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Abstract

Patients with focal temporal lobe seizures often experience loss of consciousness. In
humans, this loss of consciousness has been shown to be positively correlated with
EEG neocortical slow waves, similar to those seen in non-REM sleep. Previous work in
rat models of temporal lobe seizures suggests that decreased activity of subcortical
arousal systems cause depressed cortical function during seizures. However, these
studies were performed under light anesthesia, making it impossible to correlate
behavior, and therefore consciousness, to electrophysiologic data. Further, the genetic
and molecular toolkits allowing for precise study of the underlying neural circuitry are
much more developed in mice than in rats. Here, we describe an awake-behaving,
head-fixed mouse model of temporal lobe seizures with both spared and impaired
behavior reflecting level of consciousness. Water-restricted mice were head-fixed on a
running wheel and trained to associate an auditory stimulus to the delivery of a drop of
water from a dispenser. To investigate the effect of seizures on behavior, seizures were
electrically induced by stimulating either the left or right hippocampus via a chronically-
implanted electrode, while mice were performing the task. Behavior was measured by
monitoring lick responses to the auditory stimulus and running speed on the wheel.
Further, local field potentials (LFP) signals were simultaneously recorded from
hippocampus and orbitofrontal cortex (OFC). Induced focal seizures were 5-30s in
duration, and repeatable for several weeks (n=20 animals). Behavioral responses
showed a decrease in lick rate to auditory stimulus, and decreased running speed
during seizures (p<0.01, n=20 animals). Interestingly, licking response to sound could

vary from being impaired to normal during seizures. We found that behavioral
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impairment is correlated with large amplitude cortical slow-wave activity in frontal cortex,
as seen in patients with temporal lobe seizures. These results suggest that induced
focal limbic seizures in the mouse can impair consciousness and that the impaired
consciousness is correlated with depressed cortical function resembling slow wave
sleep. This novel mouse model has similar characteristics with previously studied rat
models and human temporal lobe seizures. By leveraging the genetic and molecular
techniques available in the mouse, this model can be used to further uncover

fundamental mechanisms for loss of consciousness in focal seizures.
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Introduction

Temporal lobe epilepsy (TLE) is one of the most common and debilitating forms of
epilepsy in patients with intractable seizures (de Boer et al. 2008; Charidimou and Selai
2011). They are characterized by focal seizures originating from limbic structures
including the hippocampus. These seizures often cause functional deficits far beyond
those expected from local temporal lobe impairment, including loss of consciousness.
Interestingly, patients with temporal lobe seizures with impaired consciousness show
slow oscillations (1-2 Hz) in frontal and parietal cortices, similar to a state resembling
deep sleep, anesthesia, and coma. The seizures themselves are confined to the
temporal lobe, particularly in limbic structures (Blumenfeld et al. 2004b). Human studies
suggest that focal temporal lobe seizures depress cortical function that lead to impaired
consciousness not through direct seizure propagation, but rather by reducing
subcortical arousal, causing slow-wave sleep-like state in the cortex (Blumenfeld et al.
20044a; Englot et al. 2010). The mechanism by which the seizures, confined to a brain
region devoted to memory, emotions, and related functions, can cause depressed
cortical function leading to loss of consciousness have yet to be fully understood.

Rat models recapitulate key components of ictal unconsciousness in humans, including
transition from waking rhythms into slow-wave activity in the frontal cortex during focal
limbic seizures (Englot et al. 2008; Englot and Blumenfeld 2009; Motelow et al. 2015).
Studies in rat cortical slow wave activity observed during those seizures showed
alternating up states of increase firing and down states of quiescence (Englot et al.
2008; Yue et al. 2020), similar to natural sleep or deep anesthetic conditions (Steriade

et al. 1993b; Steriade et al. 2001; Haider et al. 2006). Furthermore, cortical and thalamic
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cholinergic neurotransmission, critical for maintaining arousal state (Steriade et al.
1993a; Hill and Tononi 2005; Munoz and Rudy 2014), is reduced during seizures
(Motelow et al. 2015), notably attributable to a decrease of cholinergic neuronal firing
activity from basal forebrain and the pedunculopontine tegmental nucleus (PPT)
(Motelow et al. 2015; Andrews et al. 2019). Moreover, other key regions in subcortical
arousal systems, such as central lateral nucleus of thalamus and the paratenial nucleus
of the thalamus (Van der Werf et al. 2002; Schiff et al. 2013) showed reduced neuronal
firing activity (Feng et al. 2017; Zhao et al. 2020). Meanwhile, GABAergic systems
known to be strongly connected to the hippocampus, such as lateral septum (LS) or
anterior hypothalamus (Risold and Swanson 1997; Cenquizca and Swanson 2006),
showed increase blood oxygen level dependent (BOLD) (Motelow et al. 2015),
suggesting an activation of inhibitory structures that depress subcortical arousal
systems during focal limbic seizure. Further studies revealed that electrical stimulation
of LS produced a transition to cortical slow wave activity with reduced cortical choline
neurotransmission in the absence of seizures (Li et al. 2015). These findings strongly
support the hypothesis that subcortical arousal systems are suppressed during focal
limbic seizures, causing reduced arousal output to the cortex and impaired
consciousness, possibly from activation of GABAergic systems such as the LS inhibitory
inputs.

However, these studies on the rat model were performed under light anesthesia, which
can alter the cortical and subcortical physiology, as well as the network effects of
stimulation (Alkire et al. 2008). Further, due to the anesthetize state, results could not

be directly linked to behavior. Therefore, we sought to investigate network,
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neurotransmitter and neuronal mechanisms responsible for impaired consciousness
during focal limbic seizures in a new awake and behaving animal model. Due to a
broader availability of genetic and molecular tools and the ease to manipulate mice in
an awake head-fixed condition, we developed an awake, behaving head-fixed mouse
model of TLE to measure electrophysiological and behavioral effects of focal limbic
seizure. This mouse model will provide new opportunities to identify neuronal
mechanisms crucial for maintaining consciousness during focal limbic seizures and
explore the possibility to restore cortical function and behavior (Gummadavelli et al.
2015; Furman et al. 2015; Kundishora et al. 2017; Xu et al. 2020), providing hope for
new treatment approaches to restore arousal in human epilepsy. This novel animal
model of focal limbic seizures has been described recently by our group in abstract form
and is presented here in greater detail (Sieu et al. 2020; Sieu et al. 2018; Sieu et al.

2019).

Methods

Animal Preparation and Surgery

All procedures were performed in accordance with approved protocols of Yale
University’s Institutional Animal Care and Use Committee. Adult female C57BL/6 mice
at 3-6 months of age were used in these experiments. All surgeries were performed
under deep anesthesia with Ketamine (90 mg/kg) and Xylazine (9 mg/kg). During
surgery, a titanium head-plate was attached to the animal's skull with dental cement and
bipolar electrodes were placed in the orbitofrontal cortex (OFC) and bilateral

hippocampus (HC). Mice were allowed a week of recovery before starting auditory task
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training session followed by behavioral experiments. All recordings occurred in awake,
head-fixed animals running freely on a wheel. Once experiments were completed,

animals were euthanized. Brains were then harvested for histological analysis.

Auditory task

Mice were allowed to recover for one week and then water restricted in order to promote
appetite response to liquid reward during behavioral study and awake recordings.
Animals were then acclimated to the experimental set up including head-fixation and
running wheel. They were then trained to lick from a lick port containing a drop of water
(5uL) in response to an auditory stimulus. The auditory stimulus occurred every 10-15s
during the training session. One training session lasted for a minimum 10min or until the
animal stopped licking successive drops. Behavioral experiments started after the
animal reached 95-100% success of licking water after the stimulus, which happened
approximately after 2-3 days of training.

During behavioral experiments, the auditory stimulus followed by water presentation
occurred every 10-15s during a baseline period of at least 60s before a seizure was
induced. During seizures, the auditory stimulus was emitted every 3-7s interval. During
post-ictal and recovery period, the stimuli were back to 10-15s interval. The behavioral
experiment session ended when the animal stopped licking successive drops or when
the session reached a maximum of 2 hours. Mice underwent behavioral experiments 5
days a week for a duration of maximum 2 months. During those periods, mice were
weighed daily and water restricted to reach up to18% of weight loss, with free access to

food.
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Electrophysiology

Seizure induction and cortical recordings

Seizure initiation and local field potential (LFP) recordings were performed via bilaterally
chronic-implanted bipolar electrodes in the dorsal hippocampi. Additional cortical LFP
recordings were taken via a chronic-implanted bipolar electrode in the right orbitofrontal
cortex (OFC). Focal seizures were induced in one side of the hippocampus (HC) using
a 2s, 60 Hz current injection. One session of recording included both electrophysiology
and behavioral experiments (licking and/or running). Seizures were triggered once per
session and per day for a maximum of two months. Sham control stimulations without
seizures in HC were also conducted before seizure stimulation or after seizure recovery.
The LFP signals collected by the bipolar electrodes was filtered at 0.1-100 Hz and 1-
500 Hz, for OFC and HC respectively, and were acquired as described previously
(Englot et al. 2008; Englot and Blumenfeld 2009; Schridde et al. 2008). Data were
analyzed using Spike2 and MATLAB. Baseline was defined as a period of 60s before
seizure, post-ictal as the 30s period after seizure, and recovery as a 60s period after

post-ictal.

Results

Unilateral electrostimulation in dorsal hippocampus induces focal limbic seizures
with reduced behavioral response
Performing a behavioral task requires a minimum of arousal and engagement.

Therefore, behavioral responsiveness measured here was used as an indicator of level
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of consciousness. To determine if behavioral responses were affected by focal limbic
seizures in mice, seizures were induced by electrically stimulating unilateral dorsal HC
(Englot et al. 2008), while they performed an auditory task on a head-fixed running
wheel apparatus (Fig 1A). Induced seizures lasted between 5-30 s, with an average of
15.346.5 s, and were repeatable for several weeks (n=20 animals). The average
duration of a session was 18.3+8.6 min before mice became satiated to the water
reward and stopped responding. HCs and OFC LFP signals, sound presentations, lick
responses and wheel position were simultaneously recorded (Fig1.B).

During the baseline period, mice responded to the auditory stimulus by licking 99.5%
(854/858 stimuli) of the time. The first lick response occurred on average 137+161.0 ms
after the sound, with a mean lick rate of 10.5+1.6 licks per second. Induction of a focal
limbic seizure showed significantly reduced responsiveness to auditory stimuli during
ictal period compared to baseline, and during post-ictal and recovery period but with a
tendency to return back to normal (Fig2.A&B). Sham stimulation without seizure did not
evoke any significant difference in behavioral responses compared to baseline period
(data not show), suggesting that impaired behavior observed was caused by seizures,
not stimulation itself. Interestingly, lick response to sound could vary from being
impaired to normal during the ictal period (Fig2.A, B&C), suggesting that consciousness
is not always impaired during seizures, an observation also seen in humans. Moreover,
analysis of wheel speed showed that mice are significantly more immobile during the
ictal period, and then ran significantly more during the recovery period compared to

baseline (Fig2.D), supporting the idea that seizures can affect overall behavior in mice.
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These results suggest that induced focal limbic seizures in mice are associated with

both impaired and spared behavior, as seen in patients with TLE.

Cortical slow waves during induced partial limbic seizure is associated with
impaired behavior

In patients, temporal lobe seizures with impaired consciousness show a transition from
waking rhythms into slow wave oscillations (1-2Hz) in frontal cortex, resembling sleep.
In contrast, temporal lobe seizures without loss of consciousness are not accompanied
by this change (Blumenfeld et al. 2004a; Englot et al. 2010). We sought to determine if
our mouse model of TLE reproduced this characteristic. In mice, the frequency of
spontaneous slow wave sleep oscillates between 1-4Hz. To correlate OFC LFP activity
to behavior, we classified behavioral responses into two categories: impaired behavior
corresponding to impaired consciousness and spared behavior for unimpaired
consciousness based on first lick latency to the auditory stimulus: ‘spared’ = first lick
occurred within 1s window after the auditory stimulus, ‘impaired’ = no lick or first lick
occurred after 1s window after the auditory stimulus. Power spectrum was calculated for
OFC LFP signals within the time windows of 2s before and 2s after each classified
sound. We found that induced focal limbic seizures could evoke slow wave activity in
the OFC (Fig.3A), and that, cortical slow wave activity was strongly associated with
impaired behavior in contrast with spared behavior (Fig. 3B&C), which replicates human
findings. These results demonstrated that our new mouse model shares characteristics
with the rat model and patients with temporal lobe epilepsy and adds the possibility to

assess behavior related to neuronal network physiology.
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Conclusion

Here, we developed a novel awake mouse model of focal limbic seizures with similar
key characteristics observed in human temporal lobe seizure: (i) seizures confined to
the limbic region, (ii) slow wave activity resembling sleep in frontal cortex, (iii) impaired
behavior associated with cortical slow waves. This new mouse model offers
opportunities to investigate neuronal mechanisms related to behavior and arousal
during seizures. To our knowledge, this is the first animal model demonstrating impaired
behavioral responsiveness during focal limbic seizures, and relating impaired behavior
to cortical neurophysiological changes (Sieu et al. 2020; Sieu et al. 2019; Sieu et al.
2018). Genetic tools available in mice (such as optogenetics or genetically encoded
calcium indicators) offer more possibilities to explore neuronal networks and
mechanisms (Cardin et al. 2010; Cardin 2012; Adamantidis et al. 2015; Crouse et al.
2020). Head-fixed mice provide good control of behavioral environment while allowing
for simultaneous electrophysiologic recordings that would otherwise be difficult in a
freely-moving animal. Overall, this mouse model of TLE opens new paths for
investigating fundamental mechanisms responsible for loss of consciousness during

focal limbic seizures.


https://doi.org/10.1101/2021.05.05.442811
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442811,; this version posted May 6, 2021. The copyright holder for this preprint (which
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
available under aCC-BY-NC-ND 4.0 International license.

References

Adamantidis A, Arber S, Bains JS, Bamberg E, Bonci A, Buzsaki G, Cardin JA, Costa RM, Dan
Y, Goda Y, Graybiel AM, Hausser M, Hegemann P, Huguenard JR, Insel TR, Janak PH,
Johnston D, Josselyn SA, Koch C, Kreitzer AC, Luscher C, Malenka RC, Miesenbock G,
Nagel G, Roska B, Schnitzer MJ, Shenoy KV, Soltesz I, Sternson SM, Tsien RW, Tsien
RY, Turrigiano GG, Tye KM, Wilson RI (2015) Optogenetics: 10 years after ChR2 in
neurons--views from the community. Nat Neurosci 18 (9):1202-1212.
doi:10.1038/nn.4106

Alkire MT, Hudetz AG, Tononi G (2008) Consciousness and anesthesia. Science 322
(5903):876-880. doi:10.1126/science. 1149213

Andrews JP, Yue Z, Ryu JH, Neske G, McCormick DA, Blumenfeld H (2019) Mechanisms of
decreased cholinergic arousal in focal seizures: In vivo whole-cell recordings from the
pedunculopontine tegmental nucleus. Exp Neurol 314:74-81.
doi:10.1016/j.expneurol.2018.11.008

Blumenfeld H, McNally KA, Vanderhill SD, Paige AL, Chung R, Davis K, Norden AD,
Stokking R, Studholme C, Novotny EJ, Jr., Zubal IG, Spencer SS (2004a) Positive and
negative network correlations in temporal lobe epilepsy. Cereb Cortex 14 (8):892-902.
doi:10.1093/cercor/bhh048

Blumenfeld H, Rivera M, McNally KA, Davis K, Spencer DD, Spencer SS (2004b) Ictal
neocortical slowing in temporal lobe epilepsy. Neurology 63 (6):1015-1021.
doi:10.1212/01.wnl.0000141086.91077.cd

Cardin JA (2012) Dissecting local circuits in vivo: integrated optogenetic and electrophysiology
approaches for exploring inhibitory regulation of cortical activity. J Physiol Paris 106 (3-
4):104-111. doi:10.1016/j.jphysparis.2011.09.005

Cardin JA, Carlen M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai LH, Moore CI (2010)
Targeted optogenetic stimulation and recording of neurons in vivo using cell-type-
specific expression of Channelrhodopsin-2. Nat Protoc 5 (2):247-254.
doi:10.1038/nprot.2009.228

Cenquizca LA, Swanson LW (2006) Analysis of direct hippocampal cortical field CA1 axonal
projections to diencephalon in the rat. ] Comp Neurol 497 (1):101-114.
doi:10.1002/cne.20985

Charidimou A, Selai C (2011) The effect of alterations in consciousness on quality of life (QoL)
in epilepsy: searching for evidence. Behav Neurol 24 (1):83-93. doi:10.3233/BEN-2011-
0321

Crouse RB, Kim K, Batchelor HM, Girardi EM, Kamaletdinova R, Chan J, Rajebhosale P,
Pittenger ST, Role LW, Talmage DA, Jing M, Li Y, Gao XB, Mineur YS, Picciotto MR
(2020) Acetylcholine is released in the basolateral amygdala in response to predictors of
reward and enhances the learning of cue-reward contingency. Elife 9.
doi:10.7554/eLife.57335

de Boer HM, Mula M, Sander JW (2008) The global burden and stigma of epilepsy. Epilepsy
Behav 12 (4):540-546. doi:10.1016/j.yebeh.2007.12.019

Englot DJ, Blumenfeld H (2009) Consciousness and epilepsy: why are complex-partial seizures
complex? 177:147-170. doi:10.1016/s0079-6123(09)17711-7


https://doi.org/10.1101/2021.05.05.442811
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442811,; this version posted May 6, 2021. The copyright holder for this preprint (which
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
available under aCC-BY-NC-ND 4.0 International license.

Englot DJ, Mishra AM, Mansuripur PK, Herman P, Hyder F, Blumenfeld H (2008) Remote
effects of focal hippocampal seizures on the rat neocortex. J Neurosci 28 (36):9066-9081.
doi:10.1523/JINEUROSCI.2014-08.2008

Englot DJ, Yang L, Hamid H, Danielson N, Bai X, Marfeo A, Yu L, Gordon A, Purcaro MJ,
Motelow JE, Agarwal R, Ellens DJ, Golomb JD, Shamy MC, Zhang H, Carlson C, Doyle
W, Devinsky O, Vives K, Spencer DD, Spencer SS, Schevon C, Zaveri HP, Blumenfeld
H (2010) Impaired consciousness in temporal lobe seizures: role of cortical slow activity.
Brain 133 (Pt 12):3764-3777. doi:10.1093/brain/awq316

Feng L, Motelow JE, Ma C, Biche W, McCafferty C, Smith N, Liu M, Zhan Q, Jia R, Xiao B,
Duque A, Blumenfeld H (2017) Seizures and Sleep in the Thalamus: Focal Limbic
Seizures Show Divergent Activity Patterns in Different Thalamic Nuclei. J Neurosci 37
(47):11441-11454. doi:10.1523/JNEUROSCI.1011-17.2017

Furman M, Zhan Q, McCafferty C, Lerner BA, Motelow JE, Meng J, Ma C, Buchanan GF,
Witten IB, Deisseroth K, Cardin JA, Blumenfeld H (2015) Optogenetic stimulation of
cholinergic brainstem neurons during focal limbic seizures: Effects on cortical
physiology. Epilepsia 56 (12):e198-202. doi:10.1111/epi.13220

Gummadavelli A, Motelow JE, Smith N, Zhan Q, Schiff ND, Blumenfeld H (2015) Thalamic
stimulation to improve level of consciousness after seizures: evaluation of
electrophysiology and behavior. Epilepsia 56 (1):114-124. doi:10.1111/epi.12872

Haider B, Duque A, Hasenstaub AR, McCormick DA (2006) Neocortical network activity in
vivo is generated through a dynamic balance of excitation and inhibition. J Neurosci 26
(17):4535-4545. doi:10.1523/INEUROSCI.5297-05.2006

Hill S, Tononi G (2005) Modeling sleep and wakefulness in the thalamocortical system. J
Neurophysiol 93 (3):1671-1698. doi:10.1152/jn.00915.2004

Kundishora AJ, Gummadavelli A, Ma C, Liu M, McCafterty C, Schiff ND, Willie JT, Gross RE,
Gerrard J, Blumenfeld H (2017) Restoring Conscious Arousal During Focal Limbic
Seizures with Deep Brain Stimulation. Cereb Cortex 27 (3):1964-1975.
doi:10.1093/cercor/bhw035

Li W, Motelow JE, Zhan Q, Hu YC, Kim R, Chen WC, Blumenfeld H (2015) Cortical network
switching: possible role of the lateral septum and cholinergic arousal. Brain Stimul 8
(1):36-41. doi:10.1016/j.brs.2014.09.003

Motelow JE, Li W, Zhan Q, Mishra AM, Sachdev RN, Liu G, Gummadavelli A, Zayyad Z, Lee
HS, Chu V, Andrews JP, Englot DJ, Herman P, Sanganahalli BG, Hyder F, Blumenfeld
H (2015) Decreased subcortical cholinergic arousal in focal seizures. Neuron 85 (3):561-
572. doi:10.1016/j.neuron.2014.12.058

Munoz W, Rudy B (2014) Spatiotemporal specificity in cholinergic control of neocortical
function. Curr Opin Neurobiol 26:149-160. doi:10.1016/j.conb.2014.02.015

Risold PY, Swanson LW (1997) Connections of the rat lateral septal complex. Brain Res Brain
Res Rev 24 (2-3):115-195

Schiff ND, Shah SA, Hudson AE, Nauvel T, Kalik SF, Purpura KP (2013) Gating of attentional
effort through the central thalamus. J Neurophysiol 109 (4):1152-1163.
doi:10.1152/jn.00317.2011

Schridde U, Khubchandani M, Motelow JE, Sanganahalli BG, Hyder F, Blumenfeld H (2008)
Negative BOLD with large increases in neuronal activity. Cereb Cortex 18 (8):1814-
1827. doi:10.1093/cercor/bhm208


https://doi.org/10.1101/2021.05.05.442811
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442811,; this version posted May 6, 2021. The copyright holder for this preprint (which
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
available under aCC-BY-NC-ND 4.0 International license.

Sieu L-A, Singla S, Fu I, McCafferty C, Valcarce-Aspegren M, Niknahad A, Doilicho N,
Perrenoud Q, Blumenfeld H (2019) Neocortical Slow-Wave Activity and Behavior
During Focal Limbic Seizures in Mice. AES Abstracts 2019, Abstract No 3108 Online at
http://wwwaesnetorg/

Sieu L-A, Singla S, McCafferty C, Valcarce-Aspegren M, Niknahad A, Perrenoud Q, Cardin J,
Blumenfeld H (2018) Mouse model of electrically inducible focal seizures with impaired
consciousness. Soc Neurosci Abstract 2018, Abstract No 56102 Online at
http://wwwsfnorg/Meetings/Past-and-Future-Annual-Meetings

Sieu LA, Singla S, Chandrasekaran G, Sharaf A, Gummadavelli A, Martin R, McCafferty C,
Valcarce-Aspegren M, Niknahad A, Fu I, Doilicho N, Perrenoud Q, Cardin J, Blumenfeld
H (2020) A novel mouse model of focal limbic seizures with impaired behavior and
cortical slow waves. AES Abstracts 2020 Abstract No. 462. Online at
http://www.aesnet.org/

Steriade M, Amzica F, Nunez A (1993a) Cholinergic and noradrenergic modulation of the slow
(approximately 0.3 Hz) oscillation in neocortical cells. J Neurophysiol 70 (4):1385-1400.
doi:10.1152/jn.1993.70.4.1385

Steriade M, Nunez A, Amzica F (1993b) A novel slow (< 1 Hz) oscillation of neocortical
neurons in vivo: depolarizing and hyperpolarizing components. J Neurosci 13 (8):3252-
3265

Steriade M, Timofeev I, Grenier F (2001) Natural waking and sleep states: a view from inside
neocortical neurons. J Neurophysiol 85 (5):1969-1985. doi:10.1152/jn.2001.85.5.1969

Van der Werf YD, Witter MP, Groenewegen HJ (2002) The intralaminar and midline nuclei of
the thalamus. Anatomical and functional evidence for participation in processes of
arousal and awareness. Brain Res Brain Res Rev 39 (2-3):107-140

Xu J, Galardi MM, Pok B, Patel KK, Zhao CW, Andrews JP, Singla S, McCafferty CP, Feng L,
Musonza ET, Kundishora AJ, Gummadavelli A, Gerrard JL, Laubach M, Schiff ND,
Blumenfeld H (2020) Thalamic Stimulation Improves Postictal Cortical Arousal and
Behavior. J Neurosci 40 (38):7343-7354. doi:10.1523/JNEUROSCI.1370-20.2020

Yue Z, Freedman IG, Vincent P, Andrews JP, Micek C, Aksen M, Martin R, Zuckerman D,
Perrenoud Q, Neske GT, Sieu LA, Bo X, Cardin JA, Blumenfeld H (2020) Up and Down
States of Cortical Neurons in Focal Limbic Seizures. Cereb Cortex 30 (5):3074-3086.
doi:10.1093/cercor/bhz295

Zhao CW, Feng L, Sieu LA, Pok B, Gummadavelli A, Blumenfeld H (2020) Parallel pathways to
decreased subcortical arousal in focal limbic seizures. Epilepsia 61 (12):e186-e191.
doi:10.1111/epi.16697



http://wwwaesnetorg/
http://wwwsfnorg/Meetings/Past-and-Future-Annual-Meetings
http://www.aesnet.org/
https://doi.org/10.1101/2021.05.05.442811
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442811,; this version posted May 6, 2021. The copyright holder for this preprint (which
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
available under aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1. Experimental apparatus and recording set up. A. Mice were head fixed and
allowed to run on a running wheel while simultaneously obtaining recordings from the
hippocampus (HC) and orbitofrontal cortex (OFC). An auditory stimulus indicated water
was available through a lick spout. B. Example trace from a single experiment. Auditory
stimuli are represented by vertical pink lines. Arrow signifies stimulus artifact from
electrical stimulus causing seizures. Note that the animal stopped running (indicated by
no change in wheel position in bottom trace), and stopped licking to the auditory

stimulus (as indicated by the vertical blue traces) during the ictal period.

Figure 2. Induced focal limbic seizures in mice cause impaired behavior. A. Mean lick
rates (blue trace) following sound presentation (vertical pink trace) are compared at
different periods: baseline, ictal, postictal and recovery. Ictal period showed a
decreased lick rate compared to baseline. B&C. Scatter boxplot showing average of
maximum lick rate (B) and average of delay to the first lick (C) following sound
presentation during each period for each recording. A grey line linking the dots at
different periods represents one recording. Seizures significantly decrease lick rate (B)
and significantly increase latency to first lick (C). Horizontal dashed line in C indicates
lick latency of 1s, with lick latencies above 1s categorized as impaired behavior. D.
Scatter boxplot showing average wheel speed for each period for each recording. Mice

showed significantly decreased movement during seizures. Error bars show +/-
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standard deviation. ANOVA statistic test was used for multigroup comparison, n=20

animals, * p<0.05; ** p<0.02; *** p<0.01.

Figure 3. Increased cortical slow wave activity induced by focal limbic seizures is
associated with impaired behavior. A. Example traces of slow wave activity recorded
from orbitofrontal cortex (OFC) during induced seizure in hippocampus (HC), in
comparison to fast rhythms recorded from OFC during awake behaving state (labeled
as baseline). B&C. OFC LFP signals for ‘spared’ behavior (blue trace) or ‘impaired’
behavior (red trace), during ictal period. Power spectrum of ‘Impaired’ behavior showed
larger amplitude in power for delta frequency (1-4Hz), which correspond to slow wave
activity, compared to the power of ‘spared’ behavior (B). ‘Impaired’ delta power is
significantly higher than ‘spared’ and ‘baseline’, while ‘spared’ behavior is intermediary
(C), showing that increased cortical slow waves induced by seizures correlate to
behavioral impairment. Error bar shows +/-standard error mean. t test was use for 2

group comparisons, n=20 animals, ***: p<0.01.
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