Regulation of URAT1 by PDZ Domain Protein PDZK1
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Fic. 1. Specificity of PDZK1 for interaction with C terminus of
URATI1 in the yeast two-hybrid system. A, full-length PDZK1 in-
teracting with the intracellular C terminus of OAT4 but not C termini
of other OATSs. B, PDZKI1 specifically interacted with C-terminal wild-
type URAT1 but not with the C-terminal URAT1 mutants F5554,
T5534, and d3 (553-555). C, the URAT1 C-terminal wild-type bait
interacts with the prey containing the first, second, or fourth PDZ
domain of PDZK1. The specificity of the prey containing a single PDZ
domain of PDZK1 for the URAT1 bait was further confirmed by the
absence of growth associated with the URAT1 d3 mutant baits. The
bars represent the approximate length of the baits, and the sequence of
the last 10 amino acids is shown. The pJ(4-5 cDNA library expression
cassette is under the control of the GAL1 promoter, such that library
proteins are expressed in the presence of galactose but not glucose. The
system used for the two-hybrid screen includes the reporter genes
LEUZ2 and GFF, which replace the commonly used lacZ gene; it allows
a fast and easy detection of positive clones with long-wave length UV,
The results of growth assay and GFP fluorescence monitoring are
shown on the right.

PDZ domains of PDZK1, we produced prey vectors each con-
taining individual PDZ domain (PDZ1, PDZ2, PDZ3, and
PDZ4). The interaction with URAT1 C terminus was observed
for PDZ1, PDZ2, and PDZ4 but not for PDZ3 of PDZK1
(Fig. 1C).

In Vitro Binding of URAT1 and PDZK1—To confirm in vitro
the ability of the C terminus of URAT1 to bind with PDZK1, we
used GST pull-down assay to validate the protein-protein in-
teraction (Fig. 24). GST fusion proteins bearing the wild-type
C-terminal region (URAT1-CT-wt) or C-terminal region mu-
tants (URAT1-CT-d3, F5554, and T553A) of URAT1 were used
to pull down the full-length PDZK]1 from in vitro translation
experiments. The data showed the same specificity of the in-
teraction of PDZK1 and URAT1 as exhibited in the yeast two-
hybrid assays (Fig. 1B). As expected, we did not observe the
binding of PDZK1 to the URAT1 in which the C-terminal PDZ
recognition motif was removed (URAT1-CT-d3) or mutated
(URAT1-CT-F555A or URATI-CT-T553A) (Fig. 24).

To confirm the binding specificity between URATI1 C termi-
nus and PDZK1 PDZ domains, we generated MBP-fused pro-
teins consisting of PDZK1 individual PDZ domain (PDZ1,
PDZ2, PDZ3, or PDZ4) and tested the interaction with GST-
fused URAT1-CT-wt. Fig. 2B shows that MBP-PDZ1i, MBP-
PDZ2, and MBP-PDZ4 ¢ould bind with URAT1 C terminus
same as the results obtained from the yeast two-hybrid assays
(Fig. 1C).

These interaction specificities were further confirmed by sur-
face plasmon resonance (SPR) method. We observed dose-re-
sponsive bindings of the PDZ1, PDZ2, and PDZ4 demains of
PDZK]1 fused with MBP to an immobilized URAT1 C terminus
(Fig. 3, A, B, and D). In contrast, no significant binding was
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Fic. 2. Interaction between PDZK1 and the C terminus of
URAT1. A, the GST protein fused to C-terminal wild-type URATI can
coprecipitate PDZKL, confirming the specificity found in the yeast two-
hybrid system. The mutant form of URAT1 in which the C-terminal
PDZ recognition motif is removed cannot precipitate PDZK1. The full-
length PDZK1 PCR product was in vifro-translated in the presence of
Transcend biotinylated lysine tRNA (Promega). The in vitro translation
products were incubated with GST alone (lare 1), GST-URAT1-CT-wt
(lane 2), GST-URAT1-CT-d3 (lane 3}, GST-URATI1-CT-F555A (lane 4),
or GST-URAT1-CT-T553A (lane §) using the ProFound Pull-Down GST
Protein:Protein Interaction kit (Pierce). The pull-down preducts were
analyzed by SDS-PAGE. The input corresponds to the crude in vitro
translation reaction. The positions of molecular mass standards are
shown on the right. B, domain analysis of PDZK} individual PDZ
domains. The GST-URAT1-CT-wt bound columns were incubated with
MagExtracter {TOYOBO)-purified MBP-fused proteins containing sin-
gle, one-PDZ domain, PDZ1 (fane 1), PDZ2 (lane 2), PDZ3 (lane 3), and
PDZ4 (lane 4) of PDZK1. The expressed fusion proteins were detected
with anti-MBP antiserum (New England Biolabs).

detected in the PDZ3 domain of PDZK1 (Fig. 3C). The results of
kinetic analysis performed on all four single PDZ domains of
PDZK1 are summarized in Table I. The disscciation constant
(Kp) values are as follows: PDZK1 PDZ1 domain, 1.97 nm;
PDZ2 domain, 514 nM; and PDZ4 domain, 296 nm for URAT1 C
terminus. These binding affinities are similar to the value
reported for the interaction between CAP70 and CFTR (X, =
8-220 nm) (14).

Coimmunoprecipitation of URATI and PDZKI from Heter-
ologous Cells and from Human Kidney Membrane Frac-
tion—To demonstrate that URAT1 and PDZKL1 can also inter-
act in mammalian cells, first we generated a rabbit anti-
PDZK1 polyclonal antibody directed against the N-terminal 14
amino acids of human PDZK1. This antibedy was tested by
Western blot analysis using human normal adult kidney pro-
tein extracts and crude membrane fractions from HEK293 cells
transfected with pcDNA3.1-PDZK1l, Western blot analysis
showed that the anti-PDZK1 antibody reacted with a strong
band of ~63-kDa is consistent with PDZK1 on a human kidney
protein extract and with a strong band of ~70-kDa and a weak
band of ~63-kDa on crude membrane fractions from PDZKI-
transfected HEK293 cells (Fig. 44). Because the weak 63-kDa
band was also identified in cells transfected with vector alone
(pcDNA3.1) and we detected the PDZK1 mRNA expression in
HEK293 cells by RT-PCR (data not shown), these weak bands
may be explained by the endogenous expression of PDZK1 in
these cells rather than an artifact. All of these bands disap-
peared after the incubation of synthetic peptides (200 pg/ml,
data not shown). The different molecular sizes detected in the
kidney and in HEK293 cells may be due to the different post-
translational modification in the native tissues and the cells,
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FiG. 3. Surface plasmon resonance
analyses of the interaction between
C terminus of URAT1 and the PDZK1
single PDZ domains. A, the binding of
the PDZK1 PDZ domain 1 fused with
MBP, at different concentrations, to the
URATL C terminus. B, the binding of the
PDZK1 PDZ domain 2 fused with MBP, at
different concentrations, to the URAT1 C
terminus. C, the binding of the PDZK1
PDZ domain 3 fused with MBP, at dif-
ferent concentrations, to the URAT1 C
terminus. I, the binding of the PDZK1
PDZ domain 4 fused with MBP, at differ-
ent concentrations, to the URAT1 C
terminus.
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Regulation of URATI by PDZ Domain Protein PDZK1

TabLe I
Characteristics of the interaction between PDZK! individual PDZ
domains and URAT! C terminus

The kinetic characteristics of the interaction with immobilized GST-
fused URATL C terminus with single one-PDZ domains of PDZK1
(PDZ1-4) fused with MBP are summarized (see Fig. 3). Association
rate constants (k,), dissociation rate constants (k,), and equilibrium
dissociation constants (K, = &k ) are given.

Construct ky Ry Kp

Hmmws 1/ min nM

PDZK1-PDZ1 3.45 x 108 6.79 x 10~4 1.97

PDZK1-PDZ2 4,02 x 107 2.07 x 1072 514
PDZK1-PDZ3 - - No binding

PDZK1-PDZ4 1.89 x 10° 561 X 107+ 296

2 —, not binding detectable.

A
1 2 3
Y
~T0 kDa
.
=£3 kDa
B
1 2 3
-
~T0 kDa
[P: GFP, IB: PDZK1
C
=
g%
—

IB: URAT1

FiG. 4. Coimmunoprecipitation of URAT1 and PDZK] proteins
in HEK293 cell lysates and from human kidney membrane frac-
tions. A, Western blot analysis of normal human kidney protein extract
(lane I}, and crude membranes from HEK293 transfected with PDZK1
(lane 2) and from HEK293 transfected with mock (lane 3). A single
strong band of ~63 kDa, which is consistent with PDZK1, was observed
in lane 1, a strong band of ~70 kDa and a weak band of 63 kDa were
observed in lane 2, and a weak band of 63 kDa was observed in lane 3.
B, HEK293 cells were transfected with pEGFP-C2 vectors alone (lane 1)
or vectors enceding wild-type URAT1 (lane 2} or URAT1-d3 (lane 3)
with pcDNA3.1-PDZK1 and coimmunoprecipitated with the anti-GFP
antibody. Then, the coimmunoprecipitates were resolved by SDS-PAGE
and probed with anti-PDZK1 antibodies. C, human kidney membrane
fractions were immunoprecipitated with ¢ontrol IgG and anti-PDZK1
antibody. The presence of URAT1 in the immunoprecipitates was de-
termined by Western blotting with the anti-URAT1 C-terminal anti-
body used in previous report (4).

Then, we expressed pEGFP-C2 vector alone and coexpressed
GFP-fused full-length human URAT1 wt and d3 with PDZK1
in HEK293 cells. Wild-type EGFP-URAT1 was coimmunopre-
cipitated with a GFP-specific antibody with a strong 70-kDa
band (and a very faint 63-kDa band after long exposure), but
EGFP-URAT] lacking the last three amino acids and vector
alone was not {Fig. 4B). These results also confirm the inter-
action between PDZK1 and URAT1 detected in the yeast two-
hybrid system, in addition to other in vitre binding assays.

Furthermore, we demonstrated an association between en-
dogenous PDZK1 and UURAT1 in tissue by coimmunoprecipitat-
ing URATI1 from human kidney membrane fractions using
PDZK1 antibody, but not control IgG (Fig. 4C). This result
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provided us evidence that the observed interaction occurs be-
tween protein partners expressed from the endogenous genes
in relevant tissue.

Tissue Distribution of URATI and PDZK1 mRNA in Human
Tissues—In humans, URAT1 has been detected exclusively in
the kidney (4), and PDZK1 has been detected mainly in the
liver, kidney, pancreas, gastrointestinal tract, and adrenal cor-
tex (19), but their expressions in other tissues has not yet been
analyzed. Using human multiple-cDNA panels, we examined
the mRNA distributions of both URAT1 and PDZKI1. The
URAT1 transcript was detected strongly in the kidney,
whereas the PDZK1 transcripts were detected in most of the
tissues analyzed in a various levels of intensity, confirming and
expanding the previously described distribution in humans
(Fig. 5A).

Coexpression of URATI and PDZK1 in the Human Kidney—
URAT1 is present at the luminal (apical) membrane of proxi-
mal tubules (4), and PDZK1 is reported to be expressed at the
brush border (apical) of the proximal tubular cells (19). To
determine whether URATI1 and PDZK] colocalize at the apical
membrane of the renal proximal tubules, we performed immu-
nostaining of serial kidney sections with the anti-URAT1 and
anti-PDZK1 antibodies. Consistent with the previcus reports,
in the renal cortex, the overlapping expressions of URAT1 and
PDZK1 was detected in most of the proximal tubular cells (Fig.
5, B and C). The specificities of each antibody were confirmed
by the reduced immunoreactivities caused by the preincubation
of the antibodies with the corresponding synthetic peptides
(200 pg/ml, data not shown).

URAT1 Transport Activity Increases in the Presence of
PDZK1—To determine whether URATI/PDZK] interactions
change URATI activity, we transfected transiently HEK293
cells with the pcDNA3.1(+) construct containing full-length
URAT1 or URAT1 lacking the last three amino acids of its
C-terminal. At an incubation time of 1 min, we demonstrated
that the uptake of [*Clurate by the wild-type URAT1 and
URAT1 deletion mutant were from 3- to 4-fold higher than that
by the mock (Fig. 64). When full-length URAT1 coexpressed
with pcDNA3.1(+) containing PDZK]1, the coexpression signif-
icantly increased urate transport activity by 1.4-fold (Fig. 64A).
This effect was abolished when the C-terminal deletion mutant
of URAT1 (URAT1-d3) was coexpressed with PDZK1. These
results indicate that an interaction between the URAT1 C
terminus and PDZK1 is necessary for the functional increase of
urate transport.

Next, we examined the effect of PDZK1 on the kinetics of
{(**Clurate transport via URATI stably expressed in HEK203
cells (HEK-URAT1) that had been transfected with
pcDNA3.1-PDZK1 or vector (pcDNA3.1) alone. Kinetic data
showed that PDZKI1 increased the V,,,, significantly (p < 0.05)
from 2.78 = 0. 34 to 3.34 + 0.25 nanomoles/mg of protein/min
but did not change the K, (from 203.8 + 256 to 198.7 = 33.3
uM) (p = 0.78) (Fig. 6B).

To determine changes in the cell surface expression level of
URATI1, we used a cell membrane-impermeant bistinylation
reagent to label cell surface proteins selectively. After the
treatment, cell lysates from HEK-URATI cells transfected with
pcDNA3.1-PDZK1  or pcDNA3.1 alone were collected. The
amount of surface-biotinylated URAT1 expression on plasma
membranes increased 2.1-fold (mock-transfected: 29.0 * 3.66
versus PDZK1-transfected: 60.1 = 18.9 arbitrary units, n = 3)
when PDZK1 was coexpressed (Fig. 6, C and D). This change
seems close to the one in V., of URAT1-mediated transport
observed in Fig. 6B,
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Fic. 5. Colocalization of URAT! and
PDZK1. A, distributions of URAT1 and
PDZK1 mRNA in human multiple cDNA
panels. URAT1 and PDZKI expression
overlaps in kidney, which is the sole site
of URAT1 expression. Control amplifica-
tion with B-actin was performed in paral-
lel (bottom panrel). B, immunochistochemi-
cal analysis of URAT1 and PDZK1 in
serial sections of human kidney. URAT1
was detected in the apical membrane of
renal proximal tubules (upper panel) and
no staining was observed in the basolat-
eral membrane and glomeruli (). PDZK1
was also detected in the apical membrane
of proximal tubules (lower panel).

DISCUSSION

URAT1 is of primary importance in regulating blood urate
level in humans. Through a yeast two-hybrid screen of a hu-
man kidney ¢cDNA library, we identified PDZK1 as a binding
partner of URAT. PDZK] is a PDZ domain-containing protein
that was originally identified as a protein that interacts with
MAP17, a membrane-associated protein (19). In addition to
MAP17, PDZK]1 has also been reported to interact with several
membrane proteins through its PDZ domain; these proteins
include the type IIa Na/P; cotransporter (26), scavenger recep-
tor class B type I (SR-BI} (27), CFTR (14), and multidrug
resistance-associated protein MRP2 (¢cMOAT) (28).

Here we report the gpecific interaction between URAT1 and
PDZK1 as demonstrated by yeast two-hybrid assays, pull-down

t
B
o

I

o ma oo

Regulation of URATI1 by PDZ Domain Protein PDZK1

Small intestine
Peripheral leukocyte

Skeletal Muscle
Colon

Kidney
Pancreas

Brain
Placenta
Lung
Liver
Spleen
Thymus
Prostate
Testis
Ovary

R e et R R ol

URAT1

PDZK1

assays, surface plasmon resonance (SPR) analysis, coimmuno-
precipitation, and colocalization experiments. The C-terminal
of URAT1 (STQF) falls into elass [ ((S/TWX@, where @ indicates
a hydrophobic residue) of the PDZ-binding motif (9, 10). All the
proteins that interact with PDZK1 except SR-BI (EAKL, class
1D {27) have the PDZ-binding motif belonging fo class [; type
I1a Na/Pi, ATRL (26): CFTR, DTRL (14). and MRP2, STKF
{28). The results obtained nsing the various mutants of the
URAT1 C-terminal in .yeast two-hybrid and GST pull-down
assays (Figs. 1 and 2) confirmed the importance of the 0 and -2
positions of the PDZ motif (9, 10). Furthermore, the interaction
profites of the C termini of the PDZKI1 partner against each
PDZ domain of PDZK]1, which were confirmed by GST pull-
down assay and SPR analysis, were different, although they
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Fic. 6. Effect of PDZK1 on ['*Clurate transport activity. A,
coexpression of URAT1 and PDZK1 increased urate uptake (20 pM)
significantly in cells transfected with URAT1 alone. This effect was
abolished when the C-terminal deletion mutant of URAT1 was cotrans-
fected with PDZK]1, confirming that the interaction of PDZK1 and the
URAT1 C-terminal domain is responsibie for this effect. **, p < 0.01;
d3, mutant lacking the last three amino acids; wt, wild type; N.S., not
significant. B, kinetic data showed that PDZK1 (open squares) in-
creased the V_,, from 2.78 * 0. 34 to 3.34 * 0.25 nmol/mg protein/min
{p < 0.05) and did not change the K, (203.8 * 25.6 to 198.7 + 33.3 uM,
p = 0.78) (closed circles). V, velocity; V/S, velocity per concentration of
substrate, Each value represents the mean * S.D. of four determina-
tions from one typical experiment of the three separate experiments. C,
cell surface biotinylation analysis of URAT1 stably expressing HEK293
cells transfected with vector alone (lane 1), and cells transfected with
PDZK1 (lane 2). Single bands of ~45 kDa, which are consistent with
URATI, were observed in both lanes. D, quantification of immunosignal
for URATL (n = 3, error bars are S.D.). *, p < 0.05.

have similar C-terminal amino acid sequences. SR-Bl and
MRP2 bind only to PDZ1 (27, 28), CFTR binds to PDZ1, PDZ3,
and PDZ4 (14), and type Ila Na/P, binds only to PDZ3 (26,
whereas URAT1 binds to PDZ1, PDZ2, and PDZ4 (Figs. 1 and
2). Therefore, the observed interaction profile of the URAT1
C-terminal against each PDZ domain is unique and specific
among PDZK1 partners.

The urate transport study revealed that the coexpression of
PDZK1 with URAT] in HEK293 cells leads to a significant
enhancement of URAT 1-mediated {**Clurate transport. [t was
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previously shown that PDZK1 potentiates CFTR chloride chan-
nel activity (13, 14). Recently, IKEPP, a PDZ domain protein
closely related to PDZK1, was reported to alter the function of
intestinal receptor guanylyl cyclase C (29). Therefore, the as-
sociation of PDZK1 with URAT1 is an additional new example
of the role of a PDZ-containing protein in moedulating the func-
tion of their associated proteins (6-8). But the mechanism
regarding PDZK1 modulation in URAT1 transport activity
seems to be different from those two cases. Kinetic studies of
urate transport showed a significant increase (1.4-fold) in V,,,,
between PDZK1- and mock-transfected HEK293 cells (Fig. 68).
Therefore, PDZK1 may enhance urate transport either through
an increase in the catalytic rate of the transporter or through
an increase in 2ell surface availability. Cell surface bictinyla-
tion experiment revealed that the augmentation of the trans-
port activity was associated with the increased surface expres-
sion level of URAT1 protein from HEK293 cells stably
expressing URAT1 transfected with PDZK1 (Fig. 6C). These
results suggested that PDZK1 stabilize and/or anchor URAT1
at the cell membrane, making it less likely to be internalized
and subsequently degraded. However, we could not rule out the
possibility derived from the studies of CFTR channel interac-
tions with multi-PDZ domain protein CAP70 (mouse homo-
logue of PDZK1) and NHERF (30). In two previous studies, it
was concluded that PDZ domains in NHERF and CAP70 play a
modulatory function by directly affecting CFTR channel gating:
by linking the C termini of CFTR monomers within an NHERF
PDZ1-2 or CAP70 PDZ3-4 tandem construct (dimerization)
causes a further increase in open channel probability (13, 14).
In the case of NHERF, no observable change in single-channel
conductance or the number of channels is reported (13). As
shown in Fig. 1C, because URAT1 can bind to PDZ1, PDZ2, and
PDZ4 domains of PDZK], it seems possible that the tandem
PDZK1 PDZ1-2 domains form the dimer of URAT1 and the
complex formation between URAT1 and the two PDZ domains
of PDZK1 exerts its effect via allosteric modulation, as ob-
served in the interaction of CFTR with both NHERF and
PDZK1,

Kocher et al. (31) have recently reported the targeted disrup-
tion of the PDZK1 gene. PDZK1-deficient mice displayed no
gross phenotypic abnormalities, and no significant redistribu-
tion of proteins known to interact with PDZKI1, such as MAP17,
MRP2, and the type Ila Na/P, cotransporter, was cbserved.
They concluded that the absence of a more significant pheno-
type may be due to functional compensation by other PDZ-
domain proteins. However, they did not perform the reverse
transcription-PCR experiment against renal-specific trans-
porter, mouse homologue of URAT1 (32, 33), and did not check
the urate levels in both blood and urine. Further studies are
required to evaluate the importance of PDZKL1 for the urate
transport system.

Very recently, Gisler et al. (34) performed the yeast two-
hybrid screens using single PDZ domains derived from mouse
PDZK1 (NaPi-Capl) as bait and reported that, besides NaPi-
I1a, mouse PDZKI1 interacts with many other membrane trans-
porters including RST (mouse URAT1) in the brush border of
proximal tubular cells, Although they did not show the func-
tional consequence of its interaction, these studies, combined
with our results, indicate the physiological significance of the
interaction between PDZK1 and URATI1 in the kidney.

In summary, we have identified that the PDZ domain protein
PDZK1! is a binding partner of URAT1, which augments
URAT1-mediated urate transport activity. A further study of
transporter-interacting proteins, such as PDZ domain proteins,
will better our understanding of the different regulation mech-
anisms of other transporters.
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Abstract

The system L-amino acid transporter is a major nutrient transport system that is responsible for Na*-independent transport of neutrat amino
acids including several essential amino acids. We have compared and examined the expressions and functions of the system L-amino acid
transporters in both rat astrocyte cultures and C6 glioma cells. The rat astrocyte cultures expressed the L-type amino acid transporter 2 (LAT2)
with its subunit 4F2hc, whereas the t-type amino acid transporter ! (LAT1} was not expressed in these cells. The C6 glioma cells expressed
LAT1 but not LAT2 with 4F2hc. The ["*C]L-leucine uptakes by the rat astrocyte cultures and C6 glioma cells were Na*-independent and were
completely inhibited by the system L. selective inhibitor, BCH. These results suggest that the transport of neutral amino acids including several
essential amino acids into rat astrocyte cultures and C6 glioma cells are for the most part mediated by LAT2 and LAT1, respectively.
Therefore, the rat astrocyte cultures and C6 glioma cells are excellent tools for examining the properties of LAT2 and LATY, respectively.

Moreover, the specific inhibition of LAT] in cancer cells might be a new rationale for anti-cancer therapy.
© 2004 Published by Elsevier Ireland Ltd and the Japan Neuroscience Society.

Keywords: 1-Type amino acid transporter; Astrocyte cultures; C6 glioma cells; BCH: Essential amino acids; Anti-cancer therapy

1. Introduction

Amino acids are indispensable for the protein synthesis,
which are essential for cell growth and proliferation in both
normal and transformed cells (Christensest, 1990; McGivan
and Pastor-Anglada, 1994). Amino acid transport across the
plasma membrane is mediated via amino acid transporters
located con the plasma membrane. Among the amino acid
transport systems, the system L-amino acid transporter,
which is a Na'-independent neutral amino acid transport
system, is a major route for providing living cells including

Abbreviations: LATI, 1-type amino acid transporter 1; LAT2, L-type
amino acid transporter 2; 4F2hc, 4F2 heavy chain; BCH, 2-amincbicyclo-
(2,21} heptane-2-carboxylic acid

* Corresponding author. Tel.: +82 62 230 6893; fax: +82 62 223 3205.

E-mail address: kdk@chosunackr {D.K. Kim).

tumor cells with neutral amino acids including several
essential amino acids (Oxender and Chrislensen, 1963;
Christensen, 1990). Because of its broad substrate selectiv-
ity, system L-amino acid transporter is regarded as a drug
transporter that transports not only naturally occurring
amine acids but also amino acid-related drugs such as L-
dopa, a therapeutic drug for Parkinsonism; melphalan, an
anti-cancer phenylalanine mustard; triiodothyronine and
thyroxine, two thyroid hormones; gabapentin, an antic-
onvulsant; and $-(1,2-dichlorovinyl)-L-cysteine, a neuro-
toxic cysteine conjugate (Goldenberg et al, 1979;
Christensen, 1990; Lakshmanan et al., 1990; Blondeau et
al., 1993; Su et al., [995; Gomes and Soares-da-Silva, 1999;
Kanai and Endou, 2001}

Recently, the L-type amino acid transporter 1 and 2
(LATI and LAT?) were isolated (Kanai et al., 1998; Segawa
et al.. 1999; Yunagida et al., 2001). They were predicted to

0168-0102/% - see front matter £ 2004 Published by Elsevier Ireland Ltd and the Japan Neuroscience Society.

doi: 10.1018/j.neures.2004.08.003
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be 12-membrane-spanning proteins that mediate the
exchange of Na*-independent amino acids (Kanai el al..
1998; Segawa et al., 1999; Yanagida et al., 2001). LAT1 and
LAT2 require an additional single-membrane-spanning
protein, which is a heavy chain of the 4F2 antigen {4F2hc),
for their functional expression in the plasma membrane (Kanai
et al., 1998; Mannion et al., 1998; Mastroberardino et al..
1O98; Peiffer et al., 1998; Nakamura et al.. 1999; Segawa et
al., 1999; Yanagidaetal,, 2001), LAT1 and 4F2hc or LAT2 and
4F2he form a heterodimeric complex via a disulfide bond
(Kanai et al,, 1998; Mannion et al., 1998; Mastroberardino et
al., 1998; Pfeifter et al., 1998; Nakamuraet al., 1999; Segawa
et al., 1999; Yanagida et al., 2001). LAT1 mRNA is only
expressed in restricted organs such as the brain, spleen,
placenta and testis (Kanad et al., 1998; Nakamura et al,, 1999;
Prasad et al,, 1999; Yanagida et al,, 2001). In contrast, the
mRNAs of LAT2 and 4F2hc are ubiquitously expressed in all
normal embryonic and normal adult tissues (Kanai et al., 1998;
Nakamura etal,, 1999; Pinedaetal,, 1999; Rossieretal., 1999,
Segawaet al., 1999; Yanagida et al,, 2001). In addition, LAT1
is strongly expressed in malignant tumors presumably to
support their continuous growth and proliferation (Sang et al.,
1995; Wolf et al., 1996; Kanai et al., 1998; Yanagida et al.,
2001). LAT? prefers large nentral amino acids as its substrates
(Kanai etal,, 1998; Yanagidaet al., 2001; Uchino et al., 2002).
In contrast, LAT2 transports not only large neutral amino
acids, but also small peutral amino acids, in a manner that
appears to have broader substrate selectivity than LAT]
(Pineda et al., 1999; Rossier et al., 1999; Segawa et al., 1999;
Rajan et al., 2000).

Based on what is mentioned above, it is proposed that the
manipulation of the system L activity, in particular that of
LAT1, might have anti-cancer therapeutic implications. The
inhibition of LAT1 activity in tumor cells might be effective
in the suppression of tumor cell growth by depriving of
essential amino acids in tumor cells (Kanai and Endou,
2001; Kim et al., 2002a). Although the LAT1 activity in
tumor cells is completely blocked, the growth and
proliferation of normat cells is possible because the 1.AT2
is present in the normal cells.

The availability of in vitro assay systems for examining
the interaction with LAT] and LAT2 will facilitate the
development of such drugs. The functional properties of
LAT1 and LAT2 have been studied formerly by injecting
their ¢RNAs into Xenmopus oocytes or by transiently
transfecting their cDNAs into cultured mammalian cells,
which is not well-suited for the efficient screening of
chemical compounds (Kanai et al., 1998; Mastroberacdino et
al., 1998; Nakamura et al., 1999; Prasad et al., 1999; Segawa
et al,, 1999; Yanagida et al., 2001; Uchino et al.,, 2002).
Furthermore, there are few studies that compared the
expression and functional characterization of amino acid
transporters including the system L-amino acid transporters
for supplying nutrients to normal cells and cancer cells.

In the present study, therefore, we examined and
compared the expressions of system L-amino acid transpor-

ters as well as the properties of the L-leucine transport in the
rat astrocyte cultures and C6 glioma cells. The results
showed that the transport of neutral amino acids including
several essential amino acids into the rat astrocyte cultures
and C6 glioma cells were almost exclusively mediated by
LAT2 and LAT1, respectively, Therefore, the rat astrocyte
cultures and C6 glioma cells might be the excellent tools for
both examiring and comparing the interaction of chemical
compounds with LAT2 and LAT1. The specific inhibition
of LAT1 might also be a new rationale for examining new
anti-cancer therapies.

2. Materials and methods
2.1. Materials

The [**ClL-leucine was purchased from Perkin-Elmer
Life Sciences Inc. (Boston, MA, USA). The affinity-purified
rabbit anti-rat LAT], anti-rat LAT2 and anti-rat 4F2hc
polyclonal antibodies were kindly provided by Kumamoto
Immunochemical Laboratory, Transgenic Inc. (Kumamoto,
Japan). The 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic
acid (BCH) and other chemicals were purchased from
Sigma (St. Louis, MO, USA).

2.2, Cell lines and cell cultures

The rat C6 glioma cells were provided by American Type
Culture Collection (ATCC, Rockville, MD, USA) and were
grown in DMEM supplemented with 10% FBS and the
appropriate concentrations of antibiotics (100 U/ml peni-
cillin and 100 pg/ml streptomycin) (Gravel et al., 2000; Yan
et al., 2001). The cells were maintained as monolayers in
plastic culture plate at 37 °C in a humidified atmosphere
containing 5% CO,.

The primary astrocyte cultures were prepared from
neonatal rats {(Wistar, Daehan Biolink, Choongbuk, Korea)
according to the method described elsewhere (Abe and
Saito, 2000) with minor modifications. Cerebral hemi-
spheres of postnatal day 1-2 pups were freed from the
meninges, the hippocampus and the choroids plexus. The
cortices were dissociated with trypsin digestion. For uptake
experiments, the cortical cells were plated in 24-well plate at
a density of 2.5 x 10° cells per well in minimal essential
medium (MEM; Earles salts, supplied bicarbonate- and
glutamine-free) supplemented with 21 mM glucose, 2 mM
glutamine, 26.5 mM bicarbonate, 10% fetal bovine serum,
10% horse serum and 10 ng/ml epidermal growth factor. For
RT-PCR or Westem blot analysis, the cells were plated in
plastic dishes of 100 mm diameter at the density of 1 x 10°
cells per dish. The cultures were then maintained 2-3 weeks
in a humidified incubator with 5% CQ, at 37 °C until the
cultures were mature and confluent. All efforts were made to
minimize animal suffering as well as the number of animal
used (Wilhelm et al., 2004).

— 405 —



D.K Kim et al./ Neuroscience Research 50 (2004) 437-446 439

2.3. RT-PCR analysis

The RNAs were prepared from the rat astrocyte cultures
and C6 glioma cells maintained in the growth medium at
37°C using RNA preparation kits (Isogen, Nippon-Gene,
Japan), in accordance with the manufacturer’s instruction.
The poly(A)'RNAs were selected by oligo(dT) cellulose
chromatography (Utsenomiya-Tate et al., 1996).

For RT-PCR analysis, the first-strand cDNAs were prepared
from the rat astrocyte cultures and C6 glioma cell poly(-
A)'RNAs using the SuperScript First-Strand Synthesis System
for RT-PCR (Life Technologies Inc., CA, USA) with an
oligo(dT} primer, and were used as a template for PCR
amplification. The PCR amplification was performed using Taq
polymerase Amplitaq Gold (Roche Molecular Systems Inc.,
Genmany) according to the following protocol: 94 °C for
12 min, followed by 25 cycles of 94 °C for 30 s, 60 °C for 30 s
and 72 °Cfor 40 s and a final extension step of 72 °C for 30 min
{Birch, 1996; Kimet al., 2002b). A pair of primers, 5'-CAATG-
GTGTGGCCATCATAG-3' (162181 bp of coding region) and
5"-GATGCATCCCCTTGTCCTAT-3' (670-689 bp of coding
region), were used for PCR the amplification of rat LAT 1, A pair
of primers, 5'-TCATTGGCTCCGGAATCTTC-3 (161-180
bp of coding region) and 5'-ATGCATTCTTTGGCTCCAGC-
¥ (651-670 bp of coding region), were used for the PCR
amplification of rat LAT2. A pair of primers, 5~ TCACAGGCT-
TATCCAAGGAG-3 (161-180 bp of coding region) and 5'-
TACAATGTCAGCCTGAGGAG-3' (641-660 bp of coding
region), were used for the PCR amplification of rat 4F2hc.

2.4.7 Western blot analysis

The protein samples from the rat astrocyte cultures and C6
glioma cells were prepared as described elsewhere (Chair-
oungdua et al., 1999; Kim et al., 2001; Yanagida et al., 2001)
with minor modifications. The protein samples were heated at
100 °C for 5 min in a sample buffer, either in the presence
(reducing condition) or absence (nonreducing condition) of
5% 2-mercaptoethanol, and then subjected to SDS-poly-
acrylamide gel electrophoresis. The separated proteins were
transferred electrophoretically to a Hybond-P polyvinylidene
difluoride transfer membrane. The membrane was treated with
nonfat dried milk and diluted anti-rat LAT1 (1:250 dilution),
anti-rat LAT2 (1:250 dilution) and anti-rat 4F2hc (1:500
dilution) affinity-purified antibodies (Matsuo et al., 2000:
Tamui et al., 2001), and then with horseradish peroxidase-
conjugated anti-rabbit 1gG as a secondary antibody. The
signals were detected using an ECL plus system (Amersham
Pharmacia Biotech, NJ, USA) (Chairoungdua et al., 1999;
Kim et al, 2001; Kim et al., 2002a; Yoon et al., 2004).

2.5. Uptake measurements in rat astrocyte cultures C6
glioma cells

To characterize the function of the endogenously
expressed system L amino acid transporters in the rat

astrocyte cultures and C6 glioma cells, uptake experiments
were performed as described elsewhere (Kim et al., 2002a;
Yoon et al., 2004). The rat astrocyte cultures and C6 glioma
cells were maintained in a growth medium at 37 °C in 5%
CO,. The C6 glioma cells were collected and seeded on 24-
well plates (1 x 10° cells/well) in fresh growth medium. The
uptake measurements were performed when the cells
reached approximately 85-95% confluence on 24-well
plates. The rat astrocyte cultures were used for the uptake
experiments at 13-15 days in vitro.

After removing the growth medium, the cells were washed
three times with a standard uptake solution (125 mM NaCl,
48mM KCl, 13mM CaCly,, 12mM MgS0, 25mM
HEPES, 1.2 mM KH;PO, and 5.6 mM glucose, pH 7.4) or
Na*-free uptake solution (125 mM choline-Cl, 4.8 mM KCI,
1.3 mM CaCl,, 1.2 mM MgSQy, 25 mM HEPES, 1.2 mM
KH,PO,4 and 5.6 mM glucose, pH 7.4), and preincubated for
10 min at 37 °C. The medium was then replaced by the uptake
solution containing ["4C]L-leucine. The uptake was terminated
by removing the uptake solution followed by washing the
plates three times with the ice-cold uptake solution. The cells
were then solubilized with 0.1 N NaOH and the radioactivity
was counted by liquid scintillation spectrometry. The values
are expressed as pmol/mg protein/min. Four to six-wells of
cells were used for each data point in order to measure the
uptake of [**Clr-leucine. In order to confirm the reproduci-
bility of the results, three or four separate experiments were
performed for each measurement. The results shown in the
figures are from these representative experiments.

The K, and V., values were determined using Eadie~-
Hofstee plots based on the ['*C]L-leucine uptakes measured
for 1 min at 10, 30, 100, 300, 1000 and 3000 pM for the rat
astrocyte cultures and C6 glioma cells,

The 1Csq values for BCH on the L-leucine transport were
determined on the 1 pM ['*C]L-leucine uptake measured for
I min in the presence of 0, 10, 30, 100, 300, 1000 and
3000 pM BCH.

To measure the K; valves for BCH, the uptake rates of
["ClL-leucine were measured for Imin at various
concentrations of ['*ClL-leucine (10, 30, 100, 300, 1000
and 3000 pM) with or without the addition of 100 pM BCH.
The X; values were determined by double reciprocal plot
analysis where 1/uptake rate of [*ClL-leucine was plotted
against the 1/L-leucine concentration. The K; values were
calculated from the following equation when a competitive
inhibition was observed: K; = concentration of inhibitor/
(K of L-leucine with the inhibitor/K, of L-leucine without
the inhibitor)-1) (Kim et al., 2002a; Uchino et al., 2002).

For the inhibition experiments, the uptake of 30 pM
(“ClL-leucine uptake was measured in the presence or
absence of the 3 mM non-labeled L-amino acids and BCH.

2.6. Data analysis

All the experiments were performed at least in triplicate.
The results are presented as mean + S.E.M.
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3. Results

3.1. Detection of system t-amino acid transporters in rat
astrocyte cultures and C6 glioma cells

In the RT-PCR analysis, the PCR products for LAT2 and
their associating protein 4F2hc were detected in the rat
astrocyte cultures (Fig. 1A). In the rat astrocyte cultures, the
signal for the product of LAT1 was not detected (Fig. | A). In
the C6 glioma cells, the PCR products for the LAT1 and
4F2hc were detected, whereas that for the LAT2 was not
(Fig. 1B). :

Western blot analysis was performed on the membrane
fractions prepared from the rat astrocyte cultures and C6
glioma cells. In the rat astrocyte cultures, the antibodies
raised against LAT2 and 4F2hc recognized the approxi-
mately 125-135kDa protein band under nonreducing
conditions, whereas, under reducing conditions, these bands
shifted to the 47 and 85 kDa protein bands for LAT2 and
4F2hc, respectively (Fig. 2A). The protein band for LAT1
was not detected in the membrzne fractions prepared from
the rat astrocyte cultures under both reducing and
nonreducing conditions (Fig. 2A). In the C6 glioma cells,
the antibodies raised against LAT! and 4F2hc both
recognized the 125-135 kDa protein band under nonredu-
cing conditions, whereas this band shifted to the 40 and
85 kDa protein bands for LAT! and 4F2hc, respectively,
under reducing conditions (Fig. 2B). The protein band for
LAT2 was not detected in the membrane fractions prepared
from the C6 glioma cells under the reducing and
nonreducing conditions (Fig. 2B).

The results from the RT-PCR and Western blot analyses
indicate that LATZ, but not LAT]1, is present together with
4F2hc in the rat astrocyte cultures and LAT1, but not LAT2,
is present with 4F2hc in the C6 glioma cells.

3.2. The [**C]i-leucine uptake by rat astrocyte cultures
and C6 glioma cells

The ['*Clt-leucine transport was examined in the rat
astrocyte cultures and C6 glioma cells. As shown in Fig. 3A,
the level of ['*CJi-leucine (30 M) uptake by the rat

500 bp 500 bp
A - (B)-

Fig. L. Detection of LAT1, LAT?2 and 4F2hc by RT-PCR in the rat astrocyte
cultures and C6 glioma cells. The first strand cDMNAs prepared from the rat
astrocyte cultures (A) and C6 glioma cell (B) poly(A)*'RNAs were used as
templates for PCR amplification. The PCR products were subjected to
electrophoresis on a §.2% agarose gel and visualized with ethidium
bromide. The LAT2-specific PCR product (509 bp) and the 4F2he-specific
PCR product (499 bp) were obtained from the rat astrocyte cultures (A). The
LAT1-specific PCR product (52% bp) and 4F2hc-specific PCR product (499
bp) were ebtained from the C6 glioma celis (B).
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125K = o= 125Kk = 125K = ow
85K = -
(8140 k = 4Tk -

Fig. 2. Associations between the LAT2 and 4F2hc proteins in the rat
astrocyte cultures and the LAT1 and 4F2he proteins in the C6 glioma cells.
Western blot anatyses were performed on the membrane fractions prepared
from the rat astracyte cultures {A) and C6 glioma cells (B) inthe presence or
ahsance of 2-mercaptoethanol, using anti-LAT 1, anti-LAT?2 and anti-4F2hc
antibodies. In the rat astrocyte cultures (A), for LAT2, the 125-135kDa
protein band detected in the absence of 2-mercaptoethanol (“2ME-') shifted
to a 47 kDa protein band by treatment with 2-mercaptoethanol (*2ME+").
For 4F2hc, the 125-135 kDDa protein band detected in the absence of 2-
mercaptoethanol (“2ME-") shifted to an 85 kDa protein band by treatment
with 2-mercaptoethanol (*2ME+'). For LAT 1, no protein band was detected
in both the presence (‘2ME+") and absence (*2ME-") of 2-mercaptoethanol.
In the C6 glioma cells (B), for LAT], the 125 kDa protein band detected in
the absence of 2-mercaptoethanol (*2ME-") was not detected in the presence
of 2-mercaptoethanol (*22ME+"), but a 40 kDa protein band was detected
instead. For 4F2he, the 125 kDa protein band detected in the absence of 2-
mercaptoethanol (‘2ME-") shifted w an 85 kDa protein band by treatment
with 2-mercaptoethanol (*2ME+’). For LAT?2, no protein band was detected
in both the presence (‘2ME+") and absence (2ME-") of 2-mercaptocthanol.

astrocyte cultures and C6 glioma cells measured in the
standard uptake solution (Na) was not altered by replacing
NaCl in the uptake solution with choline-Cl (Choline),
indicating that the L-leucine uptake by the rat astrocyte
cultures and C6 glioma cells is mostly Na*-independent. In
the subsequent experiments, the transport measurements
were performed under Na*-free conditions. The [“*ClL-
leucine (30 M) uptake was not detected when the uptake
measurements were performed on ice, confirming that the
("Cl-teucine uptake by rat astrocyte cultures and C6
glioma cells was due to the transporter-mediated transport
(Fig. 3A). In the Na*-free condition, the level of [“*ClL-
leucine (30 pM) uptake was higher in the C6 glioma cells
(2615 =+ 100 pmol/mg protein/min) than in the rat astrocyte
cultures (1996 % 63 pmol/mg protein/min) (Fig. 3A). In the
rat astrocyte culiwes and C6 glioma cells, the uptake of
["*ClL-leucine (30 M) was almost completely inhibited by
3 mM BCH, a specific inhibitor of the system L-amino acid
transporters (Fig. 3B), indicating that the system v-amino

— 407 —



D.X. Kim er al. /Neurnscience Research 50 (2004) 437446 41

— 3000 -
£
E
e
s 2500
2
a
o 2000 1
£
E 1500 1
o
K|
'g. 1000 4
p=1
2 500
(%)
]
— o
Na Choline Na Chofive Na Choline Na Choline
(A 37°% onice a7 an ice
) astrocyte CB cells
-~ 000 4
£
E
5 a0
<]
a
o 2000 4
E
E 1500
2
£ 1000
]
3
% 500 4
o
*
— 0
& BCH 3] BCH
(B) astrocyte C4 ceils

Fig. 3. The ["CJL-leucine uptake and inhibition of [**Ch.-Jsucine transport
by BCH in the rat astrocyte cultures and C6 glioma cells. (A) The ion
dependence of ["*CJL-leucine transport, The {**Cl.-leucine (30 M) uptake
measured in the standard uptake solution (Na) was compared with the
measured in the Na*-free uptake solution (Choline) in the rat astrocyte
cultures (astrocyte} and C6 glioma cells (C6 cells). The [“*Cli-leucine
transport measurement was performed at either 37 °C or on ice. (B) The
inhibition of ['*ClL-leucine transport by 2-aminobicyclo-(2,2,})-heptane-2-
carboxylic acid (BCH), a specific inhibitor of system L-amino acid trans-
porters. The ['*Clu-leucine (30 tM) uptake was measured in the presence
(BCH) or absence (<) of 3mM BCH.

acid transporter is responsible for the ['*C]L-leucine uptake
in the rat astrocyte cultures and C6 glioma cells.

In order to determine the time course of ["*C]L-leucine
uptake by the rat astrocyte cultures and Cé glioma cells, the
level of ['*CJL-leucine (30 .M) uptake was measured for
0.5,1,2.5, 5, 10 and 20 min (Fig. 4). The uptake of ['*C]L-
leucine (30 tM) was time-dependent and exhibited a linear
dependence on the incubation time up to 1 min in both the
rat astrocyte cultures and C6 glioma cells (Fig. 4); all the
subsequent uptake measurements were conducted for 1 min
and the values are expressed as pmol/mg protein/min.

As shown in Fig. 5A, the {'“C]L-leucine uptake was
saturable and followed Michaelis-Menten kinetics with a
K., value of 2242 £ 39.8 pM (mean £ S.E.M. of three
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Fig. 4. Time course of [*ClL-leucine uptake by rat astrocyte cultures and
C6 glioma cells. The rat astrocyte cultures (astrocyte, filled circle) and C6
glioma (C6 cells, filled square) cells were incubated in the Na*-free uptake
solution containing 30 pM [*Cl-leucine for 0.5, 1, 2.5, 5. 10 and 20 min,
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Fig. 5. The concentration dependence of ['*Cl-leucine transport in the rat
astrocyte cultures and C6 glioma cells. The ['*Clu-leucine uptakes by the rat
astrocyte cultures {A) and C6 giioma cells (B) were measured for 1 min and
plotted against the L-ledcine concentration. The r-leucine uptakes were
saturable and fit the Michaelis—Menten curves in the rat astrocyte cultures
(K =224.2 pM; Vi, = 18033.0 pmol/mg protein/min) (A) and C5 glioma
cells (K, = 52.1 gM; V. = 7388.3 pmolimg protein/min} (B). The insets
show Eadie-Hofsiee plots of the L-leucine uptake that were used to
determine the kinetic parameters.
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separate experiments) for the ['*C]L-leucine uptake in the rat
astrocyte cultures. In the C6 glioma cells, the [*C]r-leucine
uptake was also saturable and followed Michaelis-Menten
kinetics with a K, value of 52.1 £ 6.9 pM (mean &= S.EM.
of three separate experiments) for the ['*CJL-leucine uptake
(Fig. 5B).

3.3, Inhibition of [*C]i-leucine uptake by BCH in rat
astrocyte cultures and C6 glioma cells

In order to examine which BCH interacts with the L-
leucine uptake mechanism in rat astrocyte cultures and C6
glioma cells, the ["“ClL-leucine (1 pM) uptake was
measured in the presence of various BCH concentrations
(0, 10, 30, 100, 300, 1000 and 3000 pM) and the ["“C]e-
leucine uptake rate was measured at various [("4CL-leucine
concentrations (10, 30, 100, 300, 1000 and 3000 pM) with
or without the addition of 100 pM BCH.

As shown in Fig. 6, the BCH (1-3000 pM) inhibited the
(**C]L-leucine (1 pM) vptake in a concentration-dependent
manner with ICsp values of 270.2 £ 13.7 pM (rat astrocyte
cultures, mean & S.E.M. of three separate experiments) and
73.1 £ 4.5 pM (C6 glioma cells, mean + S.E.M. of three
separate experiments) in the rat astrocyte cultures and C6
glioma cells, respectively. In the rat astrocyte cultures and
C6 glioma cells, the inhibition of [**ClL-leucine uptzke by
BCH was shown to be competitive in a double reciprocal
plot analysis with K| values of 228.5 + 39.7 pM (rat
astrocyte cultures, mean * S.EM. of four separate
experiments) (Fig. 7A) and 55.1 & 7.9 pM (C6 glioma
cells, mean &+ S.EM. of four separate experiments) (Fig.
7B), respectively.

The results from the uptake experiments indicate that the
affinity for substrate uptake is higher in the C6 glioma cells
expressing LAT'1 as the system L-amino acid transporter than

120

—&— astiocyte

1008 —— C6cells

{"CIL-Leu uptake (% uptake)
3

0 10 30 100 00 1000 3000
BCH (M)

Fig. 6. Concentration-dependent inhibition of {'*C]L-leucine uptake by
BCH in the rat astrocyte cultures and C6 glioma cells. The ["*CJL-leucine
uptake (I pM) was measured for | min in the presence of various BCH
concentrations in the rat astrocyte cultures (astrocyte, filled circle) and C6
glioma cells (C8 cells, filled square), and is expressed as a percentage of the
control-t-leucine uptake in the absence of BCH.
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Fig. 7. Double reciprocal plot analyses of the inhibitory effect of BCH on
the {"*C]L-leucine uptake in the rat astrocyte cultures and C6 glioma cells,
The ["*ClL-leucine uptakes (10, 30, 100, 300, 1000 and 3000 ;M) were
measured in the presence (filled triangle) or absence (filled circle) of
100 uM BCH in the rat astrocyte cultures (A) and C6 glioma cells (B).

in the rat astrocyte cultures expressing LAT2 as the system L-
amino acid transporter.

3.4. Inhibition of ["*C]1-leucine uptake by L-amino acids
in rat astrocyte cultures and C6 glioma cells

In order to examine which t-amino acids interact with L-
leucine uptake mechanism in the rat astrocyte cultures and
C6 glioma cells, the ['*C]L-leucine (30 pM) uptake was
measured in the presence of 3 mM non-labeled L-amino
acids in the Na*-free uptake solution.

The ["*C]r-leutine uptake was markedly inhibited by the
L-isomers of alanine, serine, threonine, cysteine, asparagine,
glutamine methionine, leucine, isoleucine, valine, phenyla-
lanine, tyrosine, tryptophan and histidine in the rat astrocyte
cultures cells (Fig. 8A), which is, in principle, consistent
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Fig. 8. Inhibition of ["*C]L-leucine uptake by the L-amino acids in the rat astrocyte cultures and C6 glioma cells. The {**ClL-leucine (30 pM) uptake was
measured in the presence of 3 mM non-radiolabeled L-amito acids and the system L specific inhibitor, BCH, in the rat astrocyte cultures (A) and C6 glioma cells

(B).

with the properties of LAT2 expressed in the Xenopus

oocytes (Pineda el al., 1999; Segawa el al., 1999).

The ['*C)r-leucine uptake was strongly inhibited by the
L-isomers of methionine, leucine, isoleucine, valine,
phenylalanine, tyrosine, tryptophan and histidine in the
C6 glioma cells (Fig. 8B). In the C6 glioma cells, threonine,
cysteine, asparagine and glutamine and some other L-amino
acids exhibited weaker inhibitory effects on ["*C]L-leucine
transport (Fig. 8B), which is, in principle, consistence with
the properties of LAT1 expressed in the Xenopus oocytes
{(Kanai et al,, 1998; Yanagida et al., 2001; Uchino et al..
2002).

4. Discussion

In the present study, we investigated and compared the
expressions of the systemn L-amino acid transporters and the
properties of L-leucine transport on the rat astrocyte cultures
ard C6 glioma cells.

By RT-PCR analysis, we demonstrated that the rat
astrocyte cultures express LAT2, which is an isoform of the

system L-amino acid transporter, at high levels together with
its associated protein, 4F2he, but do not express the other
system L isoform, LAT1 (Fig. 1). The C6 glioma cells were
shown to express LAT1 together with its associated protein,
4F2hc, but not LAT2 (Fig. 1). The proteins for LAT2 and
4F2hc were connected to each other via a disulfide bond on
the membrane fraction prepared from the rat astrocyte
cultures, which were detected by western blot analyses (Fig,
2). In contrast to the rat astrocyte cuitures, the C6 glioma
cells expressed the LAT1 protein together with its
associating protein, 4F2hc, which were also connected to
each other via a disulfide bond (Fig. 2). In our previous
study, we reported that T24 human bladder carcinoma cells
and KB human oral epidermoid carcinoma cells express
L.AT1 and 4F2hc, but not LAT2 (Kim et al., 2002a; Yoon et
al., 2004). In addition, the LAT1 is highly expressed in
malignant tumors presumably to support their continuous
growth and profiferation (Sang ct al., 1995; Wolf et al., 1996;
Kanai et al, 1998; Yanagida et al.. 2001). Although the
LAT! is expressed in the brain, the LAT1 is expressed
mainly in the blood-brain barrier (Boado et al, 1999;
Matsuo et al., 2000). As the results in this study correspond

—410—



444 D.K Kim et al. /Neumscience Research 50 {2004) 437446

with those of our previous reports (Kim et al., 2002a; Yooun et
al., 2004), it is concluded that the rat astrocyte cultures, as
normal cells, express only LAT2 with 4F2hc. However, the
C6 glioma cells, as cancer cells, express only LAT1 with
4F2hc.

The [“C]L-leucine uptakes measured in the rat astrocyte
cultures and C6 glioma cells were Na*-independent and
were almost completely inhibited by the selective inhibitor
of the system L-amino acid transporters, BCH (Fig. 3). This
suggests that system L-amino acid transporters mediate the
majority of L-leucine transport in the rat astrocyte cultures
and C6 glioma cells. The level of ['*C]L-leucine uptake was
higher in the C6 glioma cells than in the rat astrocyte
cultures (Fig. 4). The (M*CJL-leucine uptakes by the rat
astrocyte cultures and C6 glioma cells were saturable and
followed Michaelis-Menten kinetics (Fig. 5). The K, values
of the rat astrocyte cultures and C6 glioma cells for the
["*ClL-leucine uptake were approximately 224 pM and
52 pM, respectively. The K, value (52 pM) of the C6
glioma cells was relatively higher than those for the human
LAT1 (19.7 pM) (Yanagida et al., 2001) and rat LAT1
(18.1 pM) (Kanai et al, 1998; Uchino et al., 2002)
expressed in the Xenopus oocytes, and this small difference
may be due to the different cell systems and conditions used
(Kanai et al., 1998; Yanagida et al., 2001; Uchino et al.,
2002). The K, value (224 p.M) of the rat astrocyte cultures
was sirnilar to that of the human LAT2 (220 pM) (Pineda et
al,, 1999) expressed in the Xenopus oocytes, but was
relatively higher than that of the rat LAT2 (120 pM)
{Segawa et al., 1999) expressed in the Xenopus vocytes. This
difference may also be due to the different cell systems and
conditions used (Pineda et al,, 1999; Segawa et al., 1999).
Although the small differences exist, the K, value for the rat
astrocyte cultures was similar to those of human LAT2
(Pineda et al., 1999) and rat LAT2 (Segawa ct al,, 1999)
expressed in the Xenopus oocytes, and the K, value for the
C6 glioma cells was similar to those of human LATI1
(Yanagida et al., 2001) and rat LAT1 (Kanai et al., 1998;
Uchino et al., 2002) expressed in the Xenopus oocytes. In
addition, the affinity for r-leucine transport was apparently
higher in the C6 glioma cells than in the rat astrocyte
cultures.

BCH is an amino acid-related compound that has been
used as a selective inhibitor of the system r-amino acid
transporters including LAT1 and LAT2 (Christensen et al.,
1969; Christensen, 1990; Kim et al., 2002a). Although BCH
is the selective inhibitor of system L, BCH also inhibits the
transports of the amino acids mediated by a Na*-dependent
neutral and basic amino acid transporter, ATB™* (Sloan and
Mager, 1999). In the Na*-free condition, however, it is still
correct that BCH selectively inhibits the transports of amino
acids mediated by the system L-amino acid transpotters. In
this study, BCH completely inhibited the ['*ClL-leucine
uptake measured in the rat astrocyte cultures and C6 glioma
cells (Fig. 3, Figs. 6 and 7). The [**C]L-leucine uptakes by
the rat astrocyte cultures and C6 glioma cells were inhibited

by BCH in a concentration-dependent fashion (Fig. 6). The
inhibitions were shown to be competitive with the K; values
of 228.5 pM and 55.1 pM in the rat astrocyte cultures and
C6 glioma cells, respectively (Fig. 7). The affinity for BCH
against L-leucine transport was higher in the C6 glioma cell s
than in the rat astrocyte cultures. The C6 glioma cells
expressed only LAT 1 as the system L-amino acid transporter,
whereas the rat astrocyte cultures expressed only LAT2 as
the system L-amino acid transporters. These results suggest
that the LAT2 plays an important role in the L-leucine uptake
in the rat astrocyte cultures, as normal cells, and the LAT1
plays an important role in the L-leucine uptake in the C6
glioma cells, as cancer cells.

The ["C]L-leucine uptakes by the rat astrocyte cultures
and C6 glioma cells were markedly inhibited by the 1-
isomers of almost all the neutral amino acids and the L-
isomers of only the large neutral amino acids, respectively
(Fig. 8). The profiles of the inhibition of ['*C]L-leucine
uptake by the L-amino acids in the rat astrocyte cultures and
C6 glioma cells were similar to those determined for the
LAT?2 of human (Pineda et al., 1999) and rat (Segawa et al.,
1999) expressed in the Xernopus cocytes and for the LATI of
human (Yanagida et al., 2001) and rat (Kanai et al., 1998,
Uchino et al., 2002) expressed in the Xenopus oocytes,
respectively. As already mentioned, LAT2 and LAT1 are the
main system L-amino acid transporter in the rat astrocyte
cultures and C6 glioma cells, respectively. Taken together, it
is concluded that the majority of [**C]r-leucine uptake is
mediated by LAT2 and LAT1 with their associated protein,
4F2hc, in the rat astrocyte cultures and C6 glioma cells,
respectively. These results also suggest that the rat astrocyte
cultures and C6 glioma cell systems are excellent tools to
investigate for transport properties of various compounds via
LAT2 and LAT1, respectively.

In the present study, we have characterized and compared
the expressions of the system L-amino acid transporters and
the properties of the L-leucine transport in the rat astrocyte
cultures and C6 glioma cells. Furthermore, we have
demonstrated that the subtype of system L-amino acid
transporters mainly expressed in the rat astrocyte cultures
and C6 glioma cells is different. Also, it is suggested that the
transport of neutral amino acids including several essential
amino acids into the rat astrocyte cultures and C6 glioma
cells is mediated mainly by LAT2 and LAT1, respectively.
The LAT1 is upregulated in tumor cells to support their
continuous growth and proliferation (Sang et al., 1995; Wolf
et al.,, 1996; Kanai et al., [998; Yanagida et al., 2001).
Therefore, LAT] is a major route through which the C6
glioma cells, as cancer cells, gather up large neutral amino
acids including severzq\ essential amino acids to support their
continuous growth and proliferation. Although the L.AT1
activity in tumor cells is completely blocked, the growth and
proliferation of normal cells is possible because the LAT2 is
present in the normal cells. Therefore, the specific irhibition
of LAT1 would be a pew rationale for the suppression of
tmor cell growth including that of C6 glioma cells.
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Overall, the results of the present study demonstrate that
the transport of neutral amino acids including several
essential amino acids into the rat astrocyte cultures and C6
glioma cells are mediated mainly by LAT2 and LATI,
respectively, and the LAT1 would be a new target for the
inhibition of glioma cell growth.
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To establish an assay system for evaluation of the uptake and reversed transport of glutamate, we examined
the effects of Na*-concentration and pharmacological agents on the extracellular glutamate concentration
{[Glu],) in rat cortical synaptosomes in vitro. There was a decrease and increase of the [Glu], at high and low
Na* concentrations, respectively, in a Ca**-free medium, The changes in [Glu], in both directions were tempera-
ture-sensitive, and reversed at around 30 mm of Na*. Dihydrokainate (DHK), a non-transportable inhibitor selec-
tive for glial glutamate transporter GLT-1, suppressed the decrease in [Glu},, and the reversal of [Glu], change
was shifted to about 60 mam Na*. There was no change in the maximum [Glu}, at total Na* substitution. Further
pharmacological analysis revealed that p-aspartate and oL-threo-f-hydroxy-aspartate (THA), transportable sub-
strates of glutamate transperters, increased the [Glu], in standard media. In contrast, S-phenylglutamic acid, a
structural analogue of glutamate, suppressed both the decrease in [Glu], in standard medium and the increase in
[Glu}, in low Na* medium. 1t is, thus, concluded that both the direction and the amount of [Glu], changes are de-
termined by a balance of the uptake and reversed transport of glutamate, and that this assay system is suitable

813

for evaluation of the effect of this on glutamate transporters.

Key words glutamate transporter; ghutamate uptake; glutamate reversed transport; dihydrokainate; pL-threo-f-hydroxy-aspar-

tate; synaptosome

The extracellular concentration of glutamate ([Glu]) is
limited by the function of glutamate transporters located in
both neuronal and glial membranes in the central nervous
system.'™® Uptake of glutamate by these transporters is me-
diated by a secondary active transport process coupled with
the transport of Na*, K* and H*."* Besides the exocytotic
release upon depolarization of presynaptic terminals, gluta-
mate can be released through transporters by “the reversed
transport” process.’® ' Reversed transport is induced by (1)
an increase in cytoplasmic free substrates, (2) a decrease in
the Na* electrochemical gradient, and (3) replacement of the
intrinsic substrate in the synaptic vesicles by other trans-
portable substrates.'” Under ischemic conditions, [Glu], is
elevated to its neurotoxic levels due to the suppression of re-
uptake and to the reversed transport of glutamate upon the
disrupted Na* gradient.""1¢—12

The activity of glutamate transporters has been studied by
measuring the uptake or release of radiolabelled glutamate in
COS cells or Xenopus oocytes expressing glutamate trans-
porters.*'¥ These heterologous expression systems are not
suitable for studying reversed transport because these cell
systems do not necessarily mimic conditions in the brain,
such as the intracellular glutamate concentration, which af-
fect the reversed transport. Furthermore, pre-existing gluta-
mate often interferes with the transport of radiolabelled glu-
tamate. In the present study, in order to evaluate the effects of
drugs on both the forward and reversed transport of gluta-
mate, we examined the effects of Na*-concentration and
pharmacological agents on external glutamate concentration
in a rat cortical synaptosome preparation.

*+ To whom correspondence should be addressed.  e-mail: bon@tanabe.co.jp

MATERIALS AND METHODS

Animals All experiments were performed under regula-
tion of the Animal Ethics Committee of Tanabe Seiyaku Co.,
Ltd. Male Wistar strain rats weighing 200—400 g were used
for the preparation of crude synaptosomal fractions.

Preparation of Crude Synaptosomal Fractions Crude
synaptosomal fractions were prepared following the standard
procedures.'” Rats were anesthetized with ether, and whole
brains were removed after decapitation. The cerebral cortex,
isolated under an ice-cold condition, was homogenized in a
5-fold volume of 0.32 M sucrose. The homogenate was cen-
trifuged at 1500Xg for 10 min, and the supernatant was cen-
trifuged at 9000Xg for 20 min, The pellet (P2 fraction) was
suspended in 0.32 M sucrose solution again and centrifuged at
9000X g for 20 min. The above procedures were carried out
at 4°C. The pellet was resuspended in 0.32M sucrose, then
used as a crude synaptosome preparation in the following ex-
periments. The protein content of the crude synaptosome
preparation was 6.78+0.11 mg/ml (mean*S.E., n=37). The
glutamate content in the synaptosormal preparation is of in-
trinsic origin.

Determination of Extracellular Glutamate in Synapto-
somal Preparation Fifty microliters of the crude synapto-
some preparation was added to 1ml of standard HEPES
buffered saline (HBS) medium containing 140 mm NaCl,
5mMKCl, 5mmNaHCO,, 1mmMgCl, 0.12mmNa,SO,,
10mm glucose, and 20mm HEPES (pH 7.4) on ice with or
without drug. In order to evoke the glutamaterelease by de-
polarization, we prepared a high-K solution by adding 20 ul
of 4mMKCl and 1 gl of 2mCaCl, into HBS medium. The re-
action was started by transferring the incubation tube into a

© 2004 Pharmaceutical Society of Japan
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~ 37°C water bath, The ice-cold medium reached 37°C in 60
to 70 s. After incubation at 37 °C for up to 6 min, except for
the experiments in Fig. 1, the reaction was stopped by imme-
diately transferring the incubation tube into an ice-cold water
bath. It took 70 to 80s to reach 10°C or less from 37°C.
Then, the synaptosomes were centrifuged at 9000Xg for
20 min at 4 °C, and the supernatants were stocked at —80°C
until the measurement of glutamate. The concentration of
glutamate in the supernatants was determined using the glu-
tamate dehydrogenase-NADP* method.'® The difference in
glutamate concentration in each media before and after incu-
bation was expressed as A[Glu], (M) {([Glu], after incuba-
tion)«{[Glu], before incubation)}. “Positive” values of
A[Glu], represent an increase in glutamate outside synapto-
somes, whereas “negative” values represent a decrease in
glutamate outside synaptosomes. )

Chemicals The following materials were of reagent
grade and obtained from commercial sources: sucrose,
choline chloride, HEPES (Nacalai Tesque Co. Ltd, Tokyo);
DL-threo-fhydroxy-aspartate (THA), dihydrokainate (DHK),
{=)-B-phenylglutamic acid, (*)-B-p-chlorophenyl-glutamate
{Tocris Cookson, Inc., St. Louis, MO, U.S.A)); L-carnitine, D-
aspartate, baclofen, glutamate dehydrogenase and NADP
(Sigma Chemicals Co. Ltd,, St. Louis).

RESULTS

Incubation of synaptosomes for 10min with 80mmK”*
significantly increased [Glu], in the presence of 2mmCa?*
(Fig. 1). Substitution of NaCl with choline chloride
([Na*],=5.24 mm) also increased [Glu],, even in the Ca?*-
free condition. The latter increase was not observed at a low
temperature when the synaptosomes were kept on ice.

When synaptosomes were incubated at 37 °C in the stan-
dard HBS medium, [Glu], was decreased upon incubation
(Fig. 2). The {Glu], value at time 0 was 4.53+0.41 um. The
maximal reduction was achieved within 2 min, and the level
of [Glu], was maintained up to 6 min. When synaptosomes
were incubated in a low Na* medium in which NaCl was
substituted with choline chlolide ([Na*] =5.24mm), there
was a prompt increase in [Gle],. The [Glu], value at time 0
was 5.17+0.51 um. The maximal increase was achieved
within 4 min.

Reduction of Na™ by substitution with choline to about

L el

ol

Na* (140mM) + -
Ca™ (2mM )~ - - - + +
K* (80mM) - = - - %

{;‘;,‘g’eﬂﬁ;em) 703 4 31 37

Extracellular
glutamate (uh)

Fig. 1. Glutamate Release by Exocytosis and Reversed Transport in Rat
Cerebral Cortical Synaptosomes

Reversed transport was induced by the substitution of NaCl in the standard HBS
medium with choline chloride. Each column represents the mean<S.E. of 6 experi-
ments, * p<0.01 compared to the second left celumn by randomized block design, fol-
lowed by the Bonferroni method. *p<0.001 compared to the second right column by
paired r-test.

Vol. 27, No. 6

60mm from 145.2mm did not affect the A[Glu],. However,
when Na* was reduced to about 30 mm, there was no change
in A[Glu],. 4[Glu], was markedly increased upon further re-
placement of Na™ with choline (Fig. 3).

D-Aspartate, a transportable inhibitor of excitatory amino
acid transporters (EAATs),>'"'" rapidly increased [Glu], in
standard HBS medium ([Na*],=145.2 mm) and failed to in-
hibit the increase in [Glu], in the low Na* medium ([Na*),=
5.24 mm) (Fig. 4). The increase in [Glu], by p-aspartate in a
standard HBS medium was comparable to that in the low
Na* medium.

DHK, a non-transpottable inhibitor of glilal glutamate
transporter (GLT-1), inhibited the reduction of [Glu], in a

standard HBS medium, and upwardly shifted the
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Fig. 2. Time Course of Uptake and Reversed Transport of Glutamate via
Rat Synaptosomal Glutamate Transporters
Synaptosomes were incubated at 37 °C in the standard HBS medium or the medium

in which Na* was replaced by choline from 1452 mm to 5,24 ma. Each point repre-
sents the mean*S.E. of 5 experiments.
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Fig. 3. Effects of Na™ Concentration on A{Glu],

Synaptosomes were incubated for 6 min at 37°C in the medium with various Na*
concentrations. Each point represents the mean*3.E. of § experiments. A[Glu), was re-
versed from negative to positive values at about 30 mMm Na* by substitution of choline.
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Fig. 4. Effects of p-Aspartate on the Uptake and Reversed Transport of
Glutamate via Rat Synaptosomal Glutamate Transporters
Synaptosomes were incubated at 37°C in the standard HBS or low Na* HBS

medium {[Na*],=5.24 mu) in the presence or absencs of p-aspartate. Each potnt repre-
sents the mean=S.E, of 4 experiments.
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Fig. 5. Effects of DHK and THA on A[Glu],

Synaptosomes were incubated for 6min at 37°C in the medium with various Na*
concentrations. Na* was substituted with choline. Each point represents the mean+S.E.
of 4 experiments.

Standard medium Low Na* medium

[ ———— Control
o —H—— 10 pM Phenylglutamic acid
s —C——1 100 uM Phenyiglutamic acid -
—C 100 uM Chloro% cnyl-glutamate
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* — 100 pM Baclofen
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A[GI), (1M ) AGIu], (uM)

Fig. 6. Effects of (*)-f-Phenylglutamic Acid, (*)-B-p-Chlorophenyl-glu-
tamate, Baclofen and t-Carnitine on A[Glu], in Standard HBS Medium and
Low Na* Medium

Each column represents the mean=*S.E. of § experiments. » p<(.05, =» p<0.01 vs.
control, comparison by one-way ANOVA with randomized complete block, followed by
multiple comparison (Dunnett’s method). Effects of THA, DHK and p-aspartate
were reconstructed from Fig. 4 and Fig. 5 for reference. Low Na* medium
{[Na*],=16.4mm) was prepared from standard HBS medium ([Na*],=145.2 mm) by
substitution of Na™ with choline, except for the evaluation of aspactate. **» p<<0.01 vs,
control, comparison by Student’s -test,

[Na*],—A[Glu], curve (Fig. 5). In contrast, THA, a trans-
pottable inhibitor, caused a marked increase in [Glu],, even
in standard HBS medium.

Next, we examined the effects of several glutamate ana-
logues on A{Glu],. (+)-B-Phenylglutamic acid inhibited both
the decrease in [Glu], observed in the standard HBS medium
and the increase in [Glu], in a low Na® medium
([Na*],=16.4 mm) (Fig. 6). Baclofen, a GABA, receptor ag-
onist, also significantly suppressed the decrease of [Glu], in
the standard HBS medium. (*)-f-p-Chlorophenyl-glutamate
and carnitine at 100 um affected neither the [Glu], in stan-
dard HBS medium nor that in the low Na* medium.

DISCUSSION

Glutamate is co-transported with Na* and H* and counter-
transported with K* via glutamate transporters.5*'® Because
forward and reversed transport of glutamate is affected by the
concentration gradients of these ions across plasma mem-
brane as well as the membrane potential, we examined the ef-
fect of external Na* concentration on glutamate transport in
the synaptosome preparation. Synaptosomes were prepared
from a homogenate of rat cerebral cortex, Due to leaking of
glutamate from cells by this operation, the glutamate concen-
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tration outside of synaptosomes in this study was higher than
that under physiological condition. The higher the glutamate
concentration, the more pronounced the driving force of up-
take. Thus, the influence of various treatments on the uptake
system using synaptosomes can be easily detected.

In the present study, we showed that [Glu], in the synapto-
some preparations was changed depending on temperature
and Na* concentration of the incubation medium. Glutamate
was taken up by synaptosomes at a physiological concentra-
tion of extracellular Na*, whereas at low Na* concentration,
the synaptosomes released glutamate into the incubation
medium. A[Glu] was reversed from negative to positive at
about 30 mM [Na™],. The changes in glutamate, A[Glu],, ap-
pear to indicate a balance between the amount of uptake and
reversed transport by transporters. Intracellular glutamate
may be released to an extracellular site via glutamate trans-
porters at this ion-coupling stoichiometry.'®

DHK, a non-transportable inhibitor selective for GLT-
1,2*® upwardly shifted the [Na*] ,—A[Glu], curve (Fig. 5).
The area surrounded by two curves in the presence and ab-
sence of DHK is supposed to represent the uptake of gluta-
mate into the glial component by DHK-sensitive GLT-1. The
area under the curve for DHK and over the x axis may repre-
sent the reversed transport via DHK-insensitive glutamate
transporters, such as EAAC1. The synaptosome fraction con-
sists of both glial and neuronal components.” The intracel-
lular glutamate concentrations are 50 M and ! mmM for glia
and neurons, respectively.?” Because of the high concentra-
tion of glutamate in neurons, the conversion of uptake/re-
versed uptake in neurons takes place at a higher extracellular
Na* concentration than in the glia. While the neuronal gluta-
mate transporters are functionaltly converted from an uptake-
predominant to a release-predominant state by a reduction in
Na* from 145.2 mm to about 60 mm, the uptake of glutamate
by glial GLT-! is maintained. GLT-1 may contribute to the
uptake rather than the reversed transport in this assay system.
In the low Na* condition, DHK. slightly increased but did not
decrease [Glu],, and thus, it is presumed to be a typical up-
take inhibitor without any effect on the reversed transport.

Glutamate transporters mediate not only substrate uptake
and reversed transport but also the heteroexchange of sub-
strates in a Na* dependent manner.?® The uptake of [*H]-
glutamate into synaptosomes is inhibited by p-aspartate and
THA.%'" In the present study, both p-aspartate and THA ex-
tensively increased the [Glu], in the standard HBS medium,
most likely mediated by a heteroexchange of the substrates.
As shown above, the glutamate uptake by GLT-1 is main-
tained at 16.4 mm [Na*],, and is functionally converted to the
release-predominant state at about 10mm [Na*],. In accord,
THA increased {Glu], at 16.4 mm [Na*] , but p-aspartate did
not affect the [Glu], at 5.24 mm [Na*},. Thus, the heteroex-
change of glutamate is properly evaluated in this assay sys-
tem.

Extracellular glutamate plays a fundamental role in is-
chemic brain damage. The {Glu], in the ischemic brain is in-
creased either by exocytotic release or reversed transport of
glutamate from glutamate-containing neurons.'®~'» Because
the drugs inhibiting [Glu], elevation have a potential for pre-
venting ischemic brain damage,? we analyzed the effect of
some glutamate-related compounds on [Glu], in this assay
system, Among the glutamate analogs tested, (*)-f-phenyl-
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. glutamic acid significantly suppressed both the elevation of
[Glu], in low Na* medium and the reduction of [Glu], in
standard HBS medium. This compound is, thus, proposed to
inhibit both uptake by glial transporters and reversed trans-
port by neural transporters. This beneficial action of (*)-8-
phenylglutamic acid, to our knowledge, has not been re-
ported. The potential of this compound to suppress ischemia-
induced brain damage is to be examined.

Previously, the transport of glutamate has been character-
ized using radiolabelled glutamate in COS cells or in Xeno-
pus oocytes expressing glutamate transporters.*'¥ There was,
however, a limitation of these heterologous expression sys-
tems to analyze the glutamate release because these cell sys-
tems do not necessarily mimic conditions in brain, such as
intracellular glutamate concentration, which affects the re-
versed transport. Furthermore, possible interference of the
transport of labeled glutamate by pre-existing glutamate can-
not be excluded. The measurement of [Glu], has several ad-
vantages over the previous methods, as follows: (1) extra-
cellular glutamate is determined without using radiolabelled
compounds, (2) the synaptosome preparations (P2 fraction)
contain both neuronal and glial components, including intrin-
sic glutamate, and (3) transportable and non-transportable in-
hibitors can be distinguished.

In conclusion, we developed an in vifro assay system to
evaluate the effect of drugs on the uptake and reversed trans-
port of glutamate in synaptosomes. Because extracellularly
released glutamate plays a crucial role in ischemic brain
damage, this assay system would be useful for the evaluation
of neuroprotective agents that affect glutamate transporters.
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