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Nonvesicular Release of Glutamate by Glial xCT Transporters
Suppresses Glutamate Receptor Clustering In Vivo
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We hypothesized that cystine/glutamate transporters (xCTs) might be critical regulators of ambient extracellular glutamate levels in the
nervous system and that misregulation of this glutamate pool might have important neurophysiological and/or behavioral consequences.
To test this idea, we identified and functionally characterized a novel Drosophila xCT gene, which we subsequently named “genderblind”
( gb). Genderblind is expressed in a previously overlooked subset of peripheral and central glia. Genetic elimination of gb causes a 50%
reduction in extracellular glutamate concentration, demonstrating that xCT transporters are important regulators of extracellular glu-
tamate. Consistent with previous studies showing that extracellular glutamate regulates postsynaptic glutamate receptor clustering, gb
mutants show a large (200 –300%) increase in the number of postsynaptic glutamate receptors. This increase in postsynaptic receptor
abundance is not accompanied by other obvious synaptic changes and is completely rescued when synapses are cultured in wild-type
levels of glutamate. Additional in situ pharmacology suggests that glutamate-mediated suppression of glutamate receptor clustering
depends on receptor desensitization. Together, our results suggest that (1) xCT transporters are critical for regulation of ambient
extracellular glutamate in vivo; (2) ambient extracellular glutamate maintains some receptors constitutively desensitized in vivo; and (3)
constitutive desensitization of ionotropic glutamate receptors suppresses their ability to cluster at synapses.
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Introduction
Ionotropic glutamate receptors (iGluRs) mediate most neuro-
transmission in mammalian brains, and changes in the localiza-
tion and/or number of iGluRs are thought to underlie learning,
memory, and many different neuropathologies. Here, we show
that the cystine/glutamate exchange (xc

�) system is a very strong
novel regulator of synaptic iGluR abundance in vivo.

The xc
� system mediates sodium-independent 1:1 exchange

between extracellular cystine and intracellular glutamate (Sato et
al., 1999, 2000, 2002; Kanai and Endou, 2001; Kim et al., 2001;
Hosoya et al., 2002) and is generally assumed to function as a
glutamate-dependent cystine-uptake mechanism for glutathione
synthesis during oxidative stress (Bannai and Ishii, 1982; Bannai
et al., 1984; Christensen, 1990; Shih et al., 2006). However, in-
creasing evidence suggests that the xc

� system, at least in the ner-

vous system, may also be a critical regulator of extracellular
glutamate.

Minor alterations in ambient extracellular glutamate by the
xc

� system have the potential to dramatically alter glutamatergic
neurotransmission. For example, human CSF glutamate levels
typically range from 3 to 7 �M in healthy subjects (Tucci et al.,
1998; Rainesalo et al., 2004). This concentration is sufficient for
activation and desensitization of a large fraction of endogenous
glutamate receptors, particularly NMDA receptors (EC50 � 6 – 8
�M), which are known to be critical for phenomena such as learn-
ing and memory (Jahn et al., 1998; Lerma et al., 2001; Nahum-
Levy et al., 2001). Circumstantial evidence from mammals, nem-
atodes, and flies also implicates physiological levels of
extracellular glutamate in regulation of glutamate receptor clus-
tering (Lissin et al., 1999; Featherstone et al., 2002; Grunwald et
al., 2004).

The proteins mediating xc
� system transport were recently

identified by expression cloning in Xenopus oocytes (Sato et al.,
1999). xc

� system transporters are highly conserved het-
erodimeric transmembrane proteins composed of one “heavy”
4F2hc subunit and one “light” cystine/glutamate transporter
(xCT) subunit. 4F2hc is an accessory subunit that regulates pro-
tein trafficking and is used by several different types of amino acid
transporter. xCT is required for xc

� system amino acid selectivity
and transport and is found only in xc

� system transporters (Sato et
al., 1999; Chillaron et al., 2001; Wagner et al., 2001; Verrey et al.,
2004). Increasingly, xc

� system transporters are referred to as
“xCT transporters,” in acknowledgment of their molecular com-
position. Thus, genetic elimination of xCT proteins allows us to
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determine whether the xc
� system regulates glutamatergic syn-

apse development and/or function.
Using Drosophila, we identified, named, and functionally

studied a highly conserved but previously undescribed xCT pro-
tein, which we named “Genderblind” (GB; also known as
CG6070), based on a mutant homosexual behavior phenotype
(Grosjean et al., unpublished results). Our results suggest that
GB-based xCT transporters secrete glutamate from a previously
undescribed subset of central and peripheral glia, and this gluta-
mate acts as a strong regulator of glutamate receptor clustering
via a desensitization-dependent mechanism. These findings rep-
resent the identification of a novel role for the xc

� system and a
fundamentally new mechanism for spatially distributed modula-
tion of glutamatergic signaling.

Materials and Methods
Molecular biology and biochemistry. For reverse transcription (RT)-PCR,
total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA) extrac-
tion (Roberts, 1998). RNA (500 ng; measured spectrophotometrically)
was reverse transcribed, and 10% of the cDNA product was used to
amplify gb and actin cDNA fragments by PCR. A 130 bp fragment of gb
was amplified using the following primers: CCATGAGGGGTATGAT-
CAGTG and ATTTATGTGCTGGCCAATGTG. A 200 bp fragment of
actin was simultaneously amplified as a control using the following prim-
ers: CAAGCCTCCATTCCCAAGAAC and CGTGAAATCGTCCGTGA-
CATC. For each lane shown in Figure 1 and RT-PCR in supplemental
material (available at www.jneurosci.org), total RNA was isolated from a
specific developmental stage, gender, or tagma (head, thorax, or abdo-
men). The amount of RNA was then quantified spectrophotometrically
to control for possible differences in RNA isolation efficiency or degra-
dation and then reverse transcribed. The resulting cDNA was then PCR
amplified using gb and actin-specific primers and separated by gel elec-
trophoresis to give a semiquantitative measurement of gb mRNA abun-
dance throughout development and in specific tissues.

To make the gb.RNAi transgene, two 767 bp fragments of wild-type
(WT) CG6070 were PCR amplified and cloned into the Drosophila trans-
formation and loopless hairpin RNA interference (RNAi) expression
vector pWIZ (Lee and Carthew, 2003) using Escherichia coli SURE cells
(Stratagene, La Jolla, CA). The following PCR primers, which also intro-
duce XbaI and BglII restriction sites (underlined) for cloning, were used:
ATTCTAGACCGTCCAGCGAAATGGTC and either ATTCTAGA-
CATCCGGCATAGGAAAAGATAC or TAAGATCTCATCCGGCAT-
AGGAAAAGATAC. Fly transformation was subsequently performed by
DNA microinjection of embryos using standard methods (Genetic Ser-
vices, Cambridge, MA).

Immunocytochemistry and confocal microscopy. Unless otherwise
stated, immunocytochemistry and confocal microscopy were performed
as described previously (Featherstone et al., 2002, 2005; Chen et al., 2005;
Liebl et al., 2005). All neuromuscular junction (NMJ) micrographs and
analysis were from NMJs on larval ventral longitudinal muscles 6 and 7
(A3–A4). For NMJ glia images, dissections were performed under stan-
dard Drosophila saline with physiological levels of glutamate [(in mM)
135 NaCl, 5 KCl, 4 MgCl2, 1.8 CaCl2, 5 N-Tris(hydroxymethyl)methyl-
2-aminoethanesulfonic acid (TES), 72 sucrose, and 2 L-glutamate]; the
use of zero-calcium, zero-glutamate saline causes NMJ glia retraction.
Rabbit polyclonal anti-GB antibodies were generated against a synthe-
sized peptide SSGNPPSSIAQPAANPAEKAQ by the University of Illi-
nois at Chicago Research Resource Center (Chicago, IL) proteomics and
antibody facilities using standard methods. This peptide represents
amino acids 20 – 40 of the GB protein. These anti-GB antibodies were
used at 1:600. Mouse monoclonal anti-CD8 antibodies (Invitrogen) were
used at 1:100. Mouse monoclonal anti-GluRIIA (8B4D2) and anti-slit
(C555.6) antibodies were obtained from the University of Iowa Develop-
mental Studies Hybridoma Bank (Iowa City, IA) and used at 1:100 and
1:500, respectively. FITC-, tetramethylrhodamine isothiocyanate
(TRITC)-, and cyanine 5 (Cy5)-conjugated goat anti-mouse or anti-
rabbit secondary antibodies were obtained from Jackson ImmunoRe-

search (West Grove, PA) and used at 1:400. TRITC- or Cy5-conjugated
anti-horseradish peroxidase (HRP) antibodies were also obtained from
Jackson ImmunoResearch and used at 1:100. For GB localization exper-
iments, larvae were dissected in standard Drosophila saline (in mM: 135
NaCl, 5 KCl, 4 MgCl2, 1.8 CaCl2, 5 TES, and 72 sucrose) supplemented
with 2 mM glutamate and then fixed for 30 – 40 min in Bouin’s fixative.

Quantitative image analysis was performed with ImageJ (National In-
stitutes of Health, Bethesda, MD). Three-dimensional (3D) isosurface
reconstructions were performed using Amira 3.1 (Mercury Computer
Systems, San Diego, CA).

Immunocytochemical measurements of postsynaptic glutamate re-
ceptor abundance were made by quantifying mean postsynaptic immu-
nofluorescence intensity relative to fluorescence in surrounding muscle
tissue (Fsynapse/Fbackground membrane).

HPLC. For measurements of hemolymph glutamate concentration,
larval hemolymph was extracted by piercing the cuticles of five third-
instar (L3) larvae and allowing them to bleed for 5 min into 100 �l of
Drosophila saline. The concentration of free dissolved glutamate, glycine,
and phenylalanine in each sample was measured independently by Sci-
entific Research Consortium (St. Paul, MN) using a Beckman Coulter
(Fullerton, CA) dedicated HPLC amino acid analyzer, which uses ion-
exchange chromatography followed by postcolumn ninhydrin reaction
detection. To control for variability in hemolymph extraction efficiency
and/or hemolymph evaporation between experiments, glutamate con-
centration in each sample was normalized to the measured concentration
of phenylalanine from the same sample. Phenylalanine (e.g., the “loading
control”) is relatively metabolically uncoupled from glutamate and was
found to be stable across samples in preliminary HPLC experiments
conducted in collaboration with Drs. H. L. Sehtiya and H. BassiriRad
(University of Illinois at Chicago). Dividing by glycine gave essentially
identical results. Without normalization/correction, the mean value for
control hemolymph glutamate concentration was 1.72 mM, which agrees
well with previous measurements. Mean hemolymph glutamate for gb
mutants was 1.08 mM. Ten individually obtained and analyzed samples
(representing hemolymph from a total of 50 larvae) were used for each
genotype.

Receptor clustering inhibition by glutamate assays. Culture of living
semi-intact larvae was performed exactly as described by Ball et al.
(2003), except that the culture medium [essentially HL3 (hemolymph-
like solution) plus calf serum] was supplemented with various amounts
of L-glutamate, as described in Results. At the end of the specified culture
time, larvae were fixed in Bouin’s fixative and treated as described above
for immunocytochemistry and microscopy.

Electrophysiology. All electrophysiological recordings were obtained
from larval ventral longitudinal muscle 6 (A3–A4) using two-electrode
voltage clamp (�60 mV) as described previously (Featherstone et al.,
2000, 2005; Liebl et al., 2005). Note that this is the same NMJ that was
analyzed for all other types of experiments in this study. All dissections
and electrophysiology were performed under standard Drosophila saline;
the use of zero-calcium saline at any point causes NMJ glia retraction.
NMJ glia are also maximally extended only when preparations are main-
tained in physiological (2 mM) levels of glutamate. Recordings were per-
formed in 0 mM glutamate to ensure that we assayed all receptors poten-
tially available in the membrane. To quantify the degree to which Con A,
cyclothiazide, and 4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluoro-
phenoxyacetamide (PEPA) inhibited desensitization, we measured exci-
tatory junction current (EJC) decay-phase time constants, which are
proportional to rates of receptor desensitization (Mathers and Usher-
wood, 1976a,b, 1978).

For each n (one animal), we recorded EJCs for several minutes (at
0.1– 0.5 Hz), applied the drug to the bath, and recorded several more
minutes of EJCs. EJC decay time constants were measured for each of the
“after-treatment” EJCs and then averaged. This average was divided by
the similarly measured average of “before-treatment” EJCs from the
same animal to compute the “percentage of pretreatment excitatory
junction current (EJC) time constant” for that animal. The data points
and error bars in Figure 9D represent the mean � SEM percentage of
pretreatment EJC time constant for several animals.

Genetics and statistics. As described in Results, gb[KG07905] is a

112 • J. Neurosci., January 3, 2007 • 27(1):111–123 Augustin et al. • Genderblind and Regulation of Glutamate Receptor Localization by Glutamate



P-element insertion in CG6070/genderblind: P{SUPor-P}CG6070
[KG07905]. The mutation was generated by the Berkeley Drosophila Ge-
nome Project (BDGP) Gene Disruption Project (Berkeley, CA) (Bellen et
al., 2004) and is available from the Bloomington Stock Center (Bloom-
ington, IN). Wild-type flies were Oregon R. The deficiency (Df ) used was
Df(3R)Exel6206 (Parks et al., 2004), which completely deletes gb, as well
as six more genes 5� to gb and eight genes 3� to gb. Glutamate oxaloacetate
transaminase (GOT ) mutants (Featherstone et al., 2002) were got2[nj]/
SM1,got2[1], in which enzymatic function of GOT2, the sole cytoplasmic
GOT paralog in Drosophila, is eliminated (Chase and Kankel, 1987; Cag-
gese et al., 1994).

For comparison between two groups of normally distributed data, a
Student’s t test was used. All tests were unpaired except for EJC decay
time constant experiments, as described above. When data distributions
had unequal variance or were highly skewed, p values for two-group
comparisons were computed using a Mann–Whitney test or Kolmogor-
ov–Smirnov test. In figures, statistical significance is indicated by aster-
isks: *p � 0.05; **p � 0.01; ***p � 0.001.

Results
Genderblind is a Drosophila xCT homolog
As a first step toward determining the role of xCT transporters in
flies, we used functionally identified mouse and human xCT pro-
tein sequences (Q9WTR6 and BAA82628, respectively) to bioin-
formatically identify all xCT homologs encoded by the Drosoph-
ila melanogaster genome. This revealed five Drosophila xCT
genes: CG6070, JhI-21 (CG12317), mnd (minidiscs; CG3297),
CG1607, and CG9413. The predicted protein sequence of all five
Drosophila genes is highly similar to that of mammalian xCT
subunits: full-length amino acid identity ranges from 36 to 45%.
Importantly, all five Drosophila genes also encode a cystine (C158
in mouse and human sequences) required for formation of disul-
fide bonds between mammalian xCT and 4F2hc subunits (Chil-
laron et al., 2001; Wagner et al., 2001; Verrey et al., 2004). Of these
five genes, we prioritized CG6070 for additional investigation
based on relatively high sequence similarity to mammalian xCT
proteins (43% amino acid identity between CG6070 and human
xCT) and RNA in situ hybridization results from the BDGP Gene
Expression Database that show strong CG6070 expression
throughout the developing nervous system (Tomancak et al.,
2002). The amino acid sequence of Drosophila CG6070 aligned
with xCT protein sequences from other species is shown in
supplemental Figure 1 (available at www.jneurosci.org as sup-
plemental material). Based on a striking increase in homo-
sexual courtship displayed by gb mutant flies (Grosjean et al.,
unpublished results), we named the predicted gene
CG6070“genderblind.”

Genderblind is expressed throughout development
Neither the gb gene nor its protein product (GB) has been de-
scribed previously. As a first step in characterization of gb, we
determined when the gene is expressed using RT-PCR. To do
this, we used RT-PCR to assay for the presence of gb transcript
throughout development and in specific regions of the adult fly.
As shown in Figure 1 and supplemental material (available at
www.jneurosci.org), gb transcript was readily amplified from all
Drosophila life stages, including unfertilized embryos, but not
from deficiency mutants in which the gb gene is completely de-
leted. Based on these experiments, we conclude that gb transcript
is maternally loaded into embryos and then robustly expressed
throughout development.

Genderblind is expressed in a functionally undescribed subset
of peripheral and central glia
According to RNA in situ hybridization data from the Berkeley
Drosophila Gene Expression Pattern Database, which contains
embryonic expression data for approximately one-third of the
Drosophila genome, gb mRNA is highly expressed in embryonic
brain, including, specifically, “surface glia” (Tomancak et al.,
2002). This is consistent with recent studies examining mamma-
lian xCT distribution using antibodies for the first time (Burdo et
al., 2006; Shih et al., 2006), which determined that mammalian
xCT was most abundant in “border areas between the brain
proper and periphery” (Burdo et al., 2006), consonant with an
earlier in situ study concluding that mouse xCT RNA is “espe-
cially abundant in several regions facing the CSF,” including ven-
tricle walls and meninges (Sato et al., 2002).

To determine where GB protein is localized, we generated
polyclonal antibodies against a GB-specific intracellular
N-terminal sequence (amino acids 30 – 60; QPAANPAEK-
AQCREGSAESDS). Immunoreactivity of this antibody was elim-
inated after deletion of the gb gene and significantly reduced after
expression of gb RNAi (supplemental material, available at
www.jneurosci.org), demonstrating that this antibody is specific
for GB protein.

Cellular neuroanatomy in Drosophila is particularly well de-
scribed in the larval periphery, especially in reference to glutama-
tergic NMJs. Using our GB antibody and laser-scanning confocal
fluorescence microscopy, we noticed that GB immunoreactivity
was strong in the vicinity of neuromuscular junctions. As shown
in Figure 2A–D, GB immunoreactivity appears to form a “blob”
of immunoreactivity in the proximal region of NMJs viewed as
confocal stacks with the z-axis perpendicular to postsynaptic
muscles. To determine what this blob might be, we used the
Drosophila Gal4 UAS system (Brand and Perrimon, 1993) to
mark the entire cell membrane of specific tissues with a trans-
membrane CD8::green fluorescent protein (GFP) transgene and
then examined the distribution of this marker relative to GB by
simultaneously staining with anti-GB and anti-CD8 antibodies.
GB immunoreactivity did not overlap with either neuronal [em-
bryonic lethal abnormal visual system (elav)–Gal4] or muscle
(24B–Gal4) membrane (Fig. 2A,B,E). To detect NMJ-associated
glia, we expressed CD8::GFP under control of a repo–Gal4 driver
and then visualized repo-positive cells using anti-CD8 antibodies
(Fig. 2C). Repo encodes a glia-specific homeodomain protein and is
expressed in a large subset of Drosophila glia (Xiong et al., 1994).
Repo–gal4;UAS–CD8::GFP verified that larval NMJs are indeed in-
timately associated with repo-positive glial cells, but GB immunore-
activity only partially overlapped that of repo–gal4;UAS–CD8::GFP

Figure 1. GB is expressed throughout development. Representative RT-PCR measurements
of relative genderblind and actin 5C transcript levels throughout development and in specific
regions of adult male and female bodies. An equal quantity of RNA (measured spectrophoto-
metrically) was isolated from each designated tissue type and used to produce the RT-PCR
product shown in each lane. E, Embryos, L2, second-instar larvae; P, pupae; H, adult head; T,
adult thorax; A, adult abdomen; Df, first-instar larval Df(3R)Exel6206 mutants (negative con-
trol); nfE, unfertilized embryos (showing heavy maternal gb RNA contribution). The age in hours
after egg laying (AEL) at 25°C is shown below the lane images.
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(Fig. 2C,E), suggesting that NMJ expression
of GB is not associated with repo-positive
glia. We next tried expressing CD8::GFP un-
der control of MZ840–Gal4, which drives
expression in another subset of glia, includ-
ing midline glia previously reported as ex-
pressing CG6070 transcript (Kearney et al.,
2004). MZ840-marked cell membranes were
also visible at the NMJ but did not overlap
with any other marker, including GB (Fig.
2D,E). Additional investigation of MZ840–
Gal4 revealed it to be a weak driver in larval
muscle cells. Larval body wall muscles sur-
round boutons with dense folds of mem-
brane called “subsynaptic reticulum” (SSR).
Because of the abundance of SSR mem-
brane, immunoreactivity for larval muscle
membrane proteins appears most promi-
nent near the NMJ, even if the proteins are
evenly distributed within the muscle plasma
membrane (Fig. 2B,D). Quantification of
overlap between different NMJ tissue mark-
ers is shown in Figure 2E. This quantifica-
tion supports the conclusion that although
GB is expressed at the NMJ, it is not ex-
pressed in any previously molecularly de-
fined NMJ cell subtype (neuron, muscle, or
repo-positive glia).

To better understand the relationship
between GB and the larval NMJ, we gener-
ated 3D isosurface reconstructions from
multichannel optical sections gathered us-
ing confocal fluorescent microscopy. Re-
sults from some of these experiments are
shown in Figure 2F–H. In Figure 2F, GB-
expressing cells are visualized with
anti-GB antibodies, motor neuron termi-
nals are visualized with anti-HRP antibod-
ies (which recognize all neuronal mem-
brane), and the repo-positive NMJ glial
cell is marked by repo–Gal4-driven
CD8::GFP and visualized with anti-CD8 antibodies. The view in
Figure 2F is looking along the z-axis of the confocal sections,
perpendicular to the muscle membranes, as depicted in the
Z-projections shown in Figure 2A–D. As in Figure 2A–D, the
repo- and GB-positive cells in Figure 2F seem to form blobs near
the proximal part of the NMJ (where the axons first encounter
muscle tissue). However, when the z-axis of an NMJ reconstruc-
tion is rotated such that the NMJ is viewed from the “side,” the
relationship between the repo-positive cell, the GB-positive cell,
and the presynaptic terminals becomes clear. Figure 2G shows the
data from Figure 2F, rotated and enlarged. As shown in the fig-
ure, the repo-positive cell is tightly associated with the peripheral
nerve and proximal part of the terminal near the point at which
the motor axons first encounter the postsynaptic muscle (data
not shown) and begin branching. GB-positive cells are also asso-
ciated with peripheral motor axons and the proximal part of
motor terminals. However, the GB-positive cell ensheaths the
repo-positive cell and thus appears to form the “outermost” layer
of the peripheral axon wrapping and proximal motor terminal
covering. DAPI (4�,6�-diamidino-2-phenylindole dihydrochlo-
ride) staining (data not shown) and examination of many images
suggest that the nuclei of both GB- and repo-positive cells are

associated with peripheral nerves and that these glia extend pro-
cesses only over the proximal regions of the NMJ. The distal tips
of motor neuron terminals never appear to be covered in any glia
but are buried in postsynaptic muscle, as shown by the presence
of MZ840-marked SSR membrane over distal boutons (Fig. 2H).
Our examination of larval NMJs suggests that Drosophila larval
motor terminals are almost completely buried in either glia or
muscle, and NMJs are collaborations between at least four types
of cell: presynaptic motor neurons, postsynaptic muscles, repo-
positive glia, and GB-positive glia. A summary of this conclusion
is diagrammed in Figure 2 I.

GB is also expressed in the larval CNS (Fig. 3). The larval CNS
is comprised of three prominent structures (Fig. 3A): two optic
lobes and a ventral nerve cord (VNC). In the VNC, most GB
immunoreactivity is in cells near the dorsal cortical regions (Fig.
3B); relatively little GB immunoreactivity is detectable in the
more ventral regions of the VNC (Fig. 3C), except where both GB
and repo are expressed in peripheral glia ensheathing the seg-
mental nerves leading to the NMJs (Fig. 3B,C,E, arrows) as de-
scribed above (Fig. 2). As in the NMJ, GB in the VNC is not
expressed in neurons (Fig. 3B). However, GB immunoreactivity
in the VNC does appear to share some overlap with repo-positive

Figure 2. GB is expressed in a specific subset of NMJ-associated glia. A–D, Confocal projections of third-instar larval NMJs on
ventral longitudinal muscles 6 and 7, stained with antibodies against GB (magenta), HRP (which allows visualization of all
neuronal membrane; blue), and CD8 (green). For each image, transgenic transmembrane protein CD8::GFP was expressed in a
specific tissue type using the gal4/UAS system. A, CD8 expression was driven with the pan-neuronal driver elav–Gal4 (elav). B, CD8
was driven with the muscle driver 24B–Gal4 (24B). C, CD8 was driven with the glial subset driver repo–Gal4 (repo). D, CD8 was
driven with the weak larval muscle and CNS glial driver MZ840 –Gal4 (MZ840). E, Quantitation of overlap between the different
markers of specific tissue membranes described above. Elav versus HRP is a positive control, because elav–Gal4;UAS–CD8::GFP
stained with anti-CD8 and anti-HRP antibodies both mark neuronal membranes. 24B versus HRP is a negative control, because
24B–Gal4;UAS–CD8::GFP stained with anti-CD8 antibodies stains muscle membrane, and anti-HRP stains neuronal membrane. F,
3D isosurface reconstruction of a 6/7 NMJ, stained as in C and viewed from the same perspective as the NMJs depicted in A–D. G,
The same reconstruction shown in F, rotated, enlarged, and labeled. H, 3D isosurface reconstruction of a 6/7 NMJ stained as in D.
I, Cross-sectional diagram of a larval NMJ, showing the arrangement of presynaptic motor neuron terminals, postsynaptic muscle
membrane, and NMJ-associated glia.
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glia (Fig. 3C). Because of the density of CNS tissue, we were
unable to gain insight into this overlap using 3D isosurface re-
constructions, but the presence of some overlap in single confocal
sections (Fig. 3C) supports the idea that GB is expressed in a
subset of repo-positive CNS glia. In the more ventral regions of
the VNC, we found that GB is prominently expressed in a subset
of VNC midline glia (Fig. 3C–E). GB expression in the VNC
midline does not overlap expression of MZ840, which appears to
drive strong expression in larval VNC perineurial glia (Fig. 3D).
GB is also not expressed in midline glia expressing slit (Fig. 3E).
CG6070 was previously reported to be expressed in “medial-most
cell body glia” (MM-CBG) based on embryonic in situ studies
(Kearney et al., 2004). We cannot definitively confirm that GB
immunoreactivity in the larval VNC midline is caused by MM-
CBG expression, because previous methods for MM-CBG iden-
tification relied on MZ840 –Gal4 expression in embryos (Kear-
ney et al., 2004), and larval MZ840 –Gal4 expression clearly does
not identify a subset of midline glia in larvae (Fig. 3D). The func-
tion of MM-CBG glia is unknown.

In the optic lobes, GB immunoreactivity surrounds small
clusters (four to six cells in diameter) of neurons (Fig. 3F–H).
Repo–Gal4 also drives expression surrounding small clusters of

cells (Fig. 3G). Thus, some repo-positive glia in the optic lobes
express GB, although distribution of GB and repo-positive cell
types in other areas of the optic lobe is distinctly nonoverlapping
(Fig. 3G). As in other tissues, GB is not expressed in neurons (Fig.
3F) or in MZ840-marked cells (Fig. 3H).

Overall, GB protein distribution in Drosophila is consistent
with the pattern of expression of xCT recently observed in mam-
mals, in that GB is highly expressed at interfaces between the
nervous system and extracellular milieu. GB is not expressed in
neurons, based on a clear lack of overlap between anti-GB immu-
noreactivity and neuronal membrane. By default, we must there-
fore conclude that GB is expressed in glia, because, by definition,
glia are non-neuronal cells that intermingle with the peripheral
nervous system and CNS. To our knowledge, no markers for all
Drosophila glia have yet been identified. The partial overlap be-
tween repo–Gal4;UAS–CD8::GFP and anti-GB immunoreactivity
in the CNS and the close association between repo–Gal4 and GB
in the NMJ suggest that GB is expressed in a previously undefined
subset of glia. Glia associated with Drosophila larval NMJs have
recently been reported (Brink et al., 2005; Chen et al., 2005) but
are only beginning to be described in any detail (Brink et al., 2005;
Banerjee et al., 2006) (D. Brink and V. Auld, personal communi-

Figure 3. GB is expressed in a specific subset of CNS glia. A, Diagram of neuromuscular anatomy in a third-instar larva. B–H, Confocal projections of larval ventral ganglia, stained with antibodies
against GB (magenta) and CD8 (green). B, CD8 expression was driven with the pan-neuronal driver elav–Gal4 (Elav). C, CD8 was driven with the glial subset driver repo–Gal4 (Repo). D, CD8 was
driven with MZ840 –Gal4 (MZ840). E, The VNC is stained with antibodies against GB (magenta) and the midline glia marker slit (green). Arrows in B, C, and E indicate peripheral glial ensheating
segmental nerves. Arrowhead in E indicates a midline glial cell expressing GB. F–H, Confocal projections of larval optic lobes, stained with antibodies against GB (magenta) and CD8 (green). CD8 was
driven under control of elav–Gal4 (F ), repo–Gal4 (G), or MZ840 –Gal4 (H ), as labeled and described above. Arrowhead in G indicates GB expression in an unidentified structure near the optic lobes.
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cation). Our data are consistent with the
conclusion that the repo-positive cell at
the NMJ is “inner glia” (termed “Schwann
cell” in mammals), and the GB-positive
cell is “perineurial glia” (termed “peri-
neurium” in mammals). Drosophila peri-
neurial glia are particularly interesting be-
cause they are morphologically regulated
by neuropeptide transmission (Yager et
al., 2001), but their function in the nervous
system is unclear. In the CNS, however,
GB does not appear to be expressed in per-
ineurial glia, suggesting that current func-
tional and anatomical definitions of Dro-
sophila glia do not necessarily predict
molecular components or function.

Genderblind maintains high
extracellular glutamate levels
Sequence analysis predicts that GB forms
an essential xCT transporter subunit for
cystine-dependent glutamate secretion. If
this is true, then extracellular glutamate
concentration should be reduced in the
absence of GB function. To test this pre-
diction, we measured glutamate in larval
hemolymph. We examined larval hemo-
lymph because larval hemolymph is rela-
tively easy to extract compared with other
Drosophila body fluids and because our
immunocytochemical experiments (Figs.
2, 3) confirmed that GB-expressing glia are
in contact with larval hemolymph. Previ-
ous studies measured Drosophila larval he-
molymph glutamate concentration using a
variety of techniques (Echalier, 1997). Re-
ported values of larval hemolymph gluta-
mate range from 0.8 to 10 mM (McDonald,
1975; Echalier, 1997; Pierce et al., 1999).
Meta-analysis of multiple studies yields an
average value of 2.4 mM for larval hemo-
lymph glutamate. Consistent with these previous reports, our
HPLC measurements of free hemolymph glutamate from control
(“precise excision”) larvae averaged 1.72 mM.

We chose to disrupt GB function genetically because specific
pharmacological modulators of xc

� system function have not yet
been developed. Previous studies of xc

� system function relied on
the use of nontransportable amino acid analogs, such as homo-
cysteic acid or (S)-4-carboxyphenylglycine (CPG). Unfortu-
nately, these are nonspecific inhibitors. Homocysteic acid has
long been known as an endogenous NMDA receptor agonist (Ol-
ney et al., 1987), and CPG is marketed primarily as a metabo-
tropic glutamate receptor antagonist.

The BDGP Gene Disruption Project (Bellen et al., 2004) is
working to generate transposable element insertion mutations in
every gene in the Drosophila genome. Among the mutations gen-
erated to date is P{SUPor-P}CG6070[KG07905]. P{SUPor-
P}CG6070[KG07905] mutants carry a P{SUPor-P} transposable
element in the first exon of the gb gene (Fig. 4A). For brevity and
clarity, we hereafter refer to P{SUPor-P}CG6070[KG07905] mu-
tants as “gb[KG07905].” The P{SUPor-P} transposable element is
a �12 kb P-element engineered to maximally disrupt gene func-
tion by suppressing promoter activity (Roseman et al., 1995).

Consistent with this, gb[KG07905] mutants behave as null alleles
(see phenotypic and genetic data below). Many transposon inser-
tion alleles contain background mutations (Liebl and Feather-
stone, 2005; Liebl et al., 2006). To ensure that the phenotypes we
describe were attributable to disruption of gb and not some other
gene, we compared gb[KG07905] mutants to animals homozy-
gous for a precise excision. Precise-excision animals contain the
same genetic background as the insertion mutant from which
they are derived (with the exception of the insertion itself, of
course). Therefore, phenotypes present in a transposon insertion
mutant but not precise excision are very likely to be caused by the
insertion itself and not a background mutation. To generate ap-
propriate precise-excision animals for our study, we mobilized
the P-element in P{SUPor-P}CG6070[KG07905] using standard
methods (Roberts, 1998) and selected for offspring that no longer
appeared to contain the gb[KG07905] insertion in the gb gene.
We then sequenced 1 kb of genomic region surrounding the pre-
viously occupied gb[KG07905] insertion site to verify that there
was no residual disruption of the gb gene sequence.

As an additional precaution to ensure accurate comparison of
hemolymph glutamate concentration between genotypes, we
measured the concentration of several hemolymph amino acids

Figure 4. genderblind mutants show an increase in postsynaptic glutamate receptor immunoreactivity. A, Relative concentra-
tion of glutamate in larval hemolymph, in gb mutants and precise-excision controls. gb[KG07905] mutants represent animals
homozygous for a transposon insertion in the first exon of the gb gene (A, top). Precise-excision animals represent animals
homozygous for the same chromosome after precise excision of the transposon (confirmed by sequencing of gb). n for each genotype
equals 10 independently analyzed samples derived from 50 larvae. To control for variability in hemolymph extraction and/or evaporation,
we normalized glutamate concentration measured in each sample by dividing it by the concentration of free phenylalanine in the same
sample (see Materials and Methods). B, gb mutants show large increases in relative synaptic GluRIIA immunofluorescence, compared with
controls (n�6 per genotype). This large increase in GluR immunoreactivity is rescued when semi-intact gb and GOT mutants are cultured
for 24 h in a physiologically normal (2 mM) hemolymph glutamate concentration. C, Portions of representative confocal micrographs
showing larval NMJs on ventral longitudinal muscles 6/7, stained with anti-GluRIIA antibodies (green) and the neuronal membrane
marker anti-HRP (magenta). White indicates overlap. Error bars represent SEM.

116 • J. Neurosci., January 3, 2007 • 27(1):111–123 Augustin et al. • Genderblind and Regulation of Glutamate Receptor Localization by Glutamate



simultaneously, including phenylalanine, which is relatively bio-
chemically uncoupled from glutamate but which our preliminary
experiments showed occurs at a concentration similar to that of
glutamate in hemolymph (0.84 F/E). Thus, although there was no
a priori or subsequently detectable reason why sample collection
efficiency should be different between genotypes, our measured
changes are specific to glutamate and are unlikely to be influ-
enced by systematic errors related to sample collection or
handling.

Homozygous gb[KG07905] mutant hemolymph glutamate
concentration was approximately one-half that of precise-
excision controls (Fig. 4A), consistent with sequence analysis
suggesting that GB is an essential xCT subunit and with the con-
clusion that GB-expressing glia secrete glutamate into the extra-
cellular fluid via GB-based transporters.

Genderblind inhibits glutamate receptor clustering
It has been shown previously that genetic manipulation of
glutamate-metabolizing enzymes can alter the number of
postsynaptic glutamate receptors in Drosophila NMJs indepen-
dent of vesicular glutamate release (Featherstone et al., 2000,
2002). However, a molecular mechanism for nonvesicular gluta-
mate release was never proposed. If GB-based transporters regu-
late glutamate levels near the NMJ (as suggested by Fig. 2), and
nonvesicular glutamate regulates glutamate receptor cluster for-
mation (Featherstone et al., 2000, 2002), then gb mutant NMJs

should show a large increase in postsynap-
tic glutamate receptor abundance.

To test this, we stained NMJs with anti-
GluRIIA antibodies. As shown in Figure 4,
B and C, homozygous gb[KG07905] mu-
tant NMJs showed a 200 –300% increase in
postsynaptic glutamate receptor immuno-
reactivity compared with wild-type and
precise-excision controls (Fig. 4B,C). Fur-
thermore, the gb[KG07905] phenotype
was statistically indistinguishable from
that measured in gb[KG07905]/Df ani-
mals, suggesting that gb[KG07905] is a ge-
netic null allele and that the gb mutant
phenotype is specifically attributable to
disruption of gb.

Drosophila NMJs contain two subtypes
of ionotropic glutamate receptor: A-type
and B-type receptors (Marrus et al., 2004;
Chen and Featherstone, 2005; Chen et al.,
2005; Featherstone et al., 2005). A-type re-
ceptors contain the subunits GluRIIC
(also known as GluRIII), GluRIID, Glu-
RIIE, and GluRIIA, but not GluRIIB.
B-type receptors contain the subunits Glu-
RIIC, GluRIID, GluRIIE, and GluRIIB,
but not GluRIIA. To determine whether
B-type receptor abundance might also be
regulated by GB, we stained gb mutant
NMJs using anti-GluRIIB antibodies. Glu-
RIIB immunoreactivity was also increased
in gb mutants (precise-excision relative
NMJ GluRIIB immunoreactivity � 100 �
11%; gb[KG07905] � 235 � 20%;
gb[KG07905]/Df � 211 � 43%; n � 4 –5;
p � 0.05). Thus, both A- and B-type glu-
tamate receptors are strongly regulated by

GB function in vivo.
If GB regulates NMJ glutamate receptor abundance indirectly

via glutamate, we should be able to rescue the gb mutant receptor
phenotype by “correcting” extracellular glutamate concentration
independent of GB. To test this, we cultured semi-intact gb and
GOT mutant larvae in wild-type levels of hemolymph glutamate
(2 mM). Semi-intact Drosophila larvae can be kept alive in culture
medium for days (Ball et al., 2003), allowing relatively long-term
pharmacological manipulations. GOT (Enzyme Commission
2.6.1.1) is an enzyme required for cytoplasmic glutamate synthe-
sis in Drosophila (Chase and Kankel, 1987; Caggese et al., 1994).
In GOT mutants, glutamate synthesis is impaired, and NMJs
show a large increase in postsynaptic glutamate receptor number
(Fig. 4B) (Chase and Kankel, 1987; Caggese et al., 1994; Feather-
stone et al., 2002). Thus, GOT mutants are a way of mimicking
the gb mutant phenotype in a confirmed glutamate-dependent
way. As shown in Figure 4B, normal levels of extracellular gluta-
mate completely rescued both the gb and GOT mutant receptor
phenotypes, consistent with the idea that the glutamate receptor
changes in both gb and GOT mutants are attributable to decreases
in extracellular glutamate.

We also examined gb mutant NMJs electrophysiologically
(Fig. 5A–C). As predicted by our immunocytochemical results,
the mean amplitude of spontaneous excitatory junction currents
(sEJCs) was almost doubled in gb mutants (Fig. 5A–C). Thus,
both immunocytochemistry and electrophysiology revealed a

Figure 5. genderblind mutants show an increase in the number of functional postsynaptic glutamate receptors. A, Portions of
two-electrode voltage-clamp recordings from the L3 muscle 6 NMJ in various genotypes, showing sEJCs (downward deflections).
B, Cumulative frequency histogram of sEJC amplitudes from various genotypes; a right shift of the curve represents larger synaptic
currents (n � 10 –13 animals, �18,000 – 41,000 events measured per genotype). C, Frequency histograms of sEJC amplitudes
from various genotypes. k, 1000. D–F, Number of presynaptic branches (D) and presynaptic boutons (E) and area of individual
boutons (F ) at the 6/7 NMJ, for various genotypes (n � 6 – 8 animals per genotype). Error bars represent SEM.
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large increase in postsynaptic glutamate receptor number after
disruption of GB. gb mutants showed no change in sEJC fre-
quency compared with wild-type controls. However, interest-
ingly, precise-excision animals showed significantly higher sEJC
frequencies than other genotypes (precise excision � 4.3 � 0.6
Hz; WT � 2.3 � 0.3 Hz; gb[KG07905] � 2.4 � 0.3 Hz;
gb[KG07905]/Df � 2.2 � 0.3 Hz; n � 10 –13). Precise-excision
animals also showed a significant increase in NMJ branches and
bouton number compared with other genotypes (Fig. 5D–F),
consistent with the fact that increased larval NMJ growth is
known to be associated with increased synaptic activity (Budnik
et al., 1990; Gramates and Budnik, 1999). Nevertheless, precise-
excision animals showed no change in postsynaptic glutamate
receptor abundance compared with wild-type controls, consis-
tent with the idea that vesicular glutamate release is relatively
unimportant for regulation of glutamate receptor abundance in
Drosophila NMJs (Featherstone et al., 2002).

We also generated Drosophila carrying gb-specific RNAi trans-
genes. Ubiquitous expression of gb RNAi (TubGal4;UAS–gb.RNAi)
significantly knocked down gb RNA and protein levels in larvae
(supplemental material, available at www.jneurosci.org) and quali-
tatively phenocopied the increase in postsynaptic glutamate recep-
tors observed in gb mutants (Fig. 6). Expression of gb RNAi did not
significantly alter sEJC frequency, compared with WT controls
(WT � 2.3 � 0.3 Hz; gb RNAi � 3.2 � 0.5 Hz; n � 13).

These data demonstrate that GB-based transporters are very
strong regulators of postsynaptic ionotropic glutamate receptor
abundance. Most likely, this regulation occurs indirectly, via reg-
ulation of extracellular ambient glutamate concentration. We ex-
plore this possibility further below.

Ambient extracellular glutamate suppresses postsynaptic
glutamate receptor localization via desensitization
To explore the hypothesis that GB regulates glutamate receptor
abundance via regulation of ambient extracellular glutamate, we
performed more pharmacological experiments on cultured semi-
intact larvae. As shown in Figure 7, A and B, and predicted by our
model for GB function, the concentration of glutamate in the
culture medium bathing larval NMJs had a strong effect on
postsynaptic abundance of both A- and B-type receptors. Specif-
ically, abnormally low glutamate (0 mM) caused a large (300 –

500%) increase in postsynaptic A- and B-type glutamate receptor
immunoreactivity after 24 h, compared with NMJs fixed imme-
diately after dissection (“baseline”). In the range of 2–10 mM

glutamate, which matches measurements of wild-type hemo-
lymph glutamate concentration (McDonald, 1975; Echalier,
1997; Pierce et al., 1999), the number of postsynaptic glutamate
receptors remained near normal levels for at least 24 h (Fig. 7B).
These results suggest that normal glutamate receptor abundance
in Drosophila NMJs depends on normal (2–10 mM) perisynaptic
glutamate levels; too little glutamate results in too many postsyn-
aptic glutamate receptors. These results are qualitatively and
quantitatively consistent with the gb mutant phenotype, in which
extracellular glutamate dropped to approximately one-half of
normal (from �2 to �1 mM) (Fig. 4A) and postsynaptic receptor
number doubled (Figs. 4, 5).

Application of 10 mM �-D-glutamylglycine (�-DGG), a com-
petitive glutamate receptor antagonist (Pawlu et al., 2004), com-
pletely blocked the effect of glutamate (Fig. 7C), consistent with
the idea that regulation of postsynaptic glutamate receptor abun-
dance by glutamate requires glutamate binding to the receptors
themselves [no metabotropic glutamate receptors are expressed
in Drosophila larval muscle (Bogdanik et al., 2004)]. Similarly,
application of 10 mM aspartic acid instead of glutamate had no
effect on postsynaptic glutamate receptor number (Fig. 7C). Loss
of glutamate receptors after exposure to glutamate was relatively
specific; we observed no decrease in NMJ size or bouton number
after culturing animals in glutamate (data not shown). We also
observed no change in levels of Fasciclin II (Fig. 7D), another
transmembrane protein tightly localized to Drosophila NMJs
(Schuster et al., 1996).

To determine how long glutamate-dependent changes in
postsynaptic glutamate receptor abundance took, we fixed and
stained NMJs after variable lengths of time in culture and after
variable lengths of glutamate exposure (Fig. 8). Synaptic GluRIIA
(Fig. 8A) and GluRIIB (Fig. 8C) immunoreactivity both in-
creased slightly during the first 6 h in culture, whether the culture
medium contained 0 or 10 mM glutamate. After 6 h, however,
NMJs cultured in 0 mM continued to accumulate glutamate re-
ceptors, whereas NMJs cultured in 10 mM glutamate did not
accumulate either GluRIIA or GluRIIB (Fig. 8A,C). Similar re-
sults were observed using GFP-tagged GluRIIA (Rasse et al.,
2005) watched over time (data not shown). To test whether these
changes were dependent on changes in glutamate and not time in
culture, we switched the culture media from 10 to 0 mM gluta-
mate after 12 h and then fixed and stained NMJs at 24 h (Fig.
8B,D). As expected if changes in receptor abundance depended
on glutamate and not time in culture, exposure to 0 mM gluta-
mate between hours 12 and 24 in culture caused a rise in postsyn-
aptic glutamate receptor abundance equal to that observed dur-
ing exposure to 0 mM glutamate between hours 0 and 12 in
culture (Fig. 8A,C). Thus, we conclude that glutamate suppresses
synaptic accumulation of glutamate receptors. In the absence of
this suppression, glutamate receptors accumulate at synapses
with a time course similar to that previously observed during
development of intact larvae (Rasse et al., 2005).

How might binding of glutamate to ionotropic receptors sup-
press accumulation of these receptors at synapses? Ambient ex-
tracellular glutamate almost certainly shifts some glutamate re-
ceptors into a persistently desensitized state. The relatively large
conformational change represented by desensitization (Naka-
gawa et al., 2005; Armstrong et al., 2006) could easily alter inter-
actions between receptors and intracellular scaffolding/localiza-
tion proteins or regulate accessibility of phosphorylation sites

Figure 6. Transgenic expression of genderblind RNAi phenocopies gb mutants. A, Relative
synaptic GluRIIA immunoreactivity (as in Fig. 4 B) after knockdown of gb by ubiquitous expres-
sion of gb RNAi. B, Representative GluRIIA staining (as in Fig. 4C). Scale bar, 10 �m. C, Cumu-
lative frequency histograms of sEJC amplitudes (as in Fig. 5B). D, Representative electrophysi-
ological recordings (as in Fig. 5A; n � 10 –13 animals). Error bars represent SEM.
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that control trafficking. To test whether
glutamate-dependent changes in postsyn-
aptic glutamate receptor localization de-
pend on desensitization, we cultured
NMJs in both glutamate and concanavalin
A, an inhibitor of insect glutamate recep-
tor desensitization (Mathers and Usher-
wood, 1976a,b, 1978) (Fig. 9A–C). As
shown in Figure 9, B and C, 10 mM con-
canavalin A completely blocked suppres-
sion of glutamate receptor clustering by
glutamate. Application of two less-potent
modulators of ionotropic glutamate re-
ceptor desensitization, cyclothiazide and
PEPA, reduced suppression of postsynap-
tic glutamate receptor localization conso-
nant with their ability to regulate Drosoph-
ila NMJ glutamate receptor current
desensitization as measured electrophysi-
ologically from increases in EJC decay-
phase time constants after drug applica-
tion (Fig. 9D). We conclude from these
data that glutamate-mediated suppression
of synaptic glutamate receptor accumula-
tion depends on receptor desensitization.

Discussion
Using bioinformatics, we identified a
highly conserved Drosophila xCT gene,
which we named genderblind. Immunocy-
tochemistry and confocal microscopy on
animals with transgenically marked cell
subtypes revealed that GB is expressed in a
previously undescribed subset of central
and peripheral glia. HPLC demonstrates
that gb mutants have approximately one-
half of normal extracellular free glutamate,
consistent with the prediction that xCT
transporters are critical regulators of ex-
tracellular glutamate in vivo. gb mutants
also showed a 200 –300% increase in
postsynaptic glutamate receptor abun-
dance, as measured immunocytochemi-
cally and electrophysiologically. This phe-
notype was duplicated in flies
transgenically expressing gb RNAi and
completely rescued by culturing mutant
synapses in wild-type (2 mM) levels of glu-
tamate, consonant with the idea that GB
regulates glutamate receptor clustering via
regulation of extracellular glutamate. To
confirm this idea and explore the mecha-

Figure 7. Glutamate negatively regulates postsynaptic glutamate receptor abundance. A, Confocal micrographs of WT 6/7
NMJs cultured for 24 h in culture medium containing 0 or 10 mM glutamate and then fixed and stained with antibodies against
glutamate receptor subunits GluRIIA (top, green) or GluRIIB (bottom, green) and the neuronal membrane marker anti-HRP
(magenta). Scale bar, 10 �m. B, Postsynaptic 6/7 NMJ glutamate receptor immunofluorescence in larvae cultured in medium
containing various amounts of glutamate. A large increase in postsynaptic glutamate receptors was measured when

4

larvae were cultured for 24 h in medium containing �2 mM

glutamate (n � 8 –16 animals per genotype per assay). C,
Glutamate-dependent loss of postsynaptic glutamate recep-
tors is blocked by 10 mM �-DGG, a competitive glutamate
receptor antagonist, and does not occur in response to 10 mM

aspartic acid (n � 5–23 animals per genotype per assay). D,
Glutamate does not trigger loss of the presynaptic and
postsynaptic transmembrane protein fasciclin II (FasII; n �
6 – 8 animals). Error bars represent SEM.
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nism, we cultured semi-intact prepara-
tions in variable concentrations of gluta-
mate, for varying lengths of time, and in
combination with several pharmacologi-
cal agents. The results of these experiments
suggest that ambient extracellular gluta-
mate persistently desensitizes glutamate
receptors to suppress synaptic clustering.
Together, our results suggest that (1) glial
xCT transporters secrete glutamate, (2)
this glutamate constitutively desensitizes
receptors, and (3) desensitization some-
how inhibits glutamate receptor clustering
at synapses. This is a novel mechanism for
regulation of glutamate receptor localiza-
tion and a new role for xCT transporters.

The primary physiological role of xCT
transporters remains controversial. Al-
though xCT transporters mediate 1:1 ex-
change between extracellular cystine and
intracellular glutamate, glutamate excre-
tion is generally ignored, and xCT trans-
porters are often assumed to function pri-
marily as a cystine-uptake mechanism for
glutathione synthesis and protection from
oxidative stress (Bannai and Ishii, 1982;
Bannai et al., 1984; Christensen, 1990;
Shih et al., 2006). However, this bias ig-
nores several important facts: (1) xCT transporters also export
glutamate. (2) Mammalian brain xCT appears most abundant in
“border areas between the brain proper and periphery” (Burdo et
al., 2006), specifically “several regions facing the CSF,” including
ventricle walls and meninges (Sato et al., 2002), consistent with
the idea that xCT transporters are important for regulation of free
glutamate content of CSF but not for cystine uptake in all brain
cells. (3) Mammalian xCT transporters appear to be dispensable
for cystine uptake and glutathione synthesis (Chung et al., 2005).
Instead, glutathione synthesis in neurons and glia may be regu-
lated by excitatory amino acid transport (EAAT) family proteins.
EAATs are best known as sodium-dependent transporters for
glutamate uptake, but EAATs also efficiently import cysteine, the
reduced form of cystine used in glutathione synthesis (Chen et al.,
2000; Flynn and McBean, 2000; Danbolt, 2001; McBean, 2002;
Chen and Swanson, 2003; Chung et al., 2005). In agreement,
overexpression of Drosophila gb (Tub–Gal4;UAS– gb) causes
shortened lifespan and neurodegeneration (our unpublished re-
sults), consistent with increased glutamate secretion but the exact
opposite phenotype that one would expect if the role of GB were
cystine uptake for neuroprotection. (4) Microdialysis of rat
brains with inhibitors of xCT function leads to a decrease in
nonvesicular glutamate secretion (Baker et al., 2002).

Accordingly, we argue that glutamate export by xCT trans-
porters is at least as important as cystine import, particularly in
the nervous system. Full acceptance of this idea, however, re-
quires one to accept the idea that xCT transporters maintain
ambient extracellular glutamate in the nervous system for good
reasons and that extracellular glutamate in the brain is not merely
a potentially pathological byproduct of glutamatergic transmis-
sion. Our data suggest that ambient extracellular glutamate reg-
ulates constitutive receptor desensitization for control of synap-
tic glutamate receptor abundance.

A link between glutamate receptor desensitization and clus-
tering has not previously been demonstrated. It is well known

that desensitization functionally eliminates glutamate receptors
on a short time scale (tens to hundreds of milliseconds). Our data
suggest that constitutive desensitization is, on a longer time scale
(hours), also associated with removal of receptors from the syn-
apse. The EC50 for activation of Drosophila larval muscle gluta-
mate receptors is �2 mM (Heckmann et al., 1996), and significant
numbers of receptors can be desensitized at considerably lower
concentrations (Heckmann and Dudel, 1997). Because 2 mM is
near the concentration of glutamate bathing NMJ receptors in
vivo (McDonald, 1975; Echalier, 1997; Pierce et al., 1999) (our
unpublished results), we must conclude that one-half or more of
Drosophila larval muscle glutamate receptors are constitutively
desensitized, and therefore delocalized, in vivo. This conclusion is
consistent with the 200 –300% increase in postsynaptic glutamate
receptor abundance that we observe after switching NMJs to cul-
ture media containing 0 mM glutamate.

At first, the idea that many glutamate receptors should be
desensitized (and subsequently delocalized) in vivo seems sur-
prising. However, constitutive desensitization (and subsequent
delocalization) of ligand-gated ion channels by ambient ligand is
analogous to constitutive inactivation of voltage-gated ion chan-
nels by resting membrane potential. Constitutive inactivation of
voltage-gated channels is a common and important regulator of
membrane excitability. For example, at a typical rat skeletal mus-
cle resting potential of �90 mV, approximately two-thirds of rat
skm-1 skeletal muscle sodium channels are inactivated (Ruff et
al., 1988; Featherstone et al., 1996). As a result, only one-third of
channels in the membrane are normally available for generation
of action potentials. However, if resting membrane potential is
modified or the voltage dependence of sodium channel inactiva-
tion is slightly shifted by (for example) channel phosphorylation,
then the number of functionally available sodium channels in the
membrane can change quickly and dramatically, with conse-
quent large effects on cell excitability (Catterall, 1999). In the case
of glutamate receptors, the number of functionally available re-

Figure 8. Time course of glutamate-dependent changes in postsynaptic glutamate receptor abundance. A, Synaptic GluRIIA
immunoreactivity after a semi-intact neuromuscular preparation is cultured in glutamate for varying amounts of time and then
immediately fixed and stained. B, Changes in GluRIIA immunoreactivity after 24 h when preparations are kept in 10 mM glutamate
for the entire 24 h (first bar), kept in 10 mM glutamate for 12 h and then 0 mM glutamate for the next 12 h (second bar), or kept in
0 mM glutamate for the entire 24 h (third bar). C, Glutamate-dependent changes in postsynaptic GluRIIB immunoreactivity, as in
A. D, Changes in GluRIIB immunoreactivity, as in B (n � 5–21 animals per time point). Error bars represent SEM.
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ceptors at a synapse, and therefore synaptic strength, could sim-
ilarly be quickly and effectively altered by relatively minor
changes in ambient glutamate levels (perhaps because of regula-
tion of xCT-mediated transport) or changes in the concentration
dependence of receptor desensitization as a result of (for exam-
ple) receptor phosphorylation. These possibilities have not been
explored.

A physiological role for ambient extracellular glutamate also
has medical implications. Abnormal levels of CSF glutamate have
been linked to a variety of human neurodevelopmental and neu-
rodegenerative disorders, including anxiety/stress-related disor-
ders (Cortese and Phan, 2005; Porrino et al., 2005; Swanson et al.,
2005), Rett syndrome (Hamberger et al., 1992; Riikonen, 2003),
autism (Moreno-Fuenmayor et al., 1996; Aldred et al., 2003), and

all forms (both familial and sporadic) of amyotrophic lateral scle-
rosis (Rothstein et al., 1990, 1992; Spreux-Varoquaux et al., 2002;
Cid et al., 2003). Furthermore, xCT and 4F2hc have specifically
been implicated in development, behavior, and disease. For ex-
ample, lysinuric protein intolerance, a recessive disorder charac-
terized by severe mental retardation, is caused by mutations in
the human xCT gene SLC7A7 [solute carrier family 7 (cationic
amino acid transporter, y� system), member 7] (Lauteala et al.,
1998; Torrents et al., 1999; Inlow and Restifo, 2004). Similarly,
4F2hc is required for tumor transformation in human cancers
(Henderson et al., 2004), and inhibition of system xc

� disrupts
primary brain tumor growth (Chung et al., 2005). Finally, human
xCT protein was recently identified as the fusion-entry receptor
for Kaposi’s sarcoma-associated herpes virus (Kaleeba and
Berger, 2006). Not surprisingly, therefore, extracellular gluta-
mate and xCT transporters are beginning to be targeted for phar-
macological inhibition. Our results suggest that pharmacological
inhibition of xCT transport could considerably ameliorate neu-
ropathologies exacerbated by extracellular glutamate but raise
the caveat that tampering with extracellular glutamate could have
unexpected developmental and/or psychotropic effects.
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447:532–542.

Wagner CA, Lang F, Broer S (2001) Function and structure of het-
erodimeric amino acid transporters. Am J Physiol Cell Physiol
281:C1077–C1093.

Xiong WC, Okano H, Patel NH, Blendy JA, Montell C (1994) repo encodes
a glial-specific homeo domain protein required in the Drosophila nervous
system. Genes Dev 8:981–994.

Yager J, Richards S, Hekmat-Scafe DS, Hurd DD, Sundaresan V, Caprette DR,
Saxton WM, Carlson JR, Stern M (2001) Control of Drosophila peri-
neurial glial growth by interacting neurotransmitter-mediated signaling
pathways. Proc Natl Acad Sci USA 98:10445–10450.

Augustin et al. • Genderblind and Regulation of Glutamate Receptor Localization by Glutamate J. Neurosci., January 3, 2007 • 27(1):111–123 • 123


