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Epilepsy is a neurological disorder characterized by hypersynchronous recurrent neuronal activities and seizures, as well
as loss of muscular control and sometimes awareness. Clinically, seizures have been reported to display daily variations.
Conversely, circadian misalignment and circadian clock gene variants contribute to epileptic pathogenesis. Elucidation of
the genetic bases of epilepsy is of great importance because the genetic variability of the patients affects the efficacies of
antiepileptic drugs (AEDS).
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| 1. Introduction

Epilepsy, resulting from neuronal hypersynchronous activities, is a severe neurological disorder that affects approximately
1% of the population worldwide . The most disabling symptom of epilepsy is its unpredictability. The effective dosages of
antiepileptic drugs (AEDs) vary among individual patients &; in particular, AED treatment efficacies for patients with the
same epilepsy symptoms differ I, and the prognoses among different types of epilepsy vary [4. The unpredictability of
epilepsy in individual patients may be due to genetic variation and heterogeneity &I,

Although seizures are unpredictable, they are not random events. The circadian rhythms of epilepsy have been
documented in earlier studies €. Findings in diagnostics using long-term EEG (electroencephalogram) recordings &
and self-reported measures & further demonstrated the circadian patterns of epilepsies LUILIL2  Generally, there are
primarily diurnal and nocturnal types of epilepsies 131, The sleep—wake cycle is also a non-negligible factor 24, |n
addition, different epileptogenic regions display daily occurrences in various temporal epilepsy syndromes 151,

Chronotherapy emphasizes that time-of-day-specific treatment is critical for maximizing therapeutic efficacies and
minimizing side effects 28, In epilepsy, differential dosing of AEDs at the circadian-modulated seizure peak is an effective
means of chronotherapy 4. Evidence has demonstrated that differentially dosing AEDs improves seizure control and
prevents drug resistance 1828l Hence, the prediction of time-dependent drugs and prevention of potential toxicity, based
on chronotherapy testing, should help improve the efficacies of AEDs. Despite well-characterized circadian patterns, little
is known about circadian roles in seizures and chronotherapeutics for epilepsy.

| 2. Circadian Rhythms in Human Epilepsies

As early as 1885, William R. Gowers observed three groups of epilepsy patients in daily patterns: diurnal, nocturnal, and
diffuse . Diurnal seizures occur at certain times of the day, whereas nocturnal seizures tend to occur primarily at bedtime
and at night 2. Recently, SeizureTracker (Springfield, VA, USA) and NeuroVista (Melbourne, VIC, Australia) were
employed to analyze the rhythmic patterns of seizures and found that the seizure rates of approximately 80% of 1118
patients displayed daily variations (2, The mechanisms underpinning why seizures display daily variation are not clear. A
legitimate hypothesis is that the circadian clock contributes to seizure rhythmicity. However, little is known about the
circadian roles in epilepsy and seizures.

The International League Against Epilepsy (ILAE) broadly categorizes seizures into focal seizures, generalized seizures,
and seizures of unknown onset 2212311241 Focal seizures occur only in discrete brain regions limited to one hemisphere,
generalized seizures involve large bilateral brain areas, even the whole brain cortex, and seizures of unknown onset do
not belong to the focal or generalized categories 22241231, EEG recordings of generalized seizures have been revealed to
be significantly more robust in the morning than in the afternoon 28, Furthermore, focal seizures have been shown to
manifest a predictable daily pattern 1. Parietal lobe epilepsy (PLE) occurs primarily around the end of sleep in the
morning 213! Two peaks of PLE were found in Hofstra’s study of 450 times of seizures: one peaking around 05:00 to



11:00, and the other peaking around 17:00-23:00 24, In contrast, occipital and temporal lobe epilepsy often occurs in the
afternoon [3II5l28] Temporal lobe epilepsy has been classified into mesial (MTLE), lesional (LTLE), and neocortical
temporal lobe (NTLE) epilepsy. MTLE displays two peaks, 07:00-08:00 and 16:00-17:00 [2IZ729180]  respectively,
whereas LTLE peaks around 11:00, and NTLE peaks around 11:00-17:00 24 and early morning 9. On the other hand,
interictal epileptiform discharges (IEDs), sharp waves in the EEG background between seizures, show a nocturnal
predominance and often occur during NREM sleep IBLE2 However, recent studies have shown that the peak of
nocturnal predominance in interictal epileptiform activity (IEA) was independent of the region of seizure irritability,
monitored by an implantable brain stimulator (RNS® system, Neuropace, Mountain View, CA, USA) continuously for a
more extended period BYE3l Together, these studies indicated that the circadian rhythm of seizures was robust and
endogenous, independent of antiseizure dosing 2124l indicating a possible circadian role in epileptic pathogenesis.

| 3. The Circadian Clock

Circadian rhythms, as biological rhythms with a period of approximately 24 h, are regulated and controlled by an
endogenous time-keeping mechanism, i.e., the circadian clock [35](361[371[38] |, mammals, the central clock is situated at
the suprachiasmatic nuclei (SCN) of the anterior hypothalamus 2. The mammalian SCN neurons exhibit higher activity in
electrical physiology and metabolism during the daytime B[4 External light is received by intrinsically photosensitive
retinal ganglion cells (ipRGCs) and transmitted to the SCN via the retinohypothalamic tract (RHT) 2. The efferent from
the SCN projects to the pineal gland and drives the rhythmic release of melatonin, a sleep-promoting hormone. Since light
is known to inhibit melatonin synthesis, the daily oscillation of melatonin is similar in both diurnal and nocturnal animals 4!
(44 and helps to synchronize peripheral organs in the body 23 Intriguingly, most organs, tissues, and cells display
circadian rhythmicity, regulated by the local peripheral clock, as well as neural, hormonal, and metabolic cues from the
SCN 48],

Three transcription-translation feedback loops as molecular time-keeping mechanisms are known to generate, regulate,
and maintain circadian rhythms 471481 |n the primary loop, the CLOCK: BMAL1 heterodimer as the positive limb activates
the expression of target genes, including Per genes (Perl, Per2, and Per3) and Cry genes (Cryl and Cry2) via binding to
E-box (5-CACGTG-3') and E’-box (5'-CACGTT-3') in their promoter regions 49, whereas the PER: CRY heterodimer as
the negative limb interferes with the transcriptional activity of the CLOCK-BMAL1 heterodimer and turns off their
expression 2. In the second loop, Rora/B and Rev-erba/B are regulated by CLOCK and BMALL1 via E-box, whereas their
proteins RORo/ and REV-ERB0o/B activate and suppress Bmall by competing for binding to the RORE (retinoic-acid-
related orphan receptor response element) in the Bmall promoter region (Figure 1). In the third loop, D-box-containing
proline and acidic amino-acid-rich basic leucine zipper (PAR bZip) genes Dbp (albumin D-box-binding protein), Hif
(hepatic leukemia factor), Tef (thyrotroph embryonic factor), and E4bp4/Nfil3 (E4 promoter-binding protein 4/nuclear factor
interleukin-3-regulated protein/nuclear factor, interleukin 3 regulated) are all regulated by CLOCK and BMAL1 via E-box,
whereas their proteins DBP, HIF, TEF, and E4BP4/NFIL3 bind to D-box in the promoter regions of their target genes,
where DBP, HIF, and TEF activate D-box-containing genes and E4BP4/NFIL3 represses them B Among these three
circadian-clock-controlled cis-elements-mediated transcriptional feedback loops, the E/E’-box-mediated loop plays the
dominant role in the circadian clock 221, However, the E/E’-box-mediated loop, combined with the RORE-mediated loop
and the D-box-mediated loop, forms the necessary transcriptional repression and delays for oscillating approximately 24 h
a day. In particular, E/E’-box, D-box, and RORE act in the morning, evening, and night, respectively (531541 |n addition, the
mechanistic/mammalian target of the rapamycin (mTOR) pathway, implicated in numerous neurological disorders, has
been shown to contribute to circadian regulation 221381 by activating circadian clock genes through the phosphorylation of
the translation factor S6K1 [B3I758] gpecifically, S6K1 phosphorylates GSK3B, which, in turn, phosphorylates CLOCK,
BMAL1, and REV-ERB B2,
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Figure 1. Mammalian circadian clockwork model. Three transcription-translation feedback loops are known to operate in
the mammalian circadian clock. In the first loop, the CLOCK: BMAL1 heterodimer activates the expression of target
genes, including Per genes (Perl, Per2, and Per3) and Cry genes (Cryl and Cry2) via binding to E-box (5'-CACGTG-3)
in their promoter regions, whereas the PER: CRY heterodimer interferes with the transcriptional activity of the CLOCK-
BMALL1 heterodimer and turns off their own expression. In the second loop, Rora/f and Rev-erba/3 are regulated by
CLOCK and BMAL1 via E-box, whereas their proteins RORa/f and REV-ERBa/f3 activate and suppress Bmall by
competing for binding to the RORE (retinoic-acid-related orphan receptor response element). In the third loop, Dbp, HIf,
Tef, and E4bp4/Nfil3 are all regulated by CLOCK and BMALL via E-box, whereas their proteins DBP, HIF, TEF, and
E4BP4/NFIL3 bind to D-box in the promoter regions of their target genes, where DBP, HIF, and TEF activate D-box-
containing genes and E4BP4/NFIL3 represses them. Among these three circadian clock-controlled cis-elements-mediated
transcriptional feedback loops, the E/E’-box-mediated loop plays the dominant role in the circadian clock. In addition, the
mTOR pathway has been shown to contribute to circadian regulation. Color arrows indicate transcription or translation,
black arrows transcription activation, and turnstile symbol suppression.

| 4. The Roles of Circadian Clock Genes in Epilepsies

Two mechanisms have been proposed to account for the effects of the circadian clock on seizures Bl one is that
canonical clock genes such as BMAL1 and CLOCK contribute directly to epilepsies, and the other is that the circadian
clock acts through certain signaling pathways to exert its effect on epilepsy. Loss of the circadian PAR bZip transcription
factors DBP, HIF, and TEF resulted in lethal spontaneous epileptic seizures in mice B, TEF was shown to regulate the
expression of pyridoxal kinase involved in converting B6 vitamers into pyridoxal phosphate (PLP) 1, and downregulation
of PLP is associated with the susceptibility of seizures [89. The CLOCK protein was revealed to be significantly
downregulated in the neurons of human focal epilepsy patients, and the seizure threshold was reduced in excitatory
pyramidal neuron-specific Clock™~ knockout mice. Similarly, downregulation of BMAL1 was found in hippocampal
sclerosis (HS) patients with HS International League Against Epilepsy (ILAE) type | and Il €1 and the threshold of
seizures was also reduced in Bmal1™~ knockout mice [44. REV-ERBa was shown to be upregulated in the brain tissues of
epileptic human patients and mice, while downregulation of Rev-erba in mice reduced their seizure susceptibility, and
REV-ERBa activated GABA transporters Slc6al (Gatl) and Slc6all (Gat3) through repressing E4bp4/Nfil3 to
downregulate GABA signaling [€2].



| 5. Mutual Effects between Epilepsy and Sleep

Sleep and epilepsy are reciprocally affected. On the one hand, NREM sleep, especially NREM stage 1 (N1) and stage 2
(N2) sleep, facilitates epileptogenesis, while REM sleep inhibits it 831 Specifically, REM sleep has the most suppressive
effect during the EEG desynchronization period 4, whereas NREM sleep facilitates seizures due to the effect of the
synchronous discharge of the thalamocortical network [E2l88] a5 evidenced by the fact that 95% of seizures occur in
NREM sleep 4. An interesting study demonstrated that a small lesion in focal cortical dysplasia (FCD) type Il patients is
highly associated with sleep-related epilepsy 8. Interictal epileptiform discharges (IEDs) have been used to evaluate
seizure exploding 2. Melatonin, a sleep-promoting hormone, appears to contribute to the nocturnal predominance of
IEDs during sleep 29, and reduced melatonin levels with shifted phases were reported in epilepsy patients ZHZ27Z3] |n
adult patients, frontal lobe epilepsy is the archetypal sleep-related epilepsy that tends to occur during sleep, whereas
juvenile myoclonic epilepsy often occurs in the morning 4,

On the other hand, epileptic activity has been shown to affect sleep continuity, which increases waking time after sleep
onset, reduces REM sleep quality, and delays the first REM sleep episode in epilepsy patients (25, Epilepsy patients often
suffer from severe sleep disturbances such as excessive daytime sleepiness, sleep fragmentation, and insomnia 8.
Nocturnal seizures may lead to severe sleep fragmentation and even NREM parasomnia 4, and diurnal seizures also
result in the alteration of the sleep architecture [Z8l. The epileptic activity also alters the sleep oscillations, likely through
desynchronizing hippocampal IED and remote cortical spindles 9. The sleep architecture of JME patients is severely
altered with prolonged REM onset latency and decreased REM percentage 9.

Hence, sleep problems are prevalent among epilepsy patients, and reciprocal interactions between epilepsy and sleep
should be underscored in epilepsy treatment. Various questionnaire-based instruments, such as the Pittsburgh Sleep
Quality Index (PSQI) and the Sleep Condition Indicator, should be employed to evaluate the sleep status of patients, and
possible comorbid sleep disorders also must be assessed. In particular, comorbid sleep disorders, once verified, should
be treated separately. Generally, after epileptic patients are cured with drug treatment or surgeries, their sleep quality is
expected to be improved with normal sleep patterns and melatonin levels (/4. Good quality of sleep helps contain
seizures.

| 6. A Chronomodulated Strategy for Epilepsy Therapy
6.1. Circadian Mechanisms Underlying Epileptogenesis

Although our understanding of the mechanisms underlying epilepsy remains limited, mounting evidence indicates
circadian involvement in epilepsy pathogenesis, as numerous types of human epilepsies display robust daily rhythmicity
(21 Fyture efforts will aim to identify circadian biomarkers by elucidating molecular genetic mechanisms underlying how
the circadian clock regulates the robust rhythmicity of these epilepsies. In doing so, the circadian clock system and
possible circadian-clock-regulated epilepsy processes such as the hypothalamus—pituitary—adrenal (HPA) axis and the
hypothalamus—pituitary—gonadal (HPG) axis should be investigated. The circadian clock regulates the HPA axis [B1[82] and
the HPG axis [8384] which are known to contribute to epilepsy pathogenesis B2BEIB7 |n some epilepsies, it would be
worthwhile to investigate how the circadian clock acts through the HPA axis or the HPG axis to regulate epilepsy
pathogenesis. Furthermore, it would be intriguing to determine whether the core circadian clock genes and circadian-
clock-controlled epilepsy genes harbor mutations or whether the normal rhythmic expression patterns of these circadian
clock genes and circadian-clock-controlled epilepsy genes are altered in individual patients. This line of investigation
should provide insights into the circadian regulation of the dynamics of the pathogenesis of a particular epilepsy, which
should provide cues for the time-of-day delivery of AEDs (Figure 2).
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Figure 2. A chronomodulated strategy for epilepsy chronotherapy. Three lines of experiments are required for developing

chronomodulated strategy-based epilepsy chronotherapy: (1) to investigate circadian mechanisms underlying time-of-day-
specific dynamics of rhythmic epilepsies (red), (2) to investigate chronopharmacokinetics of specific AEDs (blue), and (3)
to investigate chronopharmacodynamics of specific AEDs (green). The findings from these three lines of experiments
should help develop chronomodulated strategy-based chronotherapy for specific rhythmic epilepsy.
Mathematical/computational modeling is also needed to help select an optimal chronotherapy plan.

6.2. Pharmacokinetic and Pharmacodynamic Studies of AEDs

The circadian clock has been known to contribute to pharmacokinetics and pharmacodynamics 88l
Chronopharmacokinetics investigates how the circadian clock regulates drug absorption, distribution, metabolism, and
excretion (ADME), each of which plays a critical role in regulating drug levels in the body B89, |n particular, peripheral
molecular clocks in several vital organs, such as the intestine, liver, and drug target tissues, play a direct role in regulating
blood drug levels. The absorption of oral drugs depends on the intestinal tract's physiological parameters [,
Considerable evidence has shown the importance of circadian clocks in intestinal physiology 22,

Furthermore, chronopharmacodynamics focuses on how the circadian clock regulates the factors that affect drug efficacy
[88] The circadian clock acts through the genes encoding drug targets, transporters, and enzymes, as well as those
involved in intracellular signaling pathways, to exert effects on drug efficacy 3. Together, chronopharmacokinetic and
chronopharmacodynamic studies of an AED should help develop a chronomodulated schedule for time-of-day-specific
drug delivery to maximize its efficacy and minimize its toxicities/side effects (Figure 2).

6.3. Epileptic Chronotherapy

In a study with a small cohort of 17 children with nocturnal or early-morning seizures, instead of conventional
administration of equal doses of AEDs in the morning and evening each day, two times the morning AED dose was
delivered in the evening with the equivalent total dosage. After the 5-month differential dosing treatment, 64.7% (11/17) of
patients became seizure-free, and 88.2% (15/17) experienced a =50% reduction in seizures 19, AED therapy with CBZ
treatment was shown to significantly reduce urinary melatonin metabolite levels of epileptic patients during 06:00—14:00
and 22:00-06:00 A, Further, a 5-10 mg evening melatonin delivery can effectively reduce the frequency of epileptic
attacks (24,
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