UC Irvine
UC Irvine Previously Published Works

Title
Chapter 11 Experimental models of febrile seizures and febrile status
epilepticus

Permalink

https://escholarship.org/uc/item/3rz3f49w

ISBN
9780323984188

Authors

Chen, Kevin D
Garcia-Curran, Megan M
Baram, Tallie Z

Publication Date
2023

DOI
10.1016/b978-0-323-89932-1.00013-5

Copyright Information

This work is made available under the terms of a Creative Commons
Attribution License, availalbe at
https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3rz3f49w
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Chapter 11
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The need for animal models: They provide causality and
mechanisms

There has been a growing body of literature in the fields of epidemiology, ge-
netics, epigenetics, and imaging focusing on understanding febrile seizures, but
many of the key questions related to mechanisms are incompletely understood.
Prospective and case-control studies have looked at risk factors for simple and
complex febrile seizures [1-6], but the nature of these human studies provides
only correlative insight. Animal models, on the other hand, enable testing of
the causal relation between specific genetic mutations and febrile seizures (FS)
and between long febrile seizures and subsequent epilepsy. They allow for the
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independent investigation of the complex contributions that predisposing ge-
netic mutation and inciting febrile seizures have on the developmental of limbic
epilepsy, an impossibility in children. Additionally, emerging novel technolo-
gies have been developed for probing molecular, cellular, and circuit functions.
These technologies have facilitated greater knowledge of the pathogenesis sur-
rounding febrile seizures including transcriptional, epigenetic, and inflamma-
tory changes, circuit mechanisms of epileptogenesis and long-term cognitive
problems, and magnetic resonance imaging (MRI) predictive markers.

A host of animal models have been developed over the years to tackle the
difficulties of studying the mechanisms of febrile seizures and their potential di-
rect effects on the developing brain. Here we discuss these animal models from
various perspectives. First, we discuss genetic animal models based on both
known and novel predisposing mutations and the tools they employ to probe the
underlying mechanisms. Next, models of single, recurrent, and complex febrile
seizures will be illustrated. We will review several methods of generating FS
and febrile status epilepticus (FSE). Finally, we will conclude with what these
models have taught us and what they cannot teach us.

Considerations and choices of animal models

Animal models used for the study of human conditions, such as febrile seizures,
are essential to established causality among related observations and probe
novel mechanisms and therapies for these disorders. However, models, by their
nature, can only approximate the actual condition, and features of the model
itself dictate the questions that can be addressed. For example, genetic back-
ground, animal type, and hyperthermic induction methods may offer specific
and distinct answers to those questions.

Choice of species and “background” genetics

Rodent models provide serious advantages in short life spans and access to
study the brain directly as described above. Their mammalian brain is also rela-
tively similar in molecular, cellular, and circuitry aspects to the human brain.
Thus, it is not surprising that most FS models involve rodents, though there are
some other species that have been studied. Notably, several groups capitalized
on the assets of zebra fish [7,8], drosophila [9-11], and even chicks [12] to study
FS. Within rodents, rats began as the canonical paradigm; yet, with the advent
of genetic tools in the mouse, numerous studies involving mice have surfaced,
probing both the genetic basis of FS and the involvement of specific molecules,
pathways, and brain circuits.

Genetic strains of mice differ in seizure-threshold temperatures [13] and
profiles of resilience and susceptibility to the induction of acute seizures by
“febrile seizures” [14]. Spontaneous seizure generation in transgenic mice
has a notable dependence on genetic background [15]. Extensive studies have
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shown that genetic background plays an important role in affecting seizure
thresholds in mice [16—18], with strains such as the C57BL/6 strain being
more resistant to systemic administration of kainic acid than ICR, FVB/N, and
BALB/c strains [16,19,20]. However, even substrains within C57BL/6 mice
vary in sensitivity to chemoconvulsants [21]. Some authors have reported
greater susceptibility of the C57BL/6 strain to febrile seizures [22], despite
having greater resistance to chemoconvulsants. With distinct genetic strain
and substrain differences in the context of chemical, electrical, and hyper-
thermic seizure induction, the type of animal model used must be carefully
considered.

The threshold temperature required to induce FS in mutant organisms pro-
vides a good measure of the contribution of the mutation to overall hyperex-
citability and likely to the generation of FS. For example, specific SCN1A
mutations reduce the temperature at which mice develop tonic hyperthermic
seizures [23]. This observation is not limited to mice. Drosophila mutants with
a SCN1A S1231R mutation exhibit spontaneous and heat-induced seizures with
lower onset temperature than GEFS + flies [9]. Subtle strain differences have
been measured in stress responses and cognitive performance in behavioral
studies of rats [24], reinforcing the importance of a careful consideration of
rodent strain when selecting the appropriate animal model.

Age

Another crucial consideration to address is the choice of age used to model fe-
brile seizures. Febrile seizures are seen in infants and young children between
6 months and 6 years of age, with a peak incidence of ~ 18 months [25,26]. It
is thus appropriate to correlate rodent to human brain development to model
the developmental window that human infants and young children are most
susceptible to febrile seizures. This is important to enable the translation of
studies in animals to human interventions. The developing brain, however,
is complex in nature, as specific regions and circuits mature with variable
velocities and at specific time points [27]. The precise rates of development
vary across species, making correlations in brain development only an ap-
proximation. Comparative analysis of hippocampal formation in human and
rodents, while they cannot precisely correlate human and rodent “ages,” they
do suggest that the first week of life in rats (days 0—5) may be comparable to
third-trimester gestational period in humans and days 7—14 in rats correspond
to roughly the first year of human life [28]. This developmental time line
might differ for thalamo-cortical and other cortical-subcortical circuits [29].
Thus, most experimental models of FS are induced in rats during the 7-14
postnatal day window [30-32].

In mice, some groups identified postnatal days 14—15 as optimal for induc-
tion of FS [22,33-35]. Others have chosen somewhat older ages [13]. As in rats,
precise correlation of brain development across mice and humans is complex,
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and the regions involved in the generation of FS may mature at different ages
across species. Notably, age has not been a major consideration in zebra fish [7]
or drosophila [9] models.

Genetic animal models of febrile seizures and related
syndromes

The development of genetic tools and their evolution has had a dramatic ef-
fect on the study of FS and related genetic syndromes. The identification of
Dravet syndrome and its common association with mutations of the voltage-
regulated sodium channel gene Scnla (Nav 1.1) has led to a flood of scientific
effort to determine why and how these mutations lead to the phenotype. This
initial work was followed by the discovery of other mutations related to the
same channel with differing phenotypes, as well to a plethora of additional
ion channel and neurotransmitter receptor mutations promoting FS-related
diseases.

Further, these mutations have been inserted into the salient gene in mice,
rats, flies, and zebra fish, as well as expressed in high-throughput systems such
as xenopus oocytes. More recently, several mutations have been combined in
the same system or mouse, to probe their interactions.

Tables 1A—1C aim to provide a compendium and resource of these studies,
though the authors apologize if we neglected an important contribution. The
table is organized as follows: Table 1A: known predisposing mutations in
SCNI1A (Dravet syndrome/severe myoclonic epilepsy of infancy [SMEI]).
Other mutations involved in these syndromes follow in Table 1B (e.g., in
GABA-A receptor subunits). We then include recent work on other ion channel
genes including the TRP and HCN channels as well as genes involved in ther-
moregulation, in Table 1C.

Models of simple FS, recurrent FS, FSE, and
epileptogenesis

In infants and children, simple FSs have excellent outcomes, whereas recurrent
FS and especially FSE have more guarded outcomes, as discussed throughout
this book. Therefore, an important distinction is made between models of short
FS, recurrent FS, and prolonged FS constituting febrile status epilepticus (FSE).
These distinctions are highlighted in Table 2.

Generation of simple, short FS is often used as a tool to probe mechanisms
governing brain excitability. For example, the threshold temperature required
to generate these seizures in a genetically engineered mouse or fly provides in-
formation about how the mutation influences the propensity to develop FS and
perhaps excitability in general. Similarly, threshold temperature to FS has been
used after random mutagenesis as a screen for mutations altering brain excit-
ability. Threshold temperature for experimental FS is also used as a drug screen
for anticonvulsants and other agents.



TABLE 1A SCN1 mutations.

Mutation

SCNTA: SMEI mutation,
targeted deletion of the last
exon

SCNTA: SMEI mutation:
targeted deletion of last
exon

SCNTA: SCNTA-R1407X
(human SMEI mutation)

SCN1TA: KO of SCNTA
allele

SCN1A: human GEFS +
mutation

SCNTA: two truncated
mutants, R222* and R1234*

Method

Loss of function mutation:
SCN1A~™* and SCN1a™;

SCN1A™" mice

Modification of [39]
Knock-in (KI) mouse line

Scn1aAFlox/+/ZP3-Cre '~
Scn1aAFlox/+/EMX-Cre ™/~

Scnla/Flox/+/Ppp1r2-
Cre*~

Targeted R1648H mutation

SCNTA-R1648H with
SCN2A KCNQ2 and SCN8A

Mutations cause premature
termination

Species

129/Sv) and
C57BL/6 mice

C57BL/6 mice 10
generations

C57BL/6/129
(~75%/25%) mice

Lines maintained
on C57BL/6J
background

FVB/N]J bred to
C57BL/6)

C57BL/6NCrl
females x
(C57BL/6) X
DBA/2)); F1 males

Hippocampal
neurons dissociated
from KO mice

Notes

Spontaneous seizures and death begin on
P21; genetic background important

FS protocol from Oakley 2009; [36,37]

Body temperature elevated by 0.5°C every
2 min until seizure occurs or 42.5°C

FS protocol from Oakley 2009 [40]

Mice developed seizures within first
postnatal month

Preferential inactivation of Scn1la in
corticolimbic PV interneurons reduces
latency to hyperthermia-induced seizures

FS protocol from Oakley
R1648H transgenic mice have lower
seizure thresholds

Hets with rare seizures, reduced
threshold, and accelerated propagation
of FS

Recordings from hippocampal neurons

References

[36-39]

[13,40,41]

[42,43]

[40]

[23,41,44-47]

(48]

Continued



TABLE 1A SCN1 mutations—cont’d

Mutation

SCNTA: exon 1 containing
the translation start site
replaced by a selection
cassette

SCNTA: Scnla (E1099X/+)
mutation

SCNTA: SMEI mutation:
exon 25 removed

SCNTA: deletion of coding
exon 7 of SCN1a allele

SCNTA: Dravet A1783V
mutation

SCNTA: missense mutation
(N1417H)

SCNT1A: two alleles of the
didy mutant, didys552, and
didys390

Method

Scnlantm1Kea

Scn1a”NET1099X

GABAergic cells conditional
KO lines: C57BL/6 F/F mice
x DIx-Cre +

GABAergic cells conditional
KO lines: deletion in
inhibitory neurons

Knock-in mouse

Gene-driven ENU
mutagenesis

Double indemnity (didy)
mutant disrupts voltage-
gated Na channel

Species

129S6/SvEvTac,
C57BL/6) mice

C57BL/6])Nar,
129S2/SvPasCrl
mice

C57BL/6:CD1 mice

C57BL/6:129 mice

C57BIl/6) mice

Wistar rats

Zebra fish

Notes

C57BL/6)x 129S6/SvEvTac strain Scnla*/~
mice exhibit spontaneous seizures and
early lethality

Scn1aE1099X/+ mimics genetic deficits of
human Dravet syndrome. Het mice have
early seizures and susceptibility to FS

Cheah 2012 protocol

FS induction at P22 increased temperature
in 0.5°C steps each 2 min until seizure or
42°C

Scnla mutant rats exhibit high
susceptibility to experimental FS

FS protocol water bath (Mashimo 2010)

Didy mutation disrupts the voltage-gated
sodium channel Scn1lab (Nav1.1b)

References

[49]

[50]

(51]

[52]

(53]

[54-56]



SCNTA: Nav1.1 (scn1Lab)
mutants: meth to Arg
mutation in domain IlI

Para, shi, and com
reversible, temperature-
sensitive paralytic mutants

SCNTA: bss1T GOF mutation
in the para Na+channel
gene

SCN1A: knock-in of a
GEFS+ SCNTA mutation
(K1270T)

SCN1A: Dravet syndrome
(DS) SCN1TA mutation
(S1231R)

SCN1B: GEFS*

C121W B1 Na+channel
mutant

SCN1TA SMEI mutation (last
SCNTA exon replaced with
neomycin and SCN8A mis-
sense mutation)

SCNI9A: N641Y mutation

Scn1lab (didys552) zebra
fish embryos

Temperature-sensitive
paralytic mutant of
Drosophila, comatose
generated from wild-type
strain, Canton-Special

Bang senseless (bss); allele
of the paralytic (para)
voltage-gated Na(+) channel
gene

Drosophila Kl flies; K1270T
mutation in Na channel
gene, para

Introduction of DS mutation
(§1231) into Drosophila
gene para

Kl mice with B1(C121W)
mutation

Scnla*’~; Scn8amed-jo/+
double hets; Scn1a™=;

Scn8amed-jo/+ mutants

N641Y mutation into
orthologous mouse gene to
create a knock-in mouse

Zebra fish

Drosophila
melanogaster
Drosophila

Drosophila

Drosophila

Drosophila

C57BL/6 mice

C3HeB/Fe) and
C57BL/6) mice

C57BL/6) mice

Zebra fish scn1Lab gene shares a 77%
identity with human SCNTA and is
expressed in the CNS

Para, shi, and com exposed to 38°C for
Tmin

Para mutant is paralyzed quickly, recovers
quickly at 23°C. Com mutant takes longer
to pass out and recovers much slower. Shi
mutant is intermediate

Bss-associated “seizures”

Temperature-dependent shift in
Na+ current deactivation exacerbated by
the mutation. May contribute to GEFS+

Spontaneous and heat-induced seizures.
Lower threshold temperature than GEFS +
flies

Het f1(C121W) mutant mice recapitu[ate
FS of patients with mutation

Scn8a functions as a genetic modifier of
SMEI

Scn9a-N641Y Kl mice do not have
spontaneous seizures

[10]

[11]

(9]

[58]

[59]

[60]

[61]



TABLE 1B Other mutations involved in dravet syndrome/severe myoclonic epilepsy of infancy (SMEI).

Mutation

GABAA R mutation: GABAA
¥2(R43Q)

GABRG2: Q390X mutation

GABAA-receptor y2-subunit:
Q351X mutation

a1p2y2 receptors with y2
R43Q, K289M, Q351X

GABRG?2 (encoding the
y2-subunit): R43Q mutation

K289M mutation in (GABRG2)
GABARG2: p.R139G mutation

GABRG2:

Method

GABAA y2(R43Q) mutants;
homologous recombination

Gabrg2 9 knock-in mouse (Kang
2014, Warner 2017)

Gabrg2 ™~ KO mouse

Discovered by genetic screen of
patients with GEFS+, FS, and IGE.
Premature stop codon at Q351 in the
mature protein

All point mutations were made using a
site-directed mutagenesis kit

Mutation derived from a screen of a
family with absence epilepsy and FS

GABAAY2(R43Q) knock-in and
GABAAy2 ¥~ heterozygous knockout

From family with GEFS+

Diagnostic genetics of patients FS,
GEFS +, absence

Several GABRG2 mutations related to
GEFS+ R82Q), P83S N79S

Species

C57BL/6 or DBA/2)
mice

C57BL/6)JN8-10
and DBA N8 mice

Xenopus laevis
oocytes

Xenopus

DBA/2) and
C57BL/6) mice

Xenopus

Notes

Seizure onset at P20

Q390X is also Q351X
when not including 39
amino acid signal peptide

Seizures with lower
latency than WT;

FS protocol from
Schuchmann 2006

Mutation produced only
FS

References

[62,63]

[15,64,65]

[66]

[14]

[67,68]



TABLE 1C Mutations in other ion channel and genes involved with thermoregulation.

Mutation

HCN1

HCNI1

TRPV

TMEM16C (ANO3)

Method Species

Mice endowed with human mutations
in HCN1 have neonatal epileptic
encephalopathy

Mice endowed with diverse human
HCN1 mutations have a spectrum of
epilepsies

Temperature-dependent transient Mouse
potential channels

Trpv1 —/—

Tmem16¢ KO in rat pups and C57B6/129Sv) mice; rats
Tmem16c¢ cKO in mouse pups

Notes

KO rat pups have rapid temperature
rise upon heat exposure. KO mice
pups have poor thermoregulation

Both had greater susceptibility to FS

References

[73,74]

[75,76]

[77,78]

[79]



TABLE 2 Animal models of febrile seizures, including murine, chicks, and zebrafish.

Method

Age

A. Single-short febrile seizure

250W infrared lamp

250W infrared lamp

250W infrared lamp

56 W infrared lamp

660W infrared lamp

Heated chamber

P2-P10

P5-P20

P15

1: P23-P26
2: P20-P25
P15

1: P26-P29
2: P24-P26
3—4: P23-P24

Species

Sprague-Dawley rats

Sprague-Dawley rats

Long Evans rats

Lewis rats

Long-Evans rats

Wistar rats

Notes

Increased resistance to HS with maturation and
electrocortical discharges similar to those in young children

Heating duration: until seizure activity appeared

A single hyperthermia convulsion (HC); 5, 10, 15, or 20days
of age

Heating duration: until convulsion appeared

Experimental adults have reduced anticonvulsant response to
a benzo-diazepam when given PTZ

Heating duration: until full tonic extension occurred
Hypoxia significantly increased seizure threshold and
hyperoxia prolonged seizure duration

HS decreases GABA B receptor-mediated inhibition in
hippocampus

Heating duration: until core temperature reached 41-43°C

Arrest of locomotion concurrently with paroxysmal EEG theta
bursts occurred prior to generalized convulsions

Heating duration: heating stopped when continuous EEG
seizure discharges appeared or rectal temperature reached
45°C (3, 4)

References

[80,81]

[82]

[83]

1: [84]
2:[85]
[86]

1: [87]
2:[88]
3:[89]
4: [90]



Heated chamber
(chamber in 99°C
water bath)

Heated chamber (at
62°C)

Combined: chamber
heated by hair dryer,
within water bath

Microwave-induced
hyperthermia

Microwave-induced
hyperthermia

Hot water (water jets
to the head)

Hot water (water

bath)

P14

P1, P10, or P21

P10-P12

P11-P17

P2-5

1: Adult P84-P98
2: P21

1: P22
2, 3: P21

Sprague Dawley rats

Long-Evans rats

Rats

Long-Evans rats

Chicks (epi epi)

1: Wistar rats

2: Sprague-Dawley

Sprague-Dawley rats

In immature rats, neuronal migration disorders (NMDs) lower
the threshold to HS

Heating duration: 905, 1205, or 150s after T-core exceeded
42°C

Heating duration: until a generalized convulsion was
observed

Single FS on P10

Heating duration: 10 min

Hyperthermic convulsions impaired neither brain growth nor
subsequent performance on behavioral tasks

Heating duration: 10 min

Phenobarbital delayed onset of epileptiform seizures whereas
phenytoin and valproate did not

Heating duration: until moribund

Progression and EEG recording of seizure activity resemble
HWE in human subjects

Heating duration: 10 min at 4°C and 55°C; 20 min at 28°C,
45°C, and 50°C

Novel genetic model of FS, including hyperthermia prone
and resistant

Heating duration: 4min or until seizure (whichever is shorter)

[91]

[92]

[93]

[94,95]

[12,96]

1:[97]
2:[98]

1: [99]
2: [100]

W

1 [101]

Continued



TABLE 2 Animal models of febrile seizures, including murine, chicks, and zebrafish—cont'd

Method

Hot water model

Heating pad

Age
DPF3-DPF7

Adults and
P15-17

B. Recurrent febrile seizures

250W infrared lamp

500W hair dryer

Hot water model

Hot water model

Hot chamber model

Hair dryer

Hair dryer

P5-P20

P13-P15

1: Adult

2: P20-P21
P22
P10-P12

P10-P11

P14, P16

Species
Zebra fish;

Wild-type and
mutants

Long-Evans rats

Sprague-Dawley rats

Long-Evans rats

Sprague-Dawley rats

Sprague-Dawley rats

Rats

Sprague-Dawley rats

Mice: (Trpv1 —/—,
KO)

Notes

Role of heat activation of TRPV4 channels and NMDA
receptor-mediated glutamatergic transmission

Heating duration: 3 min

Heating duration: heated at 38.8°C or 40°C for 10min

Heating duration: administered a series of HC on alternate
days starting from 5 days of age to 20days of age

Heating duration: repeated hyperthermic seizures on P13 to
P15

Heating duration: 4 min every 4 days (6 exposures) (1)

Drug studies: 2 days/week for 2 weeks (4 exposures) (2)
Heating duration: 1, 6, 12, 24 trials of hyperthermia exposure
One FS daily from P10 to P12 (three exposures)

3% FS daily, at 4 h intervals, from P10 to P12 (nine exposures)

Heating duration: 30 min; seizures induced two or three
times at 3- to 4-h intervals

Heating duration: 2 x daily at P14 and P16 (4 exposures)

References

(71

[102]

[82]

[86]

1: [103]
2:[104]
[991]
[93]

[105-108]

(771



C. Prolonged/FSE

Heated chamber

Hair dryer

Hair dryer

Temperature-
regulated laminar
stream of warm air
(heated chamber)

Lipopolysaccharide

LPS and heat lamp/
hair dryer

P8—P11

P10-11

P14-15

1: P8-10
2,3: P14

P14
1: P14
2: P5,10, 15, 20

Wistar rats

Sprague-Dawley rats

Mice

1: IL-TRT —/—
2: Trpvl —/—

3: C57/BLél

Mice

C57BL/6), B6(Cg)-
Tyrc-2)/), DBA/2),
AKR/J, C3H/He), A/,
BALB/cBy)

Sprague-Dawley rats
1: Long-Evans rat

2: C57BIl/6 and
Cx3cr1 GFP/+ mice

Hyperthermia-induced respiratory alkalosis

Long latency to seizure onset. Heating duration: 55 min
(seizure duration ~25min)

Rapid seizure onset (3—5 min), similar to humans.
Reproducible seizures with EEG correlate, minimal morbidity
allows long-term study

Heating duration: 30 min

Based on Ref. [31]

Heating duration: hyperthermia maintained for 30 min

Intraperitoneal (IP) LPS and subconvulsive dose of KA
Heating duration: hyperthermia maintained for 30 min
1: LPS+Hair dryer: Baram 1997
2: LPS + heat lamp: Oakley 2009

[109]

[22,31,33,
78,107,108,
110-121]

1: [105,106]
2:[77,78]
3: [34]

1:[22]
2:177,78]
3:[122]

[32,123]
1: [124]
2: [125]
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Recurrent FSs have been generated in two contexts and modalities. First, to
look at “complex” seizures within a single episode. For example, in the hair-
dryer model, seizures arise with hyperthermia and are typically not continuous.
Thus, if the overall hyperthermia period is shorter than 30 min, the duration
of the short recurrent FS is limited, recapitulating some human recurrent FS
[126,127]. A second context is the generation of recurrent seizures once or sev-
eral times per day, described in Table 2B [86,93,105,108].

Finally, prolonged FS and experimental FSE have been generated to examine
the potential consequences of this insult on cell survival, epileptogenesis, and
comorbidities of FSE-associated epilepsies. Here the goal is to provoke seizures
lasting longer than 30 min, which may require hyperthermia as long as 60 min
[128,129]. These models have revealed the pro-epileptogenic effects of FSE
without the need for cell death and with the involvement of pro-inflammatory
and epigenetic processes.

Modes and models for generating experimental FS
and FSE

The goal of animal models of FS is to generate fever. However, it is practically
impossible to provoke true fever in immature rodents because the fever mecha-
nisms, residing in anterior and posterior hypothalamic neurons, are immature at
this age [79]. Indeed, mice and rats are almost poikilothermic during the first
days of life, so that their temperature is dependent on ambient, environmental
conditions. Therefore, most immature rodent models generate hyperthermia via
environmental heating.

Several distinct approaches to the generation of hyperthermia-induced sei-
zures in animal models have been used. These include heated chambers, heated
baths, streams of warm air via a hair dryer, infrared lamps, microwave, hot
water, and lipopolysaccharide (Table 2).

The earliest models of FS employed an infrared lamp held above a chamber
and heated until seizure activity occurred [80-83] (Table 2). During the same
era (1980s), other groups employed microwaves, including 10 min in circularly
polarized waveguides of a microwave [94,95]. In Japan, Morimoto’s group
exposed older rats (P21-25) to a hot water bath [87,89] and the group later
employed heated chambers. Groups in the Netherlands employed a complex
servo-regulated laminar flow chambers to induce hyperthermia, and numerous
variants of providing heat, including combinations of heated chambers and wa-
ter bath, have been used, as described in detail in Table 2.

Notably, the goal of any FS induction paradigm is to generate seizures in all,
or the large majority of, subjects with minimal mortality and morbidity. In ad-
dition, because it is widely agreed that human FSs arise rapidly at the onset of
fever and that the rate of temperature elevation might be an important contribu-
tor to FS, many groups have aimed to provoke FS rapidly [130]. In this respect,
the low-cost efficient hair-dryer model of FS has gained significant popularity.
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Briefly, the widely used hair-dryer model utilizes a regulated stream of mod-
erately heated air that is directed to the top of a large 3-L glass container which
serves as a hyperthermia chamber. For induction of simple or of prolonged fe-
brile seizures, core temperatures of 39—41°C are maintained for 30 min, with
core temperatures measured every 2min. Seizures typically commence with a
latency of 3—5 min and last for the duration of the hyperthermia (see below).

Other groups aim to induce fever by using bacterial endotoxin lipopolysac-
charide (LPS Escherichia coli) and housing the rats at 30°C. This increases
temperature modestly and is followed by administration of kainic acid to induce
convulsions and fever.

The variations in age, species, and duration of hyperthermia and induction to
generate febrile seizures are reviewed in Table 2.

What have the models taught us? What can they not teach us?

To facilitate a greater understanding of febrile seizures, several published fe-
brile seizure models have been developed over the past 40 years. Our discus-
sion above has indicated the great strength of animal models to understand the
mechanisms underlying the pathophysiology of febrile seizures. Genetic ani-
mal models with predisposing conditions, such as SCN1A human SMEI muta-
tions [36-39] and GABAR mutations [70-72], have been used to mimic and
provide a greater conceptual framework for clinical understanding of febrile
seizures in patients with these genetic mutations. Novel tools and technologies
have allowed the implication of specific genes in febrile seizure susceptibility
(Tables 1A—1C) and construction of novel mouse models (Table 2). What these
animal models of febrile seizures have taught us is the ability of mice with
human-derived genetic epilepsies to recapitulate the clinical human phenotype.
Spontaneous seizure development, reduced seizure thresholds, and greater sus-
ceptibility to hyperthermia-induced seizures have been observed in published
studies of these animal models (SCN1A GEFS + R1648H, K1270T mutation,
SCNO9A N641Y mutation, GABAR R43Q mutation). More specifically, down-
stream cellular mechanisms for GABAR(R43Q), for example, as seen in both
KI and KO mice and family members with this mutation, demonstrate similar
reduced binding at a benzodiazepine site dependent on GABA 4 receptor y2 sub-
unit consistent with haploinsufficiency [67]. Additionally, GABAergic inhibi-
tory interneurons in SC1A heterozygotes indicate reduced sodium currents in
GABAergic inhibitory interneurons, which may cause hyperexcitability leading
to epilepsy in SMEI patients [39].

Animal model studies of single and recurrent seizures in a controlled labora-
tory setting also allow for specifications in the context of methodological ap-
proach (infrared lamp, heated chamber, water bath, hair dryer) and timing of
febrile seizure induction. These types of animal models provide valuable insight
into the molecular mechanisms contributing to hyperexcitability related to pro-
longed febrile seizures. For example, studies have shown that HCN1, HCN2,
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and HCN4 isoforms are expressed along distinct developmental trajectories in
CA1 pyramidal cells of immature rat during the age when febrile seizures are
provoked. The expression of these isoforms is altered by prolonged FS and FSE,
promoting neuronal activity-dependent depolarization and enhanced hippocam-
pal hyperexcitability [110,111,131-134]. These mechanisms may converge with
the mechanisms by which genetic mutations of HCN channels promote early-
life epilepsies [73,74,76] (see Tables 1A—1C for additional). More importantly,
learning about new mechanisms from animal models allows for identification of
potential therapeutic targets for preventing or reducing the pathological features
of prolonged febrile seizures and epilepsy.

While these animal models may be important and suitable for answering
certain questions, there are other questions that may not be completely ad-
dressed. For example, in many febrile seizure models, seizures are induced by
hyperthermia and not by fever, which may implicate alternative mechanisms.
Parsing out the complexity of genetic heterogeneity and understanding the rela-
tive contribution of all genetic factors to the consequence of febrile seizures will
consistently prove an important hurdle to remember in the laboratory, but there
remains no better answer to study the intricacies of febrile seizures and their
consequences for children.

References

[1] Kasperaviciaté D, Catarino CB, Matarin M, Leu C, Novy J, Tostevin A, et al. Epilepsy, hip-
pocampal sclerosis and febrile seizures linked by common genetic variation around SCN1A.
Brain 2013;136(10):3140-50.

Hesdorffer DC, Shinnar S, Lax DN, Pellock JM, Nordli DR, Seinfeld S, et al. Risk factors for
subsequent febrile seizures in the FEBSTAT study. Epilepsia 2016;57(7):1042—7.
Hesdorffer DC, Shinnar S, Lewis DV, Nordli DR, Pellock JM, Moshé SL, et al. Risk factors
for febrile status epilepticus: a case-control study. J Pediatr 2013;163(4):1147-1151.el.
Chin RF, Neville BG, Peckham C, Bedford H, Wade A, Scott RC. Incidence, cause, and
short-term outcome of convulsive status epilepticus in childhood: prospective population-
based study. Lancet 2006;368(9531):222-9.

Theodore WH, Epstein L, Gaillard WD, Shinnar S, Wainwright MS, Jacobson S. Human
herpes virus 6B: a possible role in epilepsy? Epilepsia 2008;49(11):1828-37.

[2

[

[3

=

[4

=

[5

—_

[6] Mohammadpour Touserkani F, Gainza-Lein M, Jafarpour S, Brinegar K, Kapur K,
Loddenkemper T. HHV-6 and seizure: a systematic review and meta-analysis. J] Med Virol
2017;89(1):161-9.

[7] Hunt RF, Hortopan GA, Gillespie A, Baraban SC. A novel zebrafish model of hyperthermia-
induced seizures reveals a role for TRPV4 channels and NMDA-type glutamate receptors.
Exp Neurol 2012;237(1):199-206.

[8] Schoonheim PJ, Arrenberg AB, Del Bene F, Baier H. Optogenetic localization and genetic

—_

perturbation of saccade-generating neurons in zebrafish. J Neurosci 2010;30(20):7111-20.

Sun L, Gilligan J, Staber C, Schutte RJ, Nguyen V, O’Dowd DK, et al. A knock-in model

of human epilepsy in Drosophila reveals a novel cellular mechanism associated with heat-

induced seizure. J Neurosci 2012;32(41):14145-55.

[10] Siddiqi O, Benzer S. Neurophysiological defects in temperature-sensitive paralytic mutants
of Drosophila melanogaster. Proc Natl Acad Sci 1976;73(9):3253-7.

[9

—


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0010
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0010
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0010
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0015
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0015
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0020
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0020
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0025
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0025
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0025
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0030
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0030
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0035
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0035
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0035
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0040
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0040
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0040
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0045
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0045
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0050
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0050
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0050
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0055
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0055

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Experimental models of febrile seizures Chapter | 11 211

Parker L, Padilla M, Du 'Y, Dong K, Tanouye MA. Drosophila as a model for epilepsy: bss is
a gain-of-function mutation in the para sodium channel gene that leads to seizures. Genetics
2011;187(2):523-34.

Johnson DDD, Crawford KDADA, Crawford RDD. Febrile seizures in epileptic chicks: the
effects of phenobarbital, phenytoin and valproate. Can J Neurol Sci 1983;10(2):96-9.
Oakley JC, Kalume F, Yu FH, Scheuer T, Catterall WA. Temperature- and age-dependent
seizures in a mouse model of severe myoclonic epilepsy in infancy. Proc Natl Acad Sci
2009;106(10):3994-9.

Kang J-Q, Shen W, Macdonald RL. Why does fever trigger febrile seizures? GABA a recep-
tor y2 subunit mutations associated with idiopathic generalized epilepsies have temperature-
dependent trafficking deficiencies. J Neurosci 2006;26(9):2590-7.

Warner TA, Liu Z, Macdonald RL, Kang J-Q. Heat induced temperature dysregulation and
seizures in Dravet syndrome/GEFS+ Gabrg2+/Q390X mice. Epilepsy Res 2017;134:1-8.
Yang J, Houk B, Shah J, Hauser KF, Luo Y, Smith G, et al. Genetic background regulates
semaphorin gene expression and epileptogenesis in mouse brain after kainic acid status epi-
lepticus. Neuroscience 2005;131(4):853-69.

McKhann GM, Wenzel HJ, Robbins CA, Sosunov AA, Schwartzkroin PA. Mouse strain dif-
ferences in kainic acid sensitivity, seizure behavior, mortality, and hippocampal pathology.
Neuroscience 2003;122(2):551-61.

Shibley H, Smith BN. Pilocarpine-induced status epilepticus results in mossy fiber sprouting
and spontaneous seizures in C57BL/6 and CD-1 mice. Epilepsy Res 2002;49(2):109-20.
Royle SJ, Collins FC, Rupniak HT, Barnes JC, Anderson R. Behavioural analysis and sus-
ceptibility to CNS injury of four inbred strains of mice. Brain Res 1999;816(2):337-49.
Kasugai M, Akaike K, Imamura SI, Matsukubo H, Tojo H, Nakamura M, et al. Differences in
two mice strains on kainic acid-induced amygdalar seizures. Biochem Biophys Res Commun
2007;357(4):1078-83.

Kadiyala SB, Papandrea D, Herron BJ, Ferland RJ. Segregation of seizure traits in C57 black
mouse substrains using the repeated-flurothyl model. PLoS ONE 2014;9(3), €90506.

van Gassen KLII, Hessel EVSS, Ramakers GMJJ, Notenboom RGEE, Wolterink-Donselaar
IG, Brakkee JH, et al. Characterization of febrile seizures and febrile seizure susceptibility in
mouse inbred strains. Genes Brain Behav 2008;7(5):578-86.

Martin MS, Dutt K, Papale LA, Dubé CM, Dutton SB, de Haan G, et al. Altered function of
the SCNI1A voltage-gated sodium channel leads to gamma-aminobutyric acid-ergic (GAB-
Aergic) interneuron abnormalities. J Biol Chem 2010;285(13):9823-34.

van der Staay FJ, Schuurman T, van Reenen CG, Korte SM. Emotional reactivity and cogni-
tive performance in aversively motivated tasks: a comparison between four rat strains. Behav
Brain Funct 2009;5(1):50.

Offringa M, Hazebroek-Kampschreur AA, Derksen-Lubsen G. Prevalence of febrile seizures
in Dutch schoolchildren. Paediatr Perinat Epidemiol 1991;5(2):181-8.

Hauser WA. The prevalence and incidence of convulsive disorders in children. Epilepsia
1994;35(Suppl. 2):S1-6.

Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain development
in rodents and humans: identifying benchmarks of maturation and vulnerability to injury
across species. Prog Neurobiol 2013;106-107:1-16.

Avishai-Eliner S, Brunson KL, Sandman CA, Baram TZ. Stressed-out, or in (utero)? Trends
Neurosci 2002;25(10):518-24.

Birnie MT, Kooiker CL, Short AK, Bolton JL, Chen Y, Baram TZ. Plasticity of the re-
ward circuitry after early-life adversity: mechanisms and significance. Biol Psychiatry
2020;87(10):875-84.


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0060
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0060
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0060
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0065
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0065
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0070
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0070
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0070
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0075
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0075
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0075
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0080
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0080
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0085
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0085
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0085
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0090
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0090
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0090
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0095
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0095
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0100
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0100
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0105
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0105
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0105
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0110
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0110
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0115
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0115
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0115
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0120
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0120
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0120
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0125
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0125
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0125
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0130
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0130
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0135
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0135
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0140
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0140
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0140
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0145
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0145
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0150
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0150
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0150

212

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

PART | 1V The neurobiology of FS and FSE: Experimental approaches

Dubé CM, Baram TZ. Complex febrile seizures—an experimental model in immature ro-
dents. In: Models of seizures and epilepsy. Elsevier; 2006. p. 333—40.

Baram TZ, Gerth A, Schultz L. Febrile seizures: an appropriate-aged model suitable for long-
term studies. Brain Res Dev Brain Res 1997;98(2):265-70.

Heida JG, Boissé L, Pittman QJ. Lipopolysaccharide-induced febrile convulsions in the rat:
short-term sequelae. Epilepsia 2004;45(11):1317-29.

Koyama R, Tao K, Sasaki T, Ichikawa J, Miyamoto D, Muramatsu R, et al. GABAergic
excitation after febrile seizures induces ectopic granule cells and adult epilepsy. Nat Med
2012;18(8):1271-8.

Chen KD, Hall AM, Garcia-Curran MM, Sanchez GA, Daglian J, Luo R, et al. Augmented
seizure susceptibility and hippocampal epileptogenesis in a translational mouse model of
febrile status epilepticus. Epilepsia 2021;62(3):647-58.

Hessel EVS, Van Gassen KLI, Wolterink-Donselaar IG, Stienen PJ, Fernandes C, Brakkee
JH, et al. Phenotyping mouse chromosome substitution strains reveal multiple QTLs for
febrile seizure susceptibility. Genes Brain Behav 2009;8(2):248-55.

Kalume F, Westenbroek RE, Cheah CS, Yu FH, Oakley JC, Scheuer T, et al. Sudden unex-
pected death in a mouse model of Dravet syndrome. J Clin Invest 2013;123(4):1798-808.
Sahai N, Bard AM, Devinsky O, Kalume F. Disordered autonomic function during expo-
sure to moderate heat or exercise in a mouse model of Dravet syndrome. Neurobiol Dis
2021;147:105154.

Kalume F, Yu FH, Westenbroek RE, Scheuer T, Catterall WA. Reduced sodium current in
Purkinje neurons from Navl.l mutant mice: implications for ataxia in severe myoclonic
epilepsy in infancy. J Neurosci 2007;27(41):11065-74.

Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume F, Burton KA, et al. Reduced
sodium current in GABAergic interneurons in a mouse model of severe myoclonic epilepsy
in infancy. Nat Neurosci 2006;9(9):1142-9.

Dutton SB, Makinson CD, Papale LA, Shankar A, Balakrishnan B, Nakazawa K, et al. Pref-
erential inactivation of Scnla in parvalbumin interneurons increases seizure susceptibility.
Neurobiol Dis 2013;49:211-20.

Dutton SBB, Dutt K, Papale LA, Helmers S, Goldin AL, Escayg A. Early-life febrile seizures
worsen adult phenotypes in Scnla mutants. Exp Neurol 2017;293:159-71.

Ito S, Ogiwara I, Yamada K, Miyamoto H, Hensch TK, Osawa M, et al. Mouse with Navl.1
haploinsufficiency, a model for Dravet syndrome, exhibits lowered sociability and learning
impairment. Neurobiol Dis 2013;49:29-40.

Ogiwara I, Miyamoto H, Morita N, Atapour N, Mazaki E, Inoue I, et al. Nav1.1 localizes to
axons of parvalbumin-positive inhibitory interneurons: a circuit basis for epileptic seizures
in mice carrying an Scnla gene mutation. J Neurosci 2007;27(22):5903-14.

Hawkins NA, Martin MS, Frankel WN, Kearney JA, Escayg A. Neuronal voltage-gated ion
channels are genetic modifiers of generalized epilepsy with febrile seizures plus. Neurobiol
Dis 2011;41(3):655-60.

Hedrich UBS, Liautard C, Kirschenbaum D, Pofahl M, Lavigne J, Liu Y, et al. Im-
paired action potential initiation in GABAergic interneurons causes hyperexcitable net-
works in an epileptic mouse model carrying a human Na(V)1.1 mutation. J Neurosci
2014;34(45):14874-89.

Salgueiro-Pereira AR, Duprat F, Pousinha PA, Loucif A, Douchamps V, Regondi C, et al. A
two-hit story: seizures and genetic mutation interaction sets phenotype severity in SCN1A
epilepsies. Neurobiol Dis 2019;125:31-44.


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0155
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0155
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0160
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0160
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0165
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0165
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0170
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0170
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0170
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0175
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0175
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0175
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0180
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0180
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0180
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0185
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0185
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0190
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0190
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0190
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0195
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0195
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0195
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0200
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0200
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0200
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0205
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0205
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0205
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0210
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0210
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0215
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0215
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0215
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0220
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0220
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0220
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0225
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0225
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0225
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0230
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0230
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0230
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0230
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0235
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0235
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0235

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Experimental models of febrile seizures Chapter | 11 213

Tang B, Dutt K, Papale L, Rusconi R, Shankar A, Hunter J, et al. A BAC transgenic mouse
model reveals neuron subtype-specific effects of a generalized epilepsy with febrile seizures
plus (GEFS+) mutation. Neurobiol Dis 2009;35(1):91-102.

Bechi G, Scalmani P, Schiavon E, Rusconi R, Franceschetti S, Mantegazza M. Pure haplo-
insufficiency for Dravet syndrome NaV1.1 (SCN1A) sodium channel truncating mutations.
Epilepsia 2012;53(1):87-100.

Miller AR, Hawkins NA, McCollom CE, Kearney JA. Mapping genetic modifiers of survival
in a mouse model of Dravet syndrome. Genes Brain Behav 2014;13(2):163-72.

Tsai M-S, Lee M-L, Chang C-Y, Fan H-H, Yu I-S, Chen Y-T, et al. Functional and struc-
tural deficits of the dentate gyrus network coincide with emerging spontaneous sei-
zures in an Scnla mutant Dravet syndrome model during development. Neurobiol Dis
2015;77:35-48.

Cheah CS, Yu FH, Westenbroek RE, Kalume FK, Oakley JC, Potter GB, et al. Spe-
cific deletion of NaV1.1 sodium channels in inhibitory interneurons causes seizures
and premature death in a mouse model of Dravet syndrome. Proc Natl Acad Sci U S A
2012;109(36):14646-51.

Ogiwara I, Iwasato T, Miyamoto H, Iwata R, Yamagata T, Mazaki E, et al. Nav1.1 haplo-
insufficiency in excitatory neurons ameliorates seizure-associated sudden death in a mouse
model of Dravet syndrome. Hum Mol Genet 2013;22(23):4784-804.

Ricobaraza A, Mora-Jimenez L, Puerta E, Sanchez-Carpintero R, Mingorance A, Artieda J,
et al. Epilepsy and neuropsychiatric comorbidities in mice carrying a recurrent Dravet syn-
drome SCN1A missense mutation. Sci Rep 2019;9(1):14172.

Mashimo T, Ohmori I, Ouchida M, Ohno Y, Tsurumi T, Miki T, et al. A missense mutation
of the gene encoding voltage-dependent sodium channel (Navl.1) confers susceptibility to
febrile seizures in rats. J Neurosci 2010;30(16):5744-53.

OhnoY, Ishihara S, Mashimo T, Sofue N, Shimizu S, Imaoku T, et al. Scnla missense muta-
tion causes limbic hyperexcitability and vulnerability to experimental febrile seizures. Neu-
robiol Dis 2011;41(2):261-9.

Ohno Y, Sofue N, Ishihara S, Mashimo T, Sasa M, Serikawa T. Scnla missense mutation
impairs GABAA receptor-mediated synaptic transmission in the rat hippocampus. Biochem
Biophys Res Commun 2010;400(1):117-22.

Baraban SC, Dinday MT, Hortopan GA. Drug screening in Scnla zebrafish mutant identifies
clemizole as a potential Dravet syndrome treatment. Nat Commun 2013;4:2410.

Schutte RJ, Schutte SS, Algara J, Barragan EV, Gilligan J, Staber C, et al. Knock-in model
of Dravet syndrome reveals a constitutive and conditional reduction in sodium current. J
Neurophysiol 2014;112(4):903-12.

Wimmer VC, Reid CA, Mitchell S, Richards KL, Scaf BB, Leaw BT, et al. Axon initial
segment dysfunction in a mouse model of genetic epilepsy with febrile seizures plus. J Clin
Invest 2010;120(8):2661-71.

Martin MS, Tang B, Papale LA, Yu FH, Catterall WA, Escayg A. The voltage-gated sodium
channel Scn8a is a genetic modifier of severe myoclonic epilepsy of infancy. Hum Mol Genet
2007;16(23):2892-9.

Singh NA, Pappas C, Dahle EJ, Claes LRF, Pruess TH, De Jonghe P, et al. A role of SCN9A
in human epilepsies, as a cause of febrile seizures and as a potential modifier of Dravet syn-
drome. PLoS Genet 2009;5(9), e1000649.

Chiu C, Reid CA, Tan HO, Davies PJ, Single FN, Koukoulas I, et al. Developmental impact
of a familial GABA A receptor epilepsy mutation. Ann Neurol 2008;64(3):284-93.


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0240
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0240
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0240
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0245
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0245
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0245
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0250
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0250
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0255
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0255
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0255
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0255
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0260
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0260
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0260
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0260
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0265
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0265
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0265
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0270
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0270
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0270
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0275
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0275
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0275
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0280
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0280
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0280
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0285
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0285
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0285
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0290
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0290
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0295
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0295
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0295
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0300
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0300
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0300
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0305
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0305
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0305
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0310
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0310
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0310
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0315
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0315

214

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

PART | 1V The neurobiology of FS and FSE: Experimental approaches

Tan HO, Reid CA, Single FN, Davies PJ, Chiu C, Murphy S, et al. Reduced cortical inhibi-
tion in a mouse model of familial childhood absence epilepsy. Proc Natl Acad Sci U S A
2007;104(44):17536-41.

Kang J-Q, Shen W, Zhou C, Xu D, Macdonald RL. The human epilepsy mutation
GABRG2(Q390X) causes chronic subunit accumulation and neurodegeneration. Nat Neu-
rosci 2015;18(7):988-96.

Warner TA, Shen W, Huang X, Liu Z, Macdonald RL, Kang J-Q. Differential molecular and
behavioural alterations in mouse models of GABRG?2 haploinsufficiency versus dominant
negative mutations associated with human epilepsy. Hum Mol Genet 2016;25(15):3192-207.
Harkin LA, Bowser DN, Dibbens LM, Singh R, Phillips F, Wallace RH, et al. Truncation of
the GABAA-receptor y2 subunit in a family with generalized epilepsy with febrile seizures
plus. Am J Hum Genet 2002;70(2):530-6.

Reid AY, Riazi K, Campbell Teskey G, Pittman QJ. Increased excitability and molecular
changes in adult rats after a febrile seizure. Epilepsia 2013;54(4):e45-8.

Wallace RH, Marini C, Petrou S, Harkin LA, Bowser DN, Panchal RG, et al. Mutant GA-
BAA receptor y2-subunit in childhood absence epilepsy and febrile seizures. Nat Genet
2001;28(1):49-52.

Baulac S, Huberfeld G, Gourfinkel-An I, Mitropoulou G, Beranger A, Prud’homme J-F, et al.
First genetic evidence of GABAA receptor dysfunction in epilepsy: a mutation in the y2-subunit
gene. Nat Genet 2001;28(1):46-8.

Audenaert D, Schwartz E, Claeys KG, Claes L, Deprez L, Suls A, et al. A novel GABRG2
mutation associated with febrile seizures. Neurology 2006;67(4):687-90.

Huang X, Tian M, Hernandez CC, Hu N, Macdonald RL. The GABRG2 nonsense mutation,
Q40X, associated with Dravet syndrome activated NMD and generated a truncated subunit
that was partially rescued by aminoglycoside-induced stop codon read-through. Neurobiol
Dis 2012;48(1):115-23.

Huang X, Hernandez CC, Hu N, Macdonald RL. Three epilepsy-associated GABRG2 mis-
sense mutations at the y+/f- interface disrupt GABAA receptor assembly and trafficking by
similar mechanisms but to different extents. Neurobiol Dis 2014;68:167-79.

Bleakley LE, McKenzie CE, Soh MS, Forster IC, Pinares-Garcia P, Sedo A, et al. Cation leak
underlies neuronal excitability in an HCN1 developmental and epileptic encephalopathy.
Brain 2021;144(7):2060-73.

Nava C, Dalle C, Rastetter A, Striano P, de Kovel CGF, Nabbout R, et al. De novo mutations
in HCNI1 cause early infantile epileptic encephalopathy. Nat Genet 2014;46(6):640-5.
Bonzanni M, DiFrancesco JC, Milanesi R, Campostrini G, Castellotti B, Bucchi A, et al.
A novel de novo HCNI loss-of-function mutation in genetic generalized epilepsy causing
increased neuronal excitability. Neurobiol Dis 2018;118:55-63.

Marini C, Porro A, Rastetter A, Dalle C, Rivolta I, Bauer D, et al. HCN1 mutation spectrum:
from neonatal epileptic encephalopathy to benign generalized epilepsy and beyond. Brain
2018;141(11):3160-78.

Kong W-L, Min J-W, Liu Y-L, Li J-X, He X-H, Peng B-W. Role of TRPV1 in susceptibility
to PTZ-induced seizure following repeated hyperthermia challenges in neonatal mice. Epi-
lepsy Behav 2014;31:276-80.

Kong W, Wang X, Yang X, Huang W, Han S, Yin J, et al. Activation of TRPV contributes to
recurrent febrile seizures via inhibiting the microglial M2 phenotype in the immature brain.
Front Cell Neurosci 2019;13:442.

Wang TA, Chen C, Huang F, Feng S, Tien J, Braz JM, et al. TMEM16C is involved in thermoregu-
lation and protects rodent pups from febrile seizures. Proc Natl Acad Sci U S A 2021;18:118(20).


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0320
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0320
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0320
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0325
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0325
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0325
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0330
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0330
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0330
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0335
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0335
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0335
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0340
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0340
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0345
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0345
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0345
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0350
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0350
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0350
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0355
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0355
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0360
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0360
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0360
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0360
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0365
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0365
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0365
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0370
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0370
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0370
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0375
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0375
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0380
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0380
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0380
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0385
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0385
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0385
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0390
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0390
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0390
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0395
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0395
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0395
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0400
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0400

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Experimental models of febrile seizures Chapter | 11 215

Holtzman D, Obana K, Olson J. Hyperthermia-induced seizures in the rat pup: a model for
febrile convulsions in children. Science 1981;213(4511):1034-6.

Olson JE, Scher MS, Holtzman D. Effects of anticonvulsants on hyperthermia-induced sei-
zures in the rat pup. Epilepsia 1984;25(1):96-9.

McCaughran JA, Schechter N. Experimental febrile convulsions: long-term effects of
hyperthermia-induced convulsions in the developing rat. Epilepsia 1982;23(2):173-83.
Chisholm J, Kellogg C, Franck JE. Developmental hyperthermic seizures alter adult hippo-
campal benzodiazepine binding and morphology. Epilepsia 1985;26(2):151-7.

Morimoto T, Fukuda M, Aibara Y, Nagao H, Kida K. The influence of blood gas changes on
hyperthermia-induced seizures in developing rats. Dev Brain Res 1996;92(1):77-80.
Fukuda M, Morimoto T, Nagao H, Kida K. The effect of GABAergic system activity on
hyperthermia-induced seizures in rats. Dev Brain Res 1997;104(1-2):197-9.

Tsai M-L, Leung LS. Decrease of hippocampal GABA B receptor-mediated inhibition after
hyperthermia-induced seizures in immature rats. Epilepsia 2006;47(2):277-87.

Morimoto T, Nagao H, Sano N, Takahashi M, Matsuda H. Electroencephalographic study of
rat hyperthermic seizures. Epilepsia 1991;32(3):289-93.

Morimoto T, Yoshimatsu M, Nagao H, Matsuda H. Three types of hyperthermic seizures in
rats. Brain Dev 1992;14(1):53-7.

Morimoto T, Nagao H, Yoshimatsu M, Yoshida K, Matsuda H. Pathogenic role of glutamate
in hyperthermia-induced seizures. Epilepsia 1993;34(3):447-52.

Morimoto T, Kida K, Nagao H, Yoshida K, Fukuda M, Takashima S. The pathogenic role
of the NMDA receptor in hyperthermia-induced seizures in developing rats. Dev Brain Res
1995;84(2):204-7.

Germano IM, Zhang YF, Sperber EF, Moshe SL. Neuronal migration disorders in-
crease susceptibility to hyperthermia-induced seizures in developing rats. Epilepsia
1996;37(9):902-10.

Kornelsen RA, Boon F, Leung LS, Cain DP. The effects of a single neonatally induced con-
vulsion on spatial navigation, locomotor activity and convulsion susceptibility in the adult
rat. Brain Res 1996;706(1):155-9.

Chang Y-C, Huang A-M, Kuo Y-M, Wang S-T, Chang Y-Y, Huang C-C. Febrile seizures
impair memory and cAMP response-element binding protein activation. Ann Neurol
2003;54(6):706-18.

Hjeresen DL, Guy AW, Petracca FM, Diaz J. A microwave-hyperthermia model of febrile
convulsions. Bioelectromagnetics 1983;4(4):341-55.

Hjeresen DL, Diaz J. Ontogeny of susceptibility to experimental febrile seizures in rats. Dev
Psychobiol 1988;21(3):261-75.

Pedder SCJ, Wilcox R, Tuchek J, Johnson DD, Crawford RD. Protection by GAB a agonists,
y-hydroxybutyric acid, and valproic acid against seizures evoked in epileptic chicks by hy-
perthermia. Epilepsia 1988;29(6):738-42.

Ullal GR, Satishchandra P, Shankar SK. Hyperthermic seizures: an animal model for hot-
water epilepsy. Seizure 1996;5(3):221-8.

Kim Y-H, Rhyu I-J, Park K-W, Eun BL, Kim Y-I, Rha HK, et al. The induction of BDNF
and c-fos mRNA in the hippocampal formation after febrile seizures. Neuroreport
2001;12(15):3243-6.

Jiang W, Duong TM, de Lanerolle NC. The neuropathology of hyperthermic seizures in the
rat. Epilepsia 1999;40(1):5-19.

XulJ,FanY, Li L, QiuY, Wang Z, Han S, et al. Hyperthermia-induced seizures: development
of hyperthermia-prone and hyperthermia-resistant rats. Epilepsy Res 2013;106(3):311-7.


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0405
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0405
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0410
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0410
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0415
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0415
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0420
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0420
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0425
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0425
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0430
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0430
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0435
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0435
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0440
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0440
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0445
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0445
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0450
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0450
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0455
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0455
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0455
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0460
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0460
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0460
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0465
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0465
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0465
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0470
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0470
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0470
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0475
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0475
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0480
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0480
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0485
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0485
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0485
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0490
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0490
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0495
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0495
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0495
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0500
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0500
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0505
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0505

216

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

PART | 1V The neurobiology of FS and FSE: Experimental approaches

Lu B, Antoine DJ, Kwan K, Lundbéck P, Wihidmaa H, Schierbeck H, et al. JAK/STAT1 sig-
naling promotes HMGB1 hyperacetylation and nuclear translocation. Proc Natl Acad Sci U
S A 2014;111(8):3068-73.

Liebregts MT, McLachlan RS, Leung LS. Hyperthermia induces age-dependent changes in
rat hippocampal excitability. Ann Neurol 2002;52(3):318-26.

Klauenberg BJ, Sparber SB. A kindling-like effect induced by repeated exposure to heated
water in rats. Epilepsia 1984;25(3):292-301.

Palmer GC, Borrelli AR, Hudzik TJ, Sparber S. Acute heat stress model of seizures in wean-
ling rats: influence of prototypic anti-seizure compounds. Epilepsy Res 1998;30(3):203-17.
Dubé C, Brunson KL, Eghbal-Ahmadi M, Gonzalez-Vega R, Baram TZ. Endogenous neuro-
peptide Y prevents recurrence of experimental febrile seizures by increasing seizure thresh-
old. J Mol Neurosci 2005;25(3):275-84.

Dubé C, Vezzani A, Behrens M, Bartfai T, Baram TZ. Interleukin-1beta contributes to the
generation of experimental febrile seizures. Ann Neurol 2005;57(1):152-5.

Dubé C, Chen K, Eghbal-Ahmadi M, Brunson K, Soltesz I, Baram TZ. Prolonged febrile
seizures in the immature rat model enhance hippocampal excitability long term. Ann Neurol
2000;47(3):336-44.

Toth Z, Yan XX, Haftoglou S, Ribak CE, Baram TZ. Seizure-induced neuronal injury: vul-
nerability to febrile seizures in an immature rat model. J Neurosci 1998;18(11):4285-94.
Schuchmann S, Schmitz D, Rivera C, Vanhatalo S, Salmen B, Mackie K, et al. Experimental
febrile seizures are precipitated by a hyperthermia-induced respiratory alkalosis. Nat Med
2006;12(7):817-23.

Bender RA, Dubé C, Gonzalez-Vega R, Mina EW, Baram TZ. Mossy fiber plasticity and
enhanced hippocampal excitability, without hippocampal cell loss or altered neurogenesis,
in an animal model of prolonged febrile seizures. Hippocampus 2003;13(3):399-412.
Brewster AL, Bernard JA, Gall CM, Baram TZ. Formation of heteromeric hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels in the hippocampus is regulated by devel-
opmental seizures. Neurobiol Dis 2005;19(1-2):200-7.

Chen K, Neu A, Howard AL, Foldy C, Echegoyen J, Hilgenberg L, et al. Prevention of plas-
ticity of endocannabinoid signaling inhibits persistent limbic hyperexcitability caused by
developmental seizures. J Neurosci 2007;27(1):46-58.

Chen K, Baram TZ, Soltesz I. Febrile seizures in the developing brain result in persistent
modification of neuronal excitability in limbic circuits. Nat Med 1999;5(8):888-94.

Chen K, Aradi I, Thon N, Eghbal-Ahmadi M, Baram TZ, Soltesz I. Persistently modified
h-channels after complex febrile seizures convert the seizure-induced enhancement of inhibi-
tion to hyperexcitability. Nat Med 2001;7(3):331-7.

Dubé C, Richichi C, Bender RA, Chung G, Litt B, Baram TZ. Temporal lobe epilepsy after
experimental prolonged febrile seizures: prospective analysis. Brain 2006;129(Pt 4):911-22.
Kamal A, Notenboom RGE, de Graan PNE, Ramakers GMJ. Persistent changes in action
potential broadening and the slow afterhyperpolarization in rat CA1 pyramidal cells after
febrile seizures. Eur J Neurosci 2006;23(8):2230—4.

Kasahara Y, Igata H, Sasaki T, Ikegaya Y, Koyama R. The pharmacological assessment of
GABA A receptor activation in experimental febrile seizures in mice. eNeuro 2019;6(1).
ENEURO.0429-18.2019.

Lemmens EMP, Lubbers T, Schijns OEMG, Beuls EAM, Hoogland G. Gender differenc-
es in febrile seizure-induced proliferation and survival in the rat dentate gyrus. Epilepsia
2005;46(10):1603-12.


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0510
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0510
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0510
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0515
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0515
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0520
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0520
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0525
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0525
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0530
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0530
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0530
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0535
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0535
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0540
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0540
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0540
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0545
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0545
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0550
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0550
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0550
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0555
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0555
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0555
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0560
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0560
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0560
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0565
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0565
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0565
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0570
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0570
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0575
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0575
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0575
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0580
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0580
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0585
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0585
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0585
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0590
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0590
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0590
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0595
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0595
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0595

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

Experimental models of febrile seizures Chapter | 11 217

Scantlebury MH, Ouellet P-L, Psarropoulou C, Carmant L. Freeze lesion-induced focal cor-
tical dysplasia predisposes to atypical hyperthermic seizures in the immature rat. Epilepsia
2004:45(6):592-600.

Tao K, Ichikawa J, Matsuki N, Ikegaya Y, Koyama R. Experimental febrile seizures in-
duce age-dependent structural plasticity and improve memory in mice. Neuroscience
2016;318:34-44.

Yagoubi N, Jomni Y, Sakly M. Hyperthermia-induced febrile seizures have moderate and
transient effects on spatial learning in immature rats. Behav Neurol 2015;2015:1-6.
Jongbloets BC, Van Gassen KLI, Kan AA, Olde Engberink AHO, De Wit M, Wolterink-
Donselaar IG, et al. Expression profiling after prolonged experimental febrile seizures in
mice suggests structural remodeling in the hippocampus. PLoS ONE 2015;10(12):1-24.
Heida JG, Pittman QJ. Causal links between brain cytokines and experimental febrile con-
vulsions in the rat. Epilepsia 2005;46(12):1906—13.

Eun B, Abraham J, Mlsna L, Kim MJ, Koh S. Lipopolysaccharide potentiates hyperthermia-
induced seizures. Brain Behav 2015;5(8).

Kim I, Mlsna LM, Yoon S, Le B, Yu S, Xu D, et al. A postnatal peak in microglial develop-
ment in the mouse hippocampus is correlated with heightened sensitivity to seizure triggers.
Brain Behav 2015;5(12).

Barry JM, Sakkaki S, Barriere SJ, Patterson KP, Lenck-Santini PP, Scott RC, et al. Temporal
coordination of hippocampal neurons reflects cognitive outcome post-febrile status epilepti-
cus. EBioMedicine 2016;7:175-90.

Kloc ML, Daglian JM, Holmes GL, Baram TZ, Barry JM. Recurrent febrile seizures alter
intrahippocampal temporal coordination but do not cause spatial learning impairments. Epi-
lepsia 2021;62(12):3117-30.

Dubé CM, Ravizza T, Hamamura M, Zha Q, Keebaugh A, Fok K, et al. Epileptogenesis pro-
voked by prolonged experimental febrile seizures: mechanisms and biomarkers. J Neurosci
2010;30(22):7484-94.

Garcia-Curran MM, Hall AM, Patterson KP, Shao M, Eltom N, Chen K, et al. Dexametha-
sone attenuates hyperexcitability provoked by experimental febrile status epilepticus. eNeuro
2019;6(6). ENEURO.0430-19.2019 1-17.

Dubé CM, Brewster AL, Richichi C, Zha Q, Baram TZ. Fever, febrile seizures and epilepsy.
Trends Neurosci 2007;30(10):490-6.

Surges R, Brewster AL, Bender RA, Beck H, Feuerstein TJ, Baram TZ. Regulated expression
of HCN channels and cAMP levels shape the properties of the h current in developing rat
hippocampus. Eur J Neurosci 2006;24:94-104.

Brewster AL, Chen Y, Bender RA, Yeh A, Shigemoto R, Baram TZ. Quantitative analysis and
subcellular distribution of mRNA and protein expression of the hyperpolarization-activated
cyclic nucleotide-gated channels throughout development in rat Hippocampus. Cereb Cortex
2006;17(3):702-12.

Brewster A, Bender RA, Chen Y, Dube C, Eghbal-Ahmadi M, Baram TZ. Developmental
febrile seizures modulate hippocampal gene expression of hyperpolarization-activated chan-
nels in an isoform- and cell-specific manner. J Neurosci 2002;22(11):4591-9.

Bender R, Brewster A, Santoro B, Ludwig A, Hofmann F, Biel M, et al. Differential and age-
dependent expression of hyperpolarization-activated, cyclic nucleotide-gated cation chan-
nel isoforms 1-4 suggests evolving roles in the developing rat hippocampus. Neuroscience
2001;106(4):689-98.


http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0600
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0600
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0600
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0605
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0605
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0605
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0610
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0610
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0615
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0615
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0615
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0620
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0620
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0625
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0625
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0630
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0630
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0630
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0635
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0635
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0635
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0640
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0640
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0640
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0645
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0645
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0645
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0650
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0650
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0650
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0655
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0655
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0660
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0660
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0660
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0665
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0665
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0665
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0665
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0670
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0670
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0670
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0675
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0675
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0675
http://refhub.elsevier.com/B978-0-323-89932-1.00013-5/rf0675

	Experimental models of febrile seizures and febrile status epilepticus
	The need for animal models: They provide causality and mechanisms
	Considerations and choices of animal models
	Choice of species and “background” genetics
	Age

	Genetic animal models of febrile seizures and related syndromes
	Models of simple FS, recurrent FS, FSE, and epileptogenesis
	Modes and models for generating experimental FS and FSE
	What have the models taught us? What can they not teach us?
	References




