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Abstract

Interferon-o« (IFNa) affects the opioid system. However, the direct action of IFNo on cloned opioid receptors
remains unknown. Taking advantage of the functional coupling of cloned opioid receptors to G protein-activated
inwardly rectifying K (GIRK) channels in a Xenopus oocyte expression system, we investigated the effects of
recombinant IFN« on cloned p1-, §- and k-opioid receptors. In ococytes co-injected with mRNAs for either the 8- or
k-opioid receptor and for GIRK channel subunits, [FNa at high concentrations induced small GIRK currents that
were abolished by naloxone, an opioid-receptor antagonist, compared with the control responses to each selective
opioid agonist, Additionally, IFNa induced no significant current response in oocytes injected with mRNA(s) for
either opioid receptor alone or GIRK channels. In cocyies expressing the p-opioid receptor and GIRK channels,
IFNw had tittle or no effect. Moreover, in cocytes expressing each opioid receptor and GIRK channels, GIRK
current responses fo each selective opioid agonist were not affected by the presence of TFNa, indicating no
significant antagenism of IFNa toward the opioid receptors. Furthermore, IFNa had little or no effect on the /8-,
O/~ or p/x-opioid receptors expressed together with GIRK channels in oocytes. Our results suggest that IFNa
weakly activates the §-and x-opioid receptors. The direct activation of the § and k-opioid receptors by IFNa may
partly contribute to some of the IFN« effects under its high-dose medication.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Interferons {IFNs) are multifunctional cytokines that possess antiviral, antitumor, antiproliferative and
immunomodulatory actions mediated by specific cellular receptors (Maeyer and Maeyer-Guignard,
1998; Soos and Szente, 2003). Three major classes of IFNs are known; o, B and y (Maeyer and Maeyer-
Guignard, 1998). IFNa has been used for the treatment of chronic viral hepatitis, malignant tumors and
several other diseases (Soos and Szente, 2003). However, treatment with IFN« also causes various side
effects associated with the central nervous system (CNS), such as somnolence, confusion, depression,
fever and sensory disturbance (Dafiy, 1998). In animal studies, human IFN« was shown to bind to brain
membranes (Janicki, 1992), and IFN« inhibited the binding of [PH]naloxone, [*H][D-Ald?,
D-Leus]enkephalin (DADLE) or [3H]dihydromoxphine to brain tissues (Blalock and Smith, 1981;
Panchenko et al., 1987; Menzies et al., 1992). In addition, previous studies demonstrated immunological
cross-reactivity between IFNa and vy-endorphin (Smith and Blalock, 1981), but not between it and RB-
endorphin (Epstein et al., 1982). Moreover, human IFN, but not IENR or IFN~, induced endorphin-like
CNS effects, including analgesia and catalepsy (Blalock and Smith, 1981; Jiang et al., 2000). It also
modulated immobility in a forced swimming test (Makino et al., 2000), wet-dog shakes induced by a
SHT; receptor agonist (Kugaya et al., 1996), neuronal activity in several brain regions (Nakashima et al.,
1987, 1988), electroencephalogram (EEG) activity (Birmanns et al., 1990; De Sarro et al,, 1990) and
hypothalamo-pituitary-adrenocortical secretory activity (Saphier et al., 1993, 1994). These effects were .
prevented or reversed by naloxone, an opioid receptor antagonist. Therefore, these observations suggest
that the IFNa effects may be mediated by opioid receptors, which are implicated in many CNS functions
as well as in immune and endocrine functions (Gutstein and Akil, 2001). However, the direct action of
IFNe on cloned p-, 8- and k-opicid receptors remains unknown. In the present study, taking advantage
of the functional coupling of cloned opioid receptors to G protein-activated inwardly rectifying K™
(GIRK) channels in a Xenopus oocyte expression system (Ikeda et al., 1996; Ikeda et al., 2003), we
mvestigated the effects of IFNa on the expressed opioid receptors.

Materials and methods
Preparation of specific mRNAs

Plasmids containing the entire coding sequences for the mouse p-, § and k-opioid receptors and for
the mouse GIRK1 and GIRK2 channel subunits were obtained previously (Ikeda et al., 1996; Kobayashi
et al,, 1995, 1999). The plasmids were linearized by digestion with an appropriate restriction enzyme.
The specific mRNAs were synthesized in vitro from the linearized plasmids by using the mMESSAGE
mMACHINE™ In Vitro Transcription Kit (Ambion, Austin, TX, USA).

Electrophysiological analyses

Adult female Xenopus laevis frogs were purchased from Copacetic (Soma, Aomori, Japan) and
maintained in the laboratory until used. Frogs were anesthetized by immersion in water containing
0.15% tricaine (Sigma Chemical Co., St. Louis, MO, USA). A small incision was made on the abdomen
to remove several ovarian lobes from the frogs that were humanely sacrificed after the final collection.
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For Xenopus oocyte expression experiments (Kobayashi et al., 2002; Ikeda et al., 2003), Xenopus laevis
oocytes (Stages V and VI) were isolated at 19 °C in Barth’s solution (composition in mM: NaCl 88, KC1
1, Ca(NOs), 0.33, CaCl, 0.41, MgS0, 0.82, NaHHCO; 2.4, Tris-HC1 7.5 mM (pH 7.4), and 0.1 mg m!™!
gentamicin sulfate; Wako Pure Chemical Industries, Osaka, Japan), and injected with opioid-receptor
mRNA(s) (~10 ng) and/or mRNAs for GIRK1 and GIRK2 subunits (each ~0.3 ng). The oocytes were
defolliculated by manual dissection after treatment with 0.8 mg/m] collagenase (Wako Pure Chemical
Industries, Osaka, Japan). Whole-cell currents were recorded from 2 to 5 days after the injection with a
conventional two-electrode voltage clamp from oocytes which were superfused continuously with a
* high-potassium solution (composition in mM: KCI 96, NaCl 2, MgCl, 1, CaCl, 1.5 and HEPES 5, pH
7.4 with KOH) at ~20 °C. The membrane potential was held at —70 mV. Microelectrodes were filled
with 3 M KCL

Drugs

The following ogioid receptor ligands, purchased from Sigma Chemical Co. (St. Louis, MO, USA),
were used: [D-Ala’,N-Me-Phe,Gly>-ollenkephalin (DAMGO), a selective p-opioid-receptor agonist;
[D-Pen®*Jenkephalin (DPDPE), a selective 8-opioid-teceptor agonist; zrans-(z)-3,4-dichloro-N-methyl-
N-(2-[1-pyrrolidinyl]cyclohexyl)benzeneacetamide (U50488H), a selective k-opioid-receptor agonist;
and naloxone, an opioid-receptor antagonist. Recombinant human IFNa-2b was purchased from
Schering-Plough (Osaka, Japan). All drugs were dissolved in distilled water and added to the high-
potassium solution in appropriate amounts before the experiment.

Statistical analysis of results

The values obtained are expressed as the mean £ S.EM,, and » is the number of oocytes tested.
Statistical analysis of differences between groups was carried out by using paired #-test or Student’s ¢-
test. A probability of 0.05 was taken as the level of statistical significance,

Results

To investigate the effects of IFN« on the cloned j1-, 8- and -opioid receptors, we conducted Xenopus
oocyte expression assays. In oocytes co-injected with either the 8- or k-opioid receptor mRNA and
GIRK1/GIRK2 mRNAs, application of 3000 1U/ml IFNe induced small inward currents, compared with
the control responses to each selective opioid agonist (Fig. 1A). The current responses to IFNa were
almost completely abolished by the simultaneous presence of 1 uM naloxone, an opioid-receptor
antagonist, or fully abolished during application of 3 mM Ba®* which blocks GIRK1/2 channels
expressed in oocytes (Kobayashi et al., 2003) (n = 3 for each, data not shown). Furthermore, substitution
of the perfusion solution containing additive distilled water used as the solvent vehicle, at the highest
content (0.05%), caused no significant current response (» = 4; data not shown). In addition, in oocytes
injected with either opioid receptor mRNA alone or GIRK1/GIRK2 mRNAs, neither IEN« nor selective
opioid agonists induced any significant current response (1 = 3, data not shown). These results suggest
that IFNa weakly activated the 8- and k-opioid receptors and that the current responses were mediated
by GIRK channels. Furthermore, the magnitudes of the inward current responses induced by IFNa were
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Fig. 1. Effects of IFN« on the cloned -, 8- and k-opioid receptors. (A) Top: Current responses in an oocyte co-injected with the
p-cpioid reeeptor (WOR) and GIRKV/GIRK2 mRNAs to 3000 [U/ml IFN« and to 300 nM DAMGO. Middle: Current responses
in an oocyte co-injected with the §-opioid receptor (SOR) and GIRK1/GIRK2 mRNASs to 3000 IU/ml IFN« and to 400 oM
DPDPE. Bottomn: Current responses in an oocyte co-injected with the -opioid receptor («OR) and GIRKI/GIRK2 mRNAs to
3000 IV/ml IFNex and to 500 nM US0488H. Current responses were measured at a —70 mV membrane potential in a high-
potassium solution including 96 mM K*. Bars above the traces show the duraticn of application. (B) Concentration-response
relationships for the effects of IFNa on the three subtypes of opivid receptors. The relative responses are the ratios of IFNa-
induced responses to the conirol response to each of the -, 8- and k-selective opioid receptor agonists, which are 300 nM
DAMGQ (n = 7), 400 nM DPDPE (1 = 4) and 500 nM U50488H (» = 7), respectively. Each point and error bar represents the
mean and S.E.M. of the relative responses.

concentration-dependent, when compared with the full response induced by a selective 8- or k-opioid
receptor agonist, DPDPE (1005.0 % 121.6 nA, 400 1M, n = 4) or US0488H (976.8 + 244.2 nA, 500
nM, n = 7), respectively (Fig. 1B). In contrast, in oocytes co-injected with p-opioid receptor mRNA and
GIRK1/GIRK2 mRNAs, application of IFNe, even at 3000 or 10000 IU/ml, produced little or no
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current response, although 300 nM DAMGO, a selective p-opioid receptor agonist, induced GIRK
currents (668.5 + 91.8 nA, n =7, Fig. 1). Furthermore, to determine whether IFNo has antagonistic or
other modulation effects on -, §- and k-opioid receptors, we examined opioid receptor activation by
opioid agonists in the presence of IFNa. In oocytes expressing each of opioid receptors and GIRK 172
channels, current responses to cach selective opioid agonist together with IFNa at 100 or 1000 IU/ml
were not significantly different from responses to each opioid agonist alone (2 > 0.05, paired t-test, n=
3 for each, Fig, 2), suggesting that IFN« has no obvious antagonist or potentiation effect on the opioid
receptors.

Heterodimerization of p- and S-opioid receptors or of &- and k-opioid receptors has been shown to
occur in heterologous cell expression systems, whereas cell-membrane expression of - and k-opioid
receptor complexes has not been confirmed yet (Devi, 2001; Levac et al., 2002). We next investigated
whether [FNa can interact with heteromers of the opioid receptors by using oocytes co-injected with
mRNAs for the p/6-, §/«- or p/k-opioid receptors together with GIRK1/GIRK2 mRNAs. As shown in
Fig. 3, current responses to 3000 1U/ml IFN« were much smaller than those to selective opioid receptor
agonists (r = 3). The ratios of the responses to IFNa to the control responses to selective opioid
agonists in these injected oocytes were also smaller than those in oocytes expressing either 8- or k-
opioid receptors and GIRK. channels (P< 0.05, Student’s f-test), suggesting some type of association
between opioid receptors, probably partial existence of the heteromeric opioid receptors. These results
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DAMGO IFN DAMGO
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Fig. 2. Lack of antagonism of [FNa toward the cloned y1-, 8- and k-opioid receptors. (A) Representative current responses in an
oocyte co-injected with the u-opioid receptor (WOR) and GIRK1/GIRK2 mRNAs to 200 nM DAMGO and to 200 nM DAMGO
in the presence of 1000 IU/ml IFNw. Current responses were measured at a —70 mV membrane potential in & high-potassium
solution including 96 mM K*. Bars above the traces show the duration of application. (B) Effect of IFNa on activation of the
three opioid receptors. The current responses to cach selective opioid agonist plus 1000 IU/mI IFNe (black bars) were
normalized to the control current responses {white bars) to DAMGO (200 nM), DPDPE (300 nM) or U50488H (150 nM) which
were 714.2 + 97.5 nA, 353.7 £ 29.6 nA or 1501.7 &+ 75.8 nA, respectively (n = 3).
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Fig. 3. Comparison of the effects of 3000 IU/ml IFNo and selective opioid receptor agonists: 300 sM DAMGO, 100 oM
DPDPE and 100 nM US0488H, on oocytes expressing p/é-, 8/s- or w/k-opioid receptors and GIRK1/2 channels (# = 3).

suggest that IFNo cannot effectively activate the heteromeric opioid receptors. In addition, current
responses to selective opioid agonists were not significantly affected by the presence of 1000 IU/ml
IFNa (P > 0.05, paired r-test, n = 3). Therefore, it is likely that IFNa has no obvious effect on
heteromers of the receptors. , ‘

Discussion

We demonstrated that [IFNo. weakly activated the 8- and x-opioid receptors, but had little effects on
the p-opioid receptor, at high concentrations, using a Xenopus oocyte functional assay system expressed
with cloned opioid receptors and GIRK chamnels, Furthermore, heteromers composed of the opioid
receptor subtypes were likely to be insensitive to IFN. In IFN« therapy, the peak plasma concentrations
after the systemic administration of [FN« range from approximately 100 to 750 IU/ml (Hausfater et al.,
2002), although the physiological levels are constantly low (Maeyer and Maeyer-Guignard, 1998). Also,
the plasma concentrations were reported to increase dose-dependently and reach 1000 1U/ml or more
after high-dose administration (Shah et al., 1984). Therefore, the present results suggest that weak
activation of the 8- and k-opioid receptors by [FN« may partly contribute to some of the IFN« effects
observed under the high-dose medication. However, since IFNa can not readily penetrate the blood-
brain barrier (Smith et al., 1985), its CNS effects may not be mediated by opioid receptors. Because
IFNa receptors which are highly sensitive to IFNo are also present in the brain (Janicki, 1992), IFNa
may affect many brain functions via IFNo receptors. However, it is also possible that some [FNa
metabolites may have potent opioid properties and be able to gain enfry to the brain.

In animal studies, the binding of [*Hlnaloxone to brain membranes was hibited by IFNa at
concentrations above 500 1U/ml, with ICsq values of 1200 1U/ml at 37 °C or approximately 3000 IU/ml
(Menzies et al,, 1992) or 2190 IU/ml at 25 °C (Panchenko et al., 1987). In addition, IFNe inhibited the
binding of {*"H]DADLE, a relatively selective 5-opioid receptor agonist with moderate affinity for the p-
opioid receptor (Raynor et al., 1994), with an ICs, value of 1250 1U/ml at 25 °C (Panchenko et al.,
1987). 1t also inhibited the binding of [*H]dihydromorphine, which binds to the u-opioid receptor with
high affinity as well as to the 6- and «-opioid receptors with low affinity (Schmidt et al., 2002), with an
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1Cso value of 5000 1U/ml at 37 °C (Blalock and Smith, 1981). The results of these binding assays
suggest that IFNo may temperature-dependently bind to opioid receptors at rather high levels in the
clinically relevant concentrations. Although IFNa weakly activated the cloned 8- and x-opioid receptors
at 20 °C in the present study using Xenopus oocyte functional assays which are generally carried out at
approximately 20 to 25 °C, it is possible that IEN« may efficaciously act at the opioid receptors at 37 °C
in other functional assay systems.

JFNe induces various naloxone-sensitive CNS effects, namely, opioid-like effects including analgesia
and catalepsy (Blalock and Smith, 1981) and modulation of wet-dog shakes induced by a SHT; receptor
agonist (Kugaya et al., 1996), EEG activity (Birmanns et al., 1990; De Sarro et al., 1990), and neuronal
activity in several brain regions at concentrations of less than 5000 IU/ml (Nakashima et al., 1987,
1988). Additionally, among the IFNa-induced effects, its analgesic effect in a tail-flick test (Jiang et al.,
2000), an increase in immobility in a forced swimming test (Makino et al., 2000) and suppression of
hypothalamo-pituitary-adrenocortical secretory activity (Saphier et al, 1993) were inhibited by a
selective p-opioid receptor antagonist, but not by selective 8- and k-opioid receptor antagonists. Qur
results fail to support the theory that the IFN« effects are mediated by the direct action of IFN« on the p-
opioid receptor. However, weak - and w-agonist properties of IFN« in the present study may partly
contribute to some of the naloxone-sensitive effects. We suggest that most of the CNS effects induced by
IFNa may be mainly mediated by IFNa receptors in the brain, resulting in functional enhancement of
the opioid systems. On the other hand, !IFNa caused the opposite effects of morphine, a relatively
selective p-opioid receptor agonist with low affinity for the x-opioid receptor (Raynor et al., 1594), in
guinea-pig ileum preparations which are used in bioassays for characterizing activation of the p- and k-
opioid receptors (Leslie, 1987) and on the activity of cortical neurons, acting in a naloxone-insensitive
manner (Reyes-Vazquez et al.,, 1984). These observations suggest that the IFNa actions may not be
mediated by opioid receptors. The discrepancy between these earlier findings and ours might be
explained by the difference in the methods between the microiontophoretic application and perfusion
application of IFNo and by the difference in properties of the preparations used. Namely, in the case of
the microiontophoretic application, it is difficult to determine the precise concentrations in experimental
preparations. The present study showed that IFN« at high concentrations slightly activated the cloned §-
and k-opioid receptors. Taken together, microiontophoretically applied IFNo might have no significant
effect on opioid receptors at concentrations of IFNe in their experimental preparations, and the
naloxone-insensitive IFN« effects might be mediated mainly by IFNa receptors.

IFNe inhibited cAMP accumulation by forskolin in SH-SYSY cells expressing p-opioid receptors
predominantly and 6-opioid receptors, but not in NG 108-15 cells expressing §-opioid receptors, and the
inhibitory effects were prevented by naloxone (Saphier et al.,, 1994; Jiang et al., 2000), suggesting
activation of the p-opioid receptor by IFN«. However, such results are inconsistent with our present
results on the pi-, 8- or k-opioid receptors expressed in Xenopus oocytes. In addition, this study suggests
that IFNw is unlikely to have significant effects on the p/8-opioid heteromeric receptors. Because the
existence of multiple pharmacologically defined opioid receptor subtypes has been suggested {Levac et
al., 2002), novel opioid receptor genes might be found. Recent studies have shown heteromerization
between opioid receptors and other G-protein-coupled receptors (GPCRs), such as somatostating,
receptors and B,-adrenoceptors, as well as opioid receptor heteromerization, and some of the
heteromeric receptors exhibit novel pharmacological characteristics (Devi, 2001; Levac et al., 2002;
Pfeiffer et al, 2002). Therefore, it is possible that novel opioid receptors or heteromers of opioid
receptors and other GPCR(s) or of other members of GPCRs in the clonal cells might exhibit the
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pharmacological characteristics of the opioid receptors sensitive to IFN« and naloxone. In addition, in

some types of cells co-expressing IFNo. receptors and opioid receptors, IFNa receptor-mediated signal

transduction might cause functional enhancement of opioid receptors. Therefore, the physiological and

pharmacological effects of IFNo: may be mediated by not only IFN« receptors but also the §- and k-
. opioid receptors and such GPCRs.

Conclusion

The present study demonstrates that IFNe: directly and weakly activates the 5- and K-opioid receptors.
The activation by IFNe may partly contribute to some of the effects under its high-dose medication.
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Abstract

The uptake of 1-serine, 2 nonessential amino acid known to be transported by the neutral amino acid transporter system ASC, was studied
in primary cultures of rat neurons and astrocytes, and compared with that in human embryonic kidney (HEK293) cells transfected with rat
ABCT1 ¢DNA. We first cloned neutral amino acid transporter ASCT1 from rat neurons in primary culture as a transporter candidate for
L-serine uptake in the brain. The predicted amino acid sequence from rat ASCT1 exhibited significant homology with mouse and human
ASCT1s. The amino acid sequence of rat ASCT1 was 92 and 84% identical to that of mouse and of human ASCT1, respectively, HEK293
cells expressing the rat ASCT1 cDNA showed a saturable dose-dependent and Na*-dependent increase in L-[*H] serine uptake by high affinity
(Km = 67pM). The substrate selectivity of rat ASCT1 was the same as those of the mouse and human transporter. Northern blot analysis
revealed that ASCT1 mRNA was ubiquitously expressed in the brain, with its highest concentration in the striatum and hippocampus. When
the uptake of L-[*H] serine into rat primary neurons or astrocytes was compared with that of HEK293 cells expressing rat ASCT1 or rat
ASCT2 cDNA, the inhibition profile of amino acids for the rat neurons quite resembled that for HEK293 cells expressing rat ASCTL. In
contrast, the profile for rat astrocytes was a mixture of that for HEK293 cells expressing tat ASCT1 and that for the cells expressing rat
ASCT2. Furthermore, L-[*H] serine uptake in neurons was fully Na*-dependent, ASCT1 mRNA was expressed in both primary neurons and
astrocytes, whereas ASCT2 mRNA was expressed only in astrocytes, as determined by using RT-PCR with primers specific for the rat ASCT1
or rat ASCT?2 transporter. Taken together, these findings indicate that ASCT! predominantly contributes to the uptake of L-serine in primary
neurons. .
© 2004 Elsevier Ireland Ltd and The Japan Neuroscience Society. All rights reserved.

Keywords: ASCT1; ASCT2; cDNA cloning; Functiona! assay; Northem blot; Brain regional distribution

1. Introduction

Abbreviations: 3PGDH, 3-phosphoglycerate dehydrogenase; MeALB, L-Serine is a nonessential amino acid that can be synthe-

2-methylaminoisobutylate; BCH, 2-aminobicyclo-(2,2,1)-heptane-2-carho- sized in many cells from the glycolytic pathway. Previously,
xylic acid; GAPDH, glyceraldehydes-3-phosphate dehydrogenase it was suggested that cerebellar Purkinje neurons had an
The nucleotlde sequence reported in this paper has been submitted  egoential requirement for extracellular L-serine to support

to GenBank as accession number AB103401, thei wval (F ¢ al. 2000). Studi . .
* Comesponding author. Tel: +81-45-787-2316; el sflm ( uyuya e Lt ) M ?s usiig -
fax: +81-45-787-2316. munohistochemistry and in situ hybridization indicated that
E-mail address: yamamoto@yokohama-cuacjp (T. Yamamoto). cerebellar Purkinje neurons showed no detectable mRNA

0168-0102/3 — see front matter © 2004 Elsevier Ireland Ltd and The Japan Neuroscience Socicty. All rights reserved.
doi: 10.1016/f neures.2004.02.004
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or immunoreactivity for 3-phosphoglycerate dehydroge-
nase (3PGDH; Fuyuya et al., 2000; Yamazaki et al., 2001),
which is the enzyme-initiating L-serine synthesis from the
glycolytic intermediate 3-phosphoglycerate. Therefore, spe-
cific transport mechanisms are necessary to provide such
3PGDH-negative neurons with L-serine from the extracel-
Iular space to support their survival and development.

L-Serine is a key amino acid serving as a precursor for not
only the biosynthesis of various protein and membrane lipid
molecules, but also for the synthesis of the neurotransmitters
glycine and D-serine in the brain (Wolosker et al., 1999a,b),
which are thought to be especially important by acting at
the “plycine site” on the N-methyl-b-aspartate (NMDA) re-
ceptor complex to regulate its ion channel functions in the
central nervous gystem (CNS; Johnson and Ascher, 1987;
Kleckner and Dingledine, 1988; Kemp and Leeson, 1993;
Matsui et al., 1995; Ivanovic et al., 1998).

Neutral amino acid L-serine can be taken up through
several transport systems, including Nat-dependent trans-
porters such as system ASC and system A, and Na*-
independent transporters, e.g., system L and system ASC.
Being system ASC transporters, ASCT] and ASCT2 were
identified and their cDNAs were cloned from human and
mouse (Armiza et al,, 1993; Shafgat et al.,, 1993; Kekuda
et al., 1996; Utsunomiya-Tate et al., 1996). Although the
expression of the ASCT], but not ASCT2, subtype of neu-
tral amino acid transporter has been detected in the brain,
detailed aspects of and its roles in L-serine transport in the
brain are not yet fully understood. In the present study, we
cloned rat ASCT1 ¢DNA and expressed the protein en-
coded by its cDNA for functional characterization to clarify
the contribution of the system ASC transporters to L-serine
uptake in neurons and astrocytes. We confirmed the pre-
vious hypothesis (Yamamoto ¢t al., 2003) that L-serine is
transported predominantly through the ASCT] transporter
subtype in neuron.

2. Materials and methods
2.1. Materials

L-[3H] serine (specific radioactivity: 851.0 GBg/mmol)
was purchased from Perkin-Elmer Life Sciences, and
[a—32P] dCTP was obtained from Amersham Pharmacia
Biotec. 2-Methylamincisobutyrate (MeAlB), 2-aminobi-
cyclo-(2,2,1)-heptane-2-carboxylic acid (BCH), and all
amino acids were obtained from Sigma-Aldrich. All other
reagents used were of analytical grade.

2.2. Cell culture

Primary cultures of neurons and astrocytes were prepared
from fetal rat telencephalon {embryonic day 18 or 19) as de-
scribed before (Yamamoto et al.,, 1995). Pregnant rats were
deeply anesthetized with pentobarbital (50 mg/kg, i.p.). Tis-
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sues were incubated for 15-20min at 37°C with 0.25%
trypsin (Difco) in Ca?t, Mg?*-free phosphate-buffered
saline (CMF-PBS) containing 0.02% Dnasel (Sigma), dis-
sociated by mechanical dispersion by repetitive pipetting
and filtered through a nylon mesh. For neuronal culture, the
cells were rinsed with defined culture medium, Dulbecco’s-
modified Eagle’s medium (DMEM), and plated on poly-L-
{ysine-coated 96-well plates at a final density of (0.5-1.5) x
106 cells/ml. The cultures were maintained for 7 days in
DMEM supplemented with 1 mg/ml bovine serum albumin
(BSA), 10 pg/ml insulin, 1nM 3,3',5-riiodo-L-thyronine,
0.1 mg/m! human transferrin, 1 pg/ml aprotinin, 100 pM pu-
trescine, ! mM sodium pyruvate, 10 nM progesterone, 30 nM
selenium, 0.1 mg/ml streptomycin sulfate, and 50 units/ml
penicillin G potassium salt (Meiji Seika Ltd., Tokyo, Japan)
in a humidified atmosphere of 5% CO; in air at 37 °C. More
than 95% of the cultured cells were immunonegative when
stained with anti-glial fibrillary acidic protein (GFAP) anti-
body (data not shown). Cultures of astrocytes were obtained
by starting with the same preparation of dissociated cells
described above used for preparing neuronal cultures, The
dissociated cells were subcultured in DMEM containing
5% fetal calf serum (FCS) and 5% horse serum (HS) sup-
plemented with 0.1 mg/mi streptomycin sulfate, 50 units/ml
penicillin G potassium salt before being plated on poly-
L-lysine-coated wells of 96-well plates. The cells were
maintained for 14-21 days. More than 95% of these cul-
tured cells were immunopositive with anti-GFAP antibody
(data not shown).

2.3. cDNA cloning of ASCTI and sequence analysis

Rat ASCT1 cDNA was cloned from rat primary neu-
ron total RNA by using the reverse transcription-based
polymerase chain reaction (RT-PCR) followed by PCR
with nesting primers. The two sets of degenerate oligonu-
cleotide sense and antisense primers used were ASCT-5
(ACGACATGGAGAAGAG(C/T)GG(A/G/CITYGA{A/G)A-
C(A/G/CIT)AAYASCT-4 (CATGTTGACGGT(A/G/C/T)-
GC(A/G/CIT)CC(A/G/T)AT) and ASCT-1 (ATGATCAT-
CCTGCCA/GICIT)CT(A/G/CITYGT(A/G/CIT)G)/ASCT-6
(AATCACAGCAC(C/T)GA(C/T)TC(C/T)TT(A/G/CIT)GA-
(C/T)TC), which corresponded to amino acid residues
1-8/373-379 and 88-95/526-532 of human ASCT1 (Arriza
et al,, 1993). The three sets of primers used for the nested
PCR were ASCT-5/ASCT-3 (ATAATCCAGGA(A/G/C/T)-
AC(A/G/CIT)AG(A/G/CIT)ACCAT), ASCT-2 (GGTCCT-
GGT(A/G/C/T)TC(A/G/CIT)TGGAT(A/C/T)ATG)YASCT-
6, and ASCT-7 (AGACGAGCTCATCCGATTCTTC)
ASCT-4, which corresponded to amino acid residues
1-8/259-266, 259-266/526-532, and 244-251/373-379,
respectively. PCRs were carried out for 0.5min at 94°C,
0.5min at 55°C, and 2min at 72°C for 40 cycles, The
800, 830, and 410bp products amplified by the nested
PCR. were blunted with T4 DNA polymerase and cloned
into the Stul site of pCR-Blunt (lnvitrogen} to yield
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plasmids pASCT-1F, pASCT-2P, and pASCT-3P, respec-
tively. The 190bp Sacl/Neol fragment from pASCT-3P
and the 680bp Ncol/EcoRI fragment from pASCT-2P
were ligated with the 2.9kb Sacl/EcoRl fragment from
pBluescript SK(+) (Stratagene) to yield pBIASCT-4P.
The 880bp Sacl/Hindlll fragment from pBIASCT-4P
was ligated with the 4.2kb Sacl/Hindlll fragment from
PASCT-1P to yield pASCTI. Nucleotide sequence anal-
ysis was performed using an ABI PRISM 377 and 373A
automated DNA sequencers (Perkin-Elmer Life Sciences).
The 3’ end of rat ASCT1 ¢cDNA was obtained by 3’ rapid
amplification of ¢DNA ends (3’-RACE), which was per-
formed using a 3’ full RACE Core Set (TaKaRa, Japan)
according to the manufacturer’s instructions. PCR ampli-
fication was performed using a rat ASCTI-specific for-
ward primer (5-GGACTGCCCACGAACGACCTCTC-3),
which corresponded to amino acid residues 438446, and
an oligo(dT)-adaptor primer in the kit. PCR amplification
of the 5 region of rat ASCT1 cDNA was carried out using
a primer pair 5¥-CAGGAACATGATGCCGATAGGTA-3’
(antisense), which comresponded to amino acid residues
266-274, and 5-AGTTTCTCACGTGCTGCTGCTTAG-3'
(sense), which was designed on the basis of the rat genome
library (nucleotides; 165-188; GenBank accession number:

XM223649). BLAST programs were used to search for

homelogies in protein data banks.

ASCT2 c¢DNA containing full open reading frame was
cloned by using RT-PCR. from total RNA of rat primary
cerebellar mixed culture (Furuya et al., 1998) with oligonu-
cleotide primers MDAS2F] (sense, 5'-CACAAGGAACCT-
CCCTGTTACGGCT-3") and MDAS2RI (antisense, 5'-
AGTCCATTTCTCCAGCTCGCAAGAC-3"), which cor-
respond to 466490 and 2206-2230 of tmouse ASCT?
cDNA, respectively (GenBank accession number: D85044;
Utsunomiya-Tate et al., 1996). PCR conditions: denaturing
at 94 °C for 0.5 min, annealing/extension at 66 °C for 4 min.
PCR products were directly ligated into pCRU-TOPO vec-
tor (Invitrogen), purified, and sequenced. The amino acid
sequence of the rat cercbellar homologue of ASCT2 is
identical to the rat astroglial ASCT2 except for $-529 to
P (Broer et al.,, 1999; Furuya et al., unpublished observa-
tions). The rat cerebellar ASCT2 was excised by Kpnl and
EcoRV digestions and inserted into the Kpnl/EcoRYV sites
of pcDNA3.1(+) to yield pCDASCT2.

2.4. Expression in HEK293 cells

The 1.6kb blunted £coRl fragment containing the entire
coding region of the rat ASCT! or ASCT2 was inserted into
the EcoRY site of pcDNA3.1(+) (Invitrogen) in the same ori-
entation with respect to gene transcription, to yield expres-
sion vector, pPCDASCT1 or pCDASCT2. HEK293 cells were
grown in DMEM supplemented with 5% FCS, penicillin G,
and streptomycin sulfate at 37 °C in a humidified atmosphere
of 5% CO2 in air. Transfection by lipofectamine reagent
(Invitrogen) was carried out according to the manufacture’s

instructions. Transformants were selected for 2-3 weeks in
culture medium supplemented with 2.0 mg/ml G418. Among
G418-resistant transformants, ASCT-transformed HEK293
clones were selected by L-[*H] serine uptake analysis.

2.5. L-H] serine uptake experiment

On the day of an experiment, the culture medium was
aspirated from HEK293 cell or rat neuronal or astrocyte
cell cultures, and these cells were washed three times with
0.1 ml of uptake buffer containing SmM HEPES NaOH (or
KOH), pH 7.2, 140mM NaCl (or choline-Cl), §mM KCl,
1 mM KH; POy, 1.8 mM CaCly, 0.4 mM MgCl,, and 10mM
glucose. After the cells had been preincubated in the uptake
buffer for 30 min at 37°C, they were incubated at 37°C
for Smin in 0.Iml of fresh uptake buffer supplemented
with 20 nM (final concentration) L-[*H) serine and different
amounts of unlabeled amino acids. Uptake was tenminated
by rapid removal of the medium followed by quick washes
with ice-cold phosphate-buffered saline (PBS). To measure
the amount of L-[*H] serine taken up into cells, we added
50l of a 10% SDS solution to each well and solubilized
the cells for 1 h at 37°C. The radioactivities were measured
by using a liquid scintillation counter. Each uptake was
represented as the mean of 3-5 independent experiments,
each done in quadruplicate. Na*-independent uptake was
carried out by incubation of cells in medium containing
choline chloride instead of NaCl. For inhibition experi-
ments by various amino acids, the concentrations of L-*H]
serine and amino acids (20nM and 0.5mM, respectively)
were chosen to detect high-affinity uptake site according
to the Kin values (15~17 uM) for L-[*H] serine uptake to
cultured neurons and astrocytes (Yamamoto et al., 2003).
Protein content was measured by using a Bradford protein
assay kit (Bio-Rad, Richmond, CA) after the cells had been
solubilized with 0.1 M NaOH.

2.6. RT-PCR analysis

Expression of ASCT1 and ASCT2 transcripts in primary
cultures of rat neurons and astrocytes, HEK293 cells, and
in vector-, ASCT!-, and ASCT2-transfected HEK293 cells
was examined by RT-PCR. Total RNA was isolated from
the cultured cells by using a Catrimox-14 RNA Isolation kit
(TaKaRa, Japan) according to the manufacturer’s protocol.
RT-PCR was performed with an RNA LA PCR kit (TaKaRa,
Japan). RT was performed at 50 °C for 30 min, followed by
a denaturation at 90 °C for 5 min. PCR. amplification of cD-
NAs of ASCT1, ASCT2, and GAPDH (as an internal stan-
dard) was performed with 35 cycles of 94 °C for 0.5 min for
denaturation, 58°C for 0.5min for primer annealing, and
72°C for 2 min for DNA extension. Sequences of the primers
for ASCT1, ASCT2, and GAPDH cDNAs were the follow-
ing: 5’-GTTTGCGACGGCTTTTGCGACCTG-¥ (forward
primer) and 5-GCATCCCCTTCCACGTTCACCACA-3
(reverse primer) for rat ASCTI(product size: 399bp;
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GenBank accession number: AB103401); 5'-GCGCCTGG-
GCCCTGCTCTTTTT-3 (forward) and 5'-ACAATCTTG-
CCGGCCACCAGGAAC-3 (reverse) for rat ASCT2 (prod-
uct size; 478 bp; GenBank accession number: Al132846);
5'-GTCAGTGCCGGCCTCGTCTCATAG-3 (forward) and
5-GACCCTTTTGGCACCACCCTTCAG-3 (reverse) for
rat GAPDH (product size: 380 bp; GenBank accession num-
ber: M17701). The PCR amplification products were sepa-
rated on a 3% agarose gel stained with ethidium bromide
and visualized under UV irradiation.

T Yamamoto et al, /Neuroscience Research 49 (2004) 101111

2.7. Northern blot analysis

For Northern blot analysis, total RNA from various re-
gions of rat brain was isolated by using an RNeasy Midi kit
{Qiagen Inc.). Equal amounts of total RNA (40 pg) were sep-
arated on a 1.0% agarose gel containing formaldehyde and
transferred to a nitrocellulose membrane (BA8S, S&S) by
using a capillary blotting technique with 20x SSC (sodium
citrate buffer). Fragments of rat ASCT] and GAPDH ¢D-
NAs were amplified by PCR and purified by use of a Qiagen

GGOGGGCAGOGACATOOAGCABACCAACGEATACCTCGACGGCGCCCAGGCTCAGCCTGLGEOCCETCOCCGA
MEBEETNGYLDGAQARQPAARER

ACGCCCGAGACGGGGACGACCANAGCGCAGCECTGTGCTAGCTTT TTTCGG0GCAACGCGCTCETGCTGCTCACC

TPETGTSXAQRCASFFRRNALVYLLT
GTGTCEEEG6TETTGE0GCG0GC0RGCATOGECEO06CGCTTCGCOEGCTGLAGCTCACCOGTACGCAAATCACT
Y SG6VLAGAGMGAALRGLAQLTRTAQIT
TACCTGGCCTTOCCGGGCEAGATGCTGCTCOGTATGCTGCGCATGATCATCCTACCGCTGUTGETTTGCAGTCTG

YLAFPGEMLLRNLRKIILPLVYYCSL
GTGTCGEGCGCOSCCTOCCTOOACGOCAGCTCCCTCGOGCETCTEO6TEOCATORCTGTTRCTTACTTCGRCCTC

¥ 3 G6AASLDASSLGRLGGTAVYAYFEGL

ACCACGCTGAGTGCCTCTGOGCTCRCTGTTOCTCTOGCE TICATCATCAAGCCAGGAGTGGGORCECAGACCCTT
TTLSASALAVYALAFIIKPGYGAQTL

CATTCCAGCAGCCTGGGGCTGGAGAACTCAGAACCTCCTCCAGTCTCCAAAGAGACAGTGGACTCTTTCCTGGAT
HSSSLGLENSEPPPVSEKEETVYDSFLD

TTACTCAGAAACCTGTTCOCTTOCAATCTTGTGSTTGOOGCATTCTCTACG TCTGCAACCAGTTACACAGTGGTC
LLRENLFPSNLVYVYAAFSTSATSTIYITYVY
GTCCATAACTCCAGCTTGGGGAACGTGACCAAGAGAAGATCCOOGTCGTCACTGATG TGAAAGGGATGAACATC
vENS §LG¢6F YV IEEKTIPVVTDVEGHMHIHNI

TTACGACTGGTCCTTTTTGOCCTGATGTTAGGAGTGECTCTARAGAAGCTAGECOCCGAGGGAGACGAGCTCATC
L6LVLFALXLGYALERKELGPEGDELTI
CCATTCTTCAATTCCTTCAATGAGECAACAATGGTGTTGE TG TCOTGRATCATGTGE TACGTACCTATCGGCATC
RFFNSFNEATMNVYLVSYIMNYYVPEIGI
ATGTTCCTCATCOGAAGCAAGATTOTGOAATGCAGGACCTCATCRTGCTCGTGACTAGCCTCGOGAAATACATC
MFLIGSEKIVEMNSQDLTIEIEVLYTSLGKYI
TTCGOCTCTATACTGGGCCATGTTATCCATGGAGGAATTGTTCTGCCTCTTGTCTATTTTGCTTTTACGAGGAAA
FASTILGHYIRGGIVLPLYYFAPFTRE
AACCOGTTCACGTTCCTCCTGROCCTCCTCACCCCGTTTGOGACGGETTTIGCOACCTGT TCCAGCTCAGCAACT
NPPFTFLLGLLTPFATAFATCS S S AT
CTTCCGTCTATGATGAAGTGCATORAGGAAAACAATGGCGTGGACAAGAGGATCAGCAGGT TCATCETTCCCATC
LPSHMECIEENNGYDERTISRETFILEPI
GGGGCCACAGTCAACATGGATGGGECOGCCATCTTCCAGTG TG TGECTGCAGTGTTCATCGCCCAGCTCAACAAC
€ ATVYNMDGAAIFQCYAAVFIAQLNN
GTGGACCTGAACGCGGOACAGATTTTCACCATTCTGGTGACCGCCACCGCATCCAGTG TTGGAGCAGOGGGTGTG
YDLNAGQIFTILYTATASSVGGAAGY

CCGGCTGGAGGGETCCTCACCATTGECATCATCCTAGAGGCCATTGGACTGCCCACGAACGACCTCICTCTGATC
PAGGVYLTIAIILEAIGLPTRNDLS LI
CTGGECTGTGEACTCGATTGTGGACAGGACCACCACTGTGGTGAACGTGGAAGGGGATGOCCTGGGAGCTGGRATC
LAVD¥YIVYDRTTTVYNYEGDALGSGAGI
CTCAACCACCTGAATCAGAGGACAGTGAAGAAGGGTGAGCAGGAGCTGUAAGAAGTGAAGGTGGAAGCCATICCC
LNHLNQRTVYEKEEKEGEQELGQEVYEYEAIP
AATTCCAAGTCTGAGGAGGAGACG TCGCOLCTGRTGACACACCAGAACCGGGCAGGOCCTGTAGCCGTTGCTCCT
NSESEEETSPLYTHQNRAGPYAVAP
GAACTCGAATCCAAGGAGTCAGTGCYGTGATTOGGCTORGTCT TEOGCCATCCTGCTAGTACCAGCGACCTACCC
ELESEKES SV VL *
TGETAGCCTGCCCCACTGACGTEGECATGGCCCTCACAGACTTTTC6 TCTCOCAAGGAATGCETTGGCOCAATCA
CTAATCTGAGAGTGACCTCTCAGCACAGTCATGGAGCTCCCAAGCCAGGACTGCTTACCGAGGACTAGAACACTC
TGACCTTTCTCTTGATCCATGTCTCAATGGAGCTGTGGATTCACCTTGACTCTGTTTG TGAACCCCCTTGAGCTG
CCAGACCTCAGGGATCCCAGGTTCATGGAGGLCTGGGATAAAGGTCCGEGTTGRCETGEGCETCCRGATGGATIC
TICAGTGTCTCCCGGGAGCTCTGCATCTGETGCTT TCTEEGCGAGECA

335
210
285
360
433
510
585

660

735
§10
885
960
1035
1110
1185
1260
1335
1410
1485
1560
1635
7o
1785
1860
1835
1933

Fig. 1. Nucleotide and deduced amino acid sequences of rat neuron ASCTI. The predicted amino acid sequence is shown below the nucleotide sequence.
Numbers indicate the nucleotides, and potential N-glycosylation sites are boxed The cDNA sequence has been submitted to the GenBank database with

the accession number ABI10340].
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Il gel extraction kit (Qiagen Inc.). These fragments were
labeled with [«a—2P] dCTP by using a Random Primer
DNA Labeling kit, Ver. 2 (TaKaRa, Japan). After prehy-
bridization at 42°C for 4h in 5x SSPE buffer containing
40% formamide, 0.1% SDS, and 5x Denhardt’s solution,
the membranes were hybridized with [a—32P] dCTP-labeled
ASCT1 or GAPDH ¢DNA fragments, respectively, at 42 °C
overnight in a 5x SSPE buffer containing 50% formamide,
0.1% SDS, 5x Denhardt’s solution, 10% dextran sulfate,
and 100 p.g/ml salmon sperm DNA. The washing was done
under highly stringent conditions: four washes with 2x SSC
containing 0.1% SDS at room temperature and twice with
0.2x SSC containing 0.1% SDS§ at 42°C for 15min, and
finally once for 1-2h with 0.1x SSC containing 0.1% SDS
at 50-60°C. The filters were analyzed with a BAS3000 sys-
tem (Fuji Film).

2.8. Calculations

All results were presented as the mean &+ S.E.M. of
3-5 experiments, as indicated in each figure legend. Ki-
netic parameters were calculated by linear regression from
Lineweaver-Burk plots by using GraphPad Prism 3.0 soft-
ware (GraphPad Software Inc., San Diego, CA).

3. Resnlts

3L Cloning of ASCTI from primary cultures of rat
neurons :

To look for members of the ASCT family, we used de-
generated oligonucleotides that were designed to hybridize
with relatively well-conserved regions between the cDNAs
of mouse and human ASCTI and ASCT2 (see Section 2)
as a primer. RT-PCR amplifications were performed by
using total RNA prepared from rat neurons in primary cul-
ture as a template. We obtained a single PCR amplification
product, which sequence was similar to mouse and human
ASCTI sequences. The cDNA and deduced amino acid se-
quence of rat ASCT]1 are shown in Fig. 1. The open reading
frame encoded 595 amino acids with a predicted molecu-
lar weight of ~59kDa. The putative extracellular domain
contained conserved potential N-linked glycosylation sites.
The rat ASCT] amino acid sequence exhibited remarkable
similarity to those sequences reported for mouse and hu-
man ASCTls, showing 92 and 84% identity, respectively.
The NHp-terminal portion of rat ASCT] had lost three
amino acid residues found in the mouse and human ASCT!
transporters.

3.2. RT-PCR analysis of ASCTI and ASCT2 in rat primary
neurons, astrocytes, and HEK cells

Full-length rat ASCT1 and ASCT2 were constructed
and uged for stable transfection of HEK293 cells, and their

bp
(A) 603
310-
(B)
(C) ¢03-
319-
(D) 603
310-
ASCT1 ASCT2
primer pair

Fig. 2. Expression of rat ASCT1 and ASCT2 in HEK293 cells. Total
BNA was prepared from untreated HEK293 cells (A) or those transfected
with empty vector (B), ASCT!- (C), or ASCT2 cDNA (D). RT-PCR was
performed to detect the expression of rat ASCTI1 (left lane) or ASCT2
(right lane) by using specific primer sets as described in Section 2. PCR
products were separated by electrophoresis on 3% agarose gels and stained
with ethidium bromide,

expressions were assessed by RT-PCR. Rat ASCT] and
ASCT2 were detected as 399 and 478 bp bands, respec-
tively, when HEK293 cells were separately transfected
with ASCTI and ASCT2 constructs and PCR was done
with primer pairs specific for each (Fig. 2). In addition,
rat-cultured astrocytes expressed both ASCT! and ASCT?2
transcripts, whereas the rat neurons only expressed the
ASCT] transcript (Fig. 3).

3.3. L-PHJ serine uptake into HEK293 cells transfected
with ASCTI or ASCT2, and into rat neurons and

. astrocytes in primary culture

When HEK?293 cells were transfected with rat ASCT1 or
ASCT2 cDNA, the uptake of L-[>H] serine was increased to
be seven- to nine-fold of that of the control HEK293 cells
(data not shown), and this increase was totally dependent on
Nat ions in the buffer (Fig. 4). In each case the uptake of
L-[3H] serine was saturable and followed Michaelis-Menten
kinetics, which indicated a single uptake site with a &,
value of 67.1 & 13.3 uM for ASCT! and of 66.1 & 5.0 uM
(mean £ S.E.M, N = 4) for ASCT2 (Fig. 5).

The substrate specificity of the transporters in HEK293
cells transfected with ASCT1 or ASCT2 was examined by
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Astrocytes Astrocytes Astrocytes

Neurons Neurons

Neorons bp

ASCT2 =™
ASCT 1 =>

ASCT1 ASCT2 GAPDH

Fig. 3. Expression of ASCT! and ASCT2 mRNA in rat neurons and astrocytes in primary culture as analyzed by RT-PCR. Total RNA was prepared
from the neurons and astrocytes, and RT-PCR, was performed as described in Fig. 2. GAPDH was used as a control. PCR products specific to ASCT1
(399bp), ASCTZ (478bp), and GAPDH (380bp) were separated on a 3% agarose gels and stained with ethidium bromide. The right lane contains a

molecular size marker.

inhibition experiments in which uptake of 20 nM L-[>H] ser-
ine was measured in the presence of various 0.5 mM amino
acids. The L-[°H] serine uptake was strongly inhibited by
neutral amino acids, i.e., L-alanine, L-serine, L-cysteine,

(A) ASCTI

15007 ® NaCl

O Choline C1
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[
=
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i

(p mol/mg protein)
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L-{*H]Serine uptake
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1000 .
QO Choline C1
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17, ]
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L-[*H|Serine uptake

0
60 25 50 75 100 125

Time (min)

Fig. 4. Time course of L-*H] serine uptake into HEK293 cells transfected
with ASCTI (A) or ASCT2 (B). The uptake of L-[* H) serine was measured
at 37°C for the indicated times in the presence of NaCl or cheline
chloride. Data are mean % S.E.M. of four independent experiments done
in quadnuplicate.
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Fig. 5. Saturation analysis of Na*-dependent L-[3H] serine upiake into
HEK293 cells transfected with rat ASCT] (A) or ASCT2 (B) cDNA. Up-
take was measured in the presence of increasing concentrations of L-[°H)
serine. Nat-dependent (NaCl) and Nat-independent (Choline chloride)
uptake are presented as the mean4-S.E.M. of quadruplicate determinations.
The data represent a typical result out of four independent experiments.
Nonspecific uptake was determined in the presence of 1mM L-serine,
Inset: Lineweaver-Burk plots used to caleulate K,y and Vg values.
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and L-threonine, in HEK293 cells transfected with either
ASCT! or ASCT2 (Fig. 6A and B). Consistent with the
previous data on human ASCT! (Arriza et al., 1993) and
mouse ASCT2 (Utsunomiya-Tate et al., 1996), similar in-
hibitions were observed with L-asparagine, L-valine, and
L-proline for rat ASCT1 and with L-asparagine, L-valine,
L-methionine, glycine, L-glutamine, and L-leucine for rat
ASCT2. Inhibitors for amino acid transporter system A
and system L, a-(aminomethyl)isobutyric acid (MeAlB)
and  2-aminobicyclo~(2,2,1)-heptane-2-carboxylic  acid
(BCH), respectively, did not inhibit L-[*H] serine uptake
in HEK293 cells transfected with either ASCT] or ASCT?2
(N =1).

In primary cultures of neurons or astrocytes, the up-
take of L-[*H] serine was also observed to occur by
high-affinity (Km = 15.0 £ 1.6 or 17.2 & 2.1 uM;
mean + S.E.M, N = 5, respectively) transporters and was
almost completely Nat-dependent, which also indicated
a single uptake site (Fig. 7). To evaluate the contribution
of both ASCT] and ASCT2 to the L-[>H] serine uptake
by neurons, we further examined the substrate speci-
ficity of the cultured neurons and astrocytes. Likewise,

(A) ASCTI1

3

{% control)
¢

L-PH]Serine uptake

(C) Neurons

g

L-{*H]Serine uptake
(% control)
$

L-PH]Serine uptake

the neutral amino acids L-alanine, L-serine, L-cysteine,
and L-threonine strongly inhibited the L-[*H] serine up-
take by both the neurons and astrocytes (Fig. 6C and D). -
Furthermore, McAIB and BCH did not inhibit the up-
take by either one. The inhibition experiments by using
the neutral amino acids L-serine, L-alanine, L-cystein,
or L-threonine as a competition amino acid on L-[*H]
serine uptake showed single site of uptake in HEK?293
cells ransfected with ASCT1 or ASCT2 (N = 1), cul-
tured neurons, and astrocytes (Yamamoto et al., 2003).
The inhibition profile for L-[*H] serine uptake by neu-
rons quite resembled that for HEK293 cells transfected
with ASCTI, ie., L-asparagine, L-valine, and L-proline,
but not the other amino acids, also inhibited the L-[*H]
serine uptake in both rat primary neurons and HEK293
cells transfected with ASCT1. For astrocytes, the inhibi-
tion profile was different from that for primary neurons;
for L-methionine, glycine, L-glutamine, and L-leucine were
also weakly inhibitory, which partially resembled the situ-
ation for ASCT2. L-Proline also inhibited the L-[*H] serine
uptake by astrocytes, as it did that by ASCT]-transfected
cells.

(B) ASCT2

8

50+

L-|3H|Serine uptake
{% control)

(D) Astrocytes

g

504

(Y control)

o

Fig. 6. Amino acid inhibition of L-[*H] serine uptake by HEK293 cells transfected with rat ASCT! (A) or ASCT2 (B), and by primary cultures of rat
neurons (C) and astrocytes (D), respectively. The uptake of 20nM L-f*H] serine was measured for Smin in Na*-containing HEPES uptake buffer in the
presence of the indicated amino acids (0.5mM). The values represent the mean 4 S.E.M. of 4-5 independent experiments, each done with quadruplicate

determinations.
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Fig. 7. Na* dependency of L-[*H] serine uptake in HEX293 cells trans-
fected with rat ASCT1 (A) and in primary cultures of zat neurons (B)
and astroeytes (C). L-[PH] serine uptake was measured in the presence
of either NaCl or choline chloride, and the nonspecific uptake (NS) was
measured in the presence of 1mM L-serine. In each case the L-[PH]
serine uptakes was completely dependent on Nat, Data represent the

" mean=£ S.E.M. of four independent experiments, each done with quadru-
plicate determinations.

3.4. Northern blot analysis

Northern blot analysis was carried out to examine the
regional variation in the expression of ASCT1 mRNA in
the rat brain, Two hybridizing bands of 5.2 and 3.3 kb, and
a weak band with the size corresponding to [.6kb were
ubiquitously detected in various brain regions (Fig. 8). The
5.2 kb mRNA transcript appeared to be abundantly expressed
in the striatum, hippocampus, and olfactory bulbs (Fig. 8C).
In the cerebral cortex and cerebellum, this transcript were
reiatively less expressed than in other brain regions, but the
3.3kb one was most abundantly expressed in them.

4. Discussion

In this communication, we have reported the cDNA
cloning, expression, and functional characterization of
rat ASCT], and described the general distribution of the
ASCT] mRNA in the brain. The results presented here
provide evidence that L-serine is predominantly taken up
through the ASCT] transporter in primary cultures of rat
neurons. To clarify the role of ASCT! in brain, we cloned
and functionally expressed rat ASCT1 cDNA in HEK293
cells. The rat ASCTI protein was 92 and 84% homol-
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ogous to its mouse and human counterparts, and lacked
three amino acids found at the N-terminal region of them.
The most interesting difference among the rat, mouse, and
human ASCT1 sequences is the loss of these three amino
acids in rat ASCT1. However, there was no significant dif-
ference found in the affinity for L-serine (K = 88 pM
for human (Arriza et al., 1993) and Ky, = 67 pM for rat
in the present study) or in the selectivity of amine acids
between human and rat ASCT1s. At present, it is not clear
whether the difference at the N-terminal region may affect
the transport function or not. Thus, further detailed studies
are needed to find out the significance of the role of the
N-terminal regions of ASCT1.

To identify the transport systems for L-serine in neurons
and astrocytes, we functionally expressed rat ASCT1 or
rat ASCT2 in HEK293 cells, and compared their transport
activity with that of rat neurons and of astrocytes by using
L-[*H] serine as a substrate. In agreement with previcus re-
ports on human ASCT1 (Arriza et al., 1993), rat ASCT]1 ex-
hibited Na* dependency and high affinity for neutral amino
acids, i.e., L-alanine, L-cysteine, and L-threonine in addition
to L-serine. The present study also showed that substitution
of choline ¢hloride for NaCl in the uptake buffer resulted in
almost complete loss of L-[3H] serine uptake by HEK293
cells transfected with rat ASCT1. Moreover, HEK293 cells
that expressed rat ASCT2 also exhibited the Nat depen-
dency and high affinity for neutral amino acids similar to rat
ASCT1. In addition, the uptake of L-[*H] serine by the rat
neurpns and astrocytes also occurred in a Na*-dependent
manner. Thus, participation of the Na*-independent trans-
porter systems, such as system L and system ASC, in the
uptake of L-[*H] serine by neurons in primary culture ap-
pears to be negligible. In addition to the system ASC, system
A also is a candidate of Na*-dependent uptake of L-serine
in neurons and astrocytes; however, the lack of inhibition
by a system A-specific subsirate, MeAIB, indicates that the
system A does not contribute to the uptake of L-serine by
cultured neurcns. In the primary cultures of rat neurons,
L-asparagine, L-valine, and L-proline also inhibited L-[>H]
serine uptake, as did L-alanine, L-serine, L-cysteine, and
L-threonine. These characteristics are consistent with those
of ASCTI. The most striking difference in the substrate
specificity for the uptake of L-[>H] serine between neurons
and astrocytes was that L-methionine, glycine, L-glutamine,
L-leucine, and L-isoleucine weakly inhibited the uptake of
L-[>H] serine in astrocytes, which resembled the profile of
ASCT2.

It has been ascertained that both ASCT! and ASCT2
behave as electroneutral transporters which mediate a Na™-
dependent obligatory exchange of a substrate (Zerangue and
Kavanaugh, 1996). High concentrations of L-serine can be
observed in astrocytes (Verleysdonk and Hamprecht, 2000;
Yasuda et al., 2001) and may serve as a counter substrate for
exchange with extracellular presence of neutral amino acid
ASCT substrates. In addition, L-serine fluxes are coupled
to counter movement of L-glutamine or D-serine through
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Fig. 8. Regional distribution of ASCT1 mRNA expression in rat brain. (A, B) High-stringency Northern blot analysis with total RNA (30 pg) from the
indicated regions of rat brain was hybridized with a “2P-labeled DNA probe for rat ASCT1 cDNA as described under Section 2. Hybridization with a
GAPDH cDNA probe was used as a control. The positions of the molecular size are shown on the left, (C) The intensity of hybridized bands (5.2kb
mRNA) in “A™ and “B” were densitometrically quantified The expression level of ASCT1 mRNA was normalized to that of GAPDI mRNA in each
region. The maximum expression in the striatum was set as 100%. The values are shown as the mean == S.E.M. of three independent experiments,
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