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Cellular/Molecular

Variations in Promoter Activity Reveal a Differential
Expression and Physiology of Glutamate Transporters by
Glia in the Developing and Mature CNS

Melissa R. Regan,' Yanhua H. Huang,? Yu Shin Kim,> Margaret I. Dykes-Hoberg,' Lin Jin,! Andrew M. Watkins,'
Dwight E. Bergles,? and Jeffrey D. Rothstein'-2
'Department of Neurology and 2The Solomon H. Snyder Department of Neuroscience, Johns Hopkins University, Baltimore, Maryland 21287

Glutamate transporters regulate excitatory neurotransmission and prevent glutamate-mediated excitotoxicity in the CNS. To better
study the cellular and temporal dynamics of the expression of these transporters, we generated bacterial artificial chromosome promoter
Discosoma red [glutamate-aspartate transporter (GLAST)] and green fluorescent protein [glutamate transporter-1 (GLT-1)] reporter
transgenic mice. Analysis of these mice revealed a differential activation of the transporter promoters not previously appreciated. GLT-1
promoter activity in the adult CNS is almost completely restricted to astrocytes, often and unexpectedly in a nonoverlapping pattern with
GLAST. Spinal cord GLT-1 promoter reporter, protein density, and physiology were 10-fold lower than in brain, suggesting a possible
mechanism for regional sensitivity seen in disease. The GLAST promoter is active in both radial glia and many astrocytes in the devel-
oping CNS but is downregulated in most astrocytes as the mice mature. In the adult CNS, the highest GLAST promoter activity was
observed in radial glia, such as those located in the subgranular layer of the dentate gyrus. The continued expression of GLAST by these
neural progenitors raises the possibility that GLAST may have an unanticipated role in regulating their behavior. In addition, GLAST
promoter activation was observed in oligodendrocytes in white matter throughout many (e.g., spinal cord and corpus callosum), but not
all (e.g., cerebellum), CNS fiber tracts. Overall, these studies of GLT-1 and GLAST promoter activity, protein expression, and glutamate
uptake revealed a close correlation between transgenic reporter signals and uptake capacity, indicating that these mice provide the means

to monitor the expression and regulation of glutamate transporters in situ.
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Introduction

Five isoforms of sodium-dependent transporters are responsible
for removing extracellular glutamate in the CNS and are critical
for preventing excitotoxicity (Choi et al., 1987) and modulating
synaptic transmission (Huang and Bergles, 2004). Glutamate—
aspartate transporter (GLAST) and glutamate transporter-1
(GLT-1) are presumed to be astroglial proteins, by immunohis-
tochemical and in situ studies. Of the isoforms, GLT-1 [known as
excitatory amino acid transporter 2 (EAAT2) in humans] is the
dominant functional subtype, localized predominantly to peri-
synaptic astrocyte plasma membranes throughout the forebrain
and spinal cord (Furuta et al., 1997; Berger and Hediger, 1998).
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Gene inactivation studies document a critical role for GLT-1 in
maintaining low extracellular glutamate (Rothstein et al., 1994;
Tanaka, 1997). Diminished expression of GLT-1 contributes to
neurodegenerative disorders (Choi, 1988), including amyotro-
phic lateral sclerosis (Rothstein et al., 1992, 1995), multiple scle-
rosis (Werner et al., 2001), and Alzheimer’s disease (Li et al.,
1997; Masliah et al., 2000). GLAST, the embryonically dominant
transporter, has its expression restricted in the adult. GLAST is
also altered in neurological and psychiatric diseases (Banner et
al., 2002; Scott et al., 2002). Understanding the regional and cel-
lular regulation of these synaptically relevant genes is significant
from a pathogenic and therapeutic perspective.

Recent studies have provided limited information on the
genomic regulation of GLT-1 and GLAST transporters, which
has been restricted to in vitro analysis of promoter fragments
(Kim et al., 2003; Su et al., 2003) that may not accurately reflect
normal gene regulation (Su et al., 2004). Consequently, little is
known about the genomic regulation of glutamate transporters
in vivo. To better understand GLT-1/EAAT2 and GLAST/EAATI
regulation, we generated bacterial artificial chromosome (BAC)
promoter reporter transgenic mice that express the fluorescent
proteins enhanced green fluorescent protein (eGFP) or Disco-
soma red (DsRed) Express under the control of the natural
GLT-1 or GLAST BAC promoters, respectively, to attempt to
replicate wild-type promoter activity accurately.
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Figure 1.  Generation of GLAST-DsRed and GLT-1-eGFP BAC promoter reporter mice. A, B, The modifications made to the GLAST (A) and GLT-1 (B) mouse BACs are shown. The modified
(GLAST) or interrupted (GLT-1) start codons are underlined, and the insertion point for the reporter is indicated. C, Bright-field image of a brain from an adult GLAST—DsRed mouse (left), DsRed
fluorescence from the same brain (middle), and close-up view of the cerebellum (right). D, Bright-field image of the brain from an adult GLT-1— eGFP mouse (left) and eGFP fluorescence from the
same brain (right). E, GLAST Western blot: —/—, GLAST knock-out mouse; +/—, heterozygote GLAST mouse; +/+, wild-type littermate of line 593 GLAST-DsRed mouse; 593, line 593
GLAST-DsRed mouse (high DsRed expression); 573, line 573 GLAST—DsRed reporter line (weak DsRed expression). F, GLT-1Western blot: —/—, GLT-1knock-out mouse; +/—, heterozygote GLT-1

mouse; +/+, wild-type littermate of line 335 GLT-1—eGFP mouse; 335, line 335 GLT-1—eGFP mouse (high eGFP expression); 356, line 356 GLT-1—eGFP mouse (low eGFP expression).

Because of the large size of BAC transgenes, they have the
potential to carry all necessary sequence information contained
within the endogenous promoter and regulatory regions and
therefore provide accurate information on the temporal and re-
gional patterns of promoter activation. By coupling these pro-
moter sequences to fluorescent reporters, it is possible to visualize
cellular morphology in living tissue. Furthermore, because mul-
tiple copies of the transgene are often integrated, there is the
potential to resolve expression patterns that were not visible
through in situ hybridization or immunohistochemistry. Nota-
bly, the intense protein expression of GLT1/GLAST in neuropil
has made it particularly difficult to differentiate individual cellu-
lar patterns of expression (Rothstein et al., 1994). An additional
advantage of genetically encoded fluorescent reporters is the abil-
ity to identify individual living cells for electrophysiological eval-
uation and thereby study the functional expression of transport-
ers in intact tissue; by using different fluorescent reporters, it is
possible to compare promoter activity in specific cells.

Here we used a combination of quantitative high-resolution
imaging and electrophysiology recordings to define the cellular
pattern of glutamate transporter expression in the developing
and adult CNS, using two lines of BAC transgenic reporter mice.
These transporter reporter mice demonstrated that almost all
astroglia express GLT-1. Furthermore, in most brain regions,
cells exhibited either GLAST or GLT-1 promoter activation, and
only rarely were both promoters active. GLAST promoter activity
persisted at a high level in hippocampal neural progenitor cells
and in selected oligodendroglial populations in the mature CNS.
Although the GLT-1 promoter is strongly activated in both gray
and white matter astrocytes, we discovered large differences in
gene expression and functional transport in forebrain versus spi-

nal cord astroglia, possibly accounting for regional disease vul-
nerabilities between these areas.

Materials and Methods

BAC constructs. Mouse BACs RPCI-24-287G11 and RPCI-23-361H22,
both obtained from BAC-PAC Resources (bacpac.chori.org), were used
for the GLAST and GLT-1 reporter mice, respectively. BAC RPCI-24-
287Gl1, containing the entire GLAST gene plus 18 kb upstream of the
first exon and 60 kb downstream of the last exon, was modified using a
double homologous combination approach with the SV-RecA shuttle
vector as described previously (Yang et al., 1997), with minor alterations,
to insert cDNA for DsRed. The first homology region, termed the A-box,
included the 721 bp between the sequence 5'-TTCCCTGTA-
AAAGCCTCAATT-3" and the reverse complement sequence 5'-
GCTCTTCTCCGTTGCTTTTGGTCAT-3’ based on the published on-
line mouse genome (http://www.ensembl.org/Mus_musculus/in-
dex.html). The second homology region, the B-box, included the 618 bp
between the sequence 5'-A(T—A)GACCAAAAGCAACGGAG-3' and
the reverse complement sequence 5'-TGCTGGGGTTAAAGGTGTG-3".
The GLAST start codon, in exon 2, was mutated to AAG, and the DsRed
c¢DNA (DsRed Express; Clontech, Mountain View, CA) was inserted
downstream, immediately after the end of the A-box, within the same
exon, as illustrated in Figure 1A (left).

BAC RPCI-23-361H22, containing the entire 123 kb GLT-1 gene plus
45 kb upstream of the first exon and 24 kb downstream of the last exon,
was modified using the pLD53SC.E-E shuttle vector as described previ-
ously (Gong et al., 2002), with minor alterations, to insert cDNA for
eGFP between the AT and the G of the start codon. The A-box homology
region was cloned into the pLD53SC.E-E shuttle vector using the Ascl
and Smal sites on the vector. The 502 bp A-box was generated with PCR
primers 5'-AGGCGCGCCCAGGGCGCAGCGGCCTCT-3" (Ascl site
underlined) and 5'-TTCCCCCGGGATGGCGTGGGGAACGCCC-3’
based on the sequence upstream of the GLT-1 exon 1 initiation codon
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found in the published on-line mouse genome. The PCR product was
blunt ended with Klenow enzyme, then digested with Ascl, and ligated
into the shuttle vector.

The final modified BACs were transfected into HEK-293 cells and
primary astrocyte cultures using Fugene 6 Transfection Reagent (Roche
Diagnostics, Indianapolis, IN) to validate reporter function and then
linearized and injected by the Johns Hopkins Transgenic Core Facility,
into mouse pronuclei for generation of transgenic reporter mice.
Founders were identified via PCR to detect DsRed (GLAST) or eGFP
(GLT-1) transcripts. These founders, of the B6SJL hybrid strain, were
bred with C57BL/6 wild-type mice to generate independent transgenic
lines.

Western blotting. Mice were anesthetized and killed, and cerebral cor-
tex [for GLT-1 (Fig. 1)], cerebellum [for GLAST (Fig. 1)], or cerebral
cortex, hippocampus, and spinal cord [for C57BL/6 wild type (see Fig.
7)] was dissected out and homogenized in lysis buffer [20 mm Tris-HCI,
pH 7.4, 10% sucrose, and Complete Protease Inhibitor Cocktail tablet
(Roche Diagnostics)]. After sonication, protein concentration was deter-
mined by performing a Bradford Assay (Pierce, Rockford, IL) and then
diluted 1:1 in sample buffer (250 mm Tris-HCI, pH 6.8, 4% SDS, 10%
glycerol, and 1% B-mercaptoethanol). After denaturation by heating at
95°C for 3 min, 10 ug of protein was loaded in each lane of a 4-10%
polyacrylamide gel (Invitrogen, Carlsbad, CA) along with a protein stan-
dard ladder (Precision Plus; Bio-Rad, Hercules, CA). Nonspecific sites
were blocked with 5% nonfat milk, and blots were incubated overnight at
4°C with rabbit polyclonal anti-actin [1:75,000 for GLAST blot, 1:50,000
for GLT-1 blot, and 1:500 of a new tube for the wild-type blot; Sigma
A5060 (Sigma, St. Louis, MO)], to control for protein loading levels and
either affinity-purified anti-GLAST (Rothstein et al., 1994) (1:100) or
anti-cGLT-1 (Rothstein et al., 1994) (1:25,000 for the GLT-1-blot or
1:10,000 of a different tube for the wild-type blot) antibodies. Antipep-
tide GLT-1 and GLAST antibodies were generated in our laboratory as
described previously (Rothstein et al., 1994). Antibody labeling was de-
tected by incubating blots with horseradish peroxidase-labeled anti-
rabbit secondary antibody (1:5000; GE Healthcare, Little Chalfont, UK)
and visualized with enhanced chemiluminescence (GE Healthcare).

Histology. Typically, histological analysis was performed on several
sections from two to three mice at each age. Representative pictures are
shown. Mice were anesthetized and perfused with 4% paraformaldehyde
via cardiac ventricle cannulation, postfixed in the same fixative for 2-20
h, cryoprotected with 30% sucrose in phosphate buffer for 24 h, and then
rapidly frozen. Sections were cut at 40—45 wm and mounted on a slide.
For comparison of hippocampal and spinal cord promoter activation
levels, these tissues were paired on the same slides to facilitate equivalent
handling. Digital images were taken from either a Nikon (Tokyo, Japan)
E800 microscope or a Zeiss (Oberkochen, Germany) LSM 510 Meta
confocal microscope. For composite images, multiple images were taken
ateither 2X or4X [for postnatal day 1 (P1)] at the same exposure and the
same gray levels (4098) for each composite, and the combined images
were subsequently aligned using Adobe Photoshop (Adobe Systems, San
Jose, CA).

Immunohistochemistry. Sections were incubated overnight with pri-
mary antibodies. After several rinses, the sections were incubated with
secondary antibody conjugated to fluorescent label; 7-amino-4-
methylcoumarin-3-acetic acid AMCA (1:200; Vector Laboratories, Bur-
lingame, CA). The sources for and dilutions of each antibody were as
follows: glial fibrillary acidic protein (GFAP) (1:500; Sigma), neuronal-
specific nuclear protein (NeuN) (1:2000; Chemicon, Temecula, CA), and
nestin (1:100; Chemicon).

Relative fluorescence intensity analysis. The relative intensity of eGFP in
astrocytes in hippocampus versus spinal cord and in hippocampus versus
corpus callosum was determined with NIH Image J software (http://
rsb.info.nih.gov/ij). After imaging the tissues with the same microscope
settings during the same microscope session, the images were analyzed as
follows. A box was drawn within the cell body of each cell in an area, and
the average pixel intensity was measured. Average background levels
were also averaged from measurements within blood vessels, which are
black. The final intensity for cells in a given region was the average of the
background-subtracted averages from multiple slices and animals.
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Determination of cells with overlap of GLT-1 or GLAST promoter acti-
vation and GFAP expression. Confocal images (40X) of hippocampus
slices from GLAST-DsRed BAC/GLT-1-eGFP BAC double-transgenic
mice stained with GFAP (blue) were analyzed to determine the overlap of
the three reporters in the hippocampus. Triple-color images were split in
the Zeiss LSM Image Browser, and, using arrows to identify the same cell
in each image, cells were scored as positive or negative for each reporter.

Proteolipid protein—eGFP promoter reporter mice. Transgenic myelin
proteolipid protein (PLP) promoter reporter mice that express eGFP in
cells at all stages of oligodendrocyte differentiation (Mallon et al., 2002)
were kindly provided by Wendy Macklin (Lerner Research Institute,
Cleveland, OH). These mice were bred to GLAST-BAC promoter re-
porter mice, and double-transgenic offspring were analyzed for overlap
of PLP and GLAST promoter activity.

Electrophysiology. Acute coronal slices of brain (400 um thick) were
prepared from P13-P48 mice in ice-cold solution containing the follow-
ing (in mm): 110 choline chloride, 2.5 KCI, 0.5 CaCl,, 7 MgSO,, 1.25
NaH,PO,, 25 choline bicarbonate, 25 p-glucose, 3.1 Na-pyruvate, and 1
kynurenic acid. Slices were allowed to recover at 37°C for 30 min in
artificial CSF (ACSF) containing the following (in mm): 119 NaCl, 2.5
KCl, 2.5 CaCl,, 1.3 MgCl,, 1 NaH,PO4, 26.2 NaHCOj3, and 11 p-glucose
(and then maintained in a submerged chamber oxygenated with 95%
0,/5% CO,). For experiments on spinal cord, transverse sections (300—
400 pum thick) were prepared from lumbar regions (L4-L5) of cords
removed from P21-P24 mice, as described above. Whole-cell recordings
were made as described previously (Bergles and Jahr, 1997), using an
internal solution containing the following (in mwm): 120 KCH;0,S, 10
EGTA, 20 HEPES, 1 MgCl,, 2 Na,ATP, and 0.2 NaGTP, pH 7.3. Cells
were voltage clamped at —90 mV, and currents were recorded with an
Axopatch 200B amplifier, filtered at 3 kHz, and then digitized using
pClamp software (Molecular Devices, Sunnyvale, CA). For the photoly-
sis experiments, the caged D-aspartate analog 4-methoxy-7-
nitroindolinyl (MNI)-p-aspartate (Huang et al., 2005) was dissolved in
HEPES-buffered saline (HEPES ACSF) containing the following (in
mm): 137 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgCl,, and 20 HEPES, pH 7.3,
locally applied using a wide-bore pipette. The UV output of a CW Argon
Laser (model 2017; Spectra-Physics, Mountain View, CA) was focused to
a 50 wm spot on the soma of recorded cells, and photolysis was initiated
by exposing the preparation to UV light for 1 ms by opening a computer-
controlled shutter placed in the light path, as described previously
(Huang et al., 2005). These experiments were done in the presence of
antagonists of voltage-gated Na* channels (tetrodotoxin at 1 um),
AMPA/kainate receptors (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo
[flquinoxaline-7-sulfonamide disodium salt at 10 um), NMDA receptors
[(RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid at 10 um
and (5R,10S)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclo-
hepten-5,10-imine hydrogen maleate at 50 um], and GABA receptors
[6-imino-3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid dihy-
drobromide at 5 um[rsqb]. For each experiment, the bath solution con-
tained the same concentration of antagonists present in the solution
containing caged compound. Statistical significance was determined use
the paired Student’s t test; a p value <0.05 was considered significant.

Results

Generation of GLAST and GLT-1 BAC promoter

reporter mice

To monitor the activity of the GLAST promoter in situ, we cre-
ated a line of transgenic mice using a BAC reporter construct in
which DsRed was inserted downstream of the GLAST promoter
(Fig. 1A). From a total of 62 potential founders, three mice were
found to contain the GLAST-DsRed transgene, consistent with
the low probability of intact BAC integration (Takahashi et al.,
2000). Offspring from two of the founders (lines 593 and 570)
exhibited high DsRed expression, whereas offspring from the
third (line 573) expressed DsRed at a much lower level. Although
the intensity of DsRed fluorescence varied among the founders,
the cellular pattern of DsRed expression was similar in each line.
Gross analysis of the brains of adult GLAST-DsRed mice revealed
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that DsRed expression was low in the cor-
tex but high in the cerebellum (Fig. 1C),
consistent with the dominant role of
GLAST in glutamate clearance in the cer-
ebellar cortex (Watase et al., 1998).

To monitor the activity of the GLT-1
promoter in situ, we created a second
group of BAC transgenic mice in which
eGFP was inserted downstream of the
GLT-1 promoter (Fig. 1B). Of 51 poten-
tial founders, two tested positive for the
transgene by PCR (lines 335 and 356),
with line 335 exhibiting much more in-
tense eGFP fluorescence; as with GLAST-
DsRed mice, the cellular pattern of expres-
sion was similar in both GLT-1 lines.
There was remarkable complementarity
between the distribution of eGFP in these
mice and that of DsRed in the GLAST-
DsRed mice; whereas DsRed was low in
the forebrain and high in the cerebellum,
eGFP fluorescence was markedly higher in
the cortex than in the cerebellum (Fig.
1D), consistent with the prominent role of
GLT-1 in glutamate uptake in the fore-
brain (Danbolt et al., 1992; Tanaka, 1997).

Although the full-length GLAST and
GLT-1 genes were contained in the respec-
tive BAC constructs, the expression of
GLAST or GLT-1 mRNA was prevented
by interrupting the first coding exon in the
case of GLAST and the start codon in the case of GLT-1, by the
reporter cDNA and poly(A) tail. On-line sequence analysis of the
mouse genomic regions containing the BACs indicated that there
are no other full-length genes present in either construct. Trans-
porter protein levels were unchanged in the BAC reporter trans-
genic mice compared with wild-type mice (Fig. 1 E, F), indicating
that the additional copies of the GLAST or GLT-1 promoters did
not limit transcriptional activation of the endogenous promot-
ers; densitometry indicated that there were no statistically signif-
icant differences in intensity between any of the transporter
bands on each blot (data not shown). In accordance with these
findings, mice from these transgenic lines did not exhibit gross
behavioral abnormalities, and offspring were generated accord-
ing to the expected Mendelian ratios.

Composite

P1

P10

P25

P40

Figure 2.

Developmental changes in GLAST and GLT-1

promoter activity

To follow the change in GLAST promoter activity during postna-
tal development, we examined the pattern of DsRed expression in
whole brain and in sagittal sections of hippocampus, cerebellum,
and spinal cord at P1, P10, P25, and P40. GLAST promoter ac-
tivity in newborn mice (P1) was highest in the cerebral cortex and
periventricular proliferation zones (Fig. 2), in which it presum-
ably enables the expression of GLAST by radial glia (Shibata et al.,
1997; Hartfuss et al., 2001). By P25, GLAST promoter activity in
the cortex was markedly reduced, although this promoter re-
mained active in adults within the dentate gyrus and in white
matter regions, such as the alveus of the hippocampus and the
corpus callosum. In contrast, GLAST promoter activity observed
in the nascent cerebellar cortex gradually increased throughout
development and was maintained at a high level in adults (P40).
GLAST promoter activity was also observed in both the gray and
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Hippocampus Cerebellum Spinal Cord

Developmental changes in GLAST promoter activity. Fluorescent images show the expression of DsRed in sagittal
sections of brain tissue from GLAST—DsRed BAC transgenic mice collected at P1, P10, P25, and P40. The composite images show the
entire section, reconstructed from multiple images. Scale bars: for the composite images (left column), 2 mm; for the P40
hippocampus, 150 um; for all other images, 300 m.

white matter of the spinal cord, in which it was particularly prom-
inent in dorsal white matter columns (Fig. 2). These results indi-
cate that the initial widespread GLAST promoter activity in the
forebrain is progressively reduced over the first 2 postnatal weeks
and that, by maturity, the activity is primarily restricted to the
cerebellum, the white matter, and several niches in the forebrain.

Corresponding analysis of the GLT-1-eGFP BAC reporter
mice at postnatal days 1, 11, 25, and 39 revealed widespread
GLT-1 promoter activity in both the developing and adult CNS
(Fig. 3). At birth, GLT-1 promoter activity was also high in the
periventricular germinal zones, in the emerging dentate gyrus,
and in the dorsal horn of the spinal cord. The level of promoter
activity increased with age in the cerebellum and spinal cord, and,
in contrast to the GLAST promoter, there was a progressive in-
crease in GLT-1 promoter activity within the gray matter of the
hippocampus. Although the GLT-1 promoter was active in all
gray matter regions of the adult CNS, the relative activity varied
among cells in the same brain region and between cells in differ-
ent brain regions. For example, cells within the suprapyramidal
blade of the dentate gyrus exhibited 40% higher promoter activity
than those located in the stratum radiatum region of area CA1
(Fig. 3), as estimated by measuring the intensity of eGFP fluores-
cence. These data suggest that GLT-1 promoter activity is subject
to local control, perhaps to adjust the level of transporter expres-
sion to the amount of glutamate that is released in different brain
regions.

In the adult CNS, GLT-1 promoter activity was not restricted
to gray matter. Weaker activity was also seen in the white matter
regions of the cortex and cerebellum (Fig. 3), indicating that both
GLAST and GLT-1 promoters are active in these fiber tracts.
Together, these results indicate that the establishment of normal
cellular patterning and synaptic connectivity in the CNS is ac-
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Composite

Hippocampus

Cerebellum

Figure 3.
sections of brain tissue from GLT-1— eGFP BAC transgenic mice collected at postnatal days 1,11, 25, and 39. The composite images
show the entire section, reconstructed from multiple images. Scale bars: for composite images, 2 mm; for all other images,
300 pm.

companied by the maintained activation of the GLT-1 promoter
in both white and gray matter regions.

Differential regional and cellular activation of transporter
genes during development

To investigate the cellular pattern of GLAST and GLT-1 pro-
moter activity, we crossed GLAST-DsRed and GLT-1-eGFP
lines to create double-transgenic mice. Examination of whole-
brain composites and sections from specific brain regions at post-
natal days 1 and 24 revealed that there was remarkably little over-
lap between DsRed and eGFP expression (Fig. 4 A, B), indicating
that cells have predominantly one or the other promoter active.
In the cerebellum, GLAST promoter activity was concentrated at
the superficial cortical layers at P1 and primarily in the Bergmann
glia by P24 (Fig. 4C,D), whereas the GLT-1 promoter was consis-
tently activated in the granule cell layer but also overlapped with
GLAST promoter activity in the Bergmann glia (Fig. 4E).

In the cerebral cortex, GLAST and GLT-1 promoters were
active in different layers at P1 (Fig. 4 F); initially, there was strong
GLAST promoter activity in middle cortical layers, but this focal
distribution dissipated by 24 d of age. Similarly, GLT-1 promoter
activity was initially prominent in periventricular and deep cor-
tical layers at P1, but, by P24, it was present throughout all cor-
tical layers (Fig. 4G). GLAST and GLT-1 promoter activity ap-
peared to be primarily segregated to different cells (Fig. 4 H). For
reasons not yet understood, DsRed expression was visible in the
NeuN-positive (NeuN ") nuclei of some cortical neurons during
early development (supplemental Fig. 1, available at www.jneu-
rosci.org as supplemental material). In the neonatal hippocam-
pus, the promoters for both GLAST and GLT-1 were active (Fig.
4]), although the complimentary distribution of eGFP and
DsRed suggests that cells at this age tend to express one or the

Developmental changes in GLT-1 promoter activity. Fluorescent images showing the expression of eGFP in sagittal
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Spinal Cord other transporter. At P24 (Fig. 4]), GLT-1
promoter activity was dominant in the
hippocampus except for the subgranular
layer of the dentate gyrus (Fig. 4K) in
which both promoters were active. Al-
though GLT-1 promoter activation was
localized predominantly to astroglial cells,
it was also present in CA3/CA4 pyramidal
neurons, as described previously (Schmitt
etal., 1996; Berger and Hediger, 1998), al-
beit at a much lower level than in astro-
cytes (Figs. 3, 4]). In the spinal cord, there
was also little overlap between GLAST and
GLT-1 promoter activities (Fig. 4L,M);
the GLT-1 promoter was active through-
out gray matter at P24, whereas GLAST
promoter activity was more prominent in
both dorsal and ventral white matter tracts
at this age (Fig. 4 N). These results indicate
that there are marked cellular differences
in the activity of the promoters for these
two glutamate transporters in the devel-
oping brain and spinal cord.

Glutamate transporters are abundant in
white matter astrocytes
GLT-1 (EAAT?2) is the predominant glu-
tamate transporter in the mammalian
brain (Danbolt, 2001), accounting for up
to 90% of total glutamate uptake in CNS
tissue (Rothstein et al., 1996; Tanaka,
1997). In gray matter, this transporter is highly expressed by as-
trocytes (Rothstein et al., 1994; Lehre et al., 1995; Bergles and
Jahr, 1997). Consistent with these findings, in GLT-1-eGFP
mice, eGFP was expressed in small cells throughout the gray mat-
ter that were immunoreactive for GFAP (Fig. 5A—C). Local pho-
tolysis of MNI-D-aspartate (125 uM), a caged substrate of gluta-
mate transporters (Huang et al., 2005), induced a transient
inward current in these cells that was inhibited 95.0 = 0.3% (n =
3) by the selective glutamate transporter inhibitor D,L-threo-B-
benzyloxyaspartate (TBOA) (200 uMm) (Fig. 5D), indicating that
glutamate transporters were abundant in the membranes of as-
trocytes from these mice. Previous studies have shown that these
currents are carried primarily by GLT-1 (Huang et al., 2004).
Although the overall level of eGFP fluorescence was markedly
lower in the white matter of the corpus callosum, higher-
magnification imaging revealed that many small eGFP */GFAP ©
cells were present within these fiber tracts (Fig. 5E-G), indicating
that the GLT-1 promoter was also active in white matter astro-
cytes. The eGFP fluorescence of astrocyte somata in white matter
was 86% of that of astrocytes in the hippocampus (n = 74 cells in
four sections). Consistent with these findings, photolysis of
MNI-p-aspartate (125 uM) induced transporter currents in cal-
losal astrocytes that were comparable (peak amplitude, —209 =
38 pA; n = 5) with those recorded from hippocampal astrocytes
under similar conditions (peak amplitude, —232 = 30 pA; n = 4;
p = 0.827). However, transporter currents in callosal astrocytes
decayed much more slowly (half-decay time: corpus callosum,
35.5 * 5.8 ms, n = 5; hippocampus, 5.3 £ 0.1 ms, n = 4; p <
0.001) (Fig. 5D, H), suggesting that the rate of D-aspartate clear-
ance is much slower in white matter. To probe the uptake capac-
ity of astrocytes in both regions, we increased the amount of
D-aspartate that was photoreleased by increasing the intensity of
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illumination and the concentration of
MNI-p-aspartate (500 um); under these
conditions, a second UV exposure applied
5 ms after the first produced little addi-
tional increase in response amplitude, in-
dicating that transporters were close to
saturation. The amplitude of transporter
currents elicited under these near-
saturating conditions was —1030 = 111
PA (n = 4) in the hippocampus and
—649 = 60 pA (n = 4) in the corpus cal-
losum ( p < 0.05), indicating that astro-
cytes in the corpus callosum express sig-
nificantly fewer glutamate transporters
than astrocytes in the hippocampus. The
greater difference between transporter
currents than eGFP levels in these areas
may indicate that there also could be re-
gional variations in posttranscriptional
regulation of GLT-1.

.

Composite

Cerebellum

Cortex

GLAST and GLT-1 transporters are
expressed by radial glial cells of the
dentate gyrus

In the hippocampus, both GLT-1 and
GLAST promoters were active in GFAP *
astrocytes; of 102 cells examined in hip-
pocampal slices from P24 double BAC
transgenic mice, 85% of GFAP ™ astro-
cytes exhibited both eGFP and DsRed
fluorescence. However, the relative inten-
sities of eGFP and DsRed varied consider-
ably among cells (Fig. 6A,B), suggesting
that there are functional differences even
among neighboring astrocytes. Within the
dentate gyrus, both GLAST and GLT-1
promoters were also active in GFAP * ra-
dial glia clustered in the subgranular layer
(Fig. 6A-C). Within the subgranular
zone, DsRed expression colocalized with
the filamentous protein nestin (Fig.
6D, E), confirming that the GLAST pro-
moter was active in these neural progeni-
tor cells (Zimmerman et al., 1994). The
intensity of DsRed was much higher in ra-
dial glia than in astrocytes, suggesting that
the activity of the GLAST promoter is
higher in the progenitors. Local photolysis
of MNI-p-aspartate (125 puM) induced
large-amplitude (—533 £ 54 pA; n = 4)
transporter currents in radial glia that
were inhibited 92 * 1% by TBOA (200
uM; n = 4) (Fig. 6 F), indicating that these cells may contribute
significantly to glutamate uptake in this region of the dentate
gyrus. Although DsRed expression was markedly elevated in ra-
dial glia compared with astrocytes, transporter currents from ra-
dial glia were still inhibited 61 * 2% by dihydrokainate (DHK)
(300 um), a selective antagonist of GLT-1, indicating that both
transporters contribute to uptake in these cells.

Numerous weakly DsRed * cells were also observed within the
granule cell layer of the dentate gyrus (Fig. 6 A); these cells were
GFAP negative (GFAP ™) (Fig. 6C), indicating that they were not
radial glia or astrocytes. After asymmetric division, newly gener-

Hippocampus

Spinal Cord

Figure 4.
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Differential glutamate transporter promoter activity among cells in the brain and spinal cord. All images are sagittal
sections from GLAST-DsRed/GLT-1-eGFP double-transgenic mice. A, Composite fluorescent image showing the expression of
DsRed (red) and eGFP (green) in the brain at P1. Scale bar, 2 mm. B, Composite image showing the expression of DsRed and eGFP
in the P24 brain. Scale bar, 2 mm. (-E, Fluorescent images of the cerebellum at P1 (€) and P24 (D, E). Both GLAST and GLT-1
promoters were active in Bergmann glia (Bg) (yellow arrows in E), although neither promoter was active in Purkinje neurons
(white arrows in E). Scale bars: C, D, 300 pem; E, 50 m. F—H, Fluorescent images of the cortex from P1(F) and P24 (G, H). Layer
4is shown at higher magnification in H. Scale bars: F, G, 300 pem; H, 50 um. I-K;, Fluorescent images of the hippocampus from a
P1(I) or P24 (J, K). Both DsRed and eGFP were expressed by radial glia in the dentate gyrus (yellow arrows in K). Scale bars: 1, J,
300 wm; K, 50 wm. L—N, Fluorescent images of spinal cord from a P1 (L) or P24 (M, N). gm, Gray matter; wm, white matter. A
region of the ventral white matter is shown at a higher magnification in N. Scale bars: L, M, 300 em; N, 50 um.

ated granule cells migrate into the granule cell layer, raising
the possibility that these cells were immature granule cells.
Consistent with this hypothesis, in two of four recordings
from these weakly DsRed ™ cells, action potentials were elic-
ited by injection of positive current (data not shown). These
results suggest that either the GLAST promoter remains active
for several days after neurogenesis or that DsRed persists after
the promoter is silenced. In support of the latter hypothesis,
transporter currents were not observed in these recently gen-
erated granule cells in response to photolysis of MNI-D-
aspartate (500 um; n = 4).
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Figure5. Glutamate transporters are expressed by astrocytes in both gray and white matter. A, Confocal fluorescence image of the CA1 region of the hippocampus from a P24 GLT-1- eGFP BAC
mouse, incubated with an antibody (ab) against GFAP, showing the distribution of eGFP (green) and GFAP (blue). B, €, Higher-magpnification images of the region delimited by the white boxin 4,
showing expression of eGFP (B) by GFAP ™ astrocytes (C). D, Whole-cell recording of glutamate transporter currents elicited in a stratum radiatum astrocyte (identified expression of eGFP) in
response to photolysis of MNI-p-aspartate (125 ). The red trace shows the response recorded in the presence of the glutamate transporter antagonist TBOA (300 ). P34 GLT-1-eGFP BAC
mouse. E, Confocal fluorescence image of the corpus callosum from a P24 GLT-1- eGFP BAC mouse showing the distribution of eGFP in the corpus callosum. F, G, Higher-magnification images of the
region delimited by the white box in , showing expression of eGFP (F) by GFAP ™ astrocytes (G) in this white matter region. H, Whole-cell recording of glutamate transporter currents elicited in a
corpus callosum astrocyte (identified expression of eGFP) in response to photolysis of MNI—p-aspartate (125 wum). The red trace shows the response recorded in the presence of the glutamate

transporter antagonist TBOA (300 wum). P34 GLT-1—eGFP BAC transgenic mouse.

GLT-1 promoter activity is lower in spinal cord astrocytes
GLT-1 promoter activity was also observed in astrocytes
throughout the ventral and dorsal spinal cord (Fig. 7A); however,
the intensity of eGFP fluorescence in these cells was much lower
than that observed in astrocytes located in the dentate gyrus or
CA1 regions of the hippocampus. A comparison of the fluores-
cence in 30 hippocampal CALl astrocytes located in stratum ra-
diatum to 34 astrocytes in the ventral spinal cord indicated that
the average level in spinal cord was only 38% of that in hippocam-
pus (Fig. 7B), suggesting that GLT-1 may be less abundant in
spinal cord. In accordance with the lower apparent promoter
activity in spinal cord, Western analysis revealed that spinal cord
tissue contained much less GLT-1 protein than hippocampal tis-
sue (Fig. 7C). These findings were further corroborated by func-
tional analysis of transporter currents in astrocytes located in the
ventral horn. Transporter currents induced by photolysis of
MNI-p-aspartate (500 um) were almost 10-fold smaller (peak
amplitude, —119 * 13 pA; n = 6; p < 0.001) than currents
recorded from hippocampal astrocytes under comparable condi-
tions (Fig. 7D). Photoliberation of D-aspartate also induced an
inward current in spinal cord astrocytes that had very slow rise
and decay kinetics. Previous studies suggest that this slow current
reflects the rise and decay of extracellular potassium, which is
released during transporter cycling (Bergles and Jahr, 1997;
Huangetal., 2005). The greater prominence of this component in
responses from spinal cord astrocytes arises primarily from the
smaller relative size of the transporter current, although it is also
possible that spinal cord tissue has a lower capacity for potassium
clearance.

To determine the relative level of GLAST and GLT-1 pro-

moter activity among cells in the spinal cord, we examined lum-
bar tissue from GLAST-DsRed/GLT-1-eGFP double-transgenic
mice. In these sections, GFAP ™ astrocytes were consistently
eGFP *, indicating that there is robust GLT-1 promoter activity
in this population of glia (Fig. 7E). However, there was striking
segregation between eGFP and DsRed among cells in the spinal
cord, with few cells exhibiting expression of both fluorescent pro-
teins (Fig. 7F, G), suggesting that cells in these regions may ex-
press either GLAST or GLT-1. Indeed, transporter currents in
spinal cord astrocytes were completely blocked by DHK (300 u;
n=6) (Fig. 7D), indicating that there were few GLAST transport-
ers in their membranes. Together, these results indicate that
GLT-1 is primarily responsible for glutamate uptake into spinal
cord astrocytes.

The GLAST promoter is active in oligodendrocytes

Throughout the adult CNS, DsRed was expressed in GFAP ~ cells
that were also immunonegative for the neuronal marker NeuN
(data not shown), indicating that the GLAST promoter is also
active in non-astrocytic glial cells. Because these DsRed ™ cells
were abundant in white matter, we tested whether this promoter
was active in oligodendrocytes by crossing GLAST-DsRed mice
with mice that express eGFP under control of the oligodendro-
cyte marker myelin PLP (Mallon et al., 2002) to visualize oligo-
dendrocytes. In the spinal ventral horn of these double reporter
mice, there was considerable overlap between DsRed and eGFP
(Fig. 8 A-C), indicating that the GLAST promoter is active in
oligodendrocytes. Transporter currents recorded from DsRed */
eGFP ™ cells in these mice were, however, very small (<5 pA; n =
8; 500 um MNI-p-aspartate). In four cells, this component was
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blocked by DHK (Fig. 8 D), indicating that
these uptake currents were mediated by
GLT-1.

In the white matter of the striatum and
corpus callosum, extensive overlap be-
tween DsRed and eGFP was also observed
in GLAST-DsRed/PLP—eGFP mice (Fig.
8 E-K); in the striatum, the laterally pro-
jecting processes of these mature oligo-
dendrocytes were clearly visible (Fig. 8 F).
In this region, colocalization was observed
at P24 (Fig. 8E-G) and P43 (data not
shown) but not at P10 (Fig. 8 H), suggest-
ing that expression of DsRed by these oli-
godendrocytes reflects recent promoter
activity rather than persistence of DsRed
expressed during a previous developmen-
tal stage. Additional analysis of GLAST-
BAC-DsRed/PLP—eGFP  offspring at
postnatal days 10, 24, and 43 indicated
that the GLAST promoter is active in oli-
godendrocytes in many CNS white matter
regions and that the level of promoter ac-
tivity increases with age.

Within the corpus callosum, approxi-
mately half of the DsRed* cells in
GLAST-DsRed/PLP—eGFP mice were
eGFP™ (Fig. 8K). Transporter currents
recorded from these DsRed */eGFP * oli-
godendrocytes had an average peak ampli-
tude of —100 = 30 pA (n = 5) (125 um
MNI-p-aspartate), indicating that many
more transporters were expressed by oli-
godendrocytes in this white matter tract than in the ventral white
matter of the spinal cord. Although these cells could be clearly
identified based on DsRed expression, transporter currents re-
corded from these oligodendrocytes were inhibited 80 * 2% (n =
5) by DHK (300 uMm) (Fig. 8 L), suggesting that only ~20% of the
cell surface transporters were GLAST. Together, these results in-
dicate that mature oligodendrocytes in white matter express glu-
tamate transporters and are capable of clearing glutamate within
these fiber tracts.

Figure 6.

Discussion

Here we describe the generation and analysis of two lines of BAC
transgenic mice in which the expression of the fluorescent pro-
teins DsRed or eGFP are controlled by the promoters for the
glutamate transporters GLAST and GLT-1, respectively. These
promoter reporter mice provide the opportunity to identify spe-
cific transporter-expressing cells, to analyze transporter function
in living slices, to easily view the activation levels of each pro-
moter in the same tissue, and to assess upregulation and down-
regulation of transporter promoter activation in different patho-
logical, physiological, and pharmaceutical paradigms. The in situ
analysis of the distribution and level of promoter activity re-
ported here extends previous studies of the expression of GLAST
and GLT-1 mRNA and protein (Lehre et al., 1995; Schmitt et al.,
1996, 1997; Berger and Hediger, 1998; Berger et al., 2005) by
providing new functional assessments of the expression and reg-
ulation of these two dominant glutamate transporters in CNS
tissues.

Regan et al. ® GLT-1and GLAST BAC Transgenic Promoter Reporter Analysis
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The GLAST promoter is active in astrocytes and neural progenitor cells of the adult hippocampus. A—C, Confocal
fluorescence images of the dentate gyrus from a GLAST—DsRed/GLT-1—eGFP double-transgenic mouse brain section incubated
withan antibody (ab) against GFAP. A, DsRed expression by cellsin the subgranular zone (yellow arrow) and within the granule cell
layer (gcl) (green arrow). A number of weakly fluorescent cells were also visible (red arrows) within the gcl. B, Fluorescent image
of the same region shown in A, showing the expression of eGFP. (, GFAP immunoreactivity from the same region. Scale bar, 50
. D, Fluorescent image of the dentate gyrus from a GLAST-DsRed mouse showing expression of DsRed by cells in the sub-
granular zone that send processes (blue arrows) into the gcl. E, Corresponding nestin immunoreactivity for the region shown in D.
Scale bar, 20 wm. F, Whole-cell recording of glutamate transporter currents from radial glia in the dentate gyrus in response to
photolysis of MNI-p-aspartate (125 wm), under control conditions (black trace), or in the presence of DHK (300 um; blue trace) or
TBOA (300 rum; red trace). Inset shows the response of this cell to voltage steps (—50, —30, — 10, 10, 30, and 50 mV). Calibration:
100 ms, 2 nA. The linear current response is characteristic of glial cells. P26 GLAST-DsRed mouse.

Transporter promoter activity in the developing brain

The widespread expression of both DsRed and eGFP in these
reporter mice at birth, at a time when glia are actively generated
and neural circuits have only begun to form, suggests that induc-
tion of transporter expression is a very early event in CNS devel-
opment. Although the formation of excitatory synapses peaks at
P14 in mouse, glutamate has been shown to influence the prolif-
eration, migration, and differentiation of both neurons and glia
in the developing brain, indicating that glutamate also plays an
essential role as a morphogen and trophic factor (Balazs, 2006).
Consistent with these findings, mice that lack both GLAST and
GLT-1 show profound developmental abnormalities, including
improper cortical layering, perhaps attributable to a disruption in
radial glial fibers and reduced proliferation of neuronal progen-
itors (Matsugami et al., 2006). Thus, initiation of glutamate
transporter promoter activity appears to be essential for ensuring
the proper spatial and temporal activation of receptors in both
the developing and mature nervous system.

Glutamate transporter expression by neural progenitors

The GLAST promoter was rapidly downregulated in the fore-
brain after the first postnatal week such that, by 3 weeks of age,
appreciable promoter activity was only observed in the white
matter and in the dentate gyrus of the hippocampus. Neurogen-
esis continues throughout life within the subgranular zone of the
dentate gyrus, in which asymmetric division of radial glia results
in the generation of migratory neuroblasts that later differentiate
into granule neurons (Sohur et al., 2006). The GLAST promoter
continued to be highly active within these nestin * radial glia, and
these cells exhibited large glutamate transporter currents in re-
sponse to photolysis of caged D-aspartate. However, glutamate
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Figure7.  GLT-1expression by astrocytes in the spinal cord. 4, Confocal fluorescent image of the ventral horn of the spinal cord from a GLT-1- eGFP mouse, showing eGFP expression (green) by
small cells scattered throughout the neuropil (white arrows). The section was stained with NeuN antibodies (blue) to show the location of motor neurons (somas indicated by asterisks). Scale bar,
50 wm. B, Plot of the eGFP fluorescence intensity of astrocytes in the stratum radiatum region of the hippocampus (Hipp) and the ventral horn of the spinal cord. Values taken from a P24 GLT-1— eGFP
BACmouse; horizontal line represents population average. €, Western blot showing GLT-1 protein levels in mouse cortex (Ctx), hippocampus (Hipp), and spinal cord (SC). This blot is representative
of blots made from three different mice of the same age. The actin bands show that equivalent amounts of protein were loaded into each lane. D, Whole-cell recording of glutamate transporter
currents from an astrocyte in the ventral horn of a P29 GLT-1- eGFP mouse (identified by eGFP fluorescence) showing responses recorded under control conditions (black trace) and in the presence
of DHK (300 pum; blue trace) or TBOA (300 wum; red trace). Calibration: 25 ms, 25 pA. Transporter currents were elicited in response to brief photolysis (duration shown by black trace above) of
MNI-p-aspartate (500 wum). Traces at bottom left show responses on a slower timescale, highlighting the slow decay of the putative K *-mediated component. Calibration: 500 ms, 25 pA. Inset at
bottom right shows the response of this cell to voltage steps (—50, —30, —10, 10, 30, and 50 mV). Calibration: 50 ms, 1 nA. E, Fluorescent images of the ventral horn from a P24 GLAST—DsRed/
GLT-1-eGFP double-transgenic mouse stained with GFAP antibodies, showing colocalization between eGFP and GFAP (green arrow) by astrocytes in the gray matter (Gm). DsRed expression was
observed in GFAP ~ cells (red arrow) in both the gray matter and white matter (Wm). Scale bar, 50 wm. F, Fluorescent image from the ventral horn of a P24 GLAST-DsRed/GLT-1—eGFP
double-transgenic mouse showing the extent of overlap between eGFP (green arrows) and DsRed (red arrows). Scale bar, 50 em. G, Plot of the relative intensities for eGFP (green diamonds) and
DsRed (red triangles) among cells in the ventral horn of the spinal cord. Motor neurons (blue squares) did not express either fluorescent protein.

uptake by these cells was not accomplished solely by GLAST,  contribute substantially to glutamate homeostasis within this
because they also exhibited GLT-1 promoter activity and trans- ~ germinal layer.

porter currents were inhibited ~60% by the GLT-1 antagonist In addition to the prominent DsRed expression by radial glia,
DHK. Nevertheless, these results suggest that these progenitors ~ much weaker DsRed expression was observed in cells within the
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The GLAST promoter is active in oligodendrocytes in CNS white matter. A—C, Confocal fluorescent images of the ventral horn of the spinal cord from a P24 GLAST-DsRed/PLP— eGFP

double-transgenic mouse, showing expression of DsRed by many eGFP ™ cells (arrows). Scale bar, 50 wm. D, Whole-cell recording of glutamate transporter currents from a DsRed */eGFP *
oligodendrocyte in the ventral horn of the spinal cord from a P21 GLAST—DsRed/PLP— eGFP double-transgenic mouse, showing responses recorded under control conditions (black trace) and in the
presence of DHK (300 rum; blue trace) or TBOA (300 pum; red trace). Transporter currents were elicited in response to brief photolysis (duration shown by black trace above) of MNI-p-aspartate (500
um). E-H, Confocal fluorescentimages from the striatum from a GLAST—DsRed/PLP— eGFP double-transgenic mouse at P24 (F-G) and at P10 (H). Scale bar, 50 um. I-K, Fluorescent image of the
corpus callosum from this double-transgenic mouse, showing expression of DsRed (/) and eGFP (J) by cells in this region. The two channels have been merged in K, and several cells that express only
eGFP (green circles), DsRed (red circles), or both fluorescent proteins (yellow circles) have been highlighted. Scale bar, 50 wm. L, Whole-cell recording of glutamate transporter currents from a
DsRed */eGFP * oligodendrocyte in the corpus callosum (P26 GLAST-DsRed/PLP— eGFP mouse), showing the response under control conditions (black trace) and in the presence of DHK (300 um;

blue trace) or TBOA (300 pum; red trace). Transporter currents were elicited in response to brief photolysis (duration shown by black trace above) of MNI-p-aspartate (125 pm).

granule cell layer. These cells had properties consistent with
newly generated granule cells (Overstreet et al., 2004), several of
which could be induced to fire action potentials with current
injection. Because mature granule cells do not express GLAST
(Rothstein etal., 1994), this promoter must be rapidly suppressed
in daughter cells as they shift from expressing glial genes to neu-
ronal genes. The presence of DsRed within these nascent granule
cells likely reflects persistence of DsRed after promoter activity
has stopped rather than a continued low level of activity of the
promoter, because transporter currents were not detected in
these cells. Nevertheless, the persistence of DsRed in these neu-
rons provides a useful marker to identify and examine the prop-
erties of these recently born neurons.

Segregation of transporter promoter activity among

different glia

From images of the GLAST-DsRed/GLT-1-eGFP double-
transgenic mice, we observed that there were two populations of

cells in most CNS tissues examined: one population that demon-
strated primarily GLAST promoter activation and another that
demonstrated primarily GLT-1 promoter activation. In fact, sub-
stantial overlap of reporter expression in the double BAC trans-
genic mice was rarely seen in brain or spinal cord, which corre-
lated with a limited immunohistochemistry study of human
orthologs EAAT1 and EAAT?2 (Banner etal., 2002). Close inspec-
tion of brain slices from these double-transgenic mice by confo-
cal microscopy revealed nearly complete independent expression
in both white and gray matter of the spinal cord, and similar
independent expression of GLAST and GLT-1 was seen in cortex,
striatum, and brainstem. This could not readily be appreciated
from previous immunostaining studies in which the ubiquitous
expression of the transporters in neuropil membranes precluded
easy and reliable colocalization. Conversely, distinct dual expres-
sion in our double-transgenic mice was observed in the dentate
gyrus of the hippocampus and in cerebellar radial glia.

The combination of gene expression and functional analysis
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of transporter currents do not support the widespread simulta-
neous equivalent expression of GLAST and GLT-1 in individual
cells; rather, they suggest that either GLAST or GLT-1 is strongly
dominantin different cellular populations. Cells that coexpressed
GLT-1and GLAST were always GFAP ™ astrocytes, outside of the
germinal zone of the dentate gyrus, whereas GLAST promoter
activity was often observed in oligodendroglia. Several previous
studies have attempted to address GLAST/GLT-1 astrocytic co-
localization using immunoelectron microscopy (Lehre et al.,
1995; Haugeto et al., 1996) or in situ hybridization (Berger and
Hediger, 1998). Using in situ hybridization, Berger and Hediger
reported that, in the majority of brain astrocytes, there is simul-
taneous expression of both GLAST and GLT-1 mRNA, albeit at
different levels. We also see colocalization in occasional cells of
the hippocampus and corpus callosum. However, the majority of
cells in the brain demonstrate either GLAST promoter activation
alone or strong GLT-1 promoter activation accompanied by very
weak GLAST promoter activation. The difference in results be-
tween our data and that of the double-hybridization study
(Berger and Hediger, 1998) may be related to several variables,
including the difference in resolution possible with the two tech-
niques and the variable different times points examined. The
differential expression in astrocyte populations suggests different
promoter/cellular regulatory pathways that could be based on
local environmental cues. Our previous in vitro (Swanson et al.,
1997; Schlag et al., 1998) and in vivo (Ginsberg et al., 1995, 1996)
work had demonstrated that neurons can provide important en-
vironmental cues to local GLT-1 and GLAST expression. The
transcriptional pathways for the cell-specific regulation are
unknown.

Glutamate transporter expression by glia in spinal cord
Astrocytes in the gray matter of the spinal cord from GLT-1-
eGFP mice exhibited robust eGFP fluorescence, consistent with
the dense expression of GLT-1 in these regions (Rothstein et al.,
1994). However, comparisons of the relative amount of promoter
activity, based on the intensity of eGFP fluorescence, between
gray matter astrocytes in the spinal cord and brain indicated that
spinal cord astrocytes exhibited less than half the promoter activ-
ity of astrocytes in brain. Measurements of GLT-1 abundance by
Western blot or through recordings of glutamate transporter cur-
rents confirmed that the density of GLT-1 was dramatically lower
in spinal cord. If the level of promoter activity serves to match
transporter expression to the amount of glutamate released, these
differences may indicate that spinal gray matter has a lower den-
sity of excitatory synapses or that these inputs exhibit lower rates
of activity. Because sustained increases in ambient glutamate may
be a major culprit in chronic glutamate toxicity, the lower uptake
capacity of spinal cord astrocytes could make this region highly
vulnerable. Indeed, in amyotrophic lateral sclerosis and animal
models of the disease, in which a substantial reduction in GLT-1
expression occurs, glutamate toxicity has been shown to contrib-
ute to cell death (Fray et al., 1998). The lower overall expression
of transporters in spinal cord may provide an explanation why
relatively small increases in transporter expression in spinal cord
were neuroprotective (Guo et al., 2003; Rothstein et al., 2005).

Expression of glutamate transporters by glia within

white matter

White matter regions of the CNS contain axons that enable rapid
exchange of information between specialized brain regions. Al-
though glutamatergic signaling was thought to occur primarily at
synapses in gray matter, recent studies indicate that unmyeli-
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nated axons within white matter are capable of releasing gluta-
mate through vesicular fusion (Ziskin et al., 2007). Glutamate
that is released at these sites activates AMPA receptors in NG2 ©
cells, a population of glial progenitors. Our studies indicate that
the GLT-1 promoter is active in astrocytes within white matter
tracts, and astrocytes within the corpus callosum exhibited glu-
tamate transporter currents that were ~60% as large as those
exhibited by hippocampal astrocytes, indicating that they express
glutamate transporters at a high density. In addition, both GLT-1
and GLAST were expressed by some oligodendrocytes, although
ata much lower level than that in astrocytes. Glutamate receptors
are also expressed by astrocytes and oligodendrocytes within
these fiber tracts (Jensen, 2002, 2005; Deng et al., 2006a), suggest-
ing that GLAST and GLT-1 may be critical for both regulating
ambient glutamate levels and restricting glutamate diffusion
(Huang and Bergles, 2004). Consistent with this hypothesis,
pharmacological inhibition of glutamate transporters or anti-
sense knockdown of GLT-1 expression results in widespread ex-
citotoxic damage to oligodendrocytes in optic nerve (Domercq et
al., 2005).

Glutamate-induced excitotoxic damage to oligodendrocytes
and their progenitors is often observed after ischemia, which
leads to a loss of myelin and could be a contributing factor in
cerebral palsy and multiple sclerosis (Deng et al., 2006b; Jensen,
2006). Although these studies indicate that glutamate transport-
ers are expressed by both astrocytes and oligodendrocytes in
white matter, transporter currents decayed more than six times
more slowly in white matter than in gray matter. These results
suggest that the rate of glutamate clearance and thus the uptake
capacity of white matter is substantially lower than that of gray
matter, raising the possibility that transporter saturation contrib-
utes to prolonged elevation of extracellular glutamate during
ischemic episodes. These results suggest that therapeutics that
target aspects of the glutamate signaling pathway, in particular
those that enhance the expression of glutamate transporters
(Rothstein et al., 2005), might also prove effective in preventing
excitotoxic damage to oligodendrocytes and their progenitors in
white matter.

The promoter reporter mice for GLAST and GLT-1 described
here have revealed a differential cellular expression of glutamate
transporters in the developing and mature CNS. These new
mouse models provide new tools with which to examine dynamic
regulation of these transporters in astrocytes and oligodendro-
cytes in the normal and diseased nervous system. Genetic manip-
ulation of astrocytes has been achieved primarily using a frag-
ment of the human GFAP promoter (Brenner et al., 1994; Lee et
al., 2006); the widespread, high level of expression of the GLT-1—
BAC described here indicates that this promoter sequence also
could be used to influence astrocyte biology in vivo. In addition,
both lines of reporter mice will be useful for monitoring trans-
porter expression in different cell types during disease states, for
assessing the efficacy of drugs affecting glutamate transporter
expression, and for targeting different groups of cells for physio-
logical studies.
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