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Febrile seizures (FS) are the most common type of convul-
sions in infants and young children, with a worldwide inci-
dence of one in 20–50. They are clinically defined as seizures 
that arise during fever in the absence of central nervous 
system infection (1, 2), although it is not well understood how 
fever generates FS. There is little evidence for adverse out-
comes of simple FS on the immature brain. However, complex 
FS—particularly prolonged FS or febrile status epilepticus 
(SE; defined as seizures lasting more than 30 minutes)—has 
been associated with subsequent limbic epilepsy in both 
prospective and retrospective clinical studies (1, 3, 4). Still, it 
is difficult to determine whether this relationship between 
prolonged FS and epilepsy is causal, in part, because in these 
studies the definition of FS does not exclude children with 
preexisting neurologic deficits (1–7). Our understanding of 
the basic mechanisms of FS, especially of the role of inflam-
matory mediators, has benefited from work on animal models 
(8–14). These have enabled the direct examination of the 
consequences of FS, the mechanisms by which these seizures 
are generated, and whether the seizures themselves cause 
epilepsy.

The following paragraphs describe clinical and animal 
studies that investigate the role of inflammation in fever, how 
inflammation leads to FS, and how it may contribute to the 
subsequent development of epilepsy (Figure 1).

Does Inflammation Contribute to the Generation of FS?
Fever increases brain temperature, at least in part, via the 
release of inflammatory mediators such as cytokines (15, 
16) in the brain. Less is known, however, about whether 
inflammatory mediators induce seizures. Clinical studies 
have attempted to address this question by comparing 
levels of the cytokines interleukin-1β (IL-1β), interleukin-6 
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Febrile seizures (FS) are the most common type of seizures in infants and preschool children. Inflammatory 
mediators, which are known triggers of fever, have also been implicated as contributors to the onset of these 
seizures. Evidence that inflammation is present following FS and during established epilepsy suggests that it 
could also influence epileptogenesis. However, the potential involvement of inflammatory mediators to the 
epileptogenic process that may follow prolonged FS has yet to be fully determined. This article reviews the 
current state of our knowledge and major gaps that remain by focusing on four questions: Does inflamma-
tion contribute to the generation of FS? Does prolonged FS or febrile status epilepticus (SE) cause temporal 
lobe epilepsy in the absence of predisposing factors? Does inflammation contribute to the process by which 
febrile SE causes limbic epilepsy? And finally, can inflammation be a foundation for biomarkers and therapy 
for FS-induced epileptogenesis?

FIGURE 1. The possible role of inflammatory mediators in the progression 
from fever to FS to epileptogenesis. Inflammatory mediators such as IL-1 
and TNF are potent pyrogens, and there is evidence for their involvement 
in seizure generation. In addition, they are present following FS, raising 
the possibility that they may influence epileptogenesis. However, the pre-
cise role of inflammatory mediators remains to be clarified.
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(IL-6), and tumor necrosis factor alpha (TNF-α) in the CSF 
and/or blood of febrile children with and without sei-
zures, but their results have been contradictory (Table 1) 
(17–23). However, even if these studies did show increased 
cytokine levels associated with seizure, they would not 
have been able to indicate causality. Animal studies have 
helped to determine the nature of this interaction. In one 
study, mice lacking IL-1β receptor type 1 were shown to 
be significantly more resistant to the generation of FS, 
strongly suggesting the involvement of IL-1β in the seizure 
generation (Figure 2) (24). A potential role of IL-1β in FS 
was also shown in postnatal day-14 rat pups injected with 
low-dose kainic acid (KA) and lipopolysaccharide (LPS) to 
model FS. In this model, administration of the cytokine into 
the lateral ventricles enhanced seizure frequency, whereas 
an antagonist for IL-1β receptor type I (IL-1ra) reduced or 
abolished the seizures (11). These findings are not surpris-
ing as there is evidence for the active role of inflammatory 
mediators including IL-1β, TNF, IL-6, prostaglandin E2, and 
the complement cascade in the generation and exacerba-
tion of nonfebrile seizures (25). IL-1β promotes neuronal 
hyperexcitability via several mechanisms, including by 
activating Src-family tyrosine kinases, which increase intra-
cellular calcium flow through glutamate receptors (26, 27). 
IL-1β has also been shown to interact with other convul-
sants to exacerbate seizures (28, 29).

Clinical studies suggest that fever generated by certain in-
fections, particularly human herpes virus 6, might increase the 
risk of FS (30, 31). However, it is unknown whether this virus 
induces higher levels of cytokines in the brain than do other 
pathogens. In addition, genetic analyses of individuals with FS 

have identified a mutation in the IL-1β gene promoter (32) that 
leads to increased expression of this cytokine (for an opposing 
view, see Tan et al. [33]). Taken together, this body of clinical 
and experimental work suggests that inflammation, which is 
intrinsic to the fever response, is involved in the generation of 
febrile seizures.

FIGURE 2. Mice lacking the interleukin-1 receptor (IL-1 R1−/−) are more 
resistant to the induction of experimental febrile seizures than wild-type 
controls. A reliable measure of seizure susceptibility in the experimental 
FS model is the temperature at which the seizures begin. Seizures began 
in IL-1 R1−/− animals at significantly higher temperatures than in control 
animals, indicating that the IL-1 R1 is important for the generation of 
these seizures. The asterisk indicates a statistical difference between the 
controls and IL-1 R1−/− mice of p < 0.05. Data are given as mean ± standard 
error. Adapted with permission from Dubé et al. (24).

TABLE 1. Clinical Studies Comparing the CSF and/or Blood Levels of Cytokines in Children Who Had FS With Those Who Had 
Fever Only

Increased Cytokine Detected in FS 
Compared With Fever

n (FS, 
fever)

Cytokines Measured Study

CSF Blood

ND ND 10, 10 IL-1β Lahat et al. 1997 (17)

TNF-α IL-1β 15, 20 IL-1β, TNF-α Tutuncuoglu et al. 
2001 (18)

ND 11, 9 IL-1β Miceli Sopo et al. 2001 
(19)

IL-1β ND 29, 15 IL-1β, TNF-α Haspolat et al. 2002 
(20)

IL-ra, IL-6, IL-10 IL-ra/IL-1β 55, 20 IL-1β, IL-ra, IL-6, IL-10, TNF-α Virta et al. 2002 (21)

n/a ND 33, 38 IL-1β Tomoum et al. 2007 
(22)

ND n/a 16, 8 IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, 
IL-17, IFN-γ, TNF-α, G-CSF, GM-CSF

Asano et al. 2010 (23)

Abbreviations: CSF, colony-stimulating factor; FS, febrile seizures; n, number of patients; ND, no difference; IL, interleukin; TNF, 
tumor necrosis factor; n/a, not applicable; IFN, interferon; G-CSF, granulocyte–colony-stimulating factor; GM-CSF, granulocyte 
macrophage–colony-stimulating factor.
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Do Prolonged FS or Febrile SE Cause Temporal Lobe 
Epilepsy in Non-Predisposed Children?
The majority of clinical studies suggest that there is little 
enduring adverse impact of short FS on the developing brain 
(4, 7, 34, 35). By contrast, prolonged or focal FS has been as-
sociated with a significantly increased risk for temporal lobe 
epilepsy (TLE; 7, 36–38). This statistical correlation could be 
a result of one of four potential scenarios: 1) prolonged FS or 
febrile SE might directly cause temporal lobe epilepsy; 2) the 
seizures could be merely a marker of emerging TLE resulting 
from preexisting pathology; 3) they could be the result of a 
common cause that independently provokes FS and TLE; or 4) 
TLE could be induced by the combination of FS and a preexist-
ing condition.

As mentioned above, because of the diverse genetic 
makeup of children and the presence of other uncontrolled 
potential preexisting factors, it is difficult to demonstrate a 
causal relationship between prolonged FS and the develop-
ment of TLE in clinical studies. While single gene mutations or 
a combination of multiple susceptibility genes might pre-
dispose some children to FS or to the emergence of epilepsy 
following FS (39–42), a child’s prenatal, perinatal, or postnatal 
experiences may also contribute to an increased susceptibility 
to FS or to FS-related epilepsy. Controlling for all of these ge-
netic and environmental factors is a challenging proposition.

Here again, animal models of prolonged FS (11–14, 43–48) 
have proven useful in advancing our understanding of the 
effects of these seizures (9, 12, 49–53). Because fever cannot 
be reliably induced in neonatal and infant rodents (54), several 
groups have employed several means to simulate fever-like 
conditions. By elevating core and brain temperatures to 
between 39.5°C and 41.0°C (hyperthermia), seizures can be 
elicited in 10- to 11-day-old rats (13, 45). At this age, rodents 
have reached a stage of hippocampal development similar to 
that in human infants (55). In this animal model, like in those 
based on combining LPS with KA, the augmented temperature 
leads to the release of fever-involved cytokines that contribute 
to seizure initiation (11, 24).

In their model of prolonged FS in rats, Dubé et al. found 
that FS of about 20 minutes resulted in spontaneous recurrent 
seizures in 35% of the rats (51). No such seizures were ob-
served either in normothermic control rats or in those exposed 
to hyperthermia alone (hyperthermic control). The resulting 
spontaneous seizures were short and included freezing and 
orofacial (“limbic”) automatisms (51). Associated EEGs also 
revealed poly-spike/sharp-wave trains with increased ampli-
tude and decreased frequency. All epileptic animals developed 
interictal epileptiform discharges; furthermore, such discharg-
es were found in 88% of the FS rats but were never observed 
in normothermic or hyperthermic controls (51). Because both 
genetic and acquired predisposing factors are largely excluded 
in this model, this study directly supports a causal relationship 
between prolonged FS and the development of TLE, and sets 
the stage for investigation of the mechanisms by which these 
seizures promote epileptogenesis.

In clinical studies, about 15% of FS cases are prolonged or 
progress on to febrile SE (1, 56–58). Of importance, it is these 
longer seizures that are statistically associated with subse-
quent TLE. Dubé et al. investigated whether the duration of 

experimental FS influenced the incidence of limbic epilepsy 
by comparing outcomes of experimental FS durations of 20 
minutes with those of 60 minutes (13). They found that the for-
mer resulted in limbic epilepsy in 35% of their FS rats, whereas 
the latter yielded spontaneous seizures in 45% of the rats (13). 
Of importance, while the epileptic seizures resulting from the 
20-minute FS were mild (stage 1, Racine 1972; average dura-
tion approximately 8 seconds), the spontaneous seizures in 
rats that experienced “febrile SE” (60-minute FS) lasted more 
than 2 minutes on average and were more severe (stages 2–5 
with head bobbing, alternating or bilateral clonus, rearing, and 
falling; 13). These experimental data support the hypothesis 
that the duration of FS is an important predictor of the severity 
of the TLE that develops after FS (59–62).

Does Inflammation Contribute to the Process by Which 
Febrile SE Causes Epilepsy?
Epilepsy, including the catastrophic epilepsy associated with 
Rasmussen encephalitis, can result from inflammatory brain 
processes (25). In addition, resected hippocampal material and 
cortex from patients with intractable TLE often harbor reactive 
astrocytes, activated microglia, proinflammatory cytokines, 
and other measures of inflammation (63–66). Many studies 
using animal models have focused on uncovering how inflam-
mation is generated in the brain in the context of epilepsy, and 
how it might cause or modulate epilepsy. It is now clear that 
seizures, including those that provoke epileptogenesis, can 
generate several waves of inflammation (see Vezzani et al. [25] 
for review). There is also significant evidence that these inflam-
matory cells and molecules can contribute to neuronal hyper-
excitability and seizures (11, 24). However, establishing a direct 
causal role for inflammation in the epileptogenic process 
would require additional findings showing that modulation of 
inflammatory mediator function affects epileptogenesis.

If inflammation is involved in seizure-induced epilepto-
genesis, then what are the mechanisms that underlie this 
transition to epilepsy? A number of studies suggest that 
seizure-induced or injury-related inflammation might contrib-
ute to loss of neurons and to synaptic reorganization, which 
are important factors for the development of hyperexcitable 
circuits after insults to the adult brain (67–69, for an opposing 
view see Buckmaster and Lew [70]). Inflammation is rapidly 
induced following such insults preceding neurodegeneration 
(71–73), supporting the notion that inflammation promotes 
cell death (74). However, there is little evidence for cell death 
after prolonged experimental FS, febrile SE (8, 13, 45, 51), and 
other developmental seizures that may promote epilepsy (see 
Baram et al. [75] for review). Similarly, activation of astrocytes 
and microglia and production of cytokines and prostaglandins 
are found in some adult rat seizure models where cell loss is 
not detected (21, 22, 76–78). These findings exclude the pos-
sibility that the inflammation is merely a by-product of dying 
cells. They also support the idea that inflammation contributes 
to epileptogenesis via mechanisms that are independent of 
cell death (“damage”).

Indeed, existing and recent experiments have uncovered 
a number of mechanisms for inflammation-mediated epilepsy 
that may be important after prolonged FS and febrile SE. These 
constitute potential molecular targets for pharmacologic 
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drug design. For example, one novel inflammatory media-
tor that is released from injured cells is high mobility group 
box-1 (HMGB1), which activates the Toll-like receptor 4 (TLR4). 
Mice lacking TLR4 were resistant to seizures, and antagonists 
of either TLR4 or of HMGB1 reduced chronic seizures (79). Of 
interest, expression of both TLR4 and HMGB1 was enhanced in 
tissue from patients with TLE and from mouse epilepsy models 
(79). Perhaps the initial neuronal injury provoked by febrile SE 
(45) causes an HMGB1 release, which in turn leads to constitu-
tive upregulation and activation of TLR4. This suggests that 
TRL4 could be a potential target for pharmacologic interven-
tion of epileptogenesis. In addition, the potential etiologic role 
of human herpes virus 6B (HHV6B), implicated in a significant 
proportion of FS patients, has been raised (80). Active HHV6B 
has been found in hippocampal astrocytes of temporal 
lobectomy specimens from about two-thirds of patients with 
mesial temporal sclerosis-associated TLE (81). If a relationship 
between this viral infection and FS and epileptogenesis can be 
established, antiviral therapies could be developed targeting 
HHV6B.

Which Inflammatory Mediators Might Contribute to FS-
Induced Epilepsy?
IL-1β and TNF-α are both potent pyrogens and are released un-
der certain circumstances in developing and adult brains (82), 
influencing neuronal excitability both acutely and chronically.

A potential role for IL-1β in the epileptogenesis that follows 
prolonged FS and febrile SE has recently been identified (13). 
As mentioned above, endogenous IL-1β is released in the 
hippocampus during fever as well as during experimental FS 
and contributes to seizure generation (24). In addition, these 

seizures also increase the synthesis of IL-1β so that the levels 
of the cytokine remain elevated for 24 to 48 hours (Figure 3). 
Of interest, IL-1β levels were significantly higher in hippocampi 
of rats that became epileptic, as compared with those of rats 
that experienced febrile SE but did not develop epilepsy (13); 
however, it is unclear whether this is a cause or a consequence 
of the spontaneous recurrent seizures. Taken together with 
evidence that systemic administration of LPS, which leads to 
release of endogenous IL-1β (11), enhances epileptogenesis 
of pilocarpine-induced SE in P14 rats and after rapid kin-
dling (83), these findings support the hypothesis that IL-1β is 
involved in the epileptogenic process (13). The mechanisms 
underlying this process still need to be fully determined, but 
protection from cell death does not seem to be an important 
factor (13). Studies that block IL-1β production and receptor 
signaling after the inciting FS would be required to resolve a 
causal epileptogenic role for IL-1β in FS-induced epilepsy.

TNF-α might also be released in the developing brain 
during fever-related seizures (18). Although direct evidence 
for its role in FS and FS-related epileptogenesis is still lacking, 
its ability to alter neuronal excitability suggests that it would 
be a good candidate for further investigation. Notably, in a 
neonatal rat with pneumococcal meningitis, suppressing the 
levels of TNF-α significantly reduced the incidence of sponta-
neous seizures without affecting the CSF levels of bacteria (84). 
Further evidence for a proconvulsive effect of TNF-α comes 
from work in an adult mouse model of systemic infection 
(Shigella dysenteriae) that revealed an increased sensitivity 
to pentylenetetrazol-induced seizures due to systemic TNF-α 
levels (85). However, when the levels of TNF-α were increased, 
an anticonvulsant effect was found (86). Such a bidirectional 

FIGURE 3. Long FS promoted prominent activation of astrocytes and mild activation of microglia within 24 hours after the seizures. Left panels, astro-
cytosis denoted by the hypertrophic cell body and long and thick processes of the astrocytes was evoked 6 and 24 hours after the seizures (C–F and 
their insets) compared with the control (A, B, and their insets) in CA3 hippocampal area (C, E, versus A) and in the hilus of the dentate gyrus (D, F, versus 
B). Middle panels, OX-42 immunoreactivity was detected in resting microglia with small cell bodies and ramifications in control rats (A, B, and their 
insets). Scattered, mildly activated microglial cells (moderate hypertrophic processes) were evident at 6 hours (C, D, and their insets) and 24 hours (E, 
F, and their insets) after the onset of FS. Right panels, IL-1β immunoreactivity was undetectable in control rats (A, B) and was robust in glial cells at 
6 hours (C, D) and 24 hours (E, F) after seizures. Double immunostaining (yellow in insets) demonstrated that IL-1β (green) protein expression was 
localized to astrocytes (GFAP; red). Scale bars: A–F, A–F, B, D, F, 25 μm; A, C, E, 50 μm; A–F, A–F insets, 12 μm; C–F insets, 10 μm. Adapted with 
permission from Dubé et al. (13).
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effect may be attributed to the affinity of TNF-α for its recep-
tors, the high-affinity proconvulsant p55 and the low-affinity 
anticonvulsant p75 (87, 88). TNF-α has been found to increase 
surface expression of AMPA receptors and decreasing GABA 
receptors (89), thus leading to long-term changes in neuronal 
excitability (90). These data suggest that this cytokine could 
contribute to both seizures and the development of epilepsy.

Can Inflammation Be a Foundation for Biomarkers and 
Therapy for FS-Induced Epileptogenesis?
Because only a minority of children sustaining FS and febrile SE 
eventually develop TLE, identifying this at-risk population is cru-
cial for prevention and intervention strategies. CSF sampling for 
the presence of inflammatory mediators has not proven helpful 
to date, and new approaches are required. MRI within the first 
few days after FS has identified hippocampal abnormalities in 
a subset of such children (59, 61, 91, 92), as well as in animal 
models (93, 94), raising the possibility that these augmented 
hippocampal T2 signals may be a marker of epileptogenesis. The 
origin of T2 signal changes is unclear, but such changes often 
indicate increased tissue water content, as found with inflam-
mation. Nevertheless, whether these acute MRI changes can 
predict epileptogenesis in rodent models or children and with 
sufficient sensitivity and selectivity remains unresolved.

Longitudinal studies using techniques that directly 
scrutinize key components of inflammation may establish a 
correlation between early inflammation following FS and later 
epilepsy and determine its potential as a marker of epilepto-
genesis. Molecular MRI contrast agents (95, 96) and PET mark-
ers (for review see Banati 2002 [97]) for inflammation have 
been developed; however, studies that use these to investigate 
seizure outcome have yet to be conducted. Another potential 
marker is the increased permeability of the blood brain barrier 
that has been associated with seizures, a mechanism through 
which inflammatory mediators can increase brain excitability 
(98). Studies to evaluate the integrity of the blood brain barrier 
in FS models are ongoing.

If the mechanisms by which inflammation might contrib-
ute to the development of TLE following febrile SE could be 
understood, then the “molecular signature” of these particular 
mechanisms might provide a diagnostic tool. In addition, 
blocking selective inflammatory mediators (e.g., the produc-
tion and/or receptor binding of IL-1β) might be useful in 
ameliorating the pro-epileptogenic consequences of febrile 
SE in at-risk populations. It is clear that uncovering the role of 
inflammation not only in the FS themselves but also in their 
aftermath is a challenge of major clinical significance.

Acknowledgments
We thank Mrs. Barbara Cartwright for excellent editorial help.

This work was supported by NIH grants R37 NS35439 and 
R21 NS049618.

References
1. Nelson KB, Ellenberg JH. Predictors of epilepsy in children who have 

experienced febrile seizures. N Engl J Med 1976;295:1029–1033.
2. Stafstrom CE. The incidence and prevalence of febrile seizures. In: 

Febrile Seizures. (Baram TZ, Shinnar S, eds.) San Diego: Academic Press, 
2002:1–25.

3. Berg AT, Shinnar S, Levy SR, Testa FM. Childhood-onset epilepsy with 
and without preceding febrile seizures. Neurology 1999;53:1742–
1748.

4. Annegers JF, Hauser WA, Shirts SB, Kurland LT. Factors prognos-
tic of unprovoked seizures after febrile convulsions. N Engl J Med 
1987;316:493–498.

5. Baram TZ, Shinnar S. Do febrile seizures improve memory? Neurology 
2001;57:7–8.

6. Chang YC, Guo NW, Wang ST, Huang CC, Tsai JJ. Working memory of 
school-aged children with a history of febrile convulsions: A popula-
tion study. Neurology 2001;57:37–42.

7. Nelson, KB, Ellenberg JH. Prognosis in children with febrile seizures. 
Pediatrics 1978;61:720–727.

8. Dubé CM, Zhou JL, Hamamura M, Zhao Q, Ring A, Abrahams J, 
McIntyre K, Nalcioglu O, Shatskih T, Baram TZ, Holmes GL. Cogni-
tive dysfunction after experimental febrile seizures. Exp Neurol 
2009;215:167–177.

9. 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;5:888–894.

10. Chen K, Neu A, Howard AL, Földy C, Echegoyen J, Hilgenberg L, Smith 
M, Mackie K, Soltesz I. Prevention of plasticity of endocannabinoid 
signaling inhibits persistent limbic hyperexcitability caused by devel-
opmental seizures. J Neurosci 2007;27:46–58.

11. Heida JG, Pittman QJ. Causal links between brain cytokines and ex-
perimental febrile convulsions in the rat. Epilepsia 2005;46:1906–1913.

12. Dubé C, Chen K, Eghbal-Ahmadi M, Brunson K, Soltesz I, Baram TZ. 
Prolonged febrile seizures in the immature rat model enhance hippo-
campal excitability long-term. Ann Neurol 2000;47:336–344.

13. Dubé CM, Ravizza T, Hamamura M, Zha Q, Keebaugh A, Fok K, Andres 
AL, Nalcioglu O, Obenaus A, Vezzani A, Baram TZ. Epileptogenesis 
provoked by prolonged experimental febrile seizures: Mechanisms 
and biomarkers. J Neurosci 2010;30:7484–7494.

14. Lemmens EM, Lubbers T, Schijns OE, Beuls EA, Hoogland G. Gender 
differences in febrile seizure-induced proliferation and survival in the 
rat dentate gyrus. Epilepsia 2005;46:1603–1612.

15. Alheim K, Bartfai T. The interleukin-1 system: Receptors, ligands, and 
ICE in the brain and their involvement in the fever response. Ann N Y 
Acad Sci 1998;840:51–58.

16. Cartmell T, Luheshi GN, Rothwell NJ. Brain sites of action of endog-
enous interleukin-1 in the febrile response to localized inflammation 
in the rat. J Physiol 1999;518:585–594.

17. Lahat E, Livne M, Barr J, Katz Y. Interleukin-1β in serum and ce-
rebrospinal fluid of children with febrile seizures. Pediatr Neurol 
1997;17:34–36.

18. Tutuncuoglu S, Kutukçuler N, Kepe L, Coker C, Berdeli A, Tekgul H. 
Proinflammatory cytokines, prostaglandins and zinc in febrile convul-
sions. Pediatr Int 2001;43:235–239.

19. Miceli Sopo S, Cuomo B, Federico G, Avantaggiato MD, Pugliese A, 
Navarra PL, Stabile A. In vivo and in vitro production of interleukin-1 
after febrile convulsions. Pediatr Med Chir 2001;23:83–87.

20. Haspolat S, Mihci E, Coskun M, Gumuslu S, Ozbenm T, Yegin O. 
Interleukin-1β, tumor necrosis factor-α, and nitrite levels in febrile 
seizures. J Child Neurol 2002;17:749–751.

21. Virta M, Hurme M, Helminen M. Increased plasma levels of pro- and 
anti-inflammatory cytokines in patients with febrile seizures. Epilepsia 
2002;43:920–923.

22. Tomoum HY, Badawy NM, Mostafa AA, Harb MY. Plasma interleukin-1β 
levels in children with febrile seizures. J Child Neurol 2007;22:689–692.



20

Inflammatory Processes, Febrile Seizures, and Subsequent Epileptogenesis

23. Asano T, Ichiki K, Koizumi S, Kaizu K, Hatori T, Fujino O, Mashiko K, 
Sakamoto Y, Miyasho T, Fukunaga Y. IL-8 in cerebrospinal fluid from 
children with acute encephalopathy is higher than in that from chil-
dren with febrile seizure. Scand J Immunol 2010;71:447–451.

24. Dubé C, Vezzani A, Behrens M, Bartfai T, Baram TZ. Interleukin-1beta 
contributes to the generation of experimental febrile seizures. Ann 
Neurol 2005;57:152–155.

25. Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation in 
epilepsy. Nat Rev Neurol 2011;7:31–40.

26. Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, Bartfai T, 
Binaglia M, Corsini E, Di Luca M, Galli CL, Marinovich M. Interleukin-
1beta enhances NMDA receptor-mediated intracellular calcium 
increase through activation of the Src family of kinases. J Neurosci 
2003;23:8692–8700.

27. Balosso S, Maroso M, Sanchez-Alavez M, Ravizza T, Frasca A, Bartfai T, 
Vezzani A. A novel non-transcriptional pathway mediates the procon-
vulsive effects of interleukin-1beta. Brain 2008;131:3256–3265.

28. Vezzani A, Conti M, De Luigi A, Ravizza T, Moneta D, Marchesi F, De 
Simoni MG. Interleukin-1beta immunoreactivity and microglia are 
enhanced in the rat hippocampus by focal kainate application: 
Functional evidence for enhancement of electrographic seizures. J 
Neurosci 1999;19:5054–5065.

29. Vezzani A, Moneta D, Conti M, Richichi C, Ravizza T, De Luigi A, De 
Simoni MG, Sperk G, Andell-Jonsson S, Lundkvist J, Iverfeldt K, Bartfai 
T. Powerful anticonvulsant action of IL-1 receptor antagonist on 
intracerebral injection and astrocytic overexpression in mice. Proc Nat 
Acad Sci U S A 2000;97:11534–11539.

30. Barone SR, Kaplan MH, Krilov LR. Human herpesvirus-6 infection in 
children with first febrile seizures. J Pediatr 1995;127:95–97.

31. Zerr DM, Meier AS, Selke SS, Frenkel LM, Huang ML, Wald A, Rhoads 
MP, Nguy L, Bornemann R, Morrow RA, Corey L. A population-based 
study of primary human herpesvirus 6 infection. N Engl J Med 
2005;352:768–776.

32. Virta M, Hurme M, Helminen M. Increased frequency of interleukin-
1beta (-511) allele 2 in febrile seizures. Pediatr Neurol 2002;26:192–
195.

33. Tan NC, Mulley JC, Berkovic SF. Genetic association studies in epi-
lepsy: “The truth is out there.” Epilepsia 2004;45:1429–1442.

34. Camfield P, Camfield C. Febrile seizures. In: Childhood Seizures. (Shin-
nar S, Amir N, Branski D, eds.) Basel, Switzerland: Karger, 1995:32–38.

35. Shinnar S. Do febrile seizures lead to temporal lobe epilepsy? Pro-
spective and epidemiological studies. In: Febrile Seizures (Baram TZ, 
Shinnar S, eds.). San Diego: Academic Press, 2002:87–101.

36. Cendes F, Andermann F. Do febrile seizures promote temporal lobe 
Epilepsy? Retrospective studies. In: Febrile Seizures. (Baram TZ, Shinnar 
S, eds.) San Diego: Academic Press, 2002:77–86.

37. Berg AT, Shinnar S. Unprovoked seizures in children with febrile 
seizures: Short-term outcome. Neurology 1996;47:562–568.

38. French JA, Williamson PD, Thadani VM, Darcey TM, Mattson RH, 
Spencer SS, Spencer DD. Characteristics of medial temporal lobe 
epilepsy: I. Results of history and physical examination. Ann Neurol 
1993;34:774–780.

39. Escayg A, MacDonald BT, Meisler MH, Baulac S, Huberfeld G, An-
Gourfinkel I, Brice A, LeGuern E, Moulard B, Chaigne D, Buresi C, Mala-
fosse A. Mutations of SCN1A, encoding a neuronal sodium channel, 
in two families with GEFS+2. Nat Genet 2000;24:343–345.

40. Harkin LA, Bowser DN, Dibbens LM, Singh R, Phillips F, Wallace RH, 
Richards MC, Williams DA, Mulley JC, Berkovic SF, Scheffer IE, Petrou 
S. Truncation of the GABA(A)-receptor gamma2 subunit in a family 

with generalized epilepsy with febrile seizures plus. Am J Hum Genet 
2002;70:530–536.

41. Audenaert D, Schwartz E, Claeys KG, Claes L, Deprez L, Suls A, Van 
Dyck T, Lagae L, Van Broeckhoven C, Macdonald RL, De Jonghe P. A 
novel GABRG2 mutation associated with febrile seizures. Neurology 
2006;67:687–690.

42. Dibbens LM, Reid CA, Hodgson B, Thomas EA, Phillips AM, Gazina 
E, Cromer BA, Clarke AL, Baram TZ, Scheffer IE, Berkovic SF, Petrou 
S. Augmented currents of an HCN2 variant in patients with febrile 
seizure syndromes. Ann Neurol 2010;67:542–546.

43. Holtzman D, Obana K, Olson J. Hyperthermia-induced seizures in 
the rat pup: A model for febrile convulsions in children. Science 
1981;213:1034–1036.

44. Morimoto T, Nagao H, Sano N, Takahashi M, Matsuda H. Electro-
encephalographic study of rat hyperthermic seizures. Epilepsia 
1991;32:289–293.

45. Toth Z, Yan XX, Haftoglou S, Ribak CE, Baram TZ. Seizure-induced 
neuronal injury: Vulnerability to febrile seizures in an immature rat 
model. J Neurosci 1998;18:4285–4294.

46. Schuchmann S, Schmitz D, Rivera C, Vanhatalo S, Salmen B, Mackie K, 
Sipilä ST, Voipio J, Kaila K. Experimental febrile seizures are precipi-
tated by a hyperthermia-induced respiratory alkalosis. Nat Med 
2006;12:817–823.

47. Germano IM, Zhang YF, Sperber EF, Moshé SL. Neuronal migration 
disorders increase susceptibility to hyperthermia-induced seizures in 
developing rats. Epilepsia 1996;37:902–910.

48. Jiang W, Duong TM, de Lanerolle NC. The neuropathology of hyper-
thermic seizures in the rat. Epilepsia 1999;40:5–19.

49. Chen K, Aradi I, Thon N, Eghbal-Ahmadi M, Baram TZ, Soltesz I. Persis-
tently modified h-channels after complex febrile seizures convert the 
seizure-induced enhancement of inhibition to hyperexcitability. Nat 
Med 2001;7:331–337.

50. Chen K, Ratzliff A, Hilgenberg L, Gulyás A, Freund TF, Smith M, Dinh TP, 
Piomelli D, Mackie K, Soltesz I. Long-term plasticity of endocannabi-
noid signaling induced by developmental febrile seizures. Neuron 
2003;39:599–611.

51. Dubé C, Richichi C, Bender RA, Chung G, Litt B, Baram TZ. Temporal 
lobe epilepsy after experimental prolonged febrile seizures: Prospec-
tive analysis. Brain 2006;129:911–922.

52. Chang YC, Huang AM, Kuo YM, Wang ST, Chang YY, Huang CC. Febrile 
seizures impair memory and cAMP response-element binding pro-
tein activation. Ann Neurol 2003;54:706–718.

53. Kamal A, Notenboom RG, de Graan PN, Ramakers GM. Persistent 
changes in action potential broadening and the slow after hyperpo-
larization in rat CA1 pyramidal cells after febrile seizures. Eur J Neurosci 
2006;23:2230–2234.

54. Heida JG, Boissé L, Pittman QJ. Lipopolysaccharide-induced febrile con-
vulsions in the rat: Short-term sequelae. Epilepsia 2004;45:1317–1329.

55. Avishai-Eliner S, Brunson KL, Sandman CA, Baram TZ. Stressed-out, or 
in (utero)? Trends Neurosci 2002;25:518–524.

56. Sillanpää M, Camfield PR, Camfield CS, Aromaa M, Helenius H, 
Rautava P, Hauser WA. Inconsistency between prospectively and 
retrospectively reported febrile seizures. Dev Med Child Neurol 
2008;50:25–28.

57. Berg, AT, Shinnar S. Complex febrile seizures. Epilepsia 1996;37:126–
133.

58. Hesdorffer DC, Chan S, Tian H, Allen Hauser W, Dayan P, Leary LD, Hin-
ton VJ. Gertrude H. Are MRI-detected brain abnormalities associated 
with febrile seizure type? Epilepsia 2008;49:765–771.



21

Inflammatory Processes, Febrile Seizures, and Subsequent Epileptogenesis

59. VanLandingham KE, Heinz ER, Cavazos JE, Lewis DV. Magnetic reso-
nance imaging evidence of hippocampal injury after prolonged focal 
febrile convulsions. Ann Neurol 1998;43:413–426.

60. Natsume J, Bernasconi N, Miyauchi M, Naiki M, Yokotsuka T, Sofue A, 
Bernasconi A. Hippocampal volumes and diffusion-weighted image 
findings in children with prolonged febrile seizures. Acta Neurol Scand 
Suppl 2007;186:25–28.

61. Provenzale JM, Barboriak DP, VanLandingham K, MacFall J, Delong D, 
Lewis DV. Hippocampal MRI signal hyperintensity after febrile status 
epilepticus is predictive of subsequent mesial temporal sclerosis. AJR 
Am J Roentgenol 2008;190:976–983.

62. Shinnar S, Hesdorffer DC, Nordli DR Jr., Pellock JM, O’Dell C, Lewis 
DV, Frank LM, Moshé SL, Epstein LG, Marmarou A, Bagiella E; FEBSTAT 
Study Team. Phenomenology of prolonged febrile seizures: Results of 
the FEBSTAT study. Neurology 2008;71:170–176.

63. Crespel A, Coubes P, Rousset MC, Brana C, Rougier A, Rondouin G, 
Bockaert J, Baldy-Moulinier M, Lerner-Natoli M. Inflammatory reac-
tions in human medial temporal lobe epilepsy with hippocampal 
sclerosis. Brain Res 2002;952:159–169.

64. Aronica E, Boer K, van Vliet EA, Redeker S, Baayen JC, Spliet WG, van 
Rijen PC, Troost D, da Silva FH, Wadman WJ, Gorter JA. Complement 
activation in experimental and human temporal lobe epilepsy. Neu-
robiol Dis 2007;26:497–511.

65. Ravizza T, Gagliardi B, Noé F, Boer K, Aronica E, Vezzani A. Innate 
and adaptive immunity during epileptogenesis and spontaneous 
seizures: Evidence from experimental models and human temporal 
lobe epilepsy. Neurobiol Dis 2008;29:142–160.

66. van Gassen KL, de Wit M, Koerkamp MJ, Rensen MG, van Rijen PC, 
Holstege FC, Lindhout D, de Graan PN. Possible role of the innate im-
munity in temporal lobe epilepsy. Epilepsia 2008;49:1055–1065.

67. Pitkanen A, Sutula TP. Is epilepsy a progressive disorder? Prospects for 
new therapeutic approaches in temporal-lobe epilepsy. Lancet Neurol 
2002;1:173–181.

68. Bartfai T, Sanchez-Alavez M, Andell-Jonsson S, Schultzberg M, Vezzani 
A, Danielsson E, Conti B. Interleukin-1 system in CNS stress: Seizures, 
fever, and neurotrauma. Ann N Y Acad Sci 2007;1113:173–177.

69. Buckmaster PS, Dudek FE. Network properties of the dentate gyrus in 
epileptic rats with hilar neuron loss and granule cell axon reorganiza-
tion. J Neurophysiol 1997;77:2685–2696.

70. Buckmaster PS, Lew FH. Rapamycin suppresses mossy fiber sprout-
ing but not seizure frequency in a mouse model of temporal lobe 
epilepsy. J Neurosci 2011;31:2337–2347.

71. De Simoni MG, Perego C, Ravizza T, Moneta D, Conti M, Marchesi F, 
De Luigi A, Garattini S, Vezzani A. Inflammatory cytokines and related 
genes are induced in the rat hippocampus by limbic status epilepti-
cus. Eur J Neurosci 2000;12:2623–2633.

72. Rizzi M, Perego C, Aliprandi M, Richichi C, Ravizza T, Colella D, 
Velískŏvá J, Moshé SL, De Simoni MG, Vezzani A. Glia activation 
and cytokine increase in rat hippocampus by kainic acid-induced 
status epilepticus during postnatal development. Neurobiol Dis 
2003;14:494–503.

73. Ravizza T, Vezzani A. Status epilepticus induces time-dependent 
neuronal and astrocytic expression of interleukin-1 receptor type I in 
the rat limbic system. Neuroscience 2006;137:301–308.

74. Allan SM, Tyrrell PJ, Rothwell NJ. Interleukin-1 and neuronal injury. Nat 
Rev Immunol 2005;5:629–640.

75. Baram TZ, Jensen FE, Brooks-Kayal A. Does acquired epileptogen-
esis in the immature brain require neuronal death? Epilepsy Curr 
2011;11:21–26.

76. Kovács Z, Kékesi KA, Szilágyi N, Abrahám I, Székács D, Király N, Papp 
E, Császár I, Szego E, Barabás K, Péterfy H, Erdei A, Bártfai T, Juhász G. 
Facilitation of spike-wave discharge activity by lipopolysaccharides in 
Wistar Albino Glaxo/Rijswijk rats. Neuroscience 2006;140:731–742.

77. Plata-Salamán CR, Ilyin SE, Turrin NP, Gayle D, Flynn MC, Romanovitch 
AE, Kelly ME, Bureau Y, Anisman H, McIntyre DC. Kindling modulates 
the IL-1β system, TNF-α, TGF-β1, and neuropeptide mRNAs in specific 
brain regions. Brain Res Mol Brain Res 2000;75:248–258.

78. Ravizza T, Noé F, Zardoni D, Vaghi V, Sifringer M, Vezzani A. Interleu-
kin converting enzyme inhibition impairs kindling epileptogen-
esis in rats by blocking astrocytic IL-1β production. Neurobiol Dis 
2008;31:327–333.

79. Maroso M, Balosso S, Ravizza T, Liu J, Aronica E, Iyer AM, Rossetti 
C, Molteni M, Casalgrandi M, Manfredi AA, Bianchi ME, Vezzani A. 
Toll-like receptor 4 and high-mobility group box-1 are involved 
in ictogenesis and can be targeted to reduce seizures. Nat Med 
2010;16:413–419.

80. Theodore WH, Epstein L, Gaillard WD, Shinnar S, Wainwright MS, 
Jacobson S. Human herpes virus 6B: A possible role in epilepsy? 
Epilepsia 2008;49:1828–1837.

81. Fotheringham J, Donati D, Akhyani N, Fogdell-Hahn A, Vortmeyer 
A, Heiss JD, Williams E, Weinstein S, Bruce DA, Gaillard WD, Sato S, 
Theodore WH, Jacobson S. Association of human herpesvirus-6B with 
mesial temporal lobe epilepsy. PLoS Med 2007;4:e180.

82. Dinarello CA. Infection, fever, and exogenous and endogenous py-
rogens: Some concepts have changed. J Endotoxin Res 2004;10:201–
221.

83. Auvin S, Shin D, Mazarati A, Sankar, R. Inflammation enhances epilep-
togenesis in the developing rat. Neurobiol Dis 2010;40:303–310.

84. Meli DN, Loeffler JM, Baumann P, Neumann U, Buhl T, Leppert D, 
mLeib SL. In pneumococcal meningitis a novel water-soluble inhibi-
tor of matrix metalloproteinases and TNF-α converting enzyme 
attenuates seizures and injury of the cerebral cortex. J Neuroimmunol 
2004;151:6–11.

85. Yuhas Y, Shulman L, Weizman A, Kaminsky E, Vanichkin A, Ashkenazi 
S. Involvement of tumor necrosis factor alpha and interleukin-1beta 
in enhancement of pentylenetetrazole-induced seizures by Shigella 
dysenteriae. Infect Immun 1999;67:1455–1460.

86. Yuhas Y, Weizman A, Ashkenazi S. Bidirectional concentration-depen-
dent effects of tumor necrosis factor alpha in Shigella dysenteriae-
related seizures. Infect Immuno 2003;71:2288–2291.

87. Grell M, Wajant H, Zimmermann G, Scheurich P. The type 1 receptor 
(CD120a) is the high-affinity receptor for soluble tumor necrosis fac-
tor. Proc Natl Acad Sci U S A 1998;95:570–575.

88. Balosso S, Ravizza T, Perego C, Peschon J, Campbell IL, De Simoni MG, 
Vezzani A. Tumor necrosis factor-alpha inhibits seizures in mice via 
p75 receptors. Ann Neurol 2005;57:804–812.

89. Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regulation 
of AMPA receptor and GABA receptor trafficking by tumor necrosis 
factor-alpha. J Neurosci 2005;25:3219–3228.

90. Galic MA, Riazi K, Heida JG, Mouihate A, Fournier NM, Spencer SJ, Kal-
ynchuk LE, Teskey GC, Pittman QJ. Postnatal inflammation increases 
seizure susceptibility in adult rats. J Neurosci 2008;28:6904–6913.

91. Scott RC, King MD, Gadian DG, Neville BG, Connelly A. Hippocampal 
abnormalities after prolonged febrile convulsion: A longitudinal MRI 
study. Brain 2003;126(pt 11):2551–2557.

92. Scott RC, Gadian DG, King MD, Chong WK, Cox TC, Neville BG, Con-
nelly A. Magnetic resonance imaging findings within 5 days of status 
epilepticus in childhood. Brain 2002;125(pt 9):1951–1959.



22

Inflammatory Processes, Febrile Seizures, and Subsequent Epileptogenesis

93. Dubé C, Yu H, Nalcioglu O, Baram TZ. Serial MRI after experimental 
febrile seizures: Altered T2 signal without neuronal death. Ann Neurol 
2004;56:709–714.

94. Jansen JF, Lemmens EM, Strijkers GJ, Prompers JJ, Schijns OE, Kooi ME, 
Beuls EA, Nicolay K, Backes WH, Hoogland G. Short- and long-term 
limbic abnormalities after experimental febrile seizures. Neurobiol Dis 
2008;32:293–301.

95. Sibson NR, Blamire AM, Bernades-Silva M, Laurent S, Boutry S, Muller 
RN, Styles P, Anthony DC. MRI detection of early endothelial activa-
tion in brain inflammation. Magn Reson Med 2004;51:248–252.

96. McAteer MA, Sibson NR, von Zur Muhlen C, Schneider JE, Lowe 
AS, Warrick N, Channon KM, Anthony DC, Choudhury RP. In vivo 
magnetic resonance imaging of acute brain inflammation using 
microparticles of iron oxide. Nat Med 2007;13:1253–1258.

97. Banati RB. Visualising microglial activation in vivo. Glia 2002;40:206–
217.

98. Ivens S, Kaufer D, Flores LP, Bechmann I, Zumsteg D, Tomkins O, 
Seiffert E, Heinemann U, Friedman A. TGF-beta receptor-mediated 
albumin uptake into astrocytes is involved in neocortical epilepto-
genesis. Brain 2007;130(pt2):535–547.




