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Background and Purpose: Febrile seizures (FS), the most common seizures in child-

hood and often accompanied by later epileptogenesis, are not well controlled. Inflam-

matory processes have been implicated in the pathophysiology of epilepsy. However,

whether caspase-1 is involved in FS generation and could be a target for the treat-

ment of FS is still unclear.

Experimental Approach: By using pharmacological and gene intervention methods in

C57BL/6J mice, we assessed the role of caspase-1 in FS generation. We used struc-

tural virtual screening against the active site of caspase-1, to screen compounds for

druggable and safe low MW inhibitors of caspase-1 in vitro. One compound was cho-

sen to test in vivo for therapeutic potential, using FS models in neonatal mice and

epileptogenesis in adult mice.

Key Results: In mice, levels of cleaved caspase-1 increased prior to FS onset.

Caspase-1−/− mice were resistant to FS and showed lower neuronal excitability than

wild-type littermates. Conversely, overexpression of caspase-1 using in utero electro-

poration increased neuronal excitability and enhanced susceptibility to FS. The struc-

tural virtual screening, using molecular docking approaches for the active site of

caspase-1 of over 1 million compounds yielded CZL80, a brain-penetrable, low MW

inhibitor of caspase-1. In neonatal mice, CZL80 markedly reduced neuronal excitabil-

ity and incidence of FS generation, and, in adult mice, relieved later enhanced epilep-

togenic susceptibility. CZL80 was devoid of acute diazepam-like respiratory

depression and chronic liver toxicity.

Conclusion and Implications: Caspase-1 is essential for FS generation. CZL80 is a

promising low MW inhibitor of FS and later enhanced epileptogenic susceptibility.

Abbreviations: ACSF, artificial CSF; AHP, after-hyperpolarization; AP, action potential; CZL80, 3-(3-(thiophene-2-carboxamido)benzamido)benzoic acid; FS, febrile seizures; GS, generalized

seizure; IL-1R, IL-1 receptor; IR, input resistance; REOS, rapid elimination of swill; MES, maximal electroshock seizures; PBMC, peripheral blood mononuclear cell; SE, status epilepticus; TLE,

temporal lobe epilepsy; WT, wild-type.
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1 | INTRODUCTION

Febrile seizures (FS) are unpredictable convulsive events induced by

fever, affecting 3%–14% of infants and children aged 6 months to

5 years (Patel et al., 2015; Verity, Butler, & Golding, 1985). Currently,

there are no appropriate therapeutic options to control

FS. Conventional antipyretics combined with anticonvulsant drugs,

such as phenobarbital and valproic acid, are effective in alleviating

fever and ceasing seizures, but potential toxicities of anti-epileptic

drugs in infants outweigh their therapeutic effects (Lux, 2010).

Although intermittent treatment with diazepam is effective in reduc-

ing the risk of the first FS when given in time, this therapeutic strategy

is not effective in reducing FS recurrence (Ruusuvuori et al., 2013). In

addition, diazepam is not recommended because of its respiratory

depression and inhibition of EEG activity (Khosroshahi, Faramarzi,

Salamati, Haghighi, & Kamrani, 2011; Mula, 2014). Consequently, one

third of FS patients are poorly controlled and experience recurrent or

prolonged seizures, a condition of complex FS (Pust, 2004). Children

with complex FS are at high risks of temporal lobe epilepsy (TLE), hip-

pocampal or mesial temporal sclerosis or cognitive impairment in later

life (Chungath & Shorvon, 2008; Feng & Chen, 2016). Thus, it is of

great importance to understand the mechanism of FS generation. Ide-

ally, such understanding will facilitate the identification of potential

drug targets to prevent the occurrence of FS and later

epileptogenesis.

Inflammatory processes have been implicated in the patho-

physiology of FS and epilepsy (Dube et al., 2010; Saghazadeh,

Gharedaghi, Meysamie, Bauer, & Rezaei, 2014; Vezzani, Maroso,

Balosso, Sanchez, & Bartfai, 2011). In particular, the IL-1 receptor

(IL-1R1) is closely involved in FS (Heida, Moshe, & Pittman, 2009;

Vezzani et al., 2011). Thus, IL-1R1−/− mice show higher FS thresh-

old and conversely, IL-1β reduces FS threshold (Dube, Vezzani,

Behrens, Bartfai, & Baram, 2005; Feng et al., 2016). However, low

MW antagonists of IL-1R1 are not available at present. Analyses of

the crystal structures of IL-1R1 show that the contact interfaces

between IL-1β and IL-1R1 are much larger than those in sites bind-

ing low MW compounds (Vigers, Dripps, Edwards, &

Brandhuber, 2000; Yang, 2015). Besides, the currently available IL-

1R1 antagonist (IL-1Ra), is a 17-kDa protein and does not easily

pass through the blood brain barrier (BBB) (Skinner, Gibson,

Rothwell, Pinteaux, & Penny, 2009; Sukedai et al., 2011). Caspase-

1 is an IL-1β-converting enzyme, which cleaves immature pro-IL-1β

to its activated form (Schroder & Tschopp, 2010). Interestingly,

cleaved caspase-1 is up-regulated in both epilepsy patients and ani-

mal models of TLE (Meng et al., 2014; Tan et al., 2015). However,

whether cleaved caspase-1 is involved in FS generation and is

therefore a potential target in the treatment of FS is still unclear.

In our present work we have tested the hypothesis that caspase-1

may be a pharmacological target for FS and the later enhanced

epileptogenic susceptibility and searched for novel caspase-1 inhibi-

tors, with high efficacy and low side effects, based on the struc-

ture of caspase-1.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures were in complete compli-

ance with the National Institutes of Health Guide for the Care and

Use of Laboratory Animals and carried out in accordance with the eth-

ical guidelines of the Zhejiang University Animal Experimentation

Committee (No. ZJU20160027). Animal studies are reported in com-

pliance with the ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emer-

son, & Altman, 2010; McGrath & Lilley, 2015) and with the

recommendations made by the British Journal of Pharmacology.

Mice pups of caspase-1 knockout (Casp1−/−, RRID:

IMSR_JAX:004947) and littermate controls (wild-type [WT], Casp1+/+)

were used in the present study (Schott et al., 2004). The Casp1−/−

mice were kindly gifted by Prof. Hu Gang (Nanjing Medical University,

China) and were backcrossed onto C57BL/6J (RRID:

IMSR_JAX:000664) background mice for at least three generations

after introduction to our lab. Then Casp1+/− mice were crossed with

Casp1+/− mice to generate the mice pups of WT or Casp1−/−. Breeders

were maintained in cages with a 12-h light/dark cycle (lights on from

8:00 to 20:00) and had access to water and food ad libitum. The time

of birth of pups was monitored every 12 h, and the day of birth was

considered postnatal day 0 (P0). Experiments were conducted

between 10:00 and 17:00hr.

2.2 | Induction of experimental FS

Animals were randomized into control and different treatment groups,

and the investigators were blind to the allocation of treatments.

Experimental FS were induced in mice pups (male and female) at post-

natal day 8 (P8), as described previously (Chen et al., 2016; Feng

et al., 2016). Pups were randomly placed in an incubator chamber with

different hyperthermia circumstances (38, 41 or 44�C). The standards

for classifying seizure onset were as follows: 1, generalized myoclonic

jerk; 2, wild running; 3, ataxic walking; 4, circling; and 5, falling, or

tonic–clonic seizures of limbs (Eun, Abraham, Mlsna, Kim, &

Koh, 2015). The movement of a sudden jerk was defined as the sign

of the pre-onset of an FS, which usually occurred at 35–38 min. Upon

the onset of the first seizure behaviour of falling or tonic–clonic sei-

zures of limbs (1st seizure), the latency (in minutes) to FS generation

was recorded. Rectal temperature was monitored by inserting a probe

(FHC, Bowdoinham, USA) into the recta at the starting time point,

subsequently every 5 min, and finally at seizure onset to establish the

temperature (threshold) to FS generation. If the seizure was not

evoked within 55 min, then the pup was classed as ‘no seizure’ and

55 min was noted as the latency (Schuchmann et al., 2006), and the

rectal temperature at this time was noted as threshold in these no-

seizure pups.

For inducing the second seizure (2nd seizure), the pups were

moved to a cool surface for 2 min once the 1st seizure was evoked.

3520 TANG ET AL.

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1905
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5878
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5878
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1617
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1617
info:x-wiley/rrid/RRID:IMSR_JAX:004947
info:x-wiley/rrid/RRID:IMSR_JAX:004947
info:x-wiley/rrid/RRID:IMSR_JAX:000664
info:x-wiley/rrid/RRID:IMSR_JAX:000664


Then they were moved back to the hyperthermia chamber to elicit

the 2nd seizure. For inducing prolonged FS (Dai et al., 2019; Wu

et al., 2017), the pups were moved to a cool surface for 2 min once

seizure was evoked. Then they were moved back to the hyperthermia

chamber. The procedure repeated for at least 30 min after the 1st sei-

zure. The control pups were littermates of the experimental pups and

were separated from the dams for the same duration; their core tem-

peratures were maintained within the normal range.

2.3 | Drug treatments

Pentobarbital (25 mg·kg−1; i.p.) was injected to block seizures 20 min

before mice pups were placed into the hyperthermia chamber. To

confirm the pro-FS role of caspase-1, recombinant caspase-1 (0.5,

1 and 2 nM) was injected in the hippocampus. Ac-YVAD-cmk (0.01,

0.1 and 1 nM) was also intra-hippocampally injected to inhibit

caspase-1 and compared with the effects of other caspase-1 inhibi-

tors. For intra-hippocampal injection, the skull of P8 mice pups

exposed under transient anaesthesia with isoflurane (4% for induction

and 2% for maintenance). An injection needle was stereotaxically

inserted into the dorsal hippocampus to deliver drugs. Five minutes

after recovery from anaesthesia, pups were placed into the hyperther-

mia chambers to induce experimental FS. Vehicle (2% DMSO in saline)

or solutions of CZL80 (0.0075, 0.075, 0.75 and 7.5 mg·kg−1) were

intravenously injected prior to placing the animals into the hyperther-

mia chambers in order to test enzyme activity. We did not find any

vehicle effects in our study. Vehicle (2% DMSO in saline), CZL80

(0.75 mg·kg−1, i.v.), diazepam (0.3 mg·kg−1, i.v.) and IL-1Ra

(0.35 mg·kg−1, i.v.) were administered immediately prior to placing the

animals in the hyperthermia chambers, to test the experimental FS

behaviour. VX-765 (50 mg·kg−1, i.p.) was administered 1 h prior to the

seizure behavioural test.

2.4 | Plasmid DNA preparation

Mouse caspase-1 cDNA was amplified from a mouse brain cDNA

library by PCR with the forward primer 50-

CCTGCTCGAGATGGCTGACAAGATCCTGAG-30 and the reverse

primer 50-ATA CTG CAG TTA ATG TCC CGG GAA GAG GTA GA-30.

The PCR product was inserted into the XhoI and PstI sites of the

pCIG2 plasmid to construct the pCIG2-Casp1 plasmid. The

pCIG2-Casp1 plasmid was sequenced to confirm its structure by BGI

Group Guangdong Group Inc.

2.5 | In utero electroporation

The day of mating (limited to 12 h) was defined as embryonic day

0.5 (E0.5). Pregnant mice (E13.5–E14.5) were anaesthetized with

isoflurane (4% for induction and 2% for maintenance) to expose

the uterus through a midline incision in the abdominal wall.

Approximately 1 μl of DNA solution (1.5 μg·μl−1) mixed with Fast

Green (Sigma) was injected into the lateral ventricle using pulled

glass micropipettes, followed by five square pulses (35 V each,

50-ms duration at 950-ms intervals) delivered across the embryo's

head using electrodes connected to an electroporator generator

(CUY21EDIT, NEPA GENE). Throughout the procedure, embryos

were kept moist by constant bathing with 37�C saline. The uterus

was returned to the abdominal cavity, and the midline incision was

sutured. Animals were placed in a recovery chamber until they

woke up (usually 5–10 min) and were then transferred to their

home cages. ‘Con’ group were exposed to all the same surgical

procedures of in utero electroporation, except for the delivery of

pCIG2-Casp1 or pCIG2 plasmid.

2.6 | Search for low MW caspase-1 inhibitors

The methods of searching for low MW compounds with a particu-

lar biological activity have been described previously (Hou, Wang,

Li, & Wang, 2011; Pan et al., 2015; Sun, Hou, & Zhang, 2014).

The crystal structure of caspase-1 complexed with a Cys285-linked

peptide-like ligand (PDB code: 3NS7) (Galatsis et al., 2010) was

used as the initial structure for molecular docking. The Glide mod-

ule in Schrödinger was used for molecular docking. Prior to virtual

screening of a large database, we at first validated the best strat-

egy between Glide HTVS docking (high throughput virtual screen-

ing), Glide SP docking (standard precision) and Glide XP docking

(extra precision), by evaluating the screening power (P value), the

ranking power (Pearson correlation coefficient) and the AUC value

of the receiver operating characteristic (ROC) curve of the docking

scores. After a hierarchical virtual screening of the ChemBridge

database (>1 million), the top 2,000 compounds derived from the

XP docking score were further filtered (by Lipinski's ‘rules of five’

and rapid elimination of swill (REOS) rules) and clustered into

144 groups (by considering chemical diversity with the molecular

similarity less than 0.8 based on the Tanimoto matrix calculated by

the FCFP_4 fingerprints) for analysis. The compound with highest

score in each group was ranked by the XP docking score (a total

of 144 groups), and the highest ranked 50 compounds were pur-

chased from Topscience for further experimental testing. A crucial

aspect of docking experiments is the correct preparation of the

molecular target, as many active residues were reported to be

important for caspase-1 inhibition (Ramos-Guzman, Zinovjev, &

Tunon, 2019; Wilson et al., 1994). In our study, we did not try to

adjust the active residues individually in the binding site of

caspase-1, and fortunately, tight binders were screened by our

protocol.

To give a general idea of caspase-1 inhibitor design, we

analysed the binding mechanisms of the four highest ranked, tight-

binding molecules (CZL80, CZL55, CZL78 and CZL06), by per-

forming molecular dynamics (MD) simulations, molecular

mechanics/generalized Born surface area (MM/GBSA) binding free

energy calculations and residue decompositions for each system.
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The MM/GBSA methodology was applied to calculate the binding

free energy, which has been widely used in characterizing drug–

target interactions. Accordingly, the binding free energy of the

drug–target complex can be calculated using the following

equations:

ΔGbind =Gcom− Grec +Glig

� �
, ð1Þ

ΔGbind =ΔH−TΔS≈ΔEMM +ΔGsol−TΔS, ð2Þ

ΔEMM =ΔEint +ΔEele +ΔEvdW , ð3Þ

ΔGsol =ΔGGB +ΔGSA, ð4Þ

where ΔGbind denotes the total free energy difference between the

ligand–receptor complex (Gcom) and the sum of the ligand (Glig) and

the receptor (Grec) individuals. The total binding free energy can be

further expressed as the sum of the enthalpy part (ΔH) and the

entropy part (−TΔS), where the enthalpy part is consisted of ΔEMM

(gas-phase interaction between protein and ligand, including the elec-

trostatic energy, ΔEele, the van der Waals energy, ΔEvdW, and the

well-cancelled internal energies, ΔEint) and ΔGsol (desolvation free

energy, including the polar part, ΔGGB, and the non-polar part, ΔGSA,

of the solvent effect).

Specially, to analyse the binding mechanism of the tight binding

molecules, MD simulations, MM/GBSA binding free energy calcula-

tions and decompositions were performed for each system. In the

phase of system construction, the molecules were at first optimized

by the Hartree–Fock method based on the 6-31G* basis set using

Gaussian 09 program. Then the electrostatic potentials were calcu-

lated by using the RESP technology embedded in antechamber module

in Amber12 simulation package. Counterions of Na+ or Cl− were

added where has the lowest or highest electrostatic potential to neu-

tralize the systems. The general Amber force field (gaff) and

Amber99SBnmr force field were used for the small molecules and

protein, respectively. Each system was immersed in aTIP3P water box

with the water molecules extended 10 Å of the solute in each

direction.

Before MD simulations, each system was minimized by four

steps: at first, all the heavy atoms (including the heavy atoms in pro-

tein, solvent and ions) were constrained with an elastic constant of

10 kcal·mol−1·Å2 with only hydrogen atoms set free (5,000 cycles,

2,500 cycles of steepest descent and 2,500 cycles of conjugate gradi-

ent minimization); second, the heavy atoms in solvent and ions were

also set free (5,000 cycles, 2,500 cycles of steepest descent and

2,500 cycles of conjugate gradient minimization); third, the heavy

atoms in the sidechain of protein were allowed to move freely as well

(5,000 cycles, 2,500 cycles of steepest descent and 2,500 cycles of

conjugate gradient minimization); and finally, the whole system was

minimized for 10,000 steps with all the atoms free moving

(5,000 cycles of steepest descent and 5,000 cycles of conjugate gradi-

ent minimization).

In the phase of MD simulation, the cut-off was set to 10 Å

for the short-range interactions (van der Waals and electrostatic

interactions), while the Particle mesh Ewald (PME) algorithm was

employed to handle the long-range electrostatics. All the covalent

bonds involving hydrogen atoms were constrained with SHAKE

algorithm. The time step was set to 2 fs. Each system was gradu-

ally heated from 0 to 300 K in the NVT ensemble over a period

of 50 ps (with a constraint of 5 kcal·mol−1·Å2 on the backbone of

the protein) and then relaxed by 50 ps in the NPT ensemble

(T = 300 K and P = 1 atm, 2 kcal·mol−1·Å2 on the backbone of the

protein). Finally, 30-ns production simulations were performed for

each system (without any constraint in the system). The snapshots

were saved with an interval of 15 ps (a total of 2,000 frames were

collected for each system).

2.7 | Code availability

The Glide docking module is available in commercial version of

Schrödinger (Maestro version 9.3.5, RRID:SCR_016748), and the

MM/GBSA free energy calculation module is available free of charge

to academic users in AMBER 14 simulation package (http://ambermd.

org, RRID:SCR_014230).

2.8 | Peripheral blood mononuclear cell isolation
and culture

Informed written consent form for the use of these cell samples from

humans was obtained before study, and this experiment was

approved by the Medical Ethical Committee of Zhejiang University

School of Medicine (No. ZJU20160027).

To assess the anti-caspase-1 activities of candidate compounds,

we used a model of LPS-pretreated peripheral blood mononuclear

cells (PBMC) which is a commonly used model for measuring the

effects of inhibitors on caspase-1 (Wannamaker et al., 2007). Buffy

coat fractions from healthy volunteer donors were the kind gift from

Prof. Hu Hu (Zhejiang University, China). PBMCs were prepared from

the buffy coat fractions with a Ficoll gradient using Ficoll Hypaque

(Amersham Bioscience, Sweden) followed by washing twice with

RPMI 1640 medium (Gibco 12633-012). Cells were then transferred

to six-well microtitre plates at a concentration of 2 × 106 cells per well

and stimulated with 5 μg·ml−1 of Escherichia coli LPS (O111:B4;

Sigma-Aldrich). Plates were incubated overnight (16–20 h) at 37�C in

5% CO2.

2.9 | Caspase-1 activity assays

Hippocampal tissues or cultured PBMCs were lysed, and caspase-1

activity was assessed using a Caspase-1 Colorimetric Assay Kit

(Abcam, ab39470), according to the manufacturer's instructions. Fold
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increases in caspase-1 activity were determined by comparing the

results of the experimental group samples with those of controls or of

sham groups.

2.10 | Maximal electroshock seizures model

After mice pups (male and female) experienced prolonged FS at P8, as

described previously (Feng et al., 2016), vehicle (2% DMSO in saline)

or CZL80 (0.75 mg·kg−1) were intravenously injected immediately.

When the animals were 50–55 days old, electroshocks were delivered

through Rodent Shocker (Hugo Sachs Elektronik, March-Hugstetten,

Germany). Moistened with saline, the electrodes were clipped to the

ears of adult mice. The maximal electroshock seizures (MES) threshold

was determined by an ‘up-and-down’ method (Fischer, Kittner,

Regenthal, Malinowska, & Schlicker, 2001): the stimulus current inten-

sity began at 5 mA, and the current was lowered 1 mA if the preced-

ing shock caused tonic hindlimb extension or was raised 1 mA if not.

The interval between trails is about 15 min.

2.11 | Intra-hippocampal kainic acid-induced
seizures

After mice pups (male and female) experienced prolonged FS at

P8, as described previously (Feng et al., 2016), vehicle (2% DMSO

in saline) or CZL80 (0.75 mg·kg−1) were intravenously injected

immediately. When the animals were 55–60 days old, under

sodium pentobarbital anaesthesia (35 mg·kg−1, i.p.), adult mice were

mounted in a stereotaxic apparatus. A cannula was implanted into

hippocampal CA1 (AP: −2.0 mm, L: −1.3 mm, V: −1.6 mm) for

kainic acid (KA) injection, and electrodes were implanted into hip-

pocampal CA3 (AP: −2.9 mm, L: −3.0 mm, V: −3.2 mm) for EEG

recording. The electrodes were made of stainless-steel Teflon-

coated wires (diameter 0.12 mm; A.M. Systems, USA), and the tip

separation was about 0.5 mm. The electrodes were connected to a

miniature receptacle, which were attached to the skull with dental

cement. After 7–10 days of recovery, KA (0.5 μg·μl−1 in saline,

0.5 μl, Abcam ab120100) was injected through the cannula over a

period of 2 min in freely moving mice followed by a holding period

of 1 min. Seizure score was based on Racine: (1) facial movement

and daze; (2) head nodding; (3) unilateral forelimb clonus; (4) bilat-

eral forelimb clonus and rearing; and (5) bilateral forelimb clonus

with rearing and falling. The EEGs of the hippocampus were

recorded 5 min before and 90 min after KA injection by a digital

amplifier (NuAmps, Neuroscan System, USA). In our KA-induced

seizure model, at the initial stage after KA infusion, there are sev-

eral changes in EEG, with an initial stage of discrete seizures,

followed by continuous seizures. The onset of status epilepticus

(SE) was defined as the appearance of continuous ictal discharge,

which was defined as twofold-baseline high amplitude discharges

with frequency greater than 3 Hz (Joshi, Rajasekaran, Sun,

Williamson, & Kapur, 2017; Xu et al., 2016).

2.12 | Open field test

2.12.1 | Acute test

Five minutes after treatment with vehicle (2% DMSO in saline, i.v.),

CZL80 (7.5 mg·kg−1, i.v.) or diazepam (0.3 mg·kg−1, i.v.), the breathing

rates (breaths min−1) of the pups were monitored. Additionally, loco-

motor behaviour was tracked automatically using an Open Field Video

Tracking System: parameters including distance travelled and immobil-

ity time (sedation time) were recorded during 15-min sessions.

2.12.2 | Chronic test

During the treatment of vehicle (2% DMSO in saline, qod, i.v.) or

CZL80 (7.5 mg·kg−1, qod, i.v.), the weight and breathing rates

(min−1) of the mice were monitored. After 6 weeks of treatment,

locomotor behaviour was tracked automatically via using an Open

Field Video Tracking System: parameters including distance trav-

elled and immobility time (sedation time) were recorded during

15-min sessions.

2.13 | Measurement of toxicity

2.13.1 | Acute test

The liver function markers (ALT/AST), renal function markers (BUN,

CREA) and Routine Blood Test (RBC, WBC, MONO %) were mea-

sured at 12 h after treatment of vehicle (2% DMSO in saline, i.v.),

CZL80 (7.5 mg·kg−1, i.v.) or diazepam (0.3 mg·kg−1, i.v.)

2.13.2 | Chronic test

These experiments were carried out by the Drug Safety Evaluation

Platform in the Laboratory Animal Centre of Zhejiang University. The

liver function markers (ALT/AST), renal function markers (BUN, CREA)

and Routine Blood Test (RBC, WBC, MONO %) were measured after

treatment with vehicle (2% DMSO in saline, qod, i.v.) or CZL80

(7.5 mg·kg−1, qod, i.v.) for 6 weeks.

2.13.3 | Haematoxylin and eosin staining

These experiments were carried out by the Drug Safety Evaluation

Platform in the Laboratory Animal Centre of Zhejiang University.

Briefly, after deparaffinization and rehydration, 5-μm longitudinal sec-

tions of liver and kidney were stained with haematoxylin solution for

5 min followed by five dips in 1% acid ethanol (1% HCl in 70% etha-

nol) and then rinsing in distilled water. The sections were then stained

with eosin solution for 3 min and followed by dehydration with

graded alcohol and clearing in xylene. The mounted slides were then
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examined and photographed using Olympus BX53 fluorescence

microscope (Tokyo, Japan).

2.14 | Analysis of CZL80 concentrations in serum
and in brain tissue

Blood was collected from the orbit of mice pups (P8). They were killed

by decapitation, and the brain tissue was rapidly removed, rinsed with

cold saline solution and weighed. Serum (100 μl) or the supernatant

from brain homogenates (100 μl) was shaken on a vortex mixer for

3 min. After centrifuging at 9727 x g for 10 min, 20 μl of the superna-

tant liquid was analysed with an Agilent 1100 HPLC system with a

Cl8 column (Diamonsil, 200 × 4.6, 5 μm). The flow rate was kept con-

stant at 1.0 ml·min−1. A mixture of acetonitrile and water (45:55;

pH 2.5) was used as the mobile phase, with UV detection at 209 nm.

All concentrations were calculated from a standard curve of known

amounts of CZL80 added to tissue samples (R2 > 0.99).

2.15 | In vitro electrophysiology

C57BL/6J and Casp1−/− mice pups (P8–10) were anaesthetized with

diethyl ether. After decapitation, the brain was quickly placed in ice-

cold artificial CSF (ACSF) oxygenated with 95% O2 and 5% CO2. The

ACSF contained the following (concentrations in mM): 119 NaCl, 2.5

KCl, 2.5 CaCl2, 1 NaH2PO4, 1.3 MgSO4, 26.2 NaHCO3 and 11 D-

glucose (pH 7.4), with osmolarity at 310–320 mOsm. Transverse hip-

pocampal slices (300 μm thick), containing the hippocampus and parts

of the adjacent cortex, were obtained with a vibratome (VT1000S,

Leica instruments Ltd., Germany) and equilibrated in an incubation

chamber with oxygenated ACSF for at least 1 h at 25�C. The slices

were then positioned in a recording chamber and continuously per-

fused with oxygenated ACSF at a rate of 3–4 ml·min−1 before electro-

physiological recordings were taken at 25�C.

CA1 pyramidal cells were visualized and identified by means of

infrared differential interference contrast (IR-DIC) video microscopy

on an upright microscope (FN1, Nikon, Japan) and equipped with a

X40/0.80 water-immersion objective and a charge-coupled device

camera (Clara-E; Andor Technology, UK). Patch pipettes with resis-

tance at 5–10 MΩ were prepared from borosilicate glass (Sutter

Instruments, USA) on a two-step micropipette puller (PC-10, Narishige

Group, Japan). The pipette solution contained the following (in mM):

140 K-gluconate, 5 NaCl, 2 Mg-ATP, 0.2 EGTA and 10 HEPES at

pH 7.28, with osmolarity at 300 mOsm.

Whole-cell patch recordings were obtained in an interface-type

chamber at 25�C (to determine the temperature responses of the hip-

pocampal pyramidal cells, the perfused ACSF temperature was

increased from 25�C to approximately 41�C). The membrane potential

was held at −60 mV using PATCHMASTER software (RRID:

SCR_000034) in combination with a patch clamp amplifier (EPC10;

HEKA Elektronik, Germany). The whole-cell configuration was

obtained in voltage-clamp mode before proceeding to the current-

clamp recording mode. Resting membrane potential was recorded

immediately upon switching to the current-clamp mode. Once stable

access was obtained, the threshold, amplitude and the ½ peak width

of the action potentials were assessed by applying a series of 300-ms

depolarizing current pulses (increased in 5-pA steps). Input resistance

(IR) was calculated as the slope of the linear fit of the voltage–current

plot. Current threshold was defined as the current that evoked the

first derivative of the voltage trace. The amplitude of after-

hyperpolarization (AHP) was determined with the first spike.

2.16 | Western blotting

All antibody-based procedures used in this study comply with the rec-

ommendations made by the British Journal of Pharmacology (Alexander

et al., 2018). The mouse pups were decapitated, and the hippocampus

was rapidly dissected out and homogenized in RIPA buffer

(20 mmol·L−1 Tris–HCl, pH 7.5, 150 mmol·L−1 NaCl, 1 mmol·L−1

EDTA, 1% Triton-X100, 0.5% sodium deoxycholate, 1 mmol·L−1 PMSF

and 10 μg·ml−1 leupeptin). Protein samples (100 μg per well) were

separated using SDS-PAGE and transferred to a nitrocellulose mem-

brane, which was then blocked with 5% skim milk dissolved in PBS

(pH 7.4) for 1 h. Then the membrane was incubated overnight at 4�C

with primary antibodies against caspase-1 (1:500; Cat# ab108362,

RRID:AB_10858984) and GAPDH (1:8,000; Cat# KM9002, RRID:

AB_2721026). Secondary antibodies against rabbit (1:10,000; Cat#

926-32211, RRID:AB_621843) and mouse (1:10,000; Cat#

926-68020, RRID:AB_10706161) were incubated for 2 h at room

temperature. Blots were visualized with the Odyssey infrared imaging

system (LI-COR Biosciences) and analysed with Odyssey software.

The relative OD was obtained by comparing the measured values with

the mean value from the control group.

2.17 | Histology

Mouse pups (P8) were anaesthetized and perfused transcardially with

4% paraformaldehyde. The brains were removed and stored in 4%

paraformaldehyde at 4�C for 24 h and then in 30% sucrose for

5–7 days. The brains were coronally sectioned and examined histolog-

ically for the transfection of caspase-1. Nuclei were counterstained

with DAPI. Fluorescent images were collected on a fluorescence

microscope (BX-UCB, Olympus, Japan) using IPP software.

2.18 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). All data were collected and

analysed in a blinded manner. Number of experimental replicates (n) is

indicated in Figure legends and refers to the number of experimental

subjects used in each experimental condition (independent
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observations). Data are presented as means ± SEM. No approach was

used to reduce unwanted sources of variation. Statistical analyses

were undertaken only when each group size has a minimum of n = 5

independent samples and performed with Prism 7 (RRID:

SCR_005375) with appropriate inferential methods as indicated in

each figure legend. Statistical tests were applied after testing for nor-

mal distribution. Post hoc tests were run only if F achieved P < 0.05

and there was no significant variance inhomogeneity. A small cohort

of samples (n < 5) was prepared for exploratory western blot analysis

and caspase-1 activity assays in our study. No statistical methods

were used to pre-determine sample size or to randomize. The group

sizes were selected according to our previous studies (Chen

et al., 2020; Wang et al., 2017). Two-tailed P < 0.05 was the threshold

to determine statistical significance throughout this work.

The suppliers (with catalogue numbers) of the materials used in

these experiments are as follows: Ac-YVAD-cmk (Bachem, N-1330),

recombinant caspase-1 (Abcam, ab52079), diazepam (King York

Amino Acid of Tianjin, China, H12020957), IL-1Ra (Prospec-Tany

Techno Gene, CYT-203), pentobarbital (Sigma, P3761) and VX-765

(Selleckchem, USA, S2228). CZL 80 (ChemBridge 6626080); CZL

55 (ChemBridge 6810755); CZL 78 (ChemBridge 9198978); CZL

06 (ChemBridge 7135306) were all supplied by Topscience Co., Ltd.

(Shanghai, China), with purity >95%.

2.19 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20 (Alexander

et al., 2019).

3 | RESULTS

3.1 | Caspase-1 is necessary and sufficient for FS
generation

Mouse pups were placed in different hyperthermia conditions (38�C

and 41�C). At 41�C, the pups displayed typical behavioural seizures

with ictal activity with latency of 38.48 ± 0.36 min (Figure 1a). The

sign prior to seizure is characterized as movement of a sudden jerk,

which occurs 2–5 min before FS generation. The expression of

cleaved caspase-1, as well as its enzyme activity, increased to a signifi-

cantly higher level just prior to seizure onset compared to the basal

level (Figure 1b,c). At 38�C, no pups displayed behavioural seizure or

ictal activity during 55-min observation period (Figure S1A). In explor-

atory experiments, there was no difference in the expression of

cleaved caspase-1 or its enzyme activity compared to the basal level

(Figure S1B,C). Of interest, cleaved caspase-1 expression increased

when the body temperature was 41�C, if seizures were blocked by

pretreatment with pentobarbital (Figure S1D). This finding suggests

that the increase of cleaved caspase-1 expression was induced by

hyperthermia, but not by seizure itself. Notably, we also observed

increased cleaved caspase-1 before FS recurrence (Figure S1E). Col-

lectively, these results establish that the level of cleaved caspase-1

increases specifically prior to FS generation in conditions of

hyperthermia.

To determine whether caspase-1 is necessary to the process of

FS generation, we used Casp1−/− mice, in which the enzyme activity

of caspase-1 is absent (Figure 1d). Notably, 50% of the Casp1−/− mice

tested did not show any seizure within 55 min at 41�C (Figure 1e).

Those Casp1−/− mice who showed seizure displayed significantly lon-

ger latency and higher threshold to FS generation, compared with WT

littermates (Figure 1f,g), indicating that disrupting caspase-1 levels

delayed FS generation. As Casp1−/− mice were reported to have an

abnormal expression of other genes, such as a deletion in the gene for

caspase-11 (Kayagaki et al., 2011; Man et al., 2017), we tested the

effects of restoring caspase-1 levels, on FS generation in Casp1−/−

mice. We injected exogenous recombinant caspase-1 into the hippo-

campus, 5 min before FS induction, and found that this treatment

dose-dependently shortened the latency and decreased the threshold

to FS generation in both WT (Figure 1h,i) and Casp1−/− mice

(Figure 1j,k). Notably, all the Casp1−/− mice tested showed seizure

behaviour within 55 min after treatment with caspase-1 (0.5, 1 and

2 nM), and 1-nM caspase-1 reversed the latency and the threshold of

Casp1−/− mice to the level of WT mice (Figure 1j,k). Further, we used

in utero electroporation to deliver pCIG2-Casp1 constructs into the

hippocampus of WT and Casp1−/− mice to specifically increase or

restore the expression of caspase-1 (Figure 1l,m). On testing in our

experimental FS model, we found that there was no significant differ-

ence between Con and pCIG2 groups (Figure 1n,o). Electroporation of

pCIG2-Casp1 constructs reduced the latency and decreased the

threshold to FS generation in WT mice. It also reversed the latency

and the threshold to FS generation of Casp1−/− mice to the level of

WT mice (Figure 1n,o). Following electroporation of pCIG2-Casp1 con-

structs, all the Casp1−/− mice experienced seizure within 55 min after

FS induction. Taken together, our results demonstrated that caspase-

1 is a seizure-promoting factor for FS generation. Therefore, caspase-

1 merits consideration as a promising target for treatment strategies

aimed at FS.

3.2 | Structure-based search for low MW
inhibitors for caspase-1

At present, the most commonly used caspase-1 inhibitors are peptides

(Zhang et al., 2016). Owing to their pharmacokinetic limitations

(Callus & Vaux, 2007), these peptides cannot be used in typical clinical

settings. Moreover, clinical trials of both of the non-peptide caspase-1

inhibitors, VX-740 and VX-765, have been terminated because of

their side effects (Vezzani et al., 2010). Thus, there is still a need to

identify novel inhibitors to suppress the activity of caspase-1.

According to the binding position of the co-crystallized ligand in
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F IGURE 1 Cleaved caspase-1 mediates FS generation. (a) Typical EEG of FS onset at 41�C. (b) The enzyme activity of caspase-1 at different
time points at 41�C. (c) The amount of caspase-1 at different time points at 41�C, was analysed by western blotting with indicated antibodies.
Data were quantified and normalized against the base. (d) Enzyme activity and protein level of caspase-1 in WT (C57BL/6J) and Casp1−/− mice at

P8 age in basal condition. (e–g) The percentage of seizure (e), latency (f) and threshold (g) to FS generation at 41�C in WT and Casp1−/− mice. (h–
k) The latency and threshold to FS generation after intra-hippocampal injection of caspase-1 (0.5, 1 and 2 nM) to WT (h, i) and Casp1−/− mice (j,
k). (l) Experimental paradigm and the transfected caspase-1 in the hippocampus after in utero electroporation of pCIG2-Casp1. green, caspase-1,
blue, Dapi, scale bar: 100 μm. (m) The amount of caspase-1 after in utero electroporation of pCIG2-Casp1 was analysed by western blotting with
indicated antibodies, and the data were quantified. ‘CON’ group have all same procedures of in utero electroporation, but except the delivery of
pCIG2-Casp1 plasmid. The length of procasp1 sequence is 1,533 bp, but the sequence we inserted in the pCIG2 is 1,209 bp, with the same
beginning as the cleaved caspase-1. (n, o) The latency (n) and threshold (o) to FS generation in WT and Casp1−/− mice after in utero
electroporation of pCIG2 and pCIG2-Casp1. Data are presented as means ± SEM. *P < .05, significantly different from baseline, WT, vehicle or as
indicated; #P<.05, significantly different from vehicle in i and j. One-way ANOVA followed by Dunnett post hoc test was used for (b), (c), (h) and
(i). Fisher exact test was used for (e). Unpaired t test was used for (f) and (g). Two-way ANOVA followed by Bonferroni post hoc test was used for
(d), (j), (k), (n) and (o)
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3NS7, residues of Arg179, Arg341, Arg383, Gln283 and His237 were

established as selective aspartic acid recognition sites (Wilson

et al., 1994) for the structure-based virtual screening (Figure 2a, also

see detail in Section 2). Based on targeting these sites, over 1 million

compounds against the active pocket of caspase-1 were screened

with a molecular docking approach (Glide module in Schrödinger).

Prior to virtual screening of this large database, we at first validated

the best strategy among Glide HTVS docking (high throughput virtual

screening), Glide SP docking (standard precision) and Glide XP docking

(extra precision), by evaluating the screening power (P value), the

ranking power (Pearson correlation coefficient) (Figure S2A–F) and

the AUC value of the ROC curve of the docking scores (Figure S2G).

After a hierarchical virtual screening of the database (Xu et al., 2014),

the top 2,000 compounds derived from the docking score were fur-

ther filtered (by Lipinski's ‘rules of five’ and REOS rules) (Lyne, 2002)

and clustered into 144 groups (by considering chemical diversity with

the molecular similarity less than 0.8 based on the Tanimoto matrix

calculated by the FCFP_4 fingerprints) for analysis. The single top

molecule in each group was ranked by the XP docking score (a total of

144 groups), and ultimately, 50 top-scoring compounds (selected by

docking scores, Table S1) out of the over 1 million docked were

selected for further testing. Of these 50 compounds tested, 11 com-

pounds reliably reduced the enzyme activity of caspase-1 in vitro,

compared with the control group (Table S1). We further assessed the

effects of these 11 compounds on LPS-pretreated PBMCs

(Wannamaker et al., 2007). Of the 11 compounds tested, CZL80,

CZL55, CZL78 and CZL06 demonstrated high inhibitory activities in

this exploratory screen (Figures 2b and S3A), with IC50 values ranging

from 0.01 to 11.31 μM (Figure 2c). These four compounds showed

very low toxicity, and it did not affect cell viability even at a 100-fold

effective concentration (Figure S3B).

Encouragingly, in the in vivo FS model, CZL80 and CZL78 (0.1

and 1 nmol, i.c.v.) significantly prolonged the latency and increased

the threshold to FS generation in WT mice, while CZL55 and CZL06

showed no effect (Figures 2d,e and S3C,D). Furthermore, these four

compounds (1 nmol, i.c.v.) were specific caspase-1 inhibitors as none

of them was effective in Casp1−/− mice (Figure 2f,g). Though CZL78

significantly prolonged the latency and increased the threshold to FS

generation, it is worth noting that CZL80 was more fat-soluble

(S + logP: 3.57 vs. S + logP: 0.89) and should be better able to pene-

trate the BBB. This supposition was confirmed by measuring the con-

centrations of CZL80 in serum and in brain after intravenous

administration of CZL80 (Figure S4) to mice. Furthermore, CZL80 is

most favourable in matching with the binding pocket of caspase-1

with no extra fragments out of the binding position compared with

other three compounds (Figures 2h and S5), and its tail inserted into

the deep-binding slot formed by Arg179, Arg341, Gln283 and Arg383

to anchor caspase-1 (Figure 2i and Table S2). Moreover, CZL80

showed highest binding free energy (ΔGbind) among the four com-

pounds (Table S3), fitting in more specificity regions of caspase-1.

Having confirmed this, and in consideration of the other properties

reported in this subsection of the results, we selected CZL80 as a can-

didate molecule.

3.3 | CZL80 prevents FS generation and enhanced
epileptogenic susceptibility

A major goal of this study was to find a novel specific caspase-1 inhib-

itor with more favourable in vivo profiles and potential clinical utility.

Caspase-1 enzyme activity was reduced following intravenous admin-

istration of CZL80 in exploratory experiments (Figure 3a). CZL80

reduced seizure incidence, prolonged seizure latency and increased

threshold to FS generation in a dose-dependent manner (Figure 3b–

d). As positive controls, we used diazepam, a clinically used acute

treatment for FS (Khosroshahi et al., 2011), the caspase-1 inhibitor

VX-765 and the cytokine receptor antagonist IL-1Ra. About 67% of

the CZL80-treated, 43% of the diazepam-treated and 21% of the VX-

765-treated mice pups did not experience the first FS (Figure 3e).

CZL80 (0.75 mg·kg−1, i.v.), diazepam (0.3 mg·kg−1, i.v.) and VX-765

(50 mg·kg−1, i.p.) prolonged the latency to first FS generation, while

IL-1Ra (0.35 mg·kg−1, i.v.) had no effect (Figure 3f). CZL80 also

increased threshold to first FS generation (Figure 3g). The anti-FS

effect of CZL80 results from caspase-1 inhibition as it had no effect

on the latency or threshold to FS generation on Casp1−/− mice

(Figure 3h,i). Of interest, injection of CZL80 after the first FS reduced

the incidence of second FS (recurrent FS) to 30% and significantly

prolonged the latency and increased the threshold to the second FS

generation (Figure 3j–l). In contrast, diazepam showed no effect on

the second FS generation.

As experience of FS in early life increases seizure susceptibility

later in life (Dube, Brewster, Richichi, Zha, & Baram, 2007; Feng &

Chen, 2016), we further investigated whether CZL80 had therapeutic

effects on enhanced epileptogenic susceptibility in adult mice. We

found that CZL80 administered once, immediately after prolonged

FS. reduced MES-induced adult seizure susceptibility (Figure 3m).

Consistent with the data from the MES model, CZL80 also lowered

the progression of KA-induced seizure stages (Figure 3n), decreased

numbers of generalized seizure (GS) (Figure 3o) and the percentage of

SE (Figure 3p). Figure 3q shows the typical epileptic hippocampal dis-

charges in different groups. Collectively, our results indicated that the

caspase-1-specific inhibitor CZL80 delayed FS generation and blocked

the enhanced epileptogenic susceptibility in adult mice, following

infantile FS.

3.4 | CZL80 reduces neuronal excitability

FS induce hyper-excitability of hippocampal pyramidal cells (Koyama

et al., 2012). To investigate whether caspase-1 is involved in neuronal

excitability after hyperthermia, we performed whole-cell voltage-

clamp recording of CA1 pyramidal neurons. Electroporation of

pCIG2-Casp1 alone increased IR, lowered the action potential

(AP) threshold and up-regulated the spike number in GFP-expressing

pyramidal neurons from both WT and Casp1−/− mice and restored the

IR, AP and spike number level in Casp1−/− neurons to normal

(Figure 4a–c). At 41�C, neurons from Casp1−/− mice and

CZL80-treated WT mice showed decreased IR, enhanced AP and
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reduced spike number of CA1 pyramidal neurons, compared with

values from vehicle-treated WT mice (Figure 4e–g). There was no dif-

ference in the amplitude or the ½ peak width of the action potentials.

Moreover, we observed reduced amplitudes of AHP in pCIG2-Casp1

transfected neurons and the amplitude of AHP in Casp1−/− cells was

reduced to the same level as in WT mice (Figure 4d). Neurons from

F IGURE 2 Structure-based search for caspase-1 inhibitors. (a) Target identification ligand binding site determination and virtual screening of
active compounds using the conserved pocket residues (green stick model). (b) The enzyme activity of caspase-1 was inhibited by the selected
four compounds (CZL80, CZL55, CZL78 and CZL06) and Ac-YVAD-cmk, in LPS-pretreated PBMCs, compared with the sham group. (c) The
molecular structure and IC50 values of CZL80, CZL55, CZL78 and CZL06. (d–g) The latency and threshold of FS generation in WT (d, e) and
Casp1−/− (f, g) mice in hyperthermic condition, injected with vehicle, Ac-YVAD-cmk, CZL80, CZL55, CZL78 and CZL06 (1 nmol, i.c.v.). (h) The
solvent-accessible surfaces of CZL80 in the binding pocket of caspase-1. The compound, the key residues and the protein backbones are shown
in cyan stick model, green stick model and yellow cartoon model, respectively. (i) The corresponding hydrogen bond networks of CZL80 to the
binding pocket of caspase-1. Data are presented as means ± SEM. *P < .05, significantly different from vehicle; One-way ANOVA followed by
Dunnett post hoc test was used for (d)–(g)
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F IGURE 3 Caspase-1 inhibitor CZL80 prevents FS generation and later enhanced epileptogenic susceptibility. (a) The enzyme activity of
caspase-1 after treatment with vehicle (2% DMSO in saline) or CZL80 (0.0075, 0.075, 0.75 and 7.5 mg·kg−1, i.v.). (b–d) The percentage of seizure
(b), latency (c) and threshold (d) of FS after treatment of vehicle and CZL80 in WT mice. (e–g) The percentage of seizure (e), latency (f) and

threshold (g) of FS after treatment of vehicle and CZL80 (0.75 mg·kg−1, i.v.), diazepam (0.3 mg·kg−1, i.v.), VX-765 (50 mg·kg−1, i.p.) or IL-1Ra
(0.35 mg·kg−1, i.v.) in WT mice. (h, i) The latency (h) and threshold (i) to FS after injection of vehicle and CZL80 (0.75 mg·kg−1, i.v.) in Casp1−/−

mice. (j–l) The percentage of seizure (j), latency (k) and threshold (l) of second FS after injection of vehicle, CZL80, diazepam, VX-765 or IL-1Ra.
(m) Threshold of MES-induced tonic seizures in adult mice after early life prolonged FS administered with or without CZL80 (0.75 mg·kg−1, i.v.).
(n–q) Seizure progression (n), number of generalized seizure (o), percentage of status epilepticus (p) and representative EEG tracing (q) in adult
mice after KA-induced seizure model in different groups. Data are presented as means ± SEM. *P < .05, significantly different from vehicle or as
indicated. One-way ANOVA followed by Dunnett post hoc test was used for (a), (c), (d), (f), (g), (k) and (l). Fisher exact test was used for (b), (e),
(j) and (p). Two-way ANOVA followed by Bonferroni post hoc test was used for (m) and (o). A general line model followed by Bonferroni post hoc
test was used for (n)
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Casp1−/− mice and CZL80-treated WT mice showed increased ampli-

tude of AHP (Figure 4h). From these results, we concluded that

CZL80 reduced neuronal excitability following a hyperthermia stimu-

lus, through targeting caspase-1.

3.5 | CZL80 has no obvious acute and chronic side
effects

Based on previous pharmacological studies with diazepam and VX-

765, we further tested whether CZL80 at therapeutic doses had acute

side effects. The highest therapeutic dose of CZL80 (7.5 mg·kg−1, i.v.)

showed no inhibitory effects on motor activity, respiratory frequency,

EEG activity, liver or renal function or biochemistry index, indicating

that this low MW antagonist had few, if any, acute side effects

(Figure 5a–m). This profile contrasted with that of diazepam, which at

0.3 mg·kg−1, i.v., decreased movement distance and increased the

immobility time in open field test (Figure 5b–d). Diazepam also

lowered the breathing rate (Figure 5e), decreased EEG activity in the

low frequency range (0–4 Hz) (Figure 5g) and had an adverse effect

on renal function (Figure 5l,m). This was in accordance with earlier

results showing that diazepam has inhibitory effects on motor activity,

the respiratory system and the CNS (Rosman et al., 1993). One possi-

ble explanation of this difference in acute side effects is that the half-

life of diazepam is much longer than that of CZL80.

We also tested whether CZL80 has any chronic side effects,

because clinical trials with VX-765 were terminated due to chronic

liver toxicity (Bialer et al., 2013). In our study, after treatment with

vehicle (2% DMSO in saline, qod, i.v.) or CZL80 (7.5 mg·kg−1, qod, i.v.)

for 6 weeks, the liver and renal function, motor activity, respiratory

system, CNS and routine blood test were measured (Figure 5n–z). We

observed no effects of CZL80 on the function or structure of liver and

kidney. Further, CZL80 showed no chronic effect on motor activity,

breathing rate, EEG activity or biochemistry index. Our results indicate

that CZL80 may be a promising and effective treatment for FS and

enhanced epileptogenic susceptibility in adults, with no major acute

or chronic side effects.

4 | DISCUSSION

Here, we showed that activated caspase-1, which is a fever-derived

factor, increased significantly and specifically prior to FS generation.

The essential pro-convulsive role of caspase-1 in FS generation is

supported by the results of our experiments evaluating treatment

with exogenous caspase-1 and caspase-1 overexpression; we demon-

strated that caspase-1 is a seizure-promoting factor that makes the

brain vulnerable to a hyperthermic stimulus. In contrast, Casp1−/−

mice were resistant to FS generation. Our findings provided important

clues about the natural variability in the prevalence of FS, as different

levels of caspase-1, in our mouse model, modified the susceptibility to

these seizures. Patients with FS have been reported to have increased

expression of Casp-1 gene relative to the general population (Sasaki,

Matsuo, Maeda, Zaitsu, & Hamasaki, 2009). Further, caspase-1

F IGURE 4 CZL80 reduces neuronal excitability. (a–d) Test pulses and input resistance (a), AP threshold (b), spike frequency (c) and amplitude
of the AHP (d) in control and in utero electroporation of pCIG2-Casp1 transfected CA1 pyramidal neurons in hippocampus slices of WT and
Casp1−/− mice. (e–h) Test pulses and input resistance (e), AP threshold (f), spike frequency (g) and amplitude of the AHP (h) in vehicle- and

CZL80-treated (100 μM) CA1 pyramidal neurons in hippocampus slices of WT and Casp1−/− mice after 41�C hyperthermia stimulus. Data are
presented as means ± SEM. *P < .05, significantly different as indicated.. Two-way ANOVA followed by Bonferroni post hoc test was used for (a),
(b), (d)–(f ) and (h). A general line model followed by Bonferroni post hoc test was used for (c) and (g)
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F IGURE 5 CZL80 has no obvious acute and chronic side effects. (a) Experimental paradigm of acute side effect test. (b–d) The representative
tracts (b), total distance (c) and immobility duration (d) of vehicle, CZL80 (7.5 mg·kg−1, i.v.) or diazepam (0.3 mg·kg−1, i.v.)-treated groups in open
field tests. (e) The breathing rate (min−1) was tested in the vehicle, CZL80 or diazepam-treated groups. (f, g) The EEG power in CZL80 (f) or

diazepam-treated group (g). (h–m) The WBC (h), MONO% (i), RBC (j), ALT/AST (k), BUN (l) and CREA (m) were tested in the vehicle, CZL80 and
diazepam-treated groups. (n) Experimental paradigm of chronic side effect test. (o) Representative images of morphological structure preservation
of liver and kidney (Glomerulus and tubules) with HE staining in vehicle or CZL80-treated groups, scale bar: 50 μm. (p, q) ALT/AST (p) and CREA
(q) were tested in vehicle or CZL80-treated groups. (r–t) Representative tracks (r), total distance (s) and immobility duration (t) in vehicle (2%
DMSO in saline, qod for 6 weeks, i.v.) or CZL80 (7.5 mg·kg−1, qod for 6 weeks, i.v.)-treated groups in the open field test. (u) The breathing rate
was tested in vehicle or CZL80-treated groups. (v, w) The EEG activity power of cortex (v) and hippocampal CA3 region (w) in vehicle or
CZL80-treated groups. (x–z) The WBC (x), MONO% (y) and RBC (z) were tested in vehicle or CZL80-treated groups. Values are means ± SEM.
*P < .05, significantly different from vehicle. One-way ANOVA followed by Dunnett post hoc test was used for (c)–(e), (l) and (m). Unpaired t test
was used for (g)
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increased neuronal excitability with increased IR, decreased AP

threshold and increased spike frequency, which were absent in

Casp1−/− mice. AHP is a key component in controlling the discharge

of CA1 pyramidal cells and is determined by potassium currents

(Kamal, Artola, Biessels, Gispen, & Ramakers, 2003; Madison &

Nicoll, 1984). It is thus possible that calcium-activated potassium cur-

rents or hyperpolarization-activated currents (Ih) may be involved in

the mechanism through which caspase-1 causes seizures (Lancaster &

Nicoll, 1987; Madison & Nicoll, 1984). Moreover, Casp1−/− mice

showed impaired processing of pro-IL-1β and reduced secretion of IL-

1β after LPS stimulation (Yao et al., 1999). Thus, caspase-1 could regu-

late seizure generation through a IL-1β pathway. It should be noted

that the Casp1−/− mice were also reported to have a deletion in the

gene for caspase-11 and therefore, data interpretation in our study

should take this into consideration, and further study is still needed to

address the role of caspase-11 in FS. Although a caspase-1–IL-1β

pathway has been implicated in the pathophysiology of epilepsy, our

present findings demonstrated that caspase-1 also mediates FS gener-

ation and represents a promising therapeutic target, and an inhibitor

of caspase-1 might provide a drug candidate for this therapeutic

target.

At present, druggable and safe low MW antagonists targeting

the caspase-1–IL-1β pathway are not available. Based on the struc-

ture and active sites of caspase-1, we searched for and found a

novel, selective, brain-penetrable caspase-1 inhibitor, CZL80. As the

structure of CZL80 is more favourable in matching with the confor-

mation of the binding pocket of caspase-1, it is a structure-matching

compound with strong affinity to the active sites of caspase-1.

CZL80 had several other obviously appealing characteristics as a

potential drug. First, it was a low MW compound and penetrated

the BBB rapidly, thus it had better “druggability” compared with the

previous peptide inhibitors or high MW agents such as IL-1Ra

(Sukedai et al., 2011). Second, it was a potent, selective and effica-

cious caspase-1 inhibitor with high anticonvulsive effect at a low

dose, compared with diazepam, VX-765 and IL-1Ra. Third, no major

acute or chronic adverse effects were detected for CZL80 in moni-

toring motor activity, respiratory depression, CNS inhibition and

renal or liver toxicities, suggesting that CZL80 may be a safer treat-

ment than other commercial compounds. In addition, we have

tested CZL80 at dose of 7.5 mg·kg−1 in naïve mice and found that

the body temperature of CZL80-treated mice showed no difference

from that of the control groups, suggesting that CZL80 may not

affect body temperature in basal condition, but rather in condition

of high expression of caspase-1. Moreover, CZL80 reduced the inci-

dence of FS recurrence. Further, we observed increased cleaved

caspase-1 before FS recurrence, suggesting that controlling the

inflammatory process in FS recurrence may be very important. In

addition to the effect on the FS generation, it is still valid in

preventing seizures in adults, after prolonged FS. As targeting the

caspase-1–IL-1β pathway can affect neural excitability (Iori,

Frigerio, & Vezzani, 2016; Wang & Chen, 2019), we found that

CZL80 decreased neuronal excitability, suggesting the potential of

CZL80 being a potential anti-convulsant compound in other epilepsy

models. What should be noted is that the pharmacokinetic data of

CZL80 are not optimal and, consequently, CZL80 itself is unlikely to

be used clinically but it would be a lead compound in designing a

new compound with a longer half-life.

In conclusion, our work indicates a caspase-1-mediated mecha-

nism for triggering hyperthermia-induced seizures and demonstrates

new safe strategies for the acute treatment and prevention of fever-

related epileptic syndromes and the following enhanced epileptogenic

susceptibility in adults.
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