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ABSTRACT 

 
Toxoplasma gondii is a neurotropic intracellular parasite that causes a life-long 

latent infection by encysting in the brain. Toxoplasma’s ability to 

asymptomatically persist within the central nervous system (CNS) is quite 

unusual, leading some investigators to investigate how this chronic infection 

might change baseline physiology. These investigations have been limited to 

understanding global changes, such as global neurotransmitter release or 

electrophysiology via electroencephalography as no mechanism existed to 

interrogate in vivo how Toxoplasma might change infected neurons. At the single 

cell level only one in vitro study demonstrated hyper and hypoexcitable states of 

neuron firing, but even this study failed to look at the individual neuron. We have 

overcome this barrier by developing a novel mouse model that allows us to 

permanently mark and track CNS host cells that have been injected with parasite 

effector proteins, parasite proteins that are secreted into host cells and 

manipulate host cells processes. Using this novel system, we have determined 

that: i) Toxoplasma persists in neurons because parasites primarily interact with 

neurons; ii) the vast majority of these Toxoplasma-injected neurons (TINs) 

(~95%) do not harbor parasites; and iii) TINs are not homogenously distributed 

throughout the brain. Based upon these findings and prior work, I hypothesize, 

that neurons injected with T. gondii effector proteins will be significantly changed 

such that they will show altered physiology. Given how widely neuron physiology 

can vary by region and neuron subtype, I used a stepwise approach to address 

this hypothesis. First, I developed a MATLAB-based mapping program to 
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neuroanatomically map TINs. Second, using this program, I determine that the 

isocortex and striatum are enriched for TINs. Third, within these regions, I used 

immunofluorescence assays to identify specific neuron subtypes commonly 

injected by Toxoplasma, including medium spiny neurons (MSNs) in the striatum. 

Finally, I leveraged the well-described electrophysiology of MSNs to compare 

single cell recordings of striatal TINs and nearby non-injected MSNs. Based upon 

these studies, I determined that the electrophysiology of striatal TINs 

substantially differs from surrounding striatal non-injected neurons, suggesting 

that interacting with Toxoplasma is sufficient to alter the electrophysiology of 

neurons possibly through a TINs-directed immune response or direct 

manipulation of the TIN from injected Toxoplasma proteins or active infection.  
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CHAPTER 1 
 

INTRODUCTION 

1.1 Toxoplasma gondii 

Toxoplasma gondii is an obligate intracellular parasite of the phyla Apicomplexa. 

Felids are the only definitive host for Toxoplasma, but Toxoplasma has a wide, 

intermediate host range and has been documented to naturally infect most warm-

blooded animals including birds, sheep, rodents, and humans (Dubey, 2009). In most 

hosts, Toxoplasma establishes a life-long, latent infection in tissues such as skeletal and 

cardiac muscle or the central nervous system (CNS), which includes the brain, the spinal 

cord and the retina. In this chapter, I will often use CNS interchangeably with the brain, 

where the majority of the work on Toxoplasma has been done.  

Humans primarily acquire Toxoplasma through the ingestion of contaminated 

food or water or via vertical transmission. Toxoplasma is found world-wide and 

seroprevalence rates range from <10% to >60% (Pappas et al., 2009). During acute 

infection, Toxoplasma disseminates throughout the host as a tachyzoite, the fast 

replicating form of the parasite which is targeted by the host immune response 

(Partanen et al., 1984; Bessieres et al., 1992). As infection proceeds, Toxoplasma 

transitions into the chronic stage of infection via conversion to the slowly replicating 

bradyzoite, which encysts. A number of differences exist between tachyzoites and 

bradyzoites/cysts, some of which are thought to enable the bradyzoite/cyst to escape 

immune detection, thereby leading to persistent infection (Kim & Boothroyd, 2005). In 

humans and rodents, the brain is the major organ of encystment and persistence 

(Dubey, 2009; Remington & Cavanaugh 1965).  

The ability of Toxoplasma to asymptomatically persist in the CNS of 

immunocompetent individuals is highly unusual, as when most microbes cross into the 

CNS, symptomatic and often lethal disease ensues. This tropism for the CNS underlies 
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the devastating disease Toxoplasma causes in those with deficient immune responses– 

e.g. developing fetus or AIDS patients. In addition, Toxoplasma’s predilection for the 

CNS has been linked to a number of behavioral deficits in rodents, such as an altered 

fear response and sensorimotor deficits (Berdoy et al., 1995; Berdoy et al., 2000; Vyas 

et al., 2007; Tan & Vyas, 2016; Hermes et al., 2008; Gulinello et al., 2010). Thus, the 

Toxoplasma-CNS interaction is of particular interest for understanding symptomatic 

toxoplasmosis as well as rodent behavioral changes. As a summary of the behavioral 

deficits and possible causes have been reviewed recently (da Silva & Langoni, 2009; 

Vyas, 2015; Kannan & Pletnikov, 2012), for this chapter, I will focus on work exploring 

how Toxoplasma enters the CNS of rodents, establishes a persistent infection, and 

affects CNS physiology. 

 

1.2 Brief overview of cells from the central nervous system 

The CNS is a complex organ that is composed of multiple cells that include 

neurons and glia. Glia were originally defined as neuronal support cells and consist of 

oligodendrocytes, astrocytes, and microglia. Microglia are tissue resident macrophages 

that have a hematopoetic origin as opposed to neuro-ectodermal origin (Ginhoux et al., 

2013). The percentage of glia that are astrocytes, oligodendrocytes, or microglia will vary 

by location and state (e.g. development, young, adult, infected, or injured) (Prinz & 

Priller, 2014). Neurons are the signaling cells of the CNS and are comprised of a vast 

array of subtypes distributed across the CNS in a heterogeneous manner. Regional and 

long-distance connections between neurons underlie the intricate processing network 

that allows complex integration of information from external stimuli to initiate and 

generate movements and complex behaviors.  

There are numerous ways to classify neurons: structurally as described and 

drawn originally by Cajal; neurotransmitter usage; excitatory neurons, defined by 
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glutamate or inhibitory neurons via GABA usage; surface marker expression; firing 

patterns; and recently, gene expression. For the purpose of this dissertation work, I will 

focus on broad markers of the cortex and striatum, as well as markers for inhibitory 

interneurons. 

 

1.2.1 Cortical layering and projection/pyramidal neurons of the cortex 

In rodents and humans, cortical development proceeds in an inside out fashion but 

varies in duration depending on the species. In mice, cortical development begins at 

embryonic day 9.5-10.5 (E9.5-10.5) and continues on for 6 days in mice (Caviness & 

Verne, 1982). In rats, the process runs from E13 to E21, while human cortical 

neurogenesis starts at gestational week (GW) 5 and ends at GW20 (Bystron et al. 2008). 

At E9.5 there is the first appearance of cerebral vesicles from the dorsal surface of the 

rostral neural tube (Sansom & Livesey, 2009). The first postmitotic neurons, Cajal-

Retzius neurons, appear at E10.5 and form the marginal zone that later becomes layer I 

(Sansom & Livesey, 2009). At E11, normal cortical development occurs, and radial glia 

stem cells develop in the ventricular zone (VZ) that is adjacent to the ventricle, then the 

subventricular zone (SVZ) forms above the VZ. New neurons arise from progenitor pools 

found in these regions and migrate up from a projection of the radial glia that spans the 

width of the developing cortex (Sansom & Livesey, 2009). Eventually the neuron will 

detach from the radial glia and position itself in what is now the developing cortical plate. 

The first early born neurons will become the deeper layer VI, while the later born 

neurons will become the superficial layer II. During this process, individual progenitor 

neurons are able to replicate and produce pyramidal neurons within the cortex (Tan SS, 

et al., 1998; Molyneaux et al., 2007). Once these projection neurons develop and extend 

their axons via various trophic factors, which include Slit2, Wnt5a, various semaphorins 

and ephrin molecules, they will form three basic classes of cortical projection neurons 
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(PN): associative, commissural and corticofugal. PNs encompass ~70-80% of cortical 

neurons and are excitatory and glutamatergic (Molyneaux et al., 2007; Lodato & Arlotta, 

2015). PNs can also be called excitatory pyramidal neurons and are neurons that 

connect the cortex to intracortical, subcortical, and subcerebral targets. There are other 

types of pyramidal neurons found in subcortical regions like the hippocampus, but within 

this dissertation, pyramidal neurons are defined as the projection neurons of the cortex. 

 

1.2.2 Commissural projections 

Commissural projections are callosal projection neurons (CPN) of small to 

medium size neurons that are located in layers II/III, V and VI and whose axons extend 

across the corpus callosum (CC). In rodents ~80% of CPNs are located in layer II/III, 

~20% in layer V and a smaller number in layer VI (Fame et al., 2011) Three types of 

callosal neurons can be classified, the first are callosal neurons that send projections to 

the contralateral side of the brain, second callosal neurons that project to the 

contralateral side but also contralateral projection to the striatum, or a projection to the 

ipsilateral striatum. The third callosal neuron send projections to the contralateral and 

ipsilateral cortex, but never to the striatum.  

 

1.2.3 Corticofugal (Corticothalmic) projections  

Corticothalmic PNs are projection neurons that are found in layer VI and a small 

subset in layer V. These neurons send projections to the nuclei of the thalamus. Another 

subclass of corticofugal neurons are subcerebral PNs which are located in layer V of the 

cortex and send projections to the brain stem and spinal cord. The subcerebral 

projection neurons are further divided into corticorectal PN, corticopontine PN, and 

corticospinal motor PN. Corticorectal PNs are primarily located in the visual cortex and 

send projections to the superior colliculus, while corticopontine neurons send projections 
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to the pons. Corticospinal PNs are situated in the sensorimotor cortex and project to the 

spinal cord, with collaterals to the striatum, red nucleus, caudal pons and the medulla. 

 

1.2.4 Genetic identification of cortical progenitors and into adulthood 

 There is growing literature aiming to identify specific genes that are expressed by 

cortical neurons to determine if specific layers express specific genes. An example of 

one specific gene is paired box 6 (Pax6) which can be used a global marker for cortical 

progenitors. Pax6 is needed for the development of functioning cortical areas and 

establishing dorsal progenitors, as a lack of Pax6 induces ventral progenitors to arise 

and take over dorsal positioning (Muzio et al., 2002). What had been lacking in cortical 

development research was the identification of the specific genes that are utilized to 

determine cortical subtypes. To address this problem, large scale in situ hybridization 

studies and expression studies utilizing microdissected regions of cortex have been 

conducted. These studies defined several layer specific genes/markers. Cux1, Cux2, 

and Lhx2 are found in layers II/III to IV (Bulchand et al., 2003; Nakagawa et al., 1999). 

Opn3 is a marker for layer V and FoxP2 is a marker for layer VI (Arlotta et al., 2005, 

Ferland et al., 2003). Ctip2, also known as Bcl11b, is said to be restricted to layer V, with 

lower level expression in corticothalamic neurons of layer VI (Arlotta et al., 2005, Lodato 

et al., 2015). In the developed cortex PN gene markers include Cux2 in layers II-IV, Ptn 

in layers II/III, as well as EphA3 and Nnmet and are known to label CPNs (Molyneaux et 

al., 2009, 2015). The corticopontine/corticospinal PNs express Ctip2 (Bcl11b), 

Tmem117, EphB1, Cdh13, Pappa2, and Pcp4. Corticothalamic PNs in layer VI express 

Foxp2, Foxg2, Ctip, and Fezf2 in adult mice. (Lodato & Arlotta, 2015). 

 

1.2.5 Inhibitory interneurons in the cortex 
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 In addition to the large subset of projection neurons within the cortex, there are a 

fewer number of shorter projecting cortical interneurons (IN). Interneurons primarily use 

the neurotransmitter 𝛾-aminobutyric acid (GABA) (Wonders & Anderson 2006). INs 

make local connections within the cortex that can send multiple projections across 

multiple layers of the cortex and modulate the firing patterns of PNs (Lodato et al., 

2014b). Cortical interneurons are born from the medial and caudal ganglionic eminences 

(MGE, CGE) and in the preoptic area and which are contained within the ventral 

telencephalon (Gelman et al., 2009, Wonders & Anderson 2006). IN progenitors then 

migrate to the developing cortex. Most INs arise from the MGE and express parvalbumin 

(PV) or somatostatin (SST); together these markers label ~60% of cortical INs in rats 

and mice (Gonchar & Burkhalter 1997). The three predominant markers that encompass 

GABAergic neurons are PV, SST and inotropic serotonin receptor 5HT3a (5HT3aR) 

(Flames & Marin, 2005; Tremblay et al., 2016). Calbindin (CB) labels up to 7% of IN 

populations and these neurons have been reported to have overlap with SST+ and 

calretinin+ INs (Hof et al., 1999) Interestingly, excitatory spiny INs are located in layer IV 

and are labeled with the markers RorB, MDGA1, Eag1/2, while each cortical layers 

contains a multitude of inhibitory INs. The three classes of INs are further divided by cell 

body morphology, dendritic and axonal arbors, and electrophysiological properties. An 

example of these are fast-spiking (INs) that are PV+, which are further divided by their 

arborization into large basket cells and chandelier cells. Large basket cells synapse on 

proximal dendrites and somas of PNs, while chandelier cells target initial axonal 

segment of PNs (Tremblay et al., 2016). 

 

1.2.6 Development of the striatum 

  The adult mammalian striatum is a major component of the basal ganglia and 

has a distinct role in motor function. The striatum consists of two nuclei, the caudate and 
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putamen. The projection neurons of the striatum are GABAergic medium sized spiny 

neurons (MSN) and account for 90-95% of all striatal neurons (Mensah & Deadwyler, 

1974; Graveland & DiFiglia M, 1985; Gerfen, 1992). The remaining 5-10% of striatal 

neurons are INs. Even though both of these neuron populations are GABAergic, there is 

no overlap between these populations when labeling for specific markers. The striatum 

receives glutamatergic input from the cortex and dopaminergic input from the substantia 

nigra (Alexander & Crutcher, 1990). MSNs act as the main projection neurons of the 

striatum, which project to the external globus pallidus (indirect pathway, enkephalin 

expression) and to the substantia nigra and internal pallidum (direct pathway, substance 

P and dynorphin expression) (Gerfen et al., 1990). In rodents, these two populations of 

MSNs are not morphologically different and do not topographically separate within the 

striatum. Development of the striatum in mice begins at E13 in females and E15 in 

males (Floerke-Nashner et al., 2000) The ventral portion of the neural tube of the 

developing midbrain, the floor plate, is the origin of striatal neurons (Smart & Sturrock, 

1979). Specifically, the medial ventricular eminence (MVE), is responsible for the 

generation of cholinergic interneurons of the striatum, pallidum and basal forebrain 

(Marin et al., 2000; Olsson et al., 1998), while the lateral ventricular eminence (LVE) is 

the source of GABAergic striatal neurons (Campbell et al., 1995; Deacon et al., 1994). In 

a structure similar to the cortex, the ventricular eminences contain a ventricular zone and 

subventricular zone that aid in the generation of neuronal precursors.    

 

1.2.7 Expression profiles of medium spiny neurons                                                        

The Forkhead-box p (Foxp) gene family is comprised of Foxp1, Foxp2, Foxp3, 

and Foxp4. Foxp3 is not expressed in the CNS, but the other Foxp genes are. Foxp1, 

Foxp2, and Foxp4 are expressed at high levels in the developing striatum of rodent and 

human brains (Ferland et al., 2003; Lai et al., 2003; Takahashi et al., 2003). After 
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development, Foxp1 and Foxp2 are expressed in the adult striatum, while Foxp4 is down 

regulated in postnatal rat brains. Even though MSNs morphologically look similar, MSNs 

can be differentiated by two dopamine receptors, D1 and D2. D1 MSNs contain the 

neuropeptide substance P (SP) and dynorphin. D2 MSNs contain the neuropeptide 

enkephalin (Gerfen et al., 1990; Le Moine & Bloch, 1995; Wichmann & DeLong, 1998). 

Reports also show that D1/D2 receptors are co-expressed in a proportion of MSNs 

(Aizman et al., 2000; Aubert et al., 2000; Lester et al., 1993). The next major marker of 

MSNs is DARPP32, a dopamine and cyclic AMP-regulated phosphoprotein with a 

molecular weight of 32kDa. Early DARPP32 studies combined immunoreactivity and 

electron microscopy to determine that MSNs were the neurons being labeled with 

DARPP32 (Ouimet et al., 1984; Ouimet & Greengard, 1990). Ctip2 is expressed by 

MSNs and specifically labels the critical neuronal population from early post-mitotic 

stages, and loss of Ctip2 leads to MSN differentiation failure. In the adult striatum, CTIP2 

is highly co-localized with DARPP32 (Arlotta et al., 2008). Compared to the cortex, the 

striatal IN population is smaller and includes cholinergic neurons and GABAergic 

neurons that express one of the following neurotransmitters: PV, calretinin, or 

somatostatin (Jain et al., 2001). Interestingly, the interneuron populations do not co-

localize with CTIP2 or DARPP32 (Arlotta et al., 2008).  

  

1.2.8 Glial Cells  

The function of oligodendrocytes is to insulate the axons of neurons with myelin, 

allowing for proper signal conduction. Another glial cell type, astrocytes, are support 

units responsible for promoting efficient signaling between neurons, release of growth 

factors, and separation of neuronal groups (Kandel, 2013). When these cell populations 

are discussed, the number of glia to neurons is often overestimated (Herculano-Houzel 

et al., 2006; Herculano-Houzel et al., 2012). Careful quantification suggest that glia and 
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neurons are, in fact, approximately equivalent in number across a range of mammals, 

including humans (Azevedo et al., 2009; Herculano-Houzel et al., 2006; Herculano-

Houzel et al., 2012). Astrocyte and oligodendrocyte turnover does occur in the CNS, but 

this turnover becomes attenuated in adulthood, with a vast majority of glia becoming 

oligodendrocytes (McCarthy & Leblond 1988; Horner & Palmer 2003; Marshal et al., 

2003). For neurons, even in adulthood, replication occurs but only in distinct regions of 

the brain and in limited amounts (Ming & Song 2011). While microglia and infiltrating 

macrophages are essential for controlling Toxoplasma in the brain, neurons and 

astrocytes are the parenchymal cells that have been most implicated in playing a role in 

CNS toxoplasmosis. 

 

1.3 Toxoplasma gondii invasion of the central nervous system 

How Toxoplasma enters the CNS may alter the specific cell types Toxoplasma 

may interact with. For any pathogen to enter the CNS, it must cross the blood-brain 

barrier (BBB). The BBB is a selective barrier that is composed of endothelial cells that 

line microvessels in the brain. The basal lamina and pericytes surround endothelial cells, 

followed by enclosing astrocytic endfeet (Figure 1A). These cellular interactions allow 

the BBB to exclude large peptides and proteins and only allow free diffusion of small 

gaseous molecules like oxygen and carbon dioxide. At baseline, the presence of tight 

junctions and adherence junctions excludes paracellular movement of hydrophilic 

molecules and the migration of cells past the endothelial barrier (Abbott et al., 2006). 

Though originally conceived of as a highly impermeable barrier through which most 

organisms and cells could not pass, it is now recognized that microbes have developed 

multiple mechanisms for crossing the BBB. Further, in the right context, immune cells 

cross into the CNS for immune surveillance (Hickey & Kimura, 1987; Boerman et al., 

1992; Verma et al., 2009; Chai et al., 2014). For Toxoplasma, three mechanisms have 
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been proposed for CNS entry: paracellular crossing, transcellular crossing, or the so-

called “Trojan horse” mechanism whereby an infected immune cell crosses the BBB, 

bringing the intracellular parasite with it (Figure 1B).  
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Figure 1. Diagram of the physical and cellular interactions that compose the 
blood-brain barrier.  
(A) The blood-brain barrier (BBB) is composed of microvessels surrounded by an 
endothelial cell layer with tight junctions, pericytes surround the tight junctions, and 
then astrocytic processes or endfeet provide the final layer. (B) Toxoplasma has 
been postulated to have 3 mechanisms for crossing the BBB. (1) Paracellular entry 
in which Toxoplasma migrates directly through the tight junctions of the endothelial 
cell layer, (2) Transcellular entry in which free parasites in the vascular 
compartment infect endothelial cells, replicate, and then egress out of the 
basolateral side of endothelial cell (lysing the host cell), (3) The “Trojan horse” 
method, whereby an infected immune cell infiltrates the CNS, after which the 
parasite egresses out of the immune cell and into the brain parenchyma. 
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1.3.1 Paracellular entry 

Several lines of evidence suggest that Toxoplasma may be able to cross into the 

CNS via the paracellular method (Figure 1B, #1). Though Toxoplasma lacks cilia and 

flagella, the parasite is able to propel itself using actin-myosin motors which generates 

movement termed “gliding motility” (Dobrowlski & Sibley, 1996). This gliding motility is 

thought to aid Toxoplasma to cross the first barrier it encounters: the epithelium of the 

small intestine (Tardieux & Menard, 2008). The gut epithelial barrier shares many 

features with the BBB, including tight junctions, paracellular junctions, regulation of 

barrier properties, and an immune barrier (Daneman & Rescigno, 2009; Daneman & 

Prat, 2015). Parasites are able to cross-polarized cell monolayers and extracellular 

matrix, which mimic both the BBB and gut epithelial barrier (Barragan & Sibley, 2002). In 

addition, parasites are able to transmigrate across the intestinal epithelium ex vivo 

(Barragan & Sibley, 2002). Importantly, recent work using physiological shear force 

applied to live-cell microfluidic chambers has shown that tachyzoites are capable of 

adhering to and migrating on vascular endothelium in these semi-physiologic conditions 

(Harker et al., 2014), though actual paracellular crossing by tachyzoites was not 

observed in these conditions (M. Lodoen, personal communication). 

 

1.3.2 Transcellular migration 

Toxoplasma transcellular migration refers to infection of a cell, followed by 

replication, and then lysis or egress from the basolateral side (Figure 1B, #2). This 

phenomenon has been primarily conceptualized for crossing from the gut epithelium into 

the intestinal lamina propria (Dubey, 1997; Gregg et al., 2013). But a recent study using 

transgenic reporter systems and multi-photon in vivo imaging suggests such a 

mechanism may also have a role in how Toxoplasma crosses the BBB. In this study, 

Konradt et al., found infected endothelial cells in multiple organs including the brain. 
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Further work showed that free tachyzoites in the bloodstream were able to adhere to 

CNS endothelial cells, invade, replicate, and eventually egress from these cells, 

potentially depositing these egressing parasites into the CNS parenchyma (Konradt et 

al., 2016). This work also used in vitro assays to show that, in shear stress conditions, 

parasites were able to attach and invade endothelial cells, especially at lower shear 

forces, consistent with the in vivo observation that parasite-infected endothelial cells 

were primarily found in smaller diameter vessels (Konradt et al., 2016). Finally, this study 

noted a lack of infected infiltrating immune cells early in CNS infection, consistent with 

prior work that also noted CNS parasite infection preceding immune cell infiltration into 

the CNS (Conley & Jenkins, 1981).  

 

1.3.3 Infected immune cells 

The final mechanism proposed for Toxoplasma entry into the CNS is via the 

“Trojan horse” mechanism (infected immune cells) (Figure 1B, #3). Several studies, 

using in vitro models, have shown that infected immune cells have increased motility and 

are capable of crossing endothelial barriers, including during shear stress (Lambert et 

al., 2006; Lachenmaier et al., 2011; Ueno et al., 2014). Additionally, intravenous 

inoculation of mice with infected macrophages or dendritic cells led to a more rapid 

appearance of parasites in the CNS compared to inoculation with free parasites 

(Lambert et al., 2006, Courret et al., 2006) though multiple mechanisms (not just 

increased BBB crossing by infected immune cells) might explain these results.  

 

In summary, Toxoplasma may enter the CNS through multiple mechanisms. 

Outstanding questions include the relative importance of each mode of entry and how 

different mechanisms of entry might affect which regions of the CNS are infected or even 

which CNS cells directly interact with Toxoplasma. 
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1.4 CNS host cell interactions 

Given the importance of Toxoplasma CNS persistence to clinical disease, where 

and how Toxoplasma persists in the CNS of the immunocompetent host has long been 

an area of interest. Human data on CNS regions “susceptible” to Toxoplasma primarily 

comes from autopsies of AIDS patients. In these studies of severely 

immunocompromised patients, Toxoplasma lesions were consistently found in cerebral 

cortex and basal ganglia, with fewer lesions in the cerebellum, brainstem, and spinal 

cord (Lang et al., 1989; Strittmatter et al., 1992; Laing et al., 1996). These data are 

consistent with the localization of cysts observed in rodents (Berenreiterová et al., 2011; 

Dubey et al., 2016; Evans et al., 2014).  

However, host cell-Toxoplasma interactions of immunocompetent humans are 

not well characterized. One recent report from primarily immunocompetent patients 

states that Toxoplasma was seen in both neurons and astrocytes, but it is unclear from 

the methodology how this observation was determined (Alvarado-Esquivel et al., 2015). 

Given the lack of human data, our understanding of CNS host cell-Toxoplasma 

interactions has, by necessity, come from in vitro and rodent models of CNS 

toxoplasmosis. In mouse models of toxoplasmosis, some controversy existed over 

whether Toxoplasma cysts were intra- or extracellular (Ghatak & Zimmerman, 1973; 

Pavesio et al., 1992). But, the earliest reports using electron microscopy (EM) suggested 

that cysts were within cells, though this work did not identify the specific cell type 

(Wanko et al., 1962; Sims et al., 1989). Subsequent improvements in EM led to the 

identification of synapses near cysts, suggesting that cysts persisted within neurons 

(Ferguson & Hutchison, 1987a). The finding that cysts are intracellular and primarily 

within neurons was further supported by additional studies, including one that used 

parasites recently isolated from AIDS patients and a common lab-passaged strain 
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(Ferguson, Hutchison, 1987b; Ferguson et al., 1994). A study using 

immunofluorescence and confocal microscopy also found that cysts were primarily 

associated with anti-neuronal labeling (Melzer et al., 2010).  

The recognition that Toxoplasma persists primarily in neurons raises the question 

of why Toxoplasma– a parasite that can invade most nucleated cells in vitro (Werk, 

1985) and that brings its own invasion machinery (Blader et al., 2015)– predominantly 

persists in neurons. In vitro studies showed that Toxoplasma readily infects and encysts 

in both astrocytes and neurons (Fischer et al., 1997; Halonen et al., 1996), but 

astrocytes were capable of using multiple mechanisms to clear intracellular parasites 

(Peterson et al., 1995; Halonen et al., 2001; Martens et al., 2005; Degrandi et al., 2013). 

Conversely, neurons were not capable of such clearance (Schlüter et al., 2001), a 

finding in line with other evidence that neurons lacked full immune response capabilities 

(Rall et al., 1995). Based upon these studies and the previously reviewed in vivo work, 

the working model for Toxoplasma-CNS host cell interactions was that after entering the 

CNS, parasites invaded both astrocytes and neurons. Astrocytes then cleared the 

intracellular parasites while neurons could not, leaving neurons as the host cell for 

persistent infection.  

 

1.5 Toxoplasma-Cre system 

Until recently, this model could not be tested in vivo as there was no way to 

identify host cells that had been invaded but cleared the intracellular parasite. The 

advent of the Toxoplasma-Cre system, an in vivo system in which parasites trigger 

permanent host cell expression of green fluorescent protein (GFP), even when the cell is 

not productively infected, offered a platform to test this model (Figure 2) (Koshy et al., 

2010; Koshy et al., 2012).  
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Figure 2. Using the Toxoplasma-Cre system to test two models of why 
Toxoplasma primarily persists in neurons in vivo.  
(A) After entering the CNS, Toxoplasma should be able to interact with different cells 
in the brain, including both astrocytes (orange) and neurons (beige). As the 
Toxoplasma-Cre system leads to the expression of a green fluorescent protein 
(GFP) in host cells injected with Toxoplasma protein regardless of infection status, it 
can help distinguish between two likely models for Toxoplasma persistence in 
neurons. (B) Model 1: After infiltration of the CNS Toxoplasma interacts with and 
invades both astrocytes and neurons, causing both cell types to express GFP 
(green). Astrocytes clear the intracellular parasite while neurons cannot, leaving 
neurons as the primary host cell for persistent infection. (C) Model 2: After infiltration 
of the CNS Toxoplasma almost exclusively interacts with and invades neurons, 
leading to GFP expression primarily in neurons. Neurons potentially clear some but 
not all invading parasites, leaving neurons as the primary host cell for persistent 
infection.  
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Studies using this system suggest that: i) Toxoplasma interacts with far more CNS cells 

than previously described; ii) the majority of these interactions do not lead to productive 

infection; and iii) throughout CNS infection Toxoplasma predominantly and almost 

exclusively interacts with neurons (Koshy et al., 2012; Cabral, Tuladhar et al., 2016). 

These data suggest a new model for Toxoplasma-CNS host cells– one in which 

Toxoplasma persists in neurons because parasites primarily interact with and invade 

neurons.  

 

1.6 Host cell invasion and effector proteins 

 Toxoplasma does not use a specific cell receptor to enter the host cell because it 

brings its own invasion machinery, which is housed in a set of secretory organelles 

called the micronemes and rhoptries (Dubey et al., 1998; Sinai, 2014). Initial attachment 

is mediated by microneme (MICs) proteins that span the plasma membrane of 

Toxoplasma. MIC proteins come together with an actomyosin system to make up the 

glideosome, which aids Toxoplasma with both extracellular movement and invasion 

(Carruthers, 2002; Barragan et al., 2005; Jacot et al., 2016). Early recognition of host 

cell attachment triggers Toxoplasma to form a tighter interaction, followed by the 

formation of the moving junction (MJ), indenting the host cell plasmalemma. The MJ is 

composed of the MIC transmembrane protein AMA1 and proteins contained within the 

rhoptry neck (RONs) (Besterio et al., 2011; Lamarque et al., 2011). RONs are secreted 

into the plasma membrane of the host cell. AMA1 is constitutively secreted and 

distributed across the surface of Toxoplasma’s membrane and complexes with RON2, 

RON8, RON5 on the host plasma membrane (Besterio et al., 2011; Straub et al., 2011; 

Beck et al., 2014). Once the MJ is formed Toxoplasma invaginates the host cell plasma 

membrane, forming the parasitophorous vacuole membrane (PVM). During invasion, 

through an unknown mechanism, the MJ strips transmembrane proteins from the host 
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plasma membrane, producing a membrane that lacks receptors for host cell machinery 

to bind onto, thereby preventing fusion with host cell lysosomal compartments (Mordue 

et al., 1999). The PVM separates parasites from the host cytosol and is postulated to 

play an active role in the modulation of cellular functions and nutrition (Sinai et al., 1997). 

When parasites convert to the encysted, persistent form the structure just under the 

PVM is modified to become the cyst wall, which contains unique proteins and lipid 

modifications. 

 In addition to the RONs, ROPs (Toxoplasma proteins secreted from the rhoptry 

bulbs), and MICs needed for host cell invasion, Toxoplasma also secretes so-called 

effector proteins that localize to the PVM, the host cytosol, and/or the host nucleus. 

These effector proteins then influence pathogenesis through modulation of host gene 

expression and protein trafficking. The effector ROPs are secreted early in the invasion 

process, while a later set of effector proteins is released by another secretory organelle 

called the dense granules (Cesbron-Delauw et al., 2008). A number of these effector 

proteins can be polymorphic, varying by the genotype of the infecting strain, and can 

play a role in Toxoplasma strain-specific outcomes. For example, in mice, type I 

Toxoplasma strains have an LD100 = 1 parasite (i.e. 1 parasite will kill all mice), while 

type II and type III strains show LD50s of ~ 102-103 and 104-105, respectively. 

Quantitative trait locus (QTL) mapping using F1 progeny from genetic crosses between 

a type I and type III strain and a type II and type III strain showed that strain-specific 

differences in two rhoptry proteins— ROP18 and ROP5— account for these differences 

in acute virulence (Taylor et al., 2006, Saeij et al., 2006, Behnke et al., 2012; Reese et 

al., 2011). While neither ROP5 or ROP18 directly affect host cell gene expression, 

another rhoptry protein, ROP16, does. Though type I, II, and III strains all express alleles 

of ROP16 that are predicted to be active kinases, the type I and III ROP16s 

phosphorylate STAT3/6— two transcription factors— while the type II ROP16 does not 
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(Saeij et al., 2007; Yamamoto et al., 2009; Ong et al., 2010). In turn, this strain-specific 

phosphorylation/activation of STAT3/6 regulates the subsequent immune response 

(Butcher et., 2011; Tuladhar et al., 2019; Chen et al., 2020).  

 

 

1.7 Physiological changes and effects during Toxoplasma infection 

Until recently, little work had been done on how Toxoplasma changes CNS 

physiology, but in the last several years, a number of important in vivo studies have 

begun to address this question. A major mechanism for affecting CNS physiology would 

be through changes in neurotransmitters, the molecules that neurons use for 

interneuronal communication. In vivo measurements of neurotransmitters have primarily 

measured global changes within the brain, not cell-specific changes. The dopaminergic 

system has been of major interest because dopamine is essential for locomotor activity 

(movement) and various forms of learning, including fear (Beninger, 1983). As such, 

investigators have sought to implicate the dopaminergic system in infection-induced 

behavioral changes (Vyas et al., 2007). Several studies that directly measured CNS 

dopamine levels or dopamine metabolites suggest that post-infection, CNS dopamine 

levels increase (Stibbs, 1985; Ihara et al., 2016), though another group was unable to 

confirm these changes (Wang et al., 2015). One explanation for these contradictory 

findings is that each group used different mouse strains, which can affect the immune 

response to Toxoplasma (Brown et al., 1990; Suzuki & Joh, 1994). As immune cells 

have been shown to produce dopamine (Pacheco et al., 2014) and none of the groups 

determined the cellular source of the measured dopamine or metabolites, these 

differences might simply reflect differing levels of immune infiltration into the CNS rather 

than changes in the CNS dopaminergic cells or pathways. 

Two recent papers have focused on the neuron neurotransmitter-physiology link, 
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and collectively found that the infected CNS shows altered excitability. David et al found 

that glutamate, the major excitatory neurotransmitter of the CNS, was increased in the 

CNS of infected mice secondary to disruption of the normal re-uptake of extracellular 

glutamate by astrocytes via the glutamate transporter (GLT-1) (Figure 3). They further 

showed that these changes were correlated with decreases in neuronal dendritic spine 

density (an early sign of distressed neurons) as well as depth-electrode 

electroencephalogram (EEG) changes, and that most of these changes could be 

reversed with a brief treatment with ceftriaxone, an antibiotic that increases GLT-1 levels 

(David et al., 2016). Brooks et al., examined the effect of Toxoplasma infection on γ-

aminobutyric acid (GABA), the major inhibitory neurotransmitter in the brain. They 

showed that glutamate decarboxylase (GAD), a key enzyme responsible for the 

conversion of glutamate to GABA and the most common marker for identifying 

GABAergic neurons, was mis-localized within neurons of the hippocampus, though the 

absolute levels of GAD were unchanged compared to uninfected mice. Though the 

authors did not directly measure GABA levels, they did use skull EEG recordings to 

show that infected mice had an increase in spontaneous seizures and sensitivity to drug-

induced seizures, both of which would be expected consequences of the loss of 

neuronal inhibition (Brooks et al., 2015). Consistent with this concept, a recent study 

reported that the number of inhibitory perisomatic synapses of parvalbumin neurons are 

reduced after Toxoplasma infection (Carrillo et al., 2020). In addition to effects on 

neurotransmitters, infection has been noted to cause physical changes to the CNS. One 

study that evaluated mice infected with Toxoplasma for 8 months found that infected 

mice had both an increase in the size of the ventricles, fluid filled areas in the midline of 

the brain, as well as some asymmetry of the brain parenchyma. While both findings 

could be explained by loss of parenchymal cells in the brain, histologic studies showed 

no neuronal loss, axonal injury, or “extensive” demyelination (Hermes et al., 2008). 
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However, another study using diffusion tensor imaging, an MRI method used to evaluate 

white matter projections (the axons of neurons and the oligodendrocytes that produce 

the myelin that ensheath axons) found mis-targeting of discrete neuronal projections in 

mice chronically infected for 4-5 months compared to control animals. This study 

specifically focused on the somatosensory cortex (SSC, the part of the brain involved in 

tactile modes of sensation) as the authors had noted abnormalities in the SSC in full 

brain evaluations. Following up with immunofluorescence and western blots, the authors 

observed reductions in dendritic arborization, spine number, and essential synaptic 

proteins suggesting that the synaptic connections of the SSC had been disrupted 

(Parlog et al., 2014). This latter study suggests that Toxoplasma infection causes 

discrete areas of disruption and neuronal loss, which may be missed with global 

surveys, rather than focal studies.  
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Figure 3. Schematic of Toxoplasma effects on glutamate and glutamate 
decarboxylase. 
(A) Glutamate: Under normal conditions glutamate, an excitatory neurotransmitter, is 
released into the synaptic cleft from the pre-synaptic neuron. Glutamate then diffuses 
across the synaptic cleft to act on glutamate receptors on the post-synaptic neuron, leading 
to excitation of the post-synaptic neuron. This glutamatergic signaling is terminated by 
uptake and recycling of synaptic glutamate by the transporter GLT-1 on surrounding 
astrocytes. Glutamate uptake by GLT-1 is essential to avoid excessive glutamate signaling 
which can lead to post-synaptic excitotoxicity and neuronal death. After an infection, GLT-1 
dependent transport into astrocytes is impaired, allowing for an increase in glutamate 
accumulation in the synaptic cleft, which is expected to lead to more excitation of the post-
synaptic neuron. (B) GAD: Glutamate decarboxylase (GAD) is primarily found on pre-
synaptic terminals where it will process glutamate into GABA, the major inhibitory 
neurotransmitter in the brain. Once GABA is released into the synaptic cleft, it will bind onto 
GABA receptors on the post-synaptic neuron, which decreases the excitability of the post-
synaptic neuron. In the case of infection, GAD is redistributed into the cytosol of the 
presynaptic neuron, which would be expected to cause improper GABA localization at 
synapses, leading to decreased inhibition of the post-synaptic neuron. 
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1.8 Electrophysiological changes in other infectious diseases 

 There are a select number of infectious pathogens that reach the brain, including 

Toxoplasma, rabies virus, and alpha-herpesviruses. Rabies virus, which is the causative 

agent of the disease rabies, has been adapted to acts as trans-synaptic tracer and 

infects neurons through axon terminals (Ugolini, 1995; Wickersham et al., 2007). The 

alpha-herpesviruses include human herpes simplex virus (HSV), varicella zoster virus, 

and swine pseudorabies virus (PRV). PRV infects a wide range of hosts, but not 

humans, and spreads trans-synaptically in the nervous system. For these reasons, PRV 

strains have been used to understand alpha-herpesvirus biology and attenuated strains 

have been utilized for retrograde labeling studies (Pomeranz et al., 2005). When whole 

cell patch recordings are performed in PRV infected neuronal cultures there is an 

increase in action potential rates compared to mock infected cultures and these 

increases are strain specific (McCarthy et al., 2009). In superior cervical ganglia (SCG) 

cultures there is a significant increase in intracellular Ca2+ during infection (Kramer & 

Enquist, 2012). Interestingly, after PRV infection it has been found that synchronous 

firing occurs, due to the fusion of neuronal cell bodies (syncytia formation) (McCarthy et 

al., 2009). 

 In the case of HSV-1 infections, there is disruption in pain sensory transmission, 

and the sensory transmission can be either diminished or enhanced (Zhang et al., 2019). 

HSV-1 infection of dorsal root ganglia (DRG) cultures from a small subset of patch-

clamped DRGs indicated that as the infection progressed, there is a depolarized resting 

membrane potential and a decrease in the spike amplitude (Oakes et al., 1981). A 

similar result was reported in a non-neuronal cell type infected with HSV-1/2, where a 

depolarized resting membrane potential was also observed (Fritz & Nahmias, 1972). In 

DRG cultures from guinea pigs, recorded DRGs have a depolarized resting membrane 

potential (Fukuda et al., 1983). The authors attribute these differences to a possible 
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influx of Na+. 

West Nile virus (WNV) is a neurotropic flavivirus that causes West Nile 

encephalitis in humans, animals and birds (Kramer & Bernard, 2001). In mice, WNV 

disseminates to the CNS and, within 4 to 6 days of infection, there are motor deficits 

such as limb paralysis and paraplegia (Diamond et al., 2003). In paralyzed mice, there is 

an increase in WNV antigen contained within neurons, when compared to time-matched 

infected mice without paralysis (Shrestha et al., 2003). After WNV infection, hamsters 

have suppressed electromyographs (EMG) amplitudes when compared to uninfected 

animals (Morrey et al., 2010).  

In summary, what has become apparent is that the form and physiology of the 

rodent brain is affected during both acute and chronic infection. The mechanisms that 

cause these changes in CNS physiology may be due to: i) direct interactions via injection 

of effector proteins or persistence within a host neuron; ii) indirect effects of the CNS 

immune response to control the infection; or iii) both. Additionally, as these studies 

focused on relatively acute infections, the duration of these changes has yet to be 

determined. However, it remains unclear how these findings translate to human 

outcomes, though both congenitally infected patients and AIDS patients with toxoplasmic 

encephalitis are known to have seizures (Luft & Remington, 1992; Neu et al., 2015). 

When it comes to select pathogens that target the brain, most of these microbes cause 

acute infections. Electrophysiologic studies involving these pathogens have mainly 

focused on in vitro approaches or global measurement like EEG; few studies have 

performed recording from cells that have directly interacted with the pathogen. 

 
 
1.9 Significance and goal of this dissertation 
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Toxoplasma latently infects the CNS of up to 1/3 of the world's population and, 

yet, how the CNS and neurons are affected after infection remains understudied. Only a 

handful of studies have investigated the global changes on CNS physiology. My 

dissertation focuses on understanding the newly described, far more abundant 

Toxoplasma injected neurons. My work will determine: 1) if TINs are localized to a 

specific region of the brain as has been suggested by cyst localization; 2) if TINs 

encompass a specific neuron subtype; and 3) how TINs physiology is altered ex vivo. 

This contribution is significant because it is the first study to address the localization of 

TINs in the mouse brain; if Toxoplasma targets a specific neuron subtype; and how initial 

interactions with Toxoplasma alter neuron physiology. In addition, while not the focus of 

this study, the proposed work may also explain why specific regions of the brain appear 

to have a higher susceptibility to Toxoplasma reactivation. The overarching hypothesis 

for my dissertation work is that, even without an active infection, neurons injected with 

Toxoplasma effector proteins will be significantly changed such that they will exhibit 

altered physiology. 

To test this overarching hypothesis, I will use the Toxoplasma-Cre system to 

localize, track, and measure at the single neuron level the electrophysiological changes. 

The goal of this dissertation is to: 

1. Establish a reliable, quick, and inexpensive way to quantify and 

neuroanatomically localize TINs using large sets of tissue sections. 

2. After establishment of a quantification method, determine where TINs are 

located and if they are enriched in specific regions of the brain. 

3. Within regions of the brain with high numbers of TINs, determine if 

Toxoplasma targets a specific neuron subtype. 

4. If colocalization of TINs can be established, define the changes to TINs after 

injection with Toxoplasma effector proteins. 
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CHAPTER 2 
 

MAPPING OF TOXOPLASMA GONDII INJECTED NEURONS VIA MATLAB BASED 

SEMI-AUTOMATED QUANTIFICATION AND NEUROANATOMICAL METHOD 

2.1 Introduction 

Our Toxoplasma-Cre reporter system has given us the ability to identify the cells that 

have interacted with Toxoplasma and the goal of this chapter was to develop a semi-

automated method to quantify and localize TINs across the mouse brain. Given the 

intimate link between neuroanatomic location and function, there has always been an 

interest in mapping and quantifying cells and disease processes throughout the brain. 

Until recently, processing these large sets of data has been time consuming and labor 

intensive as it required manual counting and neuroanatomic localization. To address this 

issue, various quantification methods have been developed, followed by the gold 

standard stereological methods to quantify cells in a precise stereotyped manner (Sterio 

1984; Howard et al., 1998; Gundersen et al., 1986; West et al., 1991; Hedreen, 1998). 

These techniques were developed to count cells in relatively small sample regions of 

pre-identified neuroanatomic locations and in regions with uniform cell densities 

(Schmitz et al., 2005). However, in certain scenarios, like infectious models of disease, 

the cells of interest can be heterogeneously distributed throughout the brain and 

idiosyncratically vary between mice, thus making proper stereology quantification difficult 

to do. To address this gap, there has been growing focus on imaging of whole brains or 

thick serial sections using a variety of imaging techniques such as confocal, 2-photon, or 

light-sheet microscopy, and micro-optical sectioning tomography. These imaging 

techniques have been used in combination with complex algorithms and machine 

learning techniques to localize and quantify cells (Peng et al., 2017; Inglis et al., 2008). 

The equipment used and methods of quantification are not readily available at many 
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universities. Here, we describe a semi-automated method that can be utilized by most 

researchers because it relies on standard immunohistochemistry and basic light 

microscopy coupled to a MATLAB (Mathworks, Inc., Natick, MA)-based program to 

count and map cells of interest onto the Allen Institute Mouse Brain Atlas 

(http://www.brain-map.org/). 

We developed this methodology to define neurons and CNS regions that are 

targeted by the protozoan parasite, Toxoplasma gondii. Toxoplasma is an intracellular 

parasite that naturally infects a wide range of warm-blooded hosts, including humans 

and rodents (Dubey et al., 1998; Dubey 2008). Until recently, the only way to identify 

infected brain regions was by cyst location. Several studies found that encystment is 

highest in the neocortex and striatum, along with other forebrain structures 

(Berenreiterová et al., 2011; Evans et al., 2014., Boillat et al., 2020). However, cyst 

location does not necessarily give an accurate representation of which neurons are 

infected, as cysts can be located in distal processes > 100 microns from the neuron 

soma (Cabral et al., 2016). The development of our Toxoplasma-Cre system in which 

permanent host cell GFP-expression is triggered by injection of a parasite protein 

significantly changed this landscape (Koshy et al., 2012; Cabral et al., 2016). First, GFP 

expression enables visualization of the whole neuron (both cyst location and soma) 

(Koshy & Cabral, 2014). Second, as this system is dependent upon injection of parasite 

protein, not active infection, it revealed that Toxoplasma injects its effector proteins— 

parasite proteins that hijack host cell processes and signals— into far more host cells 

than it productively infects (Koshy et al., 2012). This finding is particularly pronounced in 

the CNS, where Toxoplasma-injected neurons (TINs) out-number cysts up to 50-fold 

(Koshy et al., 2012). Thus, by mapping TINs, we can determine if cysts are commonly 

found in specific brain regions because these regions are particularly susceptible to 

Toxoplasma infection or if neurons display regional differences in the capability to clear 
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intracellular parasites, as has been suggested for West Nile Virus (Cho et al., 2013). To 

test this hypothesis, we need to reliably quantify and neuroanatomically localize TINs 

throughout the entire brain. 

 Unfortunately, TIN location in the brain widely varies by mouse and TINs are 

non-uniformly dispersed throughout the brain. Manual counting of these large 

populations of TINs would be time-consuming and inefficient. Thus, the lack of large-

scale, efficient methods to quantify and localize idiosyncratic cell distributions throughout 

a whole mouse brain section was an impediment to moving this work forward. To 

overcome this barrier, we developed a semi-automated, MATLAB-based method that 

allows rapid quantification and neuroanatomical localization across whole-brain 

histological images. While the program has been developed for identifying TINs, it can 

be applied to count and localize a wide variety of cells or processes within histological 

images of sagittal mouse brain sections.  

 

2.2 Methods 

2.2.1 Animal and Parasite Model 

  The animal model used for these experiments are B6.Cg-Gt(ROSA)26Sortm6(CAG-

ZsGreen1)Hze/J on a C57BL/6J background (Madisen et al., 2010). The cells of these Cre-

reporter mice only express a green fluorescent protein (ZsGreen) after Cre-recombinase 

mediated genetic recombination. The Toxoplasma parasite strain used for this study was 

engineered to inject Cre into host cells concomitantly with parasite effector proteins 

(parasite proteins used to manipulate host cells) (Koshy et al., 2010; Koshy et al., 2012).    

 Parasites were maintained via serial passage through human foreskin fibroblasts 

using DMEM supplemented with 2 mM glutagro, 10% fetal bovine serum, and 100 

I.U./ml penicillin/ 100 μg/ml streptomycin (Cabral, Tuladhar et al., 2016). Mice were 
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infected at 2-3 months of age via intraperitoneal (IP) injection with freshly syringe-

released parasites. Mice were inoculated with 10,000 parasites per 200 μl volume in 

USP grade PBS. At 3 weeks post infection, animals were sedated with a 

ketamine/xylazine cocktail, intracardially perfused with saline followed by 4% 

paraformaldehyde, after which brains were harvested.  

 

2.2.2 Immunohistochemistry 

Left and right brain hemispheres were isolated and 40 micron-thick sagittal 

sections were generated using a freezing sliding microtome (Microm HM 430). Sections 

were sampled every 200 microns to obtain a set of 20 sections, that would increase the 

likelihood of matching sections to the Allen Brain Mouse Atlas (ABA). Sections were pre-

mounted on slides before immunohistochemical labeling (Figure 4).  

  

 

Figure 4. Tissue processing workflow and mapping of sections onto Allen atlas 
reference. Three weeks after intraperitoneal infection with parasites, brains are 
harvested, sectioned, and then sampled every 200µm. Slides are premounted onto 
charged slides, immunloabled for a green fluorescent protein (ZsGreen), 
counterstained with Cresyl violet and imaged. 

 

Figure 1. Tissue processing workflow and mapping of sections onto Allen atlas reference.
Three weeks after intraperitoneal infection with parasites, brains are harvested, sectioned, and then sampled every 200um. Slides are
premounted onto charged slides, immunloabled for a green fluorescent protein (ZsGreen), counterstained with Cresyl violet and imaged.

Cre-reporter mice are infected
with T. gondii

Brains are collected 3 weeks post
infection and sectioned at 40 microns

Sagittal sections are sampled
every 200 microns and mounted

200
microns

Mounted sections are labeled with
IHC DAB for GFP and Nissl

Imaging at 10x
with a Leica
DMI6000 Inverted
Microscope



 42 

To insure adhesion of tissue onto slides, tissue was allowed to air-dry onto slides 

overnight followed by dehydrated using increasing then decreasing concentrations of 

50%, 75%, 95%, and 100% ethanol. Slides were washed with TBS, peroxidases 

inactivated (3%H2O2/10% methanol), permeabilized (0.6% Triton X-100), blocked (1.5% 

BSA and 1.5% goat serum), and incubated with Rabbit anti-ZsGreen (Clontech, Cat. No. 

632474, 1:10,000) for 15-18hrs. Next, slides were incubated in Goat anti-rabbit 

polyclonal biotinylated conjugated antibody (Vector Labs, Cat. No. BA-1000, 1:500) for 2 

hrs, incubated with avidin-biotin complex kit (ThermoFischer Scientific, Cat. No. 32020) 

for 2 hrs and visualized with a 3,3’-diaminobenzidine kit (Vectastain, Vector Labs Cat. 

No. SK-4100). Sections were then counterstained with cresyl violet for Nissl labeling 

(Dorph-Petersen et al., 2001). Although the Nissl counterstain is not part of the 

colorimetric thresholds used in cell detection, it increased the contrast between TINs and 

surrounding tissue, which improved the consistency of automated cell detection.  After 

processing tissue sections were estimated to shrink by over 50%. 

 

2.2.3 Microscopy 

Slides were imaged on a Leica DMI6000 with a motorized stage, using Leica 

Application Suite X (LAS X). All images were taken with a 10x objective lens. The 

working distance of the objective used was sufficient to capture the whole depth of TINs. 

Base background subtraction and white balance was maintained throughout the same 

experiment to ensure consistent exposure. Image stitching was done automatically 

through LAS X with a 10% overlap. Images were stored as Leica Image File Format (lif).  

 

2.2.4 Computer hardware and software specifications 
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All images were processed on a computer with an Intel 6-core 6800k processor 

with 32GB of RAM. The operating system used was Windows 10 Professional. All 

MATLAB code was written and run using MATLAB 2015a. 

 

2.2.5 Cell detection and counting 

Individual histology section images were imported into MATLAB and TINs were 

automatically identified using colorimetric and size thresholds (Figure 5A). 

Immunohistochemistry used to stain TINs brown caused variability in brown background 

staining. Some regions had a light brown background (high background labeling) while 

others had no brown background staining. Consequently, TINs in the high background 

regions consistently stained darker (Figure 5A’’ schematic) than those that were on 

unstained background (Figure 5A’ schematic). To make identification of the TINs more 

accurate, the tissue was separated into two regions— light brown background (Figure 

5B) and unstained background (Figure 5B’). This separation was done by using a color 

threshold to segment the light brown region of the tissue. The threshold was manually-

selected and was tested across different tissue sets. To smooth the edges of the light 

brown region, a series of erode and dilate functions were used to remove small irregular 

objects that lay outside the light brown region. The complementary region was used as 

the unstained tissue background region. Both regions were dilated slightly so they would 

overlap to account for minor region segmentation errors. This overlapping mask 

accounts for TINs that may have been located on region border or be located slightly 

outside the intended region.  

In the light brown background regions, where TINs were consistently stained 

dark brown, ImageJ was used to measure the RGB values of several manually-selected 

TINs. These RGB values were used to threshold and segment the TINs (Figure 5C). 
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TINs in the no-brown-background tissue region were light brown and segmented with the 

same methods (using RGB values defined to be specific for these lighter brown TINs) 

(Figure 5C’). Small, non-circular objects (e.g. processes) were removed with a 

sequence of erode functions (Figure 5 D/D’). The remaining segmented objects (TINs) 

were dilated to their original diameter (Figure 5 E/E’). A size threshold was used to 

remove objects that were larger than cells. The light and dark brown segmented TINs 

were merged to eliminate double-counting in the overlapping regions (Figure 6). The 

TIN centroids were automatically encircled on the section image (Figure 5 F,G). The 

analyzed image was then manually corrected (i.e. unmarked TINs (false-negatives) were 

marked and false positive TINs were unmarked) using a custom-built graphical user 

interface (GUI) that allowed for rapid selection and removal of cells. By intent, RGB 

threshold values were set to over-count TINs (i.e. increased false-positive TIN detection) 

as it was more efficient to remove incorrectly identified cells than to examine the whole 

section and identify uncounted TINs (i.e. false-negative TIN detection) if the RGB values 

were too stringent. A decrease in the RGB threshold range values by 40% led to a 

decrease in TIN centroids (Figure 7 A-C), while an increase in the threshold value range 

by 40% increased the number of TIN centroids and false positive cell bodies (Figure 7 

D-F). The RGB threshold values used were determined empirically and gave reliable 

results across different mice, tissue sets, and staining runs. 
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Figure 5. Workflow of MATLAB cell detection and quantification includes 
separation of image into areas of high and no brown background staining.  

(A) Original image. Top schematic shows how TINs stain dark brown when in area 
with high brown background staining (A''). Bottom schematic shows how TINs stain 
light brown in area with no brown background staining (A'). Experimental image (A) is 
split into two regions through RGB thresholds: Light brown regions from high brown 
background labeling (top row, B) and regions with no brown background staining 
(bottom row, B'). Separate RGB color thresholds are applied to each region to 
generate a Boolean mask of DAB+ regions (C, C'). Perimeter of shapes is eroded to 
remove irregular shapes (D,D'), then dilated back to original size (E, E'). The two 
masks are combined for final quantification (F). Regions are marked with centroids 
(G), and operators use a dialog box to manually error-check identified cells (H). 
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Figure 2. Workflow of MATLAB cell detection and quantification includes separation of image into areas of high and no brown background
staining.
(A) Original image. Top schematic shows how TINs stain dark brown when in area with high brown background staining (A''). Bottom schematic shows
how TINs stain light brown in area with no brown background staining (A'). Experimental image (A) is split into two regions through RGB thresholds:
Light brown regions from high brown background labeling (top row, B) and regions with no brown background staining (bottom row, B'). Separate RGB
color thresholds are applied to each region to generate a Boolean mask of DAB+ regions (C, C'). Perimeter of shapes is eroded to remove irregular
shapes (D,D'), then dilated back to original size (E, E'). The two masks are combined for final quantification (F). Regions are marked with centroids (G),
and operators use a dialog box to manually error-check identified cells (H).
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Figure 6. Program mis-counts TINs when not adjusting for background or when 
not overlapping masks.  

(A) Original image. (B) Mask generated when applying single RGB threshold to 
tissue with varying background. (C) TINs identified by program with this work flow. 
Black arrows identify TINs missed by this single RGB threshold program. (D) Original 
image that is separated into high background and no background areas (Fig. 2). (E) 
Mask generated when separated areas are re-merged without overlap. (F) TINs 
identified by program using non-overlapping merge. Black arrows identify TINs 
missed by this work flow. 
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Supplemental Figure 1. Program mis-counts TINs when not adjusting for background or
when not overlapping masks. (A) Original image. (B) Mask generated when applying single
RGB threshold to tissue with varying background. (C) TINs identified by program with this work
flow. Black arrows identify TINs missed by this single RGB threshold program. (D) Original image
that is separated into high background and no background areas (Fig. 2). (E) Mask generated
when separated areas are re-mergeD without overlap. (F) TINs identified by program using non-
overlapping merge. Black arrows identify TINs missed by this work flow.
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Figure 7. Adjustment of RGB thresholding affects accuracy of quantified TINs. 
(A,D) Original image. (B) Mask generated by narrowing RGB threshold by 40%. (C) 
TINs identified using these narrow RGB thresholds. Black arrows identify TINs 
missed by this narrow threshold (increased false negatives). (E) Mask generated by 
broadening RGB threshold by 40%. (F) TINs identified using broad RGB thresholds. 
White arrowheads identify non-TINs that have been quantified (increased false 
positives). 
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Supplemental Figure 2. Adjustment of RGB thresholding affects accuracy of quantified TINs.
(A,D) Original image. (B) Mask generated by narrowing RGB threshold by 40%. (C) TINs identified using these
narrow RGB thresholds. Black arrows identify TINs missed by this narrow threshold (increased false negatives).
(E) Mask generate by broadening RGB threshold by 40%. (F) TINs identified using broad RGB thresholds. White
arrowheads identify non-TINs that have been quantified (increased false positives).

D E F

A B C



 47 

2.2.6 Image registration 

Mapping of brain section images to the Allen Brain Atlas (ABA) was 

accomplished in a multi-step process.  First, 20 sagittal atlas images were downloaded 

as vector images (in SVG format). Each anatomical region was outlined with black lines. 

The outlines were removed using Inkscape software (Albert, M., et al. "Inkscape." 2015) 

and the images were saved as pixelated images. A set of 20 corresponding reference 

infected brain tissue section images (referred to as reference images from here forward) 

were imported into MATLAB using the Open Microscopy Environment Consortium's Bio-

Formats software library (Linkert et. al., 2010). Pairs of corresponding reference and 

atlas images were then registered with an affine transformation (translation, rotation, 

scale, and shear) followed by a piecewise transformation using the MATLAB control 

point registration tool. Approximately 30 control points were manually placed on identical 

anatomical landmarks in the reference and atlas images, with emphasis on the tissue 

borders as well as internal structures. Empirical testing of brain landmarks that gave the 

best fit led to exclusion of control points on the olfactory bulb and cerebellum. The 

transformation matrices generated by the control point registration were saved so they 

could be used in subsequent processing steps. While this procedure required a 

significant amount of user interaction, it only had to be done once. New, experimentally 

generated labeled brain section images were registered to the untransformed reference 

brain section images with an automatic affine transformation. Finally, all the brain section 

images were warped using the saved transformation matrices so that all experimental 

sections were aligned to the atlas images. Registration alignment for brain section 

images were visually inspected by overlaying individual images to the corresponding 

atlas image (Figure 8). The number of TINs in 12 major anatomical regions of the brain 

was determined using the TIN centroids and Boolean masks for each region of the brain 
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identified in the atlas image. In the atlas images, each anatomical region has a defined 

color (Figure 8B). Masks for each anatomical region were created by isolating an SVG 

image and isolating each colored region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.7 Validation 
 

Intra-operator and inter-operator variability were assessed to determine the 

reliability of our program.  Intra-operator analysis was conducted by comparing the semi-

automated program results between two independent sessions with the same operator. 

A single operator used the program to count cells in 3 sets of tissue, each consisting of 

20 sections. The same operator counted the same 3 sets of tissue during a second 

counting session two days later. To assess variability between sessions, the coefficient 

of variation (CV) was calculated for the total cell counts of each set independently by 

dividing the standard of deviation of the cell counts by their mean value (SD/Mean). The 

average CV was calculated between sets to take all sets into account. To assess cell-

mapping consistency, counts from Set 1 were broken down into major brain regions to 

compare the number of cells localized to each region between different sessions. 

 Assessment of inter-operator error was carried out by comparing the total cell 

counts between two operators counting the same 3 sets of tissue in independent 

sessions without a supervisor. The CV was calculated for each set independently and 

 

Figure 8. Image registration of brain sections onto atlas image. 
(A) Anatomical control points on reference image 14 corresponding to control 
points on Allen Mouse Brain Atlas (B). (C) Output transformation of (A) onto (B) 
from cell mapping program.  
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averaged, similar to intra-operator analysis. Set 1 was split into major brain regions to 

compare cells localized to each region for different operators. 

2.3 Results 

2.3.1 False-positive and false-negative rates 

We designed our program to err towards over-counting our manual counts, since 

we found deleting points easier than manually adding cells. Two separate users sampled 

tissue sections from one mouse and compared counts to the uncorrected output by the 

program. Here we demonstrate that our program tends to over-count across most 

regions of the brain across users with little variability (Figure 9, Table 1). In two regions, 

the striatum and the hippocampal formation, the program identified significantly fewer 

TINs than User 1 (-19 and -26 respectively, Table 1) After the independent counts, User 

1 and 2 reviewed these areas together and agreed that User 1 had incorrectly identified 

a number of TINs, which is not surprising given that User 1 (undergraduate) has far less 

experience than User 2 (graduate student). This highlights the point that an automated 

system is less likely to introduce less user-to-user variability, especially when accounting 

for differing ranges of human expertise and bias. Overall, these data suggest that the 

program performs as designed by primarily over-counting within the range of user 

variability. 
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Figure 9. Automated program primarily over-identifies TINs compared 
to manual counts. TINs quantification from two, independent users 
compared to uncorrected program counts. The counts are broken down by 
twelve major brain regions. Blue colored dots represent uncorrected counts 
generated by the program. Green and red dots represent manual counts 
from two users. N=1 mouse, 20 sections. 
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Table 1 TINs mapping from two independent users compared to uncorrected 
counts generated by automated program. 
Users sampled sets of tissue that corresponded to specific Allen atlas sections. Final 
outputed centroids were corrected since by users since output parameters are set to 
overcount TINs. For user 1 quantification of final counts compared to uncorrected 
program counts range from -26 to +25. For user 2 final count differences ranged from 
+2 to +51.  

 
 

Region User 1 User 2 No correction +/- from User 1 +/- from User 2 
Isocortex 448 402 453 5 51 
Striatum 136 114 117 -19 3 
Pallidum 9 8 10 1 2 
Hypothalamus 51 44 46 -5 2 
Olfactory Areas 53 38 55 2 17 
Cortical Subplate 29 21 26 -3 5 

Thalamus 22 17 22 0 5 
Midbrain 57 43 53 -4 10 
Hippocampal 
Formation 156 104 130 -26 26 
Cerebellum 13 10 20 7 10 
Pons 4 2 8 4 6 
Medulla 7 7 15 8 8 
Tracts 61 65 86 25 21 

Table 1 TINs mapping from two independent users compared to uncorrected counts generated by 
automated program. 
Users sampled sets of tissue that corresponded to specific Allen atlas sections. Final outputed centroids 
were corrected since by users since output parameters are set to overcount TINs. For user 1 
quantification of final counts compared to uncorrected program counts range from -26 to +25. For user 2 
final count differences ranged from +2 to +51.  
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2.3.2 Intra-operator and inter-operator validation 

 The average coefficient of variation (CV) across all 3 sets of tissue for intra-

operator analysis was 4.97% (Figure 10A). Comparison of cell localization data by 

major brain regions between sessions shows similar values in each of the major brain 

regions, with an average difference of 8 cells in each region (Figure 10B). Low variation 

in overall cell quantification and in localization between sessions indicates effectiveness 

and consistency of the semi-automated quantification method between different 

sessions with the same operator. 

 To further validate our system, we wanted assurance that our quantification was 

reliable across operators. An average CV of 1.68% for inter-operator variation was 

calculated across all 3 quantified sets (Figure 10C). A comparison of cell counts by 

major region also shows similar values across these regions, with an average difference 

of 10 cells (Figure 10D), indicating an accuracy of cell quantification and localization 

between different operators. We then plotted each quantification session to each other 

(Figure 11) and performed regression analysis to determine any differences between 

operators. We found an r2 value of 0.998, demonstrating that regionalization using our 

method is consistent between users. 
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Figure 10. Quantification and validation of semi-automated program. 
Three weeks after Toxoplasma infection, a brain was harvested, sectioned, 
sampled, and stained as previously outlined. TINs were quantified from 3 sets of 
tissue from this brain. (A) Intra-operator cell counts in 2 independent experiments 
for 3 different tissue sets. Coefficient of variation was 3.80%, 4.63%, and 6.20% for 
Sets 1, 2, and 3 respectively, and the average was 4.97%. Low variation indicates 
that the program is reliable between experiments with the same operator. (B) Intra-
operator cell counts for Set 1 broken down into major mouse brain regions. Low 
variation indicates regional consistency in cell counting, and consistency in semi-
automated mapping. (C) Inter-operator cell counts for 3 different tissue sets. Cells 
were counted in the absence of a supervisor to eliminate unintentional bias. The 
coefficient of variation was 2.06%, 0.77%, and 2.19% for Sets 1, 2, and 3 
respectively, for an average coefficient of variation of 1.68%. (D) Inter-operator cell 
counts for Set 1 broken down into the major mouse brain regions which showing 
low regional variability. N = 1 mouse, 20 tissue sections/set, 3 sets total. No 
significant differences were observed via 2-way ANOVA with Sidak’s multiple 
comparison test. 
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Figure 5. Quantification and validation of semi-automated program.
Three weeks after infection with parasites, a brain was harvested, sectioned, sampled, and stained as
previously outlined. TINs were quantified from 3 sets of tissue from this brain. (A) Intra-operator cell
counts in 2 independent experiments for 3 different tissue sets. Coefficient of variation was 3.80%,
4.63%, and 6.20% for Sets 1, 2, and 3 respectively, and the average was 4.97%. Low variation
indicates that the program is reliable between experiments with the same operator. (B) Intra-operator
cell counts for Set 1 broken down into major mouse brain regions. Low variation indicates regional
consistency in cell counting, and consistency in semi-automated mapping. (C) Inter-operator cell
counts for 3 different tissue sets. Cells were counted in the absence of a supervisor to eliminate
unintentional bias. The coefficient of variation was 2.06%, 0.77%, and 2.19% for Sets 1, 2, and 3
respectively, for an average coefficient of variation of 1.68%. (D) Inter-operator cell counts for Set 1
broken down into the major mouse brain regions which showing low regional variability. N = 1 mouse,
20 tissue sections/set, 3 sets total
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2.3.3 Quantification and localization of TINs in the infected mouse brain 
  

To apply this novel semi-automated method, six Cre-reporter mice were infected with 

Toxoplasma-Cre parasites for 3 weeks, after which brains were harvested, followed by 

tissue processing and analysis using the semi-automated method. Sections sampled for 

these mice ranged from 16-20 sections, as a full set of 21 sections was not possible for 

 
Figure 11. Regression analysis from regionalization counts between users. 
Blue shows regression line for intra-operator regional counts plotted session 2 vs 
session 1. r2 value for this correlation was .998. Red indicates the regression line for 
inter-operator counts plotted operator 2 vs operator 1. r2=0.998. 
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all animals because of variability from sectioning.  Raw cell counts obtained from our 

program showed that TINs are most commonly found in the isocortex and striatum 

(Figure 12A) but that whether TINs are highest in the cortex or striatum can vary widely 

between mice (Figure 12B). These data show that this novel semi-automated 

quantification and localization method can be used to rapidly and accurately analyze 

large sets of tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 12. The isocortex and striatum house the highest number of TINs, 
though high levels of mouse-to-mouse variability are observed. Cre-reporter 
mice were infected with Toxoplasma parasites. Brains were harvested at 3 weeks 
post infection and sampled as previously described. Total TIN counts were grouped 
into 12 major regions of the brain, as described by the Allen Institute. Each colored 
coded point is an individual mouse (A) Total TIN count is highest in the isocortex 
and striatum, with a mean of 65.17 and 43.5 respectively. (B) Mapping of only 2 
mice to demonstrate the mouse-to-mouse variability in counts in specific brain 
regions. Mouse A (light blue) has a much higher overall TIN count with the absolute 
highest number of TINs in the isocortex. Mouse B (dark blue) has a relatively low 
number of TINs overall but has a high absolute number of TINs in the striatum.  
Bars = mean ±SEM, 16-20 sections/mouse, N= 6 mice. 
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Figure 6. TINs are enriched in the isocortex and striatum, though high mouse-to-mouse variability is observed.
Cre-reporter mice were infected with Toxoplasma parasites. Brains were harvested at 3 weeks post infection and sampled as
previously described. Total TIN counts were grouped into 12 major regions of the brain, as described by the Allen Institute. Each
colored coded point is an individual mouse (A) Total TIN count is highest in the isocortex and striatum, with a mean of 65.17 and
43.5 respectively. (B) Mapping of only 2 mice to demonstrate the mouse-to-mouse variability in counts in specific brain regions.
Mouse A (light blue) has a much higher overall TIN count with the absolute highest number of TINs in the isocortex. Mouse B (dark
blue) has a relatively low number of TINs overall but has a high absolute number of TINs in the striatum. Bars, mean ±SEM 16-20
sections/mouse, N= 6 mice
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2.3.4 Software efficiency and viability 

 Compared to manual counting, semi-automated counting is significantly faster. 

After imaging was completed, quantification and mapping of TINs from 6 mice, each with 

16-20 whole-sections, was completed in less than a week, with automated counting and 

image registration running overnight. This indicated a nearly 3-fold increase in tissue 

processing capability when compared to manual counting and mapping of experimental 

tissue. Automatic image counting time ran from 32 seconds on smaller images to 108 

seconds on larger images, and image transformation generally ran from 76 - 139 

seconds, which was dependent on the image size. GUI-assisted counting was the 

longest step in the protocol, each section taking on average 6-7 minutes.  

2.4 Discussion 

 We have developed a unique semi-automated cell quantification and localization 

protocol. This method allows operators to obtain total cell counts across a whole-brain 

section throughout the entire brain within a 5 percent variation between trials and 

operators, effectively eliminating most of the subjectivity associated with manual 

counting. We implemented this method and were able to effectively quantify and localize 

TINs in the mouse brain. The low variability in the intra- and inter-operator quantification 

indicates reliable, reproducible data acquisition between different sessions and different 

users. While this approach was shown to be effective for identifying TINs, this method 

can be adapted to quantify and localize other immunolabeled cells or processes (e.g. 

beta-amyloid plaques in AD mouse models) by changing the parameters the program 

utilizes to identify cells of interest. In addition, the MATLAB code can be modified to 

quantify cells in fluorescently labeled tissue, extending the program’s potential usages. 

Coding in MATLAB allows these parameters to be altered easily with trial-and-error 
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refining of these parameters. Finally, this method could be utilized to quantify large, non-

homogeneous cell populations in the spinal cord or any other organ, provided an atlas 

exists for the organ of interest, as a new reference atlas could be generated. This is 

especially useful if little or no data exists about localization of a particular cell or 

aggregate of interest. 

 Future studies characterizing the localization of TINs are now possible using this 

semi-automated method. Large-scale quantification of TIN localization could eventually 

lead to correlational studies, linking the localization of TINs in the brain with specific 

behavioral abnormalities in infected mice. This method provides accurate data with 

minimal set up and investment in time. Recently, other methods have been established 

to accomplish similar goals (Peng et al., 2017; Inglis et al., 2008, Leibman et al., 2016), 

but these methods require access to high-end equipment, computing resources and 

dedicated computer science departments that are often unavailable at smaller research 

institutions. Our method is carried out using a relatively low-cost computer, a standard 

version of MATLAB, and a light microscope with a motorized stage with image stitching 

capabilities, all of which are commonly available even at smaller universities. This semi-

automated method is a valuable approach to first-steps quantification and localization of 

immunolabeled objects and overall provides accurate and consistent results using basic 

laboratory equipment and computing, making it a fast and versatile way to quantify such 

cells. 
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CHAPTER 3 

TOXOPLASMA GONDII INJECTED NEURONS ARE ENRICHED IN THE CORTEX 

AND SHOW HIGHLY ABNORMAL PHYSIOLOGY 

3.1 Introduction 

A select number of highly divergent microbes (e.g. measles virus, Toxoplasma 

gondii) naturally cause infections of neurons within the nervous system. While most of 

these viruses cause debilitating disease or death, alpha herpes viruses and the 

eukaryotic parasite Toxoplasma gondii primarily establish persistent, relatively quiescent 

neuronal infections in those with fully intact immune systems (Dubey, 2009). While the 

neuron-alpha herpes virus interaction has been studied for decades— leading to a 

mechanistic understanding of herpes virus latency in neurons and the development of 

novel tools for circuit tracing— our understanding of the neuron-Toxoplasma interaction 

is just beginning (Ugolini, 1995; Wickersham et al., 2007).  

Using a Cre-based mouse model that allows us to permanently identify and track 

host cells (via green fluorescent protein expression) injected with Toxoplasma protein, 

our group showed that Toxoplasma predominantly interacts with neurons in vivo (Koshy 

et al., 2010; Koshy et al., 2012; Cabral, Tuladhar et al., 2016). These data suggest that 

Toxoplasma persists in neurons, in part, because parasites primarily interact with 

neurons rather than glia. In addition, we determined that far more neurons are injected 

with Toxoplasma protein than are persistently infected (Koshy et al., 2012). 

Here we continue to harness this Cre-based model to extend our understanding 

of the neuron-Toxoplasma interface. We leverage the high numbers of Toxoplasma-

injected neurons (TINs), which outnumber cysts by over 10-fold (Koshy et al., 2012), and 

the expression of GFP, which labels the full neuron, to carry out a systematic 
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neuroanatomic mapping of TINs, revealing that TINs are most commonly found within 

the cortex followed by the striatum. Within the cortex and the striatum, we used 

immunofluorescent assays to determine if Toxoplasma preferentially targets specific 

neurons subtypes, finding instead that Toxoplasma predominantly interacts with the 

most prevalent neuron subtypes in a region. Finally, we used single neuron patch-

clamping in ex vivo slices to compare the electrophysiology of striatal TINs to 

neighboring bystander neurons (neurons within the same slice that were not injected 

with Toxoplasma proteins). These first-of-their kind study for any neurotropic microbe 

suggest that injection with Toxoplasma protein— either directly or indirectly— 

dramatically alters the electrophysiology of the neurons, while the electrophysiology of 

bystander neurons remains relatively unchanged.  

 

3.2 Methods 

Ethics statement 

All mouse studies and breeding were carried out in accordance with the Public Health 

Service Policy on Human Care and Use of Laboratory Animals. The protocol was 

approved by the University of Arizona Institutional Animal Care and Use Committee. 

Parasite maintenance 

Parasites were maintained via serial passage through human foreskin fibroblasts using 

DMEM supplemented with 2 mM glutagro, 10% fetal bovine serum, and 100 I.U./ml 

penicillin/ 100 μg/ml streptomycin. The type II (Prugniaud) and type III (CEP) strains 

used have been engineered to express mCherry and Cre recombinase and have been 

previously described (Koshy et al., 2010; Koshy et al., 2012). For simplicity, these strains 

are denoted as II-Cre and III-Cre.  
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Mice 

Mice used in these studies are Cre-reporter mice that express a green fluorescent 

protein (GFP) only after the cells have undergone Cre-mediated recombination (Madisen 

et al., 2010). Mice were purchased from Jackson Laboratories (stock # 007906) and 

bred in the University of Arizona Animal Center. 

 

Infections 

Mice were infected at 2-3 months of age via intraperitoneal (IP) injection with freshly 

syringe-released parasites (Figure 13, 14, 15). Mice were inoculated with 10,000 

parasites in 200μl of USP grade PBS for both II-Cre and III-Cre strains. To increase the 

reliability of electrophysiology studies, mice were infected at 5 to 6 weeks of age with III-

Cre parasites only.  

Tissue preparation 

For the localization studies, at 3 weeks post infection (wpi) animals were sedated with a 

ketamine/xylazine cocktail, intracardially perfused with saline followed by 4% 

paraformaldehyde, after which brains were harvested. Sections were then prepared as 

previously described (Mendez, Potter et al., 2018). In brief, left and right brain 

hemispheres were isolated, drop-fixed in 4% PFA followed by cryopreservation in 20% 

sucrose. Forty-micron thick sagittal sections were generated using a freezing sliding 

microtome (Microm HM 430). Sections were then stored as free-floating sections in 

cryoprotective media (0.05 M sodium phosphate buffer containing 30% glycerol and 30% 

ethylene glycol) until labeling procedure was to be done. Sections for localization studies 

were sampled every 200μm (Figures 13, 14), while for co-localization studies (Figures 

15,16), sections were sampled every 400 μm. 
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Immunohistochemistry 

To ensure adhesion of tissue onto slides for localization studies, tissue was allowed to 

air-dry onto slides overnight then heated on a slide warmer for 40 minutes at 34ºC. Then 

tissue was dehydrated using increasing then decreasing concentrations of 50%, 75%, 

95%, and 100% ethanol. Slides were washed with TBS, peroxidase inactivated 

(3%H2O2/10% methanol), permeabilized (0.6% Triton X-100), blocked (1.5% BSA and 

1.5% goat serum), and incubated with Rabbit anti-ZsGreen (Clontech, Cat. No. 632474, 

1:10,000) for 15-18hrs at room temperature. Next, slides were incubated in Goat anti-

rabbit polyclonal biotinylated conjugated antibody (Vector Labs, Cat. No. BA-1000, 

1:500) for 2 hrs, incubated with avidin-biotin complex kit (ThermoFischer Scientific, 

32020) for 2 hrs and visualized with a 3,3’-diaminobenzidine kit (Vectastain, Vector 

Labs, SK-4100). Sections were then counterstained with cresyl violet for Nissl labeling. 

For co-localization studies sections were labeled free-floating, 8-10 sections per 

mouse. Sections were washed with PBS, permeabilized with 0.3% Triton-X, then 

permeabilized and blocked with 0.3% Triton-X and 5% goat serum (Jackson Immuno). 

For primary antibodies, the following were incubated for 15-18hrs at 4°C in PBS with 

0.3% Triton-X and 5% goat serum: mouse biotin conjugated anti-NeuN B-clone A60 

(MAB377, Millipore, 1:500), rabbit anti-calbindin (C2724, Sigma-Aldrich, 1:500), rabbit 

anti-parvalbumin (ab11427, abcam, 1:1000), rabbit anti-FoxP2 (ab16046, abcam, 

1:1000), rabbit anti-DARPP32 (ab40801, abcam 1:500). Following incubation in the 

appropriate antibody, sections were then incubated for 2 hours in the following 

secondaries: goat anti-rabbit IgG Alexa Fluor 568 (A11011, Invitrogen, 1:500), Cy5 

streptavidin (SA1011, Invitrogen, 1:500), and all sections were counterstained with 4′,6-

diamidino-2-phenylindole (DAPI, ThermoFisher, 1:1000). 
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For filled medium spiny neurons (MSNs), sections were processed as discussed 

below. For staining, sections with filled MSNs were permeabilized with 0.6% Triton-X in 

PBS, then incubated with DARPP32 antibody in 5% goat serum, 0.6% Triton-X in PBS 

for 48hrs at 4°C. Sections were washed then incubated with Cy5 streptavidin (1:500) 

and goat anti-rabbit Alexa Fluor 568 (1:500) for 24hrs at 4°C. 

Electrophysiology of medium spiny neurons 

Mouse brain slice electrophysiology recording was performed as described 

(Suter et al., 1999; Nisenbaum et al., 1994; Dorris et al., 2014; Willett et al., 2016; 

Haubensak et al., 2010). Mice were sacrificed with CO2, after which the descending 

aorta was clamped and the mice were intracardially perfused with ice cold oxygenated 

artificial cerebral spinal fluid (ACSF) containing: 126 mM NaCl, 1.6 mM KCl, 1.2 mM 

NaH2PO4, 1.2 mM MgCl2, 2.4 mM CaCl2, 18 mM NaHCO3, 11 mM glucose. After the 

olfactory bulbs and the cerebellum were removed, the brain was transferred to a 

vibratome stage that contained ice-cold ACSF oxygenated with carbogen (95% 

O2 balanced with CO2). 200 μm coronal sections were then generated with the vibratome 

(Leica, VT1000S). Brain slices were immediately transferred to oxygenated NMDG-

HEPES recovery solution (93 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM 

NaHCO3, 20 mM HEPES, 25 mM Glucose, 5 mM sodium ascorbate, 2 mM thiourea, 

3 mM sodium pyruvate, 10 mM MgSO4, 0.5 mM CaCl2, 300–310 mOsm, titrated with 

10 N HCl to adjust pH to 7.3–7.4) and were allowed to recover for 15 min at 32–34°C. 

After the recovery portion, brain slices were then transferred to room temperature 

oxygenated ACSF for 1hr. After the hour rest period, recordings were performed in a rig 

equipped with a MultiClamp 700B, a Digidata 1550A1 (Molecular Devices), and a 

fluorescent microscope (Olympus BX51) that was used to visualize sections and identify 

TINs. Patch pipettes were pulled with P-97 Sutter micropipette puller to achieve a 
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resistance of 8–16 MΩ, after which they were filled with an intracellular solution (135 mM 

potassium gluconate, 5 mM EGTA, 0.5 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 2 mM 

MgATP, and 0.1 mM GTP, pH 7.3–7.4, 290–300 mOsm). Recording data were sampled 

at 10 kHz, filtered at 3 kHz, and analyzed with pCLAMP10.7. For bystander and neurons 

in uninfected mice, the classification as a dorsal striatal neuron was based on the firing 

pattern in response to the current injections as described previously (Schmidt & Perkel, 

1998; Farries & Perkel, 2000; Luo et al., 2001; Ding & Perkel, 2002; Ding et al., 2003, 

Willet et al., 2016). For filling experiments, once data from a 200μm sections were 

recorded, the recorded neurons were filled with 0.6% neurobiotin (SP1120, Vector 

Labs). Filled sections were then stored in 4% paraformaldehyde for 24 hrs followed by 

cryopreservation in cryoprotective media until stained as described above. 

Microscopy and quantification 

Slides for localization data were imaged on a Leica DMI6000 with a motorized 

stage, using Leica Application Suite X (LAS X) at 10x magnification. Base background 

subtraction and white balance was maintained throughout individual cohorts. Image 

stitching was done automatically through LAS X with a 10% overlap and images stored 

as Leica Image File Format (lif). Lif images were then processed on a custom MATLAB 

code for image transformation onto the Allen Institute reference atlas, followed by 

semiautomated quantification, as described in chapter 2. Animals were excluded due to 

having the same or fewer TINs compared to saline injected animals (~15 TINs) and via 

ROUT outlier tests. For co-localization studies, 8-10 sections/mouse were analyzed. 

Images were captured on a Zeiss LSM880 inverted confocal microscope (Marley 

Microscopy Core, UA). Images were captured with a 20x objective, with 1x PMT zoom, 

all settings were the same across specific staining runs. Autofocus was used to capture 

a z-stack that would capture from edge to edge of the section. 
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Statistics 

In Figure 13, data were analyzed with a one-sample t-test to compare the enrichment 

score to a value of 1, which would indicate a random distribution of TINs in a given 

region of the brain. For Figure 14-15, the data were analyzed with a two-tailed t-test to 

test for differences between II-Cre and III-Cre infected groups. For Figure 19 the data 

were analyzed with a Mann Whitney two-tailed t-test. For Figure 21 the data were 

analyzed with a mixed-effects model (REML) which accounts for the different N in each 

group. For Figure 22 the data were analyzed with a Mann Whitney two-tailed t-test. All 

statistics were done via Prism statistical software (v8.4.2, Graphpad). 

 

3.3 Results 

3.3.1 Toxoplasma-injected neurons are enriched in the cortex in both type II and 

type III infected mice 

Prior work in AIDS patients and rodents suggested that Toxoplasma does not evenly 

distribute across the brain (Luft & Remington, 1992; Berenreiterova et al., 2011; Evans 

et al., 2014; Neu et al., 2015). In rodent studies, there is conflicting findings as to where 

Toxoplasma lesions or cysts (in rodent studies) are most commonly found, differences 

that might be driven by small numbers of patients or rodents analyzed (Berenreiterova et 

al., 2011; Evans et al., 2014, Boillat et al., 2020). Given these conflicting studies, we 

sought to neuroanatomically map the location of Toxoplasma-injected neurons (TINs) 

using our previously published semi-automated method. This method utilizes the Allen 

Institute Mouse Brain Atlas for mapping and allows us to quantify and map TINs at a 

relatively rapid speed. This automation made it feasible to sample multiple sections of 

brain/mouse across multiple cohorts of mice infected with either of two genetically 

distinct Toxoplasma strains (type II- Prugniaud, type III- CEP) that express a 
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Toxoplasma:Cre fusion protein and mCherry (Koshy et al., 2010). For simplicity, from 

here forward, we will refer to these strains as II-Cre and III-Cre.  We quantified TINs in 

16-19 brain sections/mouse across 32 regions (identified in the Allen Institute Mouse 

Brain Atlas). Data points were grouped into 12 major regions. For both II-Cre or III-Cre 

mice, the cortex housed the highest average number of TINs, followed by the striatum 

(Figure 13 A, B). Of note, III-Cre infected mice showed higher overall number of TINs 

compared to II-Cre infected mice (Average of 216.69 II-Cre vs. 247.48 III-Cre). The 

increase in absolute numbers in III-Cre mice was most pronounced in the cortex (Figure 

13 A, B). Most other brain regions, including the cerebellum, housed relatively few TINs 

(Figure 13 A, B).   

As the cortex and striatum encompass a large proportion of the brain, the high 

number of TINs in these areas might simply be driven by their relatively size. To test this 

possibility, we produced an enrichment index using the following equation: 
!!"#$%"#$"

#$%&'
, where 

Rtin is the TIN count for a given region (e.g. cortex), Ttin is the total TIN count from an 

individual mouse, and Rsize is the total area percentage of a specific region (e.g.% of 

brain that is cortex). As our method of sectioning does not allow us to collect the smaller 

sections of the cerebellum, we only included the cerebellar areas from sections 10-16 of 

the Allen atlas for normalization (consistent with the regions of the cerebellum which 

were analyzed). We also excluded the olfactory bulb for reasons described previously 

(see Chapter 2). Even with these exclusions, 85% of the original Allen atlas areas was 

sampled. If the TINs number in a given region is proportional to the size of the region, 

the normalization index will approximate 1, while regions enriched for TINs will have 

indices > 1, and regions devoid of TINs will have indices < 1. Using this normalization, 

we determined that— for both II-Cre and III-Cre infected mice— the cortex was the only 

region which was significantly enriched for TINs (II-Cre mice- index score 1.407 ± 0.1203 
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p = 0.0021; III-Cre mice- index score 2.232 ± 0.1590 p ≤ 0.0001) (Figure 13 C/D). Two 

regions— the cerebellum and tracts— showed a significant lack of enrichment in both II-

Cre and III-Cre infected mice (Figure 13 C,D). For both groups of infected mice, within 

the cortex, the somatosensory, motor, and visual cortices had the highest enrichment 

score (Figure 14).  Table 2 has the full list of enrichment scores and statistical analysis 

for the 12 listed regions. 

Collectively these data show that, irrespective of infection Toxoplasma strain, 

TINs are most commonly found in the cortex followed by the striatum, and relatively 

rarely found in the cerebellum. While TINs localization in the striatum is consistent with 

its size, the enrichment of TINs in the cortex and lack of TINs in the cerebellum are not 

accounted for by the relative size of these regions. 
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Figure 13. TINs show a predilection for the isocortex at 3 weeks post infection. 
Cre-reporter mice were infected with II-Cre or III-Cre Toxoplasma parasites as 
indicated. Brains were harvested, sectioned, and labeled for TINs (anti-ZsGreen). 
Quantification methods used as described in Mendez, Potter et al., 2018 J. Neurosci 
Methods. (A, B) Graphs of the absolute numbers of TINs mapped to 12 regions of the 
brain. (C, D) Graphs of TIN numbers/region normalized to the size of the region. The 
dashed line indicates the value at which TINs distribution would be considered 
random and appropriate for the region size. While only the isocortex is consistently 
above 1 for mice infected with either Toxoplasma strain.The cerebellum consistently 
has fewer TINs than expected. N = 16-20/sections/mouse. Individual colors denote 
animals from individual cohorts, N = 4-12 mice/cohort for II-Cre infected mice, 5-8 
mice/cohort for III-Cre infected mice. * = p = 0.0170,  ** = p = 0.0021 by one-sample t-
test, **** = p ≤ 0.0001. Further statistical analysis of underrepresented regions can be 
seen in Table 2. 
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Figure 1. TINs show a predilection for the isocortex at 3 weeks post infection. Cre-reporter mice were infected with II-Cre or III-Cre
Toxoplasma parasites as indicated. Brains were harvested, sectioned, and labeled for TINs (anti-ZsGreen). Quantification methods used as
described in Mendez, Potter et al, 2018 J. Neurosci Methods. (A, B) Graphs of the absolute numbers of TINs mapped to 12 regions of the brain.
(C, D) Graphs of TIN numbers/region normalized to the size of the region. The dashed line indicates the value at which TINs distribution would
be considered random and appropriate for the region size. While only the isocortex is consistently above 1 for mice infected with either
Toxoplasma strain.The cerebellum consistently has fewer TINs than expected. N = 16-20/sections/mouse. Individual colors denote animals from
individual cohorts, N = 4-12 mice/cohort for II-Cre infected mice, 5-8 mice/cohort for III-Cre infected mice. * = p = 0.0170, ** = p = 0.0021 by
one-sample t-test, **** = p ≤ 0.0001. Further statistical analysis of underrepresented regions can be seen in Table 2.
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Figure 14. The visual, somatosensory, and motor cortices are highly 
enriched cortical regions containing TINs. (A) Graph showing the normalized 
distribution of cortical TINs from II-Cre infected mice (Figure 13A) in motor (MO), 
somatosensory (SS), and visual (VIS) cortices. (B) As in (A) except for III-Cre 
infected mice. * p ≤ 0.05, ** p=0.01, *** p ≤ 0.0005, by one-sample t-test. 
Individual colors denote mice from the same cohort. 

 

Table 2. Statistical values for other regions of the brain. 
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Supplemental Figure 2. The visual, somatosensory, and motor cortices are highly
enriched cortical regions containing TINs. Cortical TINs from (A), graph shows the
distributions of TINs from II-Cre infected mice in motor (MO), somatosensory (SS), and
visual (VIS) cortices. (B) As in (A) except with III-Cre infected mice. * p ≤ 0.05, **
p=0.01, *** p ≤ 0.0005, by one-sample t-test. Individual colors denote mice from the
same cohort.
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*** *** P = 0.0504

II-Cre Isocortex Striatum Pallidum Hypothalamus Cortical Subplate Thalamus Midbrain Hippocampal Formation Cerebellum Pons Medulla Tracts
Theoretical mean 1 1 1 1 1 1 1 1 1 1 1 1
Actual mean 1.407 1.296 0.8819 0.7651 0.8833 1.309 0.797 1.039 0.6281 0.9269 0.5567 0.6282
Number of values 29 29 29 29 29 29 29 29 29 29 29 29

One sample t test
t, df t=3.382, df=28 t=1.327, df=28 t=0.4463, df=28 t=1.444, df=28 t=0.3989, df=28 t=0.9112, df=28 t=1.024, df=28 t=0.1243, df=28 t=2.539, df=28 t=0.4517, df=28 t=2.992, df=28 t=8.668, df=28
P value (two tailed) 0.0021 0.1951 0.6588 0.1598 0.693 0.37 0.3148 0.9019 0.017 0.6549 0.0057 <0.0001
P value summary ** ns ns ns ns ns ns ns * ns ** ****
Significant (alpha=0.05)? Yes No No No No No No No Yes No Yes Yes

III-Cre Isocortex Striatum Pallidum Hypothalamus Cortical Subplate Thalamus Midbrain Hippocampal Formation Cerebellum Pons Medulla Tracts
Theoretical mean 1 1 1 1 1 1 1 1 1 1 1 1
Actual mean 2.232 0.7953 0.4158 0.3053 0.2375 0.8917 0.5121 0.6155 0.3127 0.5954 0.7219 0.483
Number of values 23 23 23 23 23 23 23 23 23 23 23 23

One sample t test
t, df t=7.749, df=22 t=1.727, df=22 t=4.756, df=22 t=7.594, df=22 t=8.047, df=22 t=0.4659, df=22 t=4.995, df=22 t=3.906, df=22 t=11.10, df=22 t=2.038, df=22 t=1.028, df=22 t=6.582, df=22
P value (two tailed) <0.0001 0.0981 <0.0001 <0.0001 <0.0001 0.6459 <0.0001 0.0008 <0.0001 0.0538 0.315 <0.0001
P value summary **** ns **** **** **** ns **** *** **** ns ns ****
Significant (alpha=0.05)? Yes No Yes Yes Yes No Yes Yes Yes No No Yes
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3.3.2 TINs rarely co-localize with markers of inhibitory neurons 

As the cortex and the striatum had the highest number of TINs within the infected mouse 

brain, we sought to use these areas to determine if Toxoplasma targeted a specific 

neuron population. Neurons can be classified in many ways, including by 

neurotransmitter expression, physiology, morphology. The simplest way is to classify 

neurons is as inhibitory or excitatory. Given that prior work showed that Toxoplasma 

infection specifically affected inhibitory neurons (Brooks et al., 2015), we first examined 

how often TINs co-localized with two common markers for inhibitory interneurons, 

calbindin and parvalbumin (Brooks et al., 2015). We chose these makers rather than the 

pan-inhibitory marker glutamate decarboxylase (GAD) [GAD+ interneurons make up 

approximately 15-20% of all cortical neurons (Gentet et al., 2000; Lodato et al., 2015)] 

as GAD staining is altered in Toxoplasma infected brain (Brooks et al., 2015;  Carillo et 

al., 2020). Fortunately, parvalbumin labels 40-50% of GAD+ interneurons and 

approximately 30% of GAD+ interneurons are calbindin+ (Hof et al., 1999; Keller et al, 

2019). To quantify how often TINs were calbindin or parvalbumin interneurons, we 

labeled brain sections with antibodies against either calbindin or parvalbumin, and with 

antibodies against NeuN, a pan-neuronal marker. These labeled sections were then 

analyzed with confocal microscopy to identify TINs that co-stained with NeuN and either 

calbindin or parvalbumin.  Within the cortex, irrespective of infecting strain, 

approximately 5% of TINs were calbindin+ (Figure 15 A, B), while none were 

parvalbumin+ (Figure 15 C, D). In the striatum, we observed approximately 5% of II-Cre 

TINs were calbindin+ and approximately 8% III-Cre TINs were calbindin+ (Figure 15 E, 

F).  Like in the cortex, no parvalbumin+ neurons co-localized with TINs (N = 6-84 

TINs/mouse, 4 mice for II-Cre; N = 30 and 84 TINs/mouse, 2 mice for III-Cre).   
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Figure 15. TINs rarely co-localize with inhibitory interneurons. 40 µm brain 
sections from II-Cre or III-Cre infected mice were stained with either anti-calbindin  
or anti-parvalbumin antibodies. Stained sections were then imaged by confocal 
microscopy to determine co-localization between TINs (GFP+) and calbindin 
(Calb)/parvalbumin (PV). (A) Representative images of a cortical region from a 
section stained with Calb. (B) Quantification of the percentage of TINs that co-
localized with calbindin staining. (C) As in (A) except the images are of a cortical 
region stained for PV. (D) As in (B) except for PV quantification. (E) as in (A), but in 
the striatum. For (A, C, E) Merge images, gray = NeuN, red = Calb/PV, and green = 
GFP. N = 9 sections/mouse, 4-7 mice/group for quantification. For cortical regions, 
for II-Cre infected mice, a total of 24-127 TINs analyzed/mouse; for III-Cre infected 
mice, 254-503 TINs analyzed/mouse. For striatal regions, for II-Cre infected mice, a 
total of 6-65 TINs analyzed/mouse; for III-Cre infected mice, 21-214 TINs 
analyzed/mouse. For (B) bars = 4.34 ± 1.02; 3.58 ± 1.82. For (D) bars = 0 ± 0; 0 ± 
0. For (F) bar = 4.36 ± 2.03; 9.364 ± 3.42. For II-Cre infected mice 14-101 TINs 
analyzed/ mouse, for III-Cre 314 and 372 TINs analyzed. No significant differences 
were identified between group, Student’s T-test.  
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Figure 2. TINs rarely co-localize with inhibitory interneurons. 40 µm brain sections from II-Cre or III-Cre infected mice were stained with either anti-calbindin or anti-
parvalbumin antibodies. Stained sections were then imaged by confocal microscopy to determine co-localization between TINs (GFP+) and calbindin/parvalbumin. (A)
Representative images of a cortical region from a section stained as labeled. (B) Quantification of the percentage of TINs that co-localized with calbindin staining. (C) As in
(A) except the images are of a striatal region from a section stained as labeled. (D) As in (B) except for striatal TINs. N = 9 sections/mouse, 7 mice/group. For cortical
regions, for II-Cre infected mice, a total of 24-127 TINs analyzed/mouse; for III-Cre infected mice, 254-503 TINs analyzed/mouse. For striatal regions, for II-Cre infected
mice, a total of 10-14 TINs analyzed/mouse; for III-Cre infected mice, 21-214 TINs analyzed/mouse. For (B) bars = 3.58 ± 1.82; 4.34 ± 1.02. For (D) bars = 0 ± 0; 6.69 ±
3.38. Scale bar = 50 µm. (E) Representative image of cortical region from a section stained as labeled. (F) Quantification of percentage of TINs co-localized with
parvalbumin labeling. N = 9 sections/mouse, 4 mice/II-Cre, 2 mice/III-Cre. For II-Cre infected mice 14-101 TINs analyzed/ mouse, for III-Cre 314 and 372 TINs analyzed.
For (F), bars = 0 ± 0; 0 ± 0. Scale bar = 50µm
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Collectively, these data suggest that Toxoplasma rarely interacts or injects cortical or 

striatal interneurons. Within interneurons, Toxoplasma appears to inject calbindin+ 

interneurons, not parvalbumin+ interneurons, an unexpected finding given the wide 

distribution of parvalbumin+ interneurons. 

 

3.3.3 TINs colocalize with FoxP2, a marker of cortical excitatory neurons and striatal 

medium spiny neurons  

Since only a small number of TINs co-localized with markers for inhibitory 

neurons, we next sought to determine if TINs co-localized with a marker of excitatory 

cortical neurons. For these studies, we selected the transcription factor FoxP2. While 

FoxP2 is primarily expressed by glutamatergic/excitatory neurons within layer 6 of the 

mouse cortex, some FoxP2+ excitatory neurons are also found in cortical layers IV and V 

(Arlotta et al., 2005; Lodato et al., 2015). In addition, FoxP2 expression occurs in 

medium spiny neurons in the striatum, allowing us to use a single marker for both 

cortical and striatal studies (Ferland et al., 2003; Lai et al., 2003). To quantify how often 

TINs were FoxP2-expressing neurons, we labeled and analyzed brain sections as above 

except now using antibodies directed against FoxP2. Within the cortex, irrespective of 

infecting strain, approximately 58% of the analyzed TINs showed FoxP2 co-localization 

(Figure 16 A, B). In the striatum, we found that ~65% of analyzed II-Cre TINs and ~ 

78% of analyzed III-Cre TINs showed FoxP2 co-localization (Figure 16 C, D). 

The high rate of co-localization between striatal TINs and FoxP2+ suggested 

striatal TINs were medium spiny neurons (MSNs), which would be expected given that 

90-95% of neurons in the striatum are MSNs (Ouimet et al., 1984; Ouimet & Greengard, 

1990). As the identification of striatal TINs as MSNs would have important implications 
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for electrophysiology studies (see next section), to further confirm that striatal TINs were 

MSNs, we next determined the rate of co-localization between striatal TINs and 

DARPP32+, another marker for MSNs (Ouimet et al., 1984; Ouimet & Greengard, 1990). 

We found that ~ 20% II-Cre striatal TINs and ~25% of III-Cre striatal TINs co-localized 

with DARPP32+ staining (Figure 16 E, F). Given the relatively low percentage of TINs 

co-localizing with DARPP32 (vs. FoxP2) and prior work suggesting Toxoplasma infection 

alters protein localization and expression (Cekanaviciute et al., 2014; Brooks et al., 

2015), we sought to determine how striatal FoxP2 and DARPP32 staining differed 

between uninfected and infected mice. We used the prior stained sections to quantify the 

number of NeuN+ neurons that co-localized with either FoxP2 or DARPP32 and carried 

out these assessments in both random areas and in areas in proximity to TINs. We 

found that the average number of FoxP2+, NeuN+ neurons in each image did not differ 

between images from uninfected or infected mice. Nor did the abundance vary in 

proximity to TINs (Figure 17 A, B). Similarly, the average number of DARPP32+, NeuN+ 

neurons in each image did not differ between images from uninfected mice and random 

images from infected mice (Figure 17C). Conversely, in images taken in proximity to 

TINs, the number of DARPP32+, NeuN+ neurons showed a statistically significant 

decrease (Figure 17D). In addition, we noted that, on average, more striatal neurons 

were FoxP2+ than DARPP32+ (Figure 17 D, F). To further test the possibility that FoxP2 

identifies more striatal neurons than DARPP32, we stained tissues sections for both 

FoxP2 and DARPP32 and compared the co-localization between these proteins. 

Consistent with the findings in the single stains, ~ 70% of FoxP2+ neurons stained for 

DARPP32 (Figure 18A), while 99% of DARPP32+ neurons stained for FoxP2 (Figure 

18B).   
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Collectively these data suggest that striatal TINs are likely MSNs as they co-

localize with markers of MSNs, especially FoxP2. The higher co-localization of TINs with 

FoxP2 vs. DARPP32 is likely driven by the higher number of FoxP2+ neurons within the 

striatum as well as the sensitivity of DARPP32 expression/staining to disruption by 

infection or inflammation.  

 

Figure 16. TINs co-localize with FoxP2 and DARPP32 staining. Brain sections 
from II-Cre or III-Cre infected mice were stained with anti-FoxP2 antibodies or anti-
DARPP32 antibodies. DARPP32 staining was only done/analyzed in the striatum. 
Stained sections were then analyzed by confocal microscopy to determine co-
localization between TINs (GFP+) and FoxP2 or DARPP32. (A) Representative 
image of a cortical region from a section stained as labeled. (B) Quantification of the 
percentage of TINs that co-localized with FoxP2 staining. (C) As in (A) except the 
images are of a striatal region. (D) As in (B) except for striatal TINs. (E) As in (C) 
except the tissue is stained with anti-DARPP32 antibodies (as labeled). (F) As in (D) 
except co-localization is between TINs and DARPP32 staining. (A, C, E) Merge 
images, gray = NeuN, red = FoxP2/DARPP32, and green = GFP. Scale bar = 50µm. 
(B, D, F) bars = mean ± SEM. For (D) N = 9 sections/mouse, 4 mice/group. For 
cortical regions, for II-Cre infected mice, a total of 24-127 TINs analyzed/mouse; for 
III-Cre infected mice, 254-503 TINs analyzed/mouse. For striatal regions, for II-Cre 
infected mice, a total of 28-68 TINs analyzed/mouse; for III-Cre infected mice, 290-
858 TINs analyzed/mouse. For (F) N = 9 sections/mouse, 7 mice/group. For II-Cre 
infected mice 6-237 TINs analyzed/mouse, for III-Cre 16-198 TINs analyzed. No 
significant differences were identified between group, Student’s T-test. 
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Figure 3. TINs co-localize with striatal markers DARPP32+ and FoxP2+ neurons. 40 µm brain sections from II-Cre
or III-Cre infected mice were stained with anti-FoxP2 antibodies, a marker specific to lower layers of the cortex and
striatum. Stained sections were then analyzed by confocal microscopy to determine co-localization between TINs (GFP+)
and FoxP2. (A) Representative image of a cortical region from a section stained as labeled. (B) Quantification of the
percentage of TINs that co-localized with FoxP2 staining. (C) As in (A) except the images are of a striatal region from a
section stained as labeled. (D) As in (B) except for striatal TINs. N = 9 sections/mouse, 4 mice/group. For cortical
regions, for II-Cre infected mice, a total of 24-127 TINs analyzed/mouse; for III-Cre infected mice, 254-503 TINs
analyzed/mouse. For striatal regions, for II-Cre infected mice, a total of 28-68 TINs analyzed/mouse; for III-Cre infected
mice, 290-858 TINs analyzed/mouse. For (B) bars = 54.1 ± 6.03; 54.19 ± 1.98. For (D) bars = 57.5 ± 7.50; 86.9 ± 2.33.
40 µm brain sections were labeled for DARPP32+ cells with anti-DARPP32 antibody, a marker for medium spiny
neurons. (E) Representative image of striatal region from a section stained as labeled. (F) Quantification of percentage of
TINs co-localized with DARPP32 labeling. N = 9 sections/mouse, 7 mice/group. For II-Cre infected mice 6-237 TINs
analyzed/mouse, for III-Cre 16-198 TINs analyzed. For (R), bars = 19.9 ± 5.70; 23.61 ± 4.76. Scale bar = 50µm
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Figure 17. Baseline quantification for FoxP2/DARPP32 
distribution in the striatum. Sections from saline and II/III-Cre 
infected mice were labeled for FoxP2 and DARPP32. One 
analysis quantified neurons in randomly sampled images, while 
other analysis quantified neurons near TINs (A) Average 
number of FoxP2+ neurons per image when randomly sampling 
from the striatum (B) Average number of FoxP2+ neurons when 
sampling near TINs. (C) As in (A), but for DARPP32+ neurons 
(random sampling). (D) As in (B) but for DARPP32+ neurons 
(near TINs). * p < 0.05, one-way ANOVA with Dunnett’s post-
test. N= 31-44 images/mouse/quantification type. (A, C) N= 3 – 
4 mice/group. (B, D) N = 2 – 7 mice/group. 

Figure 14. Baseline quantification for FoxP2+/DARPP32 distribution in the striatum. Sections from saline and II/III-Cre infected mice at 3wpi were labeled
for both NeuN and FoxP2+. 31 to 44 images were sampled for each quantification. (A)When co-localization of both II/III-Cre infected mice were found to be
highly co-localized with NeuN. (B) Images were captured within the striatum of mice and were sampled randomly regardless of TIN location in infected mice. (C)
Images were sampled according to TIN location.
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Figure 18. Baseline quantification for DARPP32+ and FoxP2+ co-localization in 
the striatum. Sections from saline and II/III-Cre infected mice at 3 wpi were labeled 
for both FoxP2 and DARPP32. (A) Percentage of FoxP2+ neurons that co-localize 
with DARPP32 labeling. (B) Percentage of DARPP32+ neurons that co-localize with 
FoxP2 labeling. No significant differences were identified between groups, one-way 
ANOVA with Dunnett’s post-test. N = 31-44 images/mouse, 3 – 4 mice/ group. 
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Supplemental Figure 4. Baseline quantification for DARPP32+ and FoxP2+ co-localization in the striatum.
Sections from saline and II/III-Cre infected mice at 3wpi were labeled for both FoxP2 and DARPP32. 31 to 44 images
were sampled for each quantification. (A) DARPP32+ neurons make up 70% of the overall FoxP2+ population in the
striatum regardless of infection. (B) Of all DARPP32+ neurons quantified, 99% also expressed FoxP2.
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3.3.4 Passive properties of bystander neurons are similar to uninfected medium spiny 

neurons 

The identification that TINs are commonly in the striatum and co-localize with 

markers for MSNs offered an unusual opportunity for us. In the dorsal striatum, up to 90-

95% of neurons are MSNs (Mensah & Deadwyler, 1974; Graveland & DiFiglia M, 1985; 

Gerfen, 1992) which are highly characterized, including at the level of single cell 

electrophysiology in situ (patch-clamping in ex vivo slices). Targeting such a well-

characterized, high frequency population would allow us to directly compare the 

electrophysiology of TINs and bystander neurons— striatal neurons in proximity to a TIN 

but not injected with Toxoplasma protein— as both groups of neurons would be MSNs. 

We reasoned that comparing TINs and bystander neuron physiology would allow us to 

determine the role of general inflammation in driving changes we observed in TINs (i.e. if 

TINs and bystanders showed similar physiologic changes, then these changes are likely 

driven by the general inflammatory response to Toxoplasma, not from direct 

manipulation of TINs by Toxoplasma effector proteins.)  For these studies, we chose to 

record from III-Cre infected mice because type III strains are less virulent (meaning we 

could increase our inoculum as necessary), produce an overall increased frequency of 

TINs (Figure 13B), and show higher rates of co-localization with MSN markers (Figure 

16 D, F). 

To ensure our capability to patch-clamp onto MSNs in ex vivo slices, we obtained 

thick brain slices from uninfected mice and performed patch-clamping using a standard 

protocol (Nisenbaum et al., 1994; Suter et al., 1999; Haubensak et al., 2010).  As 

expected, in uninfected mice, dorsal striatum neurons showed classical MSN 

electrophysiologic properties such as a hyperpolarized resting membrane potential of -
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78mV and a delayed first AP (Figure 19A). To definitively confirm the identity of these 

neurons, we back filled a neuron showing the above characteristics and stained the 

section for DARPP32. As expected, we found the back-filled neuron co-localized with 

DARPP32 labeling (Figure 19 B-D).  

In infected mice, we electrophysiologically interrogated bystander MSNs and 

TINs. Bystander MSNs were between 30 µm and 100 µm from a TIN. Bystander 

neurons had a depolarized membrane potential of -69.04mV ± 1.221, which is mildly 

depolarized compared to MSNs in uninfected mice (Figure 20A). Besides the elevated 

resting membrane potential of bystander neurons, the following electrophysiologic 

properties were unchanged compared to MSNs from uninfected mice: action potential 

threshold, after hyperpolarization peak, action potential amplitude, delay to first action 

potential, and input resistance (Figure 20 B-G).  

Collectively these results indicate that though there is a mild change in the 

resting membrane potential of bystander neurons during infection, the infected 

microenvironment at this time point and distance from a TIN causes relatively little 

change to neurons that have not directly interacted with Toxoplasma. 
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Figure 19. Neuron with electorphysiology of a medium spiny neuron co-
localize with DARPP32. (A) Sample tracing from shown neuron. Note the 
hyperpolarized resting membrane potential of -80mV and the delayed time to the 
first action poential. (B) Image of patched neuron filled with neurobiotin. Arrowhead 
points to filled neuron. Dashed white line denotes biotin-filled blood vessel. (C) 
Image of DARPP32 staining. After recording and filling, the sections was then 
counter labeled with anti-DARPP32 antibodies. (D) Merge of images B and C. (B-D) 
Section imaged on a Zeiss 880 confocal microscope. The shown images are a 
maximum projection of 12, 1µm step images, from a 100µm z-stack. Scale bar = 
50µm. 

-80mV

Figure 4. Example image of neurobiotin filled
medium spiny neuron and sample trace of medium
spiny neuron. Certain neurons were filled with
neurobiotion and counterstained with DARPP32. (A)
Sample trace of medium spiny neuron with a
hyperpolarized resting membrane potential and
delayed time to first spike. (B) Image of neurobiotin
filled neuron from the dorsal striatum. Arrowhead
points to filled neuron. After recording, sections were
then counter labeled for DARPP32, to label medium
spiny neurons. (D) Overlay of images B and C. Scale
bar = 50µm.
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Figure 20. Bystander medium spiny neurons (MSNs) show similar 
electrophysiology as MSNs from uninfected mice. (A) Resting membrane potential 
of whole cell patch clamped MSNs with an average resting membrane potential of -
74.9mV ± 2.07 and resting membrane potential of bystander neurons of -68.7mV ± 
3.99. (B) Action potential threshold, (C) after hyperpolarization peak, (D) action 
potential amplitude, (E) delay to first action potential, (F) action potential interval, (G) 
input resistance. Dots represent individual MSNs recorded, matching color dots 
denotes cells recorded from an individual mouse. Uninfected MSNs, N = 28 cells 
recorded from 14 mice, 1-5 cells recorded/mouse. Bystander MSNs, N = 40 cells 
recorded from 18 mice, 1-5 cells recorded/mouse. Bars, mean ± SEM. p<0.001, Mann 
Whitney two-tailed t-test. 
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Figure 5. Bystander medium spiny neurons (MSNs) show similar electrophysiology as MSNs from uninfected mice. To
identify MSNs via resting membrane potential, membrane potential was first recorded in current clamp. Then specific
membrane and firing properties were measured. The cell was current clamped first and 20 pA of current was applied at regular
intervals to induce firing. (A) Resting membrane potential of whole cell patch clamped MSNs with an average resting
membrane potential of -74.9mV ± 2.07 and resting membrane potential of bystander neurons of -68.7mV ± 3.99. (B)
Uninfected MSNs have a characteristic action potential threshold of -51.1mV ± 2.23, while bystander MSNs have a threshold of
-43.2mV ± 2.28. (C) Uninfected MSNs exhibit an AHP average of 59.7 ± 1.84, while bystander MSNs have an AHP of -52.1mV
± 1.92. (D,E,F) No differences are observed between uninfected MSNs and bystander MSNs for AP amplitude, delay to first
action potential and AP interval. (G) There are differences in the input resistance between uninfected and bystander neurons.
Dots represent individual MSNs recorded, matching color dots denotes cells recorded from an individual mouse. N = 28 cells
recorded from 14 mice, 1-5 cells recorded from each mouse for uninfected, bystander MSNs N = 40 cells recorded from 18
mice. Error bars = SEM. Significance was defined as p<0.05 by Mann Whitney two-tailed t-test.
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3.3.5 TINs have a highly depolarized membrane potential 

Given the relatively preserved physiology of bystander neurons, we next turned to TINs. 

We followed the same procedure as when we recorded from uninfected and bystander 

neurons, except that we used the expression of GFP to identify the dorsal striatal TIN 

(Figure 21). Unexpectedly, we were consistently unable to properly patch onto most 

striatal TINs (i.e. we were unable to form a gigaseal). We were able to record from 10 

TINs, most of which had highly depolarized resting membrane potentials (~ -49 mv) 

compared to either bystander or uninfected MSNs (Figure 22A). None of these TINs 

generated action potentials in response to the protocol used for MSNs in uninfected 

mice or bystander MSNs, possibly because this highly depolarized membrane potential 

is close to the threshold for firing an action potential (AP) (~45mV) in MSNs (Figure 

20B). Several possibilities could explain this highly depolarized membrane potential: i) 

the patched GFP+ cells were not neurons; ii) the patched cells were dead neurons; or iii) 

the patched cells were unhealthy neurons. To distinguish between these possibilities, 

when possible, we hyperpolarized the patched TINs, followed by attempts to generate 

action potentials. Five of the TINs generated action potentials after artificially hyper-

polarizing the cell (Figure 22B), confirming that these cells were neurons. Given that 

such findings are consistent with the electrophysiology of sick or dying neurons, we 

compared the total number of TINs in brain sections from mice infected with III-Cre 

parasites at 3 and 8 weeks post infection. Consistent with the possibility that TINs are 

dying, brain sections from mice infected for 8 weeks show an ~ 90% reduction in TINs 

compared to brain sections from mice infected for 3 weeks (Figure 23).  

Collectively, these data suggest that neurons that directly interact with parasites 

are highly altered at the level of electrophysiology and most will die over a relatively 

short period. On the other hand, bystander neurons, which are in a similar inflammatory 
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environment as TINs, show very little change in terms of electrophysiology, suggesting 

that neuronal death is extremely targeted, even in a highly inflammatory setting.  

 

Figure 21. Representative images of TINs used for recorded. Images are from 
200µm thick brain sections, recordings were obtained from 10-14 days post infection 
mice. Images were obtained on an Olympus BX51.   Red circles outline TINs that 
were patched. Scale bar = 20µm 

 

GFP Merge

Supplemental Figure 5. Representative images of TINs recorded from the dorsal striatum of Toxoplasma
infected mice. (A,D) DIC images from sample regions where TINs were recorded. Red circle is the outline of
TIN that was recorded from. (B,E) GFP image of TINs, (C,F) merge image of both channels.
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Figure 22. Unlike bystander neurons, TINs have highly abnormal 
electrophysiology. (A) TINs recorded resting potential mean = -49.1 ± 4.48 (SEM). 
**** = 0.001, one-way ANOVA with Tukey's post-test. For TINs, N=10 cells recorded 
from 6 mice; uninfected and bystander described in Figure 20. Black arrow identifies 
TIN shown in (B). (B) Top: Example traces from TIN after hyper-polarization. Bottom: 
Visualization of a portion of the current injection protocol. The identified TIN was 
hyperpolarized to a resting membrane potential of -60mV by the injection of -180 pA 
of current. The red arrow denotes a single hyperpolarized step. The numbers (1, 4) 
match the voltage measurement (tracings) with the steps of increasing current. Note 
that an action potential is finally generated at the 4th step of increasing current.  
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3.4 Discussion 

In this study, we leveraged the Toxoplasma-Cre system to extend our 

understanding of neuron-Toxoplasma interactions. Across multiple cohorts of mice and 2 

Toxoplasma strains, our data show that Toxoplasma-injected neurons (TINs) 

consistently localize to the cortex and striatum. For the cortex, TINs numbers are higher 

than would be expected even after accounting for the size of the cortex. Within the 

cortex and striatum, we found little evidence for Toxoplasma targeting a specific neuron 

subtype, as TINs co-localize with markers for highly abundant neurons in a region (e.g. 

medium spiny neurons (MSNs) in the striatum). Interestingly, when we used whole cell 

patch clamping in ex vivo slices to assess both TINs and bystander neurons— neurons 

in the same infected milieu but not injected with parasite protein— we found discrepant 

electrophysiology. Bystander neurons showed mild changes in resting membrane 

 

Figure 23. TINs numbers decrease by 8 weeks post infection. Mice were 
infected and analyzed as in Figure 12 except that total TINs numbers were 
determined. Mice for 3 wpi are cohort 4 (black) in Figure 12. Mice for 3 and 8 wpi 
were infected at the same time. Bars, mean ± SEM. *** ≤ 0.0001 via two-tailed 
Mann-Whitney U test. 16-20 sections/mouse, N= 9-11 mice/time point. 
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potential and no changes in other passive firing properties, while, TINs had highly 

depolarized resting membrane potentials and did not fire action potentials unless 

artificially hyper-polarized. These data suggest that TINs, but not bystander neurons, are 

unhealthy and potentially dying, a possibility confirmed by a drastic decrease in TINs 

numbers at later time points of infection. Collectively, these data offer an unprecedented 

look into the neuron-Toxoplasma interface, raising new questions about why the cortex 

is particularly vulnerable to Toxoplasma infection and the evolutionary advantage of the 

death of neurons injected with Toxoplasma protein.    

One of the major advances of this work is how we mapped neuron-Toxoplasma 

interactions. Most prior studies have utilized a single Toxoplasma strain; relatively few 

animals (or more animals but relatively few sections/animal); and were limited to 

measuring cyst location. On the other hand, we mapped TINs, which outnumber cysts by 

over 10-fold (Koshy et al., 2012) and show uniform distribution of GFP, allowing us to 

map neuron cell bodies or somas which is the traditional method for identifying neuron 

anatomic location. Furthermore, our semi-automated method significantly reduces the 

time and effort required to perform this mapping (Mendez, Potter et al., 2018), making it 

feasible to map TINs in mice infected with 2 genetically distinct Toxoplasma strains (type 

II and type III) across multiple cohorts of mice and using 16-19 sections/mouse. These 

robust methods offer confidence that our findings are not unduly influenced by a single 

outlier mouse; a cohort effect; or insufficient sampling (i.e. using low numbers of tissue 

sections in process that is highly heterogenous (Dubey et al., 2016; Supp. Fig 1). Our 

findings are consistent with several aspects of the two most extensive cyst mapping 

studies (Berenreiterova et al., 2011; Boillat, et al., 2020): all three studies found high 

levels of inter-mouse variability; ii) identified the cortex— and especially the motor, 

somatosensory, visual cortical regions— as showing enrichment for Toxoplasma 
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presence (TINs or cysts) even when accounting for region size; and iii) determined that 

the cerebellum shows relatively little Toxoplasma presence, especially when accounting 

for size. These consistencies suggest that regional cyst burden is driven by differences 

in the number of neuron-parasite interactions, not by differences in regional innate 

immune responses as has been suggested for West Nile Virus infection (Cho et al., 

2013). In addition, these regional differences are consistent with the largest studies in 

AIDS patients with toxoplasmic encephalitis, in which more lesions are identified in the 

cortex and the basal ganglia compared to the cerebellum (Arendt et al., 1999; Porter & 

Sande, 1992), highlighting the relevance of the mouse model to human disease. 

Currently, we do not know what drives these regional differences in tropism, though one 

possibility is differences in the transmissibility of Toxoplasma across the vasculature that 

supplies the cortex and striatum/basal ganglia versus the cerebellum (anterior versus 

posterior circulation respectively), a possibility also suggested for WNV (Daniels et al., 

2017).  

A second advance in our study is the ability to identify the type of neuron injected 

by Toxoplasma. The finding that TINs are comprised of common neuron sub-types in the 

deep cortex and striatum (FoxP2+ and calbindin+ neurons) suggests that Toxoplasma 

injects (and presumptively infects) neurons in proportion to the neuron subtypes in a 

given region. One exception to this concept is the lack of parvalbumin-expressing TINs. 

Parvalbumin-expressing neurons make up approximately 40-50% of the total cortical 

GABAergic (inhibitory) neurons and are found in all deeper layers of the cortex and with 

SST mark 60% of the inhibitory neuron population, while calbindin-expressing neurons 

are less frequent, especially in layers IV-VI of the cortex (Hof et al., 1999; Tremblay et 

al., 2016). One possibility for the lack of parvalbumin+ TINs is a decrease or change in 

parvalbumin expression/location as seen for DARPP-32 (Figure 17D) or GAD-67 
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(Brooks et al., 2015). Another more exciting possibility is that parvalbumin+ neurons 

have fewer interactions with Toxoplasma because they have a high concentration of 

perineural nets— extracellular matrix that surrounds different parts of the neuron (Baker 

et al., 2017)— blocking Toxoplasma’s ability to contact parvalbumin+ neurons. Future 

studies will need to define the factors that determine which neurons interact with 

parasites.  

A final, and arguably the most interesting, advance in this work is the 

electrophysiology comparing TINs and “bystander” neurons. To the best of our 

knowledge, these studies are the first in any neurotropic infection to compare the in situ 

electrophysiology between microbe-interacted (or even infected) neurons versus those 

neurons in close proximity but without direct microbial interactions. The utility of 

comparing TINs and bystander neurons is to address what physiologic effects are driven 

by the general neuroinflammatory response versus those changes driven by parasite-

neuron interactions. Given the relatively common understanding that microglia will strip 

synapses off infected and uninfected neurons in the inflamed brain (Vasek et al., 2016; 

Di Liberto et al., 2018), we found it remarkable that bystander MSN physiology showed 

only minor changes compared to MSNs from uninfected mice while TINs showed highly 

abnormal electrophysiology (Figure 22).  

One possible explanation for the minimal changes seen in bystander neurons is 

that neurons that have not directly interacted with Toxoplasma undergo compensatory 

mechanisms that allows these neurons to avoid drastically changing, since a dramatic 

change in many neurons would be detrimental to the entire local circuitry. Another 

possibility is that the effect of the neuroinflammatory response is confined to a small 

area near TINs, leaving these “more distant” bystander neurons relatively spared. Either 

explanation would preserve circuit function at a global level and potentially allow for 
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relatively quick reversal of these physiologic changes once the inflammatory response 

subsides. Such possibilities are consistent with the relative lack of behavioral 

abnormalities seen in Toxoplasma-infected mice who have cleared both the infection 

and the immune response (McGovern et al., 2020). 

TINs, on the other hand, show highly abnormal electrophysiology, only firing 

action potentials after artificial hyperpolarization. This remarkable discrepancy between 

TINs and bystander physiology suggests that whatever is causing the abnormal TIN’s 

physiology is specific to neurons injected with Toxoplasma protein. Such TIN-restricted 

changes could arise from direct manipulation of TINs by the injected parasite proteins or 

selective microglial/macrophage recognition and phagocytosis of TINs, consistent with 

what was observed in LCMV infection (Di Liberto et al., 2018). A depolarized resting 

membrane potential has been observed in HSV infected neuron cultures as well (Fritz & 

Nahmias 1972; Oakes et al., 1981; Fukuda et al., 1983). Another possibility, as noted 

above, is that the immune response is tightly regulated and confined, such that the 

destruction leveled by the immune response is limited to a very small area around TINs. 

Such a possibility is consistent with prior work showing that partial abrogation of 

astrocytic TGF-β signaling led to de-regulation of the CNS immune response to 

Toxoplasma and higher levels of neuronal loss without changing the parasite burden 

(Cekanaviciute et al., 2014). Finally, the > 80% decrease in TINs by 8 wpi questions the 

long-running dogma that the long-lived, rarely regenerated nature of neurons demands 

that neuronal preservation trump immune cell cytolysis of infected neurons (Miller et al., 

2016). This finding of TINs death is particularly intriguing because prior work suggests 

that >90% of these TINs are uninfected (Koshy et al., 2012). Potentially, these neurons 

are so abnormal (from either direct manipulation by parasites or because of neuron-

immune cell interactions) that global brain function is better preserved with the removal 
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of these neurons. Future studies will determine what factors lead to TINs abnormal 

physiology and how and why TINs are cleared from the CNS.  

  



 88 

CHAPTER 4 

FINAL DISCUSSION AND FUTURE DIRECTIONS 

 Over my dissertation, I developed a semi-automated method to localize 

Toxoplasma-injected neurons. Using this method in combination with two genetically 

distinct strains of Toxoplasma, I showed that TINs are most commonly found in the 

cortex and striatum, and relatively uncommon in the cerebellum. Within the cortex and 

striatum, the lineage of TINs was consistent with the expected neuron proportions within 

those areas, including most striatal TINs being consistent with medium spiny neurons. 

This finding allowed me to perform a first-of-its-kind electrophysiological study between 

uninfected medium spiny neurons, bystander neurons in an infected microenvironment, 

and TINs. I found that bystander and uninfected MSNs had similar passive properties 

except for the resting membrane potential, which was slightly depolarized in striatal 

bystander neurons. TINs on the other hand showed a highly depolarized resting 

membrane potential. 

Several findings in this dissertation are fertile ground for future studies. The semi-

automated system allowed us to successfully and consistently quantify and map the 

location of TINs across users and at a much faster rate than performing such studies 

manually. Our data set (Chapter 2) demonstrated that multiple users at different times 

could reliably output comparable results. A major benefit to our semi-automated system 

is that the cost of reagents and equipment are readily available at most research 

institutions. Changing the parameters for what features are detected (e.g. cell size, 

shape) will allow quantification of other cell types, like T-cells or other immune cells that 

are circular in shape. Computational power becomes the limiting step, since other cell 

types (e.g. infiltrating immune cells) are far numerous than the TINs we quantified. 
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Expanding to computers with much higher core counts (our data was acquired on 6 

cores, 12 threads) can greatly aid in the expansion of quantification. As the cost of more 

powerful computer equipment continues to decrease it should now be economically 

feasible to quantify a much higher number of cells in the same time frame used for TINs.  

As noted above, our neuroanatomic localization of TINs was consistent with 

other studies that quantified cyst location (Berenreiterova et al., 2011; Evans et al., 

2014; Boillat et al., 2020). Our study, as well as the other listed studies used high 

sampling rates which likely helped overcome some of the issues with the high mouse-to-

mouse variability in TINs or cyst numbers. Without adequate sampling, a single mouse 

outlier could unduly affect what areas are identified as commonly housing or being 

enriched for TINs or cysts. Thus, differences in sampling parameters may partially 

explain the discordance between studies that have neuroanatomically mapped cysts 

(Dubey et al., 2016; Vyas et al., 2007; Berenreiterova et al., 2011; Evans et al., 2014; 

Boillat et al., 2020). These differences highlight that, when quantifying idiosyncratic 

populations, it is important to quantify multiple cohorts with a sufficient number of 

animals and sections. 

In addition to identifying the cortex as enriched for TINs, we determined that TINs 

are underrepresented in the cerebellum. These data are consistent with the findings of 

other groups that extensively quantified cyst number and location (Berenreiterova et al., 

2011, Boillat et al, 2020). The underrepresentation of TINs in the cerebellum is quite 

surprising since the cerebellum contains about half of the brain’s neurons in a much 

more compact space than the cortex. Thus, if numbers of neurons determined the rate of 

TINs, the cerebellum would be expected to house far more TINs (Herculano-Houzel et 

al., 2006, Herculano-Houzel, 2012), suggesting that neuron number or density does not 

drive what regions of the brain are infiltrated by Toxoplasma. Given that Toxoplasma 
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enters the brain via the vasculature (Chapter 1, Figure 2), an enticing possibility is that 

regional differences in the vasculature (density or response to inflammation/infection) 

play a role in determining where in the brain Toxoplasma infiltrates/infects. To address 

the possibility of vascular density, future studies can focus on correlating TIN locations to 

nearby vasculature, especially as great strides have been made utilizing whole mouse 

brains to label and image blood vasculature with lightsheet microscopy (Todorov et al., 

2020). Utilizing simple dyes like wheat germ agglutin and evans blue, it is possible to 

label both microvessels and major blood vessels (Todorov et al., 2020). The combination 

of our Toxoplasma-Cre system with these fluorescent dyes would allow us to accurately 

measure the distance between TINs and microvasculature in both the cortex and 

cerebellum. Another possibility is that after an infection the vascular flow or permeability 

to these regions may differ. The vasculature to the cerebellum may decrease or show 

less permeability to passage by microbes, while the vasculature to the cerebrum may be 

opened. This possibility has been suggested for West Nile Virus, which also rarely 

infects the cerebellum (Daniels et al., 2017) 

Our co-localization studies (Figures 15,16) also raised several interesting 

questions for future work. Our calbindin studies in infected tissue identified calbindin+ 

cells that did not co-localize with NeuN (data not shown). Further works needs to be 

done to determine the lineage of these calbindin+, NeuN- cells, as they could be 

infiltrating T-cells or macrophages or neurons that have lost their NeuN antigenicity 

(Cabral, Tuladhar et al., 2016). When labeling for parvalbumin interneurons in the cortex, 

we found that no TINs co-localize with parvalbumin. A future study to address this 

finding is to quantify the average number of parvalbumin interneurons from uninfected 

and infected animals, akin to what was done for DARPP32. Such a study would help 

determined if inflammation/infection changes the number of parvalbumin+ neurons as 
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was seen for DARPP32 (Figure 17). As mentioned above (Chapter 3, Discussion), 

another possibility may be that perineuronal nets (PNN) that surround parvalbumin 

neurons prevents Toxoplasma from successfully injecting these neurons. One possible 

experiment is to label for PNNs and determine the concentration of PNNs in infected and 

uninfected animals. I can take this further by measuring the PNN concentration 

surrounding PV+, calbindin+, and FoxP2+ neurons, and then determine if the PNN 

concentration inversely correlates with the likelihood of injection by Toxoplasma. 

In addition to the issues relevant to Toxoplasma infection, I also made an 

unexpected observation that has no relation to infection. In trying to understand why 

FoxP2 labeled more neurons in the striatum than DARPP32 (both markers label medium 

spiny neurons), I performed the first direct comparison of striatal FoxP2 and DARPP32 

in both uninfected and infected tissue, finding that FoxP2 labels more neurons in the 

striatum and that FoxP2+ neurons co-localize with DARPP32+ striatal neurons only 70% 

of the time regardless of infection status. This finding could be explained by FoxP2 

labeling more MSNs than DARPP32, or DARPP32 labeling being depend on specific 

activities, or FoxP2 labeling striatal neurons that are not MSNs. Future studies using 

immunohistochemistry, transcriptional profiling, and input dependent recordings can 

address these possibilities. 

My electrophysiology studies also identified a number of interesting observations 

that should be addressed in future studies. The one measure that was different was 

resting membrane potential. Interestingly, the few times we could patch onto a TIN, the 

resting membrane potential was significantly depolarized compared to bystander and 

uninfected medium spiny neurons. One possibility is that Toxoplasma is directly 

manipulating TINs through Toxoplasma effector proteins. Such a possibility could be 

tested by infecting with parasites that lack specific effectors that have been previously 
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shown to manipulate other cell types and then measuring TINs physiology. Another 

possibility is that there may be a tightly regulated immune response near the TIN, either 

by microglia/macrophages or infiltrating T-cells. To follow up on that second point, we 

need to determine if distance from a TIN correlates with alterations in the firing 

properties of bystander neurons. To do so, we can generate mice that express YFP in 

the deeper layers of the cortex and cross them to Cre-reporter mice that express 

tdtomato, instead of GFP. We would then record from YFP+ bystanders that are near 

tdtomato TINs and record from defined distances from 0 to 20µm from the TIN soma. I 

have started to generate data for this experiment and have preliminarily confirmed that 

cortical TINs may also have a depolarized resting membrane potential (Figure 24 A-C). 

Using this system allows me to record from much closer distances than the previous 

data set since I can easily visualize the YFP+ bystander neurons. One disadvantage of 

this system is that the cortex has a higher number of neuron subtypes compared to the 

striatum, so the baseline resting membrane potential would be expected to be much 

more variable in both uninfected mice and bystander neurons (Figure 24A vs. Figure 

20A). On the other hand, since there is a higher number of TINs in the cortex (Figure 13 

A, B), there is an increased opportunity to record from more TINs. 
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Another interesting question raised by TIN abnormalities is does infection status 

matter? The current Cre-system (which we call T-Cre) does not depend on active 

infection of the neuron (Chapter 1, Figure 2). We have recently generated a 

Toxoplasma strain that only triggers Cre-mediated recombination after fully invading a 

host cell (which we call G-Cre). Follow up studies could compare the physiology of 

neurons labeled by these different Cre strains (T-Cre vs. G-Cre) to determine how full 

invasion might differentially affect neuron physiology compared to simple injection of 

effector proteins.  

  

 

Figure 24. Preliminary data of bystander neurons near TINs. TdTomato reporter 
mice (Madisen et al., 2010) were crossed to mice that express YFP driven by the 
Thy1 promoter (Feng et al., 2000). TINs in these mice express tdTomato and 
bystander neuron recorded from expressed YFP. (A) Distances for the 3 bystander 
neurons were 10µm (blue dot), 42µm, and 59µm (red dots). CA signifies that TINs 
were injected with current (-35, -130pA) to bring the resting membrane potential to 
below the threshold of firing, enabling the measurement of the parameters identified 
in (B, C). (B) AP threshold for bystander neurons and TINs. (C) AP amplitude in 
bystander neurons and TINs. For bystander neurons, N=3, from 1 mouse. For TINs, 
N=2, from 1 mouse. 
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Finally, our data showing that TIN counts drop drastically between 3 and 8 wpi 

(Figure 23) also raises several interesting questions. Given that most TINs do not have 

an active infection, why is an uninfected TIN undergoing cell death? One possibility as 

has been mentioned before, is that injected effector proteins are sufficient to modify the 

neuron or a direct immune response which causes the TIN to become depolarized. In 

both cases, dysregulated firing from a TIN that synapses onto a post-synaptic cell can 

be deleterious to the overall circuit. Thus, eliminating TINs from the circuit can maintain 

the overall health of the network. Future studies could follow up on these findings by 

determining what specific form of cell death is occurring to TINs. Once we have 

determined that TINs are undergoing a specific type of cell death, we can then inhibit 

these pathways either pharmacologically or genetically and determine if we can prevent 

the death of TINs from occurring. I have begun the early portion of such experiments by 

targeting necrosis, as studies in vitro have shown that non-neuronal cells that have 

cleared Toxoplasma subsequently undergo necrotic cell death (Zhao et al., 2009). To 

get at this question I have targeted necroptosis, a regulated form of necrotic cell death 

(Dhuriya et al., 2018). Necroptosis activation needs the formation of the necrosome and 

proteins RIPK1 and RIPK3 are needed to form the necrosome (Linkermann et al., 2014). 

For the current study I have used the inhibitor Nec1s, which inhibits RIPK1 activation. I 

have found that animals treated with daily Nec1s have a trend toward a higher number 

of TINs and cysts at 3wpi when compared to control animals (Figure 23 A, B). At 6 

weeks post infection, both groups show a reduction in the total number of TINs and 

cysts, but there are still far more TINs and cysts in Nec1s-treated animals compared to 

control mice (Figure 23 C, D). Two possibilities arise from these results: 1) inhibiting 

necroptosis increases the survival of TINs or 2) Nec1s could be affecting the infection 

such that an increased number of parasites reach the brain, thus increasing the number 

of TINs and cysts. 
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Figure 25. Inhibition of Nec1s appears to maintain a high 
number of TINs when compared to control mice. 24hr 
prior to inoculation, mice received an IP injection of saline or 
Nec1s. After inoculation with Toxoplasma, mice were given 
sucrose water with or without Nec1s. (A) Total number of 
TINs at 3 wpi. (B) Total cyst count at 3 wpi. (C) As in (A) at 6 
wpi. (D) As in (B) at 6 wpi. N = 3-5 mice/group for 3 wpi 
cohort. N = 2 mice/group for 6 wpi cohort. 
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The work presented in this dissertation adds to the growing literature of cyst 

localization and supplements the current data by quantifying and localizing the neurons 

that have interacted with Toxoplasma. To date, these studies are the first to characterize 

neurons that have interacted with Toxoplasma.  Even though it appears that Toxoplasma 

does not target a specific neuron, there is the possibility that the current markers to 

determine certain neuron cell types may not be well suited for labeling neurons after 

Toxoplasma infection. Finally, our ex vivo data recordings from TINs demonstrates that 

after interacting with Toxoplasma, there is a drastic change in TIN resting membrane 

potential, but surrounding bystander neurons are not dramatically altered. These findings 

need to be followed up to determine how direct modification by Toxoplasma and/or a 

tightly regulated immune response that is specifically targeting TINs may drive these 

physiologic changes. 
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