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Summary

Acute inflammation is a self-limiting, complex biological response mounted to combat pathogen 

invasion, to protect against tissue damage, and to promote tissue repair should it occur. However, 

unabated inflammation can be deleterious and contribute to injury and pathology. Interleukin-1β 

(IL-1β), a prototypical “pro-inflammatory” cytokine, is essential to cellular defense and tissue 

repair in nearly all tissues. With respect to brain, however, studies suggest that IL-1β has 

pleiotrophic effects. It acts as a neuromodulator in the healthy central nervous system (CNS), has 

been implicated in the pathogenic processes associated with a number of CNS maladies, but may 

also provide protection to the injured CNS. Here, we will review the physiological and 

pathophysiological functions of IL-1β in the central nervous system with regard to synaptic 

plasticity. With respect to disease, emphasis will be placed on stroke, epilepsy, Parkinson’s 

disease and Alzheimer’s disease where the ultimate injurious or reparative effects of IL-1β appear 

to depend on time, concentration and environmental milieu.
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Interleukin 1 in the CNS

Interleukin-1 is a cytokine released by many cell types that acts in autocrine and/or paracrine 

fashion, thereby stimulating a variety of signaling pathways [for a more detailed review see 

(Dunne & O’Neill 2003; O’Neill & Greene 1998; Weber et al 2010)]. Although since 

expanded, the canonical family members consist of two agonists, IL-1α and IL-1β, an 

endogenous antagonist, IL-1ra, and two receptors (IL-1RI and IL-1RII) [reviewed in 

(Dinarello 2009a; Weber et al 2010)]. IL-1R accessory protein (IL-1RAcP), which 

complexes with IL-1R1 following binding IL-1, is a required receptor partner in signaling 

(Cullinan et al 1998). All ligands and receptors are expressed in the healthy CNS at low 

levels (Breder et al 1988; Lechan et al 1990; Molenaar et al 1993), though data on 
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distribution of the signaling receptor IL-1RI (Greenfeder et al 1995) suggest that distinct 

brain regions may depend differentially on the IL-1 system, at least under basal conditions 

(Ban et al 1991; French et al 1999; Gayle et al 1997). IL-1RII cannot transduce signals due 

to a short cytoplasmic tail, effectively rendering it a decoy receptor (Colotta et al 1994; 

McMahan et al 1991). IL-1ra binds to IL-1RI and thereby prevents IL-1 binding and 

subsequent signal transduction (Dinarello 1998; Dripps et al 1991). Interestingly, proteolytic 

cleavage of the IL-1RI and RII extracellular domains produces soluble receptors whose 

binding to IL-1ra and IL-1β, respectively, lead to either an enhanced (sILR1) or diminished 

(sIL-RII) inflammatory response (Arend et al 1994; Preas et al 1996). The presence of two 

inhibitors, IL-1ra and IL-1RII (both membrane bound and soluble forms) suggest that this 

system is tightly controlled for the maintenance of cellular health.

At first viewed as merely a peripheral messenger that communicated with the CNS via 

passage across the blood brain barrier (Banks & Kastin 1991; Banks et al 1991), IL-1 is now 

known to be produced directly by cells of the CNS including microglial cells (Giulian et al 

1986; Hetier et al 1988; Yao et al 1992), astrocytes (Knerlich et al 1999; Lieberman et al 

1989; Zhang et al 2000), oligodendrocytes (Blasi et al 1999), and neurons (Lechan et al 

1990; Takao et al 1990; Watt & Hobbs 2000). These same cell types are also capable of 

responding to the cytokine (Ban et al 1991; Ban et al 1993; Blasi et al 1999; Cunningham & 

De Souza 1993; French et al 1999; Friedman 2001; Hammond et al 1999; Pinteaux et al 

2002; Tomozawa et al 1995; Wang et al 2006; Wong & Licinio 1994). Interestingly, 

neurons express a novel functional isoform of IL-1RAcP that mediates an alternative 

signaling pathway (Huang et al 2011). Further, a yet-to-be-identified IL-1 signaling receptor 

within the CNS has been postulated. Touzani and colleagues report that exogenously 

administered IL-1β significantly increases cerebral ischemic damage in IL-1RI null mice 

compared to vehicle-treated control mice, in a manner that could not be obviated by co-

administration of IL-1ra (Touzani et al 2002). IL-1β treatment increases the expression of 

approximately 400 genes in mixed glial cultures derived from IL-1RI-null mice (Andre et al 

2006). Finally, outside-out patched membranes from retinal ganglion cells — which lack all 

intra-cytoplasmic signaling machinery — respond to exogenously applied IL-1β (5 ng/mL 

for 150 sec) with decreased sodium and potassium currents that could not be reversed by the 

co-application of IL-1ra (Diem et al 2003). Although these studies suggest that IL-1β can 

signal in an IL-1RI-independent manner, no identification of this putative, alternative CNS 

IL-1 signaling receptor has been proffered.

With respect to the two agonists, IL-1α is translated as a 31-kD pro-peptide, although, prior 

to cleavage, this molecule still has full biological activity; that is, pro-IL-1α initiates signal 

transduction when bound to its receptor (Mosley et al 1987). Interestingly, IL-1α does not 

contain a leader sequence, therefore, it cannot be released by the cell via normal Golgi 

apparatus-mediated vesicular exocytosis. Instead, after translation it remains within the 

cytoplasm where it becomes myristolated and inserted into the plasma membrane. The 

majority of pro-IL-1α remains within the cell (Endres et al 1989; Lonnemann et al 1989; 

Schindler et al 1990); however, upon cell injury/death, it can be released into the 

extracellular space where cleavage by extracellular proteases can occur. Therefore, the 

current literature supports the hypothesis that the major function of IL-1α is that of an 

autocrine growth factor and/or a mediator of local inflammation (Dinarello 1996; 2009a).
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Unlike IL-1α, IL-1β has a TATA box within its promoter region in addition to a cAMP 

responsive element (Shirakawa et al 1993; Tsukada et al 1994), an NF-κB binding site, an 

AP-1 site and an Sp-1/PU.1 binding site (Shirakawa et al 1993). These transcriptional 

elements allow for the induction of IL-1β mRNA by a variety of microbial (e.g., 

lipopolysaccharide [LPS] and teichoic acid) and non-microbial stimuli (e.g., hypoxia, 

hyperosmolarity, thermal injury and gamma radiation). Translation occurs upon activation 

of MAP kinases (Lee et al 1994) yielding a 31-kD pro-peptide, pro-IL-1β, which must be 

cleaved by the cysteine protease caspase-1 (a.k.a. interleukin-1 converting enzyme or ICE) 

to adopt biological activity (Cerretti et al 1992; Thornberry et al 1992). Like IL-1α, absence 

of a signaling sequence indicates that a classical pathway of exocytosis is not utilized for 

IL-1β release. While the exact mechanism by which IL-1β is released from cells is unknown, 

there is some consensus that — at least from cells of the monocyte/macrophage lineage — 

IL-1β release is dependent on ATP, its purinergic receptor P2X7 (Bianco et al 2005; Clark et 

al 2010; Sanz & Di Virgilio 2000; Solle et al 2001), and calcium (Andrei et al 2004; 

MacKenzie et al 2001). However, while macrophages lacking P2X7 receptors fail to secrete 

IL-1β following ATP exposure, secretion induced by the K+ ionophore, nigericin, is not 

altered in the P2X7-deficient cells indicating the involvement of an additional regulatory 

pathway(s) (Solle et al 2001). A few major hypotheses have been put forth (Singer et al 

1995) (Andrei et al 2004) (MacKenzie et al 2001) (Brough & Rothwell 2007) (Qu et al 

2007).

Since most studies to elucidate release mechanism utilize cells of the macrophage lineage, 

further study in different cell types is warranted (Yazdi et al 2010). To wit: there is evidence 

that IL-1β can be released exocytotically from neurons (Tringali et al 1996; Tringali et al 

1997; Watt & Hobbs 2000). Hypothalamic explant cultures release IL-1β when incubated 

with high K+ via a process blocked by tetrodotoxin and voltage-gated Ca2+ blockers (ω-

conotoxin and verapamil), implicating calcium-dependent exocytosis (Tringali et al 1996; 

Tringali et al 1997). Loss of IL-1β immunoreactivity from nerve terminals of vasopressin 

and oxytocin positive neurons within the neurohypophysis upon sustained lactation 

(facilitating oxytocin release) or a hyperosmotic challenge (facilitating vasopressin release) 

provides further support for a neuronal release mechanism (Watt & Hobbs 2000). Whether 

calcium-dependent exocytotic release occurs from neurons from other areas of the brain 

seems likely, but remains to be experimentally established.

IL-1β in CNS Physiology: Positive or Negative Modulatory Function?

The presence of IL-1RI and IL-1β under basal conditions in the CNS suggests a normal 

physiologic role for IL-1β. Indeed, IL-1β has important functions in the regulation of core 

body temperature, which has been extensively studied [for a detailed review see (Dantzer & 

Kelley 2007; Dinarello 2004)]. Additionally, compelling evidence suggests a physiological 

role for IL-1β in sleep (De Sarro et al 1997; Imeri & Opp 2009; Krueger et al 2001; Taishi et 

al 1997). Of particular interest to this review is the neuromodulatory effects of IL-1β on 

synaptic transmission.
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Synaptic Plasticity

The first study to investigate a role for IL-1β in synaptic plasticity did so using a long term 

potentiation (LTP) paradigm. LTP is defined as a persistent increase in synaptic efficacy and 

is thought to be a biological correlate to learning and memory (Bliss & Collingridge 1993). 

Exogenous application of IL-1β substantially reduced the magnitude of long term 

potentiation (LTP) when applied 20 min prior to tetanic stimulation of the rat mossy fiber 

path (Katsuki et al 1990). Furthermore, this effect was blocked using the synthetic tripeptide 

Lys-D-Pro-Thr, a reagent previously shown to antagonize the peripheral hyperalgesic effects 

of IL-1β (Ferreira et al 1988). Interestingly, the tripeptide alone, which presumably 

antagonized any endogenous IL-1β released, did not affect LTP acquisition, suggesting that 

endogenous IL-1 signaling did not contribute to this form of synaptic plasticity under these 

experimental conditions (Katsuki et al 1990). Although antagonism of LTP in the mossy 

fiber pathway is highly correlative with amnesia (Satoh et al 1986; Satoh et al 1988), it is 

not a model of classical Hebbian NMDA-receptor dependent LTP (Harris & Cotman 1986; 

Zalutsky & Nicoll 1990). Bellinger and colleagues were the first to investigate the effects of 

IL-1β on this form of LTP (Bellinger et al 1993). IL-1β applied both 10 and 60 min prior to 

tetanus-induced LTP also significantly attenuated the induction of LTP within the rat 

Schaffer collateral pathway (Bellinger et al 1993).

Surprisingly, experiments designed to examine the effects of endogenous IL-1β on LTP 

found opposite results. IL-1β mRNA expression is enhanced one hour after LTP induction in 

rat hippocampal slices in vitro and in vivo in the ipsilateral hippocampus of rats that had 

robust potentiation lasting at least 8 hr (Schneider et al 1998). Blockade of endogenous 

IL-1β by acute application of recombinant IL-1ra abolishes Schaffer collateral LTP in mouse 

(Ross et al 2003) and prevents LTP maintenance (but not initiation) in rat (Schneider et al 

1998). Additionally, attempts to induce in vitro (Schaffer collateral) and in vivo (mossy fiber 

path) LTP in IL-1RI null mice either completely failed or the potentiation was drastically 

reduced (Avital et al 2003).

These seemingly paradoxical effects of IL-1β are observed in behavioral experiments as 

well. Mice completely lacking endogenous IL-1 signaling (IL-1RI null mice) demonstrate 

hippocampus-dependent learning deficits as measured by poorer performance in the Morris 

water maze (Avital et al 2003), suggesting that endogenous IL-1β is required for normal 

learning. In support, animals with chronic blockade of IL-1RI signaling in the CNS via 

transgenic overexpression of human IL-1ra also demonstrate impaired learning (Oprica et al 

2005; Spulber et al 2009). Recombinant IL-1β applied either into cerebral ventricles or 

directly into the hippocampus of normal mice results in the impairment of memory 

(Barrientos et al 2002; Hein et al 2007; Pugh et al 1999). And finally, animals engineered to 

overexpress IL-1β chronically in hippocampus also demonstrate impaired spatial and 

contextual memory development (Matousek et al 2010; Moore et al 2009)

Altogether, these experiments highlight the complexity of IL-1 signaling on experimental 

LTP and ultimately in learning and memory animal behavioral paradigms. What the data 

suggest is that physiological levels of IL-1β, presumably released from neurons, function as 

a neuromodulator to promote experimental LTP and hence memory acquisition and 
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retention. In contrast, pathophysiological or “inflammatory levels” of IL-1β —in the case of 

the overexpression studies from astrocytes but also potentially from resident microglial cells 

or infiltrating myeloid cells — antagonize the synaptic responses associated with LTP 

leading to failure of memory acquisition or its recall. Indeed, in an elegant study, Goshen 

and colleagues confirm that intrahippocampal injection of a high concentration of IL-1β or 

administration of rIL-1ra produce memory deficits, whereas infusion of a low concentration 

of IL-1β facilitates memory formation in rat (Goshen et al 2007). Interestingly, the 

hypothesis that an enhanced pro-inflammatory phenotype in brain plays a role in age-related 

cognitive decline has recently been posited (Viviani & Boraso 2011). Possible mechanisms 

underlying the plasticity-modulating properties of IL-1β involve its ability to positively 

and/or negatively regulate voltage- and ligand-gated neuronal ion channel excitability 

(Gardoni et al 2011; Huang et al 2011; Lynch 1998; Miller et al 1991; Viviani et al 2003; 

Viviani & Boraso 2011; Wang et al 2000a; Yang et al 2005; Zhang et al 2008; Zhou et al 

2011). Overall, the ultimate effect of IL-1β on LTP and associated learning and memory 

paradigms appear to be cell and target specific, as well as, concentration-dependent.

IL-1β in CNS Pathophysiology: Deleterious or Protective?

IL-1 is rapidly induced in brain tissue following acute brain injury and has been shown to be 

upregulated in more classical neurodegenerative diseases. The predominate view-point is 

that IL-1β contributes to and/or sustains the pathophysiological processes. However, studies 

also point to its potential role in protection and repair. Below, the more complex and 

contextual actions of IL-1β in the CNS will be discussed.

Seizures and Epilepsy

The hippocampus, a brain structure implicated in the generation of seizures, has been shown 

to express both IL-1β and IL-1RI (Ban et al 1991; Breder et al 1988; Farrar et al 1987; 

French et al 1999; Gayle et al 1999; Huitinga et al 2000; Lechan et al 1990; Plata-Salaman 

et al 2000; Takao et al 1990; Wang et al 2000a). Evidence from several studies suggests that 

IL-1β may influence acute seizure development and activity and/or epileptogenesis, the 

process by which the brain becomes prone to spontaneous seizure activity. However, the 

nature of its role in these processes remains controversial. A comprehensive review has 

recently appeared (Rijkers et al 2009).

Three single nucleotide polymorphisms (SNP) of the human IL-1β gene have been identified 

and all involve C-to-T switches (Huynh-Ba et al 2007; Shirts et al 2006; Wang et al 2007). 

Of the three, the IL-1β -511T polymorphism has been associated with an increased 

susceptibility to seizures or epilepsy (Kauffman et al 2008) (Kanemoto et al 2000; Kira et al 

2005; Ozkara et al 2006). Interestingly, leukocytes taken from patients bearing the -511T 

haplotype produce less IL-1β following LPS stimulation than those of haplotype -511C 

(Wen et al 2006). Given the ability of IL-1β to modulate synaptic currents (vide supra), it is 

interesting to speculate that an increased susceptibility to seizures — defined as a transient 

disturbance of normal cerebral function caused by abnormal neuronal discharges (Victor & 

Ropper 2002) — might result from a deficit of IL-1β production.
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Recent data from our lab supports this supposition. Using transgenic mice harboring targeted 

deletions in the genes for IL-1β or its signaling receptor, IL-1RI, — which addresses the role 

of endogenous IL-1β production — we find that the incidence of convulsive seizures 

induced by the chemoconvulsant pentelyenetetrazol (PTZ) increases in both null mutant 

mouse lines compared to their respective wild-type littermate controls (Claycomb et al 

2012). Hence, the lack of IL-1β signaling reduced PTZ seizure threshold suggesting that 

IL-1β functions to suppress or dampen neuronal excitability (Claycomb et al 2012). This 

differs from a previously published study using IL-1R1 null mutant mice, which 

demonstrated that motor seizures are delayed following intrahippocampal bicculline 

adminstration with no change in severity or incidence of seizures (Vezzani et al 2000). 

Moreover, the incidence of seizures induced by intrahippocampal bicuculline injection in 

mice genetically engineered to overexpress recombinent IL-1ra (rIL-ra) in the CNS was 

reported to be reduced, supporting a pro-convulsant role for endogenous IL-1β (Vezzani et 

al 2000). Differences in the chemoconvulsant (bicculline vs. PTZ) and its route of 

administration (intrahippocampal vs systemic) and the background strain (129/SV vs. 

C57Bl/6) might explain these discrepant results. However, a higher incidence of sustained 

generalized convulsive seizure behavior and mortality following systemic kainic acid 

administration was observed in IL-1β null mice in a B6/B10 background, as compared to 

their wild-type littermate controls (Claycomb et al 2012), indicating that the potential anti-

seizure actions of endogenous IL-1β is neither model nor background specific.

When IL-1β is administered exogenously, most (De Simoni et al 2000; Dube et al 2005; 

Ravizza et al 2008b; Ravizza et al 2006; Ravizza & Vezzani 2006; Vezzani et al 1999; 

Vezzani et al 2000; Vezzani et al 2002; Vezzani et al 2004) but not all (Miller et al 1991; 

Sayyah et al 2005) studies report a pro-convulsive phenotype. Although the reasons for this 

discrepancy are not immediately evident, differences in experimental paradigms here too 

exist. For example, the route of administration of convulsant differed. When convulsant 

stimuli were administered locally into the hippocampus, exogenous IL-1β promoted seizures 

(De Simoni et al 2000; Vezzani et al 1999; Vezzani et al 2000), whereas it suppressed 

seizure activity generated when the convulsant was administered systemically (Miller et al 

1991). Additionally, intracerebroventricular administration of IL-1β exhibited anti-

convulsant actions elicited by electrical stimulation of the amygdala (Sayyah et al 2005) but 

pro-convulsant properties when electrical seizures were initiated in the hippocampus (De 

Simoni et al 2000).

The conclusion that IL-1β contributes to the process of epileptogenesis must also be 

approached with caution. Although levels of IL-1β in the hippocampi and cortex of epileptic 

EL mice are elevated during the time of presumed epileptogenesis (Murashima et al 2008) 

and expression of both IL-1β and IL-1RI are up-regulated in the kindled CNS (Plata-

Salaman et al 2000), this is merely an association. Given our results, it seems plausible that 

the increases of endogenous IL-1β and IL-1RI may serve as compensatory response geared 

toward dampening seizure activity associated with epileptogenesis (Claycomb et al 2012). 

Indeed, administration of IL-1β antagonized electrical-kindling of the amygdala (Sayyah et 

al 2005), although pharmacological antagonism of ICE suppressed electrical-kindling of the 

hippocampus (Ravizza et al 2008).
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Overall, available literature with respect to the role of IL-1β in seizure generation and 

epilepsy formation is contradictory and could potentially be due to the variations in 

experimental models employed. It is clear that the effects of IL-1β differ when produced 

endogenously or offered exogenously, vary by brain region, and may even be dependent on 

the type of convulsant utlized. While no model is perfect, the question as to which, if any, 

most effectively mimics the human condition is, at present, unanswerable. Thus, testing the 

validity of the experimental findings via demontration that neutralization of IL-1β signaling 

provides a positive — and not negative outcome as some data might predict — will only be 

determined via clinical testing.

Parkinson’s Disease

Substantia nigral dopaminergic neuronal cell loss is pathoneumonic of Parkinson’s disease 

(PD). Although the exact causes are not known, the disease is associated with a profound 

inflammatory reponse evident at the histological level by the presence of microgliosis and 

astrocytosis. The prevalent view is that inflammatory processes play an important role in 

pathogenesis of this disease (Tansey et al 2007). Increased IL-1β levels have been detected 

in the cerebrospinal fluid and in the striatum post-mortem of PD patients (Mogi et al 1994) 

as compared to control patients and tissues. Single-nucleotide polymorphisms (SNPs) in the 

IL-1 α and β genes have been reported to be more frequent in some (McGeer et al 2002; 

Wahner et al 2007) (Nishimura et al 2005; Schulte et al 2002) but not all PD cohorts 

(Pascale et al 2011) (Moller et al 2004). However, experimental data points to a role for IL-1 

in both injury and repair.

In the MPTP mouse model of PD, treatment with minocycline prevents activation of 

microglia, IL-1β release, and dopaminergic neuronal cell death (Wu et al 2002), suggesting a 

possible role for IL-1β in neuronal cell death. Supporting this supposition, Ferrari and 

colleagues report that chronic expression of IL-1β in the rat substantia nigra (using 

recombiant adenovirus) elicited most of the characteristics of PD, including progressive 

dopaminergic cell death, akinesia and glial cell activation (Ferrari et al 2006). Taking the 

opposite approach, and coming to the same conclusion, Klevenyi and colleagues 

demonstrate that mice deficient in ICE are less susceptible to MPTP toxicity in vivo 

(Klevenyi et al 1999).

In contrast, in the 6-hydroxydopamine (6-OHDA) model of PD, mice deficient in IL-1R1, 

show a worse disease outcome — defined as lack of dopaminergic neuron sprouting after 

lesioning — compared to the control cohort, implying that IL-1 imparts a protective role 

(Parish et al 2002). Remarkably, IL-1RI −/− animals completely lacked microgliosis and 

astrogliosis, leading the authors to speculate that decreased neuronal sprouting was due to a 

lack of trophic support from activated glial cells (Parish et al 2002). Indeed, several studies 

demonstrate that IL-1β-stimulated astrocytes support neuronal survival via production of 

neurotrophic factors (Albrecht et al 2002; John et al 2005; Saavedra et al 2007). However, 

others demonstrate that IL-1β can interfere with neurotrophin signaling (Soiampornkul et al 

2008; Tong et al 2008). Regardless of the exact mechanims by which this might occur, 

Parish’s study corroborates the results of a much earlier study performed in 6-OHDA 

lesioned rats (Wang et al 1994). In this study, both histological (tyrosine hydroxylase 
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immunoreactive (TH-IR) fibers) and behavioral outcomes (amphetamine-induced turning) 

are improved when IL-1 pellets are implanted directly into the caudate nucleus when 

compared to placebo-treated animals assessed 8 weeks after the lesion (Wang et al 1994). 

Hence, in these 6-OHDA studies, IL1-β appears to encourage repair.

Overall, it would appear that the potential mechanims by which IL-1β may influence the 

development, progression or protection from PD requires further exploration. As it is now 

accepted for ecosanoids (Serhan et al 2007), and also seems likely for Alzheimer’s disease 

(vide infra), it seems plausible that IL-1β may be deterimental early on via contribution to 

the pathological environmental mileu, but in later stages or when presented in a 

pharmacological context, could contribute to regeneration and repair. A better understanding 

of the timing and duration of the inflammatory vs. repair response could be crucial to 

devising effective neuroprotective therapies for PD.

Alzheimer’s Disease

A role for IL-1β in amyloid plaque formation in the AD brain was first postulated by 

Vandenabeele and colleagues (Vandenabeele & Fiers 1991). Elevated levels of IL-1 were 

found in post-mortem brain tissue from (Griffin et al 1989), as well as in CSF (Blum-Degen 

et al 1995; Cacabelos et al 1991) of, Alzheimer’s disease patients. Thus the hypothesis that 

excessive expression of IL-1 in brain might represent the driving force for the cascade of 

events that culminate in the neuropathological changes characteristic of AD, namely neuritic 

tangles and amyloid plaques, was borne. Indeed, regional relationships between activated 

IL-1 positive microglia, tau-positive neuritic tangles, β-amyloid plaques, and activated 

astrocytes seem to support a causal association (Griffin et al 1995; Sheng et al 1996; Sheng 

et al 1995; 1998). But is this increase harmful or could it be compensatory and beneficial? 

Perhaps both. An excellent review describing the evolving perspective on the role of IL-1β 

in AD has appeared elsewhere (Shaftel et al 2008); hence only highlights are discussed 

below.

Human IL-1 gene polymorphisms — associated with increased IL-1 production — have 

been documented to increase the relative risk for AD and/or promote earlier disease onset 

(Grimaldi et al 2000; Licastro et al 2004; Mrak & Griffin 2000; Nicoll et al 2000). In 

seeming support, IL-1 can increase expression of β-amyloid precursor protein (βAPP) 

(Goldgaber et al 1989; Griffin et al 2006; Ma et al 2005; Yang et al 1998b) and has been tied 

to formation and exacerbation of neurofibrillary tangles as well (Griffin et al 2006; Sheng et 

al 2000). Interestingly, Aβ can directly activate processes leading to the secretion of mature 

IL-1β (Halle et al 2008) representing a potential feed forward pro-inflammatory response 

mechanism. Moreover, mice lacking IL-1ra show enhanced microgliosis and neuronal cell 

death when human IL-1β is infused into the cerebral ventricles, suggesting that the lack of 

this negative regulator to the system can increase AD-like pathology (Craft et al 2005). 

Overall, the initiation and propagation of neuroinflammatory changes in AD have been tied 

to demonstrable changes in CNS IL-1β levels [for review see (Mrak & Griffin 2005)].

Nevertheless, recent data indicate that the story is more complex. Within the hippocampus, 

chronic overexpression of IL-1β did indeed trigger a profound neuroinflammatory response 

(Matousek et al 2012). Yet, surprisingly, AD pathology in a model of Alzheimer’s disease 

Hewett et al. Page 8

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(APP/PS1 transgenic mice) is ameliorated, as measured by a decrease in β-amyloid plaque 

size and frequency (Shaftel et al 2007). Unlike chronic expression in the substantia nigra 

(vide supra), sustained hippocampal expression of IL-1β produced these potentially 

protective responses without inducing overt neurodegeneration (Matousek et al 2012), 

although suppression of adult neurogenesis does occur (Wu et al 2012). Of note, a recent 

study in an Tg2576/IL-R1 −/− mouse show no clear alterations in β-amyloid deposition 

when compared to Tg2526 controls (Das et al 2006). Clearly more information is needed to 

determine whether the timing of the response, the nature of the response stimulus, and the 

differential cellular processes set in motion may affect the ability of IL-1β to trigger 

adaptive, reparative responses in the setting of AD.

Cerebral Ischemia (Stroke)

Unlike the other maladies discussed in detail above, there is incontrovertible evidence that 

supports the conclusion that IL-1β contributes to the evolution of the infarct [for reviews see 

also (Fogal & Hewett 2008; Loddick et al 1998; Rothwell et al 1997; Rothwell & Luheshi 

2000; Rothwell & Relton 1993; Rothwell & Strijbos 1995)]. Establishing a cause-and-effect 

relationship, administration of either an IL-1β neutralizing antibody (Yamasaki et al 1995) 

or IL-1ra (pharmacologically or genetically) markedly reduces subsequent cerebral ischemic 

damage (Betz et al 1995; Loddick & Rothwell 1996; Martin et al 1994; Mulcahy et al 2003; 

Relton & Rothwell 1992; Yang et al 1998a; Yang et al 1999; Yang et al 1997). Animals 

deficient in ICE, the enzyme necessary for processing and activation of IL-1β, also show 

diminished infarct volumes along with a concomitant reduction in IL-1β levels (Hara et al 

1997; Liu et al 1999; Schielke et al 1998). Mice lacking the ligand IL-1 (α and β) or the 

signaling receptor, IL-1R1, have less brain injury after middle cerebral artery occlusion 

(MCAO) than their wild-type counterparts (Boutin et al 2001; Fogal et al 2007; Ohtaki et al 

2003) [but see also (Touzani et al 2002)]. Interestingly, mice null for the IL-1ra gene have 

larger infarct volumes and increased mortality after experimental cerebral ischemia 

indicating that this endogenous protective mechamism is triggered following stroke to limit 

damage (Pinteaux et al 2006). Even intraventricular injection of recombinant IL-1β, while 

not toxic alone, increases neuronal injury after MCAO in rat (Yamasaki et al 1995). Finally 

and most importantly, the concentration of IL-1β is significantly increased in the 

cerebrospinal fluid of stroke patients (Gusev & Skvortsova 2003; Tarkowski et al 1999) and 

positive results of a prospective Phase II placebo-controlled study of recombinant human 

(rh)IL-1ra in patients with acute stroke have been published (Emsley et al 2005). Thus, the 

totality of experimental – and human data – provide compelling evidence that IL-1β is a 

contributing factor in brain injury that follows cerebral ischemia. While the exact 

mechanism(s) by which IL-1β mediates these neurodestructive responses following cerebral 

ischemia are incompletely defined, plausible theories can be found in these comprehensive 

reviews (Fogal & Hewett 2008; Pinteaux et al 2009).

Although it seems clear cut, we included the discussion of cerebral ischemia here because 

evidence suggest that the upregulation of IL-1β following ischemic insult may be a part of a 

protective response that ultimately goes awry. In support of this idea, IL-1 has been 

demonstrated to be a mediatior of ischemic tolerance (Ohtsuki et al 1996), highlighting its 

ability to effectively mount protective responses. The preconditioning response to sublethal 
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global ischemia was blocked by administration of rIL-1ra and mimicked by the addition of 

either IL-1α or IL-1β (Ohtsuki et al 1996). Further, support for the assertion that IL-1β can 

promote positive outcomes is shown by the fact that IL-1β can reduce excitotoxic neuronal 

cell death, a main contributor to ischemic injury. Neuron death induced by the addition of 

ionotropic glutamate receptor agonists NMDA, AMPA, and kainate in primary neuronal 

cultures and in organotypic slice is effectively ameliorated with treatment with rather high 

concentrations of IL-1 (Bernardino et al 2005; Carlson et al 1999; Ohtsuki et al 1996; 

Pringle et al 2001; Strijbos & Rothwell 1995; Wang et al 2000b). This may be due to its 

ability to protect neurons and promote growth and/or survival via stimulated production of 

neurotrophic factors (Carlson et al 1999; Strijbos & Rothwell 1995). However, when 

paradigms involving energy deprivation — which might more faithfully mimic the in vivo 

situation associated with cerebral ischemia — are employed, IL-1β potentiates neuronal 

injury (Fogal et al 2005; Jackman et al 2012; Pringle et al 2001).

Why these dichotomous results? Previous work from our lab indicate that IL-1β regulates 

the expression and activity of a cystine/glutatmate antiporter, system xc
−, in astrocytes 

exclusively and that glutamate exported via astrocytic system xc
− directly underlies the 

neurotoxic propensity of IL-1β under hypoxic conditions (Fogal et al 2007; Jackman et al 

2010) Interestingly, increased activity of system xc
− is not inherently injurious as under 

physiological conditions the accumulation of glutamate exported is prevented by its rapid 

clearance from the extracellular space; consequently, no neuronal toxicity is observed (Fogal 

et al., 2005). In contrast, when glutamate uptake is impaired, as occurs under hypoxic 

conditions, increased system xc
− activity can result in the accumulation of extracellular 

glutamate and subsequent excitotoxic neuronal cell death (Fogal et al 2007). A previous 

study reported that neuronal cell death induced by IL-1β required astrocyte activation as 

well (Thornton et al 2006).

Interestingly, the same transporter fluxing the glutamate which produces excitotoxicity 

during periods of energy deprivation has a Janus-face and has a well-characterized role in 

the synthesis of the antioxidant molecule glutathione (Bannai & Tateishi 1986; Meister & 

Anderson 1983). In this respect, astrocytes function as indispensible support cells by 

protecting themselves and neurons against oxidative insults (Gegg et al 2005; Jakel et al 

2007; Shih et al 2003; Tanaka et al 1999). Hence, it is intriguing to speculate that under 

conditions of cerebral ischemia, IL-1β is released as a protective mechanism to increase 

glutathione synthesis in efforts to thwart oxidative stress (Jackman et al 2011).

Conclusion—It is becomingly increasingly clear that IL-1β is important for normal brain 

function. An equally impressive amount of literature support its role in pathology. Although, 

anti-IL-1 therapies have proven to be revolutionary treatments for several human 

autoinflammatory disorders [reviewed in (Dinarello 2009b)], demonstrating a causitive role 

in these diseases, a clear cause-and-effect relationship between the presence of 

neuroinflammatory processes and CNS damage does not always exist. Indeed, its pleitrophic 

effects in the brain indicate that despite having potent pro-inflammatory functions, IL-1β can 

also participate in neuroprotection, tissue remodeling and repair. So whether IL-1β initiates 

damage, results from damage and goes on to promote, halt or repair injury may depend 

heavily on the context, that is, the local concentration, the prevailing environmental mileau, 
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the cellular target, the presence or absence of negative feedback regulators, and the temporal 

characteristics of the response. Shaftel and colleagues said it best: “IL-1 can no longer be 

regarded as simply the villian in the setting of brain injury and disease, but instead must be 

understood as a factor that can influence the balance between beneficial and detrimental 

outcomes” (Shaftel et al 2008).

Acknowledgements

This work was supported by a grant (NS051445) awarded to SJH by the National Institutes of Health’s National 
Institute of Neurological Disorders and Stroke (NINDS). During their training, NAJ and RJC were partially 
supported by the National Institutes of Health in the form of a T32 training grant [NINDS: NS041224]. NAJ was 
supported thereafter by an F31 NRSA [NINDS: NS066745] and an R36 dissertation award [NIA: AG035036].

References

Albrecht PJ, Dahl JP, Stoltzfus OK, Levenson R, Levison SW. Ciliary neurotrophic factor activates 
spinal cord astrocytes, stimulating their production and release of fibroblast growth factor-2, to 
increase motor neuron survival. Exp Neurol. 2002; 173:46–62. [PubMed: 11771938] 

Andre R, Moggs JG, Kimber I, Rothwell NJ, Pinteaux E. Gene regulation by IL-1beta independent of 
IL-1R1 in the mouse brain. Glia. 2006; 53:477–83. [PubMed: 16358337] 

Andrei C, Margiocco P, Poggi A, Lotti LV, Torrisi MR, Rubartelli A. Phospholipases C and A2 
control lysosome-mediated IL-1 beta secretion: Implications for inflammatory processes. Proc Natl 
Acad Sci U S A. 2004; 101:9745–50. [PubMed: 15192144] 

Arend WP, Malyak M, Smith MF Jr. Whisenand TD, Slack JL, et al. Binding of IL-1 alpha, IL-1 beta, 
and IL-1 receptor antagonist by soluble IL-1 receptors and levels of soluble IL-1 receptors in 
synovial fluids. J Immunol. 1994; 153:4766–74. [PubMed: 7963543] 

Avital A, Goshen I, Kamsler A, Segal M, Iverfeldt K, et al. Impaired interleukin-1 signaling is 
associated with deficits in hippocampal memory processes and neural plasticity. Hippocampus. 
2003; 13:826–34. [PubMed: 14620878] 

Ban E, Milon G, Prudhomme N, Fillion G, Haour F. Receptors for interleukin-1 (alpha and beta) in 
mouse brain: mapping and neuronal localization in hippocampus. Neuroscience. 1991; 43:21–30. 
[PubMed: 1833666] 

Ban EM, Sarlieve LL, Haour FG. Interleukin-1 binding sites on astrocytes. Neuroscience. 1993; 
52:725–33. [PubMed: 8450969] 

Banks WA, Kastin AJ. Blood to brain transport of interleukin links the immune and central nervous 
systems. Life Sci. 1991; 48:PL117–21. [PubMed: 2046463] 

Banks WA, Ortiz L, Plotkin SR, Kastin AJ. Human interleukin (IL) 1 alpha, murine IL-1 alpha and 
murine IL-1 beta are transported from blood to brain in the mouse by a shared saturable mechanism. 
J Pharmacol Exp Ther. 1991; 259:988–96. [PubMed: 1762091] 

Bannai S, Tateishi N. Role of membrane transport in metabolism and function of glutathione in 
mammals. J Membr. 1986; 89:1–8.

Barrientos RM, Higgins EA, Sprunger DB, Watkins LR, Rudy JW, Maier SF. Memory for context is 
impaired by a post context exposure injection of interleukin-1 beta into dorsal hippocampus. 
Behav Brain Res. 2002; 134:291–8. [PubMed: 12191816] 

Bellinger FP, Madamba S, Siggins GR. Interleukin 1 beta inhibits synaptic strength and long-term 
potentiation in the rat CA1 hippocampus. Brain Res. 1993; 628:227–34. [PubMed: 8313151] 

Bernardino L, Xapelli S, Silva AP, Jakobsen B, Poulsen FR, et al. Modulator effects of 
interleukin-1beta and tumor necrosis factor-alpha on AMPA-induced excitotoxicity in mouse 
organotypic hippocampal slice cultures. J Neurosci. 2005; 25:6734–44. [PubMed: 16033883] 

Betz AL, Yang GY, Davidson BL. Attenuation of stroke size in rats using an adenoviral vector to 
induce overexpression of interleukin-1 receptor antagonist in brain. J Cereb Blood Flow Metab. 
1995; 15:547–51. [PubMed: 7790404] 

Hewett et al. Page 11

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bianco F, Pravettoni E, Colombo A, Schenk U, Moller T, et al. Astrocyte-derived ATP induces vesicle 
shedding and IL-1 beta release from microglia. J Immunol. 2005; 174:7268–77. [PubMed: 
15905573] 

Blasi F, Riccio M, Brogi A, Strazza M, Taddei ML, et al. Constitutive expression of interleukin-1beta 
(IL-1beta) in rat oligodendrocytes. Biological chemistry. 1999; 380:259–64. [PubMed: 10195433] 

Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the hippocampus. 
Nature. 1993; 361:31–9. [PubMed: 8421494] 

Blum-Degen D, Muller T, Kuhn W, Gerlach M, Przuntek H, Riederer P. Interleukin-1 beta and 
interleukin-6 are elevated in the cerebrospinal fluid of Alzheimer’s and de novo Parkinson’s 
disease patients. Neurosci Lett. 1995; 202:17–20. [PubMed: 8787820] 

Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y, Rothwell NJ. Role of IL-1alpha and IL-1beta 
in ischemic brain damage. J Neurosci. 2001; 21:5528–34. [PubMed: 11466424] 

Breder CD, Dinarello CA, Saper CB. Interleukin-1 immunoreactive innervation of the human 
hypothalamus. Science. 1988; 240:321–4. [PubMed: 3258444] 

Brough D, Rothwell NJ. Caspase-1-dependent processing of pro-interleukin-1beta is cytosolic and 
precedes cell death. J Cell Sci. 2007; 120:772–81. [PubMed: 17284521] 

Cacabelos R, Barquero M, Garcia P, Alvarez XA, Varela de Seijas E. Cerebrospinal fluid interleukin-1 
beta (IL-1 beta) in Alzheimer’s disease and neurological disorders. Methods Find Exp Clin 
Pharmacol. 1991; 13:455–8. [PubMed: 1784142] 

Carlson NG, Wieggel WA, Chen J, Bacchi A, Rogers SW, Gahring LC. Inflammatory cytokines IL-1 
alpha, IL-1 beta, IL-6, and TNF-alpha impart neuroprotection to an excitotoxin through distinct 
pathways. J Immunol. 1999; 163:3963–8. [PubMed: 10490998] 

Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, et al. Molecular cloning of the 
interleukin-1 beta converting enzyme. Science. 1992; 256:97–100. [PubMed: 1373520] 

Clark AK, Staniland AA, Marchand F, Kaan TK, McMahon SB, Malcangio M. P2X7-dependent 
release of interleukin-1beta and nociception in the spinal cord following lipopolysaccharide. J 
Neurosci. 2010; 30:573–82. [PubMed: 20071520] 

Claycomb RJ, Hewett SJ, Hewett JA. Neuromodulatory role of endogenous interleukin-1beta in acute 
seizures: possible contribution of cyclooxygenase-2. Neurobiol Dis. 2012; 45:234–42. [PubMed: 
21856425] 

Colotta F, Dower SK, Sims JE, Mantovani A. The type II ‘decoy’ receptor: a novel regulatory pathway 
for interleukin 1. Immunol Today. 1994; 15:562–6. [PubMed: 7848516] 

Craft JM, Watterson DM, Hirsch E, Van Eldik LJ. Interleukin 1 receptor antagonist knockout mice 
show enhanced microglial activation and neuronal damage induced by intracerebroventricular 
infusion of human beta-amyloid. J Neuroinflammation. 2005; 2:15. [PubMed: 15967035] 

Cullinan EB, Kwee L, Nunes P, Shuster DJ, Ju G, et al. IL-1 receptor accessory protein is an essential 
component of the IL-1 receptor. J Immunol. 1998; 161:5614–20. [PubMed: 9820540] 

Cunningham ET Jr. De Souza EB. Interleukin 1 receptors in the brain and endocrine tissues. Immunol 
Today. 1993; 14:171–6. [PubMed: 8499077] 

Dantzer R, Kelley KW. Twenty years of research on cytokine-induced sickness behavior. Brain Behav 
Immun. 2007; 21:153–60. [PubMed: 17088043] 

Das P, Smithson LA, Price RW, Holloway VM, Levites Y, et al. Interleukin-1 receptor 1 knockout has 
no effect on amyloid deposition in Tg2576 mice and does not alter efficacy following Abeta 
immunotherapy. J Neuroinflammation. 2006; 3:17. [PubMed: 16872492] 

De Sarro G, Gareri P, Sinopoli VA, David E, Rotiroti D. Comparative, behavioural and electrocortical 
effects of tumor necrosis factor-alpha and interleukin-1 microinjected into the locus coeruleus of 
rat. Life Sci. 1997; 60:555–64. [PubMed: 9042390] 

De Simoni MG, Perego C, Ravizza T, Moneta D, Conti M, et al. Inflammatory cytokines and related 
genes are induced in the rat hippocampus by limbic status epilepticus. Eur J Neurosci. 2000; 
12:2623–33. [PubMed: 10947836] 

Diem R, Hobom M, Grotsch P, Kramer B, Bahr M. Interleukin-1 beta protects neurons via the 
interleukin-1 (IL-1) receptor-mediated Akt pathway and by IL-1 receptor-independent decrease of 
transmembrane currents in vivo. Mol Cell Neurosci. 2003; 22:487–500. [PubMed: 12727445] 

Hewett et al. Page 12

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dinarello CA. Biologic basis for interleukin-1 in disease. Blood. 1996; 87:2095–147. [PubMed: 
8630372] 

Dinarello CA. Interleukin-1, interleukin-1 receptors and interleukin-1 receptor antagonist. Int Rev 
Immunol. 1998; 16:457–99. [PubMed: 9646173] 

Dinarello CA. Infection, fever, and exogenous and endogenous pyrogens: some concepts have 
changed. J Endotoxin Res. 2004; 10:201–22. [PubMed: 15373964] 

Dinarello CA. Immunological and inflammatory functions of the interleukin-1 family. Annu Rev 
Immunol. 2009a; 27:519–50. [PubMed: 19302047] 

Dinarello CA. Inflammation in human disease: anticytokine therapy. Biol Blood Marrow Transplant. 
2009b; 15:134–6. [PubMed: 19147092] 

Dripps DJ, Brandhuber BJ, Thompson RC, Eisenberg SP. Interleukin-1 (IL-1) receptor antagonist 
binds to the 80-kDa IL-1 receptor but does not initiate IL-1 signal transduction. J Biol Chem. 
1991; 266:10331–6. [PubMed: 1828071] 

Dube C, Vezzani A, Behrens M, Bartfai T, Baram TZ. Interleukin-1beta contributes to the generation 
of experimental febrile seizures. Ann Neurol. 2005; 57:152–5. [PubMed: 15622539] 

Dunne A, O’Neill LA. The interleukin-1 receptor / Toll-like receptor superfamily: signal transduction 
during inflammation and host defense. Sci STKE. 2003; 171:re3. [PubMed: 12606705] 

Emsley HC, Smith CJ, Georgiou RF, Vail A, Hopkins SJ, et al. A randomised phase II study of 
interleukin-1 receptor antagonist in acute stroke patients. J Neurol Neurosurg Psychiatry. 2005; 
76:1366–72. [PubMed: 16170078] 

Endres S, Cannon JG, Ghorbani R, Dempsey RA, Sisson SD, et al. In vitro production of IL 1 beta, IL 
1 alpha, TNF and IL2 in healthy subjects: distribution, effect of cyclooxygenase inhibition and 
evidence of independent gene regulation. Eur J Immunol. 1989; 19:2327–33. [PubMed: 2514105] 

Farrar WL, Kilian PL, Ruff MR, Hill JM, Pert CB. Visualization and characterization of interleukin 1 
receptors in brain. J Immunol. 1987; 139:459–63. [PubMed: 2955042] 

Ferrari CC, Pott Godoy MC, Tarelli R, Chertoff M, Depino AM, Pitossi FJ. Progressive 
neurodegeneration and motor disabilities induced by chronic expression of IL-1beta in the 
substantia nigra. Neurobiol Dis. 2006; 24:183–93. [PubMed: 16901708] 

Ferreira SH, Lorenzetti BB, Bristow AF, Poole S. Interleukin-1 beta as a potent hyperalgesic agent 
antagonized by a tripeptide analogue. Nature. 1988; 334:698–700. [PubMed: 3137474] 

Fogal B, Hewett JA, Hewett SJ. Interleukin-1beta potentiates neuronal injury in a variety of injury 
models involving energy deprivation. J Neuroimmunol. 2005; 161:93–100. [PubMed: 15748948] 

Fogal B, Hewett SJ. Interleukin-1beta: a bridge between inflammation and excitotoxicity? J 
Neurochem. 2008; 106:1–23. [PubMed: 18315560] 

Fogal B, Li J, Lobner D, McCullough LD, Hewett SJ. System x(c)- activity and astrocytes are 
necessary for interleukin-1 beta-mediated hypoxic neuronal injury. J Neurosci. 2007; 27:10094–
105. [PubMed: 17881516] 

French RA, VanHoy RW, Chizzonite R, Zachary JF, Dantzer R, et al. Expression and localization of 
p80 and p68 interleukin-1 receptor proteins in the brain of adult mice. J Neuroimmunol. 1999; 
93:194–202. [PubMed: 10378883] 

Friedman WJ. Cytokines regulate expression of the type 1 interleukin-1 receptor in rat hippocampal 
neurons and glia. Exp Neurol. 2001; 168:23–31. [PubMed: 11170718] 

Gardoni F, Boraso M, Zianni E, Corsini E, Galli CL, et al. Distribution of interleukin-1 receptor 
complex at the synaptic membrane driven by interleukin-1beta and NMDA stimulation. J 
Neuroinflammation. 2011; 8:14. [PubMed: 21314939] 

Gayle D, Ilyin SE, Plata-Salaman CR. Interleukin-1 receptor type I mRNA levels in brain regions from 
male and female rats. Brain Res Bull. 1997; 42:463–7. [PubMed: 9128922] 

Gayle D, Ilyin SE, Romanovitch AE, Peloso E, Satinoff E, Plata-Salaman CR. Basal and IL-1beta-
stimulated cytokine and neuropeptide mRNA expression in brain regions of young and old Long-
Evans rats. Brain Res Mol Brain Res. 1999; 70:92–100. [PubMed: 10381547] 

Gegg ME, Clark JB, Heales SJR. Co-culture of neurones with glutathione deficient astrocytes leads to 
increased neuronal susceptibility to nitric oxide and increased glutamate-cysteine ligase activity. 
Brain Res. 2005; 1036:1–6. [PubMed: 15725395] 

Hewett et al. Page 13

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Giulian D, Baker TJ, Shih LC, Lachman LB. Interleukin 1 of the central nervous system is produced 
by ameboid microglia. J Exp Med. 1986; 164:594–604. [PubMed: 3487617] 

Goldgaber D, Harris HW, Hla T, Maciag T, Donnelly RJ, et al. Interleukin 1 regulates synthesis of 
amyloid beta-protein precursor mRNA in human endothelial cells. Proceedings of the National 
Academy of Sciences of the United States of America. 1989; 86:7606–10. [PubMed: 2508093] 

Goshen I, Kreisel T, Ounallah-Saad H, Renbaum P, Zalzstein Y, et al. A dual role for interleukin-1 in 
hippocampal-dependent memory processes. Psychoneuroendocrinology. 2007; 32:1106–15. 
[PubMed: 17976923] 

Greenfeder SA, Nunes P, Kwee L, Labow M, Chizzonite RA, Ju G. Molecular cloning and 
characterization of a second subunit of the interleukin 1 receptor complex. J Biol Chem. 1995; 
270:13757–65. [PubMed: 7775431] 

Griffin WS, Liu L, Li Y, Mrak RE, Barger SW. Interleukin-1 mediates Alzheimer and Lewy body 
pathologies. J Neuroinflammation. 2006; 3:5. [PubMed: 16542445] 

Griffin WS, Sheng JG, Roberts GW, Mrak RE. Interleukin-1 expression in different plaque types in 
Alzheimer’s disease: significance in plaque evolution. J Neuropathol Exp Neurol. 1995; 54:276–
81. [PubMed: 7876895] 

Griffin WS, Stanley LC, Ling C, White L, MacLeod V, et al. Brain interleukin 1 and S-100 
immunoreactivity are elevated in Down syndrome and Alzheimer disease. Proceedings of the 
National Academy of Sciences of the United States of America. 1989; 86:7611–5. [PubMed: 
2529544] 

Grimaldi LM, Casadei VM, Ferri C, Veglia F, Licastro F, et al. Association of early-onset Alzheimer’s 
disease with an interleukin-1alpha gene polymorphism. Annals of neurology. 2000; 47:361–5. 
[PubMed: 10716256] 

Gusev, E.; Skvortsova, VI. Dynamics of pro-inflammatory and regulatory cytokines and C-reactive 
protein concentration in CSF of patients with acute ischemic stroke. In: Gusev, E., editor. Brain 
Ischemia. Kluwer Academic/Plenum Publishers; New York: 2003. p. 125-35.

Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, et al. The NALP3 inflammasome is 
involved in the innate immune response to amyloid-beta. Nat Immunol. 2008; 9:857–65. 
[PubMed: 18604209] 

Hammond EA, Smart D, Toulmond S, Suman-Chauhan N, Hughes J, Hall MD. The interleukin-1 type 
I receptor is expressed in human hypothalamus. Brain. 1999; 122(Pt 9):1697–707. [PubMed: 
10468509] 

Hara H, Fink K, Endres M, Friedlander RM, Gagliardini V, et al. Attenuation of transient focal 
cerebral ischemic injury in transgenic mice expressing a mutant ICE inhibitory protein. J Cereb 
Blood Flow Metab. 1997; 17:370–5. [PubMed: 9143219] 

Harris EW, Cotman CW. Long-term potentiation of guinea pig mossy fiber responses is not blocked 
by N-methyl D-aspartate antagonists. Neurosci Lett. 1986; 70:132–7. [PubMed: 3022192] 

Hein AM, Stutzman DL, Bland ST, Barrientos RM, Watkins LR, et al. Prostaglandins are necessary 
and sufficient to induce contextual fear learning impairments after interleukin-1 beta injections 
into the dorsal hippocampus. Neuroscience. 2007; 150:754–63. [PubMed: 18035502] 

Hetier E, Ayala J, Denefle P, Bousseau A, Rouget P, et al. Brain macrophages synthesize interleukin-1 
and interleukin-1 mRNAs in vitro. J Neurosci Res. 1988; 21:391–7. [PubMed: 3265161] 

Huang Y, Smith DE, Ibanez-Sandoval O, Sims JE, Friedman WJ. Neuron-specific effects of 
interleukin-1beta are mediated by a novel isoform of the IL-1 receptor accessory protein. J 
Neurosci. 2011; 31:18048–59. [PubMed: 22159118] 

Huitinga I, van der Cammen M, Salm L, Erkut Z, van Dam A, et al. IL-1beta immunoreactive neurons 
in the human hypothalamus: reduced numbers in multiple sclerosis. J Neuroimmunol. 2000; 
107:8–20. [PubMed: 10808046] 

Huynh-Ba G, Lang NP, Tonetti MS, Salvi GE. The association of the composite IL-1 genotype with 
periodontitis progression and/or treatment outcomes: a systematic review. J Clin Periodontol. 
2007; 34:305–17. [PubMed: 17378887] 

Imeri I, Opp MR. How (and why) the immune system makes us sleep. Nature Reviews Neuroscience. 
2009; 10:199–210.

Hewett et al. Page 14

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jackman, NA.; Hewett, JA.; Hewett, SJ. IL-1 enhances astrocyte glutathione capacity and protects 
cells from oxidant injury. Program No. 11.10. 2011 Neuroscience Meeting Planner; 2011; 
Washington, DC: Society for Neuroscience; 2011. Online

Jackman NA, Melchior SE, Hewett JA, Hewett SJ. Non-cell autonomous influence of the astrocyte 
system xc- on hypoglycaemic neuronal cell death. ASN Neuro. 2012; 4

Jackman NA, Uliasz TF, Hewett JA, Hewett SJ. Regulation of system x(c)(-)activity and expression in 
astrocytes by interleukin-1beta: implications for hypoxic neuronal injury. Glia. 2010; 58:1806–15. 
[PubMed: 20645408] 

Jakel RJ, Townsend JA, Kraft AD, Johnson JA. Nrf2-mediated protection against 6-hydroxydopamine. 
Brain Res. 2007; 1144:192–201. [PubMed: 17336276] 

John GR, Lee SC, Song X, Rivieccio M, Brosnan CF. IL-1-regulated responses in astrocytes: 
relevance to injury and recovery. Glia. 2005; 49:161–76. [PubMed: 15472994] 

Kanemoto K, Kawasaki J, Miyamoto T, Obayashi H, Nishimura M. Interleukin (IL)1beta, IL-1alpha, 
and IL-1 receptor antagonist gene polymorphisms in patients with temporal lobe epilepsy. Ann 
Neurol. 2000; 47:571–4. [PubMed: 10805326] 

Katsuki H, Nakai S, Hirai Y, Akaji K, Kiso Y, Satoh M. Interleukin-1 beta inhibits long-term 
potentiation in the CA3 region of mouse hippocampal slices. Eur J Pharmacol. 1990; 181:323–6. 
[PubMed: 2166677] 

Kauffman MA, Moron DG, Consalvo D, Bello R, Kochen S. Association study between interleukin 1 
beta gene and epileptic disorders: a HuGe review and meta-analysis. Genet Med. 2008; 10:83–8. 
[PubMed: 18281914] 

Kira R, Torisu H, Takemoto M, Nomura A, Sakai Y, et al. Genetic susceptibility to simple febrile 
seizures: interleukin-1beta promoter polymorphisms are associated with sporadic cases. Neurosci 
Lett. 2005; 384:239–44. [PubMed: 15916853] 

Klevenyi P, Andreassen O, Ferrante RJ, Schleicher JR Jr. Friedlander RM, Beal MF. Transgenic mice 
expressing a dominant negative mutant interleukin-1beta converting enzyme show resistance to 
MPTP neurotoxicity. Neuroreport. 1999; 10:635–8. [PubMed: 10208603] 

Knerlich F, Schilling L, Gorlach C, Wahl M, Ehrenreich H, Siren AL. Temporal profile of expression 
and cellular localization of inducible nitric oxide synthase, interleukin-1beta and interleukin 
converting enzyme after cryogenic lesion of the rat parietal cortex. Brain research. 1999; 68:73–
87. [PubMed: 10320785] 

Krueger JM, Obal FJ, Fang J, Kubota T, Taishi P. The role of cytokines in physiological sleep 
regulation. Annals of the New York Academy of Sciences. 2001; 933:211–21. [PubMed: 
12000022] 

Lechan RM, Toni R, Clark BD, Cannon JG, Shaw AR, et al. Immunoreactive interleukin-1 beta 
localization in the rat forebrain. Brain Res. 1990; 514:135–40. [PubMed: 2357520] 

Lee JC, Laydon JT, McDonnell PC, Gallagher TF, Kumar S, et al. A protein kinase involved in the 
regulation of inflammatory cytokine biosynthesis. Nature. 1994; 372:739–46. [PubMed: 7997261] 

Licastro F, Veglia F, Chiappelli M, Grimaldi LM, Masliah E. A polymorphism of the interleukin-1 
beta gene at position +3953 influences progression and neuro-pathological hallmarks of 
Alzheimer’s disease. Neurobiology of aging. 2004; 25:1017–22. [PubMed: 15212826] 

Lieberman AP, Pitha PM, Shin HS, Shin ML. Production of tumor necrosis factor and other cytokines 
by astrocytes stimulated with lipopolysaccharide or a neurotropic virus. Proceedings of the 
National Academy of Sciences of the United States of America. 1989; 86:6348–52. [PubMed: 
2474832] 

Liu XH, Kwon D, Schielke GP, Yang GY, Silverstein FS, Barks JD. Mice deficient in interleukin-1 
converting enzyme are resistant to neonatal hypoxic-ischemic brain damage. J Cereb Blood Flow 
Metab. 1999; 19:1099–108. [PubMed: 10532634] 

Loddick SA, Liu C, Takao T, Hashimoto K, De Souza EB. Interleukin-1 receptors: cloning studies and 
role in central nervous system disorders. Brain Res Brain Res Rev. 1998; 26:306–19. [PubMed: 
9651547] 

Loddick SA, Rothwell NJ. Neuroprotective effects of human recombinant interleukin-1 receptor 
antagonist in focal cerebral ischaemia in the rat. J Cereb Blood Flow Metab. 1996; 16:932–40. 
[PubMed: 8784237] 

Hewett et al. Page 15

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lonnemann G, Endres S, Van der Meer JW, Cannon JG, Koch KM, Dinarello CA. Differences in the 
synthesis and kinetics of release of interleukin 1 alpha, interleukin 1 beta and tumor necrosis factor 
from human mononuclear cells. Eur J Immunol. 1989; 19:1531–6. [PubMed: 2792179] 

Lynch MA. Age-related impairment in long-term potentiation in hippocampus: a role for the cytokine, 
interleukin-1 beta? Prog Neurobiol. 1998; 56:571–89. [PubMed: 9775404] 

Ma G, Chen S, Wang X, Ba M, Yang H, Lu G. Short-term interleukin-1(beta) increases the release of 
secreted APP(alpha) via MEK1/2-dependent and JNK-dependent alpha-secretase cleavage in 
neuroglioma U251 cells. J Neurosci Res. 2005; 80:683–92. [PubMed: 15880353] 

MacKenzie A, Wilson HL, Kiss-Toth E, Dower SK, North RA, Surprenant A. Rapid secretion of 
interleukin-1beta by microvesicle shedding. Immunity. 2001; 15:825–35. [PubMed: 11728343] 

Martin D, Chinookoswong N, Miller G. The interleukin-1 receptor antagonist (rhIL-1ra) protects 
against cerebral infarction in a rat model of hypoxia-ischemia. Exp Neurol. 1994; 130:362–7. 
[PubMed: 7867766] 

Matousek SB, Ghosh S, Shaftel SS, Kyrkanides S, Olschowka JA, O’Banion MK. Chronic IL-1beta-
mediated neuroinflammation mitigates amyloid pathology in a mouse model of Alzheimer’s 
disease without inducing overt neurodegeneration. J Neuroimmune Pharmacol. 2012; 7:156–64. 
[PubMed: 22173340] 

Matousek SB, Hein AM, Shaftel SS, Olschowka JA, Kyrkanides S, O’Banion MK. Cyclooxygenase-1 
mediates prostaglandin E(2) elevation and contextual memory impairment in a model of 
sustained hippocampal interleukin-1beta expression. J Neurochem. 2010; 114:247–58. [PubMed: 
20412387] 

McGeer PL, Yasojima K, McGeer EG. Association of interleukin-1 beta polymorphisms with 
idiopathic Parkinson’s disease. Neurosci Lett. 2002; 326:67–9. [PubMed: 12052540] 

McMahan CJ, Slack JL, Mosley B, Cosman D, Lupton SD, et al. A novel IL-1 receptor, cloned from B 
cells by mammalian expression, is expressed in many cell types. EMBO Journal. 1991; 10:2821–
32. [PubMed: 1833184] 

Meister A, Anderson ME. Glutathione. Annu Rev Biochem. 1983; 52:711–60. [PubMed: 6137189] 

Miller LG, Galpern WR, Dunlap K, Dinarello CA, Turner TJ. Interleukin-1 augments gamma-
aminobutyric acidA receptor function in brain. Mol Pharmacol. 1991; 39:105–8. [PubMed: 
1847488] 

Mogi M, Harada M, Kondo T, Riederer P, Inagaki H, et al. Interleukin-1 beta, interleukin-6, epidermal 
growth factor and transforming growth factor-alpha are elevated in the brain from parkinsonian 
patients. Neurosci Lett. 1994; 180:147–50. [PubMed: 7700568] 

Molenaar GJ, Berkenbosch F, van Dam AM, Lugard CM. Distribution of interleukin 1 beta 
immunoreactivity within the porcine hypothalamus. Brain Res. 1993; 608:169–74. [PubMed: 
8495343] 

Moller JC, Depboylu C, Kolsch H, Lohmuller F, Bandmann O, et al. Lack of association between the 
interleukin-1 alpha (-889) polymorphism and early-onset Parkinson’s disease. Neurosci Lett. 
2004; 359:195–7. [PubMed: 15050696] 

Moore AH, Wu M, Shaftel SS, Graham KA, O’Banion MK. Sustained expression of interleukin-1beta 
in mouse hippocampus impairs spatial memory. Neuroscience. 2009; 164:1484–95. [PubMed: 
19744544] 

Mosley B, Urdal DL, Prickett KS, Larsen A, Cosman D, et al. The interleukin-1 receptor binds the 
human interleukin-1 alpha precursor but not the interleukin-1 beta precursor. J Biol Chem. 1987; 
262:2941–4. [PubMed: 2950091] 

Mrak RE, Griffin WS. Interleukin-1 and the immunogenetics of Alzheimer disease. Journal of 
neuropathology and experimental neurology. 2000; 59:471–6. [PubMed: 10850859] 

Mrak RE, Griffin WS. Glia and their cytokines in progression of neurodegeneration. Neurobiol Aging. 
2005; 26:349–54. [PubMed: 15639313] 

Mulcahy NJ, Ross J, Rothwell NJ, Loddick SA. Delayed administration of interleukin-1 receptor 
antagonist protects against transient cerebral ischaemia in the rat. Br J Pharmacol. 2003; 
140:471–6. [PubMed: 12970087] 

Hewett et al. Page 16

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Murashima YL, Suzuki J, Yoshii M. Role of cytokines during epileptogenesis and in the transition 
from the interictal to the ictal state in the epileptic mutant EL mouse. Gene Regulation and 
Systems Biology. 2008; 2:267–74. [PubMed: 19787089] 

Nicoll JA, Mrak RE, Graham DI, Stewart J, Wilcock G, et al. Association of interleukin-1 gene 
polymorphisms with Alzheimer’s disease. Annals of neurology. 2000; 47:365–8. [PubMed: 
10716257] 

O’Neill LA, Greene C. Signal transduction pathways activated by the IL-1 receptor family: ancient 
signaling machinery in mammals, insects, and plants. J Leukoc Biol. 1998; 63:650–7. [PubMed: 
9620655] 

Ohtaki H, Funahashi H, Dohi K, Oguro T, Horai R, et al. Suppression of oxidative neuronal damage 
after transient middle cerebral artery occlusion in mice lacking interleukin-1. Neurosci Res. 
2003; 45:313–24. [PubMed: 12631467] 

Ohtsuki T, Ruetzler CA, Tasaki K, Hallenbeck JM. Interleukin-1 mediates induction of tolerance to 
global ischemia in gerbil hippocampal CA1 neurons. J Cereb Blood Flow Metab. 1996; 16:1137–
42. [PubMed: 8898685] 

Oprica M, Zhu S, Goiny M, Pham TM, Mohammed AH, et al. Transgenic overexpression of 
interleukin-1 receptor antagonist in the CNS influences behaviour, serum corticosterone and 
brain monoamines. Brain Behav Immun. 2005; 19:223–34. [PubMed: 15797311] 

Ozkara C, Uzan M, Tanriverdi T, Baykara O, Ekinci B, et al. Lack of association between IL-1beta/
alpha gene polymorphisms and temporal lobe epilepsy with hippocampal sclerosis. Seizure. 
2006; 15:288–91. [PubMed: 16546408] 

Parish CL, Finkelstein DI, Tripanichkul W, Satoskar AR, Drago J, Horne MK. The role of 
interleukin-1, interleukin-6, and glia in inducing growth of neuronal terminal arbors in mice. J 
Neurosci. 2002; 22:8034–41. [PubMed: 12223557] 

Pascale E, Passarelli E, Purcaro C, Vestri AR, Fakeri A, et al. Lack of association between IL-1beta, 
TNF-alpha, and IL-10 gene polymorphisms and sporadic Parkinson’s disease in an Italian cohort. 
Acta Neurol Scand. 2011; 124:176–81. [PubMed: 20880267] 

Pinteaux E, Parker LC, Rothwell NJ, Luheshi GN. Expression of interleukin-1 receptors and their role 
in interleukin-1 actions in murine microglial cells. J Neurochem. 2002; 83:754–63. [PubMed: 
12421347] 

Pinteaux E, Rothwell NJ, Boutin H. Neuroprotective actions of endogenous interleukin-1 receptor 
antagonist (IL-1ra) are mediated by glia. Glia. 2006; 53:551–6. [PubMed: 16374779] 

Pinteaux E, Trotter P, Simi A. Cell-specific and concentration-dependent actions of interleukin-1 in 
acute brain inflammation. Cytokine. 2009; 45:1–7. [PubMed: 19026559] 

Plata-Salaman CR, Ilyin SE, Turrin NP, Gayle D, Flynn MC, et al. Kindling modulates the IL-1beta 
system, TNF-alpha, TGF-beta1, and neuropeptide mRNAs in specific brain regions. Brain Res 
Mol Brain Res. 2000; 75:248–58. [PubMed: 10686345] 

Preas HL 2nd, Reda D, Tropea M, Vandivier RW, Banks SM, et al. Effects of recombinant soluble 
type I interleukin-1 receptor on human inflammatory responses to endotoxin. Blood. 1996; 
88:2465–72. [PubMed: 8839837] 

Pringle AK, Niyadurupola N, Johns P, Anthony DC, Iannotti F. Interleukin-1beta exacerbates hypoxia-
induced neuronal damage, but attenuates toxicity produced by simulated ischaemia and 
excitotoxicity in rat organotypic hippocampal slice cultures. Neurosci Lett. 2001; 305:29–32. 
[PubMed: 11356300] 

Pugh CR, Nguyen KT, Gonyea JL, Fleshner M, Wakins LR, et al. Role of interleukin-1 beta in 
impairment of contextual fear conditioning caused by social isolation. Behav Brain Res. 1999; 
106:109–18. [PubMed: 10595426] 

Qu Y, Franchi L, Nunez G, Dubyak GR. Nonclassical IL-1 beta secretion stimulated by P2X7 
receptors is dependent on inflammasome activation and correlated with exosome release in 
murine macrophages. J Immunol. 2007; 179:1913–25. [PubMed: 17641058] 

Ravizza T, Gagliardi B, Noe 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. 2008b; 29:142–60. [PubMed: 17931873] 

Hewett et al. Page 17

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ravizza T, Lucas SM, Balosso S, Bernardino L, Ku G, et al. Inactivation of caspase-1 in rodent brain: 
a novel anticonvulsive strategy. Epilepsia. 2006; 47:1160–8. [PubMed: 16886979] 

Ravizza T, Noe F, Zardoni D, Vaghi V, Sifringer M, Vezzani A. Interleukin Converting Enzyme 
inhibition impairs kindling epileptogenesis in rats by blocking astrocytic IL-1beta production. 
Neurobiol Dis. 2008; 31:327–33. [PubMed: 18632279] 

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; 137:301–8. [PubMed: 
16289587] 

Relton JK, Rothwell NJ. Interleukin-1 receptor antagonist inhibits ischaemic and excitotoxic neuronal 
damage in the rat. Brain Res Bull. 1992; 29:243–6. [PubMed: 1388088] 

Rijkers K, Majoie HJ, Hoogland G, Kenis G, De Baets M, Vles JS. The role of interleukin-1 in 
seizures and epilepsy: a critical review. Exp Neurol. 2009; 216:258–71. [PubMed: 19162013] 

Ross FM, Allan SM, Rothwell NJ, Verkhratsky A. A dual role for interleukin-1 in LTP in mouse 
hippocampal slices. J Neuroimmunol. 2003; 144:61–7. [PubMed: 14597099] 

Rothwell N, Allan S, Toulmond S. The role of interleukin 1 in acute neurodegeneration and stroke: 
pathophysiological and therapeutic implications. J Clin Invest. 1997; 100:2648–52. [PubMed: 
9389726] 

Rothwell NJ, Luheshi GN. Interleukin 1 in the brain: biology, pathology and therapeutic target. Trends 
Neurosci. 2000; 23:618–25. [PubMed: 11137152] 

Rothwell NJ, Relton JK. Involvement of interleukin-1 and lipocortin-1 in ischaemic brain damage. 
Cerebrovasc Brain Metab Rev. 1993; 5:178–98. [PubMed: 8217499] 

Rothwell NJ, Strijbos PJ. Cytokines in neurodegeneration and repair. Int J Dev Neurosci. 1995; 
13:179–85. [PubMed: 7572274] 

Saavedra A, Baltazar G, Duarte EP. Interleukin-1beta mediates GDNF up-regulation upon 
dopaminergic injury in ventral midbrain cell cultures. Neurobiol Dis. 2007; 25:92–104. 
[PubMed: 17027275] 

Sanz JM, Di Virgilio F. Kinetics and mechanism of ATP-dependent IL-1 beta release from microglial 
cells. J Immunol. 2000; 164:4893–8. [PubMed: 10779799] 

Satoh M, Ishihara K, Iwama T, Takagi H. Aniracetam augments, and midazolam inhibits, the long-
term potentiation in guinea-pig hippocampal slices. Neurosci Lett. 1986; 68:216–20. [PubMed: 
3018633] 

Satoh M, Ishihara K, Katsuki H. Different susceptibilities of long-term potentiations in CA3 and CA1 
regions of guinea pig hippocampal slices to nootropic drugs. Neurosci Lett. 1988; 93:236–41. 
[PubMed: 2853846] 

Sayyah M, Beheshti S, Shokrgozar MA, Eslami-far A, Deljoo Z, et al. Antiepileptogenic and 
anticonvulsant activity of interleukin-1 beta in amygdala-kindled rats. Exp Neurol. 2005; 
191:145–53. [PubMed: 15589521] 

Schielke GP, Yang GY, Shivers BD, Betz AL. Reduced ischemic brain injury in interleukin-1 beta 
converting enzyme-deficient mice. J Cereb Blood Flow Metab. 1998; 18:180–5. [PubMed: 
9469161] 

Schindler R, Mancilla J, Endres S, Ghorbani R, Clark SC, Dinarello CA. Correlations and interactions 
in the production of interleukin-6 (IL-6), IL-1, and tumor necrosis factor (TNF) in human blood 
mononuclear cells: IL-6 suppresses IL-1 and TNF. Blood. 1990; 75:40–7. [PubMed: 2294996] 

Schneider H, Pitossi F, Balschun D, Wagner A, del Rey A, Besedovsky HO. A neuromodulatory role 
of interleukin-1beta in the hippocampus. Proc Natl Acad Sci U S A. 1998; 95:7778–83. 
[PubMed: 9636227] 

Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C, et al. Resolution of inflammation: state of 
the art, definitions and terms. Faseb J. 2007; 21:325–32. [PubMed: 17267386] 

Shaftel SS, Griffin WS, O’Banion MK. The role of interleukin-1 in neuroinflammation and Alzheimer 
disease: an evolving perspective. J Neuroinflammation. 2008; 5:7. [PubMed: 18302763] 

Shaftel SS, Kyrkanides S, Olschowka JA, Miller JN, Johnson RE, O’Banion MK. Sustained 
hippocampal IL-1 beta overexpression mediates chronic neuroinflammation and ameliorates 
Alzheimer plaque pathology. J Clin Invest. 2007; 117:1595–604. [PubMed: 17549256] 

Hewett et al. Page 18

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sheng JG, Ito K, Skinner RD, Mrak RE, Rovnaghi CR, et al. In vivo and in vitro evidence supporting a 
role for the inflammatory cytokine interleukin-1 as a driving force in Alzheimer pathogenesis. 
Neurobiol Aging. 1996; 17:761–6. [PubMed: 8892349] 

Sheng JG, Mrak RE, Griffin WS. Microglial interleukin-1 alpha expression in brain regions in 
Alzheimer’s disease: correlation with neuritic plaque distribution. Neuropathol Appl Neurobiol. 
1995; 21:290–301. [PubMed: 7494597] 

Sheng JG, Mrak RE, Griffin WS. Enlarged and phagocytic, but not primed, interleukin-1 alpha-
immunoreactive microglia increase with age in normal human brain. Acta Neuropathol. 1998; 
95:229–34. [PubMed: 9542587] 

Sheng JG, Zhu SG, Jones RA, Griffin WS, Mrak RE. Interleukin-1 promotes expression and 
phosphorylation of neurofilament and tau proteins in vivo. Exp Neurol. 2000; 163:388–91. 
[PubMed: 10833312] 

Shih AY, Johnson DA, Wong G, Kraft AD, Jiang L, et al. Coordinate regulation of glutathione 
biosynthesis and release by Nrf-2 expressing glia potently protects neurons from oxidative stress. 
J Neurosci. 2003; 23:3394–406. [PubMed: 12716947] 

Shirakawa F, Saito K, Bonagura CA, Galson DL, Fenton MJ, et al. The human prointerleukin 1 beta 
gene requires DNA sequences both proximal and distal to the transcription start site for tissue-
specific induction. Mol Cell Biol. 1993; 13:1332–44. [PubMed: 8441379] 

Shirts BH, Wood J, Yolken RH, Nimgaonkar VL. Association study of IL10, IL1beta, and IL1RN and 
schizophrenia using tag SNPs from a comprehensive database: suggestive association with 
rs16944 at IL1beta. Schizophr Res. 2006; 88:235–44. [PubMed: 16905295] 

Singer II, Scott S, Chin J, Bayne EK, Limjuco G, et al. The interleukin-1 beta-converting enzyme 
(ICE) is localized on the external cell surface membranes and in the cytoplasmic ground 
substance of human monocytes by immuno-electron microscopy. J Exp Med. 1995; 182:1447–
59. [PubMed: 7595215] 

Soiampornkul R, Tong L, Thangnipon W, Balazs R, Cotman CW. Interleukin-1beta interferes with 
signal transduction induced by neurotrophin-3 in cortical neurons. Brain Res. 2008; 1188:189–
97. [PubMed: 18036576] 

Solle M, Labasi J, Perregaux DG, Stam E, Petrushova N, et al. Altered cytokine production in mice 
lacking P2X(7) receptors. J Biol Chem. 2001; 276:125–32. [PubMed: 11016935] 

Spulber S, Mateos L, Oprica M, Cedazo-Minguez A, Bartfai T, et al. Impaired long term memory 
consolidation in transgenic mice overexpressing the human soluble form of IL-1ra in the brain. J 
Neuroimmunol. 2009; 208:46–53. [PubMed: 19211154] 

Strijbos PJ, Rothwell NJ. Interleukin-1 beta attenuates excitatory amino acid-induced 
neurodegeneration in vitro: involvement of nerve growth factor. J Neurosci. 1995; 15:3468–74. 
[PubMed: 7538561] 

Taishi P, Bredow S, Guha-Thakurta N, Obal F Jr. Krueger JM. Diurnal variations of interleukin-1 beta 
mRNA and beta-actin mRNA in rat brain. Journal of Neuroimmunology. 1997; 75:69–74. 
[PubMed: 9143239] 

Takao T, Tracey DE, Mitchell WM, De Souza EB. Interleukin-1 receptors in mouse brain: 
characterization and neuronal localization. Endocrinology. 1990; 127:3070–8. [PubMed: 
2147409] 

Tanaka J, Toku K, Zhang B, Ishihara K, Sakanaka M, Maeda N. Astrocytes protect neuronal death 
induced by reactive oxygen and nitrogen species. Glia. 1999; 28:85–96. [PubMed: 10533053] 

Tansey MG, McCoy MK, Frank-Cannon TC. Neuroinflammatory mechanisms in Parkinson’s disease: 
potential environmental triggers, pathways, and targets for early therapeutic intervention. Exp 
Neurol. 2007; 208:1–25. [PubMed: 17720159] 

Tarkowski E, Rosengren L, Blomstrand C, Jensen C, Ekholm S, Tarkowski A. Intrathecal expression 
of proteins regulating apoptosis in acute stroke. Stroke. 1999; 30:321–7. [PubMed: 9933267] 

Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, et al. A novel heterodimeric 
cysteine protease is required for interleukin-1 beta processing in monocytes. Nature. 1992; 
356:768–74. [PubMed: 1574116] 

Hewett et al. Page 19

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thornton P, Pinteaux E, Gibson RM, Allan SM, Rothwell NJ. Interleukin-1-induced neurotoxicity is 
mediated by glia and requires caspase activation and free radical release. Journal of 
Neurochemistry. 2006; 98:258–66. [PubMed: 16805812] 

Tomozawa Y, Inoue T, Satoh M. Expression of type I interleukin-1 receptor mRNA and its regulation 
in cultured astrocytes. Neurosci Lett. 1995; 195:57–60. [PubMed: 7478255] 

Tong L, Balazs R, Soiampornkul R, Thangnipon W, Cotman CW. Interleukin-1 beta impairs brain 
derived neurotrophic factor-induced signal transduction. Neurobiol Aging. 2008; 29:1380–93. 
[PubMed: 17467122] 

Touzani O, Boutin H, LeFeuvre R, Parker L, Miller A, et al. Interleukin-1 influences ischemic brain 
damage in the mouse independently of the interleukin-1 type I receptor. J Neurosci. 2002; 22:38–
43. [PubMed: 11756486] 

Tringali G, Mancuso C, Mirtella A, Pozzoli G, Parente L, et al. Evidence for the neuronal origin of 
immunoreactive interleukin-1 beta released by rat hypothalamic explants. Neurosci Lett. 1996; 
219:143–6. [PubMed: 8971800] 

Tringali G, Mirtella A, Mancuso C, Guerriero G, Preziosi P, Navarra P. The release of immunoreactive 
interleukin-1 beta from rat hypothalamic explants is modulated by neurotransmitters and 
corticotropin-releasing hormone. Pharmacol Res. 1997; 36:269–73. [PubMed: 9425615] 

Tsukada J, Saito K, Waterman WR, Webb AC, Auron PE. Transcription factors NF-IL6 and CREB 
recognize a common essential site in the human prointerleukin 1 beta gene. Mol Cell Biol. 1994; 
14:7285–97. [PubMed: 7935442] 

Vandenabeele P, Fiers W. Is amyloidogenesis during Alzheimer’s disease due to an IL-1-/IL-6-
mediated ‘acute phase response’ in the brain? Immunol Today. 1991; 12:217–9. [PubMed: 
1909530] 

Vezzani A, Conti M, De Luigi A, Ravizza T, Moneta D, et al. 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; 19:5054–65. [PubMed: 10366638] 

Vezzani A, Moneta D, Conti M, Richichi C, Ravizza T, et al. Powerful anticonvulsant action of IL-1 
receptor antagonist on intracerebral injection and astrocytic overexpression in mice. Proc Natl 
Acad Sci U S A. 2000; 97:11534–9. [PubMed: 11016948] 

Vezzani A, Moneta D, Richichi C, Aliprandi M, Burrows SJ, et al. Functional role of inflammatory 
cytokines and antiinflammatory molecules in seizures and epileptogenesis. Epilepsia. 2002; 
43(Suppl 5):30–5. [PubMed: 12121291] 

Vezzani A, Moneta D, Richichi C, Perego C, De Simoni MG. Functional role of proinflammatory and 
anti-inflammatory cytokines in seizures. Adv Exp Med Biol. 2004; 548:123–33. [PubMed: 
15250591] 

Victor, M.; Ropper, AH., editors. Adams and Victor’s Manual of Neurology. McGraw-Hill Medical 
Publishing Division; New York: 2002. 

Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, et al. Interleukin-1beta enhances 
NMDA receptor-mediated intracellular calcium increase through activation of the Src family of 
kinases. J Neurosci. 2003; 23:8692–700. [PubMed: 14507968] 

Viviani B, Boraso M. Cytokines and neuronal channels: a molecular basis for age-related decline of 
neuronal function? Exp Gerontol. 2011; 46:199–206. [PubMed: 20869430] 

Wahner AD, Sinsheimer JS, Bronstein JM, Ritz B. Inflammatory cytokine gene polymorphisms and 
increased risk of Parkinson disease. Arch Neurol. 2007; 64:836–40. [PubMed: 17562931] 

Wang J, Bankiewicz KS, Plunkett RJ, Oldfield EH. Intrastriatal implantation of interleukin-1. 
Reduction of parkinsonism in rats by enhancing neuronal sprouting from residual dopaminergic 
neurons in the ventral tegmental area of the midbrain. J Neurosurg. 1994; 80:484–90. [PubMed: 
7906726] 

Wang P, Xia HH, Zhang JY, Dai LP, Xu XQ, Wang KJ. Association of interleukin-1 gene 
polymorphisms with gastric cancer: a meta-analysis. Int J Cancer. 2007; 120:552–62. [PubMed: 
17096351] 

Wang S, Cheng Q, Malik S, Yang J. Interleukin-1beta inhibits gamma-aminobutyric acid type A 
(GABA(A)) receptor current in cultured hippocampal neurons. J Pharmacol Exp Ther. 2000a; 
292:497–504. [PubMed: 10640285] 

Hewett et al. Page 20

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang X, Li X, Currie RW, Willette RN, Barone FC, Feuerstein GZ. Application of real-time 
polymerase chain reaction to quantitate induced expression of interleukin-1beta mRNA in 
ischemic brain tolerance. J Neurosci Res. 2000b; 59:238–46. [PubMed: 10650882] 

Wang XF, Yin L, Hu JG, Huang LD, Yu PP, et al. Expression and localization of p80 interleukin-1 
receptor protein in the rat spinal cord. J Mol Neurosci. 2006; 29:45–53. [PubMed: 16757809] 

Watt JA, Hobbs NK. Interleukin-1beta immunoreactivity in identified neurons of the rat magnocellular 
neurosecretory system: evidence for activity-dependent release. J Neurosci Res. 2000; 60:478–
89. [PubMed: 10797550] 

Weber A, Wasiliew P, Kracht M. Interleukin-1 (IL-1) pathway. Sci Signal. 2010; 3 cm1. 

Wen AQ, Wang J, Feng K, Zhu PF, Wang ZG, Jiang JX. Effects of haplotypes in the interleukin 1beta 
promoter on lipopolysaccharide-induced interleukin 1beta expression. Shock. 2006; 26:25–30. 
[PubMed: 16783194] 

Wong ML, Licinio J. Localization of interleukin 1 type I receptor mRNA in rat brain. 
Neuroimmunomodulation. 1994; 1:110–5. [PubMed: 7489320] 

Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P, et al. Blockade of microglial activation is 
neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson 
disease. J Neurosci. 2002; 22:1763–71. [PubMed: 11880505] 

Wu MD, Hein AM, Moravan MJ, Shaftel SS, Olschowka JA, O’Banion MK. Adult murine 
hippocampal neurogenesis is inhibited by sustained IL-1beta and not rescued by voluntary 
running. Brain Behav Immun. 2012; 26:292–300. [PubMed: 21983279] 

Yamasaki Y, Matsuura N, Shozuhara H, Onodera H, Itoyama Y, Kogure K. Interleukin-1 as a 
pathogenetic mediator of ischemic brain damage in rats. Stroke. 1995; 26:676–80. discussion 81. 
[PubMed: 7709417] 

Yang GY, Liu XH, Kadoya C, Zhao YJ, Mao Y, et al. Attenuation of ischemic inflammatory response 
in mouse brain using an adenoviral vector to induce overexpression of interleukin-1 receptor 
antagonist. J Cereb Blood Flow Metab. 1998a; 18:840–7. [PubMed: 9701345] 

Yang GY, Mao Y, Zhou LF, Ye W, Liu XH, et al. Attenuation of temporary focal cerebral ischemic 
injury in the mouse following transfection with interleukin-1 receptor antagonist. Brain Res Mol 
Brain Res. 1999; 72:129–37. [PubMed: 10529471] 

Yang GY, Zhao YJ, Davidson BL, Betz AL. Overexpression of interleukin-1 receptor antagonist in the 
mouse brain reduces ischemic brain injury. Brain Res. 1997; 751:181–8. [PubMed: 9099804] 

Yang S, Liu ZW, Wen L, Qiao HF, Zhou WX, Zhang YX. Interleukin-1beta enhances NMDA 
receptor-mediated current but inhibits excitatory synaptic transmission. Brain Res. 2005; 
1034:172–9. [PubMed: 15713269] 

Yang Y, Quitschke WW, Brewer GJ. Upregulation of amyloid precursor protein gene promoter in rat 
primary hippocampal neurons by phorbol ester, IL-1 and retinoic acid, but not by reactive oxygen 
species. Brain research. 1998b; 60:40–9. [PubMed: 9748493] 

Yao J, Keri JE, Taffs RE, Colton CA. Characterization of interleukin-1 production by microglia in 
culture. Brain Res. 1992; 591:88–93. [PubMed: 1446236] 

Yazdi AS, Drexler SK, Tschopp J. The role of the inflammasome in nonmyeloid cells. J Clin 
Immunol. 2010; 30:623–7. [PubMed: 20582456] 

Zalutsky RA, Nicoll RA. Comparison of two forms of long-term potentiation in single hippocampal 
neurons. Science. 1990; 248:1619–24. [PubMed: 2114039] 

Zhang R, Yamada J, Hayashi Y, Wu Z, Koyama S, Nakanishi H. Inhibition of NMDA-induced 
outward currents by interleukin-1beta in hippocampal neurons. Biochem Biophys Res Commun. 
2008; 372:816–20. [PubMed: 18519030] 

Zhang W, Smith C, Howlett C, Stanimirovic D. Inflammatory activation of human brain endothelial 
cells by hypoxic astrocytes in vitro is mediated by IL-1beta. J Cereb Blood Flow Metab. 2000; 
20:967–78. [PubMed: 10894180] 

Zhou C, Qi C, Zhao J, Wang F, Zhang W, et al. Interleukin-1beta inhibits voltage-gated sodium 
currents in a time- and dose-dependent manner in cortical neurons. Neurochem Res. 2011; 
36:1116–23. [PubMed: 21448594] 

Hewett et al. Page 21

Eur J Neurodegener Dis. Author manuscript; available in PMC 2015 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


