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Abstract

We recently demonstrated that interleukin-1β (IL-1β) increases system xc
− (cystine/glutamate 

antiporter) activity in mixed cortical cell cultures, resulting in an increase in hypoxic neuronal 

injury when glutamate clearance is impaired. Herein, we demonstrate that neurons, astrocytes and 

microglia all express system xc
− subunits (xCT, 4F2hc, RBAT) and are capable of cystine import. 

However, IL-1β stimulation increases mRNA for xCT— the light chain that confers substrate 

specificity— in astrocytes only; an effect blocked by the transcriptional inhibitor actinomycin D. 

Additionally, only astrocytes show an increase in cystine uptake following IL-1β exposure; an 

effect associated with a change in xCT protein. The increase in cystine uptake that follows IL-1β is 

lacking in astrocytes derived from mice harboring a mutation in Slc7a11 (sut gene), which 

encodes for xCT, and in wild-type astrocytes treated with the protein synthesis inhibitor 

cycloheximide. IL-1β does not regulate the light chain of the amino acid transporter, LAT2, or the 

expression and function of astrocytic excitatory amino acid transporters (EAATs), demonstrating 

some target selectivity. Finally, the enhanced neuronal vulnerability to hypoxia that followed 

IL-1β treatment in our mixed culture system was not observed in chimeric cultures consisting of 

wild-type neurons plated on top of sut astrocytes. Nor was it observed in wild-type cultures treated 

with a system xc
− inhibitor or an NMDA receptor antagonist. Overall, our data demonstrate that 

IL-1β selectively regulates system xc
− activity in astrocytes and that this change is specifically 

responsible for the deleterious, excitotoxic effects of IL-1β found under hypoxic conditions.
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Introduction

System xc
− is a heteromeric amino acid transporter consisting of two subunits: xCT — the 

light chain that confers substrate specificity — and a heavy chain (4F2hc or RBAT) thought 

to target the transporter to the plasma membrane (Bassi et al. 2001; Sato et al. 1999). The 

import of cystine via system xc
− is directly coupled to glutamate export, occurring in a Na+-

independent, Cl−-dependent manner with 1:1 stoichiometry (Bannai 1986; Reichelt et al. 
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1997). Although, system xc
− is best known for its role in the synthesis of the antioxidant 

molecule glutathione (GSH) (Bannai et al. 1989; Bridges et al. 2001; Dun et al. 2006; 

Lewerenz et al. 2009; Miura et al. 1992; Sato et al. 1995; Watanabe and Bannai 1987), 

enhanced transporter activity has been reported to contribute to neuronal and 

oligodendrocyte injury both in vitro and in vivo (Barger and Basile 2001; Chung et al. 2005; 

Domercq et al. 2007; Fogal et al. 2007; Qin et al. 2006; Savaskan et al. 2008; Sontheimer 

2008).

System xc
− subunits and activity have been demonstrated to be dynamically regulated. For 

instance, xCT expression and/or the activity of system xc
− is enhanced following deprivation 

of certain cellular amino acids or exposure to lipopolysaccharide (LPS), nitric oxide (NO), 

dibutyryl cAMP (dBcAMP), or to electrophilic reagents such as diethyl maleate (DEM) 

(Bridges et al. 2001; Gochenauer and Robinson 2001; Miura et al. 1992; Sato et al. 2004). 

Recently, we demonstrated that the cytokine, IL-1β, enhances system xc
− activity (i.e. 

increases Vmax) in a mixed cortical cell culture system (Fogal et al. 2007). While increased 

activity is not toxic alone, presumably because system XAG
− (glutamate transport) is 

sufficient to prevent the toxic accumulation of extracellular glutamate – under conditions 

where glutamate uptake is compromised (i.e., hypoxia), this IL-1β-mediated enhancement of 

system xc
− activity contributed to an enhancement of extracellular glutamate levels, which 

resulted in excitotoxic neuronal cell death (Fogal et al. 2005; Fogal et al. 2007). Although 

we previously determined that this enhancement in hypoxic neuronal injury in mixed 

cortical cell culture was dependent on astrocyte IL-1RI signaling, the cell type that 

demonstrated an increase in transporter activity was not ascertained (Fogal et al. 2007). As 

our cultures contain predominantly neurons and astrocytes with some contaminating 

microglia, the cellular and molecular target of system xc
− enhancement by IL-1β was 

examined herein using purified populations of primary astrocyte, neuron, and microglial 

cultures. Results indicate that IL-1β regulates the expression and activity of system xc
− in 

astrocytes exclusively and that glutamate released via astrocytic system xc
− directly 

underlies the neurotoxic propensity of IL-1β under hypoxic conditions.

Part of the work has been published in abstract form (Jackman et al. 2009; Jackman and 

Hewett 2009).

Materials and Methods

Cell culture

Cell culture media and experimental buffer compositions were as follows: Media stock 

(MS): L-glutamine-free modified Eagle’s medium (Earl’s salt; MediaTech) supplemented 

with L-glutamine, glucose, and sodium bicarbonate to a final concentration of 2.0, 25.7, and 

28.2 mM, respectively; Glial plating media: MS containing 10% fetal bovine serum (FBS; 

Hyclone) and 10% calf serum (CS; Hyclone), 10 ng/ml epidermal growth factor 

(Invitrogen), 50 IU penicillin, and 50 μg/ml streptomycin (Gibco/BRL); Neuronal plating 

media: Neurobasal media containing 1x B27 (Invitrogen), 2 mM L-glutamine, 50 IU 

penicillin and 50 μg/ml streptomycin; Mixed culture plating media: MS containing 5% CS, 

5% bovine growth serum (BGS, Hyclone), 50 IU penicillin, and 50 μg/ml streptomycin. 

Microglia growth media: DMEM (high glucose; Gibco) containing 5% FBS, 2mM L-
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glutamine, 50 IU penicillin, 50 μg/ml streptomycin and 50% LADMAC (ATCC)-

conditioned media to supply colony stimulating factor-1 (Sklar et al. 1985). To produce 

LADMAC conditioned media, the LADMAC cell line (CRL-2420, ATCC,) was grown to 

confluence in DMEM containing 5% FBS, 2 mM L-glutamine, 50 IU penicillin and 50 

μg/ml streptomycin in 75 cm2 flasks for ~14 days followed by harvesting, centrifugation 

(720 × g; 3 min) and filtering of the culture supernatant, which is then stored at −80°C. 

Maintenance media: MS containing 10% CS and 50 IU penicillin/50 μg/ml streptomycin; 

HBSS (mM): 120 NaCl, 5.4 KCl, 0.8 MgCl2, 1.8 CaCl2, 15 glucose, 20 HEPES, 10 NaOH, 

and 0.01 glycine (pH 7.4). Balanced Salt Solution [BSS (mM)]: 116 NaCl, 5.4 KCl, 0.8 

MgCl2, 1 NaH2PO4, 26.2 NaHCO3, 1.8 CaCl2, 0.01 glycine, 2 L-glutamine, 1x MEM amino 

acids (Invitrogen), and 5 or 20 mM glucose (BSS5 or BSS20, respectively).

Primary astrocyte cultures were derived from pooled cortices of day 1–3 postnatal CD1 

mouse pups (Charles River Laboratories) or from mouse pups derived from sut 

heterozygous breeding pairs (JAX; Stock # 001310) or sut control mice (C3H/HeSnJ; JAX; 

Stock # 000661) essentially as described (Trackey et al. 2001) save for the addition β-

mercaptoethanol (β-ME; 55 μM) to the glial plating medium of the sut cultures to maintain 

viability and growth (Shih et al. 2006). Il1r1 wild-type and null mutant astrocytes were 

cultured from cerebral cortices of single pups derived from Il1r1 heterozygous breeding 

pairs (JAX; stock # 003245). Following dissection of the cerebral cortices, the rest of the 

brain was used for genotyping as described [http://jaxmice.jax.org/strain/003245.html]. 

Cells from cerebral cortices were dissociated, plated (Falcon Primaria; BD Biosciences) and 

once confluent, then treated with 8 μM β-D-arabinofuranoside (AraC; Sigma) once for 4–7 

days to reduce the number of microglia. Purified astrocyte cultures were generated by 

removing residual microglia by treatment with 75 mM L-leucine methyl ester for 60–90 

min, one day prior to experimentation (Hamby et al. 2006a). Cultures were ≤ 35 days in 

vitro at the time of experimentation. Microglia cultures were prepared by plating dissociated 

cortical cells from CD1 mouse pups (1–3 days) in T25 tissue culture flasks (2 hemisphere/5 

ml/flask) in glial plating medium. Fourteen to 21 days later, the culture medium was 

supplemented with HEPES buffer to a final concentration of 25 mM and flasks shaken 

overnight at 150 rpm (37°C). The supernatant containing dislodged microglia was collected, 

spun (3 min; 720 × g) and the resulting pellet resuspended in microglial growth media and 

plated in 15 mm 24-well plates (Corning) (Hamby et al. 2006b). Primary neuronal cultures 

were derived from dissociated cortical cells of embryonic day 15 CD1 mouse fetuses using a 

modification of the protocol of Brewer and colleagues (Brewer et al. 1993). Two days after 

plating in neuronal plating medium, cultures were treated once with 1 μM AraC for two 

days, then media was partially replenished (½ volume exchange) twice weekly. Experiments 

were performed on pure neuronal cultures after 7–10 days in vitro. Mixed cortical cell 

cultures containing predominantly neurons and astrocytes with a small amount of 

contaminating microglia were prepared by isolating cortices obtained from embryonic day 

15 mouse fetuses and plating them on a confluent layer of astrocytes in mixed culture 

plating media (Trackey et al. 2001). After 7 days in vitro, mixed cultures were treated with 8 

μM AraC for 2 days then switched into maintenance media. The media was changed after 5 

and 9 days in vitro, and one day prior to experimentation, cells were placed into MS. 
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Experiments were performed on mixed cortical cultures after 13–14 days in vitro. All 

cultures were maintained at 37°C in a humidified 6% CO2-containing atmosphere.

IL-1β Treatment

Cells were treated with 3 ng/ml recombinant murine IL-1β (R&D Systems) for various times 

in an incubation buffer of MS (neurons and astrocytes) or microglial growth media 

(microglia) both supplemented with 0.1% fatty-acid free BSA (Sigma). Cells were then 

returned to a humidified 37°C normoxic (21% O2) incubator containing 6% CO2.

Radiolabeled L-cystine and D-aspartate uptake

System xc
− specific 14C-L-cystine (PerkinElmer) and system XAG

−-mediated 3H-D-

aspartate (PerkinElmer) uptake was performed as previously described (Fogal et al. 2007). 

Cultures were washed into a HEPES buffered salt solution (HBSS; 3 × 750 μL) and allowed 

to equilibrate for 10 min (25°C). For cystine uptake, cells were incubated in HBSS 

containing 3 μM 14C-L-cystine (1 μCi/ml), 27 μM unlabeled cystine, 1mM D-aspartate and 

0.5 mM acivicin (Biomol). D-aspartate and acivicin were included in the uptake buffer to 

block system XAG
− and γ-glutamyltranspeptidase, respectively, thereby ensuring system xc

− 

specific cystine uptake. Uptake was terminated by washing in ice-cold PBS (3 × 750 μL). 

For D-aspartate uptake, cells were incubated in HBSS containing 0.1 μCi/ml 3H-D-aspartate 

and varying concentrations of unlabeled D-aspartate (25°C) for 5 min and uptake terminated 

by washing cells with an ice-cold Na+-free choline stop buffer containing 116 mM choline 

chloride, 0.8 mM MgSO4, 1 mM KH2PO4, 10 mM HEPES, 5 mM KOH, 10 mM glucose, 

0.9 mM CaCl2, and 5 mM non-radioactive D-aspartate. Varying concentrations of unlabeled 

D-aspartate were used to span the Km of the different astrocytic glutamate transporters 

(Danbolt 2001), thus ensuring that the concentration of non-radioactive D-aspartate used 

was not rate-limiting. To measure amino acid uptake, cells were lysed with warm 0.5% SDS 

and accumulated radioactivity estimated using a liquid scintillation counter. Uptake was 

normalized to total protein as determined by the BCA Assay (Pierce).

Reverse transcriptase-PCR analysis

Three or four wells of cells grown in 24 well tissue culture plates were combined, the RNA 

was extracted (TRIzol, Invitrogen) and then suspended in 20 μL RNase-free water. RNA 

was quantified spectrophotometrically at 260 nm and first-strand cDNA synthesized from 

0.5–1μg RNA using M-MLV reverse transcriptase (400 U, Invitrogen) and oligo (d)T 

primers (Promega) as previously described (Hewett et al. 1999). Reactions were performed 

in 20 μL volumes at 40–42°C for 1 hr. Each RNA sample was incubated similarly in the 

absence of reverse transcriptase to test for genomic DNA contamination (none detected). 

PCR amplimer pairs for analysis of specific cDNAs are as follows:

Amplimers Annealing Temp.

 xCT 5′-AAACTTGCTAAGCTCTGTGTTGG-3′ (sense) 63 °C

5′-CACATCACATGTTTGTACACTCG-3′ (antisense)

 4F2hc 5′-GCCCAATTCACAAGAACCAG-3′ (sense) 60 °C
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Amplimers Annealing Temp.

5′-CCTAGTGACTAGGGATTCAG-3′ (antisense)

 RBAT 5′-TTGCCATTTATCCAGGAAGC-3′ (sense) 60 °C

5′-AGTTTGTGGGTAGCCAGGTG-3′ (antisense)

 β-actin 5′-GTGGGCCGCTCTAGGCACCAA-3′ (sense) 63 °C

5′-CTCTTTGATGTCACGCACGATTTC-3′ (antisense)

PCR was performed on 1 μL of cDNA using Taq DNA polymerase (1 U, Invitrogen) in a 

total volume of 25 μL in a Bio-Rad iCycler thermal cycler. Each cycle consisted of a 

denaturation step (94 °C; 30 sec), an annealing step (45 sec), and a primer extension step (72 

°C, 1 min). PCR products were separated by electrophoresis in 2% agarose with 1 kb size 

markers (Invitrogen) and visualized by ethidium bromide (BioRad) using a UV 

transilluminator.

Quantitative Real-time PCR (qPCR)

RNA was isolated and first-strand cDNA synthesized as described above. qPCR was 

performed using mouse-specific primer pairs [Taqman Gene Expression Assays, Applied 

Biosystems: xCT (Mm00442530_m1); 4F2hc (Mm00500521_m1); RBAT 

(Mm00486218_m1); EAAT-1 (Mm00600697_m1); EAAT-2 (Mm00441457_m1); LAT2 

(Mm00444250_m1)] per manufacturer’s instructions. Reactions were run in the Applied 

Biosystems Fast Real-Time PCR System and relative quantification performed using the 

comparative cycle threshold method (ΔΔCT), where CT values of the transcript of interest 

were normalized to β-actin CT values from the same sample, then compared to a calibrator 

CT value (untreated cells) to determine the relative fold increase in mRNA. β-actin CT 

values were unaffected by IL-1β treatment. Results were collected and analyzed using 

Applied Biosystems software. Statistics were performed on the logarithmic retransformation 

(i.e. geometric means) of 2−ΔΔCT values. Preliminary experiments were performed to 

establish that the amplification efficiency for each of the primer pairs was >94%.

Immunoblotting

Protein expression was determined by Western Blot analysis. Astrocytes in 24-well plates 

were washed twice with ice-cold PBS then incubated in 50 μL lysis buffer [50 mM Tris, pH 

8.0, 1.0% Nonidet-P40 (NP40), 150 mM NaCl, and protease inhibitor cocktail (Roche)] for 

30 minutes on ice. Cells were harvested by scraping, lysates from eight wells pooled, 

cellular debris removed by centrifugation (10,000 × g; 15 min; 4°C), and the resulting 

supernatants stored at −20°C. After thawing, proteins were concentrated via ethanol 

precipitation. Two volumes of ice-cold ethanol were added to the cell lysates. This mixture 

was stored at −20°C overnight, then spun (14,000 × g; 30 min; 4° C) and the pelleted protein 

resuspended in 1x urea buffer (50 mM Tris, pH 6.8, 2.5% glycerol, 5% SDS, 4 M Urea, 10 

mM DTT, 0.02% bromophenol blue). One hundred μg protein (BCA assay; Pierce) was 

separated by 10% SDS-PAGE under reducing conditions and electrophoretically transferred 

to a nitrocellulose membrane (0.2 μm; Bio-Rad). Proteins of interest were detected 

sequentially using species-specific Western Breeze Immunodetection kits (Invitrogen) per 

manufacturer’s instructions. Primary antibodies and incubation times were as follows: xCT 
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(2 μg/ml; rabbit polyclonal; Novus Biologicals; 2 h at 37° C), β-actin (0.3 μg/ml; mouse 

monoclonal; Sigma; 2 h at 37° C) or CD98 (4F2hc; 0.4 μg/ml; goat polyclonal; Santa Cruz; 

overnight at 4° C). Results were recorded on X-ray film (FujiFilm). Digitized images were 

analyzed by computer-assisted densitometry (Gel-Pro Analyzer) and xCT and 4F2hc protein 

normalized to their respective β-actin levels.

Hypoxia

Mixed cortical cell cultures were placed into an anaerobic chamber (Thermolabs) containing 

a gas mixture of 5% CO2, 10% H2, and 85% N2 (<0.2% O2). Culture medium was replaced 

by thorough exchange with a deoxygenated balanced salt solution (BSS5). Cells were placed 

in a 37°C incubator within the chamber for 4–5 hr and then returned to a 37°C, 6% CO2-

containing normoxic (21% O2) incubator. Parallel cultures within the same plate were 

placed into deoxygenated BSS20 to assess for neuronal injury unrelated to the experimental 

paradigm. Importantly, in the presence of 20 mM glucose, cells can resist neuronal injury for 

nearly 12 hr of oxygen deprivation (Fogal et al., 2005). Neuronal cell death was assessed 

20–24 hr later.

Measurement of neuronal cell death

Neuronal cell death was quantitatively determined by measurement of lactate dehydrogenase 

(LDH) released into the culture supernatant as described previously (Uliasz and Hewett 

2000). Data are expressed as a percentage of total neuronal LDH activity (defined as 100%), 

determined by assaying the supernatant of parallel cultures exposed to 200 μM NMDA for 

20–24 hr. Since primary cortical astrocytes do not contain NMDA receptors (Backus et al. 

1989; Chan et al. 1990; Janssens and Lesage 2001) nor have been shown by us to be injured 

by oxygen deprivation times up to 12 hr (Fogal et al. 2005), changes in LDH activity can be 

used as a specific marker of neuronal injury in this system.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism (Version 4.03, GraphPad 

Software, Inc.) as described in each figure legend. Significance was assessed at p < 0.05.

Results

We previously demonstrated in a mixed cortical cell culture system that IL-1β potentiated 

neuronal injury induced by hypoxia (Fogal et al. 2005) via a process dependent on increased 

system xc
− activity and impaired glutamate clearance (Fogal et al. 2007). Although, it was 

determined that this increase required astrocyte IL-1 receptor I (IL-1RI) signaling, the 

specific cell types responding were not ascertained (Fogal et al. 2007). Hence, initial 

experiments utilized purified cell culture preparations of neurons, astrocytes, and microglia 

to identify which cell types express xCT – the system xc
− light chain –and 4F2hc and RBAT 

–the system xc
− heavy chains – demonstrate functional cystine uptake, and respond to IL-1β 

by increasing system xc
− activity.

Under basal conditions, xCT, 4F2hc, and RBAT transcripts are present in mixed cortical cell 

cultures and in each of the purified populations of cells: astrocytes, neurons, and microglia 
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(Figure 1). Further, all culture preparations functionally express system xc
− as determined by 

their ability to import radiolabeled cystine (Figure 2A–C; white bars). However, only 

astrocytes respond to IL-1β treatment (3 ng/ml; 20–24 hr) with an enhancement in cystine 

uptake (Figure 2A; black bars). No change in uptake was observed in pure neuronal or 

microglial cultures following IL-1β exposure at any time point assessed (Figure 2B,C).

Since IL-1β is known to regulate the expression of various genes, we next assessed whether 

its treatment (3 ng/ml) alters xCT steady-state mRNA expression in purified astrocyte, 

neuronal, and microglial cultures using quantitative PCR. Consistent with the uptake data, 

IL-1β elicits a time-dependent increase in xCT mRNA in astrocyte (Figure 3A), but not 

neuron or microglial cultures (Figure 3B), such that a 4–8 hr incubation produces a ≈12-fold 

increase in astrocytic xCT mRNA (Figure 3A). Interestingly, the transcripts for the system 

xc
− heavy chains do not increase following IL-1β stimulation (Figure 3C). The increase in 

astrocytic steady-state xCT mRNA that follows IL-1β treatment (3 ng/ml; 6 hr) is not 

observed in astrocytes derived from IL-1RI −/− mice (Figure 4A). Further, simultaneous 

exposure of pure astrocytes with IL-1β (3 ng/ml; 6 hr) and the transcriptional inhibitor 

actinomycin D (10 μg/ml; 6 hr) blocks the IL-1β-mediated increase in xCT mRNA 

expression, whereas basal levels remain unchanged (Figure 4B). Consistent with the qPCR 

data, IL-1β treatment enhances proteins levels of astrocyte xCT (Figure 5A,B), whereas 

4F2hc levels are unaffected (Figure 5A,C). Finally, concomitant exposure of astrocytes to 

IL-1β (3 ng/ml) and actinomycin D (12.5 μg/ml; 24 hr), prevents the IL-1β-mediated 

enhancement in cystine uptake, as does incubation with the protein synthesis inhibitor 

cycloheximide (1 μg/ml; 24 hr) (Figure 6).

We next set out to ascertain whether the astrocytic excitatory amino acid transporters 

(EAATs/system XAG
−) are coordinately regulated by IL-1β, since glutamate efflux via 

system xc
− is balanced by system XAG

−-mediated glutamate uptake (Danbolt 2001; McBean 

2002). Treatment of astrocytes with IL-1β (3 ng/ml) does not enhance EAAT-1 (aka 

GLAST) or EAAT-2 (aka GLT-1) mRNA expression (Figure 7A) in the same time frame as 

it does xCT (Figure 3A). Additionally, there is no difference in astrocytic 3H-D-aspartate 

uptake–used here as a measure of EAAT activity– following a 24 hr exposure to IL-1β as 

compared to control (Figure 7B). Finally, the mRNA expression of LAT-2, a light chain of 

the System L amino acid transporter, is also unchanged by IL-1β stimulation (Figure 7A), 

further demonstrating target specificity of the IL-1β response.

To elucidate the functional importance of these findings and definitively test whether 

astrocyte-mediated alterations in system xc
− activity contribute to the development and 

progression of inflammatory (IL-1β-enhanced) hypoxic neuronal injury, astrocytes derived 

from sut mice – which carry a functional mutation in xCT (Chintala et al. 2005) – were 

utilized. Since no PCR genotyping protocol currently exists to detect the truncated slc7a11 

(sut) gene, astrocytes were derived from the pooled cortices of the progeny obtained from 

heterozygous breeders (sut/+). If Mendelian inheritance is followed (¼ +/+, ½ sut/+, ¼ sut/

sut), cultures should possess an estimated 50% reduction in functional sut gene expression. 

Indeed, astrocytes derived from sut animals demonstrate 61 ± 6% less cystine uptake 

compared to WT astrocytes when cultured under basal conditions (Figure 8A). Moreover, 

sut astrocytes do not respond to IL-1β with an increase in cystine uptake as do cultures 
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derived from wild-type controls (Figure 8A). Finally, the enhanced neuronal vulnerability to 

hypoxia that follows IL-1β treatment in our mixed culture system (Fogal et al. 2007) –which 

is recapitulated herein (Figure 8B,9)– is not observed in chimeric cultures consisting of 

wild-type neurons plated on top of sut astrocytes (Figure 8B). Nor is it observed in wild-type 

cultures treated with a system xc
− inhibitor (50 μM LY367385) or an NMDA receptor 

antagonist (10 μM MK-801) (Figure 9), as was similarly demonstrated by us previously 

(Fogal et al., 2007). Together, these data demonstrate that IL-1β selectively regulates system 

xc
− activity in astrocytes and that this change is specifically responsible for the deleterious, 

excitotoxic effects of IL-1β found under hypoxic conditions.

Discussion

Several studies have demonstrated that system xc
− is an important contributor to the ambient 

extracellular glutamate levels that bathe the central nervous system (Augustin et al. 2007; 

Baker et al. 2002a; Baker et al. 2002b; Featherstone and Shippy 2008; Jabaudon et al. 1999; 

Melendez et al. 2005; Warr et al. 1999). Additionally, system xc
− activity has been 

demonstrated to control synapse strength and courtship behavior in drosophila (Grosjean et 

al. 2008), as well as, drug seeking and sensitization behavior in rodents (Baker et al. 2008; 

Baker et al. 2002a; Moran et al. 2005). Finally, its activity can also contribute to 

neuropathology. For instance, export of glutamate via system xc
− produces an excitotoxic 

necrosis that aids in glioma tumor growth, migration, and invasion (Lyons et al. 2007; 

Savaskan et al. 2008; Sontheimer 2008; Ye et al. 1999; Ye and Sontheimer 1999). Further, 

the deleterious effect of Aβ-, sAPP- or LPS-treated microglia or IL-1β-treated mixed 

cultures on neuronal and oligodendrocyte survival in vitro has been shown to be caused by 

system xc
− -mediated excitotoxicity (Barger and Basile 2001; Domercq et al. 2007; Fogal et 

al. 2007; Piani and Fontana 1994; Qin et al. 2006). Thus, understanding the regulation of 

system xc
− at the cellular and molecular level is of great import. Toward this end, the central 

observation of this study is that IL-1β enhances the functional expression of system xc
− in 

astrocytes specifically and selectively via a process dependent on IL-1R1 signaling and de 

novo protein synthesis. Of pathological relevance, this IL-1β-mediated increase in astrocytic 

system xc
− activity enhances neuronal injury initiated by hypoxia.

Demonstration of the expression of xCT, 4F2hc and RBAT mRNA in purified populations 

of neurons, astrocytes and microglia indicate that each cell type has the molecular 

machinery necessary for the formation of a functional system xc
− antiporter (Figure 1). That 

these transcripts are translated to functional protein is demonstrated by the ability of each 

cell type to take up cystine in a system xc
− -dependent manner (Figure 2). While others have 

demonstrated xCT mRNA expression in neurons (Dun et al. 2006; Ogawa et al. 2008) and 

retinal Muller cells (Mysona et al. 2009; Tomi et al. 2003), this is the first report of xCT 

mRNA expression in astrocytes and microglia, although xCT protein expression has been 

demonstrated in all three cell types (Burdo et al. 2006; Domercq et al. 2007; Dun et al. 2006; 

La Bella et al. 2007). Previous studies have also demonstrated functional system xc
− activity 

in neurons (Dun et al. 2006; Murphy et al. 1990), astrocytes (Bender et al. 2000; Cho and 

Bannai 1990; Lewerenz et al. 2009; Pow 2001; Tang and Kalivas 2003), and microglia 

(Barger and Basile 2001; Barger et al. 2007; Domercq et al. 2007; Nakamura et al. 2003; 

Piani and Fontana 1994).
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Interestingly, of the three cell types studied, only astrocytes respond to IL-1β by increasing 

the mRNA of the system xc
− light chain xCT – though not the heavy chains (Figure 3A,C) – 

and by increasing cystine uptake (Figure 2A). Additionally, IL-1β induces expression of 

xCT protein in astrocytes, which can be completely blocked by concomitant incubation with 

cycloheximide (Figure 5). As increases in mRNA do not always translate to similar changes 

in protein expression, it is not surprising that a ≈12-fold increase in xCT mRNA expression 

(Figures 3,4) only resulted in a approximate four-fold change in xCT protein expression 

(Figure 5). Additionally, the discrepancy between changes in protein levels (4 fold) and the 

increase in cystine uptake (2 fold) (Figures 2,6) may occur as a function of the experimental 

system utilized to specifically isolate cystine transport via system xc
−. The presence of 1mM 

D-aspartate –used to inhibit XAG
−-mediated cystine uptake – likely alters the driving force 

required for optimal system xc
− activity, as has been previously described (Reichelt et al. 

1997).

Nevertheless, conclusive demonstration that the IL-1β-mediated enhancement in cystine 

uptake is mediated by astrocytic system xc
− comes from our observation that astrocytes 

derived from sut animals harboring a functional mutation in the xCT gene (Chintala et al. 

2005; Swank et al. 1996) fail to demonstrate this effect (Figure 8A). Both of these results 

(xCT upregulation and increased activity) are consistent with several studies, in neural and 

non-neural systems, which demonstrate an association between xCT mRNA expression and 

system xc
− activity (Bridges et al. 2001; Dun et al. 2006; Mysona et al. 2009; Sato et al. 

2001; Sato et al. 2004; Tomi et al. 2003). The lack of coordinate regulation of the subunits 

might not be too surprising as the heavy chains are utilized by other transport systems and as 

such exist in cells in excess (Stevens and Vo 1998; Verrey et al. 2004). Thus, they need not 

be dynamically regulated with their partners. It should be noted, however, that there is at 

least one study that describes a parallel increase in xCT and 4F2hc mRNA occurring in 

response to LPS (Sato et al. 2001).

The fact that microglia system xc
− components (Figure 3B) and activity (Figure 2C) are 

unaffected by treatment with IL-1β is consistent with other studies demonstrating the 

inability of IL-1β to alter system xc
− activity in cells of the macrophage/monocyte lineage 

(Piani and Fontana 1994; Sato et al. 1995). This finding may be due to the fact that 

microglia have a low ratio of signaling (i.e. IL-1RI) to decoy (i.e. IL-1RII) receptors making 

them unresponsive to IL-1β in either their resting or activation states (Pinteaux et al. 2002). 

Whether this same mechanism accounts for the inability of IL-1β to alter system xc
− 

components and activity in neurons remains to be determined. Additionally, it is possible 

that the differential signaling that follows IL-1RI activation in neurons and astrocytes 

(Srinivasan et al. 2004) fosters xCT regulation in one cell type and not the other.

The IL-1β-mediated increase in steady-state xCT mRNA is due, at least in part, to the 

initiation of transcription following IL-1RI activation as this response was ablated in 

astrocytes derived from IL1r1 null mice or via concomitant treatment with actinomycin D 

(Figure 4). Whether the latter occurs via activation of transcription factors known to 

facilitate transcription of the xCT promoter in response to amino acid deprivation, LPS, and 

oxidative stress (e.g., Nrf2 and ATF4) (Lewerenz et al. 2009; Sasaki et al. 2002; Sato et al. 

2004) remains to be determined. The failure of IL-1β to increase xCT protein expression 
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(Figure 5) and cystine uptake (Figure 6) in the presence of cycloheximide suggests that de 

novo synthesis and subsequent insertion of a functional transporter into the membrane are 

required for the regulation of system xc
− by IL-1β. Cycloheximide also prevented the 

enhancement of transporter activity mediated by LPS in mouse microglia (Piani and Fontana 

1994), by glucose/glucose oxidase (i.e. oxidative stress) in human endothelial cells (Miura et 

al. 1992), and by an NO donor in retinal pigment epithelial cells (Bridges et al. 2001). 

Nevertheless, the requirement of transcription and translation may be cell, species, and/or 

stimulus-specific, as the work of Barger and colleagues showed that transcriptional and 

translational inhibitors were largely ineffective in blocking the LPS-mediated enhancement 

of glutamate release mediated by system xc
− in rat microglial cultures (Barger et al. 2007). 

Additionally, post-transcriptional regulation of system xc
− components and activity in 

astrocytes in response to the antibiotic ceftriaxone has recently been described (Lewerenz et 

al. 2009).

Not only does IL-1β demonstrate cellular specificity, but it appears to show target specificity 

as well. IL-1β had no effect on the expression of the system L transporter light chain, LAT2, 

or the expression and function of astrocytic excitatory amino acid transporters, EAAT-1 and 

EAAT-2 (Figure 7). System L, and LAT-2 in particular, was chosen as a potential target as it 

is expressed in brain (Segawa et al. 1999), it mediates the uptake of the neutral amino acids 

cysteine and methionine (Oxender et al. 1977; Sato et al. 1987; Segawa et al. 1999), and 

because methionine can be converted in the brain to cysteine via transulfuration, a process 

linked to GSH biosynthesis/homeostasis (Vitvitsky et al. 2006). EAATs were assessed as it 

is possible that glutamate import machinery could be cooperatively regulated to maintain 

low extracellular glutamate levels. The lack of effect on the EAATs may not be surprising 

considering the abundance at which they are expressed in astrocytes (Bergles and Jahr 1997; 

Lehre and Danbolt 1998). Additionally, this agrees with previous studies that note no 

alterations in system XAG
− function in the face of increased system xc

− activity (Lewerenz 

et al. 2009; Mysona et al. 2009).

The data described herein coupled with our previous studies (Fogal et al., 2005, 2007) 

suggest the following scenario (Supplemental Figure 1). As System xc
− is an obligate 

exchanger, the import of cystine is coupled to glutamate export. Under physiological 

conditions, the accumulation of glutamate is prevented by its rapid clearance from the 

extracellular space via system XAG
−. Consequently, no neuronal toxicity is observed — 

demonstrating that increased activity of system xc
− is not inherently injurious (Fogal et al., 

2005). In contrast, when glutamate uptake is impaired, increased system xc
− activity can 

result in the accumulation of extracellular glutamate and subsequent excitotoxic neuronal 

cell death (Fogal et al. 2007). This work advances our previous study by demonstrating 

unequivocally that IL-1β enhances system xc
− activity in astrocytes exclusively (Figure 2) 

and that this increase is responsible for the potentiation of neuronal injury found under 

hypoxic conditions. To wit, sut astrocytes – with impaired functional system xc
− – neither 

increase cystine uptake in response to IL-1β (Figure 8A) nor support the ability of IL-1β to 

mediate hypoxic neuronal injury when co-cultured with neurons (Figure 8B).

In summary, we have analyzed expression of xCT mRNA and the activity of system xc
− in 

purified astrocyte, neuron, and microglial cultures in the presence and absence of IL-1β, a 
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cytokine known to be upregulated in and to contribute to various neurological disorders [for 

review see (Fogal and Hewett 2008)]. The results unequivocally demonstrate that astrocytes 

increase system xc
− expression and activity in response to IL-1β, whereas neurons and 

microglia do not. The enhancement in astrocytic transporter activity requires transcription 

and translation, demonstrates specificity for the xCT subunit, and is responsible for the 

increase in hypoxic inflammatory (IL-1β-mediated) neuronal cell death.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cellular system xc
− expression

(A) Total RNA was isolated from unstimulated mixed cortical cell cultures (mix; lanes 1–2), 

pure astrocytes (lanes 3–5), pure neurons (lanes 6–8), and pure microglia (lanes 9–11), 

reverse transcribed, and PCR performed using specific primers for xCT (33 cycles), 4F2hc 

(33 cycles), RBAT (33 cycles) and β-actin (23 cycles) in separate reactions.
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Figure 2. Astrocytes increase cystine uptake following IL-1β treatment
Astrocytes (A; n=4), neurons (B; n=4–8) and microglia (C; n=6–10) were treated with 

vehicle (white bars) or IL-1β (3 ng/ml; black bars) for 20–24 hr following which cells were 

washed and incubated with a buffer containing 14C-L-cystine (3 μM) and uptake was 

determined over time as indicated. Data are expressed as mean ± SEM 14C-L-cystine uptake 

in pmol/mg protein. An asterisk (*) indicates a significant between-group difference as 

determined by a two-way ANOVA followed by Bonferroni’s post hoc test. Significance was 

set at p < 0.05.
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Figure 3. IL-1β selectively increases astrocytic xCT mRNA
(A) Pure astrocytes (n=4) were treated with IL-1β (3ng/ml) or its vehicle for the indicated 

durations and xCT mRNA assessed via qPCR. Data are expressed as mean ± SEM fold 

change in xCT mRNA compared to untreated cells (0 h). (B) Neurons (n=4) and microglia 

(inset; n=4) were treated with IL-1β (3ng/ml) or its vehicle for the indicated durations and 

xCT mRNA expression was assessed via qPCR. Data are expressed as mean ± SEM fold 

change in xCT mRNA compared to untreated cells (0 h). (C) Astrocytes (n=3) were treated 

with IL-1β (3ng/ml) or its vehicle for the indicated durations and 4F2hc and RBAT (inset) 

mRNA expression was assessed via qPCR. Data are expressed as mean ± SEM fold change 

in 4F2hc and RBAT mRNA compared to untreated cells (0 h). An asterisk (*) denotes 

values different from 0 hr as assessed by one-way ANOVA. Significance was set at p < 

0.05.
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Figure 4. IL-1R1 signaling and transcription are required for the enhancement in astrocyte xCT 
mRNA expression
(A) Astrocytes (n=4–5 from single pup dissections) were treated with IL-1β (3 ng/ml) or its 

vehicle for 6 h. Thereafter, triplicate or quadruplicate culture wells were pooled, total RNA 

isolated, reverse transcribed and xCT and β-actin expression assessed using quantitative 

PCR. Data are expressed as mean ± SEM fold change in xCT mRNA compared to Il1r1 +/+ 

untreated cells (-IL-1β). (B) Astrocytes (n= 5) were treated with IL-1β (3 ng/ml) or its 

vehicle in the presence and absence of actinomycin D (Act D; 10 μg/ml) and xCT mRNA 

expression assessed via qPCR 6 hr later. Data are expressed as mean ± SEM fold change in 

xCT mRNA compared to untreated cells (-IL-1β, -Act D). An asterisk (*) denotes values 

different from control and a pound sign (#) indicates values that significantly differ from 

IL-1β-treated conditions as assessed by two-way ANOVA followed by Bonferroni’s post 

hoc test. Significance was set at p <0.05.
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Figure 5. IL-1β increases xCT protein expression
(A) Pure astrocyte cultures were incubated with vehicle or 3 ng/ml IL-1β in the absence or 

presence of cycloheximide (CHX 1 μg/ml) for 20–24 hr. Cells were harvested, whole cell 

lysates prepared, and 100 μg protein was separated by SDS-PAGE (10% gel). Western blot 

analysis was performed using antibodies directed against xCT, 4F2hc, and β-actin (loading 

control). Protein from unstimulated C6 glioma cells was used as a positive control for xCT 

protein. Lane 1, Basal; Lane 2, IL-1β; Lane 3, IL-1β+CHX, Lane 4, C6 positive control. 

Representative of two blots. (B,C) Films were scanned and densitometry performed using 

Gelpro Analyzer software. (B) xCT and (C) 4F2hc protein levels were normalized to their 
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corresponding β-actin protein levels and expressed as a fold increase (mean ± SEM; n = 2) 

over control (basal; set to 1).
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Figure 6. Protein synthesis is required for the enhancement of astrocyte system xc
− activity that 

follows IL-1β treatment
Pure astrocyte cultures (n =11–12) were treated with actinomycin D (ACT D; 12.5 μg/ml) or 

cycloheximide (CHX; 1 μg/ml) in the absence (white bars) or presence (black bars) of IL-1β 

(3 ng/ml) for 20–24 hr following which 14C-L-cystine uptake (3 μM labeled + 27μM 

unlabeled; 25°C) was determined. Data are expressed as mean ± SEM 14C-L-cystine uptake 

in pmol/30 min/mg protein. An asterisk (*) denotes values different from control (-IL-1β) 

and a pound sign (#) indicates values different from IL-1β-treated conditions as assessed by 

two-way ANOVA followed by Bonferroni’s post hoc test. Significance was set at p < 0.05.

Jackman et al. Page 22

Glia. Author manuscript; available in PMC 2015 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. IL-1β does not regulate mRNA expression or activity of system XAG
− amino acid 

transporters
(A) Astrocytes (n= 3–4) were treated with IL-1β (3ng/ml) or its vehicle for the indicated 

durations and EAAT-1, EAAT-2, and LAT2 mRNA expression assessed via qPCR. Data are 

expressed as mean ± SEM fold change in mRNA compared to untreated cells (0 h). (B) Pure 

astrocyte cultures (n =10) were treated with vehicle (white bars) or IL-1β (3 ng/ml; black 

bars) for 20–24 hr following which 3H-D-aspartate (0.1 μCi/ml labeled + 1–100 μM 

unlabeled; 25°C) uptake was determined. Data are expressed as mean ± SEM 3H-D-

aspartate uptake in cpm × 103/5 min/mg protein. No significant between-group differences 

were found via two-way ANOVA.
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Figure 8. Cystine uptake and hypoxic neuronal cell death are reduced in cultures containing sut 
astrocytes
(A) Pure astrocyte cultures (n = 5–6) derived from either wild-type (white bars) or sut mice 

(black bars) [all cultured w/55 μM β-ME] were treated with vehicle or IL-1β (3 ng/ml) for 

20–24 hr after which 14C-L-cystine uptake was determined. Data are expressed as mean ± 

SEM 14C-L -cystine uptake in pmol/30 min/mg protein. (B) Chimeric mixed cortical cell 

cultures were obtained by plating wild-type neurons on astrocytes derived from sut mice 

(black bars). These and control cultures (WT neurons on WT astrocytes; white bars) were 

treated with 1 ng/ml IL-1β or vehicle for 20–24 hr, washed, and then deprived of oxygen for 

5 hr. The percentage of total neuronal cell death was determined 20–24 hr later (n = 4 

cultures pooled from two independent experiments). An asterisk (*) indicates a significant 

within-group difference, while a pound (#) sign indicates a significant between-group 

difference as determined by a two-way ANOVA followed by Bonferroni’s post hoc test. 

Significance was set at p < 0.05.
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Figure 9. Ionotropic glutamate receptor and system xc
− antagonism prevent IL-1β-mediated 

hypoxic neuronal injury
Mixed cortical cell cultures were treated with 3 ng/ml IL-1β for 20–24 hr, washed, and then 

deprived of oxygen for 4 hr. The ionotropic glutamate receptor antagonist MK-801 (10 μM) 

and the system xc
− antagonist LY367385 (50 μM) were added at the initiation of hypoxia. 

The percentage of total neuronal cell death was determined 20–24 hr later (n = 5–6 cultures 

pooled from 2 independent experiments). An asterisk (*) denotes values different from 

control untreated cultures (hypoxia) and a pound sign (#) indicates values different from 

IL-1β-treated conditions as assessed by one-way ANOVA followed by a Student-Newman-

Keul’s post hoc test. Significance was set at p < 0.05.
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