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bZentrum Physiologie und Pathophysiologie, Humboldtallee 23, 37337 Göttingen, Germany

Accepted 14 June 2004

Available online 29 July 2004
Abstract

The high affinity, Na+-dependent, electrogenic glial l-glutamate transporters GLAST1 and GLT1, and two neuronal EAAC1 and EAAT4,

regulate the neurotransmitter concentration in excitatory synapses of the central nervous system. We dissected the function of the individual

transporters in the monogenic null allelic mouse lines, glast1�/� and eaac1�/�, and the derived double mutant glast�/�eaac1�/�.

Unexpectedly, the biochemical analysis and the behavioral phenotypes of these null allelic mouse lines were inconspicuous. Inhibition studies

of the Na+-dependent glutamate transport by plasma membrane vesicles and by isolated astrocytes of wt and glast1�/� mouse brains

indicated the pivotal compensatory role of GLT1 in the absence particularly of GLAST1 and GLAST1 and EAAC1 mutant mice. In

electrophysiological studies, the decay rate of excitatory postsynaptic currents (EPSCs) of Purkinje cells (PC) after selective activation of

parallel and climbing fibers proved to be similar in wt and eaac1�/�, but was significantly prolonged in glast1�/� PCs. Bath application of

the glutamate uptake blocker SYM2081 prolonged EPSC decay profiles in both wt and double mutant glast1�/�eaac1�/� PCs by 286% and

229%, respectively, indicating a prominent role of compensatory glutamate transport in shaping glast1�/�eaac1�/� EPSCs.
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1. Introduction

Neurotransmission in excitatory, glutamatergic synapses

of CNS is regulated by the concentration of the major

neurotransmitter l-glutamate, the activity of the glutamate

receptors, at the postsynaptic membrane and high affinity

neurotransmitter transporters bordering the synaptic cleft.

Glutamate transporters are believed to play an important

role in synaptic plasticity [6,8] and development [13,35,37].

Persisting high synaptic l-glutamate concentrations trigger
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neuronal death [14]. Neurotoxic concentrations of glutamate

in the synaptic cleft may occur in cells during cerebral

hypoxia due to the lack of energy for maintaining the

electrochemical membrane potential followed by a reversed

glutamate transport [50]. Impaired l-glutamate transport has

been discussed as primary or secondary cause of neuro-

degenerative diseases, e.g. special forms of amyotrophic

lateral sclerosis [7,43], Huntington disease [40] and

Alzheimer’s disease [44].

A family of five structurally related Na+-dependent l-

glutamate transporters, GLAST1 (EAAT-1) [49], GLT-1

(EAAT-2) [42], EAAC1 (EAAT-3) [25], EAAT-4 [22] and

EAAT-5 [4] has been described. Their homologies and

strikingly similar hydrophobicity pattern indicate a com-

parable membrane topology.
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GLAST1 (EAAT1) [49], and similarly GLT-1 [30,31,42]

are mainly expressed in astrocytes, e.g. Bergmann glia cells

of cerebellum, in the hippocampus and throughout the

cortex. EAAC1 (EAAT-3) is not only strongly expressed in

peripheral tissues (kidney, gut) but is also found in the CA2

to CA4 regions of the hippocampus, the dentate gyrus, the

granular layer of the cerebellum, and the cerebral cortical

layers (II to IV) [25,39]. EAAT-4 expression restricted to

cerebellar Purkinje synapses [17] and similarly EAAT5,

mainly expressed in retina, are glutamate transporters with

additional ligand gated chloride channel activity [4].

We studied the function of the three dominant glutamate

transporters individually, of GLAST1 and EAAC1 in vivo

in the two monogenic null allelic glast1�/�, eaac1�/�

mouse lines and of GLT-1 in the derived double mutant

glast1�/�eaac1�/�. The mouse GLAST1 gene was dis-

rupted by homologous recombination in mouse embryonic

stem cells (ES) similar to the generation of the eaac1�/ �

mouse [41]. Crossing the glast1 locus into the eaac1�/�

background yielded the double bknock outQ glast1�/�

eaac1�/� mutant with a complete GLAST1 and EAAC1

deficiency. Unexpectedly, the phenotype of the three

homozygous mutants is inconspicuous. Neither neuro-

degeneration nor behavioral abnormalities were observed.

The glast1�/� mouse mutant was also generated earlier

with a different gene-targeting construct [54]. Unlike our

Glast1-deficient mutant and the glast1�/�/eaac1�/�
double mutant reported here, this mutant showed impaired

motor coordination but only at a high speed rotarod

challenge.

Cerebellar Purkinje cells (PCs) are a prominent model

system to evaluate neurotransmitter profiles at the synapse.

Whole cell recording of the long-lasting AMPA ESPCs

displayed by glutamatergic synapses of Purkinje cells

induced by the selective activation of climbing and parallel

fibers in cerebellar slices of the three null mutant mice,

associated with transporter inhibition studies unveiled the

dominant role of GLT1 over GLAST1 and the negligible

contribution of EAAC1, data, which are also supported by

glutamate uptake studies in vitro with plasma membrane

vesicles and the biochemical analysis.
2. Materials and methods

2.1. Characterization of the mouse GLAST1 gene and

construction of replacement vector

GLAST1 genomic sequences were isolated from a E
EMBL-3 129 mouse leukocyte genomic library (Clontech

ML1040j) with a genomic hGLAST1 probe [48]. Fig. 1A

resembles the exon–intron organization of the 5V region of

the GLAST1 gene with exons I and II used to construct the

replacement vector for homologous recombination in which

exon II is replaced by the neomycin resistance gene (neo). A

1.7-kb BamHI/NdeI fragment was ligated blunt ended into
the XhoI restriction site of the pPNT vector. The NdeI

fragment with exon I was replaced by the pgk neo gene (Fig.

1A). The NdeI/SpeI fragment was inserted into the XbaI

restriction site of the first ligation step downstream of pgk-

neo. The replacement vector was linearized at the ClaI

restriction site (Fig. 1A). The negative selection marker, the

thymidin kinase (pgk-tk) gene was inserted at the 3V end of

the targeting genomic sequence.

2.2. Homologous recombination in mouse ES cells

R1 embryonic stem (ES) cells were transfected with 20

Ag of the linearized targeting vector, positive ES cell clones

selected and their DNA genotyped by Southern blot

hybridization following established procedures, NcoI

digested and analyzed by Southern blot hybridization. A

P32-labeled 350-bp HindIII/SacI fragment, the 5V flanking

region of the E clone outside the insert sequence, was used

as hybridization probe. The homologous recombination

event was verified by HindIII digestion which yielded a 6.3-

kb fragment in case of homologous recombination and a

4.8-kb fragment from the wt allele. ES cell clones were

injected into CD1 blastocystes to produce germline chimeric

male [9], which were crossbred to homozygosity. BamHI

restriction of the homozygous double mutant glast1�/�

eaac1�/� revealed the RFLP expected from the single

mutant eaac1�/� [41].

2.3. RNA analysis

RNA was isolated from total brain [15] and separated on

a denaturing formaldehyde agarose gel (1.2%) electro-

phoresis. A HindIII/EcoRI fragment containing exon II of

GLAST1 and cDNA probes of EAAC1 and GLT-1 were

used for Northern blot hybridization analysis. A GAPDH

cDNA fragment served as internal control.

2.4. Western blot hybridization analysis

Mouse brain was homogenized in 1 ml lysis buffer (100

mM Tris/HCl pH 8.0; 0.1% 2-mercaptoethanol; 10%

glycerin, 1% Triton X-100) and centrifuged for 15 min at

14,000�g and 4 8C. Three protein aliquots of the super-

natant (20, 40 and 60 Ag) were separated by SDS-PAGE

(12%) and then electroblotted to a nitrocellulose membrane

(Schleicher and Schqll). The membrane was blocked with

3% bovine serum albumin (BSA). The blot was treated

sequentially with affinity-purified polyclonal anti GLAST1

(1:3000) and anti-rabbit alkaline phosphatase conjugated

second antibody. The band intensities were digitalized and

quantified using the SCION Image software of the

phosphoimager. The intensities of the EAAT4 band were

similar in wt and glast1�/� mice, whereas the intensities of

the GLT1 bands of the wt aliquots exceeded the intensity of

the glast1�/� mice by a factor of 2 to 3 (2.2, 2.7, 2.1 for the

20, 40, 60 Ag protein aliquots, respectively).



Fig. 1. Targeted disruption of the GLAST1-gene. (A) Schematic presentation of the wt GLAST1 locus, the targeting vector and the targeted GLAST1 locus.

Exon: closed boxes. Targeted allele: exon II is replaced by the neo gene of the pPNT vector. HindIII restriction of the genomic DNA releases a 4.8-kb fragment

diagnostic for the wt locus and a 6.3-kb fragment for the glast1 locus detected with the 5V external probe, indicated by the bar. The diagnostic BamHI RFLP for

the eaac1� /� locus has been reported before. (B) Southern blot analysis of tail DNA of F2 littermates. �/� homozygotes; +/� heterozygotes, +/+ wild type.

(C) Northern blot hybridization analysis of brain RNA. The transcripts of the GLAST1 gene are lacking exon II as indicated by the missing signal in (D) when

exon II probe is used for hybridization. (D) Western blot analysis of solubilized membrane proteins of total brain separated by SDS-PAGE (10%). Positive

control: purified GLAST1 protein. The affinity purified anti-GLAST1 antibody and likewise anti-C522 (kindly provided by Dr. Danbolt) recognizes the 66-

kDa GLAST1 protein in wt but not in glast1�/� mutant mice.
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2.5. Vesicular glutamate uptake assay

The vesicular glutamate uptake was assayed in vitro [45].

Cerebella of 6–8-month-old mice were used for the

membrane preparation. Aliquots of the membrane suspen-

sion (100 Ag protein) were suspended in 100 Al ECS buffer

(150 mM NaCl, 3 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10

mM HEPES, 10 mM glucose, pH 7.4) containing 0.05 ACi
(110.000 dpm) [14C]-glutamate (250 mCi/mmol) and 10 AM
glutamate. Duplicate assays were performed in ECS buffer,

ECS buffer in which Na+ was substituted by choline

chloride, and ECS buffer supplemented with 0.01–1 mM

dl-threo-hydroxyaspartate (THA) or with 0.5–1 mM dihy-

drokainate (DHKA). The assay mixtures were incubated for

4 min at 37 8C. Transport was terminated with 200 Al ice-
cold Na+-free ECS buffer. The assay mixture was centrifuged

for 2 min at 14,000�g and 4 8C, the pellet washed three

times with Na+-free ECS and dissolved in Bray’s solution for

counting of the radioactivity.

2.6. [14C]-l-glutamate uptake by astrocytes in cultures

Astrocytes from 2-day-old wt and glast1�/� mouse brains

and isolated cerebellae were isolated and cultured for up to 5
weeks following established protocols adapted to mouse

tissue [36]. Cells were grown in Petri dishes for at least 2

days and preincubated with ECS for 30 min, followed by the

addition of [14C] glutamate (0.05 ACi) and the respective

inhibitors indicated in the figures at 37 8C for 5 min. After

incubation, the astrocyte layer was thoroughly washed,

trypsinized and glutamate uptake measured in aliquots with

equal number of cells in triplicates as described for vesicular

glutamate uptake in the previous section.

2.7. Immunohistochemistry

Mice were sacrificed under CO2 anesthesia, perfused

with 20 ml of 2.5% paraformaldehyde in PBS and

postfixed brains equilibrated for 12 h at 4 8C in PBS

containing 30% sucrose and 2 mM MgCl2. Affinity

purified polyclonal antibodies against the total GLAST1

protein, monoclonal antibodies against GFAP (Boehringer

Mannheim, G-3893) and Calbindin-D (C-8666) and

alkaline phosphatase conjugated second antibodies were

used for immunohistochemistry.

Apoptosis was analyzed by the in situ cell death

detection kit (TUNNEL assay, TdT-mediated dUTP nick

labeling( Boehringer Mannheim).
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2.8. Motor performance and behavioral testing

For behavioral testing mice of age 2–4 months were

used. The Morris water maze test [38], the descending

vertical pole, the horizontal bridge and inclined grid tests

[53], the open field test [24], and the horizontal wire test [2]

were performed following the established protocols.

2.8.1. Preparation of cerebellar slices

Sagittal sections (180 Am) from the medial part of the

mouse cerebellum from 8- to 14-day-old mice were

prepared [26] and maintained at room temperature in

carbogen (95% O2, 5% CO2) saturated, bicarbonate-

buffered saline (in mM) 118 NaCl, 3 KCl, 1 MgCl2, 25

NaHCO3, 1 NaH2PO4, 1.5 CaCl2, 20 glucose) at pH 7.4.

Prior to recordings, slices were incubated for at least 1 h to

allow recovery. If not indicated otherwise, 10-AM bicucul-

line was added to bath solutions to block spontaneous

synaptic activity. For whole cell recordings [20], slices were

continuously superfused with the carbogen-saturated sol-

ution (10 ml/min) in the recording chamber under a Zeiss

upright microscope.

2.8.2. Patch clamp recordings

In patch clamp experiments, Purkinje cells were selected

by their intact overall shape, their ability to fire action

potentials in drug-free solution, a high electrically input

resistance and the occurrence of spontaneous synaptic

activity. The intracellular pipette solution contained (in

mM): 140 KCl, 10 HEPES, 2 MgCl2, 2 ATP, 0.4 GTP, 10

EGTA, 1 CaCl2 (adjusted to pH 7.2 with KOH).

Borosilicate glass patch and stimulation pipettes were filled

with intracellular solution, they had resistances of 1.5–3

MV. Voltage-clamp recordings were performed with a

patch-clamp amplifier (EPC-7, HEKA Elektronik,

Lambrecht, Germany). Input resistances of Purkinje cells

varied around 1 GV. No series resistance compensation

was made. Unless stated otherwise, whole cell currents

were recorded with sampling frequencies of 5 kHz and

filtered (3-pole-Bessel filter 10 kHz, 4-pole Bessel filter 2.9

kHz) before analysis.

2.8.3. Stimulation and application

Electrophysiological and stimulating signals were simul-

taneously recorded with EPC-7 hard- and software (Pulse

Fit, HEKA, Germany). Afferent climbing- and parallel

fibers were stimulated (HG.15, HI Med., England) recording

Purkinje cell EPSCs. Impulses carried out at intervals of 2 s

with 2–20 V.

NBQX (10–25 AM), 10 AM CPP and 10 AM SYM2081,

were added to bath solutions to block different glutamate

receptors and transporters, respectively.

Calculations of EPSC-decay times and further analysis

were performed off-line by using the software Pulsefit

(HEKA, Germany) and IGOR (Wavemetrics, Oregon,

USA).
Experiments were carried out in accordance with the

guidelines of the Ethics Committee of the Medical Faculty

at the Universities of Kfln and Gfttingen, Germany.
3. Results

3.1. Generation of the GLAST1 mutant mouse line

A murine 6.3-kb genomic GLAST1 clone harboring

exons I and II was isolated from a mouse genomic leukocyte

library, using the rat GLAST1 cDNA as a probe [49] (Fig.

1A). The sequence of the exons corresponds to the genomic

sequence of human glast1 [48].

A 1.9-kb NdeI/NdeI fragment with exon II of the 6.3-kb

insert was replaced by the neomycin resistance gene (neo)

of the pPNT vector (Fig. 1A). Exon II codes for the

translation start site, the intracellular N-terminal region and

the first transmembrane domain of the GLAST1 protein.

Transfection by electroporation of CJ7 and R1 embryonic

stem (ES) cells with the ClaI linearized replacement vector

and negative/positive selection with G418 and gancyclovir

yielded five positive ES cell clones. The homologous

recombination event was verified by NcoI restriction and

Southern blot hybridization analysis using the external 5V
probe (Fig. 1B). ES cell clones were injected into CD1

blastocystes which led to two germline chimeric glast1+/�

male mice, which were used for breeding to homozygosity.

The characterization of the eaac1�/� mouse mutant has

been extensively described [41]. Homozygous glast1�/�

and eaac1�/� mice were crossbred to the homozygous

glast1�/�eaac1�/� double mutant and characterized sim-

ilarly. The diagnostic NcoI (10.8kb)- and BamHI (11 kb)-

RFLPs [41] in Southern blot analysis of the glast1 and

eaac1 loci, respectively, verified the genotypes, as described

for the ES cells (Fig. 1B).

The substitution of the 1.9-kb NdeI/NdeI fragment with

exon II by the neo cassette in littermates of F1 and F2

generation yielded glast1 transcripts in Northern blot

hybridization of brain RNA similar in size in homozygous

and wt littermates. An exon II specific probe proved that

exon II was deleted (Fig. 1C).

Solubilized proteins of partially enriched plasma

membranes of brains of wt, glast1�/- and glast1�/�

eaac1�/� mice were separated on SDS-PAGE (12%)

and probed in immunoblots with affinity purified rabbit

anti-GLAST1, EAAC1- and GLT1-antibodies. Neither

complete nor truncated immunoreactive GLAST1 and

EAAC1 polypeptides were detected in the homozygous

mice (Fig. 1D).

These results were confirmed by immunohistochemical

analysis. The typical expression pattern of GLAST1 in

Bergmann glia arborising into the molecular layer of

cerebellum in wt mice, which is absent in the cerebellum

of glast1�/� mice is displayed in Fig. 2A and B. The

absence of EAAC1 in the eaac1�/� mutant has been
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demonstrated earlier [41]. GLAST1 and EAAC1 antigens

were absent in the double mutant mouse (not shown).

These results clearly demonstrated that we had generated

the GLAST1- and the GLAST1/EAAC1 transporter defi-

cient mouse lines.

3.2. Phenotypic characterization

The most surprising observation was the inconspicuous

phenotype of glast1�/� and glast1�/�/eaac1�/� littermates

from birth to the age of 24 months with normal motor

activity, gross behaviour and fertility, indistinguishable from

wt progeny.

Similar to the EAAC1 deficiency [41], also glast1�/�

and glast1�/�eaac1�/� mice do not compensate the loss

of their respective glutamate neurotransmitter uptake
Fig. 2. Immunohistochemical analysis (A–D) and Western blot analysis (E). Cereb

antibody and alkaline phosphatase-conjugated second antibody, C and D with a

extracts of wt and glast1�/� mice probed with anti GLT1, EAAT4 and calbindin

Western blotting and quantification using the SCION Image Quant software of th
systems by upregulation on the transcriptional level of

the other known l-glutamate transporters as estimated

densitometrically in the Northern blot analysis (Fig. 1C).

Densitometry of Western blot analysis of glutamate

transporters GLT1 and of EAAT4 in equal protein

aliquots of wt and glast1�/� total brain protein extracts

of 8-week-old male mice indicated that the concentration

of the high affinity GLT1 gene translation product

increases significantly (up to two to threefold) in the

glast1�/� mutant, whereas EAAT4 protein concentrations

remained unaltered as documented in Fig. 2E. Glutamate

uptake studies in primary astrocyte cultures from brains

of the null allelic mice (Fig. 3A), as well as by

membrane vesicles of wt and glast1�/� brain and

membrane vesicles of hemispheres and cerebellum (Fig.

3B and C), supported these findings.
ellar sections of wt and glast1�/� mice, A and B stained with anti-GLAST1

nti-Calbindin antibody. (E) Western blot of aliquots of total brain protein

antibodies. 20, 40 and 60 Ag of protein were used for PAGE separation,

e phosphoimager.



Fig. 3. Glutamate uptake in brain membrane vesicle preparations and

astrocyte cultures of total brain of wt and glast1�/� mice. (A) Glutamate

uptake and THA inhibition. (B) [14C] l-Glutamate uptake by vesicle

preparation of hemispheres and (C) of cerebellum of wt (+/+) and glast1�/�

(�/�) mice: Na+-dependent uptake, inhibition of neurotransmitter uptake

by THA and dihydrokainate (DHKA).
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3.3. Vesicular and astroglial glutamate uptake

Astroglia of the cortex and Bergmann glia cells in the

granular cell layer of cerebellum strongly express

GLAST1, GLT1 and EAAT4. We studied [14C] glutamate

uptake and inhibition in vivo in primary cultures of

astrocytes isolated from total brain of wt and g1ast1�/�

mice and in vitro in the well-established plasma

membrane vesicle system [45]. These studies included

the Na+ ion dependence of [14C] glutamate uptake and
transport inhibition in the presence of the two inhibitors

l-threo-3 hydroxy-aspartate (THA) (Fig. 3A), and DHKA

with cultured primary astrocytes isolated from total brain

(Fig. 3B), and plasma membrane vesicles of hemispheres

and cerebellum of wt and GLAST1 deficient mice,

summarized in Fig. 3.

Glutamate uptake into vesicle preparations of the wt and

g1ast1�/� genotype was unperturbed, proved to be Na+-

dependent, and threo d-hydroxyaspartate (THA) caused the

well-known inhibition of glutamate transport comparable in

wt, and the null mutants, 80%, 40% and 8% at 10, 100 and

1000 AM THA, respectively (Fig. 3A).

Control experiments confirmed the Na+ dependence of

l-glutamate transport. Na+-free ECS reduced the transport

on the average to 45% and 15% in astrocytes from total

brain of wt and null mutants, respectively (Fig. 3A).

THA (100 AM) concentration inhibited glutamate trans-

port in plasma membrane vesicle preparation and

astrocytes cultures of wt and glast1�/� by 40% and

60% in vesicles of hemispheres and cerebellum, respec-

tively (Fig. 3B and C).

Glutamate transport in the presence of GLT1-specific

transporter dihydrokainate (DHKA) in vesicle preparations

of hemispheres from wt brain was reduced by 40% and of

cerebellum by 20% but in glast1�/� hemisphere and

cerebellum vesicle preparations were reduced by about

65% (Fig. 3B and C).

3.4. GLAST1 and EAAC1-deficiency and cerebellar

structures

Purkinje cells (PCs) are the sole link between the

cerebellar cortex and the cerebellar nuclei. This system

might serve as a paradigm for the glutamatergic excitatory

system. The morphology and number of Purkinje cells, the

granular and molecular cell layers in cryosections of the

cerebellum of 5-month-old wt, glast1�/� and glast1�/�

eaac1�/� mutant mice were indiscriminant in light micro-

scopy (not shown).

High l-glutamate levels in the synaptic cleft leads to

NMDA and AMPA receptors mediated opening of post-

synaptic Ca2+ channels with Ca2+ influx which might induce

the expression of the Ca2+ binding protein Calbindin-D in

Purkinje cells. However immunohistochemically, the Cal-

bindin D signal in Purkinje cells revealed no difference in

the two mutants and wt mice (Fig. 2C–D).

Neurodegeneration is often followed by a reactive gliosis

indicated by the upregulation of the expression of glial

fibrillary acidic protein (GFAP) Immunostaining of cere-

bellar sections with the astrocyte-specific anti-GFAP anti-

body showed no gliosis in the molecular or granular cell

layer of cerebellum of the mutant mice (data not shown).

In addition, no neuronal apoptosis due to glutamate

neurotoxicity was observed when examined by the

TUNNEL (TdT-mediated dUTP nick labeling) assay (data

not shown).



Fig. 4. Examples for recorded EPSCs at Purkinje cells after unitary

stimulation of afferent parallel fibers (A) or climbing fibers (B) and (C)

before and after adding the GLT-1 inhibitor SYM2081.
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3.5. GLAST1 deficient mice show normal spatial learning,

cerebellar motor coordination and activity, and exploration

Locomotion, learning and memory of cohorts of 6-week-

old wt, glast1�/� and eaac1�/� mice were examined in the

Morris water maze task and their motor activity and

exploration in the open field test. The motor coordination

ability was challenged in the rotarod test. Neither task

unmasked any motor deficits (data not shown).

3.6. Patch clamp recordings of EPSCs of Purkinje cells in

cerebellar slices of glast1�/�, eaac1�/� and glast1�/�

eaac1�/� mice

Functional parameters of glutamate receptor mediated

excitatory postsynaptic currents (EPSCs) were analysed by

patch clamp recordings on cerebellar Purkinje cells of 8–

14-day-old mice in thin slice preparations [20,26] for the

following reasons. First, Purkinje cells contain only rapidly

deactivating AMPA receptor channels [5,29] assuring that

the kinetic analysis of AMPA receptor mediated EPSCs

(AMPA EPSCs) was not disturbed by a potential parallel

activation of NMDA receptors. Second, Purkinje cells

display extraordinary long-lasting AMPA EPSCs with a

prolonged presence of glutamate in the synaptic cleft [5],
Table 1

Kinetic parameters of EPSCs during stimulation at climbing and parallel fibers

(A) Decay time tau in msFstandard error of the mean

wt eaac1�/�

Climbing fiber 3.5F0.2 (n=13) 4.1F0.1 (n=1

Parallel fiber 5.9F0.3 (n=16) 6.2F0.4 (n=6

(B) Rise times of parallel and climbing fiber EPSCs during unitary stimulation

wt eaac1�/�

Climbing fiber 1.3F0.2 (n=13) 0.67F0.2 (n=1

Parallel fiber 1.04F0.2 (n=11) 0.68F0.2 (n=6

Rise times (10–90% max. ampl) in msFstandard error of the mean. Stars refer to
thus providing favourable conditions for the analysis of

individual phenotypes with a disrupted glutamate transport.

Third, selective activation of parallel and climbing fiber

EPSCs allows to investigate synaptic responses under well-

defined stimulation conditions. For patch clamp recordings,

Purkinje cells were visualized using differential interference

contrast optics [18,32]. After establishing the whole-cell

recording configuration, spontaneous synaptic activity

confirmed the good viability of the preparation (input

resistance up to 1 GV and resting potential conditions

around �65 mV).

To reliably isolate AMPA receptor mediated EPSCs from

other synaptic responses, inhibitory GABA-receptor medi-

ated currents were completely blocked by adding 10 AM
bicuculline to extracellular solutions (ECS). The remaining

spontaneous and stimulated synaptic responses were com-

pletely suppressed by adding 10 AM NBQX to ECS,

identifying them as AMPA-mediated EPSCs. As expected,

addition of 10 AM of the NMDA-channel blocker CPP to

the bath solution showed no effect.

Whole-cell patch clamp recordings were performed in

voltage clamp mode, with the stimulation pipette positioned

above climbing- or parallel fibers. Electrical stimulation

evoked robust EPSCs in Purkinje cells as previously

reported [5]. For EPSC recordings, stimulus intensity was

reduced to the minimum level where regular synaptic

responses were still observed. In this case, stimulation of

climbing fibers was associated with EPSC fluctuations

according to the ball-or-nothingQ rule, where parallel fibers

responded proportional to stimulus intensity over a wide

range of intensities [29].

Kinetic parameters of AMPA EPSCs in wt, glast1�/�,

eaac1�/� and glast1�/�eaac1�/� were analysed during

unitary stimulation of climbing or parallel fibers EPSCs.

Under identical stimulation conditions, amplitudes of

parallel and climbing fiber EPSCs were identical for wt

and the three mutant lines (Fig. 4).

Previous reports have shown that blockade of glutamate

transporters can significantly alter the recovery phase of

EPSCs [5]. In wt mice, the average decay time constant of

climbing fiber EPSCs was 3.5 ms. This was comparable to

decay times of 4.1 ms found in EAAC1�/�, but significantly

faster than those found in glast1�/� and glast1�/�eaac1�/�
glast1�/� glast1�/�/eaac1�/�

0) 5.0F0.9 (n=6)* 5.7F0.4 (n=12)*

) 8.0F0.6 (n=16)* 7.45F0.5 (n=12)*

glast1�/� Double ko

0) 0.6F0.1 (n=6) 0.6F0.1 (n=5)

) 0.7F0.1 (n=20) 0.9F0.1 (n=10)

significant differences between bknock outQ and wt-values ( pb0.05).



Table 2

Decay times of parallel fiber EPSCs during single and multiple stimulation (three stimuli separated by 20 ms)

wt eaac1�/� glast1�/� Double ko

Decay time (unitary stimul.) 5.9F0.3 (n=16) 6.2F0.4 (n=6) 8.0F0.6 (n=16)* 7.5F0.5 (n=12)*

Decay time (multiple stim.) 7.6F0.8 (n=13) 13.2F1.5 (n=8)* 21.8F2.4 (n=20)* 18.1F0.7 (n=10)*

Relative retardation 128.8% 212.9% 272.5% 241.3%

Decay time tau in msFstandard error of the mean. Stars refer to significant differences between bknock outQ and wt-values ( pb0.05).
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mice with values of 5.0 and 5.7 ms, respectively. For

parallel fiber stimulation, EPSCs displayed decay times of

5.9 ms in wild type animals, again similar to 6.2 ms found in
Fig. 5. Summary histograms showing the EPSC decay times at Purkinje

cells after unitary stimulation of parallel fiber (A) and after climbing fiber

stimulation (B) of wt mice and different knock-out mice. Panel C displays

a summary of EPSC decay times of wt and glast1�/�eaac1�/� mice in

the presence of the glutamate transporter inhibitor SYM2081. For details,

see text.
eaac1�/� mice but significantly different from 8.0 and 7.5

ms found in glast1�/� and glast1�/�eaac1�/� mice,

respectively. No significant difference was found in rise

times (10–90% max. amplitude) between wt and transgenic

animals. For direct comparison, a summary of kinetic

parameters is given in Table 1.

To assess the potential impact of EPSC amplitude on

decay profiles, we performed an additional series of

experiments based on multiple stimulation protocols. In

this case, parallel fiber stimulation was performed by a

series of three current pulses each separated by a time

interval of 20 ms. As illustrated in Table 2, this stimulation

was associated with a substantial prolongation of EPSCs in

wt animals with a 129% retardation of decay time

constants changing from 5.9 ms (unitary stimulation) to

7.6 ms (triple stimulation). EPSC decay time constants

were significantly more affected in mutant animals, where

relative changes were given by 213%, 273% and 241% for

eaac1�/�, glast1�/� and glast1�/�eaac1�/�, respectively.

These observations underline the important role of glutamate

transporters EAAC1 and GLAST1 for clearance of glutamate

from the synaptic cleft, in particular during strong stimulation

of synaptic responses.

The double mutant further allowed the investigation of

the potential role of additional glutamate transporters not

directly affected by the mutations. Accordingly, we per-

formed patch clamp recordings of EPSCs in the after bath

application of SYM2081, a known blocker of glutamate

transport [21]. In wt animals, decay time constants of

parallel fiber EPSCs were prolonged from 5.9 to 14.3 ms,

confirming the previously described role of glutamate

transporters in shaping the profile of EPSCs (e.g. Ref.

[5]). Interestingly, postsynaptic currents were similarly

prolonged in glast1�/�eaac1�/� mice from 7.5 to 17.2 ms

as illustrated in Fig. 5. This indicated that glutamate

transport continued to be a prominent determinant of EPSC

kinetics even when glast1�/� and eaac1�/� were knocked

out by genetic manipulation.
4. Discussion

Here, we report a combined genetic and electrophysio-

logical approach for the functional analysis of the main l-

glutamate neurotransmitter transporters in two null-allelic

mouse mutants deficient in the glial transporter GLAST1

(glast1�/�) and in both GLAST1 and EAAC1 (glast1�/�

eaac1�/�) in excitatory synapses of mouse CNS and
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extended and exemplified electrophysiologically with cer-

ebellar Purkinje cells of these genotypes.

In an earlier study, we described the eaac1�/� mouse

model [41]. EAAC1 is dominantly expressed in kidney and

gut but weakly also in neurons of cerebellum and hippo-

campus. EAAC1 deficiency causes a massive hyperaminoa-

ciduria but no neurotoxicity. Previous studies demonstrated

the regional expression pattern of GLAST1 most prom-

inently in Bergmann glia cells of cerebellum and less in the

hippocampus and cortex [31,49], whereas GLT1 is

expressed mainly in cortex, hippocampus and striatum and

less so in cerebellum.

Glutamate is used as excitatory neurotransmitter in three

pathways at terminals in the cerebellum: the climbing fibre

input on Purkinje cell soma, the mossy fibre input into

granular cells and the parallel fibres from granule cells to

Purkinje dendrites [47]. Ca2+ entry through respective

receptors due to high l-glutamate concentrations in the

synaptic cleft may lead to a high Ca2+ influx into neurons

[23], which is potentiated by entry through voltage-depend-

ent calcium channels in axons of Purkinje cells [10]. An

increased Calbindin-D expression specifically in Purkinje

cells is thought to prohibit toxic intracellular Ca2+ concen-

trations [34]. In the single and double glutamate transporter

deficient mutant mice, anti-Calbindin-D antibodies revealed

no increased expression of the Ca2+ binding protein

Calbindin-D, which might indicate that intracellular Ca2+

in Purkinje cells is not elevated in GLAST1 and EAAC1

deficient mice.

Neurotoxic and neurodegenerative disorders might lead

to a reactive gliosis indicated by an upregulation of GFAP

expression [3]. However, anti-GFAP antibodies disclosed no

quantitative differences in GFAP expression in glast1�/�

mutant and wt mice.

We also probed the neuronal cell layers of the cerebellum

and hippocampus of glast1�/� mice for apoptosis using the

TUNNEL assay (not shown). The histological and immu-

nochemical results clearly exclude cell degeneration or

apoptosis in the mutant mouse lines described here.

Cerebellar l-glutamatergic synapses influence motor

coordination [1]. Mice lacking glutamate receptors GluR1

and GluRd2 [16] develop a severe cerebellar atactic gait and

intention tremor. Surprisingly, homozygous glast1�/� and

the glast1�/�eaac1�/� double mutant mice had a coordi-

nated gait and responded like wt mice when challenged in

tasks which probed for challenged motor coordination,

motor activity, learning and memory. The glast1�/� mouse

mutant has been generated earlier with a different gene

targeting construct [54]. This mutant differed from our

glast1�/� mutant and the glast1�/�/eaac1�/� double

mutant in motor coordination only at a high-speed rotarod

challenge (N20 vs. 10 rpm in our experiments). This might

express a strain difference.

In a recent study [46], antisense oligonucleotides of the

three main glutamate transporters GLAST1, GLT-1 and

EAAC1 were administered intrathecally to mice to mimic
respective bknock outsQ. A reduced expression of the

transporters was observed. GLAST1 and GLT-1 antisense

oligonucleotides caused neurodegeneration and progressive

paralysis whereas EAAC1 deficiency resulted in mild

neurotoxicity. Here, we applied the genetic approach to

unravel the function (s) of the individual glutamate trans-

porters via the conventional bknock outQ models which

unveiled the surprising phenotypes described above and

which are at variance with the reported observations. The

conflicting results might be caused by the different

experimental strategies, null allelic mutation versus intra-

cerebral antisense oligonucleotide application.

Different from the glast1�/� and the glast1�/�eaac-1�/�

mice described here and the eaac-1�/� mutant described

previously [41], the recently described GLT-1-deficient

mouse [51] developed severe neurological symptoms such

as epilepsy leading to early death. The replacement vector

used for the "knock out" of glt-1, however, could allow the

synthesis of a truncated, hydrophobic N-terminus of GLT-

1. Cytotoxic effects of putative derived peptides, which are

not detected by the antibodies used in this study, remain to

be excluded. GLAST1 deficiency might induce the

upregulation of the other l-glutamate transporters, partic-

ularly of GLT-1, which colocalizes with GLAST1 in

several regions of CNS (cerebellum, hippocampus) and

EAAT-4, also highly expressed in Purkinje cells [55]. This

raised the question whether these transporters, remaining

intact in the single and double null allelic mutants,

compensate for the deficient transport function of GLAST1

of Bergmann glia cells. Quantitative RT-PCR and Northern

blot analysis did not reveal an upregulation of the other

high affinity glutamate transporters on the transcriptional

level, although repeated Western blot analysis of GLT1 in

protein aliquots of the respective total brain extract

indicated an about twofold GLT1 concentration over wt

(Fig. 2E). This observation does not exclude an additional

activation of the GLT1 activity, as e.g. protein phosphor-

ylation of GLT1 [11,12] and for EAAC1 [19], which

remains to be studied.

The activity of the glutamate transporters discovered so

far are supposed to be sufficient for an effective glutamate

reuptake from CNS glutamatergic synapses [45].

The phenotype with the missing neuropathological and

behavioral symptoms and the biochemical analytical results

of the GLAST1 and GLAST1/EAAC1 deficient mutant

mice were unexpected except the hyperamino aciduria of

the double mutant contributed by the mutated eaac1 locus

suggested a compensatory of the redundant glutamate

transporter systems. We therefore carried out additional

functional analyses of the different transporters in these

well-defined mouse mutants which included uptake studies

of the labeled neurotransmitter glutamate and electrophy-

siological techniques.

Vesicle (synaptosomal) preparations and primary astro-

cytes from wt and glast1�/� mouse brains showed no

significant differences in glutamate uptake between the two
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genotypes with small standard deviations below 8–10%

after subtraction of the Na+-free transport.

Glu transport in the GLAST1 deficient and the double

mutant is inhibited concentration dependent by l-threo-3-

hydroxyaspartat, at a concentration of 100 AM THA the

transport was reduced to 26% and 24% in wt and glast1�/�,

respectively. Among the few inhibitors of high affinity Na+-

dependent glutamate transport systems dihydrokainate is

known as a weak inhibitor [52], which has no effect on

GLAST1 [27,28], however on GLT1 [42]. The inhibitory

effect of DHKA on glutamate transport by primary

astrocytes from wt mice in culture even of the high 1 mM

concentration, is very weak (Fig. 3A), but in the GLAST1

deficient mutant by about 40%. Detailed quantitative and

immunocytochemical studies on the differential expression

of GLAST1 and GLT1 in rat brain revealed, that both

transporters are roughly equally distributed throughout the

hemispheres and brainstem, GLAST1 preferentially in the

molecular layer of cerebellum and GLT1 in astrocytes of the

hippocampus, cortex and striatum. GLAST1 and GLT1

transporter proteins are concomitantly expressed, though in

different ratios in different regions of the brain [31]. In view

of the complexity of the distribution, the simultaneous

expression in the same cell with the possibility to form

heterodimers or multimers with a broad functional diversity

and the presence of GLT1 mRNA, e.g. in CA3 hippocampal

neurons but the lack of protein in these cells, which suggests

a posttranscriptional regulation, quantitative conclusions

from inhibition experiments in a whole population of

astrocytes isolated from total brain can only made with

precaution. Yet together with the membrane vesicle uptake

and inhibition experiments (Fig. 3B and C), they suggest a

compensatory function of GLT1 in brain regions with

simultaneous expression of GLAST1 and GLT1 of the

mutants.

A unique opportunity to evaluate the contribution of

glutamate transport to synaptic neurotransmitter profiles

comes from the electrophysiological analysis of Purkinje

cell EPSCs in wt and mutant animals. For several reasons,

cerebellar Purkinje cells provided the most attractive model

system for this analysis. First, previous studies have

established Purkinje cells as one of the best-characterized

neuronal systems to study neurotransmitter profiles in the

synaptic [5]. Second, the prolonged time course of neuro-

transmitter concentrations in Purkinje cell synapses provides

extraordinary favourable conditions for the detection of

subtle changes in the profile of synaptic glutamate transport.

In parallel and climbing fiber synapses, one of our most

significant results was the retardation of EPSCs after

knockout of GLAST1, while genetic disruption of EAAC1

was associated with no detectable EPSC prolongation. Both

observations are in agreement with a model where GLAST1

displays a modulatory effect on synaptic glutamate tran-

sients, while EAAC1 is primarily involved in regulating

basal glutamate levels outside the synaptic cleft. These

observations were different from those obtained under
multiple stimulation conditions, where both knock-out of

EAAC1 and GLAST1 were associated with significant

prolongations of EPSC decay times.

Our results obtained on glast1�/� and glast1�/�eaac1�/�

mice were well compatible with those previously reported on

mouse models of glutamate transporter knock-out animals

under different stimulation and recording conditions [33,54].

For example, our observation of prolonged EPSC decay

times correlates with the previously noted prolongation of

parallel fiber EPSCs in GLAST1 knock-out Purkinje cells

[33]. Moreover, the increasing functional importance of

GLAST1 and EAAC1 during multiple stimulation presented

in this report is paralleled by observations of Marcaggi et al.,

who reported substantial prolongations of EPSC decays

during high-intensity stimulation in their model system of

glast1�/�.

In summary, the glutamate transporter mutants described

in this report will allow the analysis of the function of the

individual transporters in the profiling of other excitatory

synapses throughout the brain. The gene targeting strategy

by conditional gene ablation (cell and developmental stage

specific) might unravel the contribution of potential

adaptive processes during development of the conventional

glutamate transporter bknock outQ models.
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