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Abstract

Toxoplasma gondii is a widespread parasitic pathogen that infects over a third of the world’s 

population. Following an acute infection, the parasite can persist within its mammalian host as 

intraneuronal or intramuscular cysts. Cysts will occasionally reactivate, and depending on the 

host’s immune status and site of reactivation, encephalitis or myositis can develop. Because these 

diseases have high levels of morbidity and can be lethal, it is important to understand how 

Toxoplasma traffics to these tissues, how the immune response controls parasite burden and 

contributes to tissue damage, and what mechanisms underlie neurological and muscular 

pathologies that toxoplasmosis patients present with. This review aims to summarize recent 

important developments addressing these critical topics.
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TOXOPLASMA GROWTH AND DEVELOPMENT WITHIN TISSUES

Toxoplasma gondii infects approximately a third of the world’s population making it one of 

the most prominent foodborne pathogens [1]. In humans and other intermediate hosts, the 

parasite exists as two distinct forms – tachyzoites and bradyzoites. Tachyzoites are the 

rapidly replicating and disease causing form. While drugs and immune responses can control 

tachyzoite growth, some tachyzoites escape destruction and develop into bradyzoites, which 

progress encased into cysts in a variety of tissues including the brain and skeletal muscle 
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(SM). Because cysts are impervious to drugs and host immune responses and do not cause 

overt disease, they can remain undetected as a relatively benign chronic infection. Recent 

work has, however, revealed increasingly strong correlations between chronic Toxoplasma 
infections and the onset of behavioral changes and neuropsychiatric disorders such as 

schizophrenia. While an important subject, this topic is beyond the scope of this review and 

instead we refer readers to several recent review articles [2, 3].

Uncontrolled tachyzoite replication causes severe and potentially life-threatening disease to: 

i) fetuses whose mothers were infected for the first time during pregnancy, ii) immune-

compromised individuals after a tissue cyst reactivates, and iii) otherwise healthy individuals 

who are susceptible to developing severe disease and particularly, ocular toxoplasmosis, 

when infected by specific Toxoplasma strains that are endemic to South America [4–7]. In 

each case, clinical severity is due to a combination of parasite growth, tissue damage, and 

inflammatory responses. In addition, the host and parasite genotypes are also important 

contributors to disease severity. A significant amount of work has focused on how 

Toxoplasma replicates and how immune responses control the infection. Less work, 

however, has addressed how the tissue damage caused by the parasite and resulting immune 

response leads to clinical disease. These studies are of particular importance in the nervous 

system for two reasons. First, the central nervous system (CNS), which includes the brain 

and retina, is the most common site for toxoplasmosis disease to develop and these patients 

will present with a combination of vision loss, seizures, and other neurological symptoms 

[8]. Second, Toxoplasma forms tissue cysts in SM and this represents an important step in 

the parasite’s life cycle since tissue cyst ingestion from undercooked meat is the primary 

route of transmission [9]. In this review, we will highlight recent work and discoveries on 

how Toxoplasma enters, persists, and causes disease in SM and the brain of an infected host 

(Figure 1).

TRANSIT TO AND ENTRY INTO THE NERVOUS SYSTEM

Following digestion of tissue cysts in undercooked meat or oocysts from felid fecal matter, 

the acid hydrolases of the stomach rupture the cysts and the released parasites go on to infect 

intestinal epithelial cells. This triggers the recruitment and activation of innate immune cells 

including dendritic cells and inflammatory monocytes [10]. These in turn are infected by 

Toxoplasma and become hypermigratory, a process that increases their emigration from the 

intestine to peripheral tissues [11]. Parasite induction of hypermigratory dendritic cells and 

inflammatory monocytes is a multi-step process that includes alterations of the host cells’ 

actin cytoskeleton, upregulation of the CCR7 chemokine receptor, and activation of gamma-

aminobutyric acid (GABA) receptor signaling [12, 13].

Unlike most tissues, entry of cells, pathogens, and proteins from the blood into the brain is a 

challenge due to the presence of the highly impermeable blood-brain barrier (BBB) [14]. 

The BBB is composed of endothelial cells with high numbers of tight junctions that are 

supported by a rich basement membrane network. In addition, pericytes and astrocytic 

endfeet surround the endothelial cells providing structural and biochemical support as well 

as preventing substances from traversing the endothelium and entering the brain 

parenchyma. How then does Toxoplasma get through this barrier to enter the brain?
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A number of distinct mechanisms have been explored. The first was a Trojan Horse-like 

mechanism in which Toxoplasma-infected monocytes and other myeloid-derived cells could 

extravasate from capillaries into the brain [15]. Support for this model initially came from 

experiments in which parasites accumulated more rapidly in brains of mice intravenously 

infected with Toxoplasma-infected monocytes than if they were infected with extracellular 

tachyzoites [15]. Additional experiments showed that Toxoplasma preferentially infects cells 

expressing the integrins CD11b+/CD11c+ and that parasite-infected CD11b+/CD11c+ cells 

could attach to and then migrate across murine brain derived endothelium in vitro based 

assay. Transendothelial migration across human endothelial cells is CD11b/ICAM1 

dependent and occurs more frequently under fluidic shear stress conditions [15, 16]. These 

data suggest that CD11b+/CD11c+ cells are primary host cells mediating parasite 

dissemination although more recent work indicated that parasites accumulated in murine 

brains via CD11b+ cells that were either CD11c+ or CD11c− [17].

It is also possible that individual Toxoplasma tachyzoites enter the CNS on their own by 

either transcytosis or paracytosis. Early support for this model came from transwell tissue 

culture systems in which tachyzoites were able to cross retinal endothelial cell layers [18]. 

More recently, two-photon in vivo imaging studies demonstrated that extracellular 

tachyzoites are capable of crossing the BBB [19]. Moreover, these extracellular tachyzoites, 

and not those egressing from Toxoplasma-infected cells that were attached to the 

endothelium, are the majority of those parasites crossing the BBB. This study also 

demonstrated that prior to egress into the brain parenchyma, that tachyzoites must replicate 

within endothelial cells. This ‘naked’ extracellular tachyzoite transmigration is extremely 

efficient and therefore may represent the primary mechanism (as opposed to a Trojan Horse 

mechansism using infected monocytes) for parasite extravasation into the CNS [19].

TISSUE CYSTS AND CHRONIC INFECTIONS

After tachyzoites enter the brain and other tissues they are engaged by an immune response 

that will be described below. Although this immune response is highly efficient at killing 

tachyzoites, some escape destruction and transform into cyst-forming bradyzoites. Tissue 

cysts are responsible for transmission to new intermediate or definitive hosts [20] and are 

also important because they are impervious to drugs and can avoid immune-mediated 

destruction. While drugs likely cannot gain access to the interior of the tissue cyst due to the 

highly glycosylated cyst wall encapsulating the bradyzoites and because they are 

intracellular [21], tissue cysts avoid immune responses through mechanisms that are not 

fully understood.

A key difference between tachyzoites and bradyzoites are the distinct repertoire of 

immunogenic proteins expressed by the two [20] such that T-cells are significantly more 

likely to engage and attack a tachyzoite-infected host cell [22, 23]. But why are bradyzoite 

antigens less likely to trigger protective immune responses? An answer to this came from 

studies in which tachyzoites were engineered to constitutively express the dominant 

bradyzoite surface antigen, SRS9 [24]. These parasites induced a strong anti-SRS9 response 

that resulted in reduced cyst burdens in brains of parasite-infected mice. This suggests that it 

is not the bradyzoite or cyst itself that is poorly immunogenic but the location and timing of 
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the immune response that is able to see it. This is further supported by recent work 

manipulating ApiAP2 transcription factors, which are a novel family of transcriptional 

regulators (67 ApiAP2 genes are present in the Toxoplasma genome) that regulate stage 

specific gene expression [25]. For example, Api2IV-4 normally expressed by tachyzoites, 

inhibits bradyzoite gene expression. Parasites in which Api2IV-4 is deleted increase their 

expression of bradyzoite antigens, leading to enhanced immune responses and a complete 

absence of cysts in the brain [26]. This suggests that turning off bradyzoite antigen 

expression is as important to chronic infection as turning it on.

Bradyzoites spontaneously form cysts within neurons in vitro [27] and a small sample of 

human autopsy specimens supports tropism for the brain [28], the basis of which is still to be 

understood. In addition, in vivo experiments using Cre recombinase-expressing parasites 

supports the concept that the neuron is not only the primary host cell for cysts but is the only 

cell that is productively infected within the brain [29]. This is despite multiple types of CNS 

resident cells being capable of supporting tachyzoite growth in tissue culture [30]. This 

tropism for neurons is astounding as the tachyzoite has to migrate across and not invade the 

multiple non-neuronal cells of the BBB and the parenchyma. Thus, neurons provide an, as 

yet, unknown niche conducive for bradyzoite development, which could be a unique 

metabolic or immunological feature. For example, earlier studies by Schluter and colleagues 

showed that unlike most other cell types, neurons did not respond in any quantitative way to 

stimulation with interferon-gamma (IFN-γ) or tumor necrosis factor α (TNFα) and 

therefore may simply be the only cells, in the brain, that are unable to mount an appropriate 

anti-parasitic response [31]. Alternatively, GABA has been reported to be utilized as a 

metabolite in Toxoplasma and therefore it is possible that it is scavenged by Toxoplasma and 

used as a carbon source [32]. Further studies are required to understand this neuronal niche 

and the effects such a niche may have on the health of the host.

Whether there is tropism for certain parts of the brain has been revisited several times [33–

35]. Most, if not all, studies identified cysts in cortical regions. On the other hand, some but 

not all reports have found cysts in subcortical regions, such as the amygdala, which has 

provided an explanation for changes in behavior associated with Toxoplasma infections [36, 

37]. However, this distribution and cyst burden is variable within a host, between species and 

dependent upon parasite strain [38]. Perhaps the previously discussed new finding that 

extracellular parasites cross the BBB [19] provides an explanation for this heterogeneity as 

the site of infection of the brain and cyst location within the brain are more likely due to 

blood vessel location and site of extravasation.

IMMUNE RESPONSES IN THE BRAIN

Toxoplasmic encephalitis (TE) occurs following unchecked reactivation of cysts, neuronal 

cell death, and inflammation. The critical requirement for an immune response to establish a 

chronic infection and to prevent reactivation of Toxoplasma has been known since the 

identification of Toxoplasma as an opportunistic pathogen in AIDS and transplant patients 

[8]. This was experimentally demonstrated in mice by Sher and colleagues using depletion 

studies solidifying the absolute requirement for CD8+ and CD4+ T cells during chronic 

infection to prevent fatal encephalitis [39].
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The type of immune response required to prevent reactivation in the brain is currently 

understood to be the same as required to control acute infections -namely a dominant type 1 

immune response characterized by IFN-γ production to activate cells enabling local effector 

responses. Furthermore, treatment of TE is associated with the restoration of the IFN-γ 
response [40]. As with acute infections and most other type I responses, production of IFN-

γ and other pro-inflammatory cytokines must be regulated by anti-inflammatory cytokines 

including IL-10 and IL-27, without which continued recruitment of highly activated immune 

cells into the brain leads to encephalitis independent of parasite burden [41–44]. The role of 

regulatory T cells has still to be fully assessed, however a recent study suggests that Tregs 

inhabit a restricted niche in the meninges and perivascular space where they interact with 

CD11c expressing antigen-presenting cells [45]. Understanding the function and specificity 

of these interactions will be of future interest.

The brain is enclosed within the rigid casing of the skull making the immune cell 

recruitment and swelling normally associated with immune responses a potentially fatal 

outcome. There is normally low expression of antigen presenting molecules and the BBB 

limits immune cells and antibody infiltration. The prevalence of Toxoplasma and the 

requirement for ongoing immunity to this parasite in the brain suggests a highly controlled 

immune response that is robust enough to contain the parasite yet limited to prevent clinical 

symptoms. The dynamics of this response are only beginning to be unraveled. Our 

knowledge of the kinetics and type of inflammation in the brain is limited to murine models 

with the exception of histological descriptions of infection and inflammation in autopsy 

samples [28, 46]. During infection, however, the BBB becomes compromised [47, 48] and 

large numbers of macrophages, dendritic cells, and T cells are found in the murine brain. 

Whether changes in BBB permeability or instead an upregulation of factors that promote 

immune cell extravasation (e.g. adhesion molecules) is the primary route for immune cell 

extravasation during infection needs to be determined. Histological examination and in vivo 
imaging demonstrates considerable accumulation of cells in perivascular spaces and 

meningeal areas [22, 23, 49, 50] with additional routes through the fenestrated endothelium 

of the choroid plexus in the ventricles likely [51, 52]. Considerable tissue remodeling takes 

place early during infection with second harmonic imaging revealing a network of fibers in 

inflamed areas of the brain (and not present in naïve brains) [22] particularly at layers I and 

II of the frontal cortex. Lymphocytes can be observed crawling on these fibers but it is not 

yet clear whether these structures facilitate cell migration or are generated as a result of 

protease activity during cell infiltration [53].

IFN-γ controls parasite replication by several means including stimulating degradation of 

the parasitophorous vacuole, increasing the expression of MHC genes and antigen 

presentation, and upregulation of other anti-parasitic factors such as nitric oxide synthetase 

and indoleamine dioxygease [54–60]. In the brain, microglia as well as infiltrating CD4 and 

CD8 T cells are the primary sources of IFN-γ [39, 41, 61]. IFN-γ signals through STAT1 

and deleting this transcription factor specifically in astrocytes leads to cyst formation in 

STAT1−/− astrocytes (as opposed to no cysts in astrocytes of WT mice) and mice succumb to 

infection [62]. This points to brain resident astrocytes as being critical effector cells in 

limiting Toxoplasma in the brain. Astrocytic endfeet are a key component of the BBB and 

likely sense any systemic concentrations of IFN-γ. Thus, it is unclear whether changes in 
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cyst burden and location in the absence of astrocytic STAT1 is due to an inability to respond 

to local or systemic IFN-γ. Regardless, these data demonstrate that astrocytic IFN-γ 
signaling is required for resistance and also suggest that cyst formation in neurons in WT 

mice is because astrocytes can resist infection rather than parasites having a specific tropism 

for neurons.

In infected brains, astrocytes express CCL21 and CXCL10 (and other chemokines) that 

recruit T-cells into the parenchyma [63] and directs their migration within the brain [49]. 

Live multi-photon imaging visualized a number of different T cell behaviors in the brain 

including division, random search strategies and sustained interactions with CNS resident 

and peripheral antigen presenting cells [22, 49, 50, 56]. Flow cytometry and histological 

studies further show that in an infected brain CD4+ and CD8+ T cells can express markers 

of tissue residency [64], exhaustion (e.g. PD-1) [22, 65–67] or are PD-1 negative and secrete 

IFN-γ. The coexistence of seemingly opposite types of T-cells in the infected brain may be 

explained by the finding that T-cells directed against the dominant parasite antigen, GRA6, 

led to the development of T-cells that did not enter a contraction phase but rather exhibited 

effector and memory phenotypes. Importantly, these T-cells are highly responsive to antigen 

enabling them to rapidly respond following cyst reactivation [68].

Brain cyst burdens are also controlled by CD8+ T cell-derived perforin and chitinase 

synthesized by macrophages or microglia [69–71]. The use of perforin to kill infected cells 

depends on the recognition of cognate antigen by activated NK or CD8+ T cells. It remains 

to be determined whether perforin-secreting cells recognize peptides presented by cyst-

containing neurons or by tachyzoite-infected cells before they undergo differentiation. While 

ROP7 and GRA6 are sources for CD8 T-cell responses [72–74], it is still possible that cyst-

derived antigens are presented during chronic infection. Indeed, there is evidence that a 

switch in T cell specificity occurs as the infection progresses to a chronic stage [72]. While 

cysts were thought to evade surrounding inflammatory cells, live imaging shows both a 

complete avoidance of cysts [23] and a keen interest with seemingly long term attachments 

made between cysts and immune cells [22]. This may be explained by heterogeneity in the 

cysts and/or T-cells. For example, recent data indicates that within a cyst parasite replication 

continues, albeit slower than in tachyzoites, [35, 38]. Thus, cysts are far more dynamic than 

realized and further studies are required to fully understand the development of cysts and the 

specific immune response elicited by them.

NEUROLOGICAL COMPLICATIONS DURING TOXOPLASMIC 

ENCEPHALITIS

Tissue cyst reactivation in a host whose immune response cannot properly control growth of 

the emerging parasites leads to toxoplasmosis. Clinically, toxoplasmosis presents as a broad 

spectrum of disorders but the most common is TE whose neurological symptoms include 

dizziness, headaches, and seizures. But how Toxoplasma induces the brain to develop these 

symptoms has been an underexplored area. Mice infected with the type II ME49 strain 

develop spontaneous seizures [75, 76]. Seizures form due to unbalanced levels of excitatory 

and inhibitory neurotransmission causing excessive electrical activity.

Wohlfert et al. Page 6

Trends Parasitol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the brain, glutamate is the major excitatory neurotransmitter and decreases in its clearance 

from synapses leads to increased levels of neurotransmission and neuronal damage due to 

glutamate excitotoxicity [77]. The glutamate transporter, GLT-1, is expressed on the surface 

of astrocytes and is the primary transporter in clearing extracellular glutamate from synaptic 

termini [78]. In Toxoplasma-infected brains, GLT-1 is significantly down regulated leading 

to increased extracellular glutamate levels (Figure 2). Neurons in infected brains have 

morphological changes consistent with excitotoxicity and functional electroencephalogram 

point to a loss of neuronal circuitry and seizures [76]. Importantly, treatment with 

ceftriaxone, a β-lactam known to increase GLT-1 expression [79], lowered extracellular 

glutamate concentrations and restored neuronal health without any apparent anti-parasitic 

activity [76].

As discussed above, balanced excitatory and inhibitory neurotransmission maintains normal 

synaptic activity. GABA is the primary inhibitory neurotransmitter in the brain and is 

synthesized primarily by glutamate decarboxylase 67 (GAD67) [80]. In Toxoplasma-
infected brains, GAD67 localization changes from being clustered on synaptic vesicles to 

being more diffuse throughout the neuron [75] (Figure 3). Changes in GAD67 localization 

are thought to lower its ability to synthesize GABA and thus reduce GABAergic signaling 

[81]. Indeed, Toxoplasma-infected mice develop longer and more severe seizures when 

treated with GABA receptor antagonists [75]. Thus, seizures develop in TE mice due to 

changes in both excitatory and inhibitory neurotransmission.

How does Toxoplasma alter GLT-1 and GAD67? It is unlikely that cysts in the relatively few 

infected neurons [82] are directly involved because these two proteins are affected 

throughout the brain regardless of proximity to cysts or reactivation sites [75, 76]. 

Toxoplasma can modulate larger numbers of host neurons independently of invasion by 

injection of effector molecules into host cells [83]. However, it is unclear whether these 

effectors remain active long enough to contribute to neuropathologies that take several 

weeks to develop. Intracerebral inflammation can also contribute to the onset of seizures 

[84]. Given the significant number of activated microglia and astrocytes in Toxoplasma-
infected brains [85], parasite-induced inflammation could contribute to seizures in infected 

mice. Overexpression of several cytokines that are upregulated by infection (e.g. IL-1β) can 

trigger or enhance seizures [84]. Inflammation can also compromise BBB integrity, which 

triggers a number of profound changes in the CNS [84]. First, BBB breakdown will alter 

intracerebral potassium homeostasis leading to membrane depolarization and increased 

synaptic firing. In addition, potassium can cause tissue damage by activating the 

inflammasome. Breakdown of the BBB will also allow antibodies, complement, and other 

immunomodulatory factors to gain access to the brain. Autoantibodies against excitatory and 

inhibitory synaptic proteins have been associated with the onset of epilepsy and other 

neurological disorders. Even though infection leads to increases in glutamate receptor 

subunit autoantibodies, it remains to be tested whether these and other autoantibodies could 

trigger seizures during TE [86].

The primary functions for microglia are constant monitoring of the parenchyma and 

surveying synaptic activity [87]. When a microglia encounters a dysfunctional synapse, it 

eliminates the synapse by phagocytosis via microglial expression of the C3 complement 
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receptor engaging C1q on the surface of complement-tagged neurons [88]. Although this 

process was originally identified to play a key role in synapse elimination during 

development [89], it has more recently been linked to various pathological events in mature 

animals [90–93].

Systemic inflammation (such as low dose intraperitoneal lipopolysaccharide injections) 

leads to synaptic loss that requires microglia. Here, microglia enshroud a synapse and then 

physically displaces it from the neuronal soma [94]. Synaptic displacement differs from 

synaptic elimination in several ways. First, displacement specifically impacts inhibitory 

synapses while elimination primarily targets excitatory synapses. Second, displacement is 

thought to have a neuroprotective role whereas elimination is associated with 

neuropathological conditions. Finally, elimination is dependent on C1q-mediated 

phagocytosis whereas displacement is not. Given that Toxoplasma appears to impact 

GABAergic (i.e. inhibitory) synaptic composition, elimination is likely to not be relevant in 

parasite-induced changes to GABAergic synapses. However, as a loss of dendritic spines is 

observed in cortical regions [76] microglia may additionally be playing a role in eliminating 

glutamatergic synapses.

TOXOPLASMA IN SKELETAL MUSCLE

Although there is a clear need to understand Toxoplasma-induced changes in the brain an 

overlooked area of pathology and a prime route of transmission is the SM. Both acute 

infections and reactivated infections in AIDS patients can cause myositis [6, 95–97]. Despite 

its clinical significance and importance in Toxoplasma’s life cycle, Toxoplasma-SM 

interactions are not well studied. Given the similarities between the brain and SM (both 

tissues have high numbers of post-mitotic cells and neuronal synapses) and differences (the 

brain is immune-privileged and SM is not), a comparison between the two may highlight 

important differences with regard to how inflammation and infections proceed in these two 

distinct tissues.

The brain and SM are the two primary tissues where tissue cysts develop. Because of the 

predominance of post-mitotic cells (neurons and myocytes) in both tissues - it has been 

hypothesized that the post-mitotic nature of these cells is conducive for bradyzoite 

development. Indeed, in vitro work showed that bradyzoite formation is more efficient in 

differentiated muscle cells [98, 99], which is consistent with earlier studies that 

demonstrated that deletion of CDA1, a protein that controls host cell proliferation, leads to 

increases in bradyzoite development [100]. However, other immunological or metabolic 

traits of post-mitotic cells may also contribute to cyst development.

Immune responses to Toxoplasma in the brain and SM were originally believed to be quite 

similar and typified by an influx of monocytes, macrophages, as well as CD4+, CD8+, and 

regulatory T-cells [101]. Indeed, IFN-γ is also critical for controlling Toxoplasma in SM and 

appears to function by activating IFN-γ stimulated GTPases and nitric oxide [102]. 

Unstimulated mature myocytes, however, express low levels of MHC Class I and II and high 

levels of inhibitory co-receptors e.g. PD-L1 and HLA-G [103, 104]. In response to 

infections and other pathological insults, muscle cells respond to pro-inflammatory 

Wohlfert et al. Page 8

Trends Parasitol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cytokines by upregulating MHC molecules and pro-inflammatory cytokines. But what cells 

in the muscle detect the parasite remains unknown.

As discussed above, continuous immune surveillance is required to prevent a reactivated 

infection from developing into toxoplasmosis and this is also true in SM and other tissues. 

However, these immune responses must be tightly regulated to prevent immune-mediated 

tissue damage and regulatory T-cells (Tregs) have been proposed to limit immunopathology 

during the acute phase of the infection. But what role Tregs play during chronic infections 

has been largely unexplored and remains unresolved [43, 105–107]. To address this, we 

explored the basis for the development of myositis in C57Bl/6 mice chronically infected 

with Toxoplasma [101]. Surprisingly, when Tregs are depleted from chronically infected 

mice, SM damage is significantly reduced suggesting that Tregs actively promote infection-

induced muscle damage and/or impair SM regeneration [101].

How do Tregs promote SM damage in Toxoplasma-infected mice? Damage to SM triggers a 

reparative program that ensures the efficacious activation and differentiation of stem cells 

(satellite cells) to intermediary myoblasts and terminally differentiated, functional myotubes. 

SM repair begins with an inflammatory phase mediated by inflammatory monocyte/pro-

inflammatory macrophages (IM/M1), which is followed by a shift in macrophage 

polarization to a pro-regenerative (M2) phenotype. Tregs are important for proper execution 

of each step and an inability to limit number of IM/M1 cells or a block in M1–M2 

conversion leads to SM damage [108] (Figure 4). Phenotyping macrophages from infected 

and uninfected SM revealed an accumulation of IM/M1 macrophages and Treg depletion 

lead to an increase in numbers of M2 cells in the parasite infected samples [101]. However, 

it remains to be determined whether increased IM/M1 macrophages and/or decreased M2 

cells is/are the mechanism(s) by which SM damage develops in parasite-infected mice. 

Pathogenic Tregs may also limit the ability for IM/M1 cells to remove SM debris from a 

damage nerve fiber or for M2 cells to promote regeneration [101]. It also remains to be 

determined whether Tregs have a similar pathogenic role in the brain and other tissues of 

chronically infected mice. A second question that remains to be investigated is whether loss 

of muscle control is entirely due to SM damage or if Toxoplasma impacts neurotransmission 

in SM as it does in brain.

CONCLUDING REMARKS

In this review, we highlighted recent advances regarding how Toxoplasma traffics to the 

brain and SM and causes overt pathology as well as highlighted several questions that we 

believe are important for the field to address. Although we have covered a wide range of 

topics we believe that these should not be seen in isolation but rather are highly interrelated. 

How are the immune responses to Toxoplasma in the brain and SM similar and also what 

makes them unique. This could help us understand locally driven and tissue specific 

immunity as well as tissue specific parasite-induced pathology. In addition, as our 

understanding of changes in neurotransmitters in the brain improves can we see similar 

alterations in the peripheral nervous system. This could apply not only to SM but the critical 

network of neurons at the site of infection in the gut and mucosal tissues. Further questions 

include, does Toxoplasma need to replicate within an endothelial cell for it to alter its gene 
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expression and allow it to become competent for growth in the brain or other tissues? Or, are 

pathogenic Tregs present in other tissues, such as the brain, and do they contribute to the 

changes in neuronal chemistry that are involved in the onset of seizures? And, how do the 

discovery of pathogenic Tregs impact the development of T-cell-based vaccines as well as 

new therapies aimed at disarming the as yet unknown parasite factors that trigger seizures 

and myositis. Finally, recent work has reported strong correlations between Toxoplasma 
infections and onset of neuropsychological disorders but it is unclear whether these are 

related to changes in GLT-1 and GAD67 expression and localization as well as neuronal 

inflammation.
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GLOSSARY

Astrocytes
brain resident glial cells

Blood brain barrier
A specialized cellular structure lining the vasculature of the brain separating it from 

circulating factors and one of the reasons that the brain is described as immune privlidged.

Dendritic cells
myeloid derived cells particularly adept at presenting antigen to T cells.

Encephalitis
inflammation of the brain parenchyma

Gamma-aminobuteryic acid (GABA)
an inhibitory neurotransmitter produced by GABAergic neurons

GLT-1
Glutamate transporter -1 (EAAT2) expressed on astrocytes is responsible for uptake of the 

excitatory neurotransmitter glutamate

Interferon-gamma (IFN-γ)
a cytokine produced primarily by T cells and required for activating anti-parasitic effector 

mechanisms

Myositis
chronic inflammation of the muscle

Paracytosis
Crossing of endothelial barrier through intracellular juctions.
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Post-mitotic Cells
Cells that have exited the cell cycle and are non-dividing.

Second harmonic imaging
When excited with two-photon laser light certain tissue structures emit light at half the 

wavelength and twice the frequency of excitation. These structures are non-centrosymmetric, 

with collagen and myosin being the most well characterized.

Transcytosis
Transfer of an extracellular macromolecule from one side of a cell to the other via pinocytic-

derived membrane bound vesicle.

Transendothelial migration
the trafficking of cells across an endothelial barrier
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TRENDS BOX

• Toxoplasma gondii establishes a chronic infection state in the brain and 

skeletal muscle of its mammalian host.

• Toxoplasma crosses the blood-brain barrier as either extracellular tachyzoites 

that infect and replicate with brain endothelial cells or within an infected 

monocyte.

• There is limited understanding of how Toxoplasma infections of the brain and 

skeletal muscle and the resulting inflammation impacts the tissues’ function.

• Recent studies have revealed that Toxoplasma alters both excitatory and 

inhibitory neurotransmission in the central nervous system and that these 

changes lead to unbalanced synaptic activity and seizures.

• Regulatory T-cells have a pathogenic role in Toxoplasma infected skeletal 

muscle.
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OUTSTANDING QUESTIONS

1. Why must a parasite replicate in an endothelial cell before entering the brain 

parenchyma?

2. What parasite and host factors promote changes in brain chemistry including 

GLT-1 down regulation and GAD67 mislocalization?

3. Following resolution of an acute infection in the brain, how are excitatory and 

inhibitory synapses reset? Do Toxoplasma-induced changes in neuronal 

circuitry contribute to an onset of psychological disorders associated with 

infection?

4. Do Tregs have a pathogenic function in other Toxoplasma-infected tissues?

5. Does Toxoplasma impact other proteins or biochemical processes in the brain 

or skeletal muscle?
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Figure 1. Toxoplasma Interactions in the Brain and Skeletal Muscle
In the brain, Toxoplasma gains entry by traversing across endothelial cells. Once inside the 

brain, the parasite forms tissue cysts within neurons. Immune pressure from a variety of 

central nervous system resident and peripheral cells prevents cyst reactivation and infection 

of non-neuronal cells. The presence of Toxoplasma and infection-induced inflammation can 

lead to a combination of increased excitatory and decreased inhibitory neurotransmission 

causing increased susceptibility to seizures. In skeletal muscle, Toxoplasma forms tissue 

cysts and can induce tissue damage due to the development of pathogenic regulatory T cells 

(Treg). T cell production of interferon-gamma (IFN-γ) remains important, however, in 

contrast to the brain little is known about Toxoplasma-induced changes to the peripheral 

nervous system. M1, pro-inflammatory macrophages; M2, pro-regenerative macrophages.
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Figure 2. Toxoplasma Down Regulates GLT-1 to Increase Excitatory Glutamatergic Synaptic 
Transmission
GLT-1 is an astrocytic glutamate transporter that removes extracellular glutamate from the 

synaptic cleft (left panel). Upon Toxoplasma infection, GLT-1 expression is downregulated 

leading to increased levels of extracellular glutamate and excitatory glutamatergic signaling 

and neuronal damage (right panel).
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Figure 3. Toxoplasma Alters GAD67 Localization to Decrease Inhibitory GABAergic Synaptic 
Transmission
GAD67 is clustered in presynaptic termini on the surface synaptic vesicles, which facilitates 

efficient GABA synthesis and packaging within the vesicles (left panel). Toxoplasma 
infection leads to a loss of clustering and subsequent decrease in GABAergic synaptic 

activity (right panel). This decrease in activity will increase the probability that an action 

potential will be triggered in the postsynaptic neuron.
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Figure 4. Toxoplasma Induces Pathogenic Tregs That Hinder Skeletal Muscle Regeneration
Regeneration of skeletal muscle from injury is a stepwise process that requires monocytes 

and pro-inflammatory macrophages (IM/M1) for the clearance of damaged myofibers and a 

transition in situ to pro-regenerative macrophages (M2) and activation of satellite cells for 

the regeneration of myofibers. Suppressive regulatory T cells (Tregs) are required for the 

IM/M1 to M2 transition (top panel). Toxoplasma infection in skeletal muscle significantly 

alters the function of Tregs such that they acquire pathogenic action and promote IM/M1 

accumulation and persistence, which results in an impaired skeletal muscle repair response 

(bottom panel).
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