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Abbreviations: 22 

4-OHT, z-4-hydroxytamoxifen; BG, basal ganglia; Contra, contralateral; CSC, corpus callosum; 23 

DG, dentate gyrus; DPI, days post-injection; ERT2, mutant estrogen receptor 2; FRX, fornix; 24 

GFAP, glial fibrillary acidic protein; HIL, hilus; HPC, hippocampus; hr, hour; IHC, 25 

immunohistochemistry; intracranial, i.c.; Ipsi, ipsilateral; LSN, lateral septal nuclei; NeuN, 26 

neuronal nuclei; PBS, phosphate buffered saline; ROI, region of interest; THAL, thalamus; TLE, 27 

temporal lobe epilepsy; TMEV, Theiler’s murine encephalomyelitis virus; TRAP, transient 28 

recombination in active populations; TSN, triangular septal nucleus; s, second; sz, seizure; WT, 29 

wildtype 30 
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GRAPHICAL ABSTRACT 31 
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ABSTRACT  32 

Epilepsy affects one in twenty-six individuals. A major cause of epilepsy worldwide is viral 33 

encephalitis. Central nervous system infections can provoke seizures in the short term and 34 

increase the risk of spontaneous, recurrent seizures post-infection. However, the neural 35 

mechanisms underlying seizures during acute infection are unknown. These neuronal changes 36 

can be studied in C57BL6/J mice infected with Theiler’s murine encephalomyelitis virus (TMEV). 37 

TMEV-infected mice experience seizures 3-8 days post-injection (DPI), clear the virus by DPI 14, 38 

and may develop chronic, acquired temporal lobe epilepsy. TMEV may incite seizures during the 39 

acute infection period through inflammation, reactive gliosis, and cell death in hippocampal area 40 

CA1. Here, we explore the neuronal circuits underlying acute seizures in TMEV-injected mice 41 

using c-Fos driven TRAP (targeted recombination in active populations). TRAP mice (c-Fos-42 

CreERT2 x CAG-tdTomato) were injected with PBS or TMEV and gently handled on DPI 5 to 43 

induce seizures. 4-OHT was administered to mice either 1.5 or 3 hr after seizures to tag the active 44 

cells expressing c-Fos with tdTomato. After 1 week, the mice were sacrificed and whole mouse 45 

brains were sectioned and immunostained for tdTomato expression. Percent area of fluorescence 46 

was quantified, and comparisons were made between TMEV-injected mice and PBS controls, 47 

sites ipsilateral vs contralateral to TMEV injection site, and between sexes. TdTomato expression 48 

was elevated in the TMEV-injected mice in the ipsilateral and contralateral hippocampus, 49 

thalamus, lateral septal nucleus, basal ganglia, triangular septal nucleus, fornix, and corpus 50 

callosum. Critically, the expression pattern suggests that seizures induced on DPI 5 arise from 51 

the hilus, dentate gyrus, and CA3 hippocampal subregions. Generalized seizures during acute 52 

TMEV infection may have propagated to the contralateral hemisphere via CA3 and the 53 

hippocampal commissure. TRAP has not been previously utilized in the TMEV mouse model and 54 

these experiments address crucial questions regarding seizure spread during TMEV infection.  55 
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INTRODUCTION 56 

Viral-induced encephalitis is a major cause of epilepsy globally1. Over 100 viruses are known to 57 

cause epileptic encephalitis in humans2. Inflammation and viral-induced damage provoke 58 

seizures during active infection and greatly increase risk of developing spontaneous, recurrent 59 

seizures 1,3. Patients that experience seizures during acute infection are 22 times more likely to 60 

develop chronic epilepsy than the general population4.  61 

 62 

One useful model of infection-induced temporal lobe epilepsy (TLE) develops when C57BL6/J 63 

mice are injected with the Daniel’s strain of Theiler’s murine encephalomyelitis (TMEV) 5. In the 64 

TMEV model, mice exhibit seizures 3-8 days postinfection (DPI), clear the virus by DPI 14, and 65 

can develop chronic TLE6. These mice also exhibit long-term decreases in seizure threshold that 66 

may be indicative of increased neuronal excitability7 and exhibit anxiety-like behavior and 67 

cognitive impairments8. TMEV infection also causes pyramidal cell death in hippocampal CA16,9. 68 

It is possible that the neuronal damage and innate immune system response to viral infection in 69 

CA18,10 provokes acute seizures10,11,12,13, while long-term changes in hippocampal circuitry 70 

underlie the chronic seizures14. However, the precise regions underlying seizures during the acute 71 

phase are unknown. 72 

 73 

Transient Recombination in Active Populations (TRAP) labels active cells with a fluorescent 74 

marker through a 4-hydroxytamoxifen (4-OHT) dependent, Cre-inducible paradigm15. TRAP 75 

tagging has been used to map seizure propagation in pentylenetetrazol-induced seizures16, 76 

cobalt-induced frontal lobe seizures17, hypoxic-ischemic-induced seizures18, and status 77 

epilepticus in mice19. However, seizure propagation networks have not been examined in the 78 

TMEV model. Given the extensive damage observed in CA1 and CA2 of infected mice, it is 79 

unknown how seizures propagate in this model during the acute infection period. Here we 80 

investigated seizure-active circuitry on day post-injection 5 (DPI 5) of TMEV infection by 81 

quantifying c-Fos driven tdTomato expression in seizing c-Fos-CreERT2 x CAG-tdTomato (TRAP 82 

mice; n = 14) and PBS-injected control mice (n =7). The c-Fos promoter ensures only seizure-83 

active cells become ‘trapped’ (marked with tdTomato) while the 4-OHT administration provides 84 

temporal specificity. Because the timing of 4-OHT administration influences the quantity of 85 

trapped cells, 4-OHT was given at a short (1.5 hr) or later (3 hr) timepoint based on prior 86 

investigations19,20.  87 
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 88 

We identified seven saliant regions of interest that expressed high levels of tdTomato both 89 

ipsilateral and contralateral to the site of injection following seizures in TMEV-injected TRAP mice. 90 

This is consistent with seizures becoming secondarily generalized in this model. The 91 

hippocampus, thalamus, lateral septal nuclei, basal ganglia, triangular septal nucleus, fornix, and 92 

corpus callosum expressed higher tdTomato levels compared to PBS-injected controls (p < 0.05) 93 

in the groups receiving 4-OHT 1.5 hr and 3 hrs post-seizure. However, tdTomato expression was 94 

reduced in TMEV-injected mice administered 4-OHT at the 3 hr timepoint compared to the 1.5 hr 95 

timepoint (p < 0.05). Damage within CA1 was observed in both groups of TMEV-injected mice. 96 

Sex differences in tdTomato expression were not observed between seizing male (n = 7) and 97 

female (n = 7). TMEV-injected TRAP mice. Examination of the hippocampus indicated that the 98 

subregions with the greatest tdTomato expression were the dentate gyrus (DG), hilus, and CA3. 99 

This indicates that seizure generalization must arise from hippocampal outputs independent of 100 

CA1 and suggests the DG, hilus, and CA3 as salient regions to target during TMEV infection. 101 

 102 

MATERIALS AND METHODS  103 

Animals 104 

All experimental procedures were conducted in compliance with the Institutional Animal Care and 105 

Use Committee at the University of Utah College of Pharmacy. Mice were housed in a 12:12 106 

light:dark cycle (6:00 AM to 6:00 PM). Soy-free mouse chow (2020X; Inotiv, Madison, WI) and 107 

water were available ad libitum. Animals received daily health checks and pain and distress were 108 

minimized throughout the experiments. Any mice which lost > 20% of their starting weight for at 109 

least 24 hr were removed from the experiment.  110 

 111 

Male and female TRAP mice (c-Fos-CreERT2 x CAG-tdTomato) and their WT littermates (11-16 112 

wks) were utilized for these experiments16,18. To generate c-Fos-CreERT2 x CAG-tdTomato mice, 113 

hemizygous mice expressing Cre-ERT2 under the c-Fos promoter (B6.129(Cg)-114 

Fostm1.1(cre/ERT2)Luo/J; #021882; Jackson Laboratories, Bar Harbor, ME) were crossed with 115 

homozygous mice expressing floxxed tdTomato ubiquitously under the Rosa26 locus (B6.Cg-116 

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; #007909; Jackson Laboratories, Bar Harbor, ME). Offspring 117 

were all hemizygous for CAG-tdTomato. Offspring positive for Cre-ER were the experimental 118 

mice. The original stock was obtained from Jackson Labs (Bar Harbor, ME), and were maintained 119 

at the animal husbandry facilities at University of Utah. Mice were selected for treatment 120 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 21, 2025. ; https://doi.org/10.1101/2025.05.20.655185doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.20.655185
http://creativecommons.org/licenses/by-nc/4.0/


7 
 

conditions in a random order. Treatments were administered by one experimenter. The 121 

experimenter was blinded to genotypes until data analysis was completed.  122 

 123 

Experimental procedures 124 

TMEV Injection 125 

Adult male and female TRAP mice (11-16 wks) were unilaterally inoculated with 20 uL of the 126 

Daniel’s strain21  of TMEV (1.67 x 107 p/mL) or PBS via intracranial injection near the midline of 127 

the right parietal cortex (28 ga insulin syringe)22,23. TMEV-injected mice have spontaneous 128 

seizures and experience seizures following gentle handling. Focal seizures may be observed on 129 

DPI 2 and 3. However, seizures escalate to generalized-tonic clonic seizures between DPI 4-75,22. 130 

During these experiments, mice were handled from DPI 3 – DPI 5 to check for seizures. If at least 131 

60% of a cohort experienced seizures, the animals were tested. On the morning of DPI 5, all mice 132 

were handled to induce seizures or recapitulate the conditions leading to a seizure in PBS mice. 133 

Seizures were evaluated according to a modified racine scale (0, no seizure; 1, freezing, facial 134 

automatisms; 2, head bobbing, urinating, drooling; 3, unilateral forelimb myoclonus; 4, bilateral 135 

myoclonus, rearing and falling; 5, wild running, jumping, loss of posture)23,24,25.  136 

 137 

The mice that seized (and the PBS-injected mice) received an injection of z-4-hydroxytamoxifen 138 

(4-OHT, 50 mg/kg) 1.5 hr or 3 hr after handling. 4-OHT binds to ERT2, allows cytoplasmic Cre 139 

recombinase to enter the nucleus, which then promotes expression of tdTomato in previously 140 

active cells by cleaving lox-p sites15. Mice which had seizures during infection but did not seize 141 

on DPI 5 were excluded from study. Similarly, mice which displayed no seizures during infection 142 

were also excluded, as it is inconclusive if those mice ever seized. Only mice with racine grade 5 143 

seizures were utilized for the studies. 144 

 145 

4-Hydroxytamoxifen Preparation and Injection 146 

4-OHT (Sigma, H6278) is a modulator at estrogen receptors including the mutant estrogen 147 

receptor ERT2. It is the metabolically active form of the estrogen receptor antagonist tamoxifen 148 

and has a 100X infinity for the estrogen receptor. 4-OHT is cleared faster than tamoxifen by 149 

avoiding first-pass metabolism26. This modified receptor is used in Cre-inducible paradigms to 150 

differentiate cell types and networks based on fluorescent reporters. 4-OHT solutions were made 151 

fresh on the day of experimentation by dissolving 4-OHT in 100% EtOH. Aliquots were added to 152 

peanut oil to reach a final concentration of 10% EtOH. The 4-OHT was stirred on a 60 C heated 153 

plate until dissolved. Injections of 4-hydroxytamoxifen (50 mg/kg) were delivered either 1.5 or 3 154 
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hr i.p. following a handling-induced seizure. 4-OHT is mostly eliminated in 6-8 hr27 and is less 155 

effective at trapping by this timepoint19,27, therefore the mice were video monitored for 6 hr 156 

following 4-OHT to ensure animal health as well as monitor for seizures.  157 

 158 

Tissue processing 159 

Intracardiac perfusion 160 

Mice were transcardially perfused with chilled 1x PBS (4C) followed by paraformaldehyde (4%) 7 161 

days after the 4-OHT injections to optimize tdTomato expression. Extracted brains remained in 162 

chilled 4% PFA for 1 day and then were cryoprotected in 30% sucrose for 3 days prior to horizontal 163 

sectioning on a microtome (20 uM; SM2010R; Leica Microsystems; Wetzlar, Germany). Sections 164 

were then mounted for immunohistochemistry.  165 

 166 

Immunohistochemistry  167 

Briefly, tissue was treated at room temperature with three 1x PBS washes before overnight 168 

incubation in a primary antibody solution containing rabbit anti DSred (1:1000; 632496; Takara, 169 

San Jose, CA). The tissue was then washed 3x with 1x PBS before being incubated in secondary 170 

antibody solution containing Cy3 donkey anti-rabbit (1:500; 712165153; Jackson 171 

Immunoresearch, West Grove, PA). The types of seizure active, trapped cells were assessed in 172 

sections following an identical protocol. Mouse anti-NeuN (1:1000; MAB377; EMD Millipore, St. 173 

Louis, MO) and chicken anti-GFAP (1:1000; ab4674; Abcam, Eugene, OR) were added to the 174 

primary antibody solution. Cy5 donkey anti-mouse (1:500; 71517515) and A488 Donkey anti-175 

chicken (1:500; 703545155) from Jackson Immunoresearch were added to the secondary 176 

antibody solution. The primary anti-Dsred antibody was used to enhance tdTomato visibility, the 177 

NeuN antibody indicated neuron cell bodies, and the GFAP antibody identified astrocytes. All 178 

antibodies were diluted in CytoQ ImmunoDiluent & Block Solution (NB307-C; Innovex; Richmond, 179 

CA) and 0.05% Triton x-100 to permeabilize the membrane and prevent nonspecific binding. 180 

Three brain sections per animal were used for quantification. Regions of interest were split along 181 

the longitudinal fissure to indicate structures ipsilateral vs contralateral to the site of injection. 182 

Slides were stained in batches containing control and experimental animals. Digital fluorescent 183 

images were obtained on a Zeiss Axioscan 7 (Zeiss, Oberkochen, Germany) slide scanner at 10x. 184 

Robust trapped tdTomato expression was observed within the hippocampus, so higher 185 

magnification (40x) images were captured of the HPC and the CA1, CA3, and the dentate 186 

gyrus/hilus. Anatomic landmarks were identified with the aid of a mouse brain atlas28. Imaging 187 
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parameters remained consistent throughout scanning. Resolution was set at 0.32 um pixel size 188 

with a 10% stitching overlap. 189 

 190 

c-Fos Quantification 191 

QuPath is a high-throughput biomarker evaluation tool for digital slides29. Three horizontal 192 

sections (~-5.6 mm from bregma) were analyzed from each mouse. The following were chosen 193 

as brain regions of interest and annotated: hippocampi, thalamus, lateral septal nuclei, basal 194 

ganglia, triangular septal nucleus, fornix, and corpus callosum. The longitudinal fissure delineated 195 

whether a structure was ipsilateral or contralateral to the side of injection. A Gaussian smoothing 196 

filter was applied to reduce noise and improve quantification. Cells exhibiting Cy3/tdTomato were 197 

considered trapped cells and were identified in QuPath using a thresholder based on optical 198 

densities. The same classifier was utilized for all sections within each IHC batch. The area of each 199 

region and the area of positively labeled cells were then used to calculate the percent area of 200 

fluorescence. This was averaged across three sections for each animal to produce the final 201 

quantification.  202 

 203 

Statistical analyses 204 

Threshold for statistical significance was set at p < 0.05 for all comparisons. Normality of the data 205 

was assessed via a Shapiro-Wilk normality test. Unpaired two-tail tests (parametric) or Mann 206 

Whitney U-tests (nonparametric) were utilized for between-subjects PBS vs TMEV comparisons 207 

and paired t-tests (parametric) or Wilcoxon signed rank tests (nonparametric) were utilized for 208 

within-subjects ipsilateral vs contralateral comparisons. P-values were adjusted for false 209 

discovery rate using the two-stage step-up method by Benjamini, Krieger, and Yekutieli. Post-hoc 210 

power analyses were conducted to confirm ≥0.80 β power for experiments (G*Power; Heinrich 211 

Heine University Düsseldorf)30. Graphpad Prism 7 software (Boston, MA) was utilized for 212 

visualizing results and statistics.  213 

 214 

Data Availability 215 

Raw data was collected at University of Utah. All data, protocols, and scripts are available upon 216 

reasonable request to the corresponding author. 217 

Results  218 

TMEV-injected TRAP mice injected with 4-OHT 1.5 hr following seizures exhibit elevated 219 

tdTomato expression in ipsilateral structures. 220 
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TMEV-injected mice experience seizures between DPI 3-7 and have intense bilateral generalized 221 

tonic clonic seizures DPI 5-7. Seizures robustly increase c-Fos expression through synchronous 222 

activation of neural networks. Here, tdTomato was used as a proxy marker for c-Fos expression 223 

following a generalized seizure at DPI 5 in our TRAP mice (n = 14) or gentle handling in PBS 224 

controls (n = 7). An increase in tdTomato expression was observed in brain sections from TRAP 225 

mice when 4-OHT was administered 1.5 hr following a seizure in the ipsilateral hippocampus 226 

(Mann-Whitney test), thalamus (unpaired test), lateral septal nucleus (Mann-Whitney test), basal 227 

ganglia (Mann-Whitney test), fornix (unpaired t-test), corpus callosum (unpaired t-test), and 228 

triangular septal nucleus (Mann-Whitney test). All p values < 0.05 (Fig. 1A,B). Sex differences in 229 

tdTomato expression were not observed between seizing male (n = 7) and female (n = 7) TMEV-230 

injected TRAP mice in the ipsilateral hippocampus (unpaired t-test), thalamus (unpaired t-test), 231 

lateral septal nuclei (Wilcoxon test), basal ganglia (unpaired t-test), fornix (unpaired t-test), corpus 232 

callosum (Wilcoxon test), and triangular septal nucleus (unpaired t-test). All p values > 0.05 (Fig. 233 

1C,D). Means and SEM are presented in Supplemental Table 1 for clarity. Horizontal brain 234 

sections immunostained for tdTomato (cyan) (Fig. 1E) indicated that at DPI 5 seizure-active, c-235 

Fos expressing cells are present throughout the regions of interest in TMEV-injected mice (right 236 

image) but are absent in PBS-injected mice (left image). The identity of these seizure-active, c-237 

Fos expressing cells is unknown. The hippocampus was a focus due to CA1 damage by TMEV. 238 

The ipsilateral hippocampus was magnified (40x) and immunostained for NeuN (neuronal nuclei, 239 

magenta) and GFAP (glial fibrillary acidic protein, green), to assess colocalization with tdTomato 240 

(cyan) in TMEV-injected mice (Fig. 1F). TdTomato (cyan) was robustly expressed in neuronal cell 241 

bodies, axons, and dendrites within the hippocampus (Fig. 1F), and the CA3 (Fig. 1F,i.), CA1 (Fig. 242 

1F,ii.), and the dentate gyrus / hilus (Fig. 1F,iii.) hippocampal subregions. Astrocytes were 243 

colocalized with tdTomato expressing cells in the hilus, although there was little colocalization in 244 

other hippocampal subregions. 245 

 246 

TMEV-injected TRAP mice injected with 4-OHT 1.5 hr following seizures also exhibit elevated 247 

tdTomato expression in contralateral structures. 248 

Generalized seizures propagate to both hemispheres of the brain. Likewise, TMEV spreads from 249 

the point of injection (the ipsilateral side of the brain) to the contralateral side of the brain during 250 

infection. Thus, we split regions of interest along the longitudinal fissure to determine any 251 

differences in c-Fos expression between brain hemispheres. Increased tdTomato expression was 252 

also observed in horizontal brain sections obtained from TMEV-injected TRAP mice (n = 14) 253 

compared to the non-seizing PBS-injected controls (n = 7) following seizures induced at DPI 5 in 254 
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the contralateral hippocampus (Mann Whitney test), thalamus (unpaired t-test), lateral septal 255 

nucleus (Mann Whitney test), basal ganglia (Mann Whitney test), fornix (unpaired t-test), and 256 

corpus callosum, (Mann Whitney test). All p values < 0.05 (Fig. 2A,B). No differences in tdTomato 257 

expression were observed when these mice were sub-grouped by sex (7 male and 7 female): 258 

contralateral hippocampus (unpaired t-test), thalamus (unpaired t-test), lateral septal nuclei 259 

(unpaired t-test), basal ganglia (unpaired t-test), fornix (unpaired t-test), and corpus callosum 260 

(unpaired t-test). All p values > 0.05 (Fig. 2C,D). Means and SEM are presented in Supplemental 261 

Table 1. The contralateral hippocampus was marked as a saliant site (Fig. 2E) using the 262 

immunostaining presented in Fig. 1E. The hippocampus was magnified (40x) in horizontal brain 263 

sections immunostained for NeuN (magenta), GFAP (green), and tdTomato (cyan) in TMEV-264 

injected mice after a seizure on DPI 5 (Fig. 2F). As in Fig. 1F, there was robust expression of 265 

tdTomato (cyan) in neuronal cell bodies, axons, and dendrites within the HPC (Fig. 2F), and the 266 

CA3 (Fig. 2Fi.), CA1 (Fig. 2Fii.), and the dentate gyrus / hilus (Fig. 2Fiii.) hippocampal subregions. 267 

No change in colocalization with NeuN or GFAP was noted.  268 

 269 

TMEV-injected TRAP mice that receive 4-OHT 1.5 hr following a seizure exhibit no differences in 270 

tdTomato expression across ipsilateral vs contralateral structures. 271 

Although TMEV was injected in the right (ipsilateral) hemisphere, tdTomato was trapped in both 272 

hemispheres. There were no differences in tdTomato between the ipsilateral vs contralateral 273 

hippocampus (paired t-test), thalamus (paired t-test), lateral septal nuclei (Wilcoxon test), basal 274 

ganglia (paired t-test), fornix (paired t-test) and corpus callosum (paired t-test). All p > 0.05 (n = 275 

14; Fig. 3A-D). This activity across the ipsilateral and contralateral hemispheres is consistent with 276 

the propagation of generalized seizures. Similarly, there were only minor changes in tdTomato 277 

expression between hemispheres of PBS-injected mice (n = 7; Fig. 3C,D): hippocampus 278 

(Wilcoxon test), thalamus (paired t-test), basal ganglia (Wilcoxon test), and corpus callosum 279 

(Wilcoxon test). All p > 0.05. There were small decreases in tdTomato expression across the 280 

lateral septal nuclei (Wilcoxon test) and fornix (Wilcoxon test; p < 0.05). 281 

 282 

No sex differences in tdTomato expression were observed between ipsilateral and contralateral 283 

regions of interest within male (n = 7) and female (n = 7) TMEV-injected TRAP mice (Fig. 3E-H). 284 

Area of tdTomato fluorescence was comparable (p > 0.05) in the hippocampus (paired t-test), 285 

thalamus (paired t-test), lateral septal nuclei (Wilcoxon test), basal ganglia (paired t-test), fornix 286 

(paired t-test), and corpus callosum (paired t-test; p < 0.05) of male TRAP mice (Fig. 3F,H). 287 

Comparisons between ipsilateral and contralateral regions in female TMEV-injected TRAP mice 288 
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revealed no changes (p > 0.05) within the hippocampus (paired t-test), thalamus (paired t-test), 289 

lateral septal nuclei (paired t-test), basal ganglia (paired t-test), fornix (paired t-test), and corpus 290 

callosum (Wilcoxon test; Fig. 3E,G). All means and SEM are presented in Supplemental Table 1. 291 

 292 

TMEV-injected TRAP mice administered 4-OHT 3 hr after seizures exhibit differences in tdTomato 293 

expression in ipsilateral and contralateral structures.  294 

The temporal specificity of cFos-TRAP depends on the timing of 4-OHT injection. We utilized two 295 

4-OHT injection timepoints (1.5 and 3 hr post-seizure) to ensure seizure-active cells were 296 

optimally captured19,31. Like the group administered 4-OHT 1.5 hr post-seizure, increased 297 

tdTomato expression was observed in the ipsilateral structures of TMEV-injected (n = 13) and 298 

PBS-injected (n = 7) TRAP mice. In the group that received 4-OHT 3 hr post-seizure, tdTomato 299 

was elevated in the ipsilateral hippocampus (Mann-Whitney test), thalamus (unpaired t-test), 300 

lateral septal nucleus (Mann-Whitney test), basal ganglia (Mann-Whitney test), fornix (unpaired t-301 

test), corpus callosum (unpaired t-test), and triangular septal nucleus (unpaired t-test; Fig. 4A,B) 302 

when compared to PBS controls. The expression of tdTomato was likewise elevated in the 303 

contralateral hippocampus (Mann Whitney test), thalamus (Mann Whitney test), lateral septal 304 

nucleus (Mann Whitney test), basal ganglia (Mann Whitney test), fornix (Mann Whitney test), and 305 

corpus callosum (unpaired t-test; Fig. 4C,D). All p < 0.05.  306 

 307 

Next tdTomato fluorescence was examined between ipsilateral and contralateral regions within 308 

the TRAP mice (n = 13; Fig. 4E,F) that were administered 4-OHT 3 hr following seizures induced 309 

at DPI 5. No differences in tdTomato expression were noted between the ipsilateral and 310 

contralateral hippocampus (paired t-test), thalamus (Wilcoxon test), lateral septal nuclei (paired t-311 

test), basal ganglia (Wilcoxon test), fornix (paired t-test), and corpus callosum (paired t-test). All 312 

p > 0.05. Means and SEM are presented in Supplemental Table 2 for clarity.  313 

 314 

TMEV-injected TRAP mice given 4-OHT 3 hr after a seizure have reduced tdTomato expression 315 

in some structures compared to TMEV-injected TRAP mice administered 4-OHT 1.5 hr after a 316 

seizure.  317 

The timing of 4-OHT injection determines the window when active cells may be trapped. When 318 

we examined tdTomato fluorescence between the 1.5 hr vs the 3 hr post-seizure 4-OHT 319 

injections, there was a decrease in fluorescence across the ipsilateral thalamus (Mann Whitney 320 

test), lateral septal nuclei (unpaired t-test), basal ganglia (Mann Whitney test), fornix (unpaired t-321 

test), and corpus callosum (unpaired t-test; p < 0.05; Fig. 5A,B). Uniquely, the lateral septal nuclei 322 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 21, 2025. ; https://doi.org/10.1101/2025.05.20.655185doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.20.655185
http://creativecommons.org/licenses/by-nc/4.0/


13 
 

(Mann Whitney test) displayed elevated tdTomato expression in the 3 hr compared to the 1.5 hr 323 

4-OHT timepoint (p > 0.05).  324 

 325 

In the mice administered 4-OHT 3 hrs post-seizure, the ipsilateral structures had decreased 326 

tdTomato expression compared to mice receiving the 1.5 hr 4-OHT injection. However, this effect 327 

was blunted contralaterally. Neither the hippocampus (Mann Whitney test), thalamus (Mann 328 

Whitney test), lateral septal nuclei (Mann Whitney test), basal ganglia (Mann Whitney test), fornix 329 

(Mann Whitney test), and the corpus callosum Mann Whitney test) exhibited differences in 330 

tdTomato fluorescence. All p > 0.05. There was increased tdTomato expression in the 331 

contralateral LSN (unpaired t-test; p < 0.05) as it was in the ipsilateral LSN. All means and SEM 332 

are presented in Supplemental Table 2 for clarity. 333 

 334 

Discussion 335 

Over 65 million patients globally are diagnosed with epilepsy32. Viral encephalitis is a common 336 

cause of acquired epilepsy2. Prior to the present study, there was little information on the neural 337 

circuits underlying seizures during the acute and post-viral chronic phase of TMEV infection. 338 

TMEV directly infects neurons, causing cell death and hippocampal network disruption, which has 339 

been implicated in TMEV-induced seizures14,33,34,35. At the height of acute seizure activity (DPI 340 

~5) and into the chronic phase, there is loss of CA1 pyramidal cell neurons, increased microglia 341 

reactivity in the hippocampus and cortex, and release of pro-inflammatory cytokines 6,11. The 342 

combination of neuroinflammation, direct neuronal damage by TMEV, and the innate immune 343 

response creates a pro-epileptogenic environment in the infected mouse brain7. Seizures 344 

themselves can cause inflammation, therefore a positive-feedback loop may exist between active 345 

infection and continued seizures.  346 

 347 

Here we identified neuronal networks involved in acute, infection-induced seizures in TMEV-348 

injected mice using TRAP. Mice received 4-OHT either 1.5 hr or 3 hrs after a handling-induced 349 

seizure on DPI 5. We examined several regions of interest including the hippocampus, thalamus, 350 

basal ganglia, lateral septal nuclei, triangular septal nucleus, fornix, and corpus callosum. These 351 

regions expressed high levels of tdTomato following seizures at the two points when 4-OHT was 352 

administered (Fig. 1A,B; Fig. 2A,B; Fig. 4A-D; Fig. 5A-D). There were no hemispheric differences 353 

(Fig. 3A,B; Fig. 4 E,F) in tdTomato expression. No sex differences in tdTomato expression were 354 

observed between male and female TMEV-injected TRAP mice (Fig. 1C,D; Fig. 2C,D).  355 

 356 
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The hippocampus is a salient region of interest because it is implicated in over 80% of TLE cases 357 

36. Projections from CA1 to the subiculum and CA3 to fornix are major outputs from the 358 

hippocampus37,38. CA1 is damaged in our TMEV-injected mice and could prevent hippocampal 359 

output. However, increased tdTomato expression was observed within the ipsilateral and 360 

contralateral DG, hilus, and fornix of the TMEV-injected mice (Fig. 1A,B,F; Fig. 2A,B,F). This 361 

suggests seizures are generalizing to the contralateral hippocampus via another circuit. 362 

Glutamatergic projections to CA3 from DG granule cells cross to the contralateral hippocampus 363 

along the associational commissure39,40. Mossy cells from the hilus and DG likewise project to the 364 

contralateral hilus and DG through the associational commissure37. Recurrent excitatory 365 

projections within CA341 may amplify changes in synaptic activity and predispose the TMEV-366 

injected mice to further seizures. Alternatively, the seizures may be crossing contralaterally 367 

through the alveus. The alveus is formed by the axons of pyramidal cells that then project to the 368 

fimbria, onto the fornix, and sends outputs to the mamillary bodies and anterior thalamus42.  369 

 370 

We have identified a seizure-active hippocampal circuit in the TMEV model using the c-Fos TRAP 371 

paradigm. However, the precise cell types involved in seizure circuits induced by TMEV are 372 

unknown. TMEV infection damages pyramidal CA1 neurons and induces activation of astrocytes, 373 

microglia, and NG26,43,44. Neurons translate c-Fos protein following fluctuations in positive ions 374 

(e,g, K+, Ca2+). This can include depolarization, injury, or repeated glutamatergic signaling45. One 375 

possibility is that reactive astrocytes could also be driving c-Fos in our TRAP mice, as cell division 376 

and increases in TNF-α, IL-1β, and IFN-γ contribute to glial c-Fos expression45,46. In these 377 

experiments, c-Fos-driven tdTomato was prevalent throughout the hippocampus, especially CA3, 378 

the dentate gyrus, and hilus(Fig. 1E; Fig. 2E). Mossy fiber axons could be observed projecting 379 

toward CA3 pyramidal cells (Fig. 1F; Fig. 2F). Colocalization between the c-Fos expressing cells, 380 

neurons, and astrocytes (Fig. 1F; 2F) indicated low colocalization of tdTomato with astrocytes. 381 

However, overlap of tdTomato, astrocytes, and neurons is present within the hilus. The hilus 382 

contains excitatory mossy cells and several types of inhibitory interneurons. It is possible that 383 

inhibitory interneuron axons comprise the robust tdTomato staining in the hilus.  384 

 385 

Future experiments will utilize spatial transcriptomics to more accurately assay the cell 386 

populations within the DG, hilus, and CA3 that are active during seizures in TMEV-injected mice. 387 

Through these experiments and future studies, we hope to find avenues to manipulate discrete, 388 

seizure active regions and circuits in TMEV-injected animals and reduce seizure incidence. This 389 

could ultimately inform treatments for individuals with severe viral infections 390 
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Figure 1. Increased c-Fos activity is observed in ipsilateral structures of TMEV-injected 401 

TRAP mice administered 4-OHT 1.5 hr following a seizure on DPI 5. 402 

(A,B) Percent area of fluorescence in TMEV-injected TRAP mice (n = 14) vs the non-seizing PBS-403 

injected controls (n = 7) in sites ipsilateral to injection site: hippocampus (*p = 0.0001), thalamus 404 

(*p = 0.0005), lateral septal nuclei (*p  = 0.0001), basal ganglia (*p = 0.0001), fornix (*p = 0.0001), 405 

corpus callosum (*p = 0.0001), and triangular septal nucleus (*p = 0.0001). (C,D) Sex differences 406 

in percent area of fluorescence between male (n = 7) and female (n = 7) TRAP animals in 407 

structures ipsilateral to injection sites:  hippocampus (p = 0.729), thalamus (p = 0.568), lateral 408 

septal nuclei (p = 0.383), basal ganglia (p = 0.938), fornix (p = 0.833), corpus callosum (p = 0.902), 409 

and triangular septal nucleus (p = 0.454), Bars: black = PBS, purple = TMEV; blue = male, pink = 410 

female. Error bars represent Mean ± SEM. Unpaired t-tests or Mann Whitney tests were utilized 411 

to analyze data depending on normality. (E) 10x Immunostained horizontal mouse sections 412 

demonstrating tdTomato as a proxy for c-Fos expression (cyan) in a PBS-injected (left) and 413 

TMEV-injected (right) mouse that received 4-OHT 1.5 hr after a seizure at DPI 5. Scalebar = 2 414 

mm. (F) 40x immunostained horizontal sections of the HPC on the ipsilateral side of TMEV 415 

injection (E). Neuronal nuclei and astrocytes were identified via NeuN (magenta) and glial fibrillary 416 

acidic protein (GFAP, green) staining and compared to the expression of seizure-active, c-Fos 417 

expressing cells (tdTomato, cyan). Boxes indicate insets of CA3 (i.), CA1 (ii.), and DG/HIL (iii.). 418 

Pyramidal cell loss due to TMEV infection can be seen in CA1 (ii.). Robust expression of trapped 419 

tdTomato (cyan) is evident in CA3 (i.) and the DG/HIL (iii.). Scalebars = 300 um,100 um; BG = 420 

basal ganglia; CSC = corpus callosum; GFAP = glial fibrillary acidic protein; HPC = hippocampus; 421 

LSN = lateral septal nucleus; NeuN = neuronal nuclei; THAL = thalamus; TSN = triangular septal 422 

nucleus.  423 
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Figure 2. Increased c-Fos activity is observed in contralateral structures of TMEV-injected 424 

TRAP mice administered 4-OHT 1.5 hr following a seizure on DPI 5. 425 

(A,B) Percent area of fluorescence in TMEV-injected seizing TRAP mice (n = 14) vs the non-426 

seizing PBS-injected controls (n = 7) in sites contralateral to the injection site: hippocampus (*p = 427 

0.0002), thalamus (*p = 0.0005), lateral septal nuclei (*p = 0.0001), basal ganglia (p = 0.0003), 428 

fornix (*p = 0.0001), and corpus callosum (*p = 0.0001). (C,D) Sex differences in percent area of 429 

fluorescence between male (n = 7) and female (n = 7) animals in structures contralateral to 430 

injection sites:  hippocampus (p = 0.997), thalamus (p = 0.141), lateral septal nuclei (p = 0.950), 431 

basal ganglia (p = 0.304), fornix (p = 0.270), and corpus callosum (p = 0.678). Bars: black = PBS, 432 

purple = TMEV; blue = male, pink = female. Error bars represent Mean ± SEM. Unpaired t-tests 433 

or Mann Whitney tests were utilized to analyze data depending on normality. (E) 10x 434 

Immunostained horizontal mouse sections stained for tdTomato (cyan) as a proxy for c-Fos 435 

expression in a PBS-injected (left) and a TMEV-injected TRAP mouse (right) that received 4-OHT 436 

1.5 hr after a seizure at DPI 5. Scalebar = 2 mm. (F) 40x immunostained horizontal mouse 437 

sections of the HPC on the contralateral side of TMEV injection (E). Co-expression of seizure-438 

active, c-Fos expressing cells (tdTomato, cyan), NeuN (magenta), and GFAP (green) were 439 

assessed in CA3 (i.), CA1 (ii.), and the DG/HIL (iii.). Boxes indicate inset location. Scale bars = 440 

300 um, 100 um; BG = basal ganglia; CSC = corpus callosum; GFAP = glial fibrillary acidic protein; 441 

HPC = hippocampus; LSN = lateral septal nucleus; NeuN = neuronal nuclei; THAL = thalamus; 442 

TSN = triangular septal nucleus. 443 
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Figure 3. c-Fos expression is similar between ipsilateral and contralateral structures in 444 

TMEV-injected TRAP mice injected with 4-OHT 1.5 hr post seizure on DPI 5. 445 

(A,B) tdTomato area of fluorescence between structures ipsilateral and contralateral to the TMEV 446 

injection site in seizing TRAP mice (n = 14): hippocampus (p = 0.751), thalamus (p = 0.080), 447 

lateral septal nuclei (p = 0.542), basal ganglia (p = 0.062), fornix (p = 0.129), and corpus callosum 448 

(p = 0.579). (C,D) tdTomato expression between structures ipsilateral and contralateral to the 449 

TMEV injection site in PBS-injected non-seizing controls. Hippocampus (p = 0.469), thalamus (p 450 

= 0.710), lateral septal nuclei (*p = 0.031), basal ganglia (p = 0.219), fornix (*p = 0.016), and 451 

corpus callosum (p = 0.813). (E-H) Percent area of fluorescence between ipsilateral and 452 

contralateral structures within sexes of seizing TMEV-injected TRAP mice. Male (n = 7): 453 

hippocampus (p = 0.517), thalamus (p = 0.350), lateral septal nuclei (p = 0.578), basal ganglia (p 454 

= 0.516), fornix (p = 0.935), and corpus callosum (p = 0.681). Female (n = 7): hippocampus (p = 455 

0.854), thalamus (p = 0.163), lateral septal nuclei (p = 0.107), basal ganglia (*p = 0.023), fornix 456 

(p = 0.115), and corpus callosum (p = 0.813). Bars: orange = ipsilateral, blue = contralateral. Error 457 

bars represent Mean ± SEM. Ipsi = ipsilateral, contra = contralateral. Paired t-tests or Wilcoxon 458 

tests were used to analyze the within subject comparisons depending on data normality. 459 
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Figure 4. Increased c-Fos activity is observed in ipsilateral structures of TMEV-injected 460 

TRAP mice administered 4-OHT 3 hr following a seizure on DPI 5 461 

(A,B) Percent area of fluorescence of tdTomato in TMEV-injected seizing TRAP mice (n = 13) 462 

and the PBS-injected controls (n = 7) in sites ipsilateral to injection site: hippocampus (*p = 463 

0.0001), thalamus (*p = 0.001), lateral septal nuclei (*p = 0.0001), basal ganglia (*p = 0.002), 464 

fornix (*p = 0.0001), corpus callosum (*p = 0.0001), and triangular septal nucleus (*p = 0.0001). 465 

Bars: black = PBS, purple = TMEV. Error bars represent Mean ± SEM. (C,D) tdTomato expression 466 

in TMEV-injected seizing TRAP mice (n = 13) and PBS-injected controls (n = 7) in sites 467 

contralateral to injection site: hippocampus (*p = 0.0001), thalamus (*p = 0.0001), lateral septal 468 

nuclei (*p = 0.0001), basal ganglia (*p = 0.0005), fornix (*p = 0.0001), corpus callosum (*p = 469 

0.0001). Bars: black = PBS, purple = TMEV; Error bars represent Mean ± SEM. (E,F) TdTomato 470 

expression between ipsilateral and contralateral structures in seizing TRAP mice administered 4-471 

OHT 3 hr after their seizure. Hippocampus (p = 0.862), thalamus (p = 0.455), lateral septal nuclei 472 

(p = 0.579), basal ganglia (p = 0.191), fornix (p = 0.372), and corpus callosum (p = 0.372). Bars: 473 

orange = ipsilateral, blue = contralateral. (G) Immunostained horizontal mouse sections 474 

demonstrating tdTomato as a proxy for c-Fos expression (cyan) and NeuN (magenta) in a PBS-475 

injected (left) and TMEV-injected (right) mouse. Scalebar = 2 mm; HPC = hippocampus; THAL = 476 

thalamus; BG = basal ganglia; L/TSN = lateral/triangular septal nucleus; CSC = corpus callosum. 477 

(A-D) Unpaired t-tests or Mann Whitney tests were utilized to analyze data depending on 478 

normality. (E,F) Paired t-tests or Wilcoxon tests were used to analyze the within subject 479 

comparisons depending on data normality. 480 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 21, 2025. ; https://doi.org/10.1101/2025.05.20.655185doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.20.655185
http://creativecommons.org/licenses/by-nc/4.0/


20 
 

Figure 5. TMEV-injected TRAP mice given 4-OHT 3 hr after a seizure have lower tdTomato 481 

expression compared to TMEV-injected TRAP mice administered 4-OHT 1.5 hr after a 482 

seizure. (A,B) Percent tdTomato expression in sites ipsilateral to injection site in TMEV-injected 483 

TRAP mice that received 4-OHT either 1.5 hr (n = 14) or 3 hr (n =13) after a seizure: hippocampus 484 

(p = 0.0.382), thalamus (*p = 0.032), lateral septal nuclei (*p = 0.007), basal ganglia (*p = 0.0007), 485 

fornix (*p = 0.023), corpus callosum (*p = 0.007), and triangular septal nucleus (p = 0.351). (C,D) 486 

Percent tdTomato expression in sites contralateral to the injection site of TMEV-injected TRAP 487 

mice that received 4-OHT either 1.5 hr (n = 14) or 3 hr (n =13) after a seizure: hippocampus (p = 488 

0.892), thalamus (p = 0.215), lateral septal nuclei (*p = 0.004), basal ganglia (p = 0.250), fornix 489 

(p = 0.085), corpus callosum (*p = 0.022). Bars: green = 1.5 hr, blue = 3 hr. Error bars represent 490 

Mean ± SEM. (A-D) Unpaired t-tests or Mann Whitney tests were utilized to analyze data 491 

depending on normality. 492 
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