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The inﬂammatory response in the central nervous system involves activated microglia. Under normal conditions
they remove damaged neurons by phagocytosis. On the other hand, neurodegenerative diseases are thought to
involve chronic microglia activation resulting in release of excess glutamate, proinﬂammatory cytokines and
reactive oxygen species, leading to neuronal death. System xC- cystine/glutamate antiporter (SXC), a sodium
independent heterodimeric transporter found in microglia and astrocytes in the CNS, imports cystine into the
cell and exports glutamate. SXC has been shown to be upregulated in neurodegenerative diseases including
multiple sclerosis, ALS, neuroAIDS Parkinson's disease and Alzheimer's disease. Consequently, SXC inhibitors
could be of use in the treatment of diseases characterized by neuroinﬂammation and glutamate excitotoxicity.
We report on the optimization of a primary microglia-based assay to screen for SXC inhibitors. Rat primary
microglia were activated using lipopolysaccharides (LPS) and glutamate release and cystine uptake were
monitored by ﬂuorescence and radioactivity respectively. LPS-induced glutamate release increased with
increasing cell density, time of incubation and LPS concentration. Conditions to screen for SXC inhibitors
were optimized in 96-well format and subsequently used to evaluate SXC inhibitors. Known SXC inhibitors
sulfasalazine, S-4CPG and erastin blocked glutamate release and cystine uptake while R-4CPG, the inactive
enantiomer of S-4CPG, failed to inhibit glutamate release or cystine transport. In addition, several erastin
analogs were evaluated using primary microglia and found to have EC50 values in agreement with previous
studies using established cell lines.

1. Introduction
Inﬂammation in the central nervous system (CNS) is thought to
play an important role in the pathogenesis of neurodegenerative
diseases like Alzheimer's disease (AD), Parkinson's disease,
Huntington's disease, HIV-1 associated neurocognitive disorders,
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and
stroke. The inﬂammatory response is mediated by activated microglia,
the resident immune cells of the CNS. Microglial cells represent 10–
20% of the cellular population in the CNS and similar to their

peripheral counterparts, the macrophages, microglia behavior and
morphology are highly dependent on their microenvironment [1,2].
Under normal conditions microglial cells are partly responsible for
innate immunity in the CNS; microglia respond to neuronal damage
and remove damaged cells by phagocytosis. On the other hand, chronic
activation of microglia may cause neuronal damage involving excess
glutamate release. Excess glutamate release is thought to induce
excitotoxicity through increased activation of neuronal glutamate
receptors, increased calcium intake and neuronal apoptosis [3,4].
One glutamate transporter that contributes to nonvesicular release
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Fig. 1. Characterization of microglia activation assay in 96-well format - (A) Induction of glutamate release from rat primary microglia after 24 h stimulation with Pam3CSK4 (10 µg/
ml), poly I: C (50 µg/ml), Tat (1 µM) or LPS (1 µg/ml). (B) Dependence of glutamate release on cell density after 24 h incubation with LPS (1 µg/ml). (C) Dependence of glutamate
release on LPS-concentration and time of incubation. Arrows indicate the number of cells (50,000 cells), concentration of LPS (1 µg/ml) and incubation time (24 h) chosen for the 96well plate microglia activation assays. (D) Cystine uptake by primary microglia after 1 µg/ml LPS treatment for 24 h. N/T: no treatment. Speciﬁc rate of cystine uptake in microglial cells
in the absence of inhibitors from three independent experiments conducted in duplicate was 0.015 ± 0.002 nmol/mg/min. Statistically signiﬁcant diﬀerences (*p < 0.05 and ***p <
0.001) correspond to a comparison to no treatment (N/T) group.

therapeutic target, there has been a concern that cystine starvation and
reduced GSH levels could have detrimental eﬀects in non-cancerous
cells exposed to oxidative stress [30]. However, SXC knockout (KO)
animals develop normally and are fertile [31]. Further, studies with
SXC inhibitors and siRNA have shown good tolerability [32,33]. Given
this, SXC has become a target of interest so that monitoring glutamate
release during microglia activation and evaluating the eﬀect of potential drugs on blocking this release is of major interest in drug discovery.
Even though primary microglia have previously been used to
evaluate SXC inhibitors [18,34–36], the assay has not been thoroughly
characterized or implemented to enable moderate to high throughput
screening for SXC inhibitors. Herein, we report for the ﬁrst time, on the
characterization of a 96-well format primary microglia-based assay to
screen for SXC inhibitors. The assay was systematically characterized
for activation of primary microglia as measured by LPS-induced
glutamate release with respect to diﬀerent activating agents, cell
density and time of incubation. Subsequently, we used the optimized
assay to assess a correlation between glutamate release and cystine
uptake using erastin analogs.

of glutamate is the cystine/glutamate antiporter SXC [5–7]. This is a
Na+-independent, Cl--dependent antiporter [5] expressed in a wide
variety of cells in the CNS where it plays a key role in glutamatergic
neurotransmission as a result of its ability to release glutamate [8–10].
Most recently it has been shown that SXC is a key factor in
maintenance of cell homeostasis in oligodendrocytes [11]. SXC is also
the transporter largely responsible for glutamate release in activated
microglia associated with certain brain pathologies [12–14] and it is a
potential drug target for neuroinﬂammatory diseases associated with
excess extracellular glutamate [15]. SXC imports cystine and exports
glutamate in a 1:1 ratio [5,16]. However, a recent study shows that in
astrocytoma cancer cells (CCF-STTG1) the ratio of cystine uptake to
glutamate release could be 10:1 [15]. SXC has been associated with
neurological diseases such as AD [17], MS [18,19], ALS [8], neuroAIDS
[20] and PD [21,22] and its expression can be enhanced in cell culture
by LPS [19] and cytokines like IL-1β [23]. Once cystine is transported
inside the cell by SXC, it is reduced to cysteine, which is then utilized
for synthesis of the antioxidant tripeptide glutathione (GSH) [24]. GSH
is essential for restoring intracellular redox balance when ROS is
produced [12]. Inhibition of SXC with small molecules such as (S)-4carboxyphenyl glycine ((S)-4-CPG), L-α-aminoadipic acid, sulfasalazine and erastin cause both protective and toxic eﬀects in a variety of
cells and in vivo systems [16,25–28]. On the positive side, therapeutic
inhibition of SXC in cells such as microglia and macrophages protect
against neuronal cell death due to exposure to high extracellular
glutamate levels and excessive stimulation of glutamate receptors
[12,21]. SXC activity has also been associated with various aspects of
cancer, including growth and metastasis, glutathione dependent drug
resistance and excitotoxicity. Inhibition or deﬁciency of the transporter
leads to cystine starvation and cancer cell growth arrest, cell death and/
or enhanced sensitivity to chemotherapy [29]. Although promising as a

2. Materials and methods
2.1. Reagents
Lipopolysaccharides (LPS) from Escherichia coli strain O111:B4,
erastin, polyinosinic: polycytidylic acid (poly I:C), Pam3CSK4, apigenin,
buthionine sulphoximine (BSO) and cystine were purchased from
Sigma-Aldrich. Cell culture reagents and supplies were purchased from
Life Technologies and Greiner Bio One respectively. HIV1- Tat1–86
protein was obtained from Diatheva.
267
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Table 1
Glutamate release and cystine uptake inhibition by SXC inhibitors in CCF-STTG-1 cells and LPS-treated microglial cells. a SXC activity was evaluated in CCF-STTG-1 human
astrocytoma cell line and primary microglia by determining glutamate release using the ﬂuorometric assay (methods). EC50 ± S.D. for the compounds shown were estimated from 8point dose response curves. b 14C-cystine transport by LPS-activated rat primary microglia was determined at concentrations ranging from 1 to 1000 µM.

in poly-D-Lys coated 96-well plates in complete culture medium, the
undetached, remaining microglia were allowed to grow in ﬂasks for
another 7 days prior to a second microglia harvest. Poly-D-Lys coated
plates enhanced cell binding, therefore minimizing losses during
washing steps prior to LPS activation. After 24 h, the culture medium
was replaced with serum-free and phenol red-free DMEM containing
2 mM glutamine (assay medium). Activation was done by treating the
cells with 1 µg/ml LPS for 24 h. Test compounds were added to cells
15 min prior to activation in assay medium containing a ﬁnal concentration of 0.1% DMSO. Experiments were carried out in duplicate or
triplicate using 8 concentrations in the 10 pM −100 µM range.

2.2. Primary microglia cultures
All animal procedures were approved by the Johns Hopkins
University Animal Care and Use Committee under protocol number
MO15M485 issued to Barbara S. Slusher. Rat primary microglia cells
cultures (≥95% purity) were generated and isolated following standard
protocols with few modiﬁcations [37]. Brieﬂy, brains of 1–2 day old
pups euthanized by CO2 asphyxiation were dissected in ice cold L15
solution (Thermo Fisher Scientiﬁc). Meninges and cerebellum were
removed and cell dissociation was carried out by pipetting up and down
cells in L15 solution containing Accutase (Innovative Cell Technologies
Inc.) diluted 1:4. Cells were diluted two-fold with DMEM/F12 with
10% fetal bovine serum (FBS) and ampicillin/amphotericin antibiotic
(complete culture medium). Cells were then pelleted at RT for 10 min
at 200×g, and resuspended in L15 solution using 1/4 of the original
volume. The cell suspension was passed through a 40 µm nylon cell
strainer (BD), and cells were washed with complete culture medium
once and seeded at a density of 1 rat brain per 75 cm2 ﬂask. After cells
were in culture for 7 days, half the culture medium was replaced with
fresh complete medium. Subsequently, similar media changes were
conducted every 2 – 3 days until time of harvest.

2.4. Glutamate release measurements
Glutamate release experiments were conducted in 96-well format in
phenol-free media (DMEM, ThermoFisher Scientiﬁc Catalog No.
31053-028) containing cystine (0.2 mM). Microglia cells were exposed
to LPS (or other activators) for 24 h ( ± ) inhibitors. Extracellular
glutamate levels were determined using an enzyme-coupled, Amplex
UltraRed ﬂuorescence-based assay as previously reported [38]. Parallel
determinations (counter screens) were always carried out with all
components of the assay except microglia (SXC source) to insure
potential inhibitors were not inhibiting the coupling enzymes in the
detection system and appearing as false positives. Concentration of
glutamate release was obtained from a standard curve of ﬂuorescence
readings vs. glutamate concentration. The standard curve was generated by incubating known glutamate concentrations with the Amplex
UltraRed detection system and measuring the corresponding ﬂuores-

2.3. Microglia activation assay
Primary microglia cells were harvested from 14 to 21 days in vitro
mixed glial cultures. Fresh complete media were added to the ﬂasks
prior to harvest and the ﬂasks placed on a shaker at 200 rpm for 2 h at
37 °C. While the detached microglia were plated at 50,000 cells per well
268
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Table 2
Effect of erastin analogs on SXC transporter activity in LPS-treated rat primary microglial cells. (A) Chemical structures of erastin analogs used in SAR study (B) Inhibition of SXC
transporter activity in microglia - EC50 ± S.D. for both glutamate release and cystine uptake are shown. Erastin A8 structure has an ethyl instead of an isopropyl substitution in the
northern part of the molecule.

signiﬁcant when p values were ≤0.05 (indicated with *). P values <
0.01 and < 0.001 were indicated with (**) and (***) respectively.

cence units. Correlation of ﬂuorescence with glutamate concentration
was linear in the 0.5–64 µM range of glutamate concentrations.
Concentrations of glutamate release from microglia in the absence of
inhibitors were in the 14.5–18.0 µM range.
2.5.

14

3. Results and discussion

C-Cystine uptake measurements

3.1. Screening for inhibitors of SXC can be performed using primary
microglia in 96-well format

Cystine uptake experiments were conducted in 96-well format
following previously published methods [39]. Microglia cells were ﬁrst
exposed to either HBSS or LPS (in HBSS) for 24 h (in DMEM medium
containing 0.2 mM cystine as in glutamate release experiments).
Medium was then removed and cystine uptake was measured after
incubation with [14C]-cystine as a tracer (45 µCi/µmol, 10 µM) in the
presence of LPS ± inhibitors for 15 min in Earle's Balanced Salt
Solution (EBSS, Sigma Catalog No. E3024). An aliquot of the DMEM
Medium from the initial 24 h incubation with LPS was used to measure
glutamate release to insure microglia had been activated. Speciﬁc
uptake of [14C]-cystine corrected for radioactive contaminants like
leakage and binding was determined by subtracting background
control from each [14C]-cystine measurement. Background controls
were obtained by incubating non-stimulated microglia (HBSS only)
with [14C]-cystine tracer in the absence of LPS but in the presence of
1 mM sulfasalazine, known to completely inhibit SXC activity.

Studies on pharmacological SXC inhibition highlight its importance
in the maintenance of physiological processes like glutamatergic
neurotransmission [8–10], and cell homeostasis in oligodendrocytes
[11]. In addition, pharmacological studies are suggestive of the
potential of SXC as a drug target in a variety of diseases including
Alzheimer'’s disease [36], autoimmune inﬂammatory demyelination
[34] and malignant glioma [40]. Unfortunately, inhibitors that have
been used to study the role of SXC are not very potent (µM and mM
aﬃnities), exhibit oﬀ-target eﬀects and /or are metabolically unstable
[12]. Currently there are no potent, selective SXC inhibitors that can be
advanced to the clinic for the treatment of diseases where SXC is
involved. One way to ﬁnd new SXC inhibitors is through the screening
of a large number of compounds for SXC inhibition using well
characterized screening assays. The use of primary microglia in a
screening assay is of interest given its relevance in SXC mediated
eﬀects. Even though primary microglial cells have been used to
evaluate SXC inhibitors [34–36], to our knowledge the assay has not
been systematically characterized. In the present work we implemented
an SXC screening assay in 96-well format using primary microglia after
optimizing it for glutamate release with respect to diﬀerent activating

2.5.1. Biological data collection and statistical analyses
Results are average of at least four determinations. Curve ﬁtting
and statistical analyses (one-way ANOVA with Tukey's post hoc test)
were done in Prism 5 (GraphPad). Results were considered statistically
269
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Fig. 2. Inhibition of SXC activity by erastin and analogs - Representative dose response curves illustrating inhibition of primary microglia glutamate release (left panels) and cystine
uptake (right panels) by (A) erastin, (B) the most potent inhibitor 35MEW28 and (C) an inactive analog Erastin A8. Each data point corresponds to the average of three replicates.
Speciﬁc rate of cystine uptake in microglial cells in the absence of inhibitors from three independent experiments conducted in duplicate was 0.015 ± 0.002 nmol/mg/min. Error bars are
S.E.M. When error bars are not seen it is because their magnitude is smaller than the symbol depicting the average.

treated with LPS or other activators (Fig. 1A, B, C) must have been due
to the presence of activators. In addition to LPS-induced glutamate
release, cystine transport was approximately 3-fold higher in LPStreated microglia vs. untreated microglia (Fig. 1D).
In the next set of experiments we used prototype SXC inhibitors to
demonstrate that under these conditions inhibition of both glutamate
release and cystine uptake could be monitored (Table 1). As controls,
we measured LPS-induced glutamate release ± known inhibitors of
SXC [15,44]. Inhibition of glutamate release by sulfasalazine, S-4CPG
and erastin was the same within error when using CCF-STTG-1 cells or
primary microglia (Table 1). Inhibition of cystine uptake was also
observed with the three prototype inhibitors (Table 1). In contrast, (R)4-CPG, the inactive enantiomer of (S)-4-CPG, did not inhibit glutamate
release or cystine uptake. Even though some of these prototype
inhibitors have been shown to inhibit additional targets [45–47] they
are all SXC inhibitors and could be used for their inhibitory activity in
the SXC assay characterization.

agents, cell density and time of incubation. First, we characterized
microglia stimulation with various known microglia activators. We
used rat rather than mice cell cultures as SXC source because rat
microglia exhibited larger and more reproducible increases in glutamate release upon treatment with various microglia activators than
primary microglia isolated from mice. Signiﬁcant glutamate release
occurred after 24 h treatment with various toll-like receptor ligands
such as Pam3CSK4, poly I:C and LPS and with the HIV-1 Tat1–86
protein (Fig. 1A). LPS was the stimulant of choice because even though
it did not exhibit the most activation, it still exhibited a robust response
(~ 4-fold increase in glutamate over untreated microglia), it is
commercially available, it is reasonably priced, and there is an
abundance of literature on its uses as a microglial or macrophage
activator [41–43]. Second, we characterized the measurement of
glutamate release with respect to cell density (Fig. 1B), LPS concentration and time of incubation (Fig. 1C). We chose 50,000 cells per well
and 1 µg/ml LPS treatment for 24 h to monitor glutamate release.
Signal to background ratio for glutamate induction under these
conditions was 4 to 5-fold for activated microglia vs. untreated cells.
Since cystine concentration was 0.2 mM for all cells when measuring
glutamate release (methods), the only parameter that was diﬀerent was
the presence or absence of microglia activators. As a result, increases in
glutamate release when using untreated microglia (N/T) vs. microglia

3.2. Erastin analogs attenuate LPS-induced glutamate release and
cystine uptake by primary microglia
A recent study showed that erastin and some of its analogs were
very potent inhibitors of SXC function in cancer cells; SXC inhibition
270
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to high throughput screening for SXC inhibitors. The assay will help
identify novel scaﬀolds since all current inhibitors are weak or nonselective. Advantages of the assay include the use of primary microglial
cells, which resemble more closely the behavior of cells in vivo [51] as
compared to immortalized cell lines and the use of 96-well format
which makes it amenable to screen a large number of compounds. One
limitation of this assay is the length of time required for microglial cell
processing and isolation from mixed glial cultures, which must be
maintained in vitro for at least 14 days before microglia isolation.

was shown to interfere with protein folding and to cause endoplasmic
reticulum stress [44]. Given that these compounds are the most potent
SXC inhibitors known, they were used to help appraise the validity of
our assays. We evaluated the ability of seven erastin analogs to inhibit
LPS-induced glutamate release or cystine uptake in primary microglia
(Table 2). In agreement with previous studies using established cell
lines [44,48], replacement of the ethoxy group on erastin with an
isoproxy group and generation of an achiral analog by deletion of the
methyl group at the chiral center did not aﬀect inhibitory activity
(13MEW76); EC50 values for blockade of microglia glutamate release
by erastin and 13MEW76 were 0.13 ± 0.04 and 0.16 ± 0.02 µM respectively (Tables 1 and 2). Elimination of the para-chloro phenoxy moiety
(Erastin A8) or the para-chloro substituent (35MEW13) abolished
inhibitory activity (Table 2). Chlorine substitutions on the benzene ring
of the quinazolinone scaﬀold (14MEW31 and 14MEW32) did not aﬀect
inhibitory activity (Table 2). Introduction of benzene on the meta
position (35MEW28) increased activity 3-fold compared to erastin
while substitution with an aldehyde functional group in the same
position (AE) did not aﬀect activity when compared to erastin (Tables 1
and 2). Active erastin analogs inhibited glutamate release in microglia
at nM concentrations (Fig. 2 and Table 2) and exhibited similar rank
potencies as in previous studies where the compounds had been used to
evaluate their ability to inhibit glutamate release in CCF-STTG-1 cells
[44,48]. Similar to previous studies, replacement of the ethoxy group
on erastin with an isoproxy group and generation of an achiral analog
by deletion of the methyl group at the chiral center did not aﬀect
inhibitory activity (13MEW76). Also, elimination of the para-chloro
substituent (35MEW13) abolished inhibitory activity (Table 2). This
latter result has been used to suggest that the chlorine atom could be
making a key bonding interaction with SXC essential for binding [44].
Inhibition of cystine uptake resulted in inhibitor EC50 values in the
range 0.5–5 µM that were 4 to 30-fold less potent than those for
inhibition of glutamate release. The results are consistent with a previous
ﬁnding showing that even though the two processes are SXC-mediated,
cystine uptake could be 10-fold higher than glutamate release [15].
Higher cystine concentrations going inside the cell would require higher
concentrations of compound to prevent it. Diﬀerences in EC50's could also
be due to multiple transporters. However, there are reports in the
literature that indicate increases of SXC expression in microglia upon
LPS treatment suggesting that SXC is at least one of the transporters
involved [19,43]. Higher EC50 values for cystine uptake vs. glutamate
release when using erastin analogs could also be the result of time
dependent inhibition; inhibitors in the glutamate release experiment are
exposed to the cells longer than in the cystine uptake experiment
(Materials and Methods) thus giving an opportunity to a time-dependent
inhibitor to appear more potent. Rank order potency as a result of
structural changes remained the same for erastin, 35MEW28, 14MEW31
and AE. Interestingly, 13MEW76 and 14MEW32 exhibited EC50 values
for inhibition of cystine uptake of 4.78 ± 1.74 and 1.75 ± 0.39 µM
respectively. Lower potency inhibition of cystine uptake vs. glutamate
release in all compounds as well as diﬀerential responses in inhibitory
potency for the two processes (13MEW76 and 14MEW32 vs. erastin,
35MEW28, 14MEW31 and AE) suggest that even though the two
processes have been shown to be SXC-mediated [15], they are not
necessarily synchronized for 1:1 uptake/release ratio.
Erastin is the most potent SXC inhibitor (Table 1) and it is also
known to induce ferroptosis with an EC50=1.2 µM [28,44,49]. A
possible explanation for cell death induction by erastin at concentrations well above that needed for SXC inhibition could be that downstream factors in microglia suppress cell death, such as those needed
for lethal lipid peroxidation [50]. Results suggest that erastin can
eﬀectively inhibit glutamate release and cystine uptake from LPSactivated microglia at concentrations far lower than toxic levels thus
preserving microglia, an important innate immunity cell population.
In summary, we report for the ﬁrst time, on the characterization of
a 96-well format primary microglia-based assay to perform moderate
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