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Abstract

Received: 14 April 2023 Toxoplasma gondii infections are primarily diagnosed by serological assays, whereas
Accepted: 23 August 2023 molecular and fluorescence-based techniques are garnering attention for their high sen-
sitivity in detecting these infections. Nevertheless, each detection method has its limita-
*Correspondence tions. The toxoplasmosis detection capabilities of most of the currently available meth-
(fsquan@khuackn  0ods have not been evaluated under identical experimental conditions. This study aimed
to assess the diagnostic potential of enzyme-linked immunosorbent assay (ELISA), real-
time polymerase chain reaction (RT-PCR), immunohistochemistry (IHC), and immunofluo-
rescence (IF) in BALB/c mice experimentally infected with various doses of T. gondii ME49.
The detection of toxoplasmosis from sera and brain tissues was markedly enhanced in
Citation  mice subjected to high infection doses (200 and 300 cysts) compared to those subject-

Kang HJ, Mao J, Kim MJ, Yoon KW, Eom GD, . -, .
Chu KB, Moon EK, QuanFs, ©d to lower doses (10 and 50 cysts) for all the detection methods. Additionally, increased
The detection of Toxoplasma gondiiME49  B1 gene expression levels and cyst sizes were observed in the brain tissues of the mice.
infections in BALB/c mice usngvarious  Importantly, IHC, IF; and ELISA, but not RT-PCR, successfully detected T. gondii infec-
Parasites Hosts Dis 2023;61(4);418?427: tions at the lowest infection dose (10 cysts) in the brain. These findings may prove ben-
eficial while designing experimental methodologies for detecting T. gondii infections in

mice.
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Introduction

Toxoplasma gondii infection in the host organism results in a highly prevalent parasitic dis-
ease called toxoplasmosis, which affects approximately a third of the global population [1].
The severity and clinical symptoms of T. gondii infection vary depending on the host’s im-
mune response and the extent of the infection, respectively. T. gondii infections in immu-
nocompetent individuals are frequently asymptomatic and characterized by mild and self-
limiting general malaise. However, in pregnant women and immunocompromised indi-
viduals, the infection can result in neurological and ocular abnormalities in the fetus, en-

© 2023 The Korean Society for  cephalitis, and even death [1]. T. gondii has also been linked to various neurological and
Parasitology and Tropical Medicine I . . . . . .
psychiatric disorders, such as schizophrenia and bipolar disorder, although evidence for its
This is an Open Access article distributed under
the terms of the Creative Commons Attribution
Non-Commercial License (https://creativecom-
mons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution, Infections caused by the T. gondii ME49 strain are primarily diagnosed by serological
and reproduction in any medium, provided the

original work is properly cited.  assays, particularly via ELISA, which determines the specific antibodies produced by the

association with these diseases remains inconclusive [2]. Efficient and accurate detection
of T. gondii infection is a crucial prerequisite for the development of management measures.
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host’s immune system in response to the infection [3]. However, the detection of toxoplas-
mosis is not strictly limited to conventional ELISA-based methods owing to various advanc-
es in the field, which have enabled the application of a wide array of diagnostic methods.
The hematoxylin and eosin staining method has been employed to delineate the morphol-
ogy of cysts in murine brains infected by 20 cysts of 1. gondii ME49 [4]. Similarly, immu-
nohistochemistry (IHC) and immunofluorescence assay (IF) have been applied to detect T.
gondii MEA49 infection [5]. Moreover, the polymerase chain reaction (PCR) has been con-
tinually optimized as a promising detection method for these infections [6,7]. The use of
the B1 gene and the ITS-1 region as primers in PCR was reported to be highly sensitive in
quantifying T. gondii ME49 infections [8].

Numerous studies comparing the sensitivities of various toxoplasmosis detection assays
have been reported [9-12], with each study being subjected to different experimental con-
ditions. To the best of our knowledge, none of them has attempted to simultaneously de-
termine T. gondii ME49 infections via ELISA, THC, IE, and PCR under the same experimen-
tal conditions. Given the variable sensitivities of these techniques in detecting T. gondii ME49
infections in different laboratories and the conflicting findings reported in these literature
[9-12], we reasoned that subjecting the diagnostic tests to identical experimental conditions
would enable an accurate comparison of the detection methods. Furthermore, the relation-
ships between the infection doses and the various identification approaches remain unclear.

This study aimed to detect T. gondii infections induced by different doses and observe
the responses at various time intervals in the brains and/or sera of mice via ELISA, real-time
PCR (RT-PCR), and cyst observations (IHC, IF). The techniques were assessed under iden-
tical conditions, thereby providing a reference for laboratory detection methods in future
animal studies related to T. gondii ME49 infection.

Materials and Methods

Ethics statement

All animal experiments were approved and performed by strictly adhering to the guidelines
established by the Kyung Hee University IACUC (permission number: KHUASP(SE)-18-
050).

Mice and parasites

Seven-week-old female BALB/c mice were obtained from NARA Biotech (Seoul, Korea)
and maintained in a biosafety level 2 facility under appropriate temperature (25+ 2°C) and
12-h light-dark cycle settings. The T. gondii type II strain ME49 used in this study was main-
tained through serial passaging in BALB/c mice. Specifically, uninfected mice were inocu-
lated with brain homogenates from previously infected mice, thereby preserving the para-
site strain and ensuring a consistent source of infection. The infected mice were sacrificed
to obtain cysts of T. gondii ME49 from the brain tissues before the new passage [13].

Challenge infection and sample collection

A total of 45 mice were randomly assigned to four groups (n=9 each) and orally infected
with 100 pl of phosphate-buffered saline (PBS; 137 mM NaCl, 10 mM Na,HPO,, 2.7 mM
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KC], and 1.8 mM KH,PO,) containing 10, 50, 200, or 300 T. gondii ME49 cysts. The mice
were monitored weekly for changes in the body weight and survival rate for 84 days (equiv-
alent to 3 months). Blood samples were collected from each mouse via retro-orbital plexus
puncture 28 (month 1), 56 (month 2), and 84 (month 3) days post-infection (dpi). Three
mice from each group were sacrificed at these time points, and the brain tissues were col-
lected and stored at -80°C for further analysis.

Evaluation of the T. gondii ME49-specific IgG response via ELISA

Blood samples collected at regular intervals were centrifuged at 6,000 rpm for 10 min at
4°C for serum acquisition. Brain tissue supernatants were obtained by homogenizing the
brain tissue in 3 ml syringes containing 200 pl of PBS and centrifuging them at 3,000 rpm
for 20 min at 4°C, as described previously [14]. Sonicated ME49 lysate antigens were dilut-
ed in carbonate coating buffer (15 mM Na,COs and 34.8 mM NaHCO:s) to a concentration
of 4 pg/ml and incubated in a 96-well immunoplate overnight at 4°C to detect the T. gondii
MEA49-specific antibodies. The sera (1:100 dilution) and brain samples (1:10 dilution) were
diluted in PBS containing 0.05% Tween 20 (PBST) and inoculated into each well at 37°C
for 1 h. Horseradish peroxidase (HRP)-conjugated anti-mouse IgG secondary antibody
(SouthernBiotech, Birmingham, AL, USA) was diluted in PBST (ratio, 1:2,000) and incu-
bated at 37°C for 1 h. Color development was achieved by adding O-phenylenediamine
substrate dissolved in citrate-phosphate bufter (pH 5.0; 0.1 M Na;CsH50; and 0.2 M Na,H-
PO,) containing 0.05% H,O,, and the reaction was stopped with H,SO4 [13]. Optical den-
sity readings were measured at 450 nm using a microplate reader (EZ Read 400, Biochrom,
Cambridge, UK).

RT-PCR to determine the T. gondii B1 gene

T. gondii genomic DNA was extracted from the mouse brain samples using the genomic
DNA Extraction Kit (Bioneer, Daejeon, Republic of Korea), according to the manufactur-
er’s instructions. The B1 gene’s repetitive single-copy sequence of the T. gondii ME49 strain
was selected as the target DNA for amplification. The forward (5-GGAGGACTGGCAA-
CCTGGTGTCG-3") and reverse (5-TTGTTTCACCCGGACCGTTTAGCAG-3") primers
were designed using Oligo 6.0 software (Molecular Biology Insights, Colorado Springs,
CO, USA) and synthesized by GenScript (Piscataway, NJ, USA). The GAPDH gene (forward
primer: 5'-GGTGAAGGTCGGTGTGAACG-3', reverse primer: 5'-CTCGCTCCTGGAA-
GATGGTG-3") was used as a reference to normalize the expression levels of the target genes.
In brief, a 20 ul reaction mix was prepared, comprising 1 pl of genomic DNA, 0.8 pl of 10
uM forward primer, 0.8 ul of 10 uM reverse primer, 0.8 pl of 10 uM probe, 0.4 pl of the Luna
Universal Probe qPCR Master Mix (New England Biolabs, Rowley, MA, USA), and 7 pl of
nuclease-free water. The micPCR Thermal Cycler (PhileKorea, Seoul, Korea) was used to
perform the PCR procedure with the following reaction conditions: initial denaturation at
95°C for 2 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The relative

expression level of the B1 gene was calculated using the 274“T method.

Isolation of T. gondii cysts

T. gondii ME49 cysts were obtained from the brain homogenates using a previously estab-
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lished method involving the Percoll density gradient [14]. Briefly, brain homogenates were
subjected to centrifugation at 3,000 rpm for 20 min at 4°C. The pellets were resuspended in
44% Percoll and layered on top of the 67% Percoll solution. The mixture was centrifuged at
12,100 rpm for 20 min, and the layer at the interface of the different densities containing
the T. gondii cysts was collected and washed with PBS. The purified cysts were then mount-
ed on glass slides and quantified under a Leica DMi8 microscope (Leica Microsystems, Wet-
zlar, Germany).

IHC and IF staining for T. gondii detection

The mice brains were fixed with 10% formaldehyde, embedded in paraffin wax, and cut
into 4 um-thick sections using a microtome. The sections were deparaffinized using xylene
and rehydrated through a graded series of alcohol. Antigen retrieval was performed in 0.01
M citrate buffer (pH 6.0) for 10 min. Endogenous peroxidase was removed by incubating
the sections in 3% H.O, diluted in methanol for 10 min. After blocking with 5% BSA for
30 min, the sections were incubated (overnight at 4°C) with positive sera (1:500 dilution)
collected from mice infected multiple times with T. gondii. After washing with TBST, the
sections were incubated with HPR-conjugated IgG (1:2,000 dilution) for 30 min at room
temperature, washed, and stained with 3,3"-diaminobenzidine (DAB, Sigma-Aldrich, St.
Louis, MO, USA) for 5 min. Finally, the sections were counterstained with hematoxylin,
dehydrated, and mounted with coverslips. IHC staining was visualized via light microsco-
py. For the IF staining, fluorescein-isothiocyanate (FITC)-conjugated IgG antibody (Ab-
cam, Cambridge, UK; 1:300 dilution) was used as the secondary antibody. The intensity,
location, and pattern of fluorescence were observed with a Leica DMi8 microscope.

Statistical analysis

GraphPad Software version 9 (GraphPad Software, San Diego, CA, USA) was used for data
analysis. Data are expressed as the mean + SD. Statistical distinctions between groups were
assessed using one-way analysis of variance and Tukey’s post hoc test. P values less than 0.05
were considered statistically significant.

Results

T. gondii ME49-specific IgG responses in the sera and brains of mice infected with
varying doses of cysts

The antibody responses in the sera and brain supernatants of mice infected with varying
doses of T. gondii ME49 cysts were determined at 28, 56, and 84 dpi using ELISA. As shown
in Fig. 1A, the changes to the parasite-specific IgG after infection with 10 cysts were negli-
gible during the first 2 months, but a significant increase compared to that in the naive con-
trols became apparent after 3 months. The antibody responses induced in mice were pro-
portional to the infection dose, irrespective of the infection duration. The IgG antibody
levels were significantly higher than those in the naive controls as the infection dose was
increased to 50, 200, and 300 cysts. Furthermore, administering high doses of T. gondii ME49
in the mice resulted in a markedly enhanced induction of IgG when compared to those in
the naive and the low infection dose groups. Consistent with the serum IgG data, the brain
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Fig. 1. Antibody responses in sera and brains of BALB/c mice experimentally infected with T. gondii. (A) Sera and (B) brains were collect-
ed at 28, 56, and 84 (equivalent to months 1, 2, and 3) days in mice post-infections and parasite-specific IgG response was determined
using ELISA. T. gondii lysate antigen was utilized as coating antigens. The data were presented as mean + SD, which were obtained from
three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to the naive control.
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Fig. 2. T. gondii B1 gene levels in brain tissues of mice exerimentally infected with T. gondii. Real-
time PCR was performed to determine the relative expression of the T. gondii B1 gene in mice in-
fected with varying doses of ME49 cysts. Brain samples were collected at months 1, 2, and 3 after
infections for the analysis. The fold change in gene expression was calculated using the 24T meth-
od with GAPDH as the reference gene. The results are presented as mean +SD and significance
was indicated using *P < 0.05, **P < 0.01, and ***P < 0.001.

IgG responses were elicited in a dose-dependent manner, which progressively increased
over the course of the infection (Fig. 1B). Unlike the serum antibody responses, the T. gon-
dii-specific IgG responses in the brains of the infected mice were significantly higher than
those in the uninfected controls at all time points. Furthermore, the brain IgG responses
detected three months post-infection were significantly higher than those observed in the

first and second months.

B1 gene levels in the brains of mice infected with varying doses of T. gondii ME49
cysts

Brain tissues collected at 28, 56, and 84 dpi were utilized to examine the relative expression
levels of the T. gondii B1 gene via RT-PCR (Fig. 2). The B1 gene expression levels in mice
infected with either 10 or 50 T. gondii ME49 cysts were negligible compared to those in the
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Fig. 3. Cysts size of the parasite, and body weight changes and survival of mice after infections. The mice were infected with varying
doses of T. gondii ME49 strain. The cysts were separated from the brain tissues of the mice at 28, 56, and 84 days post-infections and
their size was measured (A). The changes in body weight (B) and survival (C) of mice were recorded weekly until day 84. Representative
data from three independent experiments were presented as mean + SD, with *P < 0.05 and **P < 0.01 denoting statistical significance

compared to the naive control.

naive controls at the 3 time points. Conversely, significantly enhanced B1 gene expression
was observed at all time points in mice infected with high doses of T. gondii cysts. Although
a dose-dependent increase in B1 gene expression was detected, progressive increases over
time were only seen in mice infected with 200 or 300 T. gondii cysts. Mice infected with
higher doses (from 56 dpi with T. gondii infection and onward) exhibited B1 gene expres-
sion levels that were markedly greater than those in the mice infected with relatively lower

T. gondii doses.

Parasite size, body weight changes, and survival of mice following T. gondii ME49
infections

Brain tissue samples were collected from mice at 28, 56, and 84 dpi, and the cyst sizes were
measured using a microscope (Fig. 3A). The cysts gradually enlarged over the course of in-
fection, with the largest cyst size detected three months post-infection. Correlations between
the cyst size and infection dose could only be drawn from 2 months post-infection onward
because the size differences were negligible, regardless of the infection dose, during the first
month of infection. Significant size differences were detected after 56 dpi; mice infected with
200 or 300 T. gondii MEA49 generally possessed larger cysts than those inoculated with 10
or 50 cysts. Increasing the infection dose did not negatively influence the body weights of
the mice (Fig. 3B). Consistent with the weight loss data, the T. gondii infections with vary-
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Fig. 4. Parasite loads in mice brains are observed by immunohistochemical staining. Brain sections were obtained on 84 days after in-
fections with 0 (A, naive control), 10 (B), 50 (C), 200 (D), or 300 (E) T. gondii ME49 cysts. The cysts were probed with anti-T. gondii poly-
clonal antibody. We used 3,3"-diaminobenzidine (DAB) chromogen. Representative image from each group was provided. All images
were acquired at 200 x magnification (bar=20 um).

Fig. 5. T. gondii ME49 cysts loaded in mice brains are evaluated by immunofluorescence (IF) analysis. IF assays were used to assess the
parasite loads in the brains of T. gondii-infected mice with 0 (A), 10 (B), 50 (C), 200 (D), and 300 (E) cysts at 84 dpi. Anti-T. gondii polyclonal
antibody was used as the primary antibody, and fluorescein-isothiocyanate (FITC)-IgG was used as the secondary antibody. Brain sec-
tions obtained from 3 independent experiments were visualized using a fluorescent microscope (bar=20 pm). Representative image
from each group was provided. All images were acquired at 200 x magnification.

ing doses of the cysts did not affect the survival of the mice during the 3-month infection
period (Fig. 3C).

Staining image analysis in the brains of mice infected with different burdens of

T. gondii ME49 cysts

Parafhin sections of the brain tissues were incubated with polyclonal mouse antibodies against
T. gondii ME49. The corresponding secondary antibodies conjugated with HRP or fluoro-
phore were used for IHC and IF, respectively. DAB-stained T. gondii cysts were not detect-
ed in the naive mice (Fig. 4A). The cysts were too small to be detected during the first 2 mon-
ths, irrespective of the infection dose (data not shown). However, at 84 dpi, they were de-
tected and visualized as brown precipitates (Fig. 4B-E). The DAB-based IHC method suc-
cessfully detected the T. gondii ME49 cysts, even at a dose of 10 cysts (Fig. 4B). Increasing
the infection dose was associated with greater quantities and sizes of the cysts. Identical find-
ings were observed from the IF images. Although FITC-stained cysts were undetected in
the naive group (Fig. 5A), they were detected in all the infection groups at 84 dpi (Fig. 5B-
E). As with the THC results, the cyst infection dose was proportional to the burden and size
of the cyst.

Toxoplasmosis is a serious public health hazard that can have severe consequences depend-
ing on the immune status of the affected individual. Nonetheless, an effective commercially
available vaccine for the prevention of human toxoplasmosis remains unavailable [15]. There-
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fore, conducting preclinical investigations of T. gondii using animals is a necessary precon-
dition for developing effective regulation strategies; moreover, the research quality is heavi-
ly dependent on the sensitivity of the detection techniques. Our study investigated the rela-
tionship between different infection doses and the corresponding responses at various time
points after infections, which is the first study to detect 1. gondii infection using 4 techniques
(ELISA, RT-PCR, IHC, and IF) under the same experimental conditions. Understanding
the sensitivity and applicability of these methods at varying infection doses and time courses
may provide a valuable reference for selecting optimal study strategies.

Although several previous studies have reviewed data acquired from a substantial num-
ber of patients infected with distinct T. gondii genotypes, a direct correlation between the
parasite burden and the severity of the related disease could not be drawn [16-18]. Howev-
er, animal experiments exhibit distinguishable characteristics. In the present study, changes
in the infection dose were reflected in several test results, with unsatisfactory results in the
low-dose infection groups. Specifically, the serum IgG levels in mice infected with a high
dose of the parasite (200 and 300 cysts) were consistently higher than those in mice infect-
ed with a low dose (10 and 50 cysts), irrespective of the infection duration. This was consis-
tent with the findings previously reported using other ELISA-based methods, such as the
chemiluminescence assay (CLIA), enzyme-linked fluorescence assay, immunochromato-
graphic test (ICT), serum IgG avidity test, and immunosorbent agglutination assay; all of
which exhibited high sensitivity [19]. The efficacy can be further enhanced by utilizing re-
combinant or chimeric antigens and multiepitope peptides with promising outcomes [20].
From the second month onward, we observed a similar trend between the levels of the Bl
gene and the cyst size in the high-dose infected mice, which was not evident during the
early stage of infection (first month). These findings suggest that, during the early stage of
infection, particularly within the first month, ELISA may be more sensitive in identifying
and differentiating the high and low infectious doses compared to PCR and visual observa-
tions in the brain tissues of mice. Additionally, the effectiveness of all these methods is in-
fluenced by the infection dose.

The ME49 strain is commonly used for T. gondii research in animal models. Once it in-
fects the intestinal epithelial cells, the parasites disseminate throughout the body and reach
the brain, forming tissue cysts that persist quiescently for life [21]. A previous study have
shown that cysts begin to appear in the brains of mice infected with 20 ME49 cysts within
one-week post-infection, and immunohistology methods have been reported to detect the
cysts during the early stages of infection [22]. However, detection in cases with as few as 10
cysts was rarely reported. In the current study, the cysts could not be detected using IHC
during the early stages of infection, probably due to the low infection dose, which elicited a
less potent immune response, and the unfavorable environmental conditions within the
gastrointestinal tract [23]. The only way to detect T. gondii infections with such low doses
was through IgG tests in the brain; the cysts lasted up to 3 months after infection in the brain
but were not detected in the sera of the mice. During T. gondii infection, parasite-specific
antibodies are produced by antibody-secreting plasma cells in the secondary lymphoid or-
gans and distributed throughout the body. In addition, IgG antibodies are directly produced
by circulating B cells that cross the blood-brain barrier, after being induced by cytokine and
chemokine signaling [24,25]. The findings of the present study suggest that the latter mech-
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anism may be dominant in extremely low-dose infections. In cases with low-dose cysts, the
intensity of the B cells recruited by the infected brain cells and the antibody immunity pro-
duced exceed that of antibodies present in the blood during the early stage; thus, the detec-
tion of IgG in the brain is more sensitive at low infection doses. This was indirectly proved
by the presence of CD45R (B220)* IgG-producing B cells in the brain tissues of mice as
early as 1 month after infection [26]. Moreover, consistent with our report, T. gondii-specit-
ic IgG antibodies have been found in the cerebrospinal fluid of infected baboons 10 days
after infection [27]. This evidence serves as a reference for the development of efficient de-
tection techniques in forthcoming animal experiments involving low-dose T. gondii infec-
tions.

Although parasite cysts and DNA replication have been shown to increase in size over
time during high-dose infections, the mice in the current study maintained their body weight
and survived until 84 dpi. This may be because although the dose of 300 cysts was consid-
ered high in this study, it was relatively low compared to our previous studies where mice
were challenged orally with 450 or 2,000 cysts, and all the infected mice died before 50 or
16 dpi, respectively [13,28]. Thus, the survival time may be inversely correlated to the in-
fection dose, which must be considered when conducting related immunology or pharma-
cology experiments in the future.

In conclusion, the present study describes various identification techniques, including
ELISA, B1 gene detection, and cyst quantity, to evaluate T. gondii ME49 infections in mice.
Additionally, the efficacy was compared using varying cyst doses at distinct time points.
The findings of this study may provide an experimental basis for the selection of detection
methods for T. gondii infections in animals. The development of rapid test measures that
do not compromise the accuracy of the assay while providing reproducible results within a
short time is of great significance for the quality of basic studies. Hence, it is imperative to
comprehensively evaluate the advantages and disadvantages of each detection method in
order to determine the most suitable strategy under specific conditions.
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