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Abstract 24 

Background: Neuron-Glial Antigen 2 (NG2) cells are a glial cell type tiled throughout the grey and 25 

white matter of the Central Nervous System (CNS). NG2 cells are known for their ability to 26 

differentiate into oligodendrocytes and are commonly referred to as oligodendrocyte precursor 27 

cells. However, recent investigations have begun to identify additional functions of NG2 cells in 28 

CNS health and pathology. NG2 cells form physical and functional connections with neurons and 29 

other glial cell types throughout the CNS, allowing them to monitor and respond to the neural 30 

environment. Growing evidence indicates that NG2 cells become reactive under pathological 31 

conditions, though their specific roles are only beginning to be elucidated. While reactive microglia 32 

and astrocytes are well-established contributors to neuroinflammation and the development of 33 

epilepsy following CNS infection, the dynamics of NG2 cells remain unclear. Therefore, we 34 

investigated NG2 cell reactivity in a viral-induced mouse model of temporal lobe epilepsy.   35 

Methods: C57BL6/J mice were injected intracortically with Theiler’s Murine Encephalomyelitis 36 

Virus (TMEV) or PBS. Mice were graded twice daily for seizures between 3–7 days post-injection 37 

(dpi). At 4 and 14 dpi, brains were fixed and stained for NG2, the microglia/macrophage marker 38 

IBA1, and the proliferation marker Ki-67. Confocal z-stacks were acquired in both the 39 

hippocampus and the overlying cortex. Total field areas stained by each cell marker and total field 40 

area of colocalized pixels between NG2 and Ki67 were compared between groups. 41 

Results: Both NG2 cells and microglia/macrophages displayed increased immunoreactivity and 42 

reactive morphologies in the hippocampus of TMEV-injected mice. While increased 43 

immunoreactivity for IBA1 was also present in the cortex, there was no significant change in NG2 44 

immunoreactivity in the cortex following TMEV-infection. Colocalization analysis for NG2 and Ki-45 

67 revealed a significant increase in overlap between NG2 and Ki-67 in the hippocampus of 46 

TMEV-injected mice at both timepoints, but no significant differences in cortex. 47 
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Conclusions: NG2 cells acquire a reactive phenotype and proliferate in response to TMEV-48 

infection. These results suggest that NG2 cells alter their function in response to viral 49 

encephalopathy, making them potential targets to prevent the development of epilepsy following 50 

viral infection. 51 

 52 

Keywords 53 
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encephalomyelitis virus (TMEV). 55 

 56 

Introduction 57 

Temporal lobe epilepsy (TLE) is the most common form of acquired epilepsy and can develop 58 

following numerous insults to the central nervous system (CNS), including viral infection. Viral 59 

encephalitis is commonly associated with seizures and increases the risk of developing epilepsy 60 

by more than 20% over the general population (1–3). A variety of neurotropic viruses cause 61 

encephalitis and are suggested to play a role in the development of seizures and epilepsy in 62 

humans, including human herpes virus (HHV), herpes simplex virus (HSV), Japanese encephalitis 63 

virus (JEV), Nipah virus, West Nile virus, enterovirus, Toscana virus, chikungunya virus, human 64 

immunodeficiency virus (HIV), influenza A and B, rotavirus, adenovirus, respiratory syncytial virus, 65 

cytomegalovirus, and severe acute respiratory syndrome coronavirus (SARS- CoV-2) (1–4).   66 

The Theiler’s murine encephalomyelitis virus (TMEV) mouse model of TLE is the only well-67 

characterized model of viral encephalitis-induced epilepsy that recapitulates the sequence of 68 

epilepsy pathogenesis seen in humans, including survival of the acute infection and a majority of 69 

animals that later develop spontaneous recurrent seizures after a seizure-free latent period. 70 
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Intracortical injection of the Daniels’ strain of TMEV into a specific strain of mouse (C57BL/6J) 71 

leads to acute encephalitic seizures from 3 to 8 days post injection (dpi) (5,6). Although the virus 72 

is cleared from the brain by around 14 dpi, a significant portion (>50%) of mice go on to later 73 

develop epilepsy starting around 2-months post-infection (5,7,8).  74 

Approximately 30-40% of epilepsy patients remain refractory to therapy, indicating a substantial 75 

need to identify new targets for anti-seizure or anti-epileptogenic treatments (9–11).  While 76 

aberrant hyperexcitability and hypersynchronization of neurons are hallmarks of seizure activity, 77 

the presence of reactive glial cells or glial scar formation is nearly universal within epileptic lesions 78 

or foci. CNS glia, including astrocytes, microglia, neuron-glial antigen 2-expressing cells (NG2 79 

cells), and oligodendrocytes are intricately involved in diverse neural functions, including 80 

neurotransmitter buffering, ion and water homeostasis, axon insulation, synapse function and 81 

plasticity, and blood-brain-barrier (BBB), extracellular matrix (ECM), and immune system 82 

regulation. It is now well-established that glial functions are commonly altered or disrupted in the 83 

process of epileptogenesis. Therefore, glial cells have come under recent focus as potential 84 

targets to promote homeostasis and functional recovery after a seizure or initiating epileptogenic 85 

event (12–16).  86 

NG2 cells are a glial cell type abundantly tiled throughout the adult CNS. Due to their capacity to 87 

generate and regenerate oligodendrocytes during development and adulthood, they are often 88 

referred to as oligodendrocyte precursor cells (OPCs). However, a growing body of evidence 89 

indicates much broader and more complex roles for NG2 cells in nervous system function and 90 

disease and has led to their classification as the fourth major glial cell type (17–20). NG2 cells 91 

receive both inhibitory and excitatory synaptic inputs and express a distinguishing array of ion 92 

channels, receptors, and an immunoproteasome, uniquely priming them to monitor and respond 93 

to changes in the neural environment (19,21–25).  94 
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In the TMEV model of TLE, TMEV infects hippocampal pyramidal neurons producing moderate 95 

to severe hippocampal necrosis and initiating seizure development (6–8,26). Glia cells, including 96 

astrocytes and microglia, respond to contain and to mitigate damage, but NG2 cell participation 97 

has not been determined. Previous studies from our lab have identified microglia as crucial 98 

regulators of the inflammatory response and astrocytes as active participants in synaptic 99 

remodeling following TMEV infection (5,7,26–28). Reactive glia undergo metabolic and functional 100 

changes, including increased phagocytosis to clear debris, increased proliferation to amplify glial 101 

cell numbers, formation of a glial scar to seal off damage, increased production of proinflammatory 102 

cytokines to encourage defensive behaviors in neighboring cells, and morphologic hypertrophy 103 

by increasing glial cell size and/or surface protein expression. Therefore, in the present study, we 104 

investigated how NG2 cells respond to TMEV encephalitis at 4 and 14 days post-infection by 105 

examining NG2 cell hypertrophy, proliferation, and scar formation in the necrotic hippocampal 106 

region and in the non-directly affected cortex. Identifying the role of NG2 cells in epilepsy 107 

pathogenesis following viral encephalitis may lead to novel targets to block prolonged 108 

inflammatory response and to promote homeostasis and tissue repair.  109 

 110 

Materials and methods 111 

Animals 112 

Male and Female C57BL/6 mice aged between 4-5 weeks old were purchased from Jackson 113 

Laboratory (Bar Harbor, ME, USA). Mice were acclimatized for one week prior to the experiments. 114 

Mice were provided food (Teklad Global Soy Protein-Free Extruded Rodent Diet cat. #2920X; 115 

Harlan Laboratories) and water ad libitum and housed in a temperature- and light-controlled (12 116 

hour light/dark cycle) environment. All procedures were performed in accordance with the 117 
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National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by 118 

the Institutional Animal Care and Use Committee of the University of Utah. 119 

TMEV Infection and Seizure Monitoring 120 

Mice were anesthetized briefly using a mixture of isoflurane and compressed air. Mice were then 121 

injected with 20 µl of either phosphate-buffered saline (PBS, n=8) or 2.5 x 105 plaque forming 122 

units of Daniels strain of TMEV (n=16) intracortically to a depth of 2 mm in the right hemisphere 123 

of the posterior parietal cortex as previously described (29–31). Animals were monitored for 124 

handling-induced behavioral seizures and body weight changes twice daily from 3 to 7 dpi 125 

between the hours of 9am and 6pm. Mice were agitated by briefly shaking their cages, and the 126 

intensity of the seizure activity was graded using a modified Racine scale as follows: Stage 1, 127 

mouth and facial movements; Stage 2, head nodding; Stage 3, forelimb clonus; Stage 4, forelimb 128 

clonus with rearing; Stage 5, rearing and falling; Stage 6, rearing and falling with extensive jumps 129 

or severe hindlimb clonus (32). Mice were included in histological analysis only if they were 130 

observed to have at least one seizure of a Racine score of 3 or greater. TMEV-infected mice and 131 

PBS-controls were sacrificed at 4 dpi (PBS, n=4; TMEV, n=8) and 14 dpi (PBS, n=4; TMEV, n=8). 132 

These two time points were chosen as they represent times post-infection when animals begin to 133 

have seizures (4 dpi) and after seizures remit and the virus is largely cleared (14 dpi). In addition, 134 

previous work from our lab has used those time points to assess microglia and astrocyte reactivity 135 

(31). 136 

Immunofluorescence 137 

Animals were anesthetized through intraperitoneal injection with pentobarbital, and transcardial 138 

perfusions were performed with PBS followed by 10% neutral buffered formalin solution (NBF). 139 

Brains were then postfixed 12-18 hours in 10% NBF and transferred to a 15%/30% sucrose 140 

gradient for cryoprotection. Tissue was frozen and sectioned coronally to 30 µm on a freezing 141 
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stage microtome (Leica, Buffalo Grove, IL). Slides were mounted with triplicate sections from both 142 

a PBS and TMEV brain as well as one section from each brain for a primary antibody-omission 143 

control to confirm antibody specificity on each slide. A hydrophobic barrier pen (Vector 144 

Laboratories H-4000) was used to separate the two control sections from the six stained sections. 145 

Slides were washed 3 times with PBS and blocked in CytoQ ImmunoDiluent & Block Solution 146 

(Innovex NB307-C) containing 0.3% Tween-20 for 1 hour. Tissue was incubated overnight at 4°C 147 

with primary antibodies directed to NG2 (Millipore/Sigma AB5230, 1:250), ionized calcium-binding 148 

adaptor molecule 1 (IBA1) (Novus Biologicals NB100-1028, 1:500), or Ki-67 (R&D Systems 149 

AF7649, 1:65) diluted in CytoQ ImmunoDiluent & Block Solution containing 0.05% Tween-20. 150 

Sections were then washed five times with CytoQ containing 0.1% Tween-20 and incubated for 151 

2 hours at room temperature with secondary antibodies, respectively, AlexaFluor donkey anti-152 

rabbit 488, AlexaFluor donkey anti-goat 546, or AlexaFluor donkey anti-sheep 555. Slides were 153 

counterstained with DAPI (D9542, Sigma Aldrich). Slides were then rinsed five times with PBS 154 

and mounted with Prolong Gold antifade reagent (Molecular Probes) using No. 1.5 coverslips. 155 

Imaging and Analysis 156 

Images were captured with a Nikon A1 confocal microscope (Nikon Instruments, Melville, NY) at 157 

the University of Utah Cell Imaging Core Facility using a 20x/NA 1.0 air objective. Laser output, 158 

photomultiplier, and offset settings were adjusted to minimize saturated pixels and maximize 159 

contrast across samples. Once optimized, the laser settings were held constant between images 160 

acquired from control and TMEV-infected sections across all slides. Regions of interest, including 161 

the right dorsal CA1 region of the hippocampus and the overlying cortex, were initially identified 162 

using epifluorescence in the DAPI channel. Once a region was selected, laser-scanning mode 163 

was used to acquire 12 x 1 µm z-stack optical images for each brain from triplicate sections using 164 

Nikon’s Confocal NIS-Elements Acquisition Software.  165 
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Raw grayscale 12-bit images from the channel of each marker were processed to perform 166 

comparative fluorescence and colocalization analysis using ImageJ software (National Institutes 167 

of Health, Bethesda, MD). Each image was first converted to 8-bit then processed using the “Stack 168 

Contrast Adjustment” plug-in by manually selecting the image with the highest contrast as the 169 

reference image for each stack (33). An automated macro was created to perform the following 170 

functions to the stack contrast adjusted images in batch: A rolling ball background subtraction 171 

was performed and resulting images were processed using the “Hybrid 3D median Filter” plug-in 172 

(34). Images containing NG2 and IBA1 stains were thresholded by setting a global threshold 173 

(value=30). Images containing Ki-67 were thresholded at 0.35% stack histogram. For 174 

colocalization analysis, the corresponding images from each channel were processed through the 175 

“colocalization” plug-in (35). Total field areas stained by each marker, as well as the total field 176 

area of the colocalized points between NG2 and Ki-67, were measured for each optical section 177 

through the stained tissue section. These values were averaged for each tissue section and then 178 

averaged across the triplicate sections stained from each brain.  179 

For all representative images, brightness and contrast were adjusted linearly across the entire 180 

image to remove background and maximize contrast. For representative images showing 181 

comparison of IBA1 or NG2, the brightness and contrast levels for each channel were held 182 

constant between images. For representative images showing Ki-67, the Ki-67 channel was set 183 

to 0.35% histogram for each image to remove background and lower levels of expression in 184 

quiescent cells, such as neurons (36).  185 

Statistics 186 

Total field area per stain was compared between brains from control and seized groups (PBS-187 

injected vs. TMEV-injected) using two-tailed unpaired t-tests. All data are presented with the mean 188 

value (x), the median value (middle line) and 25th to 75th percentiles. All statistical analysis was 189 
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performed using MATLAB, and figures were prepared using Adobe Illustrator. P values less than 190 

0.05 were considered statistically significant. 191 

 192 

Results 193 

Acute behavioral seizures in TMEV-infected mice 194 

The majority of behavioral seizures occur between 3 and 7 dpi in the TMEV model (5). 195 

Accordingly, we monitored behavioral seizures twice per day between 3 and 7 dpi. Because it is 196 

not possible to predict which animals will develop seizures, the number of animals was doubled 197 

for the TMEV group (n=16). Cumulatively, 93.75% of TMEV-infected animals were observed to 198 

have at least one seizure prior to sacrifice (Fig. 1A). However, during the observation periods on 199 

any given day, the percentage of animals that showed stage 3 or greater seizure activity ranged 200 

from 37 – 87% (Fig. 1B). As previously described, seizure severity increased over the course of 201 

the observation periods, with the majority of seizures observed being either stage 5 or stage 6 by 202 

6 dpi (Fig. 1C). Only animals that exhibited at least one stage 3 or greater seizure during the 203 

observation periods were used for further analysis. No seizures were observed in PBS-injected 204 

animals throughout the course of the study. 205 

NG2 cells become reactive in the hippocampus, but not the cortex, of TMEV-infected mice 206 

Following TMEV infection, reactive astrocytes and microglia/macrophages have been observed 207 

in the CA1 region of the hippocampus and in the cortex (31). Reactivity of glial cells was also 208 

shown to persist well after viral clearance (≥ 14 dpi) (1,5,7,29–31). We aimed to build upon these 209 

findings and determine whether NG2 cells display a similarly reactive phenotype. We used 210 

immunohistochemistry at discrete time points post-TMEV infection to analyze immunoreactivity 211 

of anti-NG2 antibody for NG2 cells and anti-IBA1 antibody for microglia/macrophages. While IBA1 212 

cannot discriminate between microglia and infiltrating macrophages, it does provide exceptional 213 
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visualization of cell morphology. Therefore, quantitative analysis of IBA1 is used as a measure of 214 

changes in both the density and morphology of microglia as well as the infiltration of 215 

macrophages. Figure 2 shows a wide-field example of regions of interest in a TMEV-infected 216 

mouse at 4 dpi. We found the area positive for NG2 and IBA1 was significantly elevated in the 217 

CA1 hippocampal region of TMEV-injected mice at both 4 dpi (NG2 p=0.0136 and IBA1 p=0.0140) 218 

and 14 dpi (NG2 p=0.0493 and IBA1 p=0.0015) compared to PBS-injected controls (Fig. 3A-C 219 

and Fig. 4A-C). NG2 cell reactivity was also qualitatively confirmed based on morphological 220 

changes including hypertrophy of NG2 cell soma and processes (Fig. 3A and Fig. 4A) and their 221 

presence within the glial scar formation at 14 dpi (Fig. 4A). 222 

In agreement with previous studies, significantly elevated IBA1 immunoreactivity was also present 223 

in the cortex of TMEV-infected mice compared to PBS-injected controls at both 4 dpi (p=0.00001) 224 

(Fig. 5A,C) and 14 dpi (p=0.0030) (Fig. 6A,C) (31). However, analysis of NG2 immunoreactivity 225 

in the cortex revealed no significant difference between TMEV- and PBS-injected mice at either 226 

4 dpi (p=0.5405) (Fig. 5A-B) or 14 dpi (p=0.9119) (Fig. 6A-B). These results suggest that NG2 227 

cell reactivity is more localized to the hippocampal site of active infection and seizure focus 228 

compared to microglia/macrophages. 229 

Increased proliferation of NG2 cells in the hippocampus 230 

Glial activation and scar formation during CNS insult and epileptogenesis often coincide with 231 

increases in glial proliferation (15,16,31). It was previously shown that both astrocytes and 232 

microglia undergo increased proliferation at 4 dpi in the TMEV model (31). In order to determine 233 

whether NG2 cells also undergo increased proliferation in response to TMEV infection, we 234 

performed colocalization analysis to identify cells expressing both proliferation marker Ki-67 and 235 

NG2 (37). A significant increase in overlap between NG2 and Ki-67 was observed at both 4 dpi 236 

(p=0.0021) and 14 dpi (p=0.0057) in the CA1 region of the hippocampus of TMEV-injected 237 

animals (Fig. 7A-C). The levels of colocalization between NG2 and Ki-67 did not differ significantly 238 
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in the cortex between TMEV-injected animals and PBS-injected controls at either 4 dpi (p=0.0757) 239 

or 14 dpi (p=0.1606) (Fig. 7A-C). This data suggests that there is ongoing increased proliferation 240 

of NG2 cells in the hippocampus, but not cortex, following TMEV infection. 241 

 242 

Discussion 243 

This study is the first to evaluate the effect of TMEV infection and seizures on the activation state 244 

of NG2 cells using IHC techniques. Quantitative analysis revealed reactivity of both NG2 cells 245 

and microglia/macrophages in the CA1 region of TMEV-injected brains at 4 and 14 dpi as 246 

measured by significantly greater immunoreactivity of NG2 and IBA1, respectively. Our data adds 247 

NG2 cells to the repertoire of reactive cell types and participants in glial scar formation in response 248 

to TMEV-infection and replicates previous studies identifying reactive microglia/macrophages in 249 

both the hippocampus and cortex (31). NG2 cells express a wide array of Ca2+ channels and 250 

receptors that regulate diverse aspects of NG2 cell morphology and function, including immune 251 

signaling, process dynamics, cell migration, intercellular communication, and release of trophic 252 

and secreted factors (25). Reactive NG2 cells displayed characteristic thick and ramified 253 

processes, reinforcing the possibility that NG2 cells, like other glia, likely undergo altered gene 254 

expression and physiological changes that coincide with the observed morphological changes 255 

following CNS infection (24,25,38,39).  256 

We also observed increased proliferation of NG2 cells in the CA1 region of TMEV-infected brains. 257 

While NG2 cells are the most proliferative cells in the healthy adult brain, increased NG2 cell 258 

proliferation has been demonstrated following several types of CNS injury (40–44). It is 259 

noteworthy that, unlike microglia, enhanced NG2 cell reactivity and proliferation appeared to 260 

localize tightly to the CA1 region of the hippocampus, the site of active infection and significant 261 

neuronal cell death in the TMEV-model (5,6,31). Additionally, while previous studies found that 262 
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initial increases in proliferation of microglia/macrophages and astrocytes diminished to 263 

undetectable levels by 14 dpi, increased proliferation of NG2 cells observed at 4 dpi was sustained 264 

at the 14 dpi timepoint (31). This prolonged increase in proliferation suggests that NG2 cells may 265 

play a role in the ongoing innate immune response and scar formation following TMEV infection. 266 

Glial cells dynamically sense and respond to the neural environment. Upon an initiating 267 

neurological insult or injury, reactive astrocytes, microglia, and NG2 cells have been 268 

demonstrated to secrete pro-inflammatory cytokines in order to adapt to damage and promote 269 

homeostasis. However, in cases of chronic epilepsy, the release of pro-inflammatory cytokines 270 

can become harmful, contributing to neuronal hyperexcitability and the generation of seizures 271 

(45,46). Several studies have identified immune antigen-presentation on NG2 cells in response 272 

to neurological insult or injury, suggesting NG2 cells may play a role in the inflammatory milieu 273 

contributing to seizures following TMEV-infection (21,27,32,47,48). Conversley, NG2 cells have 274 

also been shown to supress neruoinflammation and microglial activation thorugh TGF-β signaling 275 

(24). These diametric findings suggest that reactive NG2 glia may assume immune-promoting or 276 

immune-suppressing roles in a context-specific manner. Untangling the signaling pathways 277 

involved in NG2 cell immunomodulation may  provide new therapeutic targets aimed at tipping 278 

the balance of an uncontrolled or prolonged neuroimmune response following viral infection.  279 

Several reports also provide evidence that reactive NG2 cells within the vicinity of injury sites 280 

function to form a barrier around damaged tissue in order to protect the surrounding healthy tissue 281 

(42,49). A recent study by Damisah et al. demonstrate that microglia, astrocytes, and NG2 cells 282 

coordinate their response to clear damaged and dying neurons, with NG2 cells not only polarizing 283 

towards dying neurons, but remaining to fill the lesion after removal of neuronal debris was 284 

complete (50). While the exact purpose of NG2 cell activity in formation of the glial scar remain 285 

unclear, increased expression or deposits of NG2, otherwise known as chondroitin sulfate 286 

proteoglycan 4 (CSPG4), may form a barrier to repair damage in epilepsy-inducing lesions and 287 
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significantly alter the function of surviving neurons and astrocytes, contributing to epileptogenesis 288 

(16). Because NG2 cell reactivity is spatially restricted to the site of active infection and seizure 289 

focus, deciphering their specific functions within the scar could provide novel insights into 290 

mechanisms underlying epileptogenesis.   291 

Together, our data show robust NG2 cell activation and proliferation in response to TMEV-292 

infection and acute seizures. NG2 cells are increasingly being recognized as important players in 293 

promoting CNS health and pathology.  While the exact function of NG2 cell reactivity in response 294 

to TMEV-infection is still unknown, the combination of advanced RNA-sequencing technologies 295 

along with functional imaging approaches using genetically encoded calcium indicators can be 296 

used to target the role of NG2 cells in the process of epileptogenesis. While most currently 297 

available antiseizure drugs target neuronal mechanisms, 30-40% of epilepsy patients remain 298 

refractory to currently available therapies. Identifying the role of NG2 cells in epilepsy 299 

pathogenesis following viral encephalitis may lead to novel targets and strategies towards 300 

blocking prolonged inflammatory response and facilitating therapies designed to promote 301 

homeostasis and tissue repair. 302 

 303 

Conclusions 304 

In summary, our study identifies reactive NG2 cells in the inflamed and epileptogenic 305 

hippocampus following CNS infection with TMEV, indicating that NG2 cells are involved in the 306 

neuroinflammatory response and may be promising targets for preventing seizures and epilepsy 307 

following viral infection. 308 

 309 
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Figure Legends 490 

Figure 1 491 

Intracranial injection of Theiler murine encephalomyelitis virus (TMEV) leads to acute behavioral 492 

seizures. (A) Cumulatively, 93.75% of the TMEV-infected animals exhibited at least one stage 3 493 

or greater seizure during the twice daily (AM & PM) observation periods. Cumulative percentage 494 

of mice that experienced stage 3 or greater seizures listed on top of bars. (B)  On any given day, 495 

the percentage of mice exhibiting a stage 3 or greater seizure ranged between 37-87% during 496 

any individual observation period. As half the total TMEV-infected mice (n=16) were sacrificed 497 

after the observation period on 4 dpi, the number of mice observed from 5-7 dpi was reduced to 498 

n=8. Number of seized and non-seized mice listed in bars. (C) The total numbers of seizures 499 

observed based on the modified Racine scale on each day during seizure monitoring show the 500 

seizure intensity increases over the course of the observation period. Number of seizures listed 501 

above bars.  502 

 503 

Figure 2 504 

Imaging brain regions of interest. Low magnification (4x) confocal image showing NG2 (green) 505 

and microglia/macrophage marker ionized calcium-binding adaptor molecule 1 (IBA) (red) in a 506 

TMEV-infected mouse brain at 4 dpi. White boxes identify representative imaging regions of 507 
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interest in the cortex and the CA1 region of the hippocampus. SO = stratum oriens, SP = stratum 508 

pyramidal, SR = stratum radiatum. Scale bar = 100 µm.  509 

Figure 3 510 

TMEV-injected animals exhibit reactive NG2 cells and microglia/macrophages in the 511 

hippocampus at 4 dpi. (A) NG2 cells (green) and microglia/macrophages (red) in the CA1 region 512 

of the hippocampus of PBS-injected (top) and TMEV-injected (bottom) mice at 4 dpi. (B) TMEV-513 

injected mice showed significantly greater immunoreactivity for NG2 compared to PBS-injected 514 

mice. (C) TMEV-injected mice showed significantly greater immunoreactivity for IBA1 compared 515 

to PBS-injected mice. All images are 20x maximum-intensity projections of 12 µm confocal z-516 

stacks. Scale bars = 100 µm. 517 

 518 

Figure 4 519 

TMEV-injected animals exhibit scarring and reactive NG2 cells and microglia/macrophages in the 520 

hippocampus at 14 dpi. (A) NG2 cells (green) and microglia/macrophages (red) in the CA1 region 521 

of the hippocampus of PBS-injected (top) and TMEV-injected (bottom) mice at 14 dpi. (B) TMEV-522 

injected mice showed significantly greater immunoreactivity for NG2 compared to PBS-injected 523 

mice. (C) TMEV-injected mice showed significantly greater immunoreactivity for IBA1 compared 524 

to PBS-injected mice. Images are 20x maximum-intensity projections of 12 µm confocal z-stacks. 525 

Scale bars = 100 µm. 526 

 527 

Figure 5 528 

In contrast to microglia, NG2 cells in the cortex of TMEV-injected animals do no not exhibit 529 

reactivity at 4 dpi. (A) NG2 cells (green) and microglia/macrophages (red) in the cortex of PBS-530 
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injected (top) and TMEV-injected (bottom) mice at 4 dpi. (B) TMEV-injected mice did not show 531 

significant changes in immunoreactivity for NG2 compared to PBS-injected mice. (C) TMEV-532 

injected mice showed significantly greater immunoreactivity for IBA1 compared to PBS-injected 533 

mice. Images are 20x maximum-intensity projections of 12 µm confocal z-stacks. Scale bars = 534 

100 µm. 535 

Figure 6 536 

NG2 cells, in contrast to microglia, do not exhibit increased reactivity in the cortex at 14 dpi.  (A) 537 

NG2 cells (green) and microglia/macrophages (red) in the cortex of PBS-injected (top) and TMEV-538 

injected (bottom) mice at 4 dpi. (B) TMEV-injected mice did not show significant changes in 539 

immunoreactivity for NG2 compared to PBS-injected mice. (C) TMEV-injected mice showed 540 

significantly greater immunoreactivity for IBA1 compared to PBS-injected mice. Images are 20x 541 

maximum-intensity projections of 12 µm confocal z-stacks. Scale bars = 100 µm. 542 

 543 

Figure 7 544 

NG2 cell proliferation is increased in the hippocampus of TMEV-injected animals at 4 and 14 dpi. 545 

(A) NG2 cells (green) and proliferation marker Ki-67 (red) in the CA1 hippocampal region of PBS-546 

injected (Top) and TMEV-injected (bottom) mice at 4 and 14 dpi. Arrow heads point to cells 547 

containing pixels colocalized for both NG2 and Ki-67. (B) There is a significant increase in 548 

colocalization of NG2 and Ki-67 in the CA1 region of the hippocampus of TMEV-injected mice 549 

compared to PBS-injected mice at 4 dpi. (C) There is also significant increase in colocalization of 550 

NG2 and Ki-67 in the CA1 region of the hippocampus of TMEV-injected mice compared to PBS-551 

injected mice at 14 dpi. Images are 20x maximum-intensity projections of 12 µm confocal z-552 

stacks. All scale bars = 50 µm. 553 

 554 



25 

 

Figure 8 555 

NG2 cell proliferation is not significantly changed in the cortex of TMEV-injected animals at both 556 

4 and 14 dpi. (A) NG2 cells (green) and proliferation marker Ki-67 (red) in the cortex of PBS-557 

injected (top) and TMEV-injected (bottom) mice at 4 and 14 dpi. Arrow heads point to cells 558 

containing pixels colocalized for both NG2 and Ki-67.  (B) There is no significant change in 559 

colocalization of NG2 and proliferation marker Ki-67 in the cortex of TMEV-injected animals at 4 560 

dpi. (C) There is also no significant change in colocalization of NG2 and Ki-67 in the cortex of 561 

TMEV-injected animals at 14 dpi. Images are 20x maximum-intensity projections of 12 µm 562 

confocal z-stacks. Scale bars = 50 µm. 563 

 564 



Figures

Figure 1

Intracranial injection of Theiler murine encephalomyelitis virus (TMEV) leads to acute behavioral
seizures. (A) Cumulatively, 93.75% of the TMEV-infected animals exhibited at least one stage 3 or greater
seizure during the twice daily (AM & PM) observation periods. Cumulative percentage of mice that
experienced stage 3 or greater seizures listed on top of bars. (B) On any given day, the percentage of mice
exhibiting a stage 3 or greater seizure ranged between 37-87% during any individual observation period.
As half the total TMEV-infected mice (n=16) were sacri�ced after the observation period on 4 dpi, the
number of mice observed from 5-7 dpi was reduced to 498 n=8. Number of seized and non-seized mice
listed in bars. (C) The total numbers of seizures observed based on the modi�ed Racine scale on each
day during seizure monitoring show the seizure intensity increases over the course of the observation
period. Number of seizures listed above bars.



Figure 2

Imaging brain regions of interest. Low magni�cation (4x) confocal image showing NG2 (green) and
microglia/macrophage marker ionized calcium-binding adaptor molecule 1 (IBA) (red) in a TMEV-infected
mouse brain at 4 dpi. White boxes identify representative imaging regions of interest in the cortex and the
CA1 region of the hippocampus. SO = stratum oriens, SP = stratum pyramidal, SR = stratum radiatum.
Scale bar = 100 μm.



Figure 3

TMEV-injected animals exhibit reactive NG2 cells and microglia/macrophages in the hippocampus at 4
dpi. (A) NG2 cells (green) and microglia/macrophages (red) in the CA1 region of the hippocampus of
PBS-injected (top) and TMEV-injected (bottom) mice at 4 dpi. (B) TMEV-injected mice showed
signi�cantly greater immunoreactivity for NG2 compared to PBS-injected mice. (C) TMEV-injected mice



showed signi�cantly greater immunoreactivity for IBA1 compared to PBS-injected mice. All images are
20x maximum-intensity projections of 12 μm confocal z-stacks. Scale bars = 100 μm.

Figure 4

TMEV-injected animals exhibit scarring and reactive NG2 cells and microglia/macrophages in the
hippocampus at 14 dpi. (A) NG2 cells (green) and microglia/macrophages (red) in the CA1 region of the
hippocampus of PBS-injected (top) and TMEV-injected (bottom) mice at 14 dpi. (B) TMEV-injected mice



showed signi�cantly greater immunoreactivity for NG2 compared to PBS-injected mice. (C) TMEV-
injected mice showed signi�cantly greater immunoreactivity for IBA1 compared to PBS-injected mice.
Images are 20x maximum-intensity projections of 12 μm confocal z-stacks. Scale bars = 100 μm.

Figure 5

In contrast to microglia, NG2 cells in the cortex of TMEV-injected animals do no not exhibit reactivity at 4
dpi. (A) NG2 cells (green) and microglia/macrophages (red) in the cortex of PBS-injected (top) and TMEV-



injected (bottom) mice at 4 dpi. (B) TMEV-injected mice did not show signi�cant changes in
immunoreactivity for NG2 compared to PBS-injected mice. (C) TMEV-injected mice showed signi�cantly
greater immunoreactivity for IBA1 compared to PBS-injected mice. Images are 20x maximum-intensity
projections of 12 μm confocal z-stacks. Scale bars = 100 μm.

Figure 6



NG2 cells, in contrast to microglia, do not exhibit increased reactivity in the cortex at 14 dpi. (A) NG2 cells
(green) and microglia/macrophages (red) in the cortex of PBS-injected (top) and TMEV-injected (bottom)
mice at 4 dpi. (B) TMEV-injected mice did not show signi�cant changes in immunoreactivity for NG2
compared to PBS-injected mice. (C) TMEV-injected mice showed signi�cantly greater immunoreactivity
for IBA1 compared to PBS-injected mice. Images are 20x 541 maximum-intensity projections of 12 μm
confocal z-stacks. Scale bars = 100 μm.

Figure 7



NG2 cell proliferation is increased in the hippocampus of TMEV-injected animals at 4 and 14 dpi. (A) NG2
cells (green) and proliferation marker Ki-67 (red) in the CA1 hippocampal region of PBS-injected (Top)
and TMEV-injected (bottom) mice at 4 and 14 dpi. Arrow heads point to cells containing pixels
colocalized for both NG2 and Ki-67. (B) There is a signi�cant increase in colocalization of NG2 and Ki-67
in the CA1 region of the hippocampus of TMEV-injected mice compared to PBS-injected mice at 4 dpi. (C)
There is also signi�cant increase in colocalization of NG2 and Ki-67 in the CA1 region of the
hippocampus of TMEV-injected mice compared to PBS-injected mice at 14 dpi. Images are 20x
maximum-intensity projections of 12 μm confocal z-stacks. All scale bars = 50 μm.



Figure 8

NG2 cell proliferation is not signi�cantly changed in the cortex of TMEV-injected animals at both 4 and
14 dpi. (A) NG2 cells (green) and proliferation marker Ki-67 (red) in the cortex of PBS-injected (top) and
TMEV-injected (bottom) mice at 4 and 14 dpi. Arrow heads point to cells containing pixels colocalized for
both NG2 and Ki-67. (B) There is no signi�cant change in colocalization of NG2 and proliferation marker
Ki-67 in the cortex of TMEV-injected animals at 4 dpi. (C) There is also no signi�cant change in



colocalization of NG2 and Ki-67 in the cortex of TMEV-injected animals at 14 dpi. Images are 20x
maximum-intensity projections of 12 μm confocal z-stacks. Scale bars = 50 μm.


