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ABSTRACT: Febrile seizures, commonly in children between the ages of 3months to 5years, are a neurological abnormality characterized by
neuronal hyper-excitability, that occur as a result of an increased core body temperature during a fever, which was caused by an underlying
systemic infection. Such infections cause the immune system to elicit an inflammatory response resulting in the release of cytokines from macro-
phages. The cytokines such as interleukin (IL)- 1B, IL-6, and tumour necrosis factor-a (TNF-o) combat the infection in the localized area ultimately
spilling over into circulation resulting in elevated cytokine levels. The cytokines, along with pathogen-associated molecular patterns (PAMPs)
expressed on pathogens for example, lipopolysaccharide (LPS), interact with the blood brain barrier (BBB) causing a ‘leaky’ BBB which facili-
tates cytokines and LPS entry into the central nervous system. The cytokines activate the microglia which release their own cytokines, specifically
IL1B. IL-B interacts with the brain endothelium resulting in the activation of cyclooxygenase 2 which catalyzes the production of prostaglandin
2 (PGE2). PGE2 enters the hypothalamic region and induces a fever. Abnormally increased IL-1p levels also progressively increases excitatory
(glutamatergic) neurotransmission, and decreases inhibitory (GABAergic) neurotransmission, thus mediating the pathogenesis of convulsions.
Current treatments for febrile seizures present with side effects that are detrimental to health, which fosters the need for an alternative, more
affordable treatment with fewer adverse side effects, and 1 that is easily accessible, especially in low income areas that are also affected by

other underlying socio-economic factors, in which febrile seizures are of growing concern.
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Introduction

A febrile seizure is a neurological abnormality that occurs as a
result of a peripheral infection, to which the immune system
reacts by producing an inflammatory response thereby, inducing
a fever and subsequently increasing the core temperature of the
body.! The increase in temperature leads to increased neuronal
excitability resulting in convulsions.? Febrile seizures are catego-
rized according to the duration and the number of times the
convulsions occur.® Simple febrile seizures have a life span of
approximately 15 minutes and are caused by a distinct infection
such as a gastrointestinal or respiratory infection.* Complex
tebrile seizures have a life span of 15 to 30 minutes with more
than 1 seizure occurring per episode of fever.” Status epilepticus
lasts longer than 30minutes and occurs randomly as well as
repeatedly in the brain during an infection.® Simple febrile sei-
zures are benign whilst complex febrile seizure and status epilep-
ticus are more likely to develop into more critical conditions such
as temporal lobe epilepsy or long term later in life.#* Currently,
tebrile seizures affect 3% to 5% of the world’s population of chil-
dren aged between 3months and 5years.3 Febrile Infection
Related Epilepsy Syndrome (FIRES) is a similar condition to
tebrile seizures which affects children between the aged between
3years to 15years.” The seizures, however, are similar to complex

febrile seizures in that they last between 15 to 30 minutes or sta-
tus epilepticus lasting longer than 30minutes in some cases.
Although both febrile seizures and FIRES can occur during
common childhood infections, the increased incidence of febrile
seizures specifically in Africa can be attributed to limited medi-
cal resources, poor access to medical attention, as well as insuffi-
cient knowledge of the pathophysiology of febrile seizures.? The
high risk of malaria and high rate of malnutrition are some of
the conditions that trigger febrile seizures in Africa.’

Pathophysiology of febrile seizures
Infection

Previous studies conducted on animal models using rats and
mice, have reported that genetic and environmental factors are
linked to the generation of febrile seizures*1? Studies have shown
that febrile seizures do have a genetic predisposition, where the
risk for febrile seizure development with an affected sibling, is
roughly 20%, that of which increases to 33% with affected par-
ents.!! Genes mapped to chromosomes 19q, 19p13.3, 18p11.2,
8q13-21, 6q22-24, 5q14-15, 2q23-34 have been associated with
increased risk for febrile seizure development, where a polygenic
or multifactorial mode of inheritance is most probable.1>13
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Studies have also associated febrile seizures with a number of
mutations in the gene coding for the gamma-aminobutyric acid
(GABA) A receptor y2 subunit.’? GABA is an inhibitory neuro-
transmitter, which counteracts neuronal excitability, the receptor
of which will be discussed later in this review. Environmental
factors such as the exposure to peripheral infections, which
include bacterial infections in the middle ear and throat and viral
infections such as influenza, have been reported to stimulate an
inflammatory response, thereby changing the set temperature of
the body, resulting in an increase in the core body temperature
and subsequently triggering febrile seizures.!*!> During a bacte-
rial infection in a localized area, pathogen-associated molecular
patterns (PAMPs) are expressed on the pathogen for example,
lipopolysaccharide (LPS).1® Pathogen recognition receptors
such as toll-like receptors (TLRs) found on the cells, which
include macrophages and neutrophils, detect the PAMPs, and
activate the innate (natural) immune response which is the sec-
ond line of defense in the immune system.'”'8 This line of
defense elicits an inflammatory response upon infection.’” The
inflammatory response is activated by releasing leukocytes such
as macrophages and neutrophils to combat the infection, which
in turn releases cytokines into the localized area of infection.!
Pro-inflammatory cytokines, which are released by the mac-
rophages, include tumour necrosis factor (TNF-a), interleu-
kin-6 (IL-6) and interleukin 1 B (IL-1 B).2° These
pro-inflammatory cytokines are released concurrently with anti-
inflammatory cytokines such as interleukin 1 receptor antagonist
(IL-1Ra).?* However, if control of the localized inflammatory
response is lost, the pro-inflammatory mediators spill into the
circulation, resulting in systemic inflammation.?? This results in
further production and release of cytokines in the circulation,
elevating levels of peripheral cytokines which interact with the
cells of the blood brain barrier (BBB), facilitating the entrance of
these cytokines into the central nervous system (CNS).23:24
Cytokines in the CNS from LPS interaction on the BBB result
in the recruitment of microglia, these are cells mainly responsible
for combating infection in the CNS.” Under normal conditions,
as a form of negative feedback, the release of cytokines such as
IL1B during inflammation activates the afferent vagus nerve sig-
nalling to the medulla oblongata, brainstem nuclei and the
hypothalamus.? Furthermore, the afferent signalling reaches the
forebrain regions associated with integration of visceral sensory
information and coordination of the autonomic function and
behavioural responses.”® The activation of the afferent vagus
nerve then activates the anti-inflammatory efferent vagus nerve
cholinergic signalling in brain-to-immune communication as
seen in the diagram in Figure 1.2226 The activation of the signal-
ling results in suppression of local and serum pro-inflammatory
cytokine levels.??

It has been reported that acetylcholine, a neurotransmitter,
inhibits the release of TNF-q, IL-1f and IL-18 from mac-
rophages that were stimulated by LPS.22 However, dysregulation
of this pathway during an immune challenge such as excessive
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Figure 1. A diagram depicting the cholinergic anti-inflammatory reflex
pathway: During an infection, an inflammatory response causes a release of
cytokines such as Interleukin (IL)-1B, IL-6 and tumour necrosis factor a
(TNF-a) in the systemic circulation. This leads to the activation of the afferent
vagus nerve signalling to the brain. This signalling subsequently results in
the activation of the anti-inflammatory efferent vagus nerve cholinergic
signalling with the release of neurotransmitter, acetylcholine (ACh). The ACh
then inhibits the release of cytokines from the macrophages, decreasing
systemic cytokine levels. Adapted from Pavlov, et al., 2012.26

LPS and excessive production of pro-inflammatory mediators
can cause an imbalance of cytokines resulting in major altera-
tions of the BBB resulting in a more permeable BBB.?728

Blood-brain barrier integrity in inflammation

The key role of the BBB is to maintain homeostasis for opti-
mal brain performance.?’ The anatomy of the BBB is best
described on 2 levels, histological and molecular.?’ The barrier
in its entirety restricts and regulates the movement of sub-
stances between the peripheral and cerebrospinal regions.30
The BBB at the histological level is formed by brain endothe-
lial cells lining brain micro-vessels having tight junctions that
restrict movement of substances between the cells.30
Furthermore, the brain endothelial cells have a basement mem-
brane which contains a glycocalyx on the luminal surface as
well as astrocytes.’1%2 The molecular level of the BBB contains
ectoenzymes that degrade or alter substances prior to entrance
into CNS.2 The BBB is multi-layered with receptors and
transporters in the multiple layers which are also responsible
for movement of substances in and out of the cerebrospinal
region.?® Systemic inflammation can change the integrity and
responsiveness of the BBB causing what is known as ‘Blood-
brain barrier change’.?® ‘Blood-brain barrier change’ can either
be disruptive or non-disruptive, reflecting the presence or
absence of physical alterations of the BBB.?3 Disruptive BBB

change involves alterations at the histological level such as
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endothelial cell damage or tight junction changes, while non-
disruptive change occurs at molecular level. Other changes
the BBB may go through include the alterations to the efflux
transport system which are there to facilitate the entrance of
various substance from the brain to the blood.3?

LPS is a component of gram-negative bacterial cell walls
known to disrupt the BBB and alter aspects of BBB function.3*
TLREs, specifically TLR4, detect the LPS constituent resulting
in the activation of the innate immune response.® This results
in transcription of pro-inflammatory and anti-inflammatory
cytokines.®® The subsequent production and secretion of the
cytokines by macrophages in the periphery triggers a cascade of
downstream effects ultimately resulting in fever.3” The fever
results in hyperthermia occurring in the body due to the increase
in the set point temperature in the hypothalamus which has
been shown to cause increased BBB permeability.3® LPS, along
with the hyperthermia due to fever, induces disruptive BBB
changes by altering tight junctions of the brain endothelial cells
resulting in barrier dysfunction as well as functional and struc-
tural changes to astrocytes.?>3 LPS and the proinflammatory
cytokines are also responsible for altering the expression of the
efflux transporter, permeability-glycoprotein (P-gp) transporter
which is found on the BBB.33%% The disruptive BBB change
results in increased permeability of BBB causing elevated levels
of cytokine to be transported into the highly sterile cerebrospi-
nal region recruiting immune cells of the CNS such as micro-
glia which are involved in immune defence in the brain.>

Fever

There are 3 main types of glial cells in the CNS: astrocytes, oli-
godendrocytes and microglia, which perform different cellular
functions in the CNS.#0 Astrocytes and microglia act as immune
cells in the CNS during inflammation, however, microglia are
the main cells involved in overcoming infection in the CNS.%0
Cytokines which have entered through the BBB activate the
microglia.* Microglia in the CNS when resting are character-
ized by small cell bodies with elaborate thin processes spread out
in multiple directions.*> However, microglia have been shown to
express TLRs such as TLR-3 and TLR-4 which recognise
PAMPs including components of a virus infection or LPS
resulting in the microglia becoming activated resulting in a
change of their morphology.164243 Activated microglia retract
their processes which then become thicker and fewer while also
increasing the size of their cell bodies.*? In turn, activated micro-
glia produce and release cytokines such as TNF-o, IL-1p and
IL-6.#1 Under normal conditions, cytokines play a vital role in
various aspects of regular CNS function including regulation of
sleep and neuronal development.* However, elevated levels of
cytokines during an infection have been shown to play a major
role in the generation of fever in febrile seizure generation.®
This is not only seen in febrile seizures but in FIRES where
elevated levels of cytokines, specifically IL-1f, activate brain
endothelium in turn activating enzymes to produce major

pro-inflammatory prostaglandins, including prostaglandin E2
(PGE2).2# The PGE?2 is produced from arachidonic acid (AA),
a lipid derived from membrane phospholipids which is catalyzed
by phospholipase A2.46 Once AA is produced, IL-1f binds to
the IL-1 receptor which mediates the activation cyclooxyge-
nase-2 (COX-2), an enzyme expressed on the brain endothelial
cells found in the preoptic region of the hypothalamus.#43
COX-2 catalyzes the production of prostaglandins, specifically,
oxidizing AA to produce PGE2.# PGE2 then binds to EP3
prostaglandin receptors which are expressed by thermoregula-
tory neurons in the median preoptic nucleus within the hypo-
thalamus to induce a fever.*”* In non-febrile conditions, a
negative feedback mechanism is activated by the body, releasing
anti-inflammatory IL-1Ra which blocks and binds free IL-1f
thus decreasing PGE2 production which subsequently decreases
the generation of a fever.’® During febrile seizures, IL-1f3 and
IL-1Ra are concurrently released resulting in IL-1f and IL-1Ra
imbalance with IL-1p playing a major role in causing excitation
and inhibition which triggers convulsions.?!

Conwvulsions

There is overwhelming evidence that associates seizures with
inflammation and elevated cytokine concentrations.*! A
study showed that patients that were diagnosed with chronic
seizure disorders had elevated levels of proinflammatory
cytokines in the cerebral spinal fluid which may have contrib-
uted to the neuronal hyperexcitability underlying the seizures.*
Cytokines have a role in synaptic plasticity in areas of the brain
such as the hippocampus, and synaptic effects on CNS neurons
including those involved in central autonomic control (fever)
and gastrointestinal control.>? IL.-1f3 has been shown to have
extensive effects in the generation of convulsions, especially
febrile seizures.>® IL-1f and IL-1Ra are simultaneously
released and compete for the same binding site, IL-1 type 1
receptor (I1-1RI).? The binding favours IL-1f rather than
IL1Ra leading to an imbalance between IL-1f and IL-1Ra.2
IL-1P acts on both the excitatory (glutamatergic) and inhibi-
tory (GABAergic) circuits of the brain.?»* Glutamate is the
principle excitatory amino acid neurotransmitter released by
the neurons in the CNS.53 It exerts its function by interacting
with ionotropic receptors:

oamino-3-hydroxy-5-methyl-
isoxazolopropionic acid (AMPA) receptors, kainate receptors,
as well as N-methyl-D-aspartate (NMDA) receptor.>+>° IL-1f
and IL-1Ra stimulates ionotropic glutamate receptor interac-
tions between glutamate and AMPA receptor.’® The binding
of glutamate to AIMPA receptor results in the influx of many
sodium ions into the cell and a few potassium ions out of the
cell resulting in membrane depolarization.’® Magnesium,
found in the pore of the NMDA receptor ion channels, gets
expelled into the cells during membrane depolarization.’” The
binding of glutamate to NMDA receptors along with expul-
sion of magnesium results in the ion channels opening up caus-
ing an influx of calcium and sodium into the cell.5%5+57 The
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increase in calcium ions into the cell triggers a cascade of reac-
tions and transcriptional changes which then results in convul-
sions.”® As a form of negative feedback, gamma-aminobutyric
acid (GABA), an inhibitory neurotransmitter, counteracts neu-
ronal excitability of glutamate by binding to either 1 of its 2
receptors, GABA , and GABA . It has been reported that
GABA , regulates chloride entry into the cell having a rapid
inhibitory effect when the membrane is depolarized whilst
GABAB regulates calcium entry and potassium efflux.>® The
elevated levels of IL.-1p have been shown to decrease calcium
influx and increase potassium efflux.** This is due the increased
concentration of IL-1f decreasing levels of GABA to GABAA
receptor interactions resulting in decrease in the GABAA
receptor mediated currents in cultures.?-%0 Several studies have
also shown that decreased GABAA receptor mediated currents
can be caused by hyperthermia which results from the infec-
tion.®162 Therefore, the excitation and inhibition dysregulation
along with the fever generated during inflammation results in
the onset of seizure together known as febrile seizures as

depicted in Figure 2.4
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Figure 2. A diagram depicting the pathogenesis of febrile seizures:
During an infection, lipopolysaccharide (LPS) is released, resulting in an
inflammatory response. This causes macrophages to release cytokines
such as interleukin (IL)-1B, IL-6 and tumour necrosis factor (TNF-a) which,
along with LPS, disrupts the blood-brain-barrier causing it to become
leaky. Cytokines then enter through the blood-brain barrier and activate
cyclooxygenase-2 (COX-2) and microglia. The COX-2 then catalyses the
formation of prostaglandin- E2 (PGE2) which induces fever in the
hypothalamus. In addition, activation of the microglia releases pro-
inflammatory and anti-inflammatory cytokines which include II-1p and
interleukin 1 receptor antagonist (IL-1Ra) causing dysregulation of the
glutamatergic and GABAergic circuits resulting in seizures. Adapted from
Waruiru, et al., 2004.5

Treatment of febrile seizures
Several treatment regimens and drug combinations to treat
febrile seizures have been proposed in recent years.®3 Currently,
febrile seizures are managed with antipyretic or antiepileptic
drugs, however antipyretic drugs do not directly treat the febrile
seizure and do not prevent further febrile seizures from occur-
ring.®* Current antiepileptic treatment makes use of diazepam,
which has been shown to be effective when administered in
intermittent oral or rectal doses,'>% or even intravenously®® or
intranasally.®” Other prophylactic antiepileptic drugs used
include phenobarbital, valproic acid, phenytoin, and carbamaz-
epine.’>%* However, despite the documented use of these drugs
in treating febrile seizures, they all present with side effects that
could be detrimental to health.63% Diazepam causes side
effects such as respiratory depression, bradycardia, dizziness,
drowsiness, slurred speech, lethargy, ataxia, and hypotension.®’
In addition, such side effects may make it difficult to detect
more serious febrile illnesses such as meningitis or encephali-
tis.’> Phenobarbital, which is a GABA receptor agonist, causes
side effects such as daytime drowsiness, transient sleep distur-
bances, impaired cognitive function, decreased memory, fussi-
ness, attention deficit, and hyperactivity.>36>7° Valproic acid
increases GABA levels and has been used to treat febrile sei-
zures, but its use is limited because of severe side effects such as
pancreatitis, renal toxicity, fatal hepatotoxicity, and thrombocy-
topenia.®>’! In addition, there are also other underlying socio-
economic factors regarding drug affordability and availability,
as well as a social stigma associated with febrile seizures, espe-
cially in the African continent, which causes affected patients
to avoid seeking proper medical care, all of which give rise to
the need for an alternative, more affordable treatment with
fewer adverse side effects.63:6872

Searsia chirindensis has been shown to have therapeutically
beneficial effects in treating various disorders, including neuro-
logical disorders, heart disease, and rheumatism.”? This plant
contains triterpenoids and steroids, which have anti-inflamma-
tory properties, as well as antioxidants (flavonoids) and tannin
which scavenge reactive oxygen species.””> Qulu et al showed
that treatment with plant extract of Searsia chirindensis reduced
both seizure duration and IL1f levels in both non-stressed rats
and prenatally stressed rats subjected to febrile seizures in the
early postnatal period.®® The decrease in IL-1p levels could be
attributed to the anti-inflammatory effects of Searsia, which pos-
sibly reduced the release of glutamate and subsequent seizure
severity and duration.®® Therefore, Searsia may be a potentially
important target for therapeutic interventions against prenatal
stress and febrile seizures. Mkhize et al demonstrated a possible
therapeutic effect of quercetin (a flavonoid known for its anti-
inflammatory, anti-oxidant, and anti-convulsant properties) in a
prenatally stressed febrile seizure rat model, in which there was a
decrease in pro-inflammatory cytokines such as IL-1f when
compared to untreated rats exposed to both prenatal stress and
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febrile seizures.”® A possible mechanism by which this occurs is
that quercetin counteracts/restores the initially dysregulated
hypothalamic- pituitary- adrenal (HPA) axis and higher basal
glucocorticoid secretion caused by prenatal stress, which subse-
quently decreases IL-1B concentration.”®’” However, it was
shown that quercetin is only therapeutically beneficial in the
treatment of febrile seizures accompanied by prenatal stress, but
not against febrile seizures alone.”® Therefore, further investiga-
tions need to be conducted to understand the mechanisms
underlying the action of quercetin, which may also be a poten-
tially important target for therapeutic interventions against pre-
natal stress and febrile seizures.

Animal models of febrile seizures

Studies on the pathophysiology of febrile seizures are diffi-
cult to conduct in humans due to difficulties in recruitment,
individual variability, and compliance etc., as well as ethical
issues that may arise regarding human trials.3” Therefore,
animal models are used to mimic and understand the mecha-
nisms underlying the human pathophysiology of febrile sei-
zures, which allows for the of study seizures in a controlled
laboratory environment, and for the production of more reli-
able results.”® As previously shown, such studies on febrile
seizures are commonly conducted on rodent models, particu-
larly Sprague Dawley or Wistar rats.22437.79 There are vari-
ous animal models of febrile seizures that have been
previously used. The methodologies used to develop these
models vary, and include the use of chemoconvulsant drugs
(pentylenetetrazole, kainic acid, pilocarpine) to chemically
induce seizures,20-3780 electrical stimulation,30 heated water
bath781 or heated stream of air.? Yagoubi et al induced sei-
zures in rat pups on postnatal day 11, by inducing hyperther-
mia by means of a heated water bath.” The rats were placed
in glass bottles, which were then placed in a water bath
heated to 40°C to 45°C, for approximately half an hour until
the body temperature was higher than 39.5°C (which is
characteristic of fever).”? The rats were transferred to room
temperature following the observation of myoclonic jerks,
which then progressed into a tonic-clonic generalised sei-
zure.” This method of febrile seizure induction was success-
ful since the seizures were observed in most animals.”” Dubé
et al induced hyperthermia in rat pups on postnatal day 14
and 15, whereby the rats were placed in glass containers and
subjected to a regulated stream of air until the core body
temperature reached approximately 41°C (which is charac-
teristic of fever).? This subsequently resulted in the develop-
ment of febrile seizures.2 Dai et al induced seizures in adult
rats on postnatal day 60, using both the maximal electro-
shock method and pentylenetetrazole administration.? The
maximal electroshock involved the use of a rodent shocker,
which delivered a constant current through a pair of ear-clip
electrodes.®? The pentylenctetrazole (PTZ) administration
involved a single intraperitoneal injection of 60 mg/kg PTZ

to 60-day old rats, to produce clonic seizures.® As can be
seen, there are various febrile seizure models, with each
model testing different aspects of the pathophysiology
underlying the different types of febrile seizures. Of interest
is the model employed by Heida et al which involves the
generation of immune generated fever to lower seizure
threshold.3” This was achieved by the administration of LPS,
which as aforementioned, is a component of the gram-nega-
tive bacterial cell wall, used to induce fever and mimic infec-
tion.’” This fever induction can occur via different
mechanisms, which encompass signalling through circum-
ventricular organs, perivascular endothelial cells, and vagal
afferents, all of which occur either by direct action of LPS in
these brain areas, or by LPS -induced peripheral cytokines.3”
Since not all animals develop seizures while febrile, it was
deduced that those animals susceptible to febrile seizures
have some sort of abnormal excitability, therefore the LPS
administration was accompanied by a sub-threshold dose of
the convulsant drug, kainic acid (ionotropic glutamate recep-
tor agonist).3” Particularly, this model was developed by an
intraperitoneal injection of 200 pg/kg LPS, followed by an
intraperitoneal injection of 1.75 mg/kg kainic acid 2.5 hours
later, and was successful in inducing febrile seizures in more
than 50% of treated animals.3” Therefore, this model is con-
sidered a favourable model in many labs, since physiological
tever was induced to lower seizure threshold which closely
represents the natural occurrence of febrile seizures in chil-
dren with underlying febrile infections, and also since febrile
seizures occurred at clinically relevant temperatures, which
lasted approximately 60 minutes (which represents prolonged
complex febrile seizures or febrile status epilepticus).,36,37:68,82
Furthermore, a prenatally stressed febrile seizure rat model,
as shown by Qulu et al, was developed by subjecting preg-
nant female rats to restraint stress for 1 hour daily, for a total
of 7 days, from gestational day 14 to 20.! Following the birth
of the rat pups, febrile seizures were induced on postnatal day
14 with an intraperitoneal injection of 200 pg/kg LPS, fol-
lowed by an intraperitoneal injection of 1.75 mg/kg kainic
acid 2.5hours later.! The development of this particular
model provides a means to conduct further investigations on
prenatal stress and febrile seizures.

Conclusion

In conclusion, inflammation, though a defence response against
invaders and pathogens during an infection in children, has
been shown to have adverse effects in the central nervous sys-
tem. The pro-inflammatory cytokines, especially IL-1p, are the
main factors that induce fever. The increase of IL-1f in the
CNS also results in an imbalance in glutamate and GABA
causing an imbalance in excitation and inhibition transmission
in the brain resulting in convulsions which accompany the fever,
giving rise to the onset of febrile seizures. The aim of this review
was to highlight the increased susceptibility of young offspring

to the development of febrile seizures, or other infections; as
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well as to raise awareness of the dire need for further investiga-

tions into producing an affordable, easily accessible treatment

for febrile seizures, especially in low income areas that are also

affected by other underlying socio-economic factors, in which

tebrile seizures are of growing concern.
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