joins the rete to the
circleofWillis. AA=arteria anastomotica;AC=anterior cerebral artery;
AP = ascending pharyngeal artery; BA = basilar artery; C = ciliary
artery; CC = common carotid artery; EC = external carotid artery; EE =
external ethmoidal artery; IM = internal maxillary artery; MM = middle
meningeal artery supplying the ramus anastomoticus; O = occipital
artery. Reproduced with permission from the American Society of
Neuroradiology.33
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post-oncosphere administration. For this, an equal number of
pigs were distributed to receive either a high (45,000–50,000)
or a low (10,000) oncosphere dose, and in eachdosegroup, an
equal number of pigs were also distributed to receive a high
(30 mL) or low (1–3 mL) volume of saline flush. Following the
administration of the saline flush (either in high or low volume),
pigs received a second flush of 5 mL of saline to ensure
oncosphere clearance from the catheter.
Clinical and serological monitoring. Pigs were kept in the

experimental facilities at FMV-UNMSM for 12 weeks. Clinical
status of pigs was checked every day by the veterinary staff.
Blood samples were also obtained from the anterior vena
cava of pigs on a weekly basis during the study period. Sera
aliquots were evaluated for the presence of antibodies by
LLGP-EITB,25,26 and circulating parasite antigens by the
B158/B160 monoclonal antibody-based enzyme-linked im-
munosorbent assay.32 Antibody levels were expressed as
the number of LLGP-EITB bands visualized, with the pres-
ence of one or more bands considered as positive. Antigen
levels were expressed as the ratio of the optical density of
the sample to a cutoff defined by negative control sera; an-
tigen ratios > 1 were considered positive for the presence of
circulating antigen.
Necropsy, cyst evaluation, and histopathology. After a

period of 12 weeks postinfection (PI), all pigs were euthanized
for the assessment of cysts. Pigs were induced to anesthesia
with an intramuscular dose of ketamine (20 mg/kg) and xyla-
zine (2 mg/kg), and received an intravenous overdose of
sodium pentobarbital (80 mg/kg) for euthanasia. A thorough-
gross necropsy was conducted in each carcass, including a
complete count of all cysts in brain and muscles. Cysts were
classified based on their macroscopic appearance as vesic-
ular (apparently viable cysts with a thin-walled bladder filled
with clear fluid and a visible scolex in its interior) and degen-
erated (soft caseous cystswithout clear fluid or visible scolex).
All cysts in the brain and brain stem were recorded as a proxy
for the CNS; the spinal cord was not evaluated on necropsy.
All cysts in the musculature were also recorded. A portion of
vesicular cysts inmusculature were evaluated for viability by a
cyst evagination test as previously described.17 Cysts within
the CNS were additionally evaluated by histopathology to
describe inflammatory responses due to cyst establishment.
Multiple samples of formalin-fixed tissue containing cysts
were embedded in paraffin, and 5-μm sections were stained
with hematoxylin and eosin and evaluated by a board-certified
veterinary pathologist (J.A.).
Statistical analysis. Viable and degenerated cysts in brain

and musculature of pigs were expressed as medians and
interquartile ranges (IQRs), according tooncosphere dose and
volume of saline flush, evaluated separately, and compared
using the Mann–Whitney U test. The overall correlation be-
tween muscle and brain cysts of pigs was calculated using
the Spearman test, and the proportion of viable cysts in the
CNS according to oncosphere dose, and volume of saline
flush was compared using Fisher’s exact test. Antibody
and antigen levels were measured at days 0, 45, and 90
PI, expressed as medians and IQRs, and overall correla-
tions between antibody and antigen levels with cyst burden
in the CNS and musculature of pigs were also analyzed
using the Spearman test. Statistical analyses were per-
formed in R version 3.3.1. P values < 0.05 were statistically
significant.

RESULTS

A total of six T. solium tapeworm specimens, confirmed by
microscopy and PCR, were evaluated for oncosphere viability
test (see Table 1). Specimens were collected of patients from
Lima (N = 3), Tumbes (N = 1), and Puno (N = 2). Oncospheres
from all specimens showed percentages of oncosphere via-
bility > 70%, except in one specimen collected from a patient
from Puno, with a percentage of oncosphere viability of 55%.
The average percentage of oncosphere viability was 73%.
None of the pigs showed neurological signs associated

with parasite infection in the CNS during the whole study pe-
riod. Of the 12 challenged pigs, 10 (83.3%) developed cysts
in the musculature, and of these, 8 (66.7%) also developed
cysts in the CNS (see Table 2). Two pigs (inoculated with a
low oncosphere dose and each receiving a high and a low
volume of saline flush) did not develop cyst infection in any
organ; these animals were the youngest (8 weeks old during
the infection procedure). In the animals with NCC, all CNS
cysts were viable, with an overall median number of 5.5 cysts
(IQR: 2–7.5 cysts). Cysts were distributed in the brain paren-
chyma, midbrain, brainstem, or in the subarachnoid spaces
(Figure 2A) and no cysts were found in the cerebellum. In the
animals with cysticercosis, cysts found in the musculature
were both viable and degenerated (Figure 2B), with a median
numberof 177.5viable cysts (IQR: 12–942cysts) andamedian
of 2.5 degenerated cysts (IQR: 0–28.5 cysts). These cysts
were predominantly found in skeletal muscles of the limbs,
neck, thorax, andback, aswell as in the tongue andheart. Pigs
with extra-CNS cysticercosis had no cysts in the tongue; one
of these pigs had all its cysts in the muscles of the neck, the
majority on the right side. The overall correlation between
brain cysts and muscle cysts was 0.78 (P value = 0.0026).
A trend toward high cyst burden in the CNS of pigs was

observed when comparing a high versus a low oncosphere
dose (median: 4.5 cysts; IQR: 1–8 cysts and median: 1 cysts;
IQR: 0–4 cysts, respectively; P value = 0.2198) and when
comparing a high versus low flush volume post-oncosphere
inoculation (median: 5.5 cysts; IQR: 1–8 cysts and median: 1
cyst; IQR: 0–2 cysts, respectively; P value = 0.1409). Viable
cyst burden in the musculature was also higher (but not sta-
tistically different) in pigs that received a high oncosphere
dose compared with those that received a low oncosphere
dose (median: 879.5 cysts; IQR: 127–1,822 cysts andmedian:
40 cysts; IQR: 0–228cysts, respectively;P value= 0.0542) and
in pigs that received a high flush volume versus pigs that re-
ceived a low flush volume (median: 412 cysts; IQR: 5–822
cysts and median: 151 cysts; IQR: 19–1,062 cysts, respec-
tively; P value = 0.9361). Degenerated muscle cyst burden
was higher (but not statistically different) in pigs in the low

TABLE 1
Procedure and numbers of Taenia solium gravid proglottids collected
from tapeworm carriers and percentages of oncosphere activation

Tapeworm
number

Patient’s
location

Numbers of gravid
proglottids

Numbers of
eggs

evaluated

Percentageof
oncosphere
activation

1 Lima 30 985,000 70
2 Tumbes 13 275,000 70
3 Lima 37 355,000 90
4 Lima 56 745,000 75
5 Puno 16 40,000 55
6 Puno 20 700,000 78
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versus the high oncosphere dose category (median: 8.5 cysts;
IQR: 0–43 cysts and median: 2.5 cysts; IQR: 0–5 cysts, re-
spectively; P value = 0.5676) and similar in the high versus the
low flush volume category (median: 2 cysts; IQR: 0–43 cysts
and median: 3 cysts; IQR: 1–16 cysts, respectively; P value =
0.8065). According to oncosphere dosage, the proportion of
viable cysts in theCNSwas 0.64% (37/5,820 cysts) in the high
dose category and 1.14% (13/1,130 cysts) in the low dose
category, and not statistically different (P value = 0.082);
according to volume of saline flush, the proportion of viable
cysts lodged in the CNS was 1.04% (39/3,476 cysts) in the
high volume category and 0.34% (11/3,217 cysts) in the low
volume category, and statistically different (P value = 0.001).
Viable cysts evaluated from muscles showed a 70% mean

viability (see Table 2, and Figure 2C). A total of 36 cysts with
adjacent tissue were recovered from the brain of the eight
NCCpigsandevaluated for histopathology.Histopathological
examinations revealed the presence of a cyst, occasionally
with cysticercus larvae within it, surrounded by a mixed
population of inflammatory cells at the peripheral tissue
(Figure 3A). The inflammatory cells included predominantly
populations of lymphocytes, plasmatic cells, macrophages,
and also eosinophils and neutrophils (Figure 3B). Some
macrophages were also arranged in a palisading architecture.

Serological responses in pigs were evaluated at days 0, 45,
and 90 PI. All pigs (except those with zero cysts at necropsy)
were strongly positive for circulating antigens (antigen ratios
> 20) at days 45 and 90 PI (median: 68.8; IQR: 35–73.8 at day
45 PI and median: 73.5; IQR: 36.7–75.2 at day 90 PI) and
not statistically different (P value = 0.2853). Antibody bands
appeared between days 0 and 45 PI, with medians of three
bands (IQR: 1–3) and four bands (IQR: 2.5–5) at days 45 and
90 PI (P value = 0.1097). The two pigs with zero cysts at
necropsy remained negative for antibody and antigen levels
for the duration of the study period. Antigen levels strongly
correlated with cyst burden in the musculature (Rs: 0.93, P
value < 0.001) but not with cyst burden in the CNS (Rs: 0.57, P
value = 0.0535). Conversely, antibody bands significantly
correlated with cyst burden in the CNS (Rs: 0.60, P value =
0.032) but not with cyst burden in the musculature (Rs: 0.51, P
value = 0.0922).

DISCUSSION

The development of an animal model is crucial for the study
of NCC because it provides valuable tools for a better un-
derstanding of the processes that occur during the infection of
the human CNS. Our study demonstrated that intracarotid

TABLE 2
Detailed cyst burden according to sample tissue and percentage of cyst viability in experimentally infected pigs

Pig ID Age at infection (weeks) Oncosphere dose* Volume of saline flush†

Cysts in the musculature Cysts in the CNS

Cyst viability (%) evaluated in muscle cystsVesicular Degenerated Vesicular

105 11 High High 697 0 8 67% (22/33)
101 9 High High 2,056 4 19 70% (21/30)

6 9 High High 127 0 1 100% (37/37)
107 11 High Low 1,062 1 2 78% (31/40)
103 9 High Low 1,822 41 7 70% (35/50)

9 10 High Low 19 5 0 100% (17/17)
102 10 Low High 822 117 7 70.2% (40/57)
106 8 Low High 0 0 0 –

19 9 Low High 5 43 4 0% (0/5)
108 9 Low Low 75 1 0 60% (18/30)
104 8 Low Low 0 0 0 –

22 9 Low Low 228 16 2 90.2% (83/92)
CNS = central nervous system.
* High (45,000–50,000 oncospheres) and low (10,000 oncospheres).
†High (30 mL) and low (1–3 mL).

FIGURE 2. Larval cysts recorded in experimentally infected pigs at necropsy. (A) Subarachnoid vesicular cyst in situ in the central nervous system
ofpigwith ID102 (blackarrow). (B) Vesicular cysts recordedshowinga visible scolex in its interior (white arrow). (C) Evaginatedcysts after incubation
with artificial intestinal fluid (black arrows). This figure appears in color at www.ajtmh.org.
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oncosphere injection in pigs recreates parasite entry into the
CNS through the blood–brain barrier and thus provides a re-
liable method to reproduce NCC.
Experimental oncosphere injection in the vasculature of

pigs has been studied previously by Verastegui et al.,17

showing high rates of cyst infection in the musculature when
oncospheres were administered by intravenous route but not
cyst infection in the CNS. In our model, we directed the in-
fection toward the CNS by injecting activated oncospheres
into the common carotid artery, as this vessel supplies the
anterior cerebral vasculature. Unlike humans, before arriving
to the circle of Willis, the swine common carotid artery
branches into the ascending pharyngeal artery and forms a
complex vascular network known as the rete mirabile
(Figure 1). Despite the possible barrier effect of the rete mir-
abile for the oncosphere passage and cyst development in the
CNS, we successfully reproduced NCC in 8/12 (66.7%) pigs.
Microarteriesof the retemirabile range in thesizeof50–250μm,
with an average diameter of 154 μm,33 thus allowing the pas-
sage of oncospheres (typically 30μm in size).34 Cyst infections
were also observed in themusculature of 10/12 (83.3%) pigs. It
is likely that a percentage of the inoculum has passed through
the external branch of the common carotid artery, and after
passing through smaller vessels, the oncospheres established
in the musculature and developed into cysts.
All cysts in the CNS of NCC pigs in our model were appar-

ently viable. Similar results have been obtained previously in
initial experiments with oral infection with T. solium eggs in
pigs.16,18 Oral infection has the advantage of mimicking the
wild-type infection route,12 although to achieve CNS infection
with oral infection, a high dose of eggs is necessary (usually
100,000 or more). This implies the need of a large number of
Taenia specimens, which can be difficult to obtain. Oral in-
fection, although successful to achieve CNS infection, is also
limited in its ability to examine the timing and process of
oncosphere invasion from the vasculature into the brain.
This remains an important gap in knowledge and one that
can be studied further with our model. The presence of viable

brain cysts in our model also represents an advantage for the
study of pathogenesis of inflammatory responses following
antiparasitic treatment. In comparison with studies of NCC
using naturally infected pigs,13–15 our model allows to control
variables, such as cyst longevity in the CNS, infection dose,
and concurrent CNS infections, which may impact the in-
terpretability of different treatment regimens against NCC.
The number of cysts and their distribution in the CNS in our

model was quite variable and similar to what is seen in NCC
naturally infected pigs, likely reflecting the individual variability
of pigs to infection.35,36 There was also a tendency toward a
higher number of cysts in pigs that received ahighoncosphere
dose or a high volume of saline flush PI. The effect of a higher
inoculum on cyst development was similarly observed in
previous studies in pigs using oral infection with eggs or in-
tracranial CNS oncosphere injection.16,18,20 A high flush vol-
ume following oncosphere injection in our model may also
improve the passage of a greater number of oncospheres
through the vasculature toward theCNS.Nonetheless, a lower
cyst burden in the CNS, as observed in pigs that received a
lower oncosphere dose or lower volume of saline flush, may
also be useful to individualize local inflammatory responses in
the brain parenchyma. In any case, a high rate of oncosphere
viability is necessary to achieveCNS infection,whichdepends
on the protocol of oncosphere activation and the timing be-
tween tapeworm collection and oncosphere preparation for
use.17,20,30 The average percentage of viability of the onco-
spheres used in our model was 73% and correlated with the
numbers of cysts observed in muscles and brains of pigs at
necropsy. The two animals that did not develop any cysts in
their organs were inoculated with the oncospheres collected
from the tapeworm from Puno with the lowest percentage of
oncosphere viability (55%), which corroborates the importance
ofoncosphereviability toachievecyst infection.Thesepigswere
also the youngest (8 weeks at infection), illustrating different
results from Deckers et al.19 who demonstrated that pigs orally
infected at a young age (1 month compared with 3 or 5 months)
developed a greater number of viable cysts in the musculature.

FIGURE 3. Microscopic examination of aTaenia solium cyst recovered from the porcine brain. (A) Lowmagnification (×4) of cyst containing a larva
(La) inside,with the cerebrumnervous tissue (NT) linedbyamixed inflammatory cell response (Inf). (B) Highermagnification (×40) of the inflammatory
reaction is orientedwith the cyst lumen at the top and the neurologic tissue at the bottom of the histograph. The granuloma is composed of amixed
population of inflammatory cells, including lymphocytes (Ly), plasma cells (Pl), eosinophils (Eo), neutrophils (not illustrated in this section), and
macrophages (M). This figure appears in color at www.ajtmh.org.
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Both gross and histologic characterization of brains in in-
fected animals were similar to that observed in pigs that nat-
urally acquired NCC37–40 and included mixed populations of
inflammatory cells (lymphocytes, plasma cells, macrophages,
and eosinophils) in slice sections of brains. It has been pro-
posed that this proliferation of inflammatory cells from the
peripheral circulation is due to an increased permeability of
the blood–brain barrier.41 The inflammatory response seen in
the porcine brains is also similar to those observed in human
NCC, only differing in a higher number of eosinophils in the
pigmodel. This difference, however, may be influenced by the
fact that CNS cyst infection in humans is generally consid-
ered more chronic compared with NCC in pigs.42 Rodents
have also been used as animal models to characterize the
inflammatory responses in NCC. Cardona et al.21 reported the
development of NCC in the brain of mice after intracranial
infection of the cestode Mesocestoides corti. Taenia crassi-
ceps, another cestode related to T. solium, has been used to
infect mice intraperitoneally for the study of markers associ-
atedwith granuloma formation.22More recently,Moura et al.23

developed ventricular NCC in mice by injecting cysticerci of
T. crassiceps into the CNS of mice. These models are suc-
cessful in studying the immune response following CNS in-
fection; however, a major drawback of these models is that
cyst establishment into the CNS is not part of the wild-type
pathology of M. corti and T. crassiceps. Intracranial injection
of activated oncospheres of T. solium in rats has been suc-
cessful in reproducing NCC.24 Inflammatory responses in
the rat brain closely resemble those in human NCC, and rats
also develop epilepsy.24 Intracranial injection, however, does
not resemble the parasite’s natural infection cycle, and more
importantly, a possible mass effect associated with cyst im-
plantation in the small brains of rats can occur. Surgical
oncosphere implantation in thebrainof pigshasalsoproven to
reproduce CNS infection,20 although the presence of degen-
erated cysts in the CNS of this model may indicate an exac-
erbated inflammatory response associated with surgical
implantation of parasites, a disadvantage for this approach.
The overall increase in antigen and antibody levels in sera

of pigs following intracarotid oncosphere injection clearly
demonstrates the processes of cyst establishment in organ
tissues and immune responses toward cysts. Circulating anti-
gen levels in seramostly correlated withmuscle cysts because
of a higher cyst burden in the musculature compared with the
CNS of infected pigs. Higher numbers of EITB antibody bands
have been observed in humanNCC,43,44 similar to the antibody
levels in all NCC pigs in our study, although these results may
also represent a strong systemic immune response toward
muscle cysts.45 It is likely that antigen levels measured in ce-
rebrospinal fluid (CSF) better correlate with cyst burden in the
CNS, as parasite antigens locally produced in the brain tissue
are directly released in the CSF. Similarly, antibody levels
measured in theCSFmay represent their “denovo” synthesis in
the CNS or their passive diffusion from the blood system.
Some drawbacks of our study deserve consideration. To

achieve cyst infection, we used a high oncosphere dose (as
many as 50,000 oncospheres), which can be difficult and in-
consistent for many laboratories to obtain. Most studies use
500–1,000 oncospheres via injection in the CNS for infection, so
further studies are necessary to optimize the numbers of active
oncospheres needed for infection using this technique. Com-
parisons of cyst burden according to oncosphere dosage and

volume of saline flush had limited statistical power, although a
trend towardhighercystburden in theCNSwasobserved inpigs
that received a high oncosphere dose and high volume of saline
flush. Comparisons may also be biased as the two pigs without
cyst infection in the low oncosphere dose category received the
inoculum with the lowest percentage of oncosphere activation
(55%), although the analysis excluding these animals showed
similar trends between dose categories. There is also a potential
technical difficulty during catheter placement and possible ex-
travascular oncosphere inoculation, as observed in one of the
pigs that had 100% of the cyst burden implanted in the mus-
culature of the neck. Further experiments are additionally nec-
essary to evaluate model reproducibility and to reduce potential
adverseeffectsof the retemirabileonCNS infectionefficiency. In
summary, the experimental porcine NCCmodel described here
efficiently reproducedCNS viable cyst infections and provides a
useful alternative for future studies on NCC.
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