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The cDNA encoding the predominant rat brain high-
ffinity L-glutamate transporter GLT-1 was isolated
nd subcloned into the pIND expression vector for the
stablishment of steroid hormone inducible expres-
ion in vitro using the ecdysone-inducible mammalian
xpression system. Steroid hormone-inducible expres-
ion was demonstrable in a stable cell line designated
EK/GLT-1. Treatment of HEK/GLT-1 cells with 10 mM
onasterone A for 24 hincreased the maximum veloc-

ty (Vmax) of Na1-dependent L-glutamate uptake by
reater than 10-fold, as compared with the uninduced
ells. Equivalent levels of L-glutamate transport ca-
acity were observed in the uninduced GLT-1 cell line
nd the host cell line indicating that the expression of
LT-1 was tightly regulated. To confirm that the in-
reased L-glutamate uptake observed in HEK/GLT-1
ells following induction was attributable to the ex-
ression of GLT-1, rather than the up-regulation of the
ndogenously expressed EAAT3 subtype present in
he host cells, we evaluated the effects of the selective
LT-1 inhibitors dihydrokainate (DHK) and kainate.
oth DHK and kainate produced concentration-depen-
ent inhibition of the L-glutamate uptake into HEK/
LT-1 cells, and the estimated IC50 values were consis-

ent with those described for the cloned GLT-1. These
esults demonstrate that the expression of GLT-1 can
e tightly regulated in vitro using the ecdysone
ystem. © 1999 Academic Press

Key Words: GLT-1; L-glutamate transporter; ecdy-
one; dihydrokainate; kainate.

L-Glutamate is the predominant excitatory amino
cid transmitter in the mammalian central nervous
ystem (1). The inactivation of synaptically released
-glutamate is achieved by its reuptake into neurones
nd glial cells, a process which is mediated by a family
f high-affinity Na1-dependent L-glutamate transport-
rs (2–4). In addition, these transporters are also re-
ponsible for maintaining extracellular concentrations
101
f L-glutamate below a threshold which triggers exci-
otoxicity. To date, cDNAs encoding five L-glutamate
ransporters, GLAST/EAAT1, GLT-1/EAAT2, EAAC1/
AAT3, EAAT4 and EAAT5, have been isolated from
oth human and non-human species (5–10). Although
ve members of this transporter family have been

dentified it is known that the GLT-1/EAAT2 subtype
ccounts for the bulk of the uptake capacity which can
e measured in preparations derived from adult rat
ortex and therefore represents the most important
ubtype (11). Development of systems for the expres-
ion of GLT-1 are required for the analysis of the phar-
acological and functional properties of the trans-

orter protein. In addition, such systems will provide
he means to develop assays for the identification of
ovel inhibitors and modulators.
Recently, the ecdysone inducible mammalian expres-

ion system was described as an appropriate system for
oth the in vitro and in vivo regulation of gene expres-
ion (12). The insect steroid hormone ecdysone is
esponsible for the activation of metamorphosis in
rosophila melanogaster, an effect mediated by a
eterodimer of the functional ecdysone receptor (EcR)
nd the product of the ultraspiracle gene (USP) which
ctivates gene expression. It has been demonstrated
hat responsiveness to the synthetic ecdysone analogs
uristerone A or ponasterone A can be engineered in
ammalian cells by co-expression of the EcR with the
ammalian homologue of the USP gene, the retinoid X

eceptor (RXR) (12). Using this system the expression
f a chosen cDNA can be placed under the control of the
cR/RXR heterodimer which in theory activates gene
xpression only in the presence of exogenously sup-
lied hormone. A number of advantages of the ecdy-
one system over tetracycline based strategies have
een claimed including its use as a naturally evolved
nducible system, the lipophilic nature of the ecdysone
nalogs, short half life and favourable pharmacokinet-
cs and lack of toxicity or teratogenicity of the synthetic
nalogs (13).
0006-291X/99 $30.00
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Relatively few studies have examined the use of the
cdysone system for the controlled expression of mam-
alian genes. In order to examine the feasibility of
sing the ecdysone system for control of gene expres-
ion of the predominant L-glutamate transporter
LT-1, we have isolated the cDNA encoding this trans-
orter from rat brain and attempted to establish ste-
oid hormone inducible GLT-1 expression in vitro using
cR 293 cells. The EcR 293 cell line is a commercially
vailable line which has been derived from HEK 293
ells by incorporation of the regulatory vector pVgRXR
hich encodes both the RXR and EcR receptors. The
enefit of using this cell line as a host is that it already
ncodes for these regulatory proteins, and the pIND
ector containing the gene of interest, which is under
he control of a minimal heat shock promoter and five
pstream ecdysone response elements, can be trans-
ected into these cells. In addition, HEK 293 cells ex-
ibit only a small endogenous capacity for L-glutamate
ransport, which has been attributed to expression of
he EAAC1/EAAT3 subtype (14), thus making them a
uitable host for GLT-1 transfection provided that a
ood level of expression of the protein can be attained.

ATERIALS AND METHODS

Cloning of the rat GLT-1 subtype. The GLT-1 coding region was
rst obtained as two overlapping fragments using the following
wo sets of synthetic oligonucleotide primers: 59-ATAGGATCCATG-
CATCAACCGAGGGT-39, 59-TGCGAATTCAGGCTTGTACCAGG-
TCTCC-39, and 59-GACGAATTCAGAACGACGAGGTGTCCAGC-
9, 59-CGCAAGCTTCGGGTCATTATTTTTCACG-39. These primer
airs were designed to amplify fragments 97–648 and 571–1828,
espectively, of the published rat GLT-1 sequence (6). The double
tranded cDNAs were synthesised directly from rat brain poly(A)1

NA (Clontech) using the Superscript One-Step RT-PCR system
rom GibcoBRL. The two amplified cDNA fragments were purified
nd cloned in pBluescript SK(1) and after sequence confirmation the

FIG. 1. Concentration dependence of the ponasterone A induction
ells were exposed to the indicated concentrations of ponasterone A
ean values 6 SEM (n 5 3).
102
ull length GLT-1 cDNA was obtained by combining the two frag-
ents with their shared unique XhoII site in pBluescript SK(1).

Generation of stable GLT-1 expressing cell line. GLT-1 was sub-
loned from pBluescript SK(1) into the pIND expression vector from
nvitrogen prior to transfection into EcR 293 cells (Invitrogen) using
he lipofectamine reagent (GibcoBRL). Several clones were isolated
ased on their resistance to zeocin and G418 and a preliminary
valuation of ponasterone A inducible L-glutamate uptake was
sed to screen the clones before selection of the clone designated
EK/GLT-1.

L-Glutamate transport assays. Uptake of L-[3H]glutamate was
ssayed at room temperature with cells prepared in 24 well plates
recoated with poly-D-lysine. Cells were exposed to medium contain-
ng ponasterone A for 24 h before assessment of uptake. All incuba-
ions were in a HEPES buffered saline (HBS) solution containing
EPES (10 mM), Tris Base (5 mM), NaCl (140 mM), KCl (2.5 mM),
aCl2 (1.2 mM), MgCl2 (1.2 mM), K2HPO4 (1.2 mM) and glucose (10
M) at pH 7.4. Na1-free HBS was prepared by equimolar replace-
ent of Na1 with choline. Immediately before assay cells were
ashed three times with HBS before being exposed to L-[3H]gluta-
ate substrate for 10 min. For the determination of saturable up-

ake cells were incubated with 1 mCi/assay L-[3H]glutamate in the
resence of increasing concentrations of unlabelled L-glutamate in
he range 1–100 mM. In the experiments where transport inhibitors
ere studied 1 mM L-[3H]glutamate was used and the compounds
ere examined over the concentration range 0.1–1000 mM. Assays
ere stopped after 10 min by aspiration followed by two rapid
ashes with ice cold Na1-free HBS and accumulated radioactivity
as measured by liquid scintillation counting after the addition of
.5 N NaOH to each well. Protein measurements were performed
sing the commercially available BioRad assay kit.

Data analysis. In each experiment parallel determinations using
a1-free HBS were performed and the results obtained were used to

orrect for Na1-independent uptake. Consequently all data shown
epresents the Na1-dependent L-glutamate uptake. L-glutamate up-
ake in the saturation analysis was calculated as pmol min21 mg21

rotein and the Eadie-Hofstee linear transformation was used for
he estimation of the kinetic parameters Km and Vmax. The effects of
ransport inhibitors were expressed as % control uptake observed in
he absence of added compound, and IC50 values were determined by
tting the log-concentration response curves using a four parameter

ogistic function.

Na1-dependent L-glutamate transport activity in HEK/GLT-1 cells.
24 h prior to the assessment of L-glutamate uptake. Data represent
of
for
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ESULTS

onasterone A Induction of L-Glutamate Transport
Activity in Cells Transfected with GLT-1

The ability of ponasterone A exposure to induce the
xpression of L-glutamate transport activity in HEK
ells transfected with GLT-1 is illustrated in Fig. 1.
EK/GLT-1 cells were incubated in medium contain-

ng ponasterone A at the indicated concentrations for
4 h prior to the assessment of L-glutamate uptake.
he Na1-dependent uptake of L-glutamate observed in

FIG. 2. Kinetic characterisation of L-glutamate uptake. (A) Satu
EK/GLT-1 cells (solid squares), uninduced HEK/GLT-1 cells (open
ation of the saturable uptake data depicted in A. Kinetic constant
103
he absence of ponasterone A induction can be attrib-
ted to the expression of an endogenous L-glutamate
ransport activity in HEK cells. Ponasterone A was
ffective in the range 0.3–10 mM, inducing a concen-
ration dependent increase in the L-glutamate uptake
apacity in the HEK/GLT-1 cells. For subsequent study
0 mM was chosen as the concentration for induction
nd it should be noted that higher concentrations could
ot be examined due to the limitations of solubility
ith the steroid hormone. The activity of the expressed
LT-1 compared to that of the endogenously expressed

ion isotherms for Na1-dependent L-glutamate uptake into induced
ares), and EcR 293 cells (solid circles). (B) Eadie-Hofstee transfor-
timated from the linear transformations are presented in Table 1.
rat
squ

s es
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ransport activity is best compared by comparison of
heir kinetic profiles and this is presented in Fig. 2.
EK/GLT-1 cells were incubated for 24 h in the ab-

ence or presence of 10 mM ponasterone A before the
nalysis of saturable L-glutamate transport. As illus-
rated in Fig. 2A, the HEK/GLT-1 cells exhibited a
reater than 10-fold higher maximum capacity for
a1-dependent L-glutamate accumulation when com-
ared with the uninduced cells. In addition, equivalent
evels of L-glutamate uptake were observed in the un-
nduced HEK/GLT-1 cells and the host cells, indicating
hat the expression of GLT-1 was tightly regulated by
he availability of exogenous inducing agent. Figure 2B
hows the Eadie-Hofstee linear transformation of the
aturable uptake data in Fig. 2A, and the kinetic pa-
ameters estimated from this analysis are presented in
able 1.

harmacological Profile of Expressed GLT-1

Although an endogenous L-glutamate uptake activ-
ty can be measured in HEK cells this activity can be
hown to be insensitive to the selective GLT-1 inhibitor
ihydrokainate (DHK) suggesting that another sub-
ype mediates this activity. Recently, the identity of
he endogenous L-glutamate transporter expressed in
EK cells was established (14) with the EAAT3 sub-

ype being responsible for the activity in these cells. In
rder to clearly establish the expression of GLT-1 fol-
owing induction we examined the effect of the selec-
ive GLT-1 inhibitors DHK and kainate on L-glutamate
ptake into HEK/GLT-1 cells following 24 h ponaster-
ne A (10 mM) induction. In addition, the effects of the
on-selective L-glutamate uptake inhibitors L-CCG-III
(2S,3S,4R)-2-(carboxycyclopropyl)glycine) and trans-
,4-PDC (L-trans-pyrrolidine-2,4-dicarboxylate) were
lso examined. The log-concentration response curves
Fig. 3) clearly demonstrate that L-glutamate uptake
nto HEK/GLT-1 cells was inhibited by the two GLT-1
elective compounds, and also by the two non-selective
nhibitors examined. Table 2 presents the estimated
C50 values generated from the log-concentration re-
ponse curves for the four compounds which were eval-
ated, with the rank order of inhibitory activity being
-CCG-III 5 trans-2,4-PDC . DHK . kainate. The
nhibitory activities observed for DHK and kainate are
onsistent with the majority of the uptake capacity in
EK/GLT-1 cells being attributed to the expressed

Kinetic Parameters of L-Glutamate Transport

Vmax (pmol min21 mg21) Km (mM)

EK/GLT-1 induced 2551 24
EK/GLT-1 uninduced 232 19
cR 293 360 20
104
LT-1. Additionally, the observation that both DHK
nd kainate failed to completely block L-glutamate
ransport (84 and 83% inhibition at 1 mM, respec-
ively), whilst the two non-selective inhibitors were
ble to completely inhibit the uptake activity in HEK/
LT-1 cells is consistent with the expression of a small
ndogenous capacity for transport not mediated by the
LT-1 subtype.

ISCUSSION

In this study we set out to examine the feasibility of
sing the ecdysone inducible mammalian expression
ystem for the control of gene expression of the pre-
ominant rat brain L-glutamate transporter GLT-1 in
itro. Our results establish that steroid hormone in-
ucible expression of GLT-1 can be achieved in HEK
93 cells at levels which are considerably greater than
he endogenous non-GLT-1 transport activity ex-
ressed by these cells. In the presence of maximally

FIG. 3. Log-concentration response curves for the inhibition of
-glutamate uptake into HEK/GLT-1 cells by selective and non-
elective transport inhibitors. Cells were exposed to 10 mM ponas-
erone A for 24 h followed by L-glutamate uptake measurements in
he absence (control) and presence of inhibitors at the indicated
oncentrations. Data represent mean values 6 SEM (n 5 3) and the
stimated IC50 values obtained from the fitted curves are presented
n Table 2.

TABLE 2

Pharmacology of the L-Glutamate Transporter GLT-1

L-CCG-III 6.2 6 0.2
trans-2,4-PDC 7.9 6 0.4
Dihydrokainate 31.2 6 8.9
Kainate 54.4 6 4.1

Note. IC50 values (mM) 6 SEM from 3 experiments.
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timulating concentration of steroid hormone (ponas-
erone A) the L-glutamate transport activity measured
n the HEK/GLT-1 cell line, which can be attributed to
he expressed GLT-1, is estimated to represent greater
han 85% of the total activity. In terms of the absolute
xpression level attained in these cells (2551 pmol
in21 mg21 protein), the transport capacity is very

imilar to that observed in native preparations, such as
n rat cortical synaptosomes, where Vmax values in the
ange 1–3 nmol min21 mg21 protein are typically re-
orted.
By measuring the sensitivity to the selective GLT-1

nhibitors DHK and kainate we were able to demon-
trate the extent of GLT-1 expression in these cells.
he estimated IC50 values determined in this study for
hese two compounds are in very good agreement with
hose described recently for the GLT-1 subtype ex-
ressed constitutively in either MCB or LMTK2 cells
15). Values in the range 30–70 mM were estimated for
HK and kainate, for the inhibition of L-glutamate
ptake into MCB or LMTK2 cells mediated by GLT-1
15), as compared with values of 31 and 54 mM, respec-
ively, reported here. Furthermore, the inhibitory ac-
ivities of both DHK and kainate on the human EAAT2
omolog have been reported in transiently transfected
OS cells (8) and in permanently transfected MDCK

ells (16) and the documented IC50 values (15–60 mM)
re comparable to those described for GLT-1. Since the
uman EAAT2 and rat GLT-1 species homologs are
ighly conserved at both the nucleic acid and protein

evel, similar inhibitory potencies for these selective
ompounds is not surprising.

In the original report describing the use of the ecdy-
one system for controlled gene expression, success
as achieved both in vitro using CV-1 and HEK 293

ells, and also in vivo with the generation of transgenic
ice exhibiting muristerone responsive induction of

ene expression. In the case of the GLT-1 protein this
aises the intriguing question of whether it might be
ossible to develop transgenic animals in which the
xpression of GLT-1 might be increased with steroid
ormone administration. Studies have demonstrated
hat reduction of the expression of GLT-1 in mice by
ither antisense knockdown (17) or gene knockout (18)
roduces animals which exhibit greater susceptibility
o neurodegenerative insults. These observations are
onsistent with the predominant role of GLT-1 in the
learance of L-glutamate in the adult brain. From these
105
bservations it would be predicted that the over-
xpression of GLT-1 would produce animals with
reater resistance to neurodegenerative insults, by vir-
ue of their greater capacity for the clearance of exci-
otoxic levels of L-glutamate. The results presented in
his study at least demonstrate the feasibility of using
he ecdysone system for steroid hormone inducible ex-
ression of GLT-1 in vitro.

EFERENCES

1. Fonnum, F. (1991) in Excitatory Amino Acids (Meldrum, B. S.,
Moroni, F., Simon, R. O., and Woods, J. H., Eds.), pp. 15–25.
Raven Press, New York.

2. Robinson, M. B., and Dowd, L. A. (1997) Adv. Pharmacol. 37,
69–115.

3. Gegelashvili, G., and Schousboe, A. (1998) Brain Res. Bull. 43,
233–238.

4. Seal, R. P., and Amara, S. G. (1999) Annu. Rev. Pharmacol.
Toxicol. 39, 431–456.

5. Storck, T., Schulte, S., Hofmann, K., and Stoffel, W. (1992) Proc.
Natl. Acad. Sci. USA 89, 10955–10959.

6. Pines, G., Danbolt, N. C., Bjoras, M., Zhang, Y., Bendahan, A.,
Eide, L., Koepsell, H., Storm-Mathisen, J., Seeberg, E., and
Kanner, B. I. (1992) Nature 360, 464–467.

7. Kanai, Y., and Hediger, M. A. (1992) Nature 360, 467–471.
8. Arriza, J. L., Fairman, W. A., Wadiche, J. I., Murdoch, G. H.,

Kavanaugh, M. P., and Amara, S. G. (1994) J. Neurosci. 14,
5559–5569.

9. Fairman, W. A., Vandenberg, R. J., Arriza, J. L., Kavanaugh,
M. P., and Amara, S. G. (1995) Nature 375, 599–603.

0. Arriza, J. L., Eliasof, S., Kavanaugh, M. P., and Amara, S. G.
(1997) Proc. Natl. Acad. Sci. USA 94, 4155–4160.

1. Robinson, M. B. (1998) Neurochem. Int. 33, 479–491.
2. No, D., Yao, T-P., and Evans, R. M. (1996) Proc. Natl. Acad. Sci.

USA 93, 3346–3351.
3. Saez, E., No, D., West, A., and Evans, R. M. (1997) Curr. Opin.

Biotech. 8, 608–616.
4. Toki, H., Namikawa, K., Su, Q., Kiryu-Seo, S., Sato, K., and

Kiyama, H. (1998) J. Neurochem. 71, 913–919.
5. Tan, J., Zelenaia, O., Correale, D., Rothstein, J. D., and Robin-

son, M. B. (1999) J. Pharm. Exp. Ther. 289, 1600–1610.
6. Dunlop, J., McIlvain, H. B., Lou, Z., and Franco, R. (1998) Eur.

J. Pharmacol. 360, 249–256.
7. Rothstein, J. D., Dykes-Hoberg, M., Pardo, C. A., Bristol, L. A.,

Jin, L., Kuncl, R. W., Kanai, Y., Hediger, M. A., Wang, Y.,
Schielke, J. P., and Welty, D. F. (1996) Neuron 16, 675–686.

8. Tanaka, K., Watase, K., Manabe, T., Yamada, K., Watanabe, M.,
Takahashi, K., Iwama, H., Nishikawa, T., Ichihara, N., Kikuchi,
T., Okuyama, S., Kawashima, N., Hori, S., Takimoto, M., and
Wada, K. (1997) Science 267, 1699–1702.


	FIG. 1
	MATERIALS AND METHODS
	FIG. 2

	RESULTS
	TABLE 1
	FIG. 3

	DISCUSSION
	TABLE 2

	REFERENCES

