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Preface

Toxoplasma gondii is one of the most common protozoan parasites, affecting 10-25% of
the world’s population. It has long been thought that toxoplasmosis is a disease mostly
affecting neonates who have been infected with the parasite iz utero. Toxoplasmosis
acquired after birth is often an asymptomatic illness that lasts a lifetime. However, in
immunocompromised individuals, such as those with acquired immune deficiency
syndrome (AIDS) or those receiving organ transplants or intensive cancer treatment,
chronic T gondii infections may reactivate, and the result may be fatal. The capacity of
T. gondii to invade every nucleated cell in humans and the majority of warm-blooded
animals is what makes this infection so successful. T. gondii grows and lives within the
cell after infection. A crucial requirement for lifetime persistence is the transition from
the rapidly dividing tachyzoite stage to the quiescent bradyzoite stage.

Towards New Perspectives on Toxoplasma gondii brings together experts from across the
world and offers detailed reviews and previously unpublished findings. Topics covered
are the development of the schizont stages of T. gondii in primary cell culture of feline
enterocytes; the effects of toxoplasmosis on host behavior, personality, and cognition;
the three nutrient uptake portals in Toxoplasma tachyzoites; neuro-immunopathology;
and how Toxoplasma infection can be diagnosed and prevented.

The editors would like to acknowledge the dedication and hard work of all the authors
who have contributed to this book, and the support of the IntechOpen editorial team in
bringing this project to completion.

Saeed El-Ashram
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Chapter1

Introductory Chapter:
The Significance of Toxoplasma
gondii in Humans, and in Domestic

and Wild Animals

Saeed El-Ashram, Gungor Cagdas Dincel,

Mohammed Hamdy Farouk, Abdulaziz Alouffi,

Hany M.R. Abdel-Latif, Shagufta Igbal, Guillermo Tellez-Isaias,
Billy M. Havgis, Victor Manuel Petrone-Garcia,

Gabriela Aguilar-Tipacami and Inkar Castellanos-Huerta

1. Introduction
1.1 Toxoplasma gondii and life cycle

Since 1908, when Toxoplasma gondii was isolated in a rodent (Ctenodactylus gundi),
from which the parasite gained its name [1], more than a century has passed. Because
of the crescent-shaped form of the parasite, the genus name was taken from the
Greek word toxin, which means bow. It was not until 1970 that the entire life cycle of
the parasite was revealed, considering cat (Felis catus) the only definitive host (DH)
in which the parasite could complete its entire sexual life cycle [2]. T gondii belongs
to the phylum Ampicomplexa, which contains intercellular parasites with a polar-
ized cell structure and an apical complex [3]. T. gondii life cycle is considered sexual
and asexual with a characteristic complexity; it reproduces sexually in the DH and
asexually in the intermediate hosts (IH) [4] with three distinct stages of reproduction:
tachyzoites (replicating fast), bradyzoites (replicating slowly), and sporozoites (in
sporulated oocysts). As described briefly, after consuming any of the three stages,
wild and domestic cats are infected [5]; prepatent period typically lasts between 3 and
10 days until 19 days or more [6]. Digestive enzymes break down the cyst wall, releas-
ing the bradyzoites [7] and allowing the infection of intestinal epithelial cells through
asexual reproduction (schizonts). Merozoites are discharged and reinvade the
intestinal epithelium when the schizont reaches maturity. After this stage, sexual dif-
ferentiation is observed [5, 8], rising to flagellated microgametes and macrogametes
and beginning fertilization [6], resulting in the production of a zygote (diploid) and
growing into an unsporulated oocyst, which is discharged into the intestinal lumen
and expelled from the DH. Sporulation of the oocysts takes from 1 to 5 days, depend-
ing on environmental variables such as temperature and humidity [9, 10]. Oocysts
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have impermeable walls and are resistant to physical and chemical stimuli, living in
damp soil and staying infectious for months [11]. The asexual cycle of T gondii begins
when an IH consumes contaminated water or food. In the gut, the sporozoites are
released and infect the intestinal epithelial cells [5]. The IH may also gain Toxoplasma
infection by consuming raw or undercooked meat, harboring bradyzoite-bearing
tissue cysts. The freshly released bradyzoites convert into tachyzoites after enter-

ing the intestinal epithelium after the rupture of the cyst wall [12]. After successful
cell invasion, intracellular proliferation takes place until the host cell can no longer
sustain its development [13]. Eventually, the tachyzoites egress from the host cell and
disperse through the circulatory system to organs such as the liver, lungs, brain, eye,
placenta, and heart, completing the asexual life cycle [14]. Once the host’s immuno-
logical response is elicited, the multiplying tachyzoites develop into bradyzoites, form
tissue cysts, and stay dormant in the host [15, 16]. In healthy individuals, tissue cysts
may survive throughout life without eliciting an immune response from the host.
However, when the immune system is compromised or weakened, bradyzoites may
revert quickly to replicating and invasive tachyzoites, leading to infection [13].

1.2 Toxoplasma genotypes

T. gondii genome is composed of a 65 Mb nuclear genome with 14 chromosomes
[17]. The genome of T. gondii is bigger than that of other apicomplexans [18], which
might be attributed to the large number of IHs of T. gondii [19]. Online database
(ToxoDB (http://toxodb.org/toxo/)) contains complete information on the genome
of T. gondii [20], including the three main types of T. gondii: GT-1 (type I), Me49
(typeII), and VEG (type III) [21, 22]. Genotypes vary substantially across different
geographic locations; Asia, Europe, and North and South Americas present type I,
and all the continents present types II and III [23]. Thus, diversity in pathogenicity
and virulence is directly correlated with genetic differences [24]. A median lethal dose
(LDsp) to mice in laboratory settings is a common way to describe virulence strain.
LDsy, for as little as one parasite, in type I strain of the parasite may kill mice. Types II
and III, in contrast, are less virulent and only result in LDs, following infection with
several parasites. Multi-locus restriction fragment length polymorphism (RFLP) is
used to detect strains with distinct genotypes compared to types I, II, and III, which
were first found in isolated populations of exotic animals, but they have lately been
reported in chickens, pigs, and sheep [25]. Human primary infections of ocular illness
are associated with atypical toxoplasmosis strains [26]. These atypical strains are
characterized primarily by unique alleles and allele-shuffled combinations from the
three major types [27]. Microsatellite genotyping of immunocompromised patients
with toxoplasmosis revealed three novel genotypes, Africal, Africall, and Caribbean
I, and subsequently determined a different Africa III genotype [28, 29]. The impact
of secreted Toxoplasma virulence effectors and genetic diversity of T. gondii vary
in encystment rates and acute pathogenicity in mice [30]. T gondii strains grouped
lineages (typesI, II, and III) are based on variations in acute virulence in mice and
genetic markers, RFLPs, and single-nucleotide polymorphisms (SNPs) [31, 32].
Highly pathogenic type I strain presents a LDy of 1 [31], in contrast to strain type
I with a LDs; of 10°~10%, and type III strain with a LDsg of 10*-10° [33]. Advances in
sequencing capabilities resulted in a broader diversity of T. gondii strains, giving rise
to a new classification scheme, which separates strains into 15 genetic haplotypes,
with types I, II, and III being referred to as haplotype 1, 2, and 3 and clade A, D, and
C, respectively [33]. Strain-specific alleles of two proteins, ROP5 and ROP18, were

2



Introductory Chapter: The Significance of Toxoplasma gondii in Humans, and in Domestic...
DOI: http://dx.doi.org/10.5772/intechopen.110405

found to explain the differential in virulence [34, 35]. The virulent alleles of these pro-
teins operate together to inhibit families of interferon-inducible gene families [35, 36].

1.3 Cats’ susceptibility to Toxoplasma infection: determinants

Even though DH presents more than 180 parasite species [37], T. gondii appears
more often than others in literature because of its effects on the health of humans,
livestock, and wildlife [38]. Interactions between the three essential “ecological
components,” (a) DH, (b) environment (Env), and (c) IH influence the sustainability
of these parasites, resulting in the fecal-oral route as the most common mode of
transmission. A rise in parasite shedding and environmental contamination should
be positively associated with the number of DHs. The likelihood of oocysts contribut-
ing to parasite transmission may also be influenced by specific host behaviors, and
by physically separating the DH and IH niches, it may be possible to reduce parasite
transmission. Env conditions may impact Toxoplasma oocyst survival, while the
behavior of IH (such as grazing) may affect transmission [39]. Oocysts have the
potential to survive in the environment at 4°C or room temperature for 6 months,
resulting in oocysts sporulating and living for an extended period of time [40].
Oocysts are resistant to freezing [41] but are destroyed by prolonged desiccation [42],
high temperatures (60°C), and exposure to UV light [43]. Therefore, any Env param-
eters, DH, and IH influence the completion of T gondii life cycle. Since cats only shed
it once, seropositive cats no longer shed T. gondii after their first infection; the pres-
ence of IHs encourages the transmission of parasites throughout an environment if
the IHs provide a scarce source of food for the DH.

1.4 T. gondii in humans and animals

Humans, as IH, present a third or more people who have been exposed to infection
with T. gondii. The prevalence ranges widely (10-85%) between nations, geographical
areas within a country [7], socioeconomic conditions, climate (warm, humid tropi-
cal areas, cold-temperate, or desert regions), poor sanitation, a lack of clean water,
and poor hygiene [44]. Toxoplasmosis is classified into an acute acquired infection
(horizontal transmission) and a congenital infection (CT) [45] with an incubation
period from 10 to 23 days after consuming tissue cysts and from 5 to 10 days follow-
ing the consumption of oocysts [10, 46]. CT to the fetus (transplacental) may occur
if the mother gets a primary infection or the chronically infected mother becomes
immunocompromised during pregnancy [13]. Also, blood transfusion, solid organ
transplant, or bone marrow transplant from a seropositive donor might be considered
for infection [47]. Sexual transmission is established in many animal species, and
circumstantial evidence implies that it may also occur in humans [48-50]. Because
most infections are subclinical or misdiagnosed, it is challenging to establish the
human toxoplasmosis and welfare effects [42]. Moderate flu-like symptoms, such as
fever, muscle discomfort, and fatigue, may occur in some people [51]. Cases of severe
toxoplasmosis and ocular disease are documented [52]. The most common cause is
thought to be consuming raw or undercooked meat from an infected animal [53].
Unpasteurized milk; contaminated meat, vegetables, and fruits; and contaminated
water might be a source of infection [54]. Infection may be caused by consuming
water or food contaminated with feline excrement [55]. Disease transmission can be
prevented by adequately boiling or freezing; temperatures over 67°C or below —12°C
render tissue cysts nonviable [56, 57], and salted and cured meat often weakens the
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viability. However, Toxoplasma tissue cysts seem refractory to these approaches [58].
The efficiency of thermal, nonthermal, and chemical/biochemical treatments for
inactivating T gondii in foods destined for human consumption has been reviewed
[59]. When these individuals have a healthy immune system, the infection may not
cause any symptoms. However, if the immune system is suppressed, the parasite can
reactivate and cause potentially fatal complications [60]. Clinical signs of the disease
include encephalitis, schizophrenia, bipolar disorders, depression, obsessive-com-
pulsive disorders, retinochoroiditis, myocarditis, and fetal abnormalities following
transplacental infection in immunocompromised people [61]. Both immunocom-
petent and immunocompromised pregnant women are at risk of transmitting T
gondii to their unborn children if they become infected with the parasite during their
pregnancies [62]. The prevalence of CT varies by nation and location. Pregnancy-
related fever, eating unwashed vegetables, and diagnosis in the third trimester were
all linked to CT [63]. It is believed that the high genetic diversity of T. gondii seen in
animals from this country correlates with illness severity. Infections after birth are
usually undetectable, and toxoplasmosis predominantly affects immunocompromised
patients where the clinical course of the illness is frequently considerably more severe
[51]. Infected newborns might have nonspecific symptoms [64]. However, most
infections are asymptomatic because the organism has developed several strategies

to prevent significant inflammatory and immune responses. In the case of infections
in wildlife populations, T. gondii infects any warm-blooded wildlife by ingesting
environmental oocysts or, in omnivores and carnivores, both oocysts and tissue cysts
[65, 66]. Production species are also affected by T. gondii, such as poultry [67]. Like
chickens, T. gondii is the IH in livestock [68, 69], sheep [70, 71], and swine [72].
During infection of IH, first contact is made when parasites infiltrate enterocytes or
cross the epithelial barrier to infect resident macrophages, dendritic cells (DCs), and
lymphocytes [73] and rapidly multiply, infecting any cell with a nucleus; the resulting
cell lysis may trigger rapid disease onset. A solid first line of defense is encouraged

by the innate immune response. Within a few days of infection, the body develops an
adaptive immune response that limits the infection and strengthens resistance to the
disease. In response, the parasite undergoes a transition into the bradyzoite, a latent
stage that develops inside the parasite cysts within the host. The immune system
cannot combat these tissue cysts [16]. The complex relationship between T. gondii and
innate immune system cells has been the subject of several researches and serves as a
model for various microbial illnesses [74].

1.5 Conclusion

Since the first isolation over a century ago, Toxoplasma gondii has been extensively
studied to understand its biology, transmission, life cycle, and implications for the
health of its definitive hosts and intermediate hosts, including the human being.
The life cycle of this protozoan of the phylum Apicomplexa presents different stages
(sexual and asexual), which, in combination with a capacity for resistance to the
environment and multiple hosts, makes this organism highly adaptable and easy to
transmit and spread. Sequencing of T. gondii genome allowed the development of
databases applied to the study, diagnosis, and typification, as well as the analysis
of pathogenic factors associated with the capacity. Particularly, T gondii is mainly
mentioned in the literature due to its potential effect on various species, including
humans. The DH-environment-IH interactions form the essential ecological compo-
nents for its dissemination, mainly by fecal material/oral cycle. Human infection is
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highly impacted worldwide since it is presumed that more than a third of the human
population has been infected by this protozoan. Due to the immune system being
actively involved in controlling infection, clinical signs range from a simple cold to
severe illness in the case of an immunodeficient situation (eye lesions, lymphopathy,
embryonic damage, and mental disorders). Its study demonstrated its presence in
many foods of animal and vegetable origin, placing this infection as one of the main
risks of food-borne diseases. Its presence in wildlife is also an intrinsically related
factor in its worldwide distribution. Due to this, T gondii represents a high risk for
humans and a great variety of IHs that can be affected by this parasite; therefore, the
study is highly relevant for its control and research worldwide.
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Abstract

Intestinal epithelial cell cultures are a potentially applicable model for
investigating enteropathogens such as the protozoan Toxoplasma gondii, the etiologi-
cal agent of toxoplasmosis. Felids such as domestic cats are the only known definitive
hosts where the parasite undergoes sexual reproduction, which occurs in the entero-
cytes. Primary feline intestinal epithelial cell (FIEC) cultures were obtained from the
fetal small gut of felines, and the epithelial nature of these cells was confirmed by the
revelation of cytokeratin and intestinal alkaline phosphatase content by fluorescence
microscopy, besides alignment, microvilli, and adherent intercellular junctions by
ultrastructural analysis. FIECs infected with T. gondii bradyzoite forms showed that
the parasite:cell ratio was determinant for establishing the lytic cycle and cystogenesis
and the induction of schizont-like forms. Type C and D schizonts were identified by
light and electron microscopies, which showed morphological characteristics like
those previously described based on the analysis of cat intestines experimentally
infected with T gondii. These data indicate that FIECs simulate the microenvironment
of the felid intestine, allowing the development of schizogony and classic endopoly-
geny. This cellular framework opens new perspectives for the in vitro investigation of
biological and molecular aspects involved in the T. gondii enteric cycle.

Keywords: Toxoplasma gondii, enteric cycle, primary cell culture, feline enterocytes,
schizont stages

1. Introduction

Intestinal cells act as barriers to prevent access to potentially harmful substances
and the migration of the underlying cells in the lamina propria [1]. Several investiga-
tors have established culture methods for intestinal cells from different animal species
that mimic normal intestinal development [2]. Culture techniques have been devel-
oped for cells from different sources, including adult [3, 4] and embryonic cells [5-8].
The introduction of growth factors or interaction of these systems with the extracel-
lular matrix during recent decades has allowed the development of experimental
approaches to study iz vitro differentiation [9, 10]. These advances have afforded the
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possible application of enterocyte cultures for in vitro studies (e.g., the interaction of
these cells with enteroparasites [11] such as Toxoplasma gondii [8]).

T. gondii, the etiological agent of toxoplasmosis, is an obligatory intracellular
parasite that causes one of the most common zoonoses in the world. Its transmission
occurs by (i) oral infection via the ingestion of cysts, present in raw or poorly cooked
meat; (ii) ingestion of oocysts, present in the feces of Felidae contaminating food,
water, and soil [12, 13]; or (iii) vertical transmission via the transplacental route [14,
15]. Cats and other felines are the only definitive hosts capable of directly spreading
T. gondii in the environment, since the enteroepithelial cycle, including the sexual
stage of the parasite, occurs exclusively in those species [16]. The infection in felids is
established after ingestion of cysts or oocysts in tissues whose walls are destroyed by
proteolytic enzymes in the stomach and intestine, resulting in the release of bradyzo-
ites or sporozoites that invade intestinal cells and initiate the enteroepithelial cycle of
the parasite [17].

Five distinct enteroepithelial morphological stages or schizonts of T gondii (Types:
A, B, C, D, and E) are described in the felid gut, involving the processes of schizog-
ony, gametogony, and sporogony, which result in the formation of immature oocysts
[16-19]. Specific knowledge about the enteric cycle of T. gondii in Felidae is limited to
morphological characterization in vivo [17, 20-25], which makes it difficult to monitor
the kinetics of infection. Thus, the analysis of the temporal events established during
this in vivo cycle is subjective since histological studies of the gut do not allow moni-
toring the actual sequence of differentiation events of the parasite’s infectious stages.
However, the practice of euthanasia of cats for scientific studies is restricted [26],
which corroborates the need to introduce alternative research models to explore the
enteroepithelial cycle of T gondii in felids.

No cell models of the feline intestinal epithelium are commercially available to
allow the study of the T. gondii enteroepithelial cycle in vitro. Several attempts to cul-
ture intestinal epithelial cells from adult animals or establish normal cell lines derived
from normal enterocytes have not been very successful [27]. The lack of cellular
models that allow the reproduction of the enteric cycle of T gondii in felids motivated
us to introduce primary cultures of cat enterocytes as an alternative for this study.
Preliminary data from this interaction have been published by our group [8]. We now
deepen this study by revealing the T. gondii development in vitro in feline enterocytes.

2. Experimental design
2.1Feline enterocyte primary cell culture

Feline enterocyte primary cell cultures (FIEC) were obtained from fetuses of a
clinically healthy pregnant domestic cat (no gastrointestinal disease and serologically
negative for T. gondii, feline immunodeficiency virus, and feline leukemia virus).

All procedures were performed in accordance with the guidelines stipulated by the
Brazilian College of Animal Experimentation (COBEA). This study was approved
by the Fundagdo Oswaldo Cruz Committee of Ethics for the Use of Animals (license
L042/2018 A1).

Small intestine samples corresponding to the jejunum-ileum region (~5 cm) were
collected aseptically. The samples were dissected, and the fragments were gathered
in ice-cold sterile phosphate-buffered saline (PBS) with a 10% antibiotic solution
(Sigma-Aldrich-St. Louis, MO, United States). This tissue was opened longitudinally,
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washed three times with PBS, and maintained in this solution with 10% antibiotics
for 20 min at room temperature. Fragments were divided into small pieces (1 cm®)
and washed into PBS. The fragments were placed in nonenzymatic dissociation buffer
(pH 7.2) containing 1 mM EDTA (Sigma-Aldrich-St. Louis, MO, United States), 1 mM
EGTA (Sigma-Aldrich-St. Louis, MO, United States), 0.5 mM dithiothreitol (Sigma-
Aldrich-St. Louis, MO, United States), and 10% antibiotic solution for 20 min under
stirring at room temperature [2-6]. The cell aggregates were plated in DMEM/Hams
medium Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient F12 (1:1) containing 1%
antibiotic solution, 1 mM glutamine, 5% fetal bovine serum (Life Technologies, Sdo
Paulo, SP, Brazil), 20 ng/ml epidermal growth factor (Sigma-Aldrich-St.
Louis, MO, United States) [4, 7], 0.1% human insulin (Humulin N - Lilly,
Indianapolis, IN, United States), 100 nM hydrocortisone (Sigma-Aldrich-St. Louis,
MO, United States), 1% nonessential amino acids 100x (Life Technologies, Sdo
Paulo, SP, Brazil), and 1 pg/ml 3,3’, 5-triiodo-L-thyronine sodium salt (Sigma-
Aldrich-St. Louis, MO, United States) [10]. The cultures were maintained at 37°C in a
5% CO, atmosphere, and the medium was renewed every two days.

Confluent FIECs were treated for 10 min at 37°C with dissociation solution
(PBS with 0.01% EDTA and 0.25% trypsin). After dissociation, the cells were
placed in culture medium at 4°C with 10% fetal bovine serum to inhibit the action
of trypsin, centrifuged for 7 min at 650 x g at 4°C, and grown in 24-well plates on
coverslips (10° cells/well) or on 35 mm?> plastic disks (5.0 x 10° cells/disk). Cell cul-
tures were daily analyzed by light microscopy (Zeiss Imager A2 microscope) after
fixation in Bouin’s solution and Giemsa staining to assess morphology and prolifera-
tion. Images were captured with Soft Axion Vision 40 v.4.8.2.0 and an Axion cam
MRc color camera.

2.2 Characterization of FIEC by immunolabeling

Several monoclonal antibodies were applied to characterize the FIECs: anti-pan-
cytokeratin clone PCK-26 (Sigma-Aldrich-St. Louis, MO, United States); anti-vimen-
tin clone VIM-13.2 (Sigma-Aldrich-St. Louis, MO, United States); anti-intestinal
alkaline phosphatase clone AP-59 (Sigma-Aldrich-St. Louis, MO, United States); and
anti-desmin clone DE-U-10 (Sigma-Aldrich-St. Louis, MO, United States). The cells
were fixed for 10 min at 4°C with 4% paraformaldehyde in PBS, washed three times
for 10 min in PBS, and then incubated for 30 min in 50 mM ammonium chloride to
block free aldehyde radicals. Afterward, the cells were permeabilized for 20 minina
PBS solution containing 0.05% Triton X-100 (Roche, Rio de Janeiro, RJ, Brazil) and
4% BSA (Sigma-Aldrich-St. Louis, MO, United States) to block nonspecific bind-
ing. For the indirect immunofluorescence assays, the cells were incubated for 2 h at
37°C with the following primary antibodies: anti-vimentin (1:200); anti-cytokeratin
(1:100); anti-intestinal alkaline phosphatase; and anti-desmin (1:100). After this
incubation, the cells were washed 3 times for 10 min in PBS containing 4% BSA and
incubated for 1 h at 37°C with the secondary antibody at a dilution of 1:1000 (mouse
anti-IgG conjugated with FITC or TRITC) (Sigma-Aldrich-St. Louis, MO, United
States). To reveal actin filaments, the cells were incubated for 1 h at 37°C with 4 pg/mL
phalloidin-FITC in PBS (Sigma-Aldrich-St. Louis, MO, United States). Next, the
cultures were washed 3 times for 10 min in PBS and incubated for 5 min with 0.1 pg/
mL 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich-St. Louis, MO, United
States) diluted in PBS. After wash, the coverslips were mounted on slides with a
solution of 2.5% DABCO (1,4-diazabicyclo-[2,2,2]-octane-triethylenediamine)

15



Towards New Perspectives on Toxoplasma gondii

(Sigma-Aldrich-St. Louis, MO, United States) in PBS containing 50% glycerol, pH 7.2.
Controls were performed by omission of the primary antibody. The samples were
examined with a confocal laser-scanning microscope (CLSM Axiovert 510, META,
Zeiss) with a 543 helium laser (LP560 filter), 488 argon/krypton laser (Ar/Kr) (filter
LP515), and a 405 Diode laser (LP 420 filter).

2.3 Isolation of T. gondii bradyzoites and interaction with FIEC

T. gondii cysts from the ME-49 strain (Type II) previously isolated from infected
mice were inoculated intraperitoneally into female C57BL/6 mice (15-18 g) with 50
cysts/animal. Four and 12 weeks after infection, the mice were sacrificed and the
brain cysts isolated, as described by Freyre [28] and modified by Guimardes et al.
[29]. In addition, bradyzoites were obtained from isolated tissue cysts according to
Popiel et al. [30].

Confluent FIEC cultures were infected with T. gondii bradyzoites. The assays were
performed at 1:5, 1:10, and 1:20 (parasite: host cell) ratios for periods ranging from 1
to 9 days postinfection to analyze the infection course and to evaluate the parasite’s
intracellular fate. After different periods of interaction, the cells were washed in PBS
and processed according to the experiments to be performed.

The ability of the T. gondii bradyzoites to infect FIECs in vitro was examined by
fixation of the cells in Bouin’s solution and Giemsa staining. The infection analysis
was carried out with 200 cells per coverslip in three independent experiments at
interaction times of 24, 48, 72, and 96 hours, in duplicate. Data were analyzed in
GraphPad Prism 7.0 using Two-Way ANOVA with Tukey’s multiple comparisons test,
and results were expressed as mean with SEM (graph) or SD (table). Differences were
considered statistically significant when the p-value was <0.05.

2.4 Characterization of T. gondii stages by immunolabeling

The differentiation of parasites in culture cells infected with bradyzoite forms
of T. gondii was monitored using tachyzoite stage-specific anti-SAG-1 antibodies
(kindly provided by Dr. José Roberto Mineo - Immunoparasitology Laboratory,
Federal University of Uberlandia, Minas Gerais, Brazil). Bradyzoites of T. gondii
were identified with stage-specific anti-BAG-1 antibodies (anti-BAG1-7ES5; kindly
supplied by Dr. Wolfgang Bohne - Institut fiir Medizinische Mikrobiologie,
Universitdt Géttingen, Germany) as previously described [31]. Initially, the
cultures were fixed for 20 min at 4°C on days 1 to 4 with 4% PFA in PBS, washed
three times for 10 min in PBS, and then incubated for 30 min in 50 mM ammo-
nium chloride to block free aldehyde radicals. Next, the cells were permeabilized
for 20 min in a PBS solution containing 0.05% Triton X-100 (Roche, Rio de
Janeiro, RJ, Brazil) and 4% BSA (Sigma-Aldrich-St. Louis, MO, United States)
to block nonspecific binding. For the indirect immunofluorescence assay, the
host cells were incubated for 2 h at 37°C with the primary antibodies anti-SAG-1
(1:200) and anti-BAG (1:500) diluted in PBS/BSA. After incubation, the cells
were washed with PBS containing 4% BSA and incubated for 1 h at 37°C with the
secondary antibody at a 1:1000 dilution (anti-mouse IgG conjugated with FITC).
Controls were performed by omission of the primary antibodies. Afterward, the
cultures were washed 3 times for 10 min in PBS and processed for fluorescence
microscopy as described above.

16



Development of Schizont Stages of Toxoplasma gondii in Primary Cell Culture of Feline...
DOI: http://dx.doi.org/10.5772/intechopen.105957

2.5 Ultrastructural analysis

FIECs infected or not with bradyzoite forms of T gondii were washed 3 times for
10 min with PBS and fixed for 1 h at 4°C in 2.5% glutaraldehyde diluted ina 0.1 M
sodium cacodylate buffer containing 3.5% sucrose and 2.5 mM CaCl, (pH 7.2). After
fixation, the cells were washed in the same buffer and then post-fixed for 30 min at
room temperature in 1% osmium tetroxide diluted in a 0.1 M Na-cacodylate buffer.
For transmission electron microscopy analysis, the cells were washed in the same
buffer, scraped from the plastic dish at 4°C, and centrifuged. Then, the cells were
dehydrated in a graded acetone series and embedded in an epoxy resin (PolyBed 812).
Thin sections were stained with uranyl acetate and lead citrate and then examined
under a transmission electron microscope (Jeol JEM1011). For scanning electron
microscopy, the FIECs were fixed for 30 min at room temperature with 2.5% glutar-
aldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) and post-fixed for 30 min at room
temperature with a solution of 1% OsO4 containing 2.5 mM CaCl, in the same buffer.
The cells were dehydrated in an ascending acetone series and dried by the critical
point method with CO, (CPD 030, Balzers, Switzerland). The samples were mounted
on aluminum stubs, coated with a 20 nm layer of gold (Cressington Sputter Coater
108), and examined under a scanning electron microscope (Jeol JSM 6390LV) at the
Rudolf Barth Electron Microscopy Platform at Oswaldo Cruz Institute.

3. Results
3.1 Morphological characteristics of feline intestinal cells in vitro

The attachment of FIECs to the substrate was observed by phase-contrast micros-
copy, in situ. In 5 days, the cells aligned and polarized, with the nuclei located in the
same plane as the organization of the columnar epithelium (Figure1A). Ultrastructural
analysis by scanning electron microscopy showed the absorptive characteristics of these
cells, including the identification of plasma membrane projections that established focal
adhesion points (Figure 1B). Long and thin finger-like projections were visible and often
established cell-cell contacts and extensive cytoplasmic contacts, indicating the forma-
tion of specialized membrane areas, such as cellular junctions (Figure 1B). Transmission
electron microscopy demonstrated that epithelial cells in culture retained a great
number of cytological features typical of intestinal epithelial cells, such as large numbers
of microvilli (i.e., a brush border at the apical pole) (Figure1C-D). Lateral interdigita-
tions are observed below the junctional complex between two adjacent epithelial cells
(Figure 1C). The junctional areas presented tight junctions (zonula occludens) in which
the outer leaflets of the plasma membranes were fused, intermediate junctions (zonula
adherens), characterized by plasma membranes separated by a space, and desmosomes
(macula adherens) (Figure1D). All these characteristics confirmed the intestinal
epithelial nature of FIECs as enterocytes that were maintained for up to six passages.

3.2 Expression of intestinal markers in FIEC
To confirm the epithelial nature of FIEC, we investigated the intermediate filaments

by employing an anti-pan-cytokeratin antibody that recognizes a range of cytokeratins
(1,5, 6, 8, and 10). Confocal laser scanning microscopy showed that secondary cultures
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Figure1.

Mog;lphologiml characterization of cells isolated from felid small intestines. (A) Cells with 24 h of cultivation showed
epithelial chavacteristics, such as alignment and polavization. The nuclei of the cells ave located in the same plane,
similar to the ovganization of the intestinal epithelium. (B) Scanning electron microscopy revealed thin and long
cytoplasmic projections and focal points of adhesion to the substrate (thin arrows). Cell-cell contact areas form
specialized contact points, such as intercellular junctions (thick arrows). (C-D) By transmission electron microscopy,
many microvilli (mv) are observed at the apical pole. Junctional complex areas (ZO = zonula occludens; ZA = zonula
adherens; D = desmosomes) ave located at interdigitations. Bars: (A) 20 ym; (B) 5 um; (C) 05 um; (D) 0.2 ym.

of FIECs preserved the morphological and functional characteristics of immature
enterocytes. These cells sustained strong expression of cytokeratin concentrated
around the nuclei after two weeks, indicating they were truly epithelial (Figure 2A-D).
Double staining by phalloidin-FITC to identify actin filaments and the anti-cytokeratin
antibody revealed little to no co-localization between these proteins (Figure 2A). The
localization of actin filaments was mostly observed at focal adhesion points for the
substrate at the cellular membrane (Figure 2A-G). The functional properties of FIECs
were evaluated based on the expression of intestinal alkaline phosphatase, which is

an enzyme secreted by the intestinal epithelium (Figure 2B-D). Intestinal alkaline
phosphatase expression was initially detected after 5 days of culture (Figure 2B). The
labeling showed a progressive increase in the enzyme concentration inside the cells,
which occurred between 7 and 9 days post-cultivation (Figure 2C-D). The immunocy-
tochemistry assays targeting vimentin and desmin failed in the FIECs until up to 15 days
in secondary culture (data not shown), as expected for healthy intestinal cells.

3.3 T. Gondii bradyzoite-FIEC interaction in vitro

Previously, we described the behavior of bradyzoites during their interaction with
FIECs [8]. Here, quantitative and qualitative analyses were performed with ratios
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Figure 2.

Chgamcterization of FIEC by fluorescence microscopy. (A) Culture of FIECs presenting epithelial morphology,
revealed by double labeling: Actin filaments in green and cytokeratin in ved. (b—d) Cytokeratin expression is
located around the nucleus. (e-g) Actin filament ovganization revealed by phalloidin in FIECs shows the cell
movrphology and the major concentration at the focal adhesion points. (B-D) Intestinal alkaline phosphatase
immunoreactivity in FIECs (red), shows activity that progressively increased in the cells as a function of the
culture time. (B) 5 days, (C) 7 days, and (D) 9 days post-seeding. Actin filaments are shown in green. Bars:
20 pm.

of 1:5, 1:10, and 1:20 (parasite: host cell). The number of infected cells was analyzed
after 24 to 96 h of parasite and host cell interaction (Figure 3). The data indicated

the influence of the parasite load on the number of infected enterocytes during the
study period: 9% after 24 hours of interaction and 42.4% after 96 hours when the

1:5 ratio was used (Table 1). Ratios of 1:10 and 1:20 (parasite: host cell) resulted in
alower number of infected enterocytes when compared to the 1:5 ratio. The main
difference between the 1:10 and 1:20 ratios was the occurrence of structures similar to
cysts (cyst-like) or schizonts (schizont-like), as previously observed by our group [8].
Cyst-like structures were more common when the ratio of 1:10 was employed, while
the ratio of 1:20 resulted in more schizonts-like structures (Table1).

The analysis of the parasite-host cell interaction with the 1:5 ratio revealed that the
parasites doubled during the first 24 h of infection, with rosette form indicating the
occurrence of endodyogeny, as seen by Giemsa (Figure 4A) and immunofluores-
cence, revealing tachyzoites with anti-SAG antibodies (Figure 4B). The bradyzoite-
tachyzoite conversion occurred as shown by staining with the anti-SAG1-TRITC
antibody (Figure 4B). After 96 hours of interaction, parasites were found in the
extracellular environment, characterizing the lytic cycle of T gondii, as seen by
Giemsa (Figure 4C) and immunofluorescence (Figure 4D).

The establishment of T. gondii cystogenesis with the ratio of 1:10 was confirmed
(Figure 5). Cyst-like intracellular structures in enterocytes were visible after 48 h
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Figure 3.

Abgsolute number of FIECs infected with T. gondii ME-49 strain bradyzoites. A total number of 400 cells were
counted for each coverslip. The parasite-host cell ratios (MOI) were 1:5, 1:10 and 1:20. **** p < 0.0001 and *

P < 0.05 compared to 24 h at MOI 1:5. o p < 0.01 compared to 48 h at MOI 1:5. ° p < 0.05 compared to 24 h at
MOI 1:10. ** p < 0.01 compared to MOI 1:5 at 96 h.

Hours of Parasite:host cell % Infected cells (IC) % Cyst-like (CL) % Schizont-like (SL)
interaction ratio (MOI) Mean SD Mean SD Mean SD
24 1:5 9.0 36 0 0 0 0
1:10 5.6 15 0 0 0 0
1:20 31 2.6 0 0 0 0
48 15 175 6.6 14 24 0 0
1:10 114 3.8 11.7 10.2 0.8 14
1:20 77 36 11.2 156 54 19
72 15 26.3 9.2 2.6 11 0 0
1:10 24.8 0.7 321 16.0 0.7 1.2
1:20 9.3 26 244 21.0 129 6.1
96 1:5 424 24.6 19 1.0 0 0
1:10 19.2 9.5 753 76.2 0 0
1:20 137 2.2 17.0 26.9 76 34
Table 1.

Quantitative analyses of cyst-like and schizont-like forms during FIEC infection with ME49 T. gondii bradyzoites.
Time comparison of IC for MOI 1:5: 96 h x 24 h ™%, 96 h x 48 h ™, 72 h x 24 h *. Time comparison of IC for
MOI 1:10: 72 h x 24 h *. MOI comparison of IC for 96 h: 1:20 x 1:5 and 1:10 x 1:5 **. Time comparison of SL for
MOI'1:20: 72 hx 24 h ;96 hx 24 h and 72 h x 48 h ***; 96 h x 72 h and 48 h x 24 h **. Time comparison of
CL for MOI 1:10: 96 h x 24 h **; 96 h x 48 h *. MOI comparison of SL for 48 h: 1:20 x 1:10 and 1:20 x 1:5 *. MOI
comparison of SL for 72 h: 1:20 x 1:10 and 1:20 x 1:5 ****. MOI comparison of SL for 96 h: 1:20 x 1:10 and 1:20 x 1:5

***. MOI comparison of CL for 96 h: 1:20 x 1:10 *; 1:10 x 1:5 **. *p < 0.05, ** p < 0.01, "™ p < 0.001, **** p < 0.0001.
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Figure 4.

nght microscopy of feline enterocytes infected with bradyzoites of T. gondii (1:5 parasite:host cell vatio). (A)
Parasitophorous vacuoles show parasites in classic rosettes, indicating the interconversion from bradyzoites

to tachyzoites. (B) Immunostaining for SAG1 (in red) reveals tachyzoites in FIECs and actin filaments (in
green) with phalloidin. (D, E) The establishment of the lytic cycle was observed at 96 h provoked by tachyzoite
proliferation based on Giemsa staining and immunolabeling with anti-SAG1 antibody. Bars: 20 um.

(Table 1) by differential interference contrast microscopy (Figure 5A), staining with
Giemsa (Figure 5B), and confirmed by ultrastructural analysis showing cyst wall,
bradyzoites containing various granules of amylopectin and electron-dense rhoptries
(Figure 5C).

As described during the quantitative analyses, schizont-like forms of T. gondii were
observed in FIECs with the 1:20 ratio (Table 1). Starting at 48 h, cultures stained with
Giemsa presented large parasitophorous vacuoles containing multinucleated masses
(Figure 6). These structures had wide variability of shape and size, resembling the
schizonts found in the gut of felines during the process of schizogony. It was common to
observe more than one of these multinucleated masses (Figure 6A, E) and cell divi-
sion processes by endodyogeny and schizogony in the same cell (Figure 6D, E). These
structures are characterized as C-type schizonts, as advocated by Speer & Dubey [25],
in a process of multiple nuclear division, with migration from the nuclei to the periph-
ery, as can be seen in Figure 6A-D. This process of schizogony gives rise to merozoites,
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Figure 5.

Cyg;: of T. gondii in FIECs infected with the 1:10 bradyzoites:host cell vatio. (A-B) Differential interference
contrast (DIC) microscopy (A) and Giemsa staining (B) show cyst-like structures (arrowheads) after 72 hpi (C)
Cyst of T. gondii revealed by TEM with the cyst wall (arrowhead), pavasites containing amylopectin granules
(Am), and electron-dense rhoptries (R). ER = endoplasmic veticulum; Mi = mitochondria. Bar: (a, B) 20 pm;

(C) 0.5 um.

which are organized immediately below the schizont’s membrane, as in a “budding,”

as suggested by Figure 6F. These will be better presented during the ultrastructural
analyses. With the advancement of schizogony, the merozoites acquired a peripheral
arrangement (Figure 7A-D) with the presence (Figure 7B-D) or not of a residual body
(Figure 7A). The occurrence of different pathways of intracellular fate of the parasite
was observed in a single cell: Iytic cycle with formation of rosettes (Figure 7B, D)
simultaneously to vacuoles containing C-type schizonts (Figure 7A-D).

Another type of schizont detected in enterocytes iz vitro, according to the descrip-
tion of in vivo models, was a group of three or four parasites in a parallel arrangement,
with or without residual body, identified as D-type schizonts. These structures were
seen in PV isolated in the cytoplasm of cells, along with other PV-containing C-type
schizonts of T. gondii (Figure 8).

Ultrastructural analysis of these infected cultures for periods ranging from 48 h to
9 days showed PV containing parasites with morphological characteristics similar to
those of T. gondii enteroepithelial stages. Evidence of schizonts containing merozoites
supports the suggestion that partial reproduction of the enteric cycle of T. gondii was
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Figure 6.

Engterocytes infected with T. gondii bradyzoites of the ME-49 strain for 48 h. It is possible to observe several
multinucleated masses of varied shapes and sizes in large vacuoles, corresponding to type C schizonts (arrowheads).
(D, E) The same cell presents parasites in pairs (arrow in D) or rosettes (arrow in E) in process of cell division,
corresponding to the lytic cycle, and vacuoles containing multinucleated masses (arrowheads). (F) Type C schizont
showing merozoites (m) emerging from the multinucleated mass. Nu = enterocyte nucleus. Bays: 10 pm.

Figure7.

Enterocytes infected with T. gondii bradyzoites of the strain ME-49 for 72 h. Note the presence of parasitophorous
vacuoles that are morphologically smaller; along with peripherally arranged parasites inside the vacuoles with

or without a large residual body (RB), as described for type C schizonts (arrowhead). Other vacuoles containing
pavasites in different stages of development can be seen in neighboring cells or in the same cell (arrows). Bars: 10 pm.
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Figure 8.

Engt;’ocytes infected with T. gondii bradyzoites of the strain ME-49 for 96 h. (A—C) Images suggestive of type D
schizgonts (TD) in groups of 3—4 parasites with or without vesidual bodies. (B-D) Several vacuoles containing
pavasites in different stages of cell division and development. Type C schizonts (TC) show parasites arranged
peripherally inside the parasitophorous vacuoles. Bays: 10 pm.

obtained iz vitro, as will be detailed below. Electron micrographs showed enterocytes
with multinucleated structures that correspond to the C-type schizont forms (Figure9),
similar to those detected here by light microscopy stained with Giemsa (Figure 6).

The ultrastructural morphological characteristics of these multinucleated masses
showed a varying number of nuclei in each of these structures, with diverse sizes and
shapes, higher incidence of rounded shapes, presence of voluminous dense granules, and
lipid bodies (Figure 9). These forms also presented a well-developed tubulovesicular
membrane network (TMN) in the vacuolar matrix, best seen in Figure 9A, C, and E.
From these multinucleated masses in a certain stage of development of the endopolygeny
or schizogony, the merozoites constructed within these masses began to migrate to the
periphery, like “budding” on the surface of these structures, being easily recognized by
the presence of the emerging conoid, and these stages were identified as type C schizonts
(Figure 9). Figure 10 is suggestive of the formation of D-type schizonts, as ascertained
by Giemsa-stained light microscopy (Figure 8A-C).
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Figure 9.

Engtlelmcytes infected with T. gondii bradyzoites of the strain ME-49 for 96 h. Ultrastructure of enterocytes
containing type C schizonts. Large vacuoles containing multinucleate mass with the presence of dense granules
(DG) and lipids (Li). Tubulovesicular membrane network (TMN) is present in the vacuolar space. Merogoites
are seen emerging from the multinucleated masses (arrows). N = nucleus; R = vhoptries. Bars: (A, D, and E)

3 um; (Band C) 1 ym; (F) 2 um.

Figure 10.
Enterocytes infected with T. gondii bradyzoites from strain ME-49 for 144 h. Ultrastructure of D-type schizont-
containing enterocytes. N = nucleus. Bays: (A) 2 ym; (B) 5 pm.

4. Discussion

The universal distribution of toxoplasmosis and the important role of felines in the
transmission of T gondii stimulate research to understand its enteroepithelial cycle
better. In this context, the present study employed primary cultures of feline intesti-
nal epithelial cells as a model to investigate the T gondii-host cell interaction.
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Some methodological aspects employed in the present study deserve special atten-
tion. The use of bradyzoites as a source of infection is justified because it represents
one of the natural routes of transmission of T. gondii (through the consumption of
raw meat by carnivorous animals or humans), based on the hypothesis that the para-
site’s enteric cycle is most efficient when cats consume tissue cysts (carnivores) [32].
Ferguson, through schematic diagrams, showed all possible routes of development
and parasite conversion stages that could occur among the various forms of infection
during the life cycle of T gondii [24]. He demonstrated that the only infectious stage
capable of direct conversion into merozoites was bradyzoites. These data support the
choice of bradyzoites as a source of infection in the present study, making possible the
successful differentiation of bradyzoites into merozoites in vitro, evidenced by light
microscopy and transmission electron microscopy.

In vitro experiments have shown that some parasites initially replicate quickly as
tachyzoites to amplify the infection, independent of the infective form (tachyzoites,
bradyzoites, or sporozoites) [33]. The conversion of bradyzoites into tachyzoites is a
natural process that occurs beginning at 15 h in cell cultures without the addition of
immunomodulatory substances [34]. We confirmed this process in FIECs infected
with ME49 strain bradyzoites at the 1:5 (parasite: host cell) ratio and, to a smaller
extent, 1:10 and 1:20 ratios. It was possible to analyze the intracellular fate of T. gondii
in the three routes: lytic cycle, cystogenesis, and schizogony in these ratios for periods
ranging from 3 to 9 days of interaction.

Our results revealed that decreasing the parasite ratio to 1:10 (bradyzoite: host
cell) caused the spontaneous formation of well-defined intracellular cysts in entero-
cytes after 72 h without any modulation (physical, chemical, or immunological) of
the cell culture. Like other researchers, we consider that cystogenesis is a spontaneous
event dependent on the strain of T. gondii. For example, low-virulent strains (type
IT) such as ME49 have a natural ability to form cysts in mammalian cells [35-40].
Therefore, we believe that the cell type might be one of the factors that determine the
intracellular parasite fate and that intrinsic cellular factors could promote the differ-
entiation stage of T gondii without the need for extrinsic stress factors [41-43].

Here, the occurrence of cystogenesis in feline enterocytes was well characterized
ultrastructurally. Our group has already demonstrated in epithelial cells that infection
of the feline renal epithelial line CRFK with bradyzoites of strain ME49 (the same
strain used in the present study) was more efficient in the establishment of cysto-
genesis compared to the mouse intestinal epithelial cell line IEC-6 [44]. Our data,
combined with the fact that FIEC differentiates in culture, reinforces the concept that
cystogenesis in vitro is contingent upon several factors, including the strain, parasite
load, and cell type (or the interaction of these factors), in addition to the stage of
differentiation of the host cells [44-47].

The experimental conditions applied in our experiments using bradyzoites of a
low-virulent strain of T gondii, such as ME49, and feline enterocytes allowed us to
obtain infective stages corresponding to the morphological characteristics of schizont
forms of the parasite, very similar to those characterized in vivo [24, 25]. The repro-
ducibility of the sexual cell cycle of Isospora suis in intestinal swine epithelial cells was
obtained before [48], and it was pointed out the significant influence of the infec-
tive dose on the development of intracellular merozoites. The researchers obtained
a high density of merozoites when the 1:10 ratio (parasite: host cell) was used and
it even allowed the production of oocysts in vitro with low parasite loads (1:100 or
1:200). These data are corroborated in part by the results of our group [8] that FIEC
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infection with bradyzoites of the ME49 strain using different parasite:host cell ratios
was decisive for the intracellular fate of the parasites in enterocytes, in particular, to
obtain schizonts. Several experiments were carried out to induce higher production
of schizonts in feline enterocytes to, perhaps, obtain sexual forms of T gondii. In

this study, we used parasitic load variation, but we were faced with the difficulty of
observing a sufficient number of infected cells to allow ultrastructural analysis. We,
therefore, chose to infect with the 1:20 load to explore this interaction better. Another
strategy also employed was the reduction in the concentration of fetal bovine serum
to 1% in the culture medium, as suggested before for Isospora [48], but in our system,
there was no apparent influence on further induction of schizogony.

Our analysis by optical microscopy of Giemsa-stained monolayers was eluci-
dating because the images of the intracellular stages had a close morphological
correlation with the description of schizont stages traditionally reported in the gut
of experimentally infected cats [17, 24-26, 49]. The development of schizonts and
gametogony in feline enterocytes has been established from the infection of cats with
bradyzoites, giving rise to the various stages of T gondii schizonts [49]. It has been
postulated that bradyzoites, when penetrating enterocytes, trigger the production
of five distinct enteroepithelial stages or schizonts, which are conventionally called
types A, B, C, D, and E [25].

The presence of large numbers of multinucleated masses in our enterocyte cul-
tures was the first indication that the T gondii enteroepithelial cycle was established
in vitro. These structures would correspond to C-type schizonts in the multiple
multiplication process, characterized as endopolygeny and/or schizogony by optical
microscopic analysis and confirmed by observing the ultrastructure, as proposed
by Speer and colleagues [25, 28, 50]. These C-type schizonts are characterized by
TMN, mitochondria, electron-dense rhoptries, a large volume of lipids, amylopectin
granules, and nuclei displaced to the periphery, as shown in Figure 9, in agreement
with Speer and Dubey’s descriptions [25]. The comparative analysis of the intracel-
lular structures evidenced in enterocytes iz vitro (Figure 6A and 9A) revealed high
similarity with those described by Ferguson [26], who characterized the entero-
epithelial stages of histological sections of the intestines of cats. Later stages of the
developing schizont type C in enterocyte cultures (Figure 7) are similar to those
seen in sections of intestinal tissue from infected cats [25], confirming that we were
able to partly reproduce the enteroepithelial cycle of T. gondii in vitro. Representative
images of the schizogony in the process of “budding” of merozoites were observed by
electron microscopy (Figure 9E, F). When compared to the corresponding ones from
this type of schizont described in the original article by Ferguson [26], these images
indicate the morphological similarities between these structures. Light and electron
microscopic analysis enabled the identification of D-type schizonts, which are also
characterized by multinucleated masses that give rise to merozoites from asymmetric
nuclear division, which generates organisms with various morphological aspects [17].
Comparing the enterocyte culture images of Figure 8A and 10A with those of histo-
logical sections of infected cat intestine [25] shows similarities, indicating that D-type
schizonts were produced iz vitro.

Thus, under our experimental conditions, cultures of FIECs infected with
bradyzoites revealed structures very similar to the schizonts of types C and D
according to the classification established by Dubey and Frenkel [17] and Speer and
Dubey [25] in histological sections of the small intestine of cats orally infected with
T. gondii cysts.

27



Towards New Perspectives on Toxoplasma gondii

5. Conclusion

The experimental strategies implemented in this work reproduced iz vitro the
natural cellular microenvironment necessary to establish the enteric development
of T. gondii in the definitive host, the domestic cat. The primary feline intestinal
epithelial cell culture indicated the potential contribution to new approaches for the
investigation of parasite cell biology. We demonstrated that analysis of FIECs is an
alternative method that could be used to understand the enteric cycle of T. gondii
under controlled conditions, thereby opening the field for an investigation into the
molecular aspects of this interaction. This approach could contribute to the develop-
ment of new strategies aimed at intervention targeting one of the main routes by
which toxoplasmosis spreads.
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Chapter 3

Understanding the Effects of
Toxoplasmosis on Host Behavior,
Personality, and Cognition

Ruth Adekunle and Almeera Lateef

Abstract

Toxoplasma gondii is a parasite that affects about 20-80% of the global population.
Chronic infection with toxoplasma, also called latent infection, has largely been
considered to be asymptomatic with minimal to no clinical effects or sequelae.
Though there is now clear evidence in animal models and mounting evidence in
humans that latent toxoplasmosis can have various effects on behavior, personality,
cognition, and even psychiatric conditions. In this chapter, we will explore the role
latent toxoplasmosis plays in the behavior of animals and humans, and discuss the
possible mechanisms for the observed effects.

Keywords: toxoplasmosis, animal behavior, human behavior, personality, cognition,
mechanism, neuropsychiatric conditions

1. Introduction

Since its discovery in 1908, there has been curiosity about the interplay between
toxoplasmosis, behavioral changes, personality changes, and cognitive changes in
both animals and humans. Toxoplasmosis is one of the most common parasites glob-
ally. After primary infection with toxoplasmosis, it lives in a latent form usually in the
nervous system and muscle tissues of the host. Animal studies demonstrate that latent
infection with toxoplasmosis can have effects on the behavior and overall perfor-
mance of animals. Human studies also suggest that latent toxoplasmosis infection
affects personality, behavior, and cognition, and likely plays a role in the development
of psychiatric conditions, particularly schizophrenia. It is hypothesized that modi-
fication of the host behavior helps to promote transmission of the parasite. Through
multiple intricate experiments, the mechanisms of how latent infection affects
behavior and psychomotor performance are felt to be largely driven by altered levels
of dopamine. It has been also been postulated that humans with certain blood groups
who are infected with Toxoplasma are three times more likely to be in a traffic accident
while others are protected from the effects of toxoplasmosis infection. The ubiquitous
nature of toxoplasma and easily accessible methods to determine infection, allows
it to be an ideal parasite to study not only the manipulation theory in animal models
but to better understand the subtle ways toxoplasmosis may also be affecting human
behavior.
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2. Effect of toxoplasma on different hosts
2.1 Cats as the definitive hosts of toxoplasma

Toxoplasma has an indirect life cycle. This means that cats are the only host where
Toxoplasma gondii can complete its reproduction cycle in which T. gondii undergoes
full gametogenesis and mating in the feline intestine. This results in the generation of
oocytes that are shed by cats [1, 2]. Several species of rodents, small birds, and warm-
blooded animals including, humans, dogs, rabbits, mice, rats, wild birds, and sea
otters, for example, can ingest the oocytes. When this occurs, the parasite undergoes
asexual reproduction and the oocytes can contaminate several different environ-
ments. The distribution of oocytes in the environment can lead to further infection by
other hosts, with hopes of eventually returning to the feline species. Since the repro-
duction life cycle of T. gondii can only be completed in cats, T. gondii has developed
strong selective pressures to evolve mechanisms that enhance transmission from the
intermediate host to the definitive cat host. These mechanisms involve altering animal
behavior, activity, personality, and cognition. The modification of the host’s behavior
is known as the “manipulation hypothesis” [2].

2.2 Effect of toxoplasma on infected mice and rats

Early studies looking at behavioral changes in rodents noted a decreased learning
capacity and impaired memory. Piekarski et al. performed maze experiments with
rats and mice who were infected with Toxoplasma. The authors noted that the learning
performance of rats and especially mice were impacted and that the memory of mice
and their overall activity was decreased. These were some of the initial observations
that highlighted the influence of parasitic infections on [2]the behavior of hosts [3].

Cats are immediately attracted to moving and exposed objects, thus it would
behoove T. gondii to increase host activity and decrease fear of open spaces. Hutchison
etal. performed a series of tests to investigate this hypothesis. The authors looked at
three groups of mice infected with Toxoplasma: one group was infected and the other
two groups were infected congenitally. In the two congenitally infected groups, one
was infected before mating and the other was infected during gestation. These mice
were then compared with uninfected mice. Each mouse was tested in a box, the floor
of which was marked off into 16 equal squares, and its activity was measured over 10
minutes by counting the number of times the mouse entered each square. Behavior
was categorized as moving, rearing, digging, grooming and immobility. The results
demonstrated that infection with Toxoplasma was associated with an increase in the
amount of general movement but decreased rearing and digging. This demonstrated
that the effect T. gondii has on behavior is selective. In addition to increased activ-
ity, specifically an increase in short bouts of behavior type, infected mice showed a
relative preference for being in the more exposed or new areas of the apparatus boxes
[4-6]. These behaviors were not felt to be fully explained by behavioral abnormalities
such as lowered motivation or general debility as it would be unlikely for these traits
to consistently produce increased levels of activity. It is theorized that Toxoplasma-
infected mice interact with their environment and the stimulation arising from it in
a different way than uninfected mice. Furthermore, this study highlighted that the
mode of infection, whether congenital or latent did not differ from the behavioral
changes noted in infected mice as all infected mice, irrespective of the mode of infec-
tion, showed increased activity compared to uninfected controls [5].
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Webster et al. then performed a series of experiments assessing the effects of
Toxoplasma on rats. Rats are unlike mice in that they exhibit neophobic behavior or
the avoidance of new stimuli. Webster et al. used four groups of rats: two groups were
placed in cages where the rat’s reaction to three food-related novel stimuli (odor, food
container, and food) was performed. The other two groups underwent a trappability
study to evaluate whether Toxoplasma affected the probability of capture. The authors
noted that the mice demonstrated low neophobia and that low neophobia was signifi-
cantly associated with positive Toxoplasma titer in three out of four groups of rates.
Additionally, Toxoplasma-infected rats were more susceptible to trapping and poison-
ing during post-control programs [7].

Webster et al. then went on to test the correlation and relationship between para-
site transmission and load with rat behavioral changes. He sought to understand two
things: (1) whether parasites with indirect life cycles, will influence the activity of
the intermediate host, increasing the likelihood of transmission and (2) whether the
change in observed activity would be an increase in activity rather than a decrease.
The authors used four groups of mice: one group were wild brown rats infected with
naturally occurring parasites, another was a hybrid of wild and laboratory rats that
were experimentally infected with T. gondii as adults, another was wild and labora-
tory rats that were experimentally infected with T gondii congenitally, the last group
were rats where were infected with Syphacia muris. The difference between T. gondii
and Syphacia muris is that T. gondii has an indirect life cycle and Syphacia muris has a
direct life-cycle parasite. The rats were also matched with uninfected hybrid rats. In
the wild occurring rats, out of the six-parasite species detected, T. gondii was the only
parasite to be associated with higher activity levels when comparing infected rats to
uninfected rats. The hybrid rats also experienced increased activity levels compared
with uninfected rats. Lastly, there were no differences in activity levels noted between
the rats infected with Syphacia muris compared with uninfected mice. This study
provided evidence that the indirect life-cycle of T. gondii can influence the activity of
an intermediate host, such as the rat [8].

One of the most profound effects of T. gondii infection is the ability to minimize
and or eliminate the natural aversion to the odor of predators. In the wild, rodents are
at risk of being attacked and eaten by many species, including cats, foxes, and mink.
Because of this, rodents have developed an evolutionally innate aversion to the odor
of these predators, decreasing their risk of predation [9]. Even laboratory rodents
maintain this aversion. Though this aversion to host, particularly cat urine, presents
itself as an obstacle to parasites with indirect life cycles such as T. gondii. Experiments
performed by Berdoy et al. were some of the first to demonstrate T. gondii’s ability
to alter this aversion to cat odor and decrease the predatory risk of cats, now coined
“fatal feline attraction.” To test this theory, the authors performed a nocturnal explor-
atory test on the behavior of rats in outdoor pens. All outdoor pens were covered in a
neutral homogeneous and neutral surface. In each corner of the outdoor pen, drops of
four distinct types of smells were placed: the rat’s urine, cat urine, rabbit urine (served
as a control for a mammalian non-predator), and water (neutral smell). The authors
noted a significant difference in the behavior of Toxoplasma-infected and Toxoplasma-
uninfected rats where uninfected rats maintained an aversion to predatory urine,
while infected rats showed a preference for areas containing cat urine. Both groups of
rats behaved similarly to the smell of their urine, water, and rabbit odor. The authors
concluded that this potentially fatal attraction was not a gross impairment of olfac-
tory senses, but rather a subtle change in the cognitive perception of the host in the
face of predatory risk [10]. The findings of Berdoy et al. have been replicated in other
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studies [11-13]. Kaushik et al. further demonstrated that this “fatal feline attraction”
is not specific to just one feline species, but is exhibited by both domestic cats and
wild cats. The authors also reported the interesting finding that not all feline odors
were equal but Toxoplasma-infected rats had a stronger preference for wild cat odor
over that of domestic cats. This effect did not differ significantly according to the type
of wild cat odor used (cheetah or puma) [9].

2.3 Large animals

T. gondii’s effect on behavior expands across a broad range of warm-blooded
species. In a study performed by Gering et al., they showed that T. gondii can affect
the behavior of hyenas (Crocuta crocuta) and their naturally occurring interactions
with lions (a feline species). Out of the 166 surveyed hyenas, 108 had IgG antibodies
to T. gondii. The other hyenas were determined to either be uninfected or doubtful to
be infected with Toxoplasma. From a demographic standpoint, the only differences
noted between infected and uninfected hyenas were that infection rates were lowest
in cubs (35%), followed by subadults (71%) and adults had the highest rate of infec-
tion (80%). They then investigated the association of T. gondii infection with boldness
toward lions which was determined by their minimum approach distance to the
lion(s). Cubs and adult hyenas were analyzed separately because older hyenas consis-
tently approach lions more closely than cubs. Infected cubs had a shorter minimum
approach distance from lions (—3.19, 95% CI: —5.57 — 0.81]) than their uninfected
counterparts, though for subadults and adults, infection was not related to minimum
approach distance. Lastly, the authors assess the association between T. gondii infec-
tion with lion-related mortality. Among 33 mixed-age hyenas with known mortality
causes, infected hyenas were nearly twice as likely to die by lions than by other known
causes (52% vs. 25%). When translated into odds, infected hyenas were 3.91 times
more likely to die by lions compared with uninfected hyenas, though this funding
was not statistically significant (95% CI: 0.70-32.78; P = 0.15). In a sub-analysis
performed on the 11 cubs infected with T. gondii, 100% of the deaths were caused by
lions, while only 17% of the uninfected cub deaths were caused by lions. The authors
concluded that T gondii infection was associated with behavioral boldness that
brought infected hyena cubs into closer proximity to lions, increasing the likelihood
of being killed by lions [14].

Recently, mild red foxes have been demonstrated to show uncharacteristic behavior
which has been classified as Dopey Fox Syndrome (DFS). These behaviors include an
apparent lack of fear, increased affection, constant pacing, facial muscle twitching,
and anorexia. Conditions such as encephalitis as well as visual abnormalities and/or
blindness which are consistent with Toxoplasma, raise the possibility of T. gondii being
a causative agent. Milne et al. investigated the association between T gondii and/or
other neurotropic agents, with DFS. Serology and PCR targeting T. gondii were used
to determine Toxoplasma infection and a multiplex PCR was developed to test for
other neutropenic agents. Some examples of the other neurotropic agents used include
canine-specific circovirus, a fox-specific circovirus, canine herpes virus, canine
distemper virus, and canine adenovirus type 1 and 2. Results were compared between
foxes with DFS maintained in welfare facilities to foxes provided by local pest-control
agencies, which the authors referred to as “pseudo-control” foxes. The authors noted
that the prevalence of T. gondii infection was higher in captive foxes (33%) compared
with pseudo-control foxes (6.6%). In the behavioral analysis, the results indicated
that Toxoplasma-infected foxes preferred cat odor zones compared to dog odor zones.
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Additionally, noted was a lack of fear of humans and increased inquisitiveness among
Toxoplasma-infected captive foxes. The authors though did also find evidence of
possible co-infection with other agents playing a role in DFS. In a small sample of
captive and pseudo-control foxes that were euthanized (occurred outside of the study
setting), there was a higher prevalence of Toxoplasma and fox-specific circovirus
co-infection in captive foxes (33%) compared with pseudo-control foxes (11%).
Co-infection was also associated with aberrant fox behavior, suggesting possible
synergy between these two agents that contribute to the presence of DFS [15].

There is a suggestion that the effects of T gondii on human dates back to when
our ancestors were still under significant feline predation. Poirotte et al. evaluated
whether or not chimpanzees, the human’ closest relative, experienced any attraction
to feline urine. They found that Toxoplasma-infected chimpanzees have lost their
innate aversion toward the urine of leopards, who are their only natural predator. This
finding seemed to be selective for T. gondii as there were no significant differences in
the response of Toxoplasma-infected and Toxoplasma-uninfected chimpanzees toward
urine collected from other definitive feline hosts that chimpanzees do not encounter
in nature [16]. It is plausible these behavioral modifications could increase the prob-
ability of chimpanzee mortality by leopards for the parasite’s benefit.

3. Toxoplasmosis effect on human personality and behavior
3.1Role of toxoplasma on human behavior and personality

Toxoplasmosis is known to affect the activity of rodents, though there are also
well-established studies implicating an association between Toxoplasmosis and
human behavioral changes. Toxoplasmosis in humans can be in three forms: congeni-
tal, acute, or chronic. Several studies outline the devasting effects Toxoplasmosis can
have on a fetus, ranging from hydrocephalus, chorioretinitis, and intracranial calci-
fications to fetal demise. Reduced intellection function has been reported in approxi-
mately 6-9% of children with congenital toxoplasmosis [6, 17-19]. Acute infection
has been associated with psychosis confusion, aphasia, and other space-occupying
neurologic symptoms [20, 21]. There has been increasing interest in the role that
chronic or latent infection has on human personality and behavior.

Flegr et al. performed some of the early studies looking at the role latent toxoplas-
mosis plays in personality changes. One of his first studies looked at the correlation
between serologic evidence of T. gondii and personality using the Cattell’s personality
test among 338 individuals. The authors reported a correlation between Toxoplasma
and two personalities: lower scores of low superego strength (disregards rules, expedi-
ent) and higher scores of Protension (suspecting, jealous, dogmatic). This finding was
particularly seen in males [22]. The authors further expanded their study by looking
at 224 men and 170 women. In men, they noted similar personality shifts as the prior
study, though in addition guilt proneness (apprehensive, self-reproaching, insecure)
and group dependency (sociably group dependent, “joiner”) were also positively
influenced in Toxoplasma-infected men. In women, shifts in personality traits include
an increase in affectothymia (warm-hearted, outgoing, easygoing), alaxia (trusting,
accepting conditions, tolerant), untroubled adequacy (self-assured, placid, secure,
complacent), and self-sufficiency (self-sufficient, resourceful, prefers own decisions).
The authors wanted to tease out if the association between Toxoplasma infection
and personality traits were a result of toxoplasmosis inducing the personality shift
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or if certain personality factors increased the likelihood of becoming infected with

T. gondii. To understand this better, the authors examined the personality profiles

of 164 male patients who were diagnosed with acute toxoplasmosis within the past

13 years. They were able to conclude that the positive correlation between the duration
of latent toxoplasmosis and the intensity of superego strength decrease (P < 0.020)
suggested that the decrease of superego strength (the willingness to accept group
moral standards) was induced by T. gondii infection [23]. While the results of these
studies are interesting and intriguing, others have criticized the selection methods of
the population, the interpretation of the data, and the fact that the results have not
been duplicated to date [6]. In later studies, using Cloninger’s TCI personality tests,
Toxoplasma-infected individuals demonstrated decreased scores on factor NS (novelty
seeking). This means that individuals had a lower tendency to search for new stimuli,
which was seen in both men and women [24-26]. Decreased novelty-seeking scores
have been associated with increased concentration of dopamine in the brain tissue,
which is consistent with the increased levels of dopamine since in the brain tissue of
infected mice [25, 27].

Prolonged reaction time secondary to latent toxoplasmosis has been well estab-
lished in rodents, though there is increasing data highlighting this same phenomenon
of impaired psychomotor performance in humans. One such study was performed
by Flagr et al. where increased human activity was associated with increased traf-
fic accidents. The authors conducted a retrospective study assessing the association
between toxoplasmosis infection and traffic accidents. The participants included
146 who experienced a traffic accident to 446 persons in the general population.
While the seroprevalence of toxoplasmosis varied by age, latent toxoplasmosis was
significantly higher in the traffic accident set (P < 0.0001). The authors discovered
that subjects with latent toxoplasmosis had 2.65 times higher risk of a traffic accident
than the toxoplasmosis-negative subjects (95% CI: 1.76-4.01). It is proposed that the
prolongation of reaction times caused by toxoplasmosis increases the risk of incidents
such as traffic accidents [28]. Additional behavioral adaptations seen in patients
with Toxoplasmosis include impaired long-term concentration, lower tidiness in
Toxoplasma-infected males, lower sociability scores in Toxoplasma-infected males,
and decreased altruism [29, 30].

3.2 The role of toxoplasma on neuropsychiatric conditions

Since the 1950s, it was noted that the prevalence of toxoplasmosis among
psychiatric patients, especially patients with schizophrenia, was unusually high,
implicating that Toxoplasma gondii may play a role in the origin and progress of
psychiatric diseases [31, 32]. Furthermore, it has been suggested that the effect
of latent toxoplasmosis on the risk of schizophrenia is stronger than that of any
schizophrenia-associated gene variant identified in genome-wide analyses [33]. It
has also been shown that Toxoplasma-infected patients with schizophrenia have more
severe symptoms of hallucinations and delusions than Toxoplasma-free schizophrenia
patients and there are structural differences in the brain between Toxoplasma-infected
schizophrenia patients and Toxoplasma-free schizophrenia patients [34]. Toxoplasma-
infected patients have a reduction in gray matter volume bilaterally when compared
with Toxoplasma-free patients [35, 36]. Other mental health conditions that have been
associated with Toxoplasmosis include autism attention deficit hyperactivity disorder,
obsessive-compulsive disorder, antisocial personality disorder, learning disabilities,
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and anxiety disorders. The association between T gondii and neuropsychiatric disor-
ders will be more extensively explored in a later chapter.

3.3 Toxoplasma and neurodegenerative diseases

Toxoplasma can affect not only personality and behavior but can also contribute to
neurocognitive dysfunction. Guenter et al. investigated the cognitive performance of
infected young adults using a set of neuropsychological tests. The authors observed
trends toward reduced cognitive functions but the differences did not amount to
statistical significance [37]. Neurocognitive dysfunction though may be more promi-
nent in older adults. Gajewski et al. conducted a double-blinded neuropsychological
study on seniors with asymptomatic latent infection. The authors compared 42
individuals aged greater than 65 with a positive anti-Toxoplasma IgG to 42 individuals
of the same age range that were negative for toxoplasmosis. Using a computer-based
working-memory test (2-back) and several standardized psychometric tests of
memory and executive cognitive functions, they determined that Toxoplasma-positive
seniors showed an impairment of different aspects of memory. In Toxoplasma-positive
seniors, working memory was decreased by about 35% (P = 0.020), they had a lower
performance in a verbal memory test, both regarding immediate recall (10% reduc-
tion; P = 0.022), delayed recognition (6%; P = 0.037) and recall from long-term
memory assessed by the word fluency tests (12%; P = 0.029). Executive functions
though were not different among the two groups [38]. Hann et al. confirmed similar
findings in their meta-analysis. The meta-analysis included 13 studies, comprising a
population of 13,289 healthy participants with a mean age of 47. Toxoplasma-negative
individuals performed more favorably in four cognitive domains: processing speed
(P = 0.001), working memory (P = 0.002), short-term verbal memory (P < 0.001),
and executive functioning (P = 0.030) [39]. Findings of this study suggest that
Toxoplasma seropositivity is associated with mild cognitive impairment in several
cognitive domains.

These findings led to further investigation into the effect Toxoplasma has on
neurocognitive disorders, in particular, Alzheimer’s disease (AD). AD results from a
reduced amount of beta-amyloid plaque deposition and irreversible loss of neurons in
the brain. The clinical consequence is gradual loss of memory, increasing impairment
of language and other cognitive functions, and later stages with motor dysfunction
and inability to perform activities of daily living [40]. Early studies did not demon-
strate an association between Toxoplasmosis infection and AD. Mahami-Oskouei et
al. performed a case—control study that included 75 patients with AD and 75 nega-
tive control patients and they aimed to assess if there was any correlation between
toxoplasmosis infection and AD. Toxoplasmosis infection was defined as evidence
of a positive anti-Toxoplasma IgG. Among the participants, 61.3% of Alzheimer’s
patients and 62.6% of healthy volunteers were positive for anti-Toxoplasma IgG, but
all participants were negative for anti-Toxoplasma IgM. Their analysis did not dem-
onstrate any significant differences between Alzheimer’s patients with their controls
in terms of anti-Toxoplasma IgG antibody (P = 0.5) [41]. In the same year, Perry et al.
noted similar findings. Their study included 105 subjects with AD and 114 controls.
Anti-Toxoplasma IgG antibodies were present in 41% of the AD group and 33% in the
control group. They too found no association with either the prevalence of anti-
Toxoplasma 1gG antibodies among the two groups (P = 0.25) or the log-transformed
antibody concentration (P = 0.85) [42].
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However, two recent meta-analyses demonstrated an association between
Toxoplasma and AD. Chegeni et al. meta-analysis investigating the possible associa-
tion between T. gondii and AD included 8 articles. They conducted a random effects
model to determine the odds ratio (OR). The results showed a common OR of 1.53
(95% CI: 1.07-2.18). They concluded that T. gondii can be considered a risk factor for
the development of AD and exacerbation of its symptoms. It was acknowledged that
three studies mainly drove the results of the meta-analysis, thus with the small num-
ber of published relevant studies being low, the risk of the presence of publication
bias is relatively high [43]. Bayani et al. looked at the association between Toxoplasma,
AD, and Parkinson’s Disease. Parkinson’s Disease (PD) is a neurologic condition that
affects movement, often causing stiffness, tremors, and difficulty with balance and
coordination. They included 11 studies (7 for PD and 4 for AD). The meta-analysis
showed no statistically significant association between the presence of anti-Toxo-
plasma 1gG antibody and increased risk of Parkinson’s disease (OR, 1.14; 95% CI:
0.78-1.68), though the OR for the association of the presence of anti-Toxoplasma IgG
antibody with Alzheimer’ patients, compared to control group, was (OR, 1.38; 95%
CI: 0.99-1.92). The authors concluded that there was a marginally significant associa-
tion between Toxoplasma infection and Alzheimer’s disease [44].

The varying results found in studies could in part be explained by Toxoplasma
having differential effects on cognition throughout one’ lifespan. Given that neu-
rodegeneration is generally seen at an older age, on average elderly seropositive
adults have been infected for much longer than younger individuals. This allows for
the indirect effects of latent toxoplasmosis to further exacerbate inflammation and
neurodegeneration [45]. The mechanisms of direct and indirect effects of Toxoplasma
will be further examined in the following section.

4. Mechanisms of toxoplasma affect human behavior
4.1 Mechanism of action for cognitive effects of toxoplasma

Dopamine is a neurotransmitter that is directly involved in the regulation of cog-
nitive processes. It has been demonstrated that T. gondii increases the concentration of
dopamine in the brain of infected hosts, including humans, through increasing dopa-
minergic signaling during both acute and latent infection [24, 45]. For these reasons,
it is assumed that dopamine drives many of the associated neurocognitive observa-
tions in individuals with toxoplasmosis. Two main mechanisms seem to be at play that
affects cognitive function: increased catecholamine synthesis leading to increased
dopamine release (these are referred to as direct effects) and chronic inflammation
leading to impaired dopaminergic neurotransmission and neurodegeneration (these
are referred to as indirect effects).

Dopamine is produced in two steps from its precursor tyrosine. In the first step,
tyrosine hydroxylase (TH) converts tyrosine into L-DOPA. In the second step,
DOPA decarboxylase converts L-DOPA into dopamine. Any increase in the conver-
sion of tyrosine to L-DOPA will result in increased dopamine synthesis. This is
important because Gaskell et al. discovered that the genome of T. gondii contains
two genes encoding tyrosine hydroxylase and this protozoan enzyme encompasses
catalytic properties similar to those of the TH found in mammalian cells (Gaskell et
al., 2009) [46]. TH is produced by T. gondii during the formation of the bradyzoites
of the cyst stages of the life cycle. This increased production of TH is selectively
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specific to transmitters derived from tyrosine/L-DOPA leaving those that are not
unaffected [45].

Further evidence that dopaminergic signaling is indeed the most likely cause of
Toxoplasma-associated alterations of behavior and cognition is that dopaminergic
antagonists like haloperidol seem to normalize Toxoplasma-induced behavioral
changes in infected rodents [11, 47]. Skallova et al. examined if the behavioral
response of Toxoplasma-infected male and female mice would be attenuated when
given a selective dopamine uptake inhibitor, GBR 12909. Both genders of Toxoplasma-
infected mice had decreased locomotor activity and decreased locomotion in the open
field. Infected females displayed an increased level of exploration in the hole board
test. GBR 12909 induced suppression in hole board-exploration in the infected males
mitigating the effects of toxoplasmosis, but had an opposite effect on the controls
[47]. Webster et al. performed a similar study, using haloperidol and/or valproic acid
(an anti-psychotic and mood stabilizer, respectively. These medications are used in
the treatment of mental illnesses, including schizophrenia. The authors discovered
that anti-psychotic drugs were as effective as anti-T. gondii drugs in preventing
behavioral changes secondary to toxoplasmosis [11].

Indirect mechanisms of action of T. gondii involve the use of inflammatory markers
that modulate neurotransmission and associated cognitive processes. To keep T. gondii
in the latent phase of toxoplasmosis, the immune system enhances the production
of proinflammatory cytokines. The release of these substances not only prevents the
dissemination of toxoplasmosis, but also impacts the levels, turnover, and efficiency of
many neurotransmitters including dopamine, glutamate, and serotonin. This chronic
overactivation of the immune system in response to latent infection compounded with
the general effects of aging likely progresses and accelerates neurodegeneration [45].
A summary of the possible direct and indirect mechanisms and neurophysiological
changes induced by chronic T gondii is shown (Figure 1—originally published by
Tedford et al).

4.2 Role of rhesus blood group

The effect of toxoplasmosis on personality and performance may also be in part
secondary to a specific Rh blood type. Several studies that have been performed on
pregnant women and military personnel have shown that RhD blood group positivity,
especially in RhD heterozygotes, protects against various effects of latent toxoplasmo-
sis [48-51]. Novotna et al. and Flegr et al. both noted in their respective studies that
Rh-positive subjects, and RhD-positive heterozygotes, in particular, were protected
against latent toxoplasmosis-induced impairment of reaction times [48, 50]. Flegr et
al. also noted in a prospective study that included nearly 4000 military drivers, that
Rh-negative Toxoplasma-infected subjects had about three times higher probability of
a traffic accident than Rh-negative Toxoplasma-free individuals or Rh-positive indi-
viduals [49]. This finding was noted regardless of whether the Rh-positive subjects
were Toxoplasma-free or Toxoplasma-infected. Lastly, Kankova et al. detected that
RhD-positivity might protect infected pregnant women from excessive gestational
weight gain [51].

Flegr et al. further assess the association between toxoplasmosis and the personal-
ity of RhD-negative and RhD-positive subjects. The study included 502 male soldiers
of Czech nationality who underwent several tests including the N-70 questionnaire,
the NEO-PI-R questionnaire, the Wiener Matrizen-Test (WMT) test of intelligence,
and the OTIS test intelligence. The authors noted that Toxoplasma-infected subjects
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Directly and indirectly mediated effects of chronic T. gondii infection on host neurophysiology. Model of
mechanisms involved with host responses to infection (i.e., neuroimmune and hormonal changes) indirect and
more likely confounding factors, augmenting neurophysiological changes rather than inducing them. Indeed, the
specificity of behavioral changes associated with infection suggest that divect mechanisms of the parasite—host
interaction play a significant role in the neurophysiological changes associated with chronic T. gondii infection.

scored lower in the total N-70 score and also in anxiety, depression, phobia, hysteria,
and vegetative lability, and in the NEO-PI-R (Big Five) trait neuroticism. The differ-
ences were much stronger in RhD-negative than RhD-positive subjects. Additionally,
the RhD-positive, Toxoplasma-infected subjects express lower verbal and nonverbal
intelligence than their Toxoplasma-free peers. Though RhD-negative, Toxoplasma-
infected persons expressed higher verbal and nonverbal intelligence compared with
Toxoplasma-free peers [52].

In contrast to the findings in this study, an earlier study performed on University
students noted differing results. In that study, there was no difference in expression
of neuroticism between Toxoplasma-infected and Toxoplasma-free students [53]. The
fact that Toxoplasma-infected soldiers in the Flegr et al. study expressed lower and
not higher levels of psychopathognomic traits as measured by the N-70 questionnaire,
was also different than in the prior study [53]. Flegr et al. went on further to deter-
mine whether the effects of RhD phenotype were exclusive to Toxoplasma-infected
individuals or whether it influences the effects of other factors. The authors deter-
mined that the RhD phenotype modulates the influence not only of latent toxoplas-
mosis but also factors such as age and smoking, on human behavior and physiology.
This suggests that the different human behaviors and physiology seen between RhD-
positive Toxoplasma-infected persons and RhD-negative Toxoplasma-infected persons
may be more related to the RhD status than the presence of Toxoplasma itself [54].

5. Conclusions

There is an abundant amount of data that supports Toxoplasmosis affects the
behavior of animals, particularly rodents, and increasing data that supports humans
also experience a variety of aberrant behaviors, personality shifts, decreased level
of cognition, and development of psychiatry conditions secondary to the latent
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toxoplasmosis infection. However, there are a few limitations that should be con-
sidered when interpreting the data presented. It cannot be confirmed that human
behavioral manipulation increases the efficiency of Toxoplasmosis transmission
from intermediate to definitive hosts. Clinical trial data establishing the causality of
Toxoplasmosis and behavioral modifications are lacking. It is also possible that some
of the identified associations represent a trait that increases the risk of Toxoplasmosis,
rather than a result of Toxoplasmosis. The extensive heterogeneity seen in the human
population could influence the observed effect size in studies. Additionally, there
could be synergistic effects of a third unknown agent or factor contributing to the
effects of Toxoplasmosis. Despite these limitations, T. gondii seems to play a fascinat-
ing role in the ability to modify both animal and human behaviors with new associa-
tions between Toxoplasmosis and several conditions being frequently published. It
underscores that though the effect of Toxoplasmosis infection has been studied for
decades, there is still so much to be learned.
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Abstract

The process of nutrient acquisition by Toxoplasma gondii tachyzoites is an attractive
target for developing and designing drugs against toxoplasmosis, however, just recently
it was revealed to be an important process to be understood. The present work helps
address the lack of information about the exact sites where nutrient uptake in T’ gondii.
The endocytosis of proteins by tachyzoites of T gondii was measured using both fluid-
phase and receptor-mediated endocytic tracers. Quantitative analysis by flow cytometry
revealed important differences in the percentage of labeled parasites, incubated with
BSA, dextran, or transferrin. The analysis by confocal microscopy showed that the
anterior portion of the conoid is one preferential site for binding BSA and transferrin to
the tachyzoite, later localized within elongated structures present in the anterior region
of the parasite. The ultrastructural analysis of multiple ultrathin sections displayed the
endocytic markers at the following: (i) conoid, within rhoptries, (ii) in cup-shaped
invagination of the parasite membrane (micropore) and, (iii) posterior pore. The
present study brings data revealing three possible nutrient uptake portals in Toxoplasma
tachyzoites that may contribute in the future to a therapeutic design with a view to treat-
ment of toxoplasmosis.

Keywords: toxoplasma gondii, endocytosis, nutrient uptake, tachyzoites,
ultrastructural analysis

1. Introduction

Toxoplasmosis is a disease that results from the infection caused by the coccidian
parasite Toxoplasma gondii. It is a significant public health problem worldwide. About
half of the world’s population is infected with Toxoplasma, but most people are
asymptomatic [1]. One of the most severe manifestations of toxoplasmosis is when
the acquisition of the infection occurs in the first trimester of pregnancy. The parasite
can cross the placenta and reach the fetus causing congenital toxoplasmosis [2]. This
infection can be systemic and result in fetal death, preterm delivery, intrauterine
growth retardation, fever, pneumonia, hepatosplenomegaly, thrombocytopenia, or
affect the eyes and brain [3, 4]. Considering toxoplasmosis in the current COVID-19
scenario, recently a study showed that Toxoplasma-infected patients are a greater
risk of having a more severe course of the disease [5]. Despite extensive research on
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Toxoplasma since it’s discovery in 1908, some aspects of T gondii nutrient acquisition
have just recently received special attention and many remain poorly understood [6].
The initial discovery on nutrient acquisition by Apicomplexa (including Toxoplasma
and it’s close relative Plasmodium falciparum) was from 1961, when Garnham
discovered the micropore by in P, falciparum. Since, it has been considered a mecha-
nism for nutrition in Apicomplexa [7]. With regard, specifically to Toxoplasma, only
one article analyzed ultrastructurally the endocytosis of the parasite. These data have
served for years as a reference, describing the role of the micropore as responsible for
the incorporation of nutrients by tachyzoites and bradyzoites [8]. This structure is a
continuous cup-shaped invagination of the plasma membrane located in the anterior
region of the parasite. Associated with this membrane is the internal membrane
complex, forming a concentric electron-dense ring that surrounds the “neck” of the
micropore invagination [7]. The micropore, coated or uncoated by clathrin, is present
in all three infective forms of the parasite (bradyzoites, tachyzoites, and sporozoites)
[8, 9]. The rhoptries deserve to be mentioned too. They are in the number of 8-12 per
cell and are the only known acidified organelles in T. gondii (pH of immature rhop-
tries is 3.5-5.5 and of mature rhoptries is 5.0-7.0). Recent studies indicate that they are
most analogous to secretory lysosomal granules [10].

Despite the importance of Apicomplexa parasites, including Toxoplasma gondii, in
public health and the fact that the nutrient acquisition process are in general attrac-
tive targets for antimicrobial drugs, knowledge of the mechanisms involved in this
process in Toxoplasma is still scarce [11]. Thus, nutrient incorporation pathways and
intracellular traffic in T. gondii are fields yet to be explored in depth. These studies
could potentially contribute to a direct and specific therapy for this parasite, for the
benefit of patients with disseminated toxoplasmosis.

2. Experimental design
2.1T. Gondii tachyzoites isolation

Tachyzoites of Toxoplasma gondii (RH strain) were maintained in Swiss mice,
weighing about approximately 21 g, through intraperitoneal passages with inoculum
of 2 x 10° parasites/animal. Mice were obtained from Science and Technology for
Biomodels Institute (ICTB-Fiocruz). After 48 to 72 hours of infection, the parasites
were collected from the peritoneal exudate and collected in phosphate buffered saline
(PBS) solution, pH 7.2. The cell suspension was centrifuged at 200 g for 10 min and
the supernatant containing the parasites was centrifuged at 1000 g for 10 min and the
sediment rich in T gondii tachyzoites, was washed 2 or 3 times in PBS solution, pH 7.2,
and quantified in a Neubauer chamber [12]. All procedures to obtain the parasites
from infected mice were performed according to the Safety Standards established by
the Ethical Committee for Animal Use of Fiocruz, license L-042/2018 A2.

2.2 Endocytosis assays

The endocytic capacity of T. gondii extracellular tachyzoites was analyzed using
the following endocytic tracers:

a.fluid phase markers: (i) bovine serum albumin (BSA), a 66 kDa protein, con-
jugated to fluorescein (BSA-FITC) or to colloidal gold particles (BSA-Au); (ii)
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peroxidase, 40 kDa glycoprotein, conjugated to colloidal gold (HRP-Au) and
(iii) dextran, hydrophilic polysaccharide synthesized by Leuconostoc bacteria of
4.4 kDa conjugated to TRITC (Dextran-TRITC);

b.receptor-mediated endocytic markers: transferrin, an 80 kDa protein, conju-
gated to fluorescein (Tf-FITC) or to colloidal gold particles (Tf-Au).

2.3 Processing for analysis by flow cytometry

Flow cytometry analysis was performed after washing the tachyzoites in PBS
pH 7.2 and incubating for 15 min, 30 min, 2 hr. and 4 hr. at 37°C with 0,2 mg/ml
BSA-FITC, 5 mg/ml Dextran-TRITC or 1 mg/ml Tf-FITC diluted in PBS. After three
washes in PBS, the parasites were fixed for 20 min at 4°C with 4% PFA, washed 3
times for 10 min each with PBS and analyzed by flow cytometry on the same day.
Non-incubated tachyzoites with the fluorochrome-labeled tracers were used to
calibrate the system for morphology and granularity. Data acquisition was per-
formed using the FACSCalibur flow cytometer (Becton & Dickinson, San Jose, USA)
equipped with Cell Quest software (Joseph Trotter, Scripps Research Institute, San
Diego, USA). The analyses were performed using the WinMDI2.8 program on 10,000
events acquired in a pre-established region corresponding to the parasites at the
Cytometry Flux Platform at Oswaldo Cruz Institute.

2.4 Processing for analysis by laser scanning confocal microscopy

T. gondii tachyzoites freshly isolated from Swiss mice and purified from peri-
toneal lavage as described in 1.1 were incubated with 0,2 mg/ml BSA-FITC or
Tf-FITC, for periods of 10 min, 30 min, 1 hr. or 2 hr. at 37°C, followed by washing
in PBS. A drop containing the tachyzoites was incubated at 37°C for 5-15 min for
parasite adhesion on a slide previously coated with poly-L-lysine. The parasites
were then washed twice with PBS, followed by fixation for 5 min at room tempera-
ture with 2% paraformaldehyde (PFA). The parasites were then washed in PBS and
distilled water and the coverslips mounted in DABCO (1,4 Diazabicyclo [2.2.2]
octane - Triethylenediamine - “antifading”). The material was analyzed on an
Olympus FV 300/BX51 laser scanning confocal microscope at the Biomanguinhos
Applied Pharmacology Laboratory, Fiocruz. Fluorescence was stimulated by a
488 nm laser and 510 longpass filters combined with another 543 nm laser and
560/600 bandpass filters were applied. Differential interference contrast micros-
copy images were obtained simultaneously with fluorescence images in different
focus planes.

2.5 Colloidal gold-protein complex

For ultrastructural analysis colloidal gold particles with an average diameter of
15 nm were obtained according to the Frens method [13]. For the formation of the
colloidal gold-protein complex, the pH of the colloidal gold was adjusted to 5.5 for
conjugation with albumin (BSA); 8.0 for peroxidase (HRP) and 5.0 for transferrin
(Tf). The concentration of each protein required to stabilize 10 ml of colloidal
gold was added and the protocol followed according to the method of Slot and
Geuze (1985) [13]. Endocytic tracers were purchased by Sigma-Aldrich-St. Louis,
MO, USA.
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2.6 T. gondii tachyzoites endocytic assays by transmission electron microscopy

For ultrastructural analysis 10° tachyzoites were centrifuged at 1000 g for
10 min and the sediment was resuspended in PBS containing BSA-Au, HRP-Au
or Tf-Au at protein/PBS ratios of 1:10. Parasites were incubated at 4°C for 20 min
and then at 37°C for periods of 5 min to 4 h. After this incorporation kinetics, the
solution containing tachyzoites was centrifuged at 1000 g for 10 min and the pellet
washed 2 times in PBS solution. Then, tachyzoites were fixed for 30 min at 4°C at
2.5% glutaraldehyde (GA) in cacodilate buffer with 2.5 CaCl, and 3.5% sucrose,
pH 7.2, washed and centrifuged three times for 15 min in the same buffer. They were
post-fixed for 30 min at room temperature, with 1%, osmium tetroxide and washed
with the same buffer. The parasites were dehydrated in a graded acetone series and
embedded in an epoxy resin (PolyBed 812). Thin sections were stained with uranyl
acetate and lead citrate and then examined under a transmission electron micro-
scope (Jeol JEM1011) at the Rudolf Barth Electron Microscopy Platform at Oswaldo
Cruz Institute.

3. Results
3.1 Bovine serum albumin

For quantitative analysis, flow cytometry was used as a tool to check the asso-
ciation of the fluid phase endocytosis marker, BSA-FITC to tachyzoites. The region
(R1) was previously established as corresponding to the parasites (Figure 1A).
The negative control refers to the group of parasites not incubated with the fluoro-
chrome (Figure 1B). The labelling of tachyzoites with BSA-FITC was time-depen-
dent, with percentages of 16.5%, 17.5%, 27.5%, and 32%, of labeled parasites after
incubation at 37°C for 10 min, 30 min, 1 h and 2 h, respectively (Figures 1C-F).

The confocal microscopy analysis after incubation of T. gondii tachyzoites with
BSA-FITC for periods of 5 min to 2 h at 37°C revealed that a small population of
parasites showed labelling (Figure 2A-D). After 5 min incubation the marker was
strictly localized in the anterior region of the parasite body, corresponding to the
apical complex (Figure 2A and B). After 30 min of incubation a higher concentration
of the tracer was observed in the apical region of the parasite in addition to a fine
granulation with symmetrical distribution along the first third of the tachyzoite body
(Figure 2C). Few tachyzoites showed the tracer already internalized (Figure 2C).
Parasites kept for 2 hours at 37°C in the presence of BSA-FITC revealed the fluores-
cent marker located at the tip of the apical region and in a possible invagination of
the body (possibly micropore) and as well intracellular marker concentrated in the
posterior region corresponding to basal complex (Figure 2D).

Transmission electron microscopy analysis showed that BSA-Au labelling was
not homogeneous among tachyzoites. Incubation for 20 min at 4°C revealed discrete
labelling in some parasites with one or two gold particles associated with their
membrane, particularly in the vicinity of the apical region (not shown). Parasites
analyzed after incubation for 30 min at 37°C showed tachyzoites contained gold
particle in a depression of the plasma membrane, showing morphological features
compatible with a microspore (Figure 3). The intracellular localization of the
BSA-Au complex was observed in rhoptries of some parasites after incubation for 1 h
at 37°C (data not shown).
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Figure 1.

Representative histograms of flow cytometry showing the kinetic of BSA-FITC internalization by T. gondii
tachyzoites incubated at 37°C for different lengths of time. (A-B) Pavasites incubated with PBS. Graphics showing
the morphology of the parasites. (A) Size and granularity (FSC x SSC) and the region of analysis R1. (B)
Negative control of the marker. (C-F) FACS analysis of parasites incubated with BSA-Au for periods of 10 min to
2h. The kinetic show that the labelling is time-dependent.
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Figure 2.

Cognﬁcal microscopy analysis of T. gondii tachyzoites incubated with Bovine Sevum Albumin conjugated with
FITC (BSA-FITC). (A and B) At 37 © C for 5 min: (A) the tracer is observed in the apical vegion (arrow) and
(B) a fine granulation extending symmetrically along the fivst anterior third of the pavasite’ body. (C) At 37°C
for 30 min: the marker is located in the first third of the parasite body (arrowhead). (D) After 2 h at 37°C: BSA-
TRICT is internalized through its posterior vegion (arrowhead).

Figure 3.

Ultrastructural analysis of tachyzoite of T. gondii incubated with BSA-Au. For 10 min. Image showing a
gold particle (arrow) at a plasma membrane depression, which displays compatible characteristics such as a
micropore.
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3.2 Peroxidase

Experimental assays using HRP as a tracer of fluid phase endocytosis in tachyzo-
ites were performed for transmission electron microscopy analysis only. No labeling
was observed in the parasites after incubation at 4°C for 20-30 min (data not shown).
The endocytic capacity of tachyzoites was tested during incubation for periods
ranging from 5 min to 2 h at 37°C. During the course of the experiments, localization
of HRP-Au on the surface of the parasites was rarely observed showing a low associa-
tion of tracer. The labelling profile was altered when we increased the concentration

Figure 4.

Ultrastructure of tachyzoites incubated for 5 min to 2 h at 37°C with HRP-Au. Longitudinal sections of parasites
revealed particles of the HRP-Au complex (arrowhead) inside rhoptries (R). It was common to observed HRP-Au
particles in more than one rhoptries (R) in the same tachyzoite.
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of HRP-Au, revealing a greater association of colloidal gold particles on the surface
of the tachyzoites (not shown). In all experimental assays performed at 37°C, the
intracellular localization of HRP-Au in tachyzoites was exclusively into rhoptries
(Figure 4A-C). Presence of HRP-Au particles was commonly observed in more than

one rhoptry in the same parasite (Figure 4A-C).
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Figure 5.

Analysis by flow cytometry of the incubation of tachyzoites with Dextran-TRITC. A: Tachyzoites incubated

with PBS. Graphic show the morphology of the pavasites, in terms of size and granularity (FSC x SSC) and the
region of analysis R1. (B) Negative control. (C-F) The kinetics of Dextran-TRITC incorporation showed a low

percentage of labelled parasites over time
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3.3 Dextran

Quantitative analysis of tachyzoites labelling with dextran-TRITC was performed
by flow cytometry. The negative control is parasites without prior incubation with the
fluorescent tracer (Figure 5A and B). The results obtained from 10 min to 2 h of incuba-
tion at 37°C showed a slight increase in the labelling as a function of incubation time,
however with very low values of 0.17% and 1.42% after 30 min and 2 hours, respec-
tively (Figure 5C-F). We did not observe any parasite labeled by confocal microscopy.
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Figure 6.

Refwesenmtive histograms of flow cytometry showing the kinetic of transferrin conjugated with FITC (Tf-FITC)
internalization by T. gondii tachyzoites incubated at 37°C for different lengths of time. (A) Pavasites incubated
with PBS. Graphics showing the morphology of the parasites, in terms of size and granularity (FSC x SSC) and the
region of analysis R1. (B) Negative control of the marking. (C-F) Kinetics of the incorporation of Tf-FITC by the
tachyzoites. The percentage of marked parasites remained constant during incubation for 10, 30, 60 and 120 min.
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3 7C

Figure7.

Ultrastructure of tachyzoites incubated for 5 min to 2 h at 37°C with transferrin-Au (Tf-Au). (A) Transverse/
oblique section of the apical region of a tachyzoite with the frontal view of the conoid and the location of the
Tf-Au particle at its tip, positioned centrally (arrow). (B and C) Longitudinal ultrafine cut of tachyzoite displays
two Tf-Au complexes inside the same rhoptry (arrowhead).

3.4 Receptor-mediated endocytosis

Quantitative analysis of tachyzoites incubated with transferrin was performed
by flow cytometry. Negative control is parasites maintained in PBS alone
(Figure 6A and B). After incubation with Tf-FITC, we observed that the number of
Tf-FITC-associated tachyzoites was relatively constant reaching levels of 12.74% and
15.05% after 10 min and 2 h, respectively (Figure 6C and F).

By confocal microscopy analysis after 5 min incubation at 37°C with Tf-FITC we
did not observe any tracer-associated parasites. However, 30 min or 2 h incubation
at 37° C with Tf-FITC resulted in the uptake of the tracer by the tachyzoites. TE-FITC
was seen concentrated at one pole of the parasite’s body or distributed throughout its
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cytoplasm (data not shown). Ultrastructural analysis of tachyzoites incubated with
Tf-Au showed a low association with the surface of the parasites. After incubation

for 30 min at 37°C, tachyzoites were observed in transverse/oblique sections of the
apical region to allow frontal visualization of the conoid. There was localization of the
tracer at the tip of tachyzoites, positioned centrally (Figure 7B). These analyzes also
revealed the presence of Tf-Au particles inside the rhoptries (Figure 7B and C).

4. Discussion

The study of nutrient uptake mechanisms by T. gondii represents a challenge,
mainly because they are mandatorily intracellular parasites. They invade the host cell
and replicate delimited within a parasitophorous vacuole (PV), delimited by a host-
derived membrane that is extensively modified by the parasite to facilitate nutrient
acquisition and minimize attacks from the host cell [14]. This compartmentalization
represents physico-biochemical barriers, involving the plasma membrane of the host
cell, the membrane of the PV and also the membrane of the parasite. Until recently,
little has been explored regarding the pathways of incorporation of macromolecules
by tachyzoites. The origin of this knowledge comes mainly from the very early studies
on this topic written by: (i) Sénaud et al. (1976) who proposed the micropore asa
nutritional organelle [7]; and (ii) Nichols et al. (1994) [8], who used the fluid phase
tracer (HRP) to demonstrate the incorporation of cyst matrix material by bradyzoites
through the micropore. This process involved the formation of vesicles coated or not
by clathrin. Nevertheless, the proposal of the micropore’s role as a specialized endo-
cytosis site is still under discussion [6]. Here we investigated the uptake capacity of
tachyzoites by using macromolecules routinely employed for endocytosis assays, such
as fluid phase and receptor-mediated endocytosis tracers..

The performance of the endocytosis assays, with single parasites through FACS
enabled quantitative analysis of labeled parasites in a whole population using
different endocytosis tracers. Our results showed that the incorporation or bind-
ing was tracer dependent. The highest values by FACS were achieved with BSA as
endocytic tracer. Percent of parasites positive for labeling with BSA-FITC increased
in time dependent manner from 16.5%, at 10 min to 32%, at 2 hours. In this case, it
showed us a time-dependent labeling with the tachyzoites. On the other hand, by
using the fluid phase endocytic marker dextran, it turned to be that their association
was extremely low, independent of the time of incubation. The concentration of
dextran used was not a determining factor of its association with tachyzoites, since
using twice the concentration (5 mg/ml) we obtained similar association indexes
(1.4% after 2 hours of incubation). They mentioned that only a minority of labeled
parasites was found after incubation with transferrin, without having conducted a
systematized study. However, results presented here show binding with. This tracer.
In this case, the labeling was not time-dependent and reached levels of 15% of
labeled parasites.

We tried to infer whether the size of the molecule would affect the ability of
tachyzoites uptake. For example, the dextran tracer selected for this study was 4.4
kDA including fluorochrome. The BSA and transferrin tracers have mass approxi-
mately 66 kDa and 80 kDa, respectively. Our data demonstrate that the size of the
molecule cannot be responsible for the level of incorporation of the marker, consider-
ing that the lowest indices obtained in the current work were observed during the
assays with dextran, which was the smallest molecule employed by us and that due to
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its low association with tachyzoites, it was not possible to determine its intracellular
location.

It was not possible in our experimental conditions to observe a large number of
tachyzoites marked with the tracers used. This difficulty has been noted for fluid and
receptor-mediated endocytic markers in the review article by Robibaro et al. (2001)
[15]. Results showed that only with high concentrations (around 2 mg/ml) of dextran-
FITC and lucifer yellow, allowed detection of uptake by the tachyzoites, allowed to
detect uptake by the tachyzoites, reaching percentages of 1 and 8%, respectively, with-
out, however, identifying the route of internalization or the location of the markers in
the parasites. Prior data from incubation with BSA-FITC showed a diffuse labeling in
some parasites, with no evidence of incorporation via vesicle-like structures.

We also showed the focal BSA-FITC labeling of the surface of the parasite was
limited to the anterior surface of the parasite, limited to the anterior (apical) region,
where the conoid is located. These data were later corroborated by ultrastructural
analyses, where we showed BSA-gold nanoparticles marking the same region of the
parasite. The endocytosis tracer was restricted to the two thirds of the anterior of the
anterior region of the tachyzoite, contained in elongated vesicles located immediately
below the tachyzoite membrane. Additionally, after 2 hours, we documented a diffuse
distribution of the marker in the posterior region of some parasites. We demonstrated
here that despite the low number of parasites capable of endocytosis with BSA,
this kinetic study shows the adhesion of the marker to the surface of the parasite,
restricted to the apical region, its subsequent incorporation into structures located
in the first two thirds of the parasite body and a possible traffic of this tracer to the
posterior region of the parasite.

Aiming to study the receptor-mediated endocytosis pathway in T. gondii, we
employed transferrin as ligand. Our data suggest that the mechanisms used by
Toxoplasma tachyzoites, may be through: (i) the membrane in the posterior third of
the parasite body, by the presence of vesicles containing HRP just below the plasma
membrane, a region devoid of subpellicular microtubules, which would favor a
greater endocytic activity of the membrane; (ii) the membrane in the first anterior
third of the parasite body, due to the presence of vesicles and tubules containing
HRP particles in this region. Transferrin-specific receptors have been demonstrated
in some other protozoans [16-21]. Regarding Plasmodium falciparum, the data are
controversial [22-25]. In the case of T gondii, it has been described that lactoferrin,

a protein of the transferrin family, binds to its surface [26]. Our quantitative results,
through flow cytometry, showed that the association of transferrin with tachyzoites
was stable over 2 hours (about 15%). The analysis of this association by confocal
microscopy showed the localization of the protein in the interior of the parasites,
initially concentrated in the apical region and after 2 hours, located in the median
region of its body. T. gondii tachyzoites were able to incorporate transferrin suggesting
the presence of receptors for transferrin. The presence of transferrin binding sites on
the surface of a subgroup of parasites may be related to a certain stage of its cellular
cycle, or be dependent on the induction of expression of these surface receptors in
the presence of the ligand, as proposed by Botero-Klein et al. (2001) [27], during the
characterization of heparin receptors in extracellular tachyzoites. Thus, these data
indicate the need for the identification and characterization of this possible receptor
for transferrin or an independent iron capture pathway in T. gondii. Since there is no
excrement route of iron, nor in single - or multicellular organisms, its homeostasis is
dependent on the regulation of the level of its uptake, essential for most eukaryotes
and prokaryotes [28].
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Nichols et al. [8] observed by ultrastructural analysis the internalization, of the
fluid phase marker HRP by the micropore of T. gondii. Since the base of the micropore
in both tachyzoites and bradyzoites is sometimes coated with clathrin, it is possible
that receptor-mediated endocytosis via the micropore also occurs. The possible
role of the micropore as a site of endocytosis is still unclear and under discussion.
Endocytosis of fluid phase tracers via non-specific pinocytosis appears to occur at
sites located below the apical region. Our studies by confocal microscopy on the
internalization by tachyzoites of fluid phase markers and those of receptor-mediated
endocytosis demonstrated the association occurred preferentially through the
apical region of the tachyzoites, with their intracellular localization into elongated
structures present in the first anterior third of the parasite body. Thus, our results
suggest that the micropore is not the only single or preferred route of incorporation
of macromolecule by the tachyzoites. The current ultrastructural analysis allowed us
to accumulate numerous pieces of evidence of the intracellular presence of endocytic
tracers in T gondii.

The question is: How would the markers have access to the interior of the rhop-
tries? Possibly, by anterior region, via conoid, since it is a region of high exocytic
activity allowing the secretion of compartmentalized molecules into the external
milieu during the stages of binding (adhesive proteins of the micronemes) and
invasion of host cells by parasites (proteins of the rhoptries, involved in the
biogenesis of the PVM). It has been proposed that terminal part of the peduncle
of the rhoptry fuses with the plasma membrane lining the conoid and the entire
surface of the parasite [29] and enables movement of the rhoptry contents from
the intracellular to the extracellular environment. It is possible that a reflux
of extracellular material may occur into the rhoptries during the exocytosis of
thier contents. Based on the evidence presented here, specifically colloidal gold
particle presence in the anterior region of the conoid, and accumulation of fluo-
rescent markers at the end of the anterior region of tachyzoites, seen by confocal
microscopy (Figures 1-5) we hypothesize existence of an inverse pathway where
molecules can transit into the rhoptry. Botero-Kleiven et al., (2001) [27], have
described that heparin receptors, which we would expect to be located where
there is access to host cell were localized in elongated structures, perpendicular
to the longitudinal axis of the tachyzoite with a size ranging from 0.5-1.5 nm.
This description is compatible with the morphology of the rhoptries, although the
authors did not mention this hypothesis.

Another route movement of proteins into rhoptries could be endocytosis via
micropore, considering that: (i) previous results have been shown to be a site of
endocytosis with vesicles formation at its base either coated or not by clathrin [8]; (ii)
there is indirect evidence by confocal microscopy of the presence of heparin binding
sites in the anterior lateral region of the parasite body that could correspond to the
micropore [27]; (iii) our rare images (Figure 2A and 3C) implicate posterior pore
endocytosis by demonstrating the location of markers, after short incubation times,
in the posterior region of the parasite, in proximity to the pore (Figure 6). This pore
has been described as a site of great exocytic activity of dense granules, as demon-
strated by Sibley et al. (1995) [27]. Following the same line of reasoning proposed for
endocytosis via the conoid, this could also be a site potentially capable of incorporat-
ing molecules. The involvement of the posterior pore in this process is supported by
the review in Romano and colleagues attributing a multifunction ability to the basal
complex (posterior pore) during its participation in host vesicle remodeling and/or
lipid uptake [30-32].
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Figure 8.

Scl%?matic representation of three different nutrient absorption portals suggested for Toxoplasma tachyzoites:
conoid reaching rhoptria, in red; micropore in blue and basal complex in green. The hypothesis is that the uptake
of nutrients via the conoid, micropore or basal complex could be a intracellular transported route of nutrients to
the rhoptries and be digested there, considering that the pH 5.0 of the rhoptries, is a favorable environment for the
activation of lysosomal enzymes

Based on the results presented here and supported in literature we suggest a hypo-
thetical model proposing 3 nutrient uptake portals of macromolecules by tachyzoites
of T gondii (Figure 8). The first portal (or site) proposes the endocytosis of macro-
molecules by conoid with its subsequent localization in the rhoptries interior. The sec-
ond portal, by micropore, leads to vesicle-based transport to rhoptries or to the Golgi
following to the rhoptries. Or yet, the third portal would be through the posterior
pore with subsequent transport to the Golgi apparatus and/or to the rhoptries. Our
hypothesis that the transit of molecules incorporated by T. gondii has the rhoptries as
its final destination is based on evidence that they are the only acidified organelles of
the parasite and that they would be analogous to lysosomal secretory structures which
receive material from the endocytic pathways of the cell [33].

In the future, we hope there will be many strategies and approaches to control
diseases, like Toxoplasmosis. One Health should bridge disciplines linking human
health, animal health, and ecosystem health and that treating and managing
Toxoplasmosis demands integrative approaches to breach disciplinary boundaries.
Nevertheless, to characterize the mechanisms and portals involved in the acquisition
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of nutrients by tachyzoites of T gondii and identifying its portals may be an important
contribution to the understanding of the biology of the parasite and also be applied as
a target for drug action.

5. Conclusions

The ubiquitous parasite Toxoplasma gondii has been the subject of intense investi-
gation over the last years. Neverthless, there are still many open questions regarding
the nutrient acquisition by this parasite. In this work, we tested the endocytic capacity
of extracellular tachyzoites of T gondii. Our results showed innumerous evidence of
the intracellular presence of endocytic tracers in the anterior region of the conoid,
inside the rhoptries, at the micropore and posterior pore of the parasite. As a result,
we proposed a hypothetical scheme (Figure 8) aiming to summarize data presented
here. These hypotheses should be confirmed through further studies using 3D recon-
struction of serial ultrathin sections, for example, or through live cell imaging. The
set of data presented here may contribute to new perspectives in this field, enabling in
the future a better understanding of the biology of T gondii, enabling application in
therapeutic interventions in the treatment of toxoplasmosis.
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Abstract

Toxoplasma gondii is a zoonotic protozoan parasite that causes mortality because
of significant neuropathology. It is widespread in neonatal infections. Although the
neuroimmunopathogenesis of toxoplasmic encephalitis (TE) has been studied for
many years, it is still not completely understood, showing the disease’s severity. The
urge to write this chapter comes at this stage. The sections covered in this chapter
show the pathogenesis that has been established and characterized so far. The involve-
ment of astrocytes and microglia in the development of neuropathology, which
begins with tachyzoites crossing the blood-brain barrier during acute infection, has
been explored. The molecular mechanism between schizophrenia and TE has been
thoroughly proven. Uncovering the molecular pathogenesis of TE is critical for both
understanding neuropathology and elucidating the link between neuropsychiatric
diseases. Each part covered here is expected to contribute to developing novel
therapeutic agents for the treatment and maybe prevention of neuropathology. The
pathogenesis of the steady progression of encephalitis has been meticulously revealed.
Thus, this chapter will offer significant insight into developing novel treatments for
all organisms suffering from this disease.

Keywords: T. gondii, immunopathogenesis, neuropathology, toxoplasmic encephalitis,
cerebral toxoplasmosis

1. Introduction

Toxoplasma gondii (T gondii), an obligate intracellular protozoan parasite, is closely
related to public health because its zoonotic nature infects all warm-blooded animals
[1, 2]. The severity of T. gondii infections is directly proportional to the infected host’s
immunity level. While the infection is subclinical in immunocompetent people, it
causes lethal toxoplasmic encephalitis (TE) in immunocompromised people because
of tissue cyst reactivation [3, 4]. T gondii-related neuropathology is not only restricted
to TE. T. gondii infections have been linked to neuropsychiatric and behavioral
problems, including schizophrenia and bipolar disorders, as well as significant mental
illnesses, including depression and obsessive-compulsive disorder [5-7]. Even though
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The association between schizophrenia and schizophrenia mediated by T. gondii.

neuroimmunopathogenesis and neuropsychiatric disorders in TE and the pathogen-
esis of neuropsychiatric disorders have been studied for a long time, they are still
among the issues that are still unclear and have many questions (Figure1).

This section will detail the immunopathogenesis of TE and examine potential
mechanisms. Thus, it will shed light on the researchers’ goals about what should be
considered in the management of the TE process and what should be focused on in
future studies. In addition, the intricate criteria needed for the differential diagnosis
will be thoroughly covered. Therefore, considering the neuroimmunopathogenesis of
the disease and the diagnosis concurrently will facilitate a better understanding of TE.

Tachyzoites, the active life form of T gondii, cannot be entirely eliminated in the
brain, unlike in other organs, despite activating a robust immune system upon reach-
ing the brain. At this stage, they convert into a bradyzoite form inside a tissue cyst
and continue to grow as a chronic infection, presenting no symptoms throughout the
host’s life [2, 8]. To reach the brain, this tissue cyst stage must first cross the blood-
brain barrier (BBB). This point, the BBB’ transitional phase, will be considered the
first step (Figure 2).

2. Why is toxoplasmic encephalitis so important?

Toxoplasmosis is far more dangerous in immunocompromised people than in
healthy people. Multiple organ involvement is possible in cases of acute toxoplasmosis
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The T. gondii life cycle. There are two phases in the life cycle: sexual in the definitive host and asexual in
intermediate hosts. Unsporulated oocysts are shed in the cat’ feces. Intermediate hosts get infected after eating
contaminated food or drink. Oocysts evolve into tachyzoites in the small intestine after consumption. When

the host’s immune system is compromised, tachyzoites induce the acute stage of infection and develop into tissue

cyst bradyzoites. Bradyzoites may either vemain dormant for the host’s life or convert to tachyzoites. Consuming
undercooked meat with tissue cysts is one of the primary transmission routes in humans. Clinical signs of the disease
include encephalitis, schizophrenia, bipolar disorders, depression, obsessive-compulsive disorders, retinochovoiditis,
myocarditis, and fetal abnormalities following transplacental infection in immunocompromised people.

in immunocompromised people. Systemic diseases are often observed with severe
pneumonia and retinochoroiditis, but encephalitis is the most common clinical find-
ing [9]. The neuroimmunopathogenesis should be fully explained at this point. There
is evidence that toxoplasmosis can be reactivated in people with certain cancer types,
including lymphoma, leukemia, and myeloma [10-12]. Organ transplantation also
poses a significant risk of toxoplasmosis, which can be fatal. For example, transplant-
ing a T gondii-infected organ to an immunocompromised patient may reactivate the
organ’ latent infection. Furthermore, reactivating latent T gondii infection because

of immunosuppressive treatment after organ transplantation can cause a fatal condi-
tion [13]. Importantly, deaths have been reported in Acquired Immune Deficiency
Syndrome (AIDS) patients with CD4 T lymphocyte cell counts <200 cells/pL and
severe immunosuppression, resulting in the formation of reactivation-related TE

[14, 15]. It has been reported, for example, that TE develops in approximately 30-40%
of immunocompromised T. gondii seropositive ADIS individuals [16]. It is clear that
this rate is extremely high. Actually, TE is quite crucial for patients of all ages. To dif-
ferentiate between patients, it is evident that immunocompromised individuals are at
a higher risk. A thorough analysis of the disease’s molecular pathogenesis is required at
this point. Otherwise, deaths caused by TE make us to disregard the primary disease.
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3. Crossing of the blood-brain barrier by T. gondii and molecular
mechanism of damages

Although the blood-brain barrier (BBB) is a solid barrier between blood and brain
tissue, T. gondii’s superior tactics for crossing this barrier and reaching the brain have
yet to be completely disclosed. However, it is still unclear whether neuroinvasion
occurs via hiding within or as a direct tachyzoite outside the cell. The actual huge
issue begins right here. Because TE, one of the most severe forms of the disease that
may lead to death, develops when tachyzoites cross through the properly functioning
BBB during acute infection [14]. The BBB is lined by microvascular endothelial cells,
which are highly specialized. The key characteristics of this barrier are low pinocytic
activity, restricted fenestration, and high trans-endothelial resistance. Thus, it func-
tions as a structural and functional barrier with minimal permeability. Additionally,
pericytes, microglia, and astrocytes are closely associated with BBB endothelial cells
and substantially contribute to sustaining BBB activity [17-20]. It has been proven
conclusively that the first transmission of T gondii to the central nervous system
(CNS) occurs primarily through the cortical capillaries [21]. It is crucial at this
point to explore how this dissemination occurred. There is evidence that T. gondii
manipulates gene expression in brain endothelial cells to cross the BBB via a “Trojan
horse” strategy. T. gondii in cells expressing CD11b may play a significant role in the
intracellular trafficking of the BBB [22]. In the same research, the percentage of
CD45+/CD11bc+ cells infected with T gondii tachyzoites was 13 times greater at the
beginning of infection when compared with the population percentages. In this work,
CD45+/CD11bc+ cells, both infected and uninfected, show the ability to breach the
BBB in an in vitro culture model. Uninfected cells respond identically to infected
cells, which is a surprise topic of debate at this level. Similar increases in the expres-
sion of intercellular adhesion molecule 1 and monocyte chemotactic protein-1 were
reported after infection of brain endothelial cells with T gondii tachyzoites within 2
and 12 hours, respectively [22]. CD11lc- CD11b+ monocytes and CD11lc+ CD11b+/—
dendritic cells are the progenitor cells that facilitate the switch to the “Trojan horse”
approach [23]. Although extracellular free-moving tachyzoites can cross the BBB
without an intermediate, they can also do so via a variety of other mechanisms.
Infection of the microvascular endothelium of the brain by tachyzoites, and their
subsequent reproduction in the CNS is one potential approach [24]. Toxophyllin and
protease expressions have been observed to assist the passage of T gondii through
the BBB. It has been shown that this transition is accomplished by destroying BBB
cells [23, 25]. Because of this destruction, the BBB’s permeability and integrity have
been disrupted. Importantly, BBB disruption induces irreversible neurodegeneration
and neuropathology in TE. In TE, T. gondii directly damages the blood-brain barrier
(BBB) by inducing apoptosis in endothelial cells [26], while T gondii-mediated oxida-
tive stress (OS) [27] and nitrosative stress (NS) [28] also induce the same damage.
Therefore, it is crucial to uncover the intricate processes involved in the pathophysi-
ology of BBB degradation. It has been shown that von Willebrand Factor, closely
related to a disintegrin and metalloprotease with thrombo-spondin 1 repeats family
13 (ADAMTS-13), plays an essential role in BBB permeability [29]. In addition, it
has been underlined that ADAMTS-13 has neuroprotective roles by disclosing and
decreasing BBB damage in the brains of small ruminants attacked with border disease
virus [30] and listeric encephalitis [31]. Similarly, the expression of ADAMTS-13 has
strongly shown BBB destruction in TE, and its neuroprotective activities have been
described [26]. These results show that ADAMTS-13 has essential functions in the
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BBB and neuronal parenchyma in disclosing the degree of BBB damage and reducing
neuropathology. This essential initial step must be fully disclosed. Because a thor-
ough understanding of the processes by which tachyzoites cross the BBB will aid in
developing more focused therapies for preventing fatal brain injury. The primary aim
should be to maintain the integrity of the BBB and prevent tachyzoites from entering
the brain parenchyma during the acute infection phase. Thus, chronic TE may be
avoided even before it begins.

4. Molecular mechanism of neuropathology caused by T. gondii

Tachyzoites that reach the brain parenchyma after improved strategies have
crossed the BBB may induce severe neuropathology and host mortality. Although
the molecular pathways of neuropathology are continuously investigated, there are
still several unanswered questions. Chemokine (C-C motif) receptor 2 (CCR2), a
crucial chemokine receptor with a microbicidal function, has a tight relationship with
the parasite burden in the brain. In mice whose CCR2 receptor was experimentally
blocked, the immune system cells in the brain were markedly inactive, resulting in a
considerable increase in the parasite load in the brain [32]. In conclusion, the CCR2
receptor is necessary to regulate parasite replication in peripheral organs and the
CNS in particular (Figure 3). Although the deadly TE produced by the reactivation
of latent tissue cysts in the brain has been investigated for many years, the molecular
mechanism of reactivation is still unknown.
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Figure 3.
The role of CCR2 in TE.
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The significance of nitric oxide (NO) generation in chronic TE is remarkable
since it must be in a delicate balance. This section focuses on two distinct topics. The
first is NO’s neuroprotective impact, while the second is its neurotoxic and neuro-
pathological consequences, which may be severe. During T. gondii infection, nuclear
factor kappa B and inflammatory cytokines are overexpressed in blood-derived
macrophages. IL-1a was overexpressed in microglia and IL-1p in macrophages during
infection compared with control groups. In TE, IL-1R1, gasdermin-D-dependent
IL-1a, and caspase-1/11 have been demonstrated to control parasite multiplication,
limit neuroinflammation, and regulate immune cell multiplication infiltration [33].
This research shows that alarmin IL-1a, produced by microglia, works hard to reduce
the neuropathology found in TE (Figure 4).

The anti-parasitic action of NO is diminished in C57BL/6 mice vulnerable to
chronically infected T. gondii, and TE, which leads to mortality, occurs because of the
reactivation of tissue cysts [34-38]. NO plays a significant role in the shift from acute
to chronic infection. There have been investigations into the critical functions of NO
in the shift from acute to chronic infection. In a nutshell, NO causes the conversion

Tachyzoites

Blood-derived macrophage Microglia
NF-kB 1 Gasdermin-D-depend IL-1a
IL-1B 1t

L J
\'
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|
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Figure 4.
IL-1R1 and Caspase 1/11-mediated pathway for TE attenuation.
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of tachyzoite to bradyzoite forms and attempts to regulate the course of the illness
[34-36, 38-43]. It has been shown that a reduction in inducible nitric oxide synthase
(iNOS) expression is linked to tissue cyst reactivation [34, 37, 38]. However, the focus
of this section will be on the occurrence of neuropathology induced by NO generated
over physiological limitations, because it has been proven that NO causes significant
neuropathology rather than having neuroprotective characteristics. Despite the
emphasis on the consequences of iNOS-derived NO generation in TE, it was shown
that NO was not only iNOS-derived. Endothelial nitric oxide synthase (eNOS)-
derived NO produced from endothelial cells infected with tachyzoites, and neuronal
nitric oxide synthase (nNOS)-derived NO expressed by neurons also induces neuro-
pathology at an unavoidable level [28]. It has been shown that all NO sources play a
part in disease pathogenesis, explaining why the NS has progressed to such a severe
level (Figure5).

Apoptosis causes neuropathology found in TE, as shown by high caspase 3
expression and suppression of B-cell lymphoma-extra-large (Bcl-xL) expression,
which has anti-apoptotic characteristics. The observed apoptosis is driven both
extrinsically by the expression of Tumor necrosis factor receptor 1 and caspase
8 and internally by the production of caspase 9, which is a component of the
apoptosome complex. T. gondii inhibiting Bcl-xL is exceptionally notable. The
most surprising discovery in this research is that Purkinje cells were susceptible
to intrinsically caused apoptosis. Thus, intrinsically caused apoptosis has been
identified as one reason for Purkinje cell death in TE patients [26]. Pathological
neurofilament (NF) accumulation in neurodegenerative cerebral diseases, particu-
larly in injured neurons, is the most fundamental sign of acute neuroparenchymal
destruction [44-46]. The critical element to understand in this section is that NF
accumulates to pathological levels during the acute stage. TE had a large amount of
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Figure 5.
The role of iNOS in TE survival.
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NF buildup in the chronic TE stage. The occurrence of degeneration and necrosis in
acute neuroparenchymal structures owing to tissue cyst reactivation was the cause.
As a result, it has been shown that monitoring NF accumulations may evaluate and
track neuropathology in acute TE. Consequently, it has been demonstrated that the
degree of neuropathology in acute TE may be identified and tracked by monitoring
NF accumulations [28]. In experimental models of ischemia in rats, neuron-specific
enolase (NSE) may be employed as a quantifiable marker to determine the degree of
neuronal injury [47]. NSE is a good-quality marker for assessing TE-related neuro-
pathology’s severity and disease follow-up. NSE strongly showed the severity of T.
gondii-mediated neurodegenerations in neuroparenchymal structures [27]. Thisis a
significant result because, given the absence of a successful therapy for TE that has
yet to be addressed entirely, it will play an essential role in assessing neuroprotec-
tive drugs.

It is widely established that oxidative stress (OS) plays a significant part in the
molecular process of neurodegeneration/neuropathology in TE. Glutathione reduc-
tase and 8-hydroxy-2'-deoxyguanosine have been expressed at pathological levels in
TE, and the expression of Cu/Zn superoxide dismutase (SOD), a critical endogenous
enzymatic antioxidant that protects cells against OS-related apoptosis, is similarly
hindered. Therefore, OS and n/mt DNA damage produced by OS shows severe neuro-
pathology mediated by T. gondii, because a reduction in antioxidant enzyme activity
provides crucial insight into the neuropathogenesis of TE [27]. Glia maturation factor
(GMF)-mediated proinflammatory responses have been found to play a crucial role
in the neuropathogenesis of neurodegenerative and demyelinating diseases and
produce severe neuropathology [48-51]. In addition, it has been shown that elevated
GMF expressions play a crucial role in the neuropathogenesis of Alzheimer’s disease,
a severe neurodegenerative disorder [48, 52]. Dincel’s 2017 research found abnormal
levels of GMF-b expression, a severe proinflammatory cytokine, in reactive glial cells
and specifically in gliosis foci in the brain tissues of animals. This research showed a
relationship between GMF overexpression in glial cells in TE and neuronal damage.

It has been explained that the subsequent neurotoxicity is GMF-mediated neuropa-
thology that has not been documented in TE before [53]. Uncovering a novel GMF-
mediated proinflammatory mechanism is a significant step forward to our knowledge
of neuropathogenesis.

The pathogenesis of TE has been linked to an enhanced unfolded protein response
and extended ER stress. In the model created with T. gondii, type I strains showed
that Rhoptry protein 18 (ROP18) is associated with the N-terminal portion of endo-
plasmic reticulum (ER)-associated protein called reticulon 1-C (RTN1-C), an ER
protein expressed in the CNS [54]. As a result of ROP18 phosphorylation of RTN1-C,
it has been explained that it triggers ER-stress-mediated apoptosis in neuronal cells.
In addition to these findings, it has been demonstrated that ROP18 phosphorylation
of RTN1-C increases glucose-regulated protein 78 acetylation by decreasing the
activity of histone deacetylase. These results have been associated with neuronal
apoptosis [54]. These findings clearly show that ER stress and ROP18 expression play
critical roles in the pathogenesis of TE, and treatment modalities should focus on this
target (Figure 6).

The neuropathology found in TE is critical. Although the neuropathology associ-
ated with chronic toxoplasmosis is thought to be resolved, we should not ignore their
neuropsychiatric consequences. Any reactivation of tissue cysts intimately linked
to the immune system might end in mortality. Although the aim here is to reduce
neuropathology and avoid permanent damage, we should not ignore that the goal is
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Mechanism underlying the significant apoptosis seen in TE.

to eliminate tissue cysts. Because as long as the existence of tissue cysts in the brain
persists, patients cannot avoid the risk of death.

5. Critical roles of astrocytes in toxoplasmic encephalitis

Astrocytes exert considerable effort to maintain control over T. gondii. Although
the expression of gamma interferon (IFN-y) has been proven to significantly regulate
T. gondii in the brain, the molecular mechanism behind these protective actions
is not well known. A comprehensive analysis revealed that IFN-gamma-induced
GTPase (IGTP) suppressed the replication of T gondii tachyzoites in astrocytes.
Therefore, IGTP protects TE via astrocyte-mediated mechanisms [55]. However, it
has been established that the signal transducer and activator of transcription 1 are
required for IFN-gamma to suppress parasite multiplication in astrocytes (STAT1).
Experimentally, it has been shown that in animals devoid of STAT1 expression, astro-
cytes cannot suppress T. gondii replication and, thus, cannot prevent neuropathology
[56]. It has been shown that the orphan nuclear receptor regulates STAT1 signaling
and host defense in astrocytes. In TE, astrocytes play a crucial role in developing a
robust resistance to the parasite and complicated molecular pathogenesis [57]. It has
been discovered that astrocytes’ glycoprotein 130 (gp130) expression plays a crucial
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role in mice with the experimental TE model. An experiment with animals lacking
gp130 showed that apoptosis in astrocytes increased, and inflammatory lesions could
not be avoided. However, it has been shown that gp130 expression by astrocytes is
not required for T gondii regulation in these cells. In summary, it has been shown that
astrocyte-expressed gpl30 alleviates neuropathology but does not prevent parasite
replication [58].

The importance of astrocytes in the immunopathogenesis of TE cannot be over-
stated. Astrocytes are among the cells infected by tachyzoites in both iz vive and in
vitro experiments. In vivo investigations have shown that tachyzoites target and infect
astrocytes after invading the brain. Activated astrocytes have been demonstrated
to decrease parasite multiplication in TE and, as a result, help alleviate severe neu-
ropathology such as necrosis [59-63]. Mice have been demonstrated to have little
chance of surviving in TE, which was established in mice whose glial fibrillary acidic
protein (GFAP) expressions were suppressed, and astrocyte numbers were lowered
in an experiment [58]. This condition may be described as follows: in mice without a
protective astrocyte population, the efficiency of GFAP, an essential immunoregula-
tory, would be reduced. As a result, parasite replication rises, and because of this
replication, more widespread and severe inflammatory lesions develop, resulting in
increased neuropathology severity [58, 64]. Severe GFAP expressions from astrocytes
were identified in a potential tissue cyst reactivation. This robust expression shows
that astrocytes exert effort to prevent neuropathology in the neuroparenchyma.
Therefore, it has been shown that astrocytes function as immunomodulatory and
immune effector cells in TE [28].

It has been revealed that astrocytic transforming growth factor-beta (TGF-p)
signaling is crucial for suppressing the neuroinflammatory response in TE. It has been
shown that inhibiting astrocytic TGF- f signaling increases immune cell infiltration
into the brain, resulting in severe neuronal damage. Inhibiting astrocytic TGF-p
signaling has no effect on CNS parasite burden in acute or chronic phases, suggesting
a separate molecular mechanism in astrocytic TGF-p-mediated neuroinflammation.
Astrocytic TGF-f signaling has a role in avoiding neuronal tissue damage in TE via
astrocytic TGF-f signaling [65].

T. gondii-infected astrocytes have been shown to express prostaglandin E2 (PGE2).
PGE2 production by infected astrocytes has also been linked to microglia IL-10
expression reliant on cyclic adenosine monophosphate (cAMP). Finally, T. gondii-
infected astrocytes suppress NO generation by IFN-gamma-activated microglia,
and cAMP-dependent IL-10 expression by microglia contributes to neuropathology
reduction (Figure 7) [66].

6. T. gondii and schizophrenia: Pathogenesis relationship

The relationship between T. gondii and schizophrenia has been investigated for
decades. However, despite such studies and extensive meta-analyses, the relation-
ship between the two diseases remains obscure. Because it is a current topic, this
is regarded as a significant point. Kynurenic acid (KYNA), a metabolite of the
kynurenine pathway derived from the breakdown of tryptophan, is synthesized
by astrocytes [67-69]. In the pathogenesis of schizophrenia, impaired metabolism
of the brain kynurenine pathway (KP) and consequently elevated kynurenate
levels have been conclusively demonstrated [70]. In response to intense glial
activation during TE, KYNA formation increases substantially. To summarize,
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KP metabolites play an essential role in the pathogenesis of T. gondii-mediated
schizophrenia (Figure 8) [71].

The Matrix Metalloproteinase-9 (MMP-9) gene has been extensively studied in
schizophrenia, and it has been demonstrated that the MMP-9 gene polymorphism
may play a role in the pathogenesis of schizophrenia [72-74]. In TE, tachyzoite-
infected astroglial cells increase the expression of Matrix Metallopeptidase-2 and -9
(MMP-2 and MMP-9). It has even been reported that the inflammatory development
of encephalitis can be controlled by inhibiting MMP-2 and MMP-9 expression [75],
because MMP-2 and MMP-9 expressed by astroglial cells have been shown to con-
tribute to extracellular matrix degradation in brain tissue [76]. These findings show
that MMP expression is essential in the pathogenesis of T. gondii-mediated schizo-
phrenia (Figure 9).

The similarities between the pathogenesis of schizophrenia and TE are quite strik-
ing. There is an increase in NO production in schizophrenia [77] and neuropathology
associated with OS [78, 79]. However, it has been demonstrated that the antioxidant
enzyme SOD in the brain is significantly decreased in schizophrenia [80]. A consider-
able drop in the expression of the anti-apoptotic protein Bcl-2 has been discovered
in the pathogenesis of schizophrenia [81], and apoptosis has been proven to play a
crucial part in the process [82-84]. Similarly, cytokine-mediated neuronal damage
has been documented in schizophrenia, and declines in the number and density of
neurons have been reported [85]. When examining the pathogenesis of TE consider-
ing these data, it has been discovered that there are remarkable similarities, and
their link is highlighted. Pathological levels of eNOS, iNOS, and nNOS-derived NO
production have been observed in TE [28]. Moreover, it was shown that OS increased
while SOD activity reduced considerably [27]. In addition, severe inhibition of the
expression of Bcl-xL, an antiapoptotic protein, and triggering of apoptosis have been
clearly demonstrated in TE models [26]. In TE, elevated GMF expressions, which
induce proinflammatory responses in glial cells, revealed cytokine-mediated neuro-
pathology [53] (Figure 10).
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In a broad sense, the parallels between the pathogenesis of these diseases are
highly remarkable. It also shows their close relationship. These investigations
show the molecular mechanism behind the pathogenesis of schizophrenia mediated
by T. gondii.

7. Neurohistopathological findings of toxoplasmic encephalitis

Nonsuppurative and/or necrotizing meningoencephalitis are among the
fundamental histological findings in TE. The existence of tissue cysts is a crucial
observation. It has been shown that tissue cysts may be found throughout the brain,
with the increased density in the cerebral cortex, hippocampus, thalamus, and
amygdala regions being a noteworthy histopathological finding. The histological
findings are neuronal degeneration and necrosis, localized gliosis foci, hyperemia,
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perivascular mononuclear cell infiltration, and capillary endothelial hypertro-
phy. As shown earlier, Purkinje cells are very susceptible to T. gondii tachyzoites.
Histopathologically, these cells are also shrunken, with eosinophilic cytoplasm and
necrotic [26-28, 86-88].
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8. Diagnosis of toxoplasmic encephalitis

Multifocal necrotizing encephalitis is the main neuropathological sign of TE
in in people living with AIDS [89, 90]. However, from the start of the epidemic
until more recent years, a number of publications have used the term “toxoplasma
abscess” [91]. Human Immunodeficiency Virus (HIV)-related TE does not exhibit
pus, contrary to the traditional definition of a brain abscess, which requires for an
intraparenchymal pus accumulation. The four histological phases of the develop-
ment of a brain abscess are early cerebritis, late cerebritis, early capsule forma-
tion, and late capsule formation. Pus may be seen in the latter three stages [92].
Additionally, an immunocompromised host may have a considerable delay in the
progression of the phases of a brain abscess [93]. Thus, early cerebritis that more
closely resembles necrotizing encephalitis is often seen in toxoplasmosis patients
[92]. Although these lesions are considered abscesses in some studies, we think it
is more appropriate to define “toxoplasmic encephalitis” as researchers who have
worked with TE for many years.

8.1 Diagnostic categories

There are important diagnostic criteria for TE. A differential diagnosis with dis-
eases such as tuberculous meningitis or progressive multifocal leukoencephalopathy is
required at this stage. In fact, the important points at this stage are early diagnosis and
direct intervention, because it should never be forgotten that the time lost in neuropa-
thology comes back with irreparable results [94].

8.1.1 Histopathology-confirmed toxoplasmic encephalitis

To establish the diagnosis clearly and definitively by histopathological exami-
nation, it is necessary to demonstrate the presence of T. gondii in brain biopsy or
postmortem examination. Among the most commonly used methods, the prior-
ity is stereotactic computed tomography (CT)-guided needle biopsy. T. gondii
tachyzoites or bradyzoites from tissue cysts can be seen at the margins of lesions by
hematoxylin and eosin staining methods. However, the sensitivity can be signifi-
cantly increased with immunohisto/cytochemical staining. Considering these
histopathological methods, a definitive diagnosis can be made easily. However, the
complications of brain biopsy should not be forgotten, and it should be done if
necessary to make a definitive diagnosis. It should be recommended if there is no
improvement in clinical findings after antitoxoplasma treatment and no progress is
detected in imaging methods [94].

8.1.2 Laboratory-confirmed toxoplasmic encephalitis

For laboratory-confirmed TE, T gondii DNA from cerebrospinal fluid (CSF)
or brain biopsy material must be proven by nucleic acid amplification tests. The
presence of serum T. gondii immunoglobulin G (IgG) antibodies also contributes
significantly to diagnosing TE. Therefore, these two findings should be evaluated as
a whole [94].
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8.2 Important criteria for detecting suspected TE cases in immunocompromised
patients

It has been extensively discussed above that immunocompromised patients are
highly susceptible to TE, and serious pathology occurs in such cases. Here, we will
focus on the steps to reveal a TE in these patients.

1.1t should be considered when patients have clinical manifestations of massive
brain lesions lasting up to 4 weeks, such as altered mental state, headache, or fo-
cal motor impairment [95].

2.Detection of the most common and diagnostic nodular lesions with perilesional
edema and eccentric target sign in brain computed tomography (CT) scans is
important. If any contradiction or negative result is seen at this stage, the pa-
tient should be referred to magnetic resonance imaging (MRI) without wasting
time [96].

3. The clinical findings of patients receiving antitoxoplasma treatment with the
suspicion of TE are followed closely, and a positive improvement is observed,
and the improvement in neuropathology with imaging methods is an important
advance for a definitive diagnosis.

4.The absence of T gondii IgG antibodies and/or negative polymerase chain reac-
tion (PCR) in blood samples/CSF taken from the patient does not completely
exclude the possibility of TE. Instead, it requires redirection to other validation
methods [97, 98].

Finally, it is worth mentioning that CNSToxoIndex evaluates the local synthesis of
anti-toxoplasmic IgG in the CNS and their diffusion from blood as a consequence of
blood-brain barrier disruption, and it is also a potent approach of TE diagnostics in
HIV-positive individuals [99].

If a definitive diagnosis is desired, an important step in immunocompromised
patients, lesions revealed by imaging methods should also be confirmed by histo-
pathological and molecular methods.

9. Imaging features of toxoplasmic encephalitis

Imaging systems are of great importance in revealing the pathology caused by the
diseases, both in the follow-up and diagnosis.

Since hematogenous distribution has a very important place in T. gongii infections,
most of the lesions are seen in the basal ganglia, corticomedullary junction, white
matter, and periventricular area [100]. The most accurate modality to diagnose TE
is via magnetic resonance imaging (MR), which may also show the full scope of the
illness. Infection of the brain produces lesions with poor attenuation on CT, low or
high signal on TIWI (suggesting hemorrhagic components), and high signal on T2WI
with surrounding edema. Currently, several important lesions in the imaging features
of TE are very helpful in the diagnosis. Foremost among these, uniform nodular or
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multifocal ring-enhancing lesions are seen, particularly in the cortex and periven-
tricular white matter [100, 101]. Lesions from toxoplasmosis exhibit uniform nodular
or ring enhancement [100, 101]. If there is poor enhancement, it may be modest or
nonexistent in immunocompromised individuals depending on their cellular immune
response. The “concentric target sign” in T2-weighted imaging and the “eccentric tar-
get sign” in postcontrast T1-weighted sequences are significant MRI findings reported
in TE [100, 102-105]. In particular, this finding is considered pathognomonic.
Multiple lesions were seen in the bilateral basal ganglia, frontal, temporal, parietal,
occipital, and cerebellar lobes, as well as ring enhancement on postcontrast sequence
near edema and the development of “eccentric target sign” on an MRI of the brain
with contrast. These lesions featured intra-lesional hemorrhagic foci and alternat-
ing hyper and hypointense zones on T2-weighted sequence, along with perilesional
edema that was clearly visible and corresponded to the “concentric target sign” [105].

Susceptibility-weighted imaging (SWI) of hemorrhagic lesions commonly seen
in TE was superior and more sensitive than GRE T2*WI. It is emphasized that diffuse
hemorrhage foci seen in TE and frequently detected in recent studies may also be
because of the superior sensitivity of SWI in detecting hemorrhage [106].

The eccentric target sign linked histologically to a sizable necrotizing abscess.
The enhancing rim histologically corresponded to a thick ring of histiocytic response
with inflamed and proliferating vessels demarcated by immunostaining to Factor
VIII related antigen of vascular endothelium, while the surrounding zone of necrosis
caused the intermediate zone of hypointensity. On T2W images, the perilesional
white matter edema with demyelination appeared as strong hyperintensities [107].
The ring-enhancing lesion’s periphery occasionally contained tissue cysts containing
T. gondii bradyzoite, while the necrotic zone’s inflamed vascular zone contained dif-
fusely dispersed tachyzoite forms that could be seen by immunohistochemistry using
antibodies to tachyzoite-specific antigen (p30). Eccentric target sign, a characteristic
of imaging, is thought to be strongly predictive of toxoplasmosis. Less than 30% of
cases have this sign, which may be seen on postcontrast CT scans (asymmetric target
sign) or TIW MRI scans [108]. There are three alternating zones in this: a centrally
eccentric innermost enhancing core, a middle hypointense zone, and an outermost
hyperintense enhancing rim. A leash of inflamed, leaking arteries that enter the
lesion via a sulcus create the eccentric core [107].

Diffusion- and perfusion-weighted imaging (DWI and PWI) and spectroscopy
may help distinguish toxoplasmosis from other disorders that mirror it, such as
brain lymphoma and infections, especially in immunocompromised individuals.
Toxoplasmosis may exhibit peripheral limited diffusion, but pyogenic abscesses often
exhibit central restricted diffusion. PWTI in toxoplasmosis is minimal, but high in

Figure 11.
Ring-enhancing lesions surrounding hyperintensity, consistent with vasogenic edema, eccentric target sign, and
concentric target sign.
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lymphoma and other neoplasms. Toxoplasma and pyogenic abscesses both had an
increased lipid-lactate peak in spectroscopy [109, 110]. PET-CT and thallium single-
photon emission computed tomography often reveal increased uptake in lymphoma
and decreased uptake in toxoplasmosis (Figure 11) [109, 111].

10. Conclusion

The mechanisms of neuroimmunopathogenesis, the most significant and com-
plicated aspect of TE, were covered in this chapter, which was the product of much
study and effort. Each part has been thoroughly evaluated and clarified. Therefore,
the most fundamental aspect of avoiding neuropathology induced by TE, which may
lead to mortality, is the investigation and complete disclosure of these processes. This
book chapter, which discusses this extensive neuroimmunopathogenesis and will play
an essential role in developing novel therapeutic medications, will make a significant
addition to the body of literature. Furthermore, diagnostic methods that are criti-
cal are emphasized. The tricks of imaging methods are summarized, and key points
are highlighted. It is hoped that considering all aspects of TE, which has a complex
pathological mechanism, will make a significant contribution to the literature.
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Chapter 6

The Important Role of Laboratories
in the Diagnosis and Prevention of
Toxoplasma Infection

Maria Vanessa Schneider

Abstract

Toxoplasma gondii is a high universal distribution intracellular parasite that causes
toxoplasmosis, an infection of significant importance when pregnant women or
immunosuppressed patients become infected. In immunocompetent humans, it is
rarely a symptomatic disease. Diagnosis and prevention are essential to reduce severe
health consequences in susceptible patients. Laboratories must play an important role
in trying to avoid seroconversion, by helping in prevention and accurate diagnosis to
facilitate patients' access to treatment as early as possible. The main focus of this chap-
ter is about the steps laboratories should take in diagnosing Toxoplasma gondii infec-
tion by using screening tests (ELISA, HAI, AD) or confirmatory tests (Sabin Feldman
dye test, ISAGA, PCR, Isolation)—determining whether patients are toxoplasmosis
positive or negative—and in being actively involved in the prevention of the infection.
Failing to do this would make the future of these families a very difficult road to travel.

Keywords: toxoplasmosis, toxoplasma gondii infection, seroconversion,
congenital toxoplasmosis, laboratory diagnosis, ELISA, Sabin Feldman dye test, ISAGA,
PCR, isolation

1. Introduction

Toxoplasma gondii infection affects a third of the world’s population. Although
in people with a healthy immune system it does not cause disease and it is usually
asymptomatic, in pregnancy and immunosuppressed patients it can cause serious side
effects.

In pregnancy, congenital toxoplasmosis may cause severe consequences to the
fetus, from death in uterus to late important clinical conditions such as cognitive
impairment, blurry vision by inflammation of the retina, deafness, epilepsy, seizures,
tuberculosis, Pneumocystis jivoveci pneumonia, or poor coordination.

In primary or secondary immunosuppressed patients who get Toxoplasma gondii
infection, or a reactivation of the disease, unwanted sequelae can also occur [1-4].

Laboratories should play an important role. “The important role of laboratories”
should be getting involved and assuming the commitment not only in the diagnosis,
but also in the prevention. They must bridge the gap between the attending physician
and patients.
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1.1 Pregnant women testing

If toxoplasmosis serology is unknown before women became pregnant, then start
by finding it out as early as possible within the first trimester [1-4].

An IgG test is the first thing to do to know the patient’s serology. Which test
should be selected? Laboratories must maximize their available equipment,
resources, and capabilities, to choose their tests. Do any test, it is better than doing
nothing.

Once an IgG result is obtained, two paths will open:

1.1f IgG serology result is negative, great care must be taken because even
though these women are not infected, they are susceptible to become infect-
ed [3-6]. This is why they must be followed. How? By warning about prima-
ry prevention measures (see Preventive Medicine) [1, 3, 4, 7, 8] and moni-
toring their IgG serology every month or at least once every three months to
make sure not become infected during the rest of pregnancy (as shown in
Figure1la) [2, 9, 10].

2.1f IgG serology result is positive, then the next step is to do a Toxo IgM test to be
sure that it is not a potential seroconversion [1-4].

1.2 Toxo IgM test result
After the IgM test result is ready, two new situations emerge the following:

1.1f IgM result is negative means these women were toxoplasmosis positive before
pregnancy. In this case, it is a past infection and they are immunized against the
parasite infection. There is no risk of becoming infected during their pregnancy
and their children are out of danger (displayed in Figure 1b)

2.1f IgM result is positive, there is a high suspicion of a seroconversion (SC), in
which case this must be confirmed (as illustrated in Figure 1c).

1.3 How to confirm a seroconversion

The way to confirm a SC will depend on capabilities and the laboratory scope.
Now at this point there are two other new scenarios:

1. Routine Laboratories: could refer this sample to a reference laboratory to per-
form more specific tests such as Western blot, PCR, ISAGA M, ISAGA A, ISAGA
E, and Avidity test [2]. If there is not a reference laboratory or a more complex
one nearby, then deem the result equivocal with an observation suggesting to
repeat the test in three weeks. When the new sample arrives and an increase in
title is observed, seroconversion is confirmed [1-5, 7, 8, 11].

2.Reference Laboratories: must enlarge the sample with other specific tests such
as those named above. At the time of delivery, isolation of Toxoplasma gondii
parasite in placenta and umbilical blood cord can be done and, furthermore,
studied the type of strain to which it belongs to know the degree of impact to the
newborn [12-17].
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Figure 1.
Pregnant women-testing. a. Negative. b. Past infection. c. Seroconversion. Note: Own elaboration.

Once SC is confirmed, the doctor in charge must be notified as soon as possible,
so these women can be medicated to avoid parasites infect placenta and make sure the
newborn does not have any immediate or late clinical consequences [1-5, 7, 8].

1.4 Newborns without her mother’s serology

Another different possible scenario could be to receive a child, without her
mother’s serology. In this stage, follow them up, doing an IgG toxo test every three
months until they are one-year-old [1, 2]. What information is obtained?:

1. At the beginning, during the first six months, the same mother’ serology is ob-
served. The specific IgG crosses placenta so the results obtained will be a copy of
their mother’s antibody titer. But when the baby’s immune system matures, moth-
er's antibodies disappear. This is the moment to be more careful and make sure the
parasite does not take advantage of it. This is the reason why the child’s IgG antibod-
ies, until she/he is one year old, must be followed (as shown in Figure 2) [1, 2].
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Figure 2.
Newborns without her mother’s serology. Note: Own elaboration.

2. A congenital toxoplasmosis is suspected in the newborn when the IgG titer
is significantly higher than the mother’s and the IgM is positive. The child is
considered free of infection when the IgG is negative at age one (as illustrated
in Figure 2). This might be the gold standard for laboratories, having peace of
mind that a good work was done, and the mission was fulfilled [1, 2].

3. When a prenatal infection is suspected, an hemogram, hepatogram, and a urine
analysis also should be applied as the initial control and value systemic compro-
mise of the infection [1, 2].

2. Kinetics of immunologic response

At the beginning of toxoplasmosis disease, during the first-week post-infection,
IgM starts to appear. At this time, the role of Sabin Feldman test is fundamental
because it detects IgG and IgM together. The next immunoglobulin (Ig) to appear is
IgE, then IgA. IgG appears within the first month, stabilizes two or three months after
infection has started, and persists throughout life (as shown in Figure 3) [1-5, 7, 8, 11].

2.1 IgG detects different Toxoplasma gondii antigens. First antigens to be detected
by the IgG are membrane antigens and later intracytoplasmics ones [1].

2.2 To detect IgE, IgA and IgM ISAGAT test is needed (see Diagnostics available tests).
2.3 IgM displays a special behavior in this disease. It can be found for more than
two years [1, 3, 7, 8, 11, 18]. Hence, if it is found, be careful how its appearance

is interpreted. Complement that finding using other tests like specific IgA and
IgE must be done to confirm a SC.

2.4 IgA is found during about six months, if it is positive, it is a correct way to con-
firm a SC [1-5, 8, 11].
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Figure 3.
Kinetics immunologic response. Note: Own elaboration.

2.5 IgE falls fast. Only during the first three month of Toxoplasma gondii infection,
it can be detected, but whenever is found, it also confirms the SC [1-5, 8, 11].

2.6 IgE and IgA together increase the chances of detecting seroconversion earlier
[1-5, 8, 11]. Therefore, it is important not to waste time and confirm those ques-
tionable samples as soon as possible.

3. Diagnostic available tests

There are direct and indirect methods to detect a Toxoplasmosis infection:
3.1 Direct methods

They are based on identifying the presence of Toxoplasma gondii parasite or their
nucleic acid. The techniques within these methods are fresh observation, histological
stains, histopathological analysis, PCR, PCR real time, parasite isolation.

The materials available to use are newborn blood, umbilical blood cord, placenta,

amniotic fluid, LCR, vitreous humor, biopsies, and other fluids [1, 8].

3.1.1PCR

It is based on detecting the parasite nucleic acid using the polymerase chain reaction.
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3.1.2 Parasite isolation

It consists of detecting the parasite in biological samples (cell culture or mouse
inoculation).

3.2 Indirect methods

All of these tests evidence specific antibodies. There are screening tests: indirect
hemagglutination (HAI), direct agglutination (DA), immunoassays, and confirma-
tory tests: Sabin Feldman, ISAGA M, A and E, IF1 IgG and IFI IgM, and avidity test.

All of them have their advantages and disadvantages (see Tables1and 2) [1, 3, 8, 11].
The choice depends on the kind of laboratory and resources available.

3.2.1 Screening tests

This tests are used in Routine Laboratories (Table 1)
3.2.1.1HAI

This technique is not recommendable. However, many laboratories still use it;
therefore, it is necessary to warn that it detects late infection. It is useful only after
three months of the onset of the infection.
3.2.12 AD

Direct agglutination consists of mixing a stabilized suspension of Toxoplasma
gondii or latex particles sensitized with parasitic antigens, with the patient serum and
observing agglutination reaction.

3.2.1.3 Immunoassays

The basis of these tests is to measure the specific union antigen-antibody IgG, by
adding a detection complex. The antigen is attached to different supports. That is why

Test Automatizable Staff Need Cost Sensitivity Specificity
dependant special for SC
equipment
HAI No Yes No Low Low Low
AD No Yes No Low Low Low
ELISA Var Var Var Low Var Var
QML, Yes No Yes Var High High
CLIA,
ELFA
Avidity Var Var Var Var High™ High

Var: Variable: Depends on the cost/benefit of the laboratory.
Note: Own elaboration. Detects late infection.
When the result is low and pregnancy is before the 16th week.

Table 1.
Screening tests. Routine Laboratories [1].
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Sabin No Yes No Low High High
Feldman*
IFIIgG No Yes Yes Low High High
IFT IgM No Yes Yes Low Low High
ISAGA M No Yes No Low Var High
ISAGA A No Yes No Low High High
ISAGAE No Yes No Low High High
Western Blot No Yes No High High~ High
PCR in House,  Var Var Yes Var Var High
RT PCR
Isolation No Yes No Low High High

Var: Variable: Depends on the laboratories cost/benefits.
Note: Own elaboration. Reference reaction.
For paived samples mother-child.

Table 2.
Confirmatory tests. Reference Labovatories [1].

there are a lot of available types and brands of immunoassays (ELISA, QML, CLIA,
IFT), their variety depends on the following:

3.2.1.3.1 The kind of antigen that they use

There are membrane antigens that appear first (p30 (SAG-1), p22 (SAG-2)) and
cytoplasmic antigens that can be detected later (p35 (GRA-8), ROP-1, GRA-6, GRA-7).
According to the antigens that the immunoassay uses, the specific IgG can detect them
within one or three weeks after infection has started [1]. Deciding which test to choose
is one of the most important steps.

3.2.1.3.2 The support that is being used

Consist on the base where the antigens or antibodies are sustained. They can be
microplates (ELISA), microparticles (QML, CLIA), slides (IFI), latex particles (AD),
cells (HAI). The smaller they are, the more sensitive the test will be.

3.2.1.3.3 The detection complex is the other item to be considered

Conjugate-enzyme (ELISA), fluorescence (IFI), luminiscencia (CLIA), quimiolu-
miniscencia (QML).

The sensitivity and specificity of different assays available depend on the combination
of all of these variables; thevefore, the choice made will depend on the cost/benefit of the
laboratories available vesources.
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But the most important after selecting the tests is to follow the insert and do the test
respecting it, doing exactly what it vecommends and always use quality controls, internal
and external ones, to compare the results and be suve that all samples have a certain result.

3.2.2 Confirmatory tests

These tests are used in Reference Laboratories (Table 2).
3.2.2.1 Sabin Feldman dye test (SF)

The test is based on complement-mediated cytolysis of antibody-coated live
Toxoplasma gondii tachyzoites, which is indicated by their inability to take up methy-
lene blue stain [19-22].

This test deserves a special topic and is a reference method for serodiagnostic
Toxoplasma gondii infection. Its importance is based on being the only one that detects
IgG and IgM together. Therefore, it is the most specific and sensitive of all the indirect
methods. There are cases that disagree between values comparing SF and other tests,
because it is the first one to render a positive result. This test makes the difference to
detect the seroconversion as soon as possible.

We are one of the laboratories that still use it as a routine method. A multicenter
study of prevention of congenital toxoplasmosis, based on confirmed equivocal or
indeterminate samples from other routine laboratories, gets as result that the 46% of
the samples that were serodiagnostic as possible seroconversions in routine laboratories,
were defined as cronics in our reference laboratory using SF and ISAGA M method. This
means that all of those women would have been treated when not necessary [2].

The problems of most laboratories that stop using SF were maintained live
tachyzoites of Toxoplasma gondii, each country's animal regulations, trained staff,
dangerous to laboratory workers, costs, automation, interlaboratory standardization,
accessibility of Western blot, better performance of new tests.

Because of them, probably the future of the SF dye test in reference laboratories
could be changed for cellular culture, if possible, which is a valid alternative and could
be the way to change the SF dye test without losing its advantages and quality.

3.2.2.2 ISAGA

It consists of capturing the specific antibody (IgM, IgA, or IgE) and then adding a sta-
bilized suspension of Toxoplasma gondii to evidence specific Igs with direct agglutination.

3.2.2.3 Avidity Test

The avidity test measures the power of the union antigen-antibody. When it is recent,
the union is weak, but when it is not recent, the union is strong. We could understand it
like a traffic light (illustrated in Figure 3): When the result is low, the union is weak and
it means high probability of seroconversion within the past three months (red light); if it
is intermediate, then we must be alert and study the combination of the other different
serologies we have (yellow light); and when the result is high, the union is strong and can
be reassured that it is a more than four months old infection (green light).

It is important to consider that this test gives useful information only until the 16th week
of pregnancy. Any time after the 16th week, the avidity test loses its importance [1, 3, 4,

8, 11]. Another consideration is that theve arve many brands of avidity tests available. They
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each have their own benchmarks and sometimes the vesults do not match up. Therefore, it
is very important to consider the other confirmatory tests (see Available diagnostic tests) at
the time of the final decision.

4. What should be done in Routine Laboratories for screening?

Here, the big question to answer what must be done in Routine Laboratories for
screening, is: Only IgG? IgG and IgM?

Well, the answer is not an only one, the answer depends on the resources and the
cost/benefit analysis.

Do only IgG tests should be done as frequently as possible, which means between
every month and every three months, minimum [1-5, 9, 10]. This is the only way to
detect an early SC.

If IgM is added, chances of detecting seroconversion are much better [1-5] because
those cases where the SC has just begun will be able to be detected.

This is certainly the best way to work. The decision will depend on the prevalence
[2, 5, 6], the patient’s knowledge of this disease and their access to primary preventive
measures (see Preventive Medicine) and laboratory resources.

5. What should be done in Reference Laboratories?

As a continuity on the previous topic, here is the great difference.

While Routine Laboratories can choose a lot of brands of kits, and do only IgG
depending on their resources and cost/benefit analysis, Reference Laboratories can-
not. That is what makes the difference.

Reference Laboratories must do, not only IgG and IgM, but also the most sensitive
ones and have the best brands. Besides that, must do ISAGA s Tests ISAGA M, ISAGA
A, and ISAGA E, Western blot, PCR [8, 23], and if possible Sabin Feldman or Cellular
Culture and sequence [12-17, 19-23].

This difference is based on accurately diagnosing a seroconversion. Cannot report
a doubt. If there is a doubt, the best they can do is to recommend retesting after two
or three weeks, to allow the immunological system to mature. This is when a SC has
just started and the titer of IgM is not enough to confirm it. Meanwhile, they should
suggest doctors in charge start medicating them, as a preventive measure, until the
result of the next sample is obtained.

6. Preventive medicine

Preventive medicine is another very important task to detect SC earlier than
anything. There are three ways to do this:

6.1 Primary Preventive Medicine

There are many things to do to prevent Toxoplasma gondii infection. Precautionary
measures consist of [1, 3, 4, 7, 8]:

1. Washing hands before handling foods.
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2. After handling raw meat, wash hands with water and soap.
3. Not eating undercooked meat. It must be cooked at more than 66°C.
4.Not eating sausages.

5. When handling foods, a different cutting board for meat and raw vegetables
must be used.

6. Cleaning the surface and utensils after using them with raw foods.

7.Cleaning fruits and vegetables very carefully. They must not be eaten if it is not
known how they were washed.

8. Avoiding contact with unknown cats.

9. Wearing gloves for cleaning domestic cat excrement and washing hands care-

fully after.
10. Wearing gloves and washing hands carefully after practicing gardening.

There are a lot of things laboratories can do to make pregnant women aware of
these precautionary measures and help them prevent Toxoplasma gondii infection.
There are many ways to do this and it will depend on empathy, enthusiasm, and
imagination. Some ideas are as follows:

* Add them in your report.

* Make brochures and give them to pregnant women at their gynecological
consultation.

* Use all the social media networks (Internet, Twitter, Instagram, Web pages).
* Use your internal network at your job.
 Publish Posters, etc.

Congenital toxoplasmosis can cause miscarrviage or stillbirth. In many cases, infants
appear healthy at birth but they may develop adverse sequelae of the infection later in life,
including decreased vision or blindness, decreased hearing or deafness, and mental and
psychomotor retardation.

The idea is to focus on these measures and to make pregnant women awave of the
Toxoplasma gondii infection and of the consequences they could face if this infection is not
taken seriously.

As an example, we work in a Reference Laboratory Country and we receive
samples from many cities in the country, to help them confirm those difficult results,
with values near the cut off that routine laboratories cannot resolve because of their
limited techniques. We are working on a prevention toxoplasmosis program named
“CONTENER,” it means “Containing,” to expand our services to help more laborato-
ries and concerned patients' get an accurate result. When this happens, our mission
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to help getting a final and accurate diagnosis to apply the right treatment as soon as
possible is accomplished. “CONTENER” is also an Spanish acronym for “Contain
against Toxoplasmosis in newborns and pregnant women”.

6.2 Secondary preventive medicine

If primary prevention did not work and a SC has happened, this preventive option
appears. The secondary prevention is directed to protect the embryo or fetus when
the mother has been infected during pregnancy. It is based on antiparasitic treatment
until delivery. The most important thing in this situation is to start it as soon as pos-
sible. The sooner it starts, the more effective it will be [1, 3, 8].

The next step is to do serologic analysis on the paired mother-child. The ideal test
to use is Western blot, but any IgG- and IgM-specific paired serology achieves. Some
Reference centers suggest detection of DNA parasites using the blood cord of the
newborn as an important complementary fact of great specificity and we also recom-
mend isolation of the parasite in cord blood and placenta if it is possible [12-17].

6.3 Third preventive medicine

This preventive measure is used when the other two fail. This next step is to make
areferral to a specialist doctor who understands this disease and its importance to be
medicated as soon as possible to prevent the immediate and late clinical consequences
and perform all of the necessary studies and controls.

7. Laboratories role in pregnancy and newborn

After reviewing everything laboratories can do about these topics, it is necessary
to highlight the following:

1. Study pregnant women serology before and during pregnancy with frequent
controls [1, 2, 9, 10].

2. Use the best tests available with the resources at hand.
3.Do IgG and IgM if IgG is positive [1-4, 7, 8, 11].

4.Send samples or refer them to specialized laboratories when cannot obtain an
accurate result whenever a positive IgM result is obtain.

5.Have a fluid communication with the doctor in charge following pathologic
serology results.

6.Be in contact with the pediatrician in charge of the newborn.
7.Do Preventive Medicine [1, 3, 4, 7, 8].
8.Spread as many precautionary measures as possible

9. Check periodic and paired serology evolution of those kids born from Toxoplas-
ma gondii infected women, until they are one-year-old [1, 2, 4].
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8. Laboratories role in other clinicals group.
8.1 Immunocompetent patients

Most toxoplasmosis infections are asymptomatic or have mild nonspecific symp-
toms, so these patients who have a healthy immune system, probably do not need
to be diagnosed. This is the reason why occasional findings of circulating specific
antibodies are common. Chronic infections are more frequent than acute ones [24]
and patients should not require treatment because it is a self-limited disease.

Mild symptoms could be: high fever, astenia, headache, muscle pain, anorexia,
cough, throat pain, lymphadenopathies, and splenomegaly (when there is involve-
ment of the mesenteric nodes) and they must be differentiated with other diseases.

The most characteristic symptom that needs to be differentiated is lymphadenitis:
In this case, the role of laboratories gains importance in giving an accurate diagnosis to
specialist doctors, not to start treatment, but to rule out other pathologies that do need it.

8.2 Immunosuppressed patients

These patients are susceptible to develop diseases that may cause severe sequelae
depending on the type of infection. Referring to toxoplasmosis, two types of illness
can be developed: severe primary infection and reactivation of a latent infection.

For example, immune deficiency conditions such as AIDS and organ transplantation
can cause fatal toxoplasmic encephalitis [24-27]. Hence, the role of laboratories in these
cases is fundamental to accompany other diagnostics methods such as RMN and TC.

To diagnose, direct methods in samples, such as LCR, lymph nodes, vitreous
humor, bone marrow (see Diagnostic available tests), should be used. Even though
these tests do not have high sensitivity, they have a high-positive predictive value
(VPP) when the result is positive, and when it is negative (negative predictive value
(VPN)) it will alert doctors to a risk of a primary infection. Hence, periodic serologi-
cal controls and preventive measures should be carried out.

8.2.1 VIH patients

Encephalitis with brain injuries is the most common sequelae when patients are
HIV positive and have the disease [24-27]. The role of laboratories is to complement
results obtained, with others such as TC and RMN and biopsy.

Direct methods like PCR or isolation can be useful in fluids such as LCR, BAL,
biopsies.

Serology results are important to predict risk of infection or reactivation: SF test has
a VPN del 99,7% and a VPP of 88% and other serologies, IgG above 1/256 with CD4
lymphocytes less than 150 cel/mm3, ISAGA M 12%, ISAGA A 38% e ISAGA E 25%.

8.2.2 Transplanted patients
Myocarditis, neumonitis, and SNC compromised could happen in transplanted
patients with reactivation of toxoplasmosis. Laboratories importance is based on

knowing serologies, donor, and recipient, so that doctors in charge can be alert to any
risk of infection or reactivation [24].
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8.2.3 Ocular toxoplasma infection

Toxoplasmosis is a major cause of retinochoroiditis, especially in individuals with
an impaired immune system. It is so important to diagnose a toxoplasma infection
when ocular infection occurs, because this acute infection must be treated. The con-
sequences of not doing so, could bring serious complications: When a cyst ruptures,
retinochoroiditis presents an intense inflammatory reaction that tends to scarring. In
immunodeficiency conditions, necrosis occurs and a retinal detachment, uveitis, and
then secondary glaucoma could be presented [24, 26].

The laboratories roles are based on direct detection of the parasite in vitreous
humor and confirmatory serology (see Diagnostic available tests). The high VPP of
these results with ocular lesions helps treatment as soon as possible to avoid the worse
lesions.

8.2.3.1 Hodgkin disease and other lymphomas

Must be also differentiated from toxoplasmosis. Laboratories direct methods in
any material like biopsia of nodes is as important as indirect methods, both to rule out
or to confirm toxoplasma infection.
9. Conclusions

In conclusion, the laboratories mission should be:

9.11In pregnancy and newborns

1. Prevent parasite Toxoplasma gondii from infecting pregnant women. If a parasite
passes the placenta without treatment, the risk of infection is 40-50% [2].

2.Do the best as possible with the resources at hand, to monitor seronegative preg-
nant women to make sure they do not become infected. Keep in mind that the
most common maternal infections are asymptomatic.

3.Have a fluid communication with the attending physician to alert them once a
pathological result is found.

4.1f a pregnant woman gets Toxoplasma gondii infection, prevent the parasite from
passing the placenta and infecting the future newborn by diagnosing accurately,
in order to administer the appropriate medicine. Pregnant women and fetuses
must receive treatment to minimize clinical consequences [1-4, 7, 8].

5.Take care of newborns until they are one-year-old and their immune system
matures. The majority of these babies are born without symptoms [1-4].

6.1f they do not receive treatment, the possibilities of having immediate or late

clinical consequences could be up to 80%, which would make those families’
future very difficult [1, 2, 8].
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9.2 In other clinical groups

The role of laboratory diagnosis through direct methods on any material received
and indirect methods (screening or confirmatory serologic assays) plays a main role
in the differential diagnosis from other diseases. This is where the major effort must
be made:

9.2.1 Immunocompetent patients

Laboratories become important to rule out Toxoplasma gondii infection so doctors
can be able to focus on other pathologies.

9.2.2 HIV

Laboratories must follow HIV patients for the risk of infection or reactivation,
when the count of linfocitos CD4 is less than 150/mm3. Therefore, the serology
results are a complement when an increase of the titer of IgG and IgM appears.
If treatment responds favorably in seroreactive patients, it also reinforces
diagnosis [24-27].

9.2.3 Transplant

Bone Marrow or solid organ transplantation must be periodically monitored by
laboratories; in order to be alert for reactivation and when donor and/or receptor are
serology positive previous to the transplant.

9.2.4 Choriovetinitis

Laboratories should play an important role in doing PCR and/or isolation in
vitreous humor, besides confirmatory serology such as IgG, ISAGA M, ISAGA A, and
ISAGA E. It is very important to notify doctors to start treatment as soon as possible
and thus avoid complications [24].

9.2.5 Hodking disease and other lymphoma

Confirming Toxoplasma gondii infection or ruling it out should be the purpose
of laboratories. Doctors must be aware of the diagnosis to know what steps to
follow.

9.3 Choice of tests

1. No matter what combination of tests is used, the best must be done with the
resources at hand.

2.Not every laboratory has the same budget to afford the best brand. It is of utmost
importance to responsibly follow the test’s insert instructions, and to use internal
and external quality controls.

3.Refer to reference laboratories; those samples with gray area or unclear results
for obtaining an accurate and final result.
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If laboratories do this, they can be vest assured that they did their best in making sure
future children are born free of clinical consequences or ruling out the disease or confirming
toxoplasmosis from any other pathology.

9.4 Result information

1.1f there are any doubts about the result and there is no reference laboratory
within reach, the report should include information such as: “gray zone” and
under observations, suggesting repeating the test in two or three weeks . When
the new sample arrives, comparing both sample titles.

2. Use observations to communicate to doctors any advice: for example, “Retesting
recommended”, “Expand with more specific tests,” or “The result corresponds to
the cut-off value.”

To conclude: All of these objectives are equally important: From getting involved in
primary prevention to doing the best job possible.

In other words, working together as a team with the attending doctors, focusing on
responsibility, efficiency, quality, and commitment in ovder to provide the best service to
patients; ave cevtainly key to “The important vole of laboratories” “Towards new perspec-
tives on Toxoplasma gondii.”
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