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ABSTRACT
Toxoplasma gondii causes an asymtomatic chronic infection in immune
competent individuals that can be life-threatening in individuals that become
immuno-compromised or to the developing fetus. This thesis aimed to (1)
establish a novel murine model to study acute and reactivated toxoplasmosis in
real-time using in vivo bioluminescence imaging (BLI), (2) investigate the
migratory pathways utilized by Toxoplasma for systemic dissemination,
especially to the central nervous system (CNS) and (3) address the role of
resident brain glia cells in the setting of recrudescent infection in mice.
Firstly, dissemination of T. gondii to distant organs was monitored in vivo by
BLI. Dramatic differences in the kinetics of dissemination of virulent and nonvirulent T. gondii strains were observed in vivo. Protective host responses in
vivo were partly explored for the Toll/Interleukin-1 receptor (TIR) pathway
showing that signaling mediated by Toll-like receptors (TLRs) to the adaptor
protein MyD88 is crucial for the outcome of the disease. Secondly, Toxoplasma
could take advantage of cells of the immune system such as dendritic cells
(DC) to assure systemic dissemination. Infected DC exhibited a dramatic
hypermotility phenotype in vitro. Adoptive transfer of infected DC potentiated
dissemination of parasites to distant organs in syngeneic mice. Thirdly, we
established a model to study the onset of toxoplasmic encephalitis using BLI
and investigated the pathophysiology associated with recrudescence in mice.
Interestingly, an uneven distribution of foci of reactivation was found in the
CNS. In our model, recrudescence preferentially occurred in the parietal and
frontal cortex, similar to localizations described in human disease. Also,
parasitic foci co-localized with microvasculature along with massive leukocyte
infiltration. Activated astrocytes and microglia co-localized with foci of parasite
reactivation. Similar to DC, infected microglia exhibited hypermotility whereas
astrocytes did not. This suggests a role for infected microglia in the local
dissemination of Toxoplasma in the CNS.
This thesis has addressed some of the mechanisms underlying Toxoplasma’s
success in establishing infections in its host. The application of BLI to the
Toxoplasma infection model in mice provides a non-invasive versatile tool to
study the behavior of this parasite in vivo. The results presented here reveal
that the dynamics of parasite dissemination is strain specific and that
Toxoplasma may use infected cells as “Trojan horses” to assure systemic
dissemination to distant organs and within the CNS.
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1.1

BACKGROUND
HISTORY AND TAXONOMY

Toxoplasma gondii was described for the first time in 1908 by two researchers,
Nicolle and Manceaux, in the laboratory of the Pasteur Institute in Tunis. They
found it in the tissues of the hamster-like North African rodent Ctenodactylus
gundi, which was used for research on leishmaniasis (57). The same year the
parasite was discovered by Splendore in a rabbit in Brazil (57) but not named.
The name T. gondii is based on the morphology of tachyzoites, toxo from the
Greek word ‘toxon’ meaning bow or arc, plasma from life, and ‘gondii’ from the
North African rodent (gundi) (57). In 1939, Wolf et al. successfully isolated the
parasite from a neonate with encephalitis (57). The finding that Toxoplasma
cause pathology in animals and humans led to extensive research of this
organism and in 1970 the parasite’s complete life cycle was described (61). From
classical taxonomy Toxoplasma belongs to the phylum Apicomplexa since the
parasite possesses an apical complex. All apicomplexa share a conoid structure.
Included in this phylum are other important human protozoan pathogens such as
Plasmodium spp. and Cryptosporidium spp. In this phylum, Toxoplasma also
belongs to the family Sarcocystidae together with Neospora spp., Hammondia
spp., and Sarcocystis spp. (59, 102). So far, there is only one species assigned to
the genus Toxoplasma.
1.2

LIFE CYCLE AND PATHOGENESIS

T. gondii can be found worldwide mainly due to its absence of host specificity and
ability to infect any warm blooded animal and up to 1/3rd of the world’s population
has been exposed to the parasite (120, 169). The definitive hosts are members of
the Felidae family whereas intermediate hosts include both mammals and birds
(fig. 1). T. gondii possesses three infective forms: 1) the sporozoites stage in
faecal oocysts (10 by 12 μm in size), 2) the rapidly dividing tachyzoites (2 by 6
μm in size) found during acute infection and 3) the cyst form with slowly dividing
bradyzoite (7 by 1.5 μm in size) stage during latent infection (58). The fast
replicating form of the parasite (e.g. tachyzoite, tachos= Greek for speed) is a
motile organism that multiplies asexually inside the host cell by repeated
endodyogeny (i.e. two progeny form within the parent parasite) (60).
Systemically, tachyzoites are responsible for the clinical manifestations of the
disease as they produces a strong inflammatory response (120). They are spread
via the blood system freely in blood-plasma and have the capacity to infect many
types of tissues (e.g. heart and skeletal muscles) and cross several biological
barriers (e.g. eye, central nervous system and placenta) (120). Tachyzoites are
sensitive to degradation with proteolytic enzymes and are normally destroyed
during gastric digestion. In contrast to tachyzoites, bradyzoites are more resistant
to proteolytic enzymes and have the ability to establish an infection (brady = slow
in Greek) (120, 169). Formation of bradyzoites and tissue cysts seem to be an
integral part of the life cycle of T. gondii (57) and it is believed that tachyzoites
transform into bradyzoites in tissue cysts under the pressure of the immune
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response (19, 120). Developing tissue cysts grow and remain intracellular as the
bradyzoite multiply by endodyogeny and reach sizes of ~70 μm in the brain (60).
While tachyzoites divide synchronously every ~7 hours by endodyogeny (62),
developing bradyzoites display asynchronous cycles of division and a
combination of endodyogeny and endopolygeny (i.e. more than two progeny are
formed from parent) (62). Toxoplasmosis is the clinical manifestation of the
disease caused by the parasite and varies depending on parasite characteristics
(e.g. virulence of the strain and inoculum size) and host factors (genetic
background and immune status) (120). Infected immunocompetent individuals
are usually asymptomatic or exhibit mild symptoms such as lymphadenopathy
accompanied by headache, fever, muscular or abdominal pain and fatigue. Other
symptoms such as myocarditis, hepatitis and pulmonary necrosis can occur
(169). Transmission of the parasite to man can occur via several routes: by
horizontal transmission (ingestion of oocysts or tissue cysts) or vertical
transmission (mother to fetus) (169). In humans infection often occurs by
accidental ingestion of infectious stages via consumption of undercooked meat or
contaminated water, fruit or vegetables. Other forms of transmission include
faecal-oral contact from contaminated soil (cat litter or dust), or in uterus, via
organ transplantation or blood transfusion (120). The definitive hosts (e.g.
members of Felidae) can be infected by ingestion of oocysts from the
environment or tissue cysts in prey (56).
1.3

PARASITE LINEAGES AND VIRULENCE

From the first genotyping studies performed on T. gondii, three clonal lineages
were described (type I, II and III) (152) (87) and they differ in virulence and
epidemiological pattern of occurrence (120). The type I strain is considered
virulent in mice with a lethal dose of one single parasite regardless of the genetic
background of the mouse (LD100 ~ 1). Type II and III are considered non-virulent
and exhibit 50% lethality in mice at doses dose above 103 parasites (LD50 ≥ 103)
(122). All three lineages have been reported in human cases where type II strains
are often isolated from AIDS patients and, although less prevalent, type I has
been associated with severe congenital toxoplasmosis (73), ocular disease (82)
and encephalitis in AIDS patients (99).Type III strains are rarely associated with
disease in humans (21) and is believed to be most common in animals (120).
There is evidence that the three dominating lineages are more successful
because of the increased capacity to be asexually transmitted (158). Recently, a
more complex population structure than initially thought has been described,
presenting different mixtures of classical alleles, considered as recombinant
genotypes (40). Apart from the recombinant genotypes, other strains have been
described and called “atypical”, “unusual”, “nonarchetypal”, or “exotic” (40). Mixed
genotype infections have been identified in the nature in prey and induced
experimentally (38, 159). Atypical genotypes have been identified that appear to
possess new shuffled combinations of the same genotype typically present in the
three major lineages (39, 82, 88). These types are less abundant “recombinant”
genotypes and considered as less successful “siblings” or “cousins” to the three
major archetypical lineages (I, II and III) that predominate against a background

2

of the other recombinants. Atypical isolates show both homology in allele patterns
to clonal lineages but also many unique polymorphisms and “novel alleles” (40).
Most likely, a new classification and nomenclature of T. gondii genotypes will be
needed in the future.

Fig 1. Life cycle of T. gondii. Parasites can be transmitted to humans either vertical from
mother to fetus during pregnancy (tachyzoites) or horizontal from undercooked food
(bradyzoites) or ingestion of oocysts shed by the infected definitive hosts, members of the
Felidae. Felines can be infected by ingestion of T. gondii infected prey. (Illustration
courtesy of Emma Persson, 2009)
1.4

TOXOPLASMA AND THE IMMUNE SYSTEM

The immune response during T. gondii infection is one of the most extensively
studied in the Toxoplasma field for the last 3 decades. Therefore, I will highlight
only some of the findings. T. gondii is an obligate intracellular pathogen that
largely protects it from the effects of the humoral immune response. In spite of its
need to reside within a cell, Toxoplasma leaves the original site of infection (e.g.
the gut) and crosses several biological barriers during the acute phase, and by
that they rapidly disseminate to distant organs including the brain (13, 14).
However, T. gondii invasion of host cells is mediated by an active and parasitedriven process that, once it starts, is accomplished within 30 seconds (151). In
this process, the parasite forms a parasitophorous vacuole (PV) which consists of
components of the host cell plasma membrane (2, 111). The PV does not fuse to
other cellular vacuoles and therefore resists phagosomal-lysosomal fusion (95,
3

96) and does not acidify (153). The resistance of fusion by the PV is mediated by
the inclusion of glycosylphosphatidylinositol (GPI)-anchored proteins into the PVmembrane (121).
1.4.1 Innate immunity
The innate immunity is the part of the body’s immune system where the
immediate defense to an intruder occurs without prior activation. Part of the
innate immunity consists of physical barriers such as the skin, mucosa and
epithelia lining internal organs (e.g. intestinal, respiratory and urogenital tract).
Once a pathogen crosses the physical barrier it encounters cells of the innate
immune system: dendritic cells (DC), macrophages, natural killer (NK) cells, and
the granulocytes (e.g. neutrophils, basophils and eosinophils). These cells work
in concert with each other and express pattern recognition molecules, one of
them called toll-like receptor (TLR) molecules. The pattern recognition molecules
recognize pathogen associated molecular patterns (PAMPS), which are small
molecular motifs conserved within a class of microbes.
Neutrophils rapidly migrate to the site of infection and they are one of the first cell
types to arrive. In the response to T. gondii infection, neutrophils release several
pro-inflammatory cytokines and chemokines (46).
DC and macrophages (and some of the granulocytes) are referred to as antigen
presenting cells (APC). They present antigens from pathogens they encountered,
on their major histocompatibility class (MHC) molecules, to T cells. DC and NK
cells are important sources of interleukin (IL)-12 and interferon (IFN)γ, respectively, during microbial infection, including T. gondii infection (79, 91,
101, 130, 149). Initially during infection, Toxoplasma is a potent stimulator of the
innate immune system and controls proliferation and also directs the adaptive
immune response (84). Toxoplasma expresses several TLR ligands, such as GPI
anchors (ligand for TLR-2 and TLR-4) (42), heat shock protein (hsp)-70 (ligand
for TLR-4) (7, 124), profilin (ligand for TLR-11) (108). TLR-11 is expressed on
certain mammalian species including mice but not humans (108). Cyclophilin-18,
produced by T. gondii, is suggested as a ligand to chemokine receptor (CCR)-5
and induces interleukin (IL)-12 secretion (3, 4). In the first line of defense during
early infection with T. gondii, macrophages and NK cells have been described as
the first cells involved (79, 149).
1.4.2 Adaptive immunity
The adaptive immunity differs from the innate immunity in that it leads to
activation of cells and immunological memory. The immunological memory is
responsible for the protective immunity when encountered to the same pathogen
again. There are two types of adaptive immune responses: humoral (antibodies
produced by B cells) and cell-mediated (T cell mediated) response. B cells and T
cells originate from the bone marrow but mature differently. B cells mature in the
bone marrow and T cells in the thymus. B cells become antibody secreting
plasma cells upon activation. T cells can be further divided into two subtypes:
cytotoxic T cells and helper T cells. Cytotoxic T cells (CD8+) recognize peptides
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from foreign or transformed proteins expressed on MHC class I molecules on
infected or transformed cells, thereby killing them. T helper (TH) cells can also be
further divided into subtypes depending on how their cytokine production either
stimulate or suppress other immune cells or functions. TH1 cells (or response)
produce IFN-γ as one example, which is an important cytokine involved in the
clearance of intracellular pathogens. TH2 cells/response produces for example
the cytokines IL-4 and IL-13 that are involved in inducing the production of
antibodies crucial for clearing parasites and extracellular pathogens. DC play a
central role in controlling the differentiation between TH1 versus TH2 during
microbial infection (46). T cells, which produce IL-17 (TH17), have been
suggested to be involved in the clearance of extracellular pathogens, such as
fungi and bacteria. More recently, another group of T cells have been identified,
the regulatory T cells (Treg). They may be important in regulating the immune
system responses, maintaining tolerance by TGF-β production. Lymphocytes
constantly re-circulate blood, tissues and lymphoid organs and this enables them
to encounter antigens retrieved at infected sites and carried by APC.
T cells that are properly activated are absolutely crucial for the control of infection
during the acute and the chronic phase (77, 78, 165). The immunocompetent
host organizes a defense against the rapidly dividing and disseminating intruder.
Denkers and Gazzinelli (47), describe, in their review, the infection with T. gondii
to be predominantly controlled by cell-mediated immunity, although a role of
antibodies has also been reported (97, 145).
1.4.3 Cytokine responses to infection
Among the most important cytokines described in the immune response to T.
gondii, is IL-12. The secretion of IL-12 by DC, macrophages and neutrophils
results in the differentiation and clonal expansion of TH1-type T cells (e.g. IFN-γsecreting CD4+ T cells) (17, 76, 138) and induction of IFN-γ synthesis by NK
cells, the basis of protective immunity during the chronic state of infection (80).
IFN-γ is an important cytokine in the control of T. gondii infections during the
effector phase of the immune system (164), by activating both haematopoietic
and non-haematopoietic effector cells that then restrict parasite replication or
even kill intracellular parasites (178). IFN-γ may induce important anti-parasitic
effects such as the formation of reactive oxygen (RO), nitric oxide (NO)
metabolites, tryptophan starvation (1, 41, 125), or regulate p47 GTPase
resistance to T. gondii replication (25, 116). Other pro-inflammatory cytokines
involved in the defense against T. gondii are tumor necrosis factor (TNF)-α, IL-6
and IL-1 which induce the immune response against T. gondii in a synergistic
effect (31, 83, 107, 150). However, Toxoplasma also triggers the production of
anti-inflammatory cytokines (transforming growth factor (TGF)-β and IL-10) and
they may antagonize the inflammatory cytokines and affect the outcome of
parasite resistance/survival (75, 81, 122, 163, 166). A Toxoplasma infection in its
fulminate phase, acute toxoplasmosis, is controlled by the secretion of IL-10. IL10 inhibits IFN-γ secretion (and possibly T cell proliferation) (100, 127) and down
regulate the activity of macrophages and their production of IFN-γ (18, 127).
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Thus, during Toxoplasma infection the immunosuppression induced by IL-10 is
beneficial for both the parasite and the host in order to keep a stable parasitehost relationship, to avoid tissue damage and death of the host. TGF-β also
functions as a deactivator of macrophages (106) as well as an inhibitor for NK cell
production of IFN-γ (90). Further, more type I interferon levels of IFN-α and IFN-β
is increased in T. gondii infected mice and this correlates with a reduced IFN-γ
production, advocating for a role in parasite-derived down modulation of the
immune response (49). However, T. gondii also interferes with the immune
response of the host by blocking the production of pro-inflammatory cytokines.
Toxoplasma infected peritoneal macrophages and immature DC, stimulated by
lipopolysaccharide (LPS), exhibit impaired IL-12 or TNF-α production in vitro (26,
118, 138). The release of IL-12 and TNF-α by macrophages and DC depends on
exposure to soluble parasite extracts and not live intracellular parasite (138). This
explains why the production of these cytokines is seen in vivo (79).
There is an extensive immune response against Toxoplasma, but the parasite is
able to survive within the host and establish a persistent infection. T. gondii
possesses ways of interfering and escaping the immune system, mechanisms
that have been extensively studied. Four main strategies have been described:
inhibition of pro-inflammatory cytokines, interference with MHC I and II, evasion
of IFN-γ-triggered anti-parasitic effector mechanisms, and modulation of host cell
apoptosis (104).
1.5

LATENCY AND RECRUDESCENCE

In immunocompetent hosts latent tissue cysts are able to persist for years if not
throughout the duration of the host’s life and constitute the latent infection.
Reactivation or recrudescence of the disease has become an increasing problem
worldwide due to the AIDS epidemic. T. gondii infected immunocompromised
individuals (e.g. development of AIDS, Hodgkin’s disease or organ transplant
patients) can develop the life threatening disease toxoplasmosis (169). The most
common site of infection in immunocompromised individuals is in the brain (8,
169). Between 30-40% of HIV-positive patients, latently infected with T. gondii,
will develop toxoplasmic encephalitis (TE) when they become severely
immunocompromised (114). There are demographic differences for this. Among
T. gondii infected AIDS patients in the United States, one-third will develop TE, in
contrast to AIDS patients in Africa, Haiti, Europe and Latin America where a
higher proportion of T. gondii latent infection exists and leads to three to four
times higher incidence of developed TE (114). The incidence of TE has
decreased over the years mainly due to highly active antiretroviral therapy
(HAART) and prophylactic treatment against reactivation of latent T. gondii
infections (160, 169). Clinicians observe early symptoms of TE such as persistent
bilateral headache that during progression of the disease leads to more severe
manifestations: confusion, lethargy, mental state changes, seizures, ataxia, coma
and paralyses (86, 120).
More recently has been the question of whether the parasite affects the behavior
of the host during the chronic infection. There are many reports of cognitive and
behavioral disorders in relation to latent Toxoplasma infection in man.
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The first report on T. gondii antibodies and psychiatric disease came from Poland
in 1953 by Kozar et al (171). Flegr and colleagues reported decreased levels of
novelty seeking in Toxoplasma infected individuals by measuring personality
profiles from 857 military soldiers (69) and 290 blood donors and screened the
blood samples for presence of T. gondii antibodies (154). Flegr et al also
conducted a double blind behavioral experiment with 72 uninfected men and 142
uninfected women together with 20 infected men and 29 infected women with
similar results (110). Previous studies have seen a correlation of the intensity of
the personality change with the duration of the infection (68). The decreased
novelty seeking in 533 military servants is also associated with cytomegalovirus
infection suggesting that the observed changes in novelty seeking is a byproduct
of the brain infection per se and not the manipulation of the pathogen (129).
Yolken, Torrey and colleagues addressed similar questions, in a study from 2004
on the relationship between antibodies to Toxoplasma and psychopathological
symptoms from 34 first-episode patients with schizophrenia, a correlation was
reported. They concluded that infection might play a role in the clinical
manifestations of psychiatric disease (11). They also conducted a meta-analysis
of 42 studies carried out in 17 countries over 5 decades and the results
suggested that individuals with schizophrenia have an increased prevalence of
antibodies to T. gondii (171).
T. gondii infection has been reported to alter the rat’s perception of cat predation
risk (i.e. innate aversion), and even turning the perception into attraction (15).
Another interesting observation made in vitro is that several drugs used to treat
schizophrenia and psychiatric diseases also possess anti-parasitic (in particular
T. gondii) properties. It is demonstrated that anti-psychotic drugs prove as
efficient as anti-T. gondii drugs in preventing behavioral alterations in rodents
(e.g. turning the innate aversion of fear for felines into attraction) (174). A
comprehensive study in rodents of the ”behavioral manipulation hypothesis” has
been conducted and the neural circuits implicated in innate fear, anxiety and
learned fear considerably overlap with the possibility that the parasite affect this
circuits non-specifically (176). Interestingly, latent Toxoplasma infection in
rodents specifically converted the fear of feline odors into attraction without
interfering with learned fear, anxiety-like behavior, olfaction, or nonaversive
learning (176).
1.6

TOXOPLASMA INFECTIONS IN THE BRAIN

Several studies published previously have been focusing on the effects that
Toxoplasma infection has in the brain, mainly immunopathogenesis, host
resistance and control of infection. From these studies it is clear that T. gondii
enter the chronic phase of the life cycle with a balance between host immunity
and the ability to evade the immune response, recently reviewed by Carruthers &
Suzuki (27). Suzuki also provided a comprehensive review of host responses in
the CNS during Toxoplasma infection (161) and it remains clear that T cells
(CD8+ and CD4+) and NK cells collaborate with resident cell populations of the
CNS (e.g. microglia, astrocytes and neurons) to control the proliferation of
tachyzoites in the parenchyma, mainly by the action of IFN-γ. There are
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differences in the response against T. gondii infection depending on host genetic
factors and strains of the parasite. In the murine model, all glia cells (microglia,
astrocytes and oligodendroglia) as well as neuron are susceptible to infection by
tachyzoites (67). Cyst formation, on the other hand, by which the parasite
transforms in immunocompetent individuals, does not seem to occur in
oligodendroglia (although permissive in the other cell types mentioned above)
(67). In the rat model it is reported that conversion of bradyzoites during
recrudescence and replication of tachyzoites in the cerebrum primarily occurs
within neurons and astrocytes (142). Of these cells, activated microglia also
appeared to be efficient in inhibiting parasite growth (112) and thereby
represented the major effector cell type in preventing T. gondii tachyzoite
replication in the brain.
This antitoxoplasmic activity can occur by several mechanisms. For example,
both human and murine microglia, pre-treated with IFN-γ and LPS, inhibit the
proliferation of tachyzoites, an effect mediated by nitric oxide (NO) that can be
abrogated by simultaneous treatment with the inhibitor of NO synthase, NGmonomethyl-L-arginine (30). Similar effects can be obtained by treatment of
infected murine microglia with IFN-γ and TNF-α, where TGF-β act as a
suppressor of the anti-toxoplasmic activity (32). Pre-stimulation with GM-CSF, but
not M-CSF, activates microglia and inhibits tachyzoite replication in an NOdependent manner (65). In mice, the inhibition of Toxoplasma proliferation in
infected microglia can also occur by an IFN-γ-dependent mechanism rather than
NO-dependent mechanisms (72) and microglia have been reported to primarily
be activated via IFN-γ-receptor (IFN-γR) signaling pathways (43). In addition, the
production of TNF-α is strictly dependent on IFN-γ (43). In summary, as effector
cells preventing Toxoplasma proliferation in the brain, microglia responds to IFN-γ
1) by signaling mechanism that stimulate NO production and 2) by mechanisms
that are NO-independent. Also, as reviewed by Rock et al (142), secretion of IFNγ is mainly carried out by CD8+ and CD4+ T cells and the presence of this
cytokine interplays with chemokine secretions and the immune response during
TE.
In mice, only astrocytes and microglia present in inflammatory infiltrate, produce
chemokines that recruit leukocytes to the site of inflammation (157). The
chemokine profiles differs between these two cell types as well as the location of
the cells (142) and, as mentioned above, preferentially select for T cells in
addition to macrophages. Among the T cells recruited to the brain parenchyma,
only activated and memory T cells are found there during TE (157). Astrocytes
and microglia seem to be involved in recruiting and directing inflammatory
leukocytes to the parasites location in the brain. Another important cytokine
during TE is IL-10, one of the cytokines produced by microglia., IL-10 seem to
play a supporting role for proliferation of the parasite and control of the
immunopathological effects, since IL-10 suppresses the CNS immune response
during chronic stage of infection (44). Moreover, microglia can produce IL-17 and
IL-23 which may contribute to inflammation (109). In terms of evading the
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immune system, this is particularly important in establishing a chronic infection.
Other pathogens have been reported to evade the immune response such as
Mycobacterium tuberculosis, Legionella pneumophila, mentioning a few (177).
Toxoplasma has been shown to downregulate MHC class II expression in
infected primary rat microglia and astrocytes (113). The activity of activated
human microglia against T. gondii infections, differ from the rodents. Human
microglia do not use NO in the antitoxoplasmic defense, but depend primarily on
the reduction of entry of T. gondii into microglia mediated by IFN-γ, TNF-α and IL6 (31).

1.7

BIOPHOTONICS AND BIOLUMINESCENCE IMAGING (BLI)

Biophotonic imaging describes the detection of photons within a living animal
from an endogenous light source that is enzyme-generated and readily
transmitted through tissues. Bioluminescent imaging is based on the capacity that
certain living organisms (e.g. species of the bacteria, algae, coelenterates,
beetles fish and firefly) have to emit visible light (35) The light producing chemical
reactions generated by these species can be replicated outside of the organism
they originated from. Thus, they have become very useful for research at cellular
and molecular levels including in vivo whole–body imaging. For in vivo bioluminescence imaging (BLI) cells, pathogens or genes of interest have to express
a reporter gene that encodes light –generating enzymes (luciferases). The light
emission is obtained after administrating the substrate molecule luciferin
(commonly by intra-peritoneal (i.p.). injection). In the in vivo imaging of bacterial
luciferase (Lux) (34), the five gene lux operon from soil bacterium Photorhabdus
luminescens contains two genes that encode the luciferase enzyme and three
genes that encode substrate-synthesizing enzymes. Therefore the bacterial
system does not require the exogenous addition of substrate in order to generate
light. The most commonly used luciferase (luc) gene is from the North American
firefly Photinus pyralis. The enzyme produces light that peaks at 560 nm and
includes light above 600 nm in its native configuration. This luciferase has
undergone several genetic modifications: its DNA sequence has been optimized
for mammalian codon usage and the peroxisome targeting site has been
removed so that the product localizes to the cytoplasm. In the reaction with the
enzyme luciferase, the native substrate D-luciferin is converted into oxyluciferin in
an Mg-ATP dependent process that consumes oxygen (fig. 2). The biodistribution
of luciferin has been shown to be throughout the animal and is not restricted by
the blood-brain barrier or the placental barrier (92).
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LUCIFERIN + LUCIFERASE + ATP
+ 02
OXYLUCIFERIN + LUCIFERASE + AMP +
Fig. 2 The chemical reaction for bioluminescence imaging. The substrate luciferin oxidize
the enzyme luciferase and converts to oxyluciferin, in a process which requires ATP and
consumes oxygen (Illustration courtesy of Anniki Skeidsvoll, 2009)
1.8

OPTICAL IMAGING AND SMALL ANIMAL IN VIVO IMAGING

Optical imaging (i.e. molecular imaging) involves sensitive detector systems
based on charge-couple device (CCD) cameras. The advancements of these
systems have had a great impact on in vivo imaging using BLI in the detection of
the relatively weak luminescence light source of in vivo generated light. The
intensified CCD cameras can be cooled down to -120ºC to reduce thermal noise,
which greatly improve the signal-to-noise ratio whilst preserving the spectral
sensitivity of the CCD. These systems are sensitive to light across the entire
visible light spectrum into the near infrared (NIR) wavelengths (590-800 nm). The
emission spectrum from luciferase includes significant emission at red
wavelengths (35). The cooled CCD utilize red and NIR light which is transmitted
through tissues. The intensified light detectors are photocathodes that convert
captured photons to electrons that are amplified, before converted back to
photons using a phosphorscreen and finally detected on the CCD (34).
Photocathodes generally are limited to specific regions of the light spectrum and
the sensitivity to light in the red region of the visible spectrum is reduced.
Systems that utilize bialkali photocathodes detects light best in the blue-green
range whereas photocathodes using gallium arsenide extend the spectral range
into the red area (34). BLI has been applied in many infection models (fig. 3).
Contag et al. established this method for bacteria strains of Staphylococcus
aureus (70). They used plasmid DNA containing a Photorhabdus luminescens lux
operon (luxABCDE) genetically modified to be functional in both gram-positive
and gram-negative bacteria and quantified that CFU from bacteria correlated with
the bioluminescence data. Viral models have also been established, Luker et al.
investigated the pathogenesis of HSV-1 infections in mice using a recombinant
strain KOS virus that encodes both renilla and firefly luciferases under the control
of an early gene promoter (115). Leishmania amazonensis and Plasmodium
berghei have also been generated to express BLI properties in order to monitor
parasitic infections in vivo (71, 105). For BLI applications using fungi, the
development is less advanced, partly due to technical challenges to generate BLI
reporter organisms. Doyle et al were successful in generating transformed
Candida albicans with stable expression of firefly luciferase in the genome (51,
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52). The BLI signal from systemic infections, however, was to dim to get
correlation with colony counts.

Fig. 3 Illustration of organ‐specific detection of luciferase‐transgenic T. gondii using BLI.
(Modified from reference (12), with permission from Landes Bioscience and
Springer+Business Media).
1.9

ADVANTAGES AND LIMITATIONS USING BLI

Whole-animal imaging technologies (including BLI), have the advantages of: 1)
visualizing live biological processes in vivo in real-time, and 2) imaging the
animals at multiple time points, thereby reducing the statistical variability that
result from ex vivo methodology where the animals are compared among
different groups of sacrificed animals. BLI allows the animals to be their own
controls improving the statistical quality of the results. According to Contag (35),
all whole-animal imaging technologies share four important advantages: 1)
longitudinal study design, 2) internal control, 3) molecular information, and 4)
quantitative data. BLI is one of the technologies that offer the ability to capture
spatio-temporal resolution to give more precise and accurate information of
where and when a biological event (e.g. therapeutic candidate) is affected in a
normal or pathological process. Compared to other small animal imaging
modalities, BLI has low resolution (3.0-5.0 mm) but allows non-invasive
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localization and allows the study of gene expression, functional data and
relatively high-throughput. Optical imaging involves modalities that require
external light and modalities where functional measurements come from internal
light (BLI). Visible light has the advantages of being safe in large doses and there
are few sources of light in mammalian tissues at NIR wavelengths, resulting in
minimal background luminescence. BLI also offers quantitative data from time
zero in the study of biological events such as in a disease (e.g. tumor progression
or infection).
The transmission of light through tissues is affected by scattering and absorption
of photons. Scattering occurs at cell and organelle membranes. Mammalian
tissue largely absorbs light from the blue, green and yellow regions (400-590 nm)
of the spectrum. This absorption largely depends on the type of cell or tissue and
is generally determined by pigmented macromolecules (e.g. hemoglobin and
melanin). Hemoglobin absorbs strongly in the blue-green range of the spectrum
(400-600 nm) but very little in the red region at wavelengths above 600 nm. For in
vivo imaging and other whole-body optical imaging methods, light may be
scattered multiple times before reaching the surface of the animal. This depends
on its wavelength and pathlength, and in the end reduces spatial resolution.
Another factor to consider is that tissues from different strains of mice have
different optical properties. White or hairless mice tissues transmit light more
efficiently because of the reduced expression of melanin. Substantial amounts of
light are absorbed by melanin in the skin of dark mice and the dark fur scatter
light to a higher extent. BLI has recently improved as a method. In a publication, a
mouse cancer model was presented where less than ten tumor-specific mouse T
cells could be detected by using enhanced firefly luciferase (135). There are also
new visualization techniques coming up strongly in this field. One example is the
use of self-illuminating quantum dot conjugates that emits light in wavelengths
from red to NIR spectra (155).
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2

AIMS OF THIS THESIS

The overall objectives of this thesis were to set up a model to study the in vivo
dissemination of Toxoplasma gondii during the acute phase and the reactivated
phase of infection.
The specific aims of the present work were:
I.

To establish a model to study dissemination of Toxoplasma in the
mouse model using in vivo bioluminescence imaging (BLI).

II.

To investigate the migratory properties of cells of the immune system
upon Toxoplasma infection and their putative role for Toxoplasma
dissemination.

III.

To establish a novel model to monitor the onset of acute reactivated
toxoplasmic encephalitis (TE) in mice using a combination of
immunohistochemistry/immunofluorescence labeling and BLI.

IV.

To address the role of resident glia cells of the brain in the setting of
recrudescent Toxoplasma infection in mice.
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3

EXPERIMENTAL PROCEDURES

3.1.1 Parasites and experimental animals
Included in the thesis are P. pyralis (Firefly) luciferase (FL) expressing T. gondii
parasites: RH-∆CATluc, RH-LDMluc, PTG/ME49-GFPluc, CTGluc, described in
paper I, II and III.
Animals included in the thesis are wild type male BALB/c, C57BL/6 mice, and
genetically modified MyD88-/-, TLR1-/-, TLR2-/-, TLR4-/-, TLR6-/-, TLR9-/-, ICE -/-,
CCR5-/-, and IFNγR-/- mice described in paper I, II and III.
3.1.2 Generation of luciferase transgenic T. gondii lines
As mentioned above, three Toxoplasma clones that express luciferase were
generated: RH-LDMluc (from RH-LDM, a clone derived from RH-GFPS65T),
PTGluc (from PTG-GFPS65T/ME49), and CTGluc (from CTG, ATCC). The
transgenic T. gondii lines were generated as described in paper I, II and III.
Briefly, two plasmids, pDHFR-TSc3 and pLuc were used for transfection. DHFRTSc3 provides resistance to pyrimethamine and pLuc is the reporter plasmid for
luciferase expression. For each transfection, 2 x 107 freshly egressed tachyzoites
were washed in PBS and transfection buffer. Prior to transfection by
electroporation, parasites were resuspended in transfection buffer supplemented
with ATP and glutathione in combination with DHFR-TSc3 and pLuc DNA
plasmid. Transfections were carried out in a gap cuvette using a BioRad Pulser
and subsequent to electroporation the cells were incubated at room temperature
for 15 min before gently transferred to confluent HFF cell monolayers.
Transformants were selected with pyrimethamine in transfection media for three
passages. Single clones were isolated by limiting dilution in 96-well-plates as one
parasite/600 μL transfection media (aliquoted as 200 μL/ well). Emerged, single
clone parasites were expanded in 25-well plates on confluent monolayers of
human foreskin fibroblasts (HFF). FL activity was assessed by BLI in 24-well
plates after adding 0.15 mg/ml D-luciferine. Positive clones were expanded. The
strength of the FL signal was measured in vitro using a luciferase assay system
(see paper I), followed by assessment in vivo using BLI.
3.1.3 Cells and cell purifications
The following primary cells were used in this thesis: murine bone marrow-derived
DC, human monocyte-derived DC and murine bone marrow-derived
macrophages. The cells were generated as described in paper II and IV. Murine
astrocyte monolayers were generated from pups as described in paper IV.
Briefly, pups were euthanized, brains dissected and cortices collected. The
cortical tissues were dissociated by mincing with a razorblade and incubated for
15 min in 0.1% trypsin before re-suspended in medium. Microglia were harvested
from confluent astrocyte monolayers as described by Dobrenis (50), with some
modifications. Confluent astrocyte monolayers were subcultivated in microglia
medium (see paper IV) in tissue culture flasks (75 cm2) instead of in petri dishes.
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After ~ 7 days, microglia could be harvested every 3-5 days by tapping the side of
the culture flasks, removing loosely adherent microglia from astrocyte
monolayers. Microglia were collected in non-tissue culture treated petri dishes (35
mm diameter) or subsequently used directly in experiments.
3.1.4 Bioluminescence imaging
Mice were inoculated i.p. with luciferase-transgenic Toxoplasma parasites and
assessment of bioluminescence was performed on subsequent days by injecting
mice i.p. with 1.5 mg D-luciferin potassium salt in PBS, 5 minutes prior to
bioluminescence emission studies. Mice were directly anaesthetized with 2.3%
isoflurane and placed in dark chamber with 1.5% isoflurane for 5-15 minutes
before assessment of photonic emissions (photons s-1 cm-2) was performed using
In Vivo Imaging System 100 and Living Image® 2.20.1 software. Assessment of
in vivo photonic emissions from the central nervous system started 15-30 minutes
after injection of D-luciferin. Due to tissues absorption of light from wave lengths
below 500 nm, the parasitic load after reactivation, diffusion of the substrate
luciferin to tissues, and the light emitting properties of the transgenic parasite, the
bioluminescence sample shelf setting varied between position B (FOV15) and C
(FOV20) and luminescence binning setting varied between medium and large. Ex
vivo BLI from the brains was detected by placing the brains in a 50 mm petridish
in 0.3 mg D-luciferin potassium salt at position A (FOV 10) and large, medium or
small luminescence binning setting.
3.1.5 Immunohistochemistry
In paper III and IV, brains from mice were dissected. Formalin fixed paraffinembedded brains were cut at horizontal sections in three intervals starting at a
depth of ~ 3 mm from bregma. One slide from each interval was stained with
eosin-hematoxylin. In order to determine the localization of parasite, sections of
interest were stained using rabbit-polyclonal anti-T. gondii antibodies. To
visualize areas of white matter (myelin) and grey matter (neurons, glia-cells),
Klyver-Barrera staining was performed for intervals of interest. First, sections
were subjected to Luxol Fast Blue staining (myelin and phospholipids are stained
blue-green and neurons are stained violet), according to standard protocols.
Secondly, sections were subjected to Cresyl Violet acetate that stains DNA and
rRNA abundant in neurons.
3.1.6 Immunofluorescent labeling
For detection of immune cells, glia cells and microvasculature in co-localization to
replicating parasites, brains were dissected and quick-snap frozen (see paper III
and IV). Brain sections were prepared as 14 μm horizontal, coronal and sagital
sections. One slide in each interval was subjected to Giemsas Azur- EosinMethylene Blue solution staining. For immuno-fluorescent labeling of
lymphocytes and monocytic cells, the following monoclonal antibodies were used:
CD4, CD8α, CD45 and F4/80. Dendritic cells were stained for CD11c. Sections
stained for T cells and leukocytes were simultaneously subjected to staining with
rabbit-polyclonal anti-T. gondii antibodies. Astrocytes were detected by the
antibodies against glial fibrillary acidic protein (GFAP). Sections subjected to
astrocyte stainings were co-stained with primary rabbit-polyclonal anti-T. gondii
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antibodies. Microglia were stained for calcium-binding adaptor molecule 1 (Iba1)
and co-stained with human-polyclonal anti-T. gondii antibodies (see paper IV).
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4
4.1

RESULTS AND DISCUSSION
PAPER I

4.1.1 Organ specific detection of T. gondii using whole animal in vivo
imaging- especially detection in immunoprivileged sites
Previous observations in studies of acute Toxoplasmosis using tissue
homogenates and plaquing assays have shown that spleen, peritoneum, liver
and lungs are targets of the parasite (13, 14, 54, 75, 122). We aimed to establish
a model to monitor T. gondii infections in vivo acquiring spatio-temporal
qualitative and quantitative data, reducing the number of experimental animals
used. In our model, using whole animal bioluminescence imaging (BLI), we could
partly confirm the previous studies where T. gondii parasites were first detected in
the spleen and later in the liver. BLI also enabled detection of parasite
dissemination to immunoprivileged sites (CNS, testis, eyes) and lungs. In mice
inoculated with a low dose of a type I strain, parasites could be detected in the
brain homogenates relatively late after infection (day 6-8) (122). In our study,
detection of type I parasites in the brain was companioned with lethal outcome
within 24-48 hours. Parasite luminescence from the eyes was also observed
later on during infection and signal in the testis was detected consistently 4-5
days post infection.
4.1.2 A model for T. gondii dissemination using whole-animal imaging
In order to determine if the luminescent activity seen by BLI correlated with the
number of biological events (i.e. parasitic load), we performed a combination of
BLI and measurement of parasitic load in corresponding organs. A strong
correlation in our model was seen for spleen and testis and a weaker correlation
in the eye and the brain was determined.
Previous studies defining parasite virulence and host determinants for the
disease progression have essentially been based on experimental animal studies
under conventional methods, e.g. sacrificing animals and performing analysis
from tissue or organ homogenate or histological examination (35, 122, 152, 179).
Using BLI we could visualize T. gondii traffic in whole animals in vivo. BLI
enabled studies of differences in T. gondii dissemination and strain-specific
differences in outcome of the disease, and processes of reactivation in
chronically infected mice (144), which also supported our approach for paper III.
The route of administration of parasites may have affected the kinetics of
dissemination. We inoculated mice intraperitonally (i.p.) and primarily detected
luminescence from diaphragm and basal part of the lungs, whereas with
intravenous (i.v.) inoculation parasites could be detected in the lungs. Other
routes of administration have not been addressed by us using this method.
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Dissemination in mice infected orally with T. gondii cysts was investigated using
BLI (22) and the dissemination pattern proved to be inconsistent with the first BLI
signal appearing in the chest area as compared to mice naturally fed with brain
homogenates. Although unclear if the administration of the cysts was responsible
for the inconsistent pattern, it can reflect differences in dissemination due to
administration routes. In the comparison of type I and type II strains both
disseminate widely but type I is better in expanding its biomass (i.e. parasitic
load). This probably contributes to the lethality associated with type I strains.
Type I and type II strains show different growth rates (136) and in combination
with migratory phenotype of strains (14) and induction of immune responses
(141) this could also reflect the differences seen. T. gondii reaches the CNS by
day 4-8 after inoculation seen by conventional methods (48, 54, 122).
Detection of our luciferase transgenic strains is solely dependent on the presence
of the substrate D-luciferin. Luciferin penetrates non-permissive biological
barriers (e.g. the blood brain barrier BBB), important factors for BLI detection in
the CNS and eye. However, photonic emissions from the CNS were detected late
during infection and the signal was lower in intensity than in other organs (e.g.
viscera or testis). Limitations in quantifying T. gondii in CNS and ocular infection
using BLI exist, probably due to low parasite numbers in these organs and
photon impairments by deep tissue infections (e.g. dense skeletal structures).
Nevertheless, BLI has proved to possess qualities as a whole animal imaging
method for the study of T. gondii pathogenesis during the acute phase. Overall,
the method used in paper I gave us the opportunity to study the systemic spatiotemporal dissemination of T. gondii tachyzoites in detail and, described in paper
II, intracellular in DC. It also permitted detection of replicating parasites during
acute primary infection and recrudescent infection in the CNS (paper III).
4.1.3 Differences in dissemination of T. gondii between type I and type II
strains
Studies on acute toxoplasmosis (75, 122) showed that type I strains cause rapid
death to mice regardless of the mouse strains and dose of parasites, whereas the
outcome of disease with type II strains highly depends on the mouse strains and
number of parasites inoculated. The type I and type II luciferase transgenic T.
gondii strains (with nearly equal luciferase expression) exhibited differences in
dissemination. A high dose (105) of non-virulent type II strain inoculated to mice,
led to early detection of the parasite. A low dose (103) of the type I strain
exhibited a dramatic expansion later in the disease progression, rapidly reaching
higher parasite tissue burdens than the type II parasite. No qualitative difference
in the distribution of parasites to different organs or tissue tropism to the brain,
eyes or testis could be detected.
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4.1.4 Host cell responses investigated in vivo
Toll/interleukin-1 receptor (TIR) signaling plays a significant role in activation of
the innate immune system during T. gondii infection (146). Additionally, Toll-like
receptor (TLR)/MyD88 signaling is a major pathway of pathogen recognition in
the innate immune system and several protozoa express TLR ligands, including
Trypanosoma, Leishmania, Plasmodium, and Toxoplasma (63). MyD88-deficient
mice have been shown to have impaired production of IL-12 (141, 146) and are
susceptible to T. gondii infection with low dose of parasite inoculum (146). During
low doses of infection, neither TLR2 nor TLR4 are important for the resistance to
infection (80) but infections with high doses of T. gondii TLR2-deficient mice were
highly susceptible to infection when compared to wild type and TLR4-deficient
mice (123). We applied this to our model using BLI and investigated the
importance of TLR1, TLR2, TLR4, TLR6 and TLR9 for dissemination of T. gondii
in vivo. Notably, the progression of disease was similar in all TLR-deficient mice
tested, with inoculation of a relatively low dose of type II strain. Importantly,
Myd88 function as an adaptor protein to IL-1R/IL-18R signaling as well but in our
experimental setting, infection of mice deficient in functional IL-1/IL-18 showed
resistance to infection similar as wild type mice. Our attempt to partly explore the
importance of this in vivo suggests that signaling via Toll-like receptors (TLR) to
the adaptor protein MyD88 is crucial for the outcome of the disease. Signaling via
CCR5 receptor by T. gondii cyclophilin-18 protein has been described (4, 5), but
does not explain the MyD88-dependent IL12 response during T. gondii infection.
TLR11 has been identified to recognize T. gondii profilin, an actin binding protein
(181), as a candidate for MyD88-dependent but CCR5-independent triggering of
IL12 production. Mice deficient in TLR11 challenged with a type II strain, showed
reduced serum IL-12 and increased parasite load during the chronic phase (180).
As humans do not express functional TLR11, the question remains for human
infection.
4.2

PAPER II:

4.2.1 Hypermotility of infected DC in vitro
DC are migratory (137) antigen presenting cells (APC) of the innate immune
system that are readily infected by T. gondii in vitro (29). In this paper, the
migratory phenotype of T. gondii infected DC was investigated by allowing
migration in a transwell system. Both human monocyte derived DC and murine
bone marrow-derived DC exhibited hypermotility with increasing number of
parasites compared to cells in complete medium +/- lipopolysaccaride (LPS). LPS
can activate cells and activation can induce migration of cells (140). In our
experiments, the effects of LPS on motility could not be seen in comparison with
the motility of T. gondii infected DC. Induction of migration was not strain specific,
both type I and type II strains could induce migration of DC. We showed that the
induction of migration depends on active motility as migration was abolished by
an inhibitor of actin polymerization. Our study also revealed that the hypermotile
phenotype requires live T. gondii tachyzoites and likely depends on Gi protein
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signaling but not Gs protein signaling because hypermotility of infected DC could
only be abolished with Gi antagonists. We postulated that the hypermotile
phenotype induced by T. gondii could have implications for infection in vivo.
Immune evasion and a fast dissemination to immune privileged sites is a crucial
part of a successfully established infection. T. gondii is an obligate intracellular
parasite, and infecting a resident cell that do not exhibit a hypermotile phenotype,
means that it will have to move over to another cell type in order to disseminate in
the host, or transform into the dormant stage in the organ/tissue where it is
present. T. gondii can be extracted from lymph nodes and spleen shortly after
inoculation (13, 14, 54, 103), advocating for a mechanism supporting fast
dissemination in vivo.
4.2.2 The Trojan horse hypothesis
The in vitro data constitute the first report on DC hypermotility upon T. gondii
infection in the absence of chemotactic stimuli. Further more, using BLI the paper
illustrated that parasite-infected DC can promote dissemination to distant organs
in vivo. Presence of T. gondii in distant organs including the brain appeared
earlier and with increased numbers if mice were inoculated with T. gondii infected
DC compared to free parasites. Together these data are consistent with the
hypothesis that infected DC contribute to dissemination of parasites via a
mechanism like the Trojan horse concept. Toxoplasma is capable of actively
infecting leukocytes in vitro, and preferentially DC have been reported to be
infected (29). As discussed in section 1.1.2, the route of administration of infected
DC could affect the dissemination pattern. Our work was performed mainly by i.p
inoculation but natural infections occur by ingestion of free-living oocysts or tissue
cysts containing bradyzoites. Both forms differentiate to tachyzoites in the
intestine and disseminate via haematogenous or lymphatic spread (55). DC
appear in the intestine after the host becomes infected with T. gondii (98) and T.
gondii infected DC have been detected in circulation and in mesentheric lymph
nodes after oral infection (36). Our own unpublished data show that this appears
to happen shortly after i.p. inoculation. Altogether this supports the concept of a
Trojan horse mechanism for dissemination, where the parasite likely could use
this mechanism to disseminate to the CNS. The fact that T. gondii during human
toxoplasmosis often manifests in the CNS advocates for the site as an important
location to reside in and the need for a transport mechanism to disseminate
there. DC have been found in the CNS in association with TE (66, 162), and
recently, the transportation of Toxoplasma to the CNS by monocytic cells have
been described (36). Plasmacytoid DC (pDC) have also recently been described
to be exploited as Trojan horses by T. gondii (16).
DC in peripheral tissues that migrate to lymphoid tissues undergo cell maturation
and rearranges their cytoskeleton in a process that requires integrins for the cells
adhesive properties. LPS induces DC maturation and the cell reduces adhesion
to extracellular matrix but maintain the integrin expression (6, 23, 24). T. gondii
infected murine macrophages have been reported to downregulate integrins
together with decreased adhesion and delayed migration in vivo (37). In contrast,
from our experiments, expression levels of integrins were reminiscent of those
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described for a LPS-stimulated DC (6, 24). In our experimental settings LPSstimulated DC did not exhibit the hypermotile phenotype, thus high expression of
integrins cannot solely explain this phenotype.
However, we do not know if T. gondii infected DC solely cross biological barriers
(e.g. blood brain barrier, BBB) and facilitate infection in the CNS. We have partly
addressed this question by labeling infected and noninfected DC and adoptively
transferred them to mice. Infected cells could be found at significantly higher
numbers and earlier in mesentheric lymph nodes (MLN) and spleen as compared
to noninfected cells. Additionally, all three archetypical T. gondii lineages induce
hypermotility of infected DC, although type II and type III strains induce higher
migratory frequency than type I strains (103).
The Trojan horse hypothesis has been discussed for several pathogens and
cells. During leishmaniasis, neutrophils have been described to have an
important role. In this model, Leishmania escape from neutrophils and “silently”
enter macrophages in a modified Trojan horse model where depletion of
neutrophils impaired the disease progression (94). West Nile virus (WNV) was
demonstrated to cross the BBB using brain endothelial cells and WNV-infected
immune cells via a Trojan horse mechanism (175). In the Trojan horse model of
HIV-1 trans-infection, the virus is proposed to hijack the natural endocytic function
of DC to infect CD4+ T cells. DC transmits infectious virions in vesicles to CD4+ T
cells. Recent data now challenge this theory implicating that the majority of
virions transmitted by this mechanism originate from the plasma membrane
rather than from intracellular vesicles (28). In tuberculosis (TB) infection,
neutrophils accumulate where mycobacteria are present but do not restrict
bacterial growth compared to macrophages, and so may play a role as Trojan
horses for mycobacteria. (64).
Other options in support of the mechanism is that DC function as important
intermediate “shuttle vehicles” and in that way facilitates parasite dissemination to
distant organs including the CNS. An indication in favor of this mechanism has
recently been described by us for T. gondii transmission from DC to NK cells and
T cells (131, 132). The results presented in paper I and II reveal that the
dynamics of parasite dissemination is strain specific and that Toxoplasma may
use infected cells as “Trojan horses” to assure systemic dissemination to distant
organs and to the CNS. In paper IV a similar mechanism for resident cells in the
CNS is proposed.
4.3

PAPER III:

4.3.1 Developing a model for toxoplasmic encephalitis (TE) in mice using
BLI
In paper I, we monitored dissemination of T. gondii to distant organs in vivo by
BLI, and showed that BLI allows detection of T. gondii in the brain during the
acute phase. This paper focuses on the part of the infection where latency
relapses into acute infection (e.g. reactivation or recrudescence), as a
consequence of immunosuppression. Several mouse models have been
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presented in order to study reactivation (128) and development of TE (172, 173).
Our contribution to the field lays in the ability to monitor the onset of TE and, in
combination with immunohistochemical labeling methods, the analysis of the
parasitic foci in situ. In an immunohistochemical study of human brain-tissues
from HIV infected patients with suspected TE, it was hypothesized that the initial
parasitic reactivation site is destroyed by replicating tachyzoites before clinical
symptoms appear (139). In a related study in mice where the initial site of
reactivation of T. gondii was assessed (167), a time-lag between the initial site of
reactivation of T. gondii in the brain and the appearance of clinical symptoms of
TE was described. Together, this supports our model, because of the ability to
monitor T. gondii recrudescence prior to the appearance of focal symptoms or
severe systemic symptoms. The methodology to quantify the frequency of the
reactivation events and parasite distribution prior to the onset of TE is however
limited (from our data) and experiments using mice with high susceptibility to T.
gondii might be necessary (167). The cytokine IFN-γ has been described as a
major determinant for development of TE in mice (173). The application of the
model to IFN-γR-deficient mice required a modified approach where mice had to
be treated with antibiotics in order to survive the acute phase and upon removal
of antibiotics, onset of focal reactivation of parasites was detected.
Paper III provides for the first time a systematic characterization of acute
reactivated TE in the mouse model using a combination of BLI and
immunohistochemistry/immunofluorescent labeling. BLI allows early detection
and assessment of the onset of parasite recrudescence in the CNS in wild type
mice and IFN-γR-/- mice. Since BLI signal is detectable at the surface only, it
provides no information on the 3-dimensional localization of parasites in the CNS.
A combination of BLI and immuno-labeling techniques for tissues was therefore
necessary to address this question.
4.3.2 Distribution of parasite foci of recrudescence
Analyzing the tissue sections from mice with developed TE, we could conclude
that the foci of reactivation were unevenly distributed in the CNS. Notably,
recrudescence preferentially occurred in the parietal and frontal cortex, similar to
localizations described in humans (126, 133, 134, 148). Although previous
reports found T. gondii in the circumventricular area or meninges (33), we
essentially found multifocal parasitic reactivation in the parenchyma, primarily in
frontal and parietal cortex. In contrast, abundant presence of parasites was found
primarily in the plexus choroideus, circumventricular areas and meninges in a
murine model of African trypanosomiasis (117). Passage of bacteria, viruses and
parasites have been described in these sites, permitting microbial entering to the
CNS (89). In our model, the distribution pattern of parasite reactivation sites to
frontal and parietal cortex was similar between the two mouse strains tested, with
relative differences in sensitivity to T. gondii infection (74). Thus, the distribution
pattern is probably not bound to the genetic background of the host (in mouse
models), nor, is it dependent on IFN-γ-mediated surveillance immunity since we
saw a similar pattern in IFN-γR-deficient mice. The distribution pattern is more
likely the result of the significant portion of the cerebral blood flow that irrigates
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the forebrain and the concept of metabolic and neural mechanism on
haemodynamic regulation (9). During the acute infection, high numbers of T
gondii parasites circulate in the blood (paper II and (36)) so substantial numbers
of them may reach the brain microvasculature. The majority of replicating
parasitic foci in our study was present in close vicinity to microvasculature. In
addition we found parasitic reactivation foci in basal parts of the CNS in some of
our experimental animals. Detection of the parasite in cognitive areas of the
mouse brain has been reported along with behavioral changes of the animal
(176). The secondary behavioral effects to T. gondii infection and change has
been reported in studies from rodents (15) and humans (68, 69, 110, 154). It
should be noted that paper III concerns the infection during recrudescence, but
many of the latter findings regard infection during the chronic state. This is
particularly important when we compare the infiltration of immune cells in the
CNS.
4.3.3 Immune cell infiltration in parasite foci of recrudescence
The tissue damage during TE is partly considered to be due to the immune cellmediated protective immunity in conjunction with resident cells of the brain. The
tissue sections of mouse brains with TE exhibited massive cell infiltrations around
parasitic reactivation foci seen by immunohistochemical labeling. The majority of
these cells were infiltrating leukocytes, identified by immune-labeling methods,
more precisely CD4+ and CD8+ T cells and macrophages/microglia. A recent
study on the interaction of T cells, T. gondii parasites and APC, in chronically
infected mice in vivo (147), represent the first direct observation of the dynamics
behind infiltration of the parasitic foci of the infected brain. Antigen specific CD8+
T cells were recruited to the brain and made transient contacts with cells
containing parasite and APC during the chronic infection but ignored parasitecysts as well as astrocytes and neurons. In contrast from our study during
reactivation, both CD4+ and CD8+ T cells infiltrate the relapsed parasitic foci of
replicating parasites together with macrophages/microglia. As will be further
discussed in paper IV, the foci of replicating T. gondii parasites also consist of
activated astrocytes and microglia in close vicinity. The role of these resident glia
cells in terms of T. gondii infection will be addressed together with the part they
might play in the local dissemination of the parasite in the CNS.
4.4

PAPER IV:

4.4.1 Activated glia cells co-localizing with parasitic foci
Paper IV is based on the finding that DC show dramatic hypermotility upon T.
gondii infection (paper II). The initial observation of the potential role glia cells
might exhibit during TE were the significant activation of astrocytes and presence
of microglia in close vicinity to reactivated parasitic foci in mouse brain tissue
sections (see paper III). This led us to investigate the functional role these two
CNS resident cell types might play to assure systemic dissemination within the
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CNS. T. gondii has been described to infect a range of CNS resident cells:
astrocytes, microglia and neurons, but after TE, persist only within neurons (53).
One of the hallmarks of TE is the robust activation of astocytes, where the
astrocyte marker glial fibrillary acid protein (GFAP) is important for the control of
TE (156). Further more, astrocytic gp130, the receptor for IL-6, IL-11, IL-27 and
some other ligands, is crucial for the survival of GFAP+ astrocytes and the
outcome of TE (53). Microglia possess different forms of a single cell type:
amoeboid, ramified (resting), and reactive forms (142). The amoeboid form is the
precursor to resting microglia, the form that is responsive to infection injury
assume an amoeboid shape and move to the site of injury (170). Ramified
microglia is characterized by the expression of ionized calcium binding adaptor
protein-1 (Iba-1). Iba-1 is highly and specifically expressed by microglia,
suggested to be involved in the regulation of activated microglia (93). F4/80
antigen is a cell surface glycoprotein expressed on a wide range of mature tissue
macrophages, for example microglia. We detected cells expressing both markers,
in parasitic foci of reactivation, in the brain-tissue sections from mice with TE.
Thus, the presence and activation of these two cell types in co-localization to
parasitic foci during TE led us to investigate the migratory properties they might
exhibit upon T. gondii infection.
4.4.2 Hypermotility of infected microglia
The migratory phenotype of T. gondii infected DC presented in paper II,
potentiates dissemination of parasites to distant organs and the CNS, as shown
in vivo. The fact that T. gondii can induce hypermotility in cells of the immune
system together with the activation and presence of glia cells in foci of reactivated
parasites, led us to investigate the potential migratory phenotype they might
possess. Experiments with primary astrocytes and microglia showed that infected
micoglia, but not astrocytes, exhibit a dose-dependent transmigration, similar to
what is described for DC (paper II) and macrophages (37). The onset of
hypermotility required active parasite invasion which indicates that induction of
migration is likely governed from the parasite’s intracellular compartment. Similar
as for DC, transmigration seemed to require actin polymerization in the host cell
and involvement of Gi-protein signaling. Parasite-derived effector molecules are
translocated to the cytosol of the infected cell, thereby influencing effects of the
host cell functions (20, 168). Microglia possess migratory properties: fully ramified
microglia have been shown to rapidly migrate when seeded on a confluent
astrocyte monolayer (143). However, the number of transmigrated infected
microglia that we observe in our system is significantly greater than the number of
non-infected or IFN-γ-, LPS-stimulated cells. Time-lapse microscopy showed that
infected cells exhibit a non-directional and random motility, whereas non-infected
cells did not show signs of hypermotility. When infected microglia- and infected
macrophage-motility were assessed over confluent astrocyte monolayers, they
exhibited similar transmigratory potency (additionally there were higher
transmigrated numbers of infected cells for both cell types compared to noninfected and LPS-stimulated cells respectively, data not shown).
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Together, the results from paper II and IV suggest that the dynamics of parasite
dissemination is strain specific and that T. gondii may use infected cells as
“Trojan horses” to assure systemic dissemination to distant organs and within the
CNS. Further, since all three archetypical strains induce hypermotility for DC
(103), it is likely that this is true also for microglia, although yet to be investigated.
In the present study, only motility of the type II strain was assessed.
4.4.3 Characterization of infected microglia
Characterization of cell surface markers of infected cell reveals if altering of the
cells normal functions is a consequence of infection. Cells that migrate from
peripheral sites to lymph nodes, e.g. DC, and to some extent macrophages,
undergo cell maturation and cytoskeletal rearrangements, an event where
integrins play a role in the adhesion process. T. gondii infected macrophages
have been reported to down modulate integrin levels associated with decreased
adhesion and delayed migration (37). In contrast, from our investigation T.
gondii infected DC and LPS-stimulated DC exhibited an overall relatively high
integrin level over time except for a relative downmodulation of the integrins
CD11a and CD18 in both T. gondii infected and LPS stimulated cells which is
similar to T. gondii-infected macrophages (37). However, T. gondii infected
DC did not upregulate ICAM-1/CD54, in contrast to microglia where the infected
cells upregulated CD54/ICAM-1 compared to IFN-γ-stimulated cells.
Evidence from autoimmune inflammatory conditions in the CNS has suggested
that neurons downregulate microglial activation via CD200/CD200R
interactions. Previously, T. gondii infected microglia have been shown to
upregulate CD200R in situ (45) pointing to a role in the intrinsic regulation of
cellular immunity during inflammation in the CNS. We could not confirm this
upregulation in our experimental settings, but saw overall high expression of
CD11b and CD200R without significant differences. However, our experiments
were conducted exclusively in an in vitro system, which could explain the
different observations.
IFN-γ plays a central role in the activation of glia cells influencing their ability to
control T. gondii replication (30, 83) and induces the expression of MHC class I
and II expression in microglia and astrocytes. In our system, we detected that
microglia were permissive to T. gondii replication but less efficient than
replication in macrophages, supporting that infection of microglia induces a
potent transmigratory phenotype. However, the expression of MHC molecules
can be modulated by intracellular pathogens. Rat cytomegalovirus has been
reported to downregulate MHC class II expression in infected dendritic cells (10)
and T. gondii infected microglia, pre-stimulated with LPS or IFNγ, have
previously been described to exhibit downregulation of MHC class II expression
44 hours post infection (113). In this paper, we did not pre-stimulate microglia
and upon infection the cells downmodulated the MHC class II molecules within
6 hours, suggesting impaired interactions with CD4+ T cells. However, the
expression of MHC class I molecules was upregulated which suggest functional
CD8+ T cell signaling.
Together, this suggests a role for infected microglia in the local dissemination of
Toxoplasma in the CNS and that microglia may be used as “Trojan horses” to
assure dissemination within the CNS.
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CONCLUDING REMARKS
BLI proved to be a versatile non-invasive tool that allows the study of the
mechanisms underlying the success by which T. gondii establish infections in the
host in vivo. The major findings presented and discussed in this thesis reveal that
the dynamics of parasite dissemination is strain specific and that T. gondii may
use infected cells as “Trojan horses” to assure systemic dissemination to distant
organs and within the CNS.
The dramatic differences in the kinetics of dissemination of virulent and nonvirulent T. gondii strains that was observed in vivo, together with the observation
that T. gondii infected DC exhibited a dramatic hypermotility phenotype in vitro,
describes a novel mechanism used by this pathogen to assure systemic
dissemination. Our observation in vivo, where adoptive transfer of infected DC
potentiated dissemination of parasites to distant organs, supports this. The
“Trojan horse”-hypothesis has been presented for several other pathogens, e.g.
bacteria, viruses and other parasites, discussed in this thesis. Recent finding from
our group show that the strategy of using migrating DC in order to disseminate to
distant organs preferentially facilitates dissemination of strains with high
prevalence in human infection (103). The T. gondii infected DC form membrane
protrusions/pseudopods followed by retraction and net forward motion and
individual cells migrates without apparent directional bias and follow random
paths. The mechanism by which T. gondii modulates Gi protein coupled signaling
of host cells and affect actin polymerization is under investigation. It is
conceivable that parasite-derived molecules secreted from specific organelles
(e.g. micronemes, dense granules and rhoptries) into the host cells, may induce
migration of infected cells.
However we are yet to determine if the Trojan horse mechanism is so
sophisticated that adoptively transferred infected DC cross the BBB and enter the
CNS. One way of exploring this in vivo could be by labeling the infected DC and
combine BLI with e.g. two-photon laser visualization. Simultaneous colocalization of infected labeled DC in the CNS would advocate for the Trojan
horse mechanism as a single cell unit of transport and a fast dissemination to
immunoprivileged sites. The hypothesis of a “Trojan horse” type of mechanism
for the local dissemination of parasites within the CNS, similar to DC, was also
presented with the observation of the induced hypermotile phenotype of T. gondii
infected microglia. Altogether this supports the idea that the parasites exploit cells
in order to transport within and between different organs in the hosts. It has also
been suggested a transfer of T. gondii from infected DC to effector NK cells and
T cells, a mechanism which may contribute to the parasite’s dissemination (131,
132).
Additionally, from our model of reactivation foci in mice with developed TE,
recrudescence preferentially occurred in the parietal and frontal cortex, similar to
localizations described in human disease. This could indicate that T. gondii
preferentially uses hematogeneous dissemination to the CNS, and also supports
the Trojan horse hypothesis since leukocytes traffic lymphatic- and
hematogeneous routes.
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The attempt to partly explore the importance of the TIR signaling pathway in vivo
suggests that signaling via TLR to the adaptor protein MyD88 is crucial for the
outcome of the disease but further analysis of mice deficient in TLR3, TLR5, and
TLR11 in vivo should be performed to identify specific ligand(s) involved in
inducing the cytokine responses during T. gondii infections.
This thesis has studied the systemic and local dissemination of T. gondii during
the acute and the reactivated phases of the disease. The last years research field
has addressed several questions indicating that the latent phase of disease could
be associated with neurogical and behavioral abnormalities, ventricular dilatation
and altered cellular functions, along with inflammation and neuronal injury (85).
Thus, it is important to develop new animal models to study the findings seen in
human disease. Here, our models using BLI could be useful because they enable
studies of disease progression in a spatio-temporal manner in vivo. In addition, in
combination with other methods BLI also enables investigation of drug- and
vaccine candidates. This field is frequently investigated because of the need to
develop new vaccines and drugs to limit the effects of T. gondii infections,
especially in the veterinary field. BLI could be used as a method to study the
kinetics underlying congenital transmission of T. gondii in a pregnant mouse
model.
Finally, the world is constantly changing and presence of pathogens change
along with that. It has been postulated that the global warming will cause an
increase in human seroprevalence in some regions of North–Western Europe
(119). Thus, it is likely that the cases of toxoplasmosis and the link to
abnormalities seen during chronic disease will increase in the future together with
the need for more investigation.
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