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Abstract

Rodent models of drug-resistant epilepsy are widely used to uncover mechanisms of
seizures and to test the efficacy of treatments; however, the stochastic and relatively infrequent
nature of spontaneous seizures in these models makes it challenging to observe and
manipulate peri-ictal activity, and to rapidly screen therapeutics. As fever has been identified as
a clinical seizure trigger, we investigated the ability of induced hyperthermia to trigger seizures
in a mouse model of focal cortical dysplasia (FCD), a common cause of drug-resistant epilepsy.
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Experimental mice were generated via in utero electroporation of a gain-of-function RHEB
variant (RHEBp.P37L). In adult Rheb-FCD mice, hyperthermia elicited behavioral seizures
~80% of the time, with a mean temperature threshold of ~40 °C. Using this acute paradigm, as a
proof-of-concept, we found that chemogenetic inhibition of a subset of excitatory neurons within
the dysplasia significantly elevated the threshold for hyperthermia-evoked seizures. We then
confirmed the relevance of this acute finding to spontaneous epileptiform activity, using
repeated chemogenetic inhibition across chronic recordings to confirm a reduction of
spontaneous seizures as well as interictal spikes. Overall, our data demonstrate that
hyperthermia-evoked seizures can be readily elicited in Rheb-FCD mice, offering a tractable
platform for evaluating therapeutic interventions targeting seizure susceptibility in focal epilepsy.

Introduction

Epilepsy is a highly prevalent neurological condition that imparts a significant worldwide
burden as measured by disability-adjusted life years (Fiest et al., 2017). Approximately one-third
of persons with epilepsy have drug-resistant disease, defined as continued seizures despite
adequate trials of two appropriately selected and tolerated antiseizure medications (ASMs)
(Kwan et al., 2010; Ramos-Lizana et al., 2012; Chen et al., 2018). There is therefore an urgent
need to improve our mechanistic understanding of refractory epilepsies and to develop new
therapeutic interventions with improved efficacy.

Rodent models are an indispensable experimental platform for dissecting the
mechanisms underlying epilepsy and for conducting preclinical ASM screening (Marshall et al.,
2021). These models generally fall into two broad categories, each with distinct methodological
and translational advantages. First, acute seizures can be evoked in wildtype (WT) animals by a
range of methods, including electroshock, kindling, or chemoconvulsants (e.g. (Leech and
Mclntyre, 1976; Schmidt, 1987; Karler et al., 1989; Cavalheiro, 1995; Giardina and Gasior,
2009; Lévesque and Avoli, 2013)). These seizures provide controlled, acute assays for
assessing seizure thresholds and evaluating ASM efficacy but may be mechanistically dissimilar
to spontaneous seizures as occur in epilepsy. Second, spontaneous seizures can be recorded
across a range of models of chronic epilepsy, including sodium channelopathies (Griffin et al.,
2018; Meisler, 2019; Scott et al., 2025), absence epilepsy (Jafarian et al., 2020), temporal lobe
epilepsy (TLE) (Lévesque et al., 2016), and focal cortical dysplasia (FCD) (Nguyen and Bordey,
2022). These chronic epilepsy models have greater construct validity, but the unpredictability
and stochasticity of spontaneous seizures pose significant challenges for experiments requiring
acute observation and manipulation, and necessitate a low-throughput, time-intensive approach
for the screening of potential new therapeutics.

Body temperature elevation (i.e., fever) is a well-established seizure trigger in persons
with epilepsy. This phenomenon is most notably observed in Dravet Syndrome (DS), a severe
developmental and epileptic encephalopathy in which febrile seizures constitute a cardinal
diagnostic criterion (Dravet and Oguni, 2013; Connolly, 2016). Consistent with this,
experimentally-induced hyperthermia is commonly employed to elicit seizures in mouse models
of DS (e.g., (Oakley et al., 2009; Mistry et al., 2014; Mattis et al., 2022)). Even beyond DS, fever
— whether in the context of systemic iliness or other immune response — ranks among the most
frequently recognized triggers of breakthrough seizures in persons with epilepsy (Bauer et al.,
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2000; Balamurugan et al., 2013; Kaddumukasa et al., 2013; lllingworth et al., 2014; Wassenaar
et al., 2014; Kurian et al., 2018; Rafati et al., 2023) and hyperthermia has also been
occasionally employed as a seizure trigger in rodent models of PCDH19-related epilepsy
(Cwetsch et al., 2022) and Angelman syndrome (Gu et al., 2019).

Clinical case reports indicate that fever can trigger seizures in patients with FCD (Singh
et al., 2001; Itamura et al., 2019), a common cause of drug-resistant focal epilepsy (Harvey et
al., 2008; Crino, 2009; Guerrini and Dobyns, 2014; Blumcke et al., 2017). We reasoned that if
hyperthermia could be used to evoke seizures in a mouse model of FCD — a model which
otherwise recapitulates key pathophysiological and electroclinical features of the clinical
condition -- this would provide an acute focal-onset seizure model that was experimentally
tractable and that offered high construct, face, and predictive validity.

In this study, we first established hyperthermia as a reliable and reproducible method for
eliciting seizures in a RHEBp.P37L-based model of focal cortical dysplasia type Il (Rheb-FCD)
(Yan et al., 2006; Hsieh et al., 2016; Nguyen et al., 2019). As a proof-of-concept, we then
utilized this experimental platform to confirm that inhibition of excitatory neurons within the
dysplastic region provided protection against both hyperthermia-evoked and spontaneous
seizures. Our findings introduce a novel methodological framework for triggering acute seizures
in a focal epilepsy model and demonstrate excitatory neurons as a critical cellular target for
potential intervention in FCD.

Methods

Experimental mice

To generate the Rheb-FCD mouse model, in utero electroporation (IUE) was performed
at embryonic day (E)14.5-15 to express RHEBp.P37L, a patient-specific gain-of-function
pathogenic mutation (Proietti Onori et al., 2021), in the forebrain neural progenitors. pCAG-
RhebP37L (1.0 pg/uL) was co-injected with GFP (1.0 pg/uL) or CaMKlla-hM4DGi-mCherry /
pCAG-GFP (1.0 ug/uL and 0.5 ug/uL, respectively) vectors. When applicable, control animals
were generated (in the same pregnant dam) using a red fluorescent plasmid so that they could
be easily distinguished from Rheb-FCD mice by fluorescent illumination shortly after birth.
Electroporation was performed on mice of either a CD1 background (RRID: IMSR_CRL:022) or
C57BL/6 background (RRID: IMSR_JAX:000664), as specified.

After induction of anesthesia with isoflurane (4-5% induction and 2-4% for maintenance),
the pregnant dam was subjected to an abdominal incision to enable visualization of the
embryos. Plasmids were injected into the lateral ventricle and electroporated into the neural
progenitor cells along the dorsal telencephalon via a pulled glass micropipette. The
electroporation was conducted across the embryonic head using five electric pulses (35 V, 50
ms duration, 1-second intervals, Boston apparatus, BTX-100). During the entire procedure,
exposed embryos were kept moisturized with warm saline. After electroporation or injection, the
uterus was placed back in the abdominal cavity, and the peritoneal cavity of the dam was
lavaged with 5 mL of 0.9% saline containing an antibiotic-antimycotic. The surgical incision was
then sutured closed.
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To generate Scn1a*- mice for experimental use, male mice on a 129S6/SvEvTac (129S)
background that were hemizygous for the Scn1a™keéa/Mmjax knockout allele (129S.Scn1a*’,
RRID:MMRRC 037107-JAX) were crossed with female C57BL/6J (B6) mice. The hemizygous
Scn1a progeny from this cross (i.e., Scn1a*- mice on a 50:50 129S:B6 background) have been
established to exhibit a well-characterized epileptic phenotype with spontaneous seizures as
well as seizures that can be evoked by hyperthermia (Mistry et al., 2014).

Hyperthermic seizure generation

Hyperthermia-evoked seizures were elicited as described previously (Mattis et al., 2022;
Kravchenko et al., 2023). Mice were heated gradually using a heat lamp placed over the
recording chamber. Internal body temperature was monitored continuously via a rectal probe
connected to a BAT-12 thermometer box (Physitemp). Heating continued either until a
behavioral seizure was observed or until internal body temperature reached 42.5 °C, at which
point the lamp was removed and the mouse was cooled using ice.

To further increase experimental throughput, and to minimize handling of Rheb-FCD
mice (which we anecdotally observed to trigger seizures in a subset of mice), for some
experiments we placed the rectal probe in a control mouse — age, sex, and genotype-matched
to the experimental mouse — which was heated simultaneously with the experimental mouse
within the same chamber; in these cases we then used the internal body temperature of the
“probe mouse” as a proxy for that of the Rheb-FCD experimental mouse.

Intracranial electroencephalography (EEG) recording and analysis

Mice were anesthetized by isoflurane inhalation and placed in a stereotaxic apparatus
(Kopf Instruments). Craniotomies were made using a high-speed stereotaxic drill (Kopf
Instruments). Three stainless steel screw electrodes (#8IE3639616XE; P1 Technologies) were
implanted with 2 electrodes over the left and right parietal lobes and a reference electrode over
the cerebellum. The electrode sockets were connected to a 6-pin pedestal (#8K000229801F; P1
Technologies) and secured to the skull with dental cement. Mice were allowed to recover for at
least 3-5 days prior to monitoring.

EEG signal was collected using Natus NeuroWorks (Natus Medical Inc.) software and
acquisition hardware. Signals were sampled at 4096 Hz. Custom Python code
(https://github.com/mattis-laboratory/fcd-hyperthermia) was developed for the detection of
interictal spikes and seizures.

Interictal spike detection was performed to quantify epileptiform activity between
seizures. Data were filtered with a 60 Hz notch filter and a 1-70 Hz second-order Butterworth
bandpass filter. To establish a stable baseline for normalization, an initial 30-minute window was
selected from the baseline period of each experiment. This window was subdivided into six
consecutive 5-minute segments. The standard deviation of each segment was calculated, and
the coefficient of variation (CV) across the standard deviation of the segments was computed as
CV = (o_segments | u_segments) x 100. If CV exceeded 20%, indicating instability in the
baseline, the entire 30-minute window was iteratively advanced by 5 minutes and re-evaluated
until CV =< 20% was met or the search reached the experimental timeperiod. The entire
experimental epoch was then z-scored using the mean and standard deviation of this validated

baseline period. Spike detection was performed on the z-scored signal using scipy’s find_peaks
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function. Because some interictal spikes manifested as positive deflections, and others as
negative deflections, we performed spike detection separately for positive and negative
deflections and then combined the results in a manner that avoided duplicate counting (see
below). The spike detection criteria included: (1) amplitude = 4.5 standard deviations above
baseline mean, (2) width 20-200 ms, (3) prominence = 2.25 standard deviations, and (4)
minimum interspike interval (1SI) of 20 ms. Detected spikes were filtered to exclude (1) artifacts
within 5% of the recording edges, (2) excessively large artifacts, (3) spikes occurring during
previously identified seizure periods (see below). Duplicate detections within the minimum 1SI
were resolved by retaining the event with higher prominence.

Electrographic seizures were defined on EEG as repetitive epileptiform discharges at > 2
cycles/second and/or a characteristic pattern with spatiotemporal evolution (i.e., gradual change
in frequency and amplitude) lasting at least 10 seconds (Kao et al., 2023). Spontaneous
seizures were identified by an initial manual review of the entire EEG, confirmed by a second,
focused review of EEG epochs flagged by a custom-coded automated seizure detector. This
detector, developed in Python using MNE-Python (an open-source Pyhton package for
visualization and analysis of neurophysiological data) and SciPy, was designed to identify
sustained periods of high-amplitude activity. For each selected channel, data were down
sampled (from 4096 Hz to 512 Hz) to lower data size while preserving signal integrity, filtered
(60 Hz notch filter;1-70 Hz fourth-order Butterworth bandpass filter), and z-scored. The 97t
percentile of the absolute z-values was used as a threshold for detecting unusually strong
activity. The data were analyzed in one-second windows, and the proportion of samples above
the threshold within each window was calculated. Windows were marked as “active” when at
least 10% of samples exceeded the threshold. Consecutive active windows lasting at least
seven seconds were considered candidate seizure epochs, and events separated by gaps of 30
seconds or less were merged to avoid splitting longer events. Each detected epoch was then
plotted to facilitate manual review for confirmation.

Video recording and analysis

Video recordings were manually reviewed to quantify the duration, severity, and
characteristics of evoked seizures. Seizure onset was defined as the first instance of sustained,
rhythmic, and abnormal motor activity that could not be reasonably attributed to normal
baseline, exploratory, or grooming behavior. The severity of each event was rated using a
modified Racine scale (Erum et al., 2019). We restricted our analysis to behaviors
corresponding to Racine stages 3 through 7, as these were generally unambiguous. All scoring
was completed by two trained observers blinded to the experimental condition.

Chemogenetics

For chemogenetic inhibition experiments, clozapine N-oxide (CNO; CAS Number:
34233-69-7) (5mg kg™") was diluted in 2% dimethyl sulfoxide (DMSO) and injected
intraperitoneally. An equivalent volume of vehicle solution (2% DMSO in sterile saline) was
injected as a control. For acute experiments, injections were performed 30 minutes prior to
hyperthermia. For chronic experiments, a single injection was performed once daily (at 10am)
for 6 consecutive days, and EEG was analyzed within a window of 30 minutes to 6 hours post

injection. All experiments utilized a cross-over design: on the first day, each mouse was
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randomly assigned to receive either CNO or vehicle; on the second day, mice that had received
CNO received vehicle, and vice versa.

Immunohistochemistry

For c-Fos immunostaining, mice were deeply anesthetized with isoflurane and
transcardially perfused with 5 mL of ice-cold PBS followed by 5 mL of 4% paraformaldehyde
(PFA). Brains were removed and postfixed at 4 °C overnight in 4% PFA, then equilibrated
overnight in 30% sucrose in PBS. Tissue was sectioned at a thickness of 40 um using a frozen
microtome (Leica Biosystems, SM2010) and sections were placed in cryoprotectant (25%
glycerol, 30% ethylene glycol in PBS, pH adjusted to 6.7 with HCI) for storage at —20 °C.
Immunofluorescence staining was performed on free-floating sections, which were washed with
PBS (3 washes, 5 minutes each), blocked and permeabilized for 1 hour at room temperature in
PBS containing 0.3% Triton X-100 and 3% normal donkey serum (NDS), and then incubated
overnight at 4 °C with rabbit anti-c-Fos (Cell Signaling Technology, RRID: AB_2247211) diluted
1:500 in the same solution. Following primary antibody incubation, sections were again washed
with PBS (3 washes, 5 minutes each) and incubated for 3 hours at room temperature in donkey
anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific, RRID: AB_2492288) diluted 1:500 in PBS
containing 0.3% Triton X-100 and 3% NDS. Sections were then washed in PBS, incubated in
1:50,000 4,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, RRID: AB_2307445)) in
PBS at room temperature for 15 min, and washed a final time in PBS. Sections were mounted
and cover-slipped with PVA-DABCO mounting medium (MilliporeSigma, RRID:SCR_024103).

For pS6 immunostaining, the experimental procedure was similar except as follows:
Mice were anesthetized via brief exposure to isoflurane followed by an overdose of
pentobarbital. Tissue was sectioned at a thickness of 70 ym using a frozen microtome (Leica
Biosystems, VT1000S). Blocking and antibody incubations were in PBS containing 0.2% Triton
X-100 and 5% NDS. Primary antibody was rabbit anti-pS6 (Cell Signaling Technology,
RRID:AB_331679) diluted 1:500 and incubated overnight at room temperature. Secondary
antibody was donkey anti-rabbit Alexa Fluor 594 (Invitrogen, RRID:AB_141637) diluted 1:500
and incubated for 1-2 hours at room temperature. Sections were mounted using Glycergel
mounting medium (Agilent, #C056330-2), air-dried, and sealed with coverslips.

Imaging and analysis

Fluorescence images were acquired on a Nikon ECLIPSE Ni microscope controlled by
Nikon NIS-Elements software. Imaging parameters were kept constant across animals,
sessions and experimental groups for each experiment.

c-Fos positive cell counts were performed using Fiji (ImagedJ). The GFP (Rheb+) channel
served as the anatomical reference for the dysplastic region. For each section, a region of
interest (ROI) was manually delineated to encompass the entire dysplastic area while
maintaining comparable areas across sections. Within the ROI, the far red (c-Fos) channel was
processed by (1) smoothing to suppress high frequency noise (“smooth filter), (2) thresholding
to produce binary masks that occupied ~10% of pixels (“moments” algorithm in B&W mode),
and (3) segmenting to separate adjacent nuclei (“watershed”). Cell counts were then obtained
using “analyze particles,” using a minimum size of 30 um? and a circularity range from 0.00 to

1.00.
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Statistics and data display

Statistical analyses were performed using GraphPad Prism version 10.4.1 for Windows,
GraphPad Software, Boston, Massachusetts USA, www.graphpad.com. GraphPad Prism was
also used to generate all graphs. Schematics were prepared using BioRender software
(www.BioRender.com).

Results

Seizures in Rheb-FCD mice are readily evoked by hyperthermia

To generate Rheb-FCD mice, we performed IUE to introduce a constitutively active,
gain-of-function RHEB (RHEBp.P37L) variant known to induce mTOR hyperactivation (Proietti
Onori et al., 2021) (Fig. 1A, Supplementary Fig. 1A-B). We confirmed that Rheb-FCD mice
exhibit spontaneous seizures (Supplementary Fig. 1C-D), as previously shown (Yan et al., 2006;
Hsieh et al., 2016; Nguyen et al., 2019).

To determine whether hyperthermia could trigger acute seizures in adult (P35+) Rheb-
FCD mice, we placed mice in a recording chamber and positioned a heat lamp above the
chamber. The internal body temperature was continuously monitored, and animals were heated
until either a behavioral seizure was observed, or until the experimental endpoint of 42.5 °C was
reached. As we found no significant strain or sex differences in outcomes (Supplementary Fig.
2), we pooled data obtained across all Rheb-FCD mice. Littermates electroporated with a
fluorophore aloe were included as a negative control. As a positive control, we included Scn1a*-
mice — in which the hyperthermic seizure phenotype is well established (Mistry et al., 2014) — for
comparison. We found that seizures in Rheb-FCD mice were readily elicited by hyperthermia,
with unambiguous behavioral seizures (Racine = 3) observed in 82% (36/44) of sessions (n = 24
mice) at thresholds comparable to those observed in Scn7a*- mice (40.2 £ 0.3 °C versus 40.8
0.2 °C, p = 0.14, unpaired t-test) (Fig. 1B-C). Notably, no control mice exhibited seizures below
the experimental endpoint of active heating (i.e., 42.5 °C). Seizure thresholds (among Rheb-
FCD mice that exhibited seizures) were relatively stable across repeated seizure inductions
performed on consecutive days (Fig. 1D).

To further characterize these hyperthermia-evoked seizures, we scored videos of the
seizure sessions to determine the maximum Racine score (focusing only on the first
hyperthermia session in CD1 mice; n = 19 mice). We observed that over half (11/19) of the
cohort reached a maximum severity of Racine = 5 (Fig. 2A). In a subset of mice (n = 8), we
performed electrographic recordings to compare hyperthermia-evoked seizures with
spontaneous seizures captured on continuous EEG. We found that the electrographic pattern
(Fig. 2B) and duration (Fig. 2C) were similar for evoked versus spontaneous seizures.

Overall, these data demonstrate that hyperthermia can be used to reliably and
repeatedly evoke seizures in adult Rheb-FCD mice, and that these seizures are behaviorally
evident and are electrographically similar to spontaneous seizures. We therefore reasoned that
the acute hyperthermia-evoked paradigm could be used to investigate mechanisms of seizures
in the Rheb-FCD model.
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Chemogenetic inhibition of excitatory neurons within the dysplastic
regions ameliorates both hyperthermia-evoked and spontaneous
seizures

We next sought to demonstrate the experimental utility of the acute hyperthermia seizure
induction method, employing it as a platform on which to test the efficacy of a potentially
protective intervention. In patients with FCD, complete surgical resection of dysplastic tissue is a
key positive prognostic factor for postoperative seizure freedom (e.g., (Cohen-Gadol et al.,
2004; Chern et al., 2010; Jayalakshmi et al., 2019)), so we hypothesized that a spatially focused
inhibition regionally targeted to the dysplasia would have a therapeutic, anti-seizure effect.

We began by confirming that hyperthermia-evoked seizures strongly activated neurons
within the dysplasia, using expression of the immediate early gene, Fos (Hudson, 2018), as a
readout. We used Fiji (ImageJ) to count the number of c-Fos positive cells within the dysplastic
region, with GFP serving as the anatomical reference to define the ROI. We observed
widespread c-Fos expression within the dysplasia that was significantly increased relative to
anatomically-matched neocortex within control mice also subjected to hyperthermia (Fig. 3A-B).
We also performed a within-mouse comparison of the FCD versus contralateral hemisphere
among Rheb-FCD mice. Although contralateral c-Fos activation in Rheb-FCD mice was ~38%
higher than that observed in controls (mean c-Fos+ cells / ROl 4020 + 290 versus 2922 + 211) —
as expected given that seizures may spread beyond the dysplastic hemisphere — we
nevertheless observed significantly more c-Fos expression within the FCD relative to the
contralateral hemisphere (Fig. 3C).

We next sought to test whether chemogenetic inhibition of excitatory neurons within the
region of dysplasia had a therapeutic effect in adult (P35-72) Rheb-FCD mice, taking advantage
of the acute hyperthermia-evoked seizure experimental paradigm (Fig. 4A).

Using co-electroporation (together with pPCAG-RhebP37L and pCAG-GFP), we
introduced hM4DGi, an inhibitory Designer Receptor Exclusively Activated by Designer Drugs
(DREADD) (Armbruster et al., 2007), under control of the excitatory neuron promoter, CaMKlla
(Liu and Jones, 1996). We confirmed co-expression of hM4DGi and GFP at the regional level:
i.e., hM4DGi was expressed within the dysplastic region (Fig. 4B). To further confirm that
hM4DGi was expressed within neurons that were activated by hyperthermia-evoked seizures,
we evoked seizures (in the absence of CNO) and quantified the co-localization between c-Fos
and hM4DGi. We found hM4DGi expression within approximately ~40% of c-Fos+ cells
(quantified across a total of n = 571 c-Fos+ cells / 6 mice). Next, to test the impact of
chemogenetic inhibition on seizures, we exposed the animals to hyperthermia and recorded the
seizure temperature threshold, duration, and severity. We found that pre-administration of the
ligand Clozapine-N-Oxide (CNO) was significantly protective against seizures evoked by
hyperthermia, as demonstrated by fewer / an increased threshold for hyperthermia-evoked
seizures (Fig. 4C-F). As a negative control, we confirmed that CNO had no direct impact on
seizure threshold on Rheb-FCD mice that did not express hM4DGi (Supplementary Fig. 3).

For hyperthermia to serve as an effective screening platform in the Rheb-FCD model,
the same manipulations that ameliorate acute evoked seizures should similarly ameliorate
spontaneous ictal activity and interictal abnormalities. We tested this by conducting continuous
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EEG recordings across 6 days, delivering once daily alternating (cross-balanced) injections of
CNO versus vehicle (Fig. 5A). To identify interictal spikes, we optimized an automated spike
detector — with detections based upon amplitude, width, prominence, and interspike interval —
which we validated against manual human spike counts across 20 randomly selected 15-minute
bins. To identify spontaneous seizures, we manually reviewed the EEG recordings (blinded to
drug condition) to identify electrographic seizures. We then used a custom-coded automated
detector of sustained periods of high-amplitude activity to guide a second, targeted review of the
EEG data. In total, we identified 215 seizures across ~1584 aggregate “mouse hours” of
recording: the first round of manual review identified 211 of these (i.e., 98.1% sensitivity), with
the additional 4 seizures identified on the second round of assisted review. Our detector, which
had been deliberately tuned for high sensitivity, correctly identified 203/215 seizures (i.e., 94.4%
sensitivity), with a false alarm rate of 0.41 false detections per mouse hour of recording.

We narrowed our analysis window to 30-240 minutes post-injection (during which there
should be ongoing DREADD activation (Alexander et al., 2009; Krashes et al., 2011)) and
quantified interictal spikes and seizures within that window. We observed a significant reduction
of both interictal spike burden and spontaneous seizure occurrence in the CNO-treated
condition relative to vehicle control (Fig. 5B-D).

In summary, our results suggest that chemogenetic inhibition of excitatory neurons within
the dysplasia ameliorates hyperthermia-evoked seizures, as well as spontaneous interictal
spikes and seizures in Rheb-FCD mice.

Discussion

The ability to acutely evoke seizures in experimental animal models — and to do so in a
manner with high construct, face, and predictive validity — will facilitate advances in our
mechanistic understanding of seizures and our development of new therapeutic tools in
epilepsy. In this study, we established that acute elevation of body temperature (i.e.,
hyperthermia) could serve as a reliable seizure trigger in a Rheb-FCD mouse model. We then
used this induced seizure paradigm to demonstrate that chemogenetic inhibition of excitatory
neurons within the dysplastic region had a significant anti-seizure effect. Finally, we confirmed
the predictive validity of this acute result by applying the same manipulation chronically to
demonstrate similar inhibition of interictal spikes and spontaneous seizures. Together, these
results establish a new, acute paradigm for induction of acute seizures in an animal model of a
common refractory focal epilepsy.

Our central finding is that hyperthermia reliably and reproducibly provokes electrographic
and behavioral seizures in adult Rheb-FCD mice (Figs. 1-3, Supplementary Fig. 2). In fact, the
mean seizure threshold in the Rheb-FCD mice was comparable to that observed in Scn1a*
mice (Fig. 1B-C), in which the hyperthermia-evoked seizure phenotype is already well
established (Oakley et al., 2009; Mistry et al., 2014). To our knowledge, this is the first
demonstration that hyperthermia can trigger seizures in a focal, non-genetic epilepsy model.
The generalizability of this phenotype could be tested across other common models of focal
epilepsy — such as temporal lobe epilepsy (Lévesque et al., 2016) — using a similar experimental
design.
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Why does hyperthermia evoke seizures in the Rheb-FCD mice? Indeed, the mechanism
by which fever triggers breakthrough seizures in persons with epilepsy (Bauer et al., 2000;
Balamurugan et al., 2013; Kaddumukasa et al., 2013; lllingworth et al., 2014; Wassenaar et al.,
2014; Kurian et al., 2018; Rafati et al., 2023), including FCD (Singh et al., 2001; ltamura et al.,
2019), remains incompletely understood. Brain temperature directly alters neuronal excitability
and firing (e.g., (Shibasaki et al., 2007; Kim and Connors, 2012; Burek et al., 2019), which may
interact with underlying pathology in Rheb-FCD mice to increase the probability of epileptiform
activity. In the clinical context, hyperthermia typically occurs alongside a broader inflammatory
response, which independently impacts neurotransmission (Mosili et al., 2020). Finally, we
anecdotally noted that the Rheb-FCD mice tended to have seizures when being actively
handled, suggesting that they may be broadly susceptible to stress. Future studies will be
required to systematically test whether other paradigms, such as restraint stress (Molina et al.,
2023), can reliably evoke seizures, but regardless, hyperthermia is experimentally
advantageous in that it is easily titratable, quantifiable, and reproducible trial-to-trial.

We additionally observed that hyperthermia-evoked seizures result in significant c-Fos
expression within the FCD (Fig. 3). Notably, our experimental design did not provide cellular
resolution of RHEB+ versus RHEB- cells within the dysplastic region — as RHEB and GFP were
delivered via separate plasmids and thus were likely introduced into imperfectly overlapping
neuronal populations — so we have not attempted to quantify the relative c-Fos expression in
RHEB+ versus RHEB- neurons. Future experiments could achieve more selective labeling by
combining (1) a single plasmid to introduce both Rheb and Cre, with (2) a Cre-dependent GFP.
Fluorescent calcium indicators (e.g., GCaMP (Dana et al., 2019)) could alternatively be
introduced (within any desired neuronal population, within or beyond the FCD) to measure
neuronal activity at much higher temporal resolution. Indeed, the acute nature of hyperthermia-
evoked seizures should facilitate fiber photometry recording or live imaging timed to the peri-
ictal period (Somarowthu et al., 2021).

Finally, we found that chemogenetic inhibition of a subset of excitatory neurons within
the FCD significantly protects against hyperthermia-evoked seizures (Fig. 4) and confirmed a
similar protection against interictal spikes and spontaneous seizures in chronic recordings (Fig.
5). These findings are in line with recent targeted approaches that similarly improve the epilepsy
phenotype in FCD models, including inhibition of a hyperpolarization-activated cyclic
nucleotide—gated potassium channel (HCN4) ectopically-expressed within dysplastic cells
(Hsieh et al., 2020), and viral over-expression of K,1.1 potassium channels in CaMKlIla-
expressing cells within the FCD (Almacellas Barbanoj et al., 2024). Thus, our work provides
further pre-clinical justification for development of spatially-targeted molecular therapies for
treatment of FCD.

More broadly, by establishing acute hyperthermia as a reliable and modifiable seizure
trigger in the well-established Rheb-FCD model, we have identified a screening paradigm that is
significantly higher-throughput than the chronic recordings required to detect changes in
spontaneous seizure rate. Furthermore, since hyperthermia can be administered repeatedly,
therapies can be screened using a within-subject design across consecutive trials, enhancing
statistical power and minimizing animal use. Thus, this acute model could be used to accelerate
the preclinical developmental pipeline for new antiseizure therapies for refractory focal epilepsy
(e.g., the NINDS Epilepsy Therapy Screening Program (ETSP) (Kehne et al., 2017)).
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Figures

Figure 1. Seizures in adult Rheb-FCD mice are reliably evoked by hyperthermia.
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(A) Cartoon illustrating experimental overview for generating Rheb-FCD mice and eliciting
seizures via hyperthermia. IUE-mediated somatic mutagenesis results in Rheb-FCD mice;
control mice are generated via IUE to express a fluorophore. Hyperthermia was induced in
adult mice via heat lamp exposure.

(B) Hyperthermia-evoked seizure thresholds for Rheb-FCD mice (red circles), Scn1a*- mice
(blue triangles), and control mice (black squares). Symbols plotted above the horizontal
solid line indicate sessions for which no behavioral seizure was observed. Seizures were
elicited in 82% (36/44) of sessions for Rheb-FCD mice versus 96% (24/25) of sessions for
Scn1a*- mice and 16% (5/30) of sessions for control mice. Note that no control mice had
seizures elicited prior to the experimental endpoint of active heating (42.5 °C; horizontal
dashed line). For sessions that elicited seizures below the experimental endpoint, mean
seizure threshold was similar between FCD and Scn7a*- mice (40.2 £ 0.3 °C versus 40.8 +
0.2 °C, p = 0.14, unpaired t-test). n = 24 mice / 44 sessions (FCD), 25 mice / 25 sessions
(Scn1a*”), 6 mice / 30 sessions (control).

(C) Seizure thresholds across all sessions were plotted as a Kaplan-Meier curve to capture both
threshold data and the percentage of mice that exhibited seizures. FCD and Scn7a*- curves
were similar (p = 0.31) and both were highly significantly different than control (p < 0.0001).
Curves were compared using the log-rank (Mantel-Cox) Chi square test.

(D) Seizure thresholds in Rheb-FCD mice across successive experimental days. Results from
each individual mouse (light red) are indicated by lines connecting data points. Symbols
plotted at the top of the graphs (i.e., above the horizontal solid line) indicate sessions for
which no behavioral seizure was observed. Mean daily thresholds (dark red), calculated
from trials that did evoke seizures, ranged from 39.6 £ 0.4 °C to 40.4 £ 0.4 °C and did not
differ significantly across days (overall fixed effect p = 0.30, mixed effects model; pairwise
comparisons 0.45-0.94, Tukey’s multiple comparisons test). n = 9-21 mice.
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Figure 2. Electrographic and behavioral characterization of hyperthermia-evoked
seizures in Rheb-FCD mice.
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(A) Maximum Racine score observed during hyperthermia-evo‘ked seizures. A maximum seizure
severity of Racine 4 was observed in ~26% of mice, Racine 5 in ~11%, Racine 6 in ~42%,
and Racine 7 in ~5%. n = 19 mice.

(B) Example EEG data recorded from the same animal during a spontaneous seizure (left) and
a hyperthermia-evoked seizure (right). Vertical lines indicate seizure onset and offset.
Regions spanning seizure onset (1), mid-seizure (2), and seizure offset (3) as indicated in
the zoomed-out trace (top) are shown in the corresponding zoomed-in traces, below.

(C) Electrographic seizure duration was similar between hyperthermia-evoked and spontaneous
seizures (41 £ 7 seconds vs. 39 £ 6 seconds, p = 0.85, paired t-test). n = 8 mice.

12


https://doi.org/10.64898/2025.12.19.695581

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.19.695581; this version posted December 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 3. Hyperthermia-evoked seizures result in robust c-Fos activation within the
dysplasia.
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(A) Representative images of seizure-associated c-Fos activation (red) within a dysplastic
region (left; delineated by GFP expression (green)) versus within an anatomically matched
neocortical region in a control mouse (right).

(B) c-Fos+ cell number quantified ipsilateral to / within dysplastic regions (“FCD ipsi”) versus
within anatomically matched neocortical regions in control mice. Each individual data point
represents a count from one ROI; note that multiple ROls were imaged per mouse. Nested
unpaired t-test showed a significant difference between groups (p = 0.0001).

(C) c-Fos+ cell number quantified within dysplastic regions (“FCD ipsi”) versus within the
contralateral neocortex within the same mice (“FCD contra”). Each individual data point
represents one ROI; lines connect mean counts (averaged across ROIs) for each individual
mouse. Paired t-test showed a significant difference between regions (p = 0.03).

n = 28 slices / 8 mice (FCD ipsi and contra); 21 slices / 9 mice (control).
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Figure 4. Chemogenetic inhibition of excitatory neurons ameliorates hyperthermia-
evoked seizures in Rheb-FCD mice.
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(A) Cartoon illustrating experimental overview for chemogenetic manipulation of hyperthermia-
evoked seizures. Rheb, GFP, and the inhibitory DREADD, hM4DGi, are introduced via IUE.
Mice are exposed to hyperthermia following an injection with either CNO (to activate
hM4DGi) or vehicle control.

(B) Expression of hM4DGi (red) within the dysplastic region (as delineated by GFP; green).

(C) Mice treated with CNO exhibit a higher seizure temperature threshold. Note that in this
graph, data points above the experimental end-point (42.5 °C) indicate a trial in which no
seizure was elicited. Seizures were elicited in only 39% of trials with CNO, versus 84% of
trials with vehicle (p = 0.015, Fisher’s exact test, n = 18-19 mice). In trials in which seizures
did occur, mean threshold was 40.9 + 0.3 °C for CNO (n = 7) versus 40.3 £ 0.5 °C for
vehicle (n = 14).

(D) Seizure thresholds across all sessions were plotted as a Kaplan-Meier curve to capture both
threshold data and the percentage of mice that exhibited seizures. CNO reduced seizures (p
=0.0173, log-rank (Mantel-Cox) test).

(E) Seizure duration with or without CNO. When sessions in which no seizures occurred were
coded as duration = 0, CNO significantly reduced seizure duration (p = 0.0015, Wilcoxon
match-pairs signed rank test). Excluding sessions for which no seizures occurred, mean
seizure duration was 13 £ 2 seconds for CNO (n = 7) versus 20 + 3 seconds for vehicle (n =
14).

(F) Distribution of maximum Racine scores with or without CNO.
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Figure 5. Chemogenetic inhibition of excitatory neurons ameliorates spontaneous

seizures in Rheb-FCD mice.
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(A) Cartoon illustrating experimental overview for chemogenetic manipulation of spontaneous
seizures. Chronic EEG recordings are performed for 6 sequential days. Mice are assigned
counter-balanced groups injected once daily with either CNO or a vehicle control.

(B) Interictal spike counts were averaged within and then across mice for each condition. CNO
significantly reduced the frequency of interictal spikes (53 % 12 per hour with CNO versus
134 + 34 per hour with vehicle; p = 0.009, paired t-test). n = 10 mice.

(C) Number of spontaneous seizures occurring within a time window of 30-360 minutes post
injection. CNO significantly reduced the occurrence of seizures (p = 0.01, two-tailed nested
t-test). n = 10 mice; 6 sessions per mouse (3 CNO / 3 vehicle).

(D) Seizure occurrence was plotted as a Kaplan-Meier curve as a function of time post injection
with either CNO or vehicle. CNO significantly reduced the occurrence of seizures (p = 0.004,

log-rank (Mantel-Cox) test).
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