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General I ntroduction

High-affinity Nat-dependent glutamate transporters play important physiologica
rolesin various mammalian tissues and cells. Several distinct glutamate trangporters,
GLAST', GLT-1, EAAC1, EAAT4, and EAAT5 have been cloned and their
el ectrophyd ologica and pharmacol ogical properties have been characterized (Storck et
al., 1992; Pines et al., 1992; Kana and Hediger, 1992; Farman et al., 1995; Arriza et
al., 1997). The trangporters display 30-50% amino acid sequence similarity and a most
identica hydrophobicity profiles, suggesting that their functiona properties are based

on similar structura traits. The uptake of glutamate is driven by the € ectrochemical
gradients of Na*, K*, and H* or OH" across the plasma membrane (Bouvier et al.,

1992) and is an dectrogenic process (Roskoski et al., 1981; Inaba and Maede, 1984;

Bouvier et al., 1992). Recent progress has demondrated that these trangporters

function as Cl~ channels in addition to be ng co-transporter (Wadiche et al., 1995). The

ClI- flux is activated by glutamate, but is not coupled to the trangport of the subgrates

(Farman et al., 1995).

In the centra nervous sysem, these trangporters are highly differentialy localized
and participate in glutamate uptake into glia or neuronal cells to terminate excitatory
neurotransmission (Nicholls and Attwel, 1990). In particular, glia trangporters
GLAST and GLT-1 play criticd roles to maintain the extracellular glutamate
concentration a the submicromolar leve, thereby preventing accumulation of
glutamate in the synaptic cleft, which causes overstimulation of the receptors and
subsequent neurodegeneration. Dydunction of glutamate trangporters has been

considered to be involved in the pathogenesis of neurodegenerative diseases such as

. Abbreviations used are: GLAST, glutamate/aspartat etransporter; GLT-1, glutamate transporter-1; EAAC1, exdtaory amino add
carie 1; EAAT4 and -5, exdtaory amino add transporter 4 and -5, respective y.
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amyotrophic lateral sclerods (Lin et al., 1998; Trotti et al., 1998), Alzheimer'sdisease,
trauma, and ischemia (Trotti et al., 1998). Selective depl eti on of glutamate trangporters,
paticularly glid trangporters GLAST and GLT-1, by chronic administration of
antisense oligonucleotides in living rats led to the appearance of neurological
symptoms including seizures and progressive limb weakness (Rothstein et al., 1996).
In peripherd tissues, glutamate trangporters are beieved to have pivota functions in
epithelia trangport and absorption of acidic amino acids, glutamate, and aspartate
(Schneider et al., 1980; Rgendran et al., 1987; Heinz et al., 1988), and in modul ati on
of glutathi one synthesis (Deneke et al., 1987). EAACL is presumed to be atrangporter
in the epitheia of the intestine and kidney, because its transcripts were identified in
those peripherd tissues as well as in neurons (Kana and Hediger, 1992). However,
physiologica and pathologica functions of other transporter isoforms in periphera

ti ssues have not been wdll characterized.

| have been interested in the structure, function, and regul ation of expression of
the red cell glutamate trangporter in dogs. Canine red cells possess a high affinity Nat-
and K*-dependent L-glutamate and L-aspartate trangport sysem (Inaba and M aede,
1984), in contrast to the fact that most mammalian red cells are impermeable to these

acidic amino acids (Y oung and Ellory, 1977). Dogsusudly have red cells with low K+

and high Nat concentrations (LK red cells) because they lose red cell NaK-ATPase

during reticulocyte maturation (Maede and Inaba, 1985; Inaba and Maede, 1986).

However, some Japanese Shiba and mongrel dogs have HK red cells with high Na K-
ATPase activity, resulting in high K* and low Na" concentrations, and this HK
phenotype is inherited in an autosoma recess ve manner (Maede et al., 1983). HK red

cells show accderated Nat/K*-dependent glutamate/aspartate uptake due to an

increased concentration gradient of Nat and Kt across the plasmamembrane, leading
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to marked accumul ations of intracellular glutamate, aspartate, and glutamine (M aede et
al., 1983; Inaba and Maede, 1984). The increased concentration of glutamate further
results in an eevated levd of reduced glutathione and affects the redox state and
protection against oxidative stress of the red cell (Maede et al., 1989). Interestingly,
these breeds ds0 include dogs characterized by reduced (Fujise et al., 1993) and
nondetectable (K. Sato, M., Inaba, and Y. Maede, unpublished observation, Oct. 1991)
red cell glutamate trangport, generating variant HK cells without accumulation of
glutathione. Their red cells were readily accessible to oxidants such as acetyl phenyl
hydrazine and generated Heinz bodies much more than normal HK cells or even LK
red cellsdid (K. Sato, M. Inaba, and K. Kagota, unpublished observation, Apr. 1999).
Such a hereditary defect of the glutamate trangporter in mammals has never been
described, dthough several pathologica studieson mice lacking glutamate transporters
due to gene disruption have been reported (Tanaka et al., 1997; Harada et al., 1998).
The observations in the dogs suggested that the functions of the glutamate trangporters
contributed to protect cellular contents from oxidative damage in periphera tissues.
Moreover, recent studies have suggested a direct link between oxidation and
neurodegeneration based on the vulnerability to biological oxidants and posgble
involvement of an SH-based redox regulatory mechanian of glutamate trangporters
including GLAST and GLT-1 (Trotti et al., 1998). Defining the molecular basis that
underlies the trangport deficiency in canine red cells may fecilitate our understanding
of the regul atory mechanisnsfor expression of, and the physiologica and pathologica
roles of the glutamate trangporter in various tissues, including the brain. The purpose
of the present study is to precisely define the glutamate trangporter in caninered cells,
thereby clarifying the underlying cause for the hereditary deficiency of the trangport. In
Chapter 1, stoichiometric and pharmacol ogic properties of Na'-dependent glutamate
trangport in caninered cells wereinvesigated extensively. In Chapter 2, caninered cell
trangporter was identified by PCR-based cloning of several different transporter

subtypes, functiona analysis of the isolated clones in Xenopus oocyte expression
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sysem, and immunologica identification. Based on the findings on mol ecul ar features
of the red cell glutamate trangporter, molecula basis for the inherited defects of the
trangport found in afamily of dogs that led to decreased levd of red cell glutathione

and ahigh suscepti bility to oxidative stress of red cell swas invedigated in Chapter 3.



Chapter 1

Characterization of Glutamate Transport in CanineRed Cdls



I ntr oduction

A high affinity glutamate transport system, designated as sysem X', has been
found in avariety of tissues and cells (Kanner and Sharon, 1978; Sips et al., 1982;
Rgendran et al., 1987; Heinz et al., 1988; Hodtzli et al., 1990; Nicholls and Attwdll,
1990; Kanner et al., 1993). The trangporter plays important physiologica roles such as
termination of neurotransmission in the centra nervous sysem (Nicholls and Attwell,
1990) and absorption of acidic amino acidsin smal intestine (Rgendran et al., 1987)
and kidney (Heinz et al., 1988). Five different Na'-dependent glutamate transporters
have been cloned in brain (Storck et al., 1992; Pines et al., 1992; Farman et al., 1995) ,
intestine (Kanai and Hediger, 1992) or retina(Arriza et al., 1997). Although they are
very similar in primary structure, their ti ssue distri butions are quite different from each
other (Storck et al., 1992; Pines et al., 1992; Kanai and Hediger, 1992; Farman et al.,

1995; Arriza et al., 1997).

Canine red cells posseess an Na'-dependent d ectrogenic trangport sysem for L-
glutamate and L-aspartate (Inaba and M aede, 1984) in contrast to that most mammalian
red cells are impermeable to these acidic amino acids (Young and Ellory, 1977). Red
cells with high K* and low Na' concentrations (HK cells) incorporate these amino
acids more actively than LK cells with low K* and high Na" concentrations because of
the increased Na" gradient across the plasma membrane, resulting in accumul aion of
glutamate, and, consequently, in an increased concentration of glutathione (Maede et
al., 1983). Therefore, in canine red cells, the transporter serves to supply glutamate as
the subdgrate for production of glutathione to protect the cells from oxidative stress

(Maede et al., 1983).

These trangorters showed similar characteristics in their Na'-dependence,
affinities to the subgrates and d ectrogenicity (Inaba and Maede, 1984). However, the
stoichiometry of ion coupling, that is, what kind of and how many ions are involved in

the dectrogenic pathway, has not been precisey determined. Bouvier et al. (1992)
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demongrated a unique complicated stoichiometry of glutamate trangport in salamander
retinal glia cells that was coupled to OH (or HCO,') counter trangport in addition to
cotransport of two Na'" ions and counter transport of one K* ion. The purpose of the
study in Chapter 1 was to evaluate if such complicated stoichiometry exids in the
mammalian glutamate trangoort sysem and to ducidate which subtype of bran
trangporters displays characteristi cs of glutamate trangport in caninered cells. Here, the
ioni ¢ dependence of cations (Na" and K*) and variousanions and substrate specificity

of caninered cell glutamate trangport sysem were invesigated.



Materialsand Methods

Chemicals  The sources of chemicals were as foll ows. L-[3,4-*H]Glutamic acid
(49 Ci/mmol) was from NEN Life Science Products (Boston, MA, U.SA.). L-Glutamic
acid, D-glutamic acid, L-aspartic acid, D-aspartic acid and acetazolamide from Wako
Pure Chemical Industries (Osaka Japan), threo-3-hydroxyaspartate from Tocris
Neuramine (Bristol, United Kingdom), dihydrokainate (2-carboxy-4-isopropyl-3-
pyrrolidine acetic acid, DHK), DL-a-aminoadipic acid, L-cysteinesulfinic acid,
phenylmethylsulfonyl fluoride (PMSF) and vainomycin from Sigma (St. Louis MO,
U.SA.), and 44'-diisothiocyanogilbene-2-2'-disulfonic acid (DIDS) from Daojin
Laboratories (Kumamoto, Japan). All other chemicas were of the purest grade

available.

Preparation of red cell sugppenson  Preparation of red cell sugpenson was
carried out as previoudy described with some modification (Inaba and Maede, 1984).
Heparinized venous blood from HK or LK dogs was washed three times at 4°C with an
incubation medium containing 150 mM NaCl, 1 mM MgCl,, 5 mM D-glucose, 0.1%
(w/v) bovine serum dbumin (BSA) and 10 mM 3-(N-morpholino)propanesul fonic acid
(Mop9)/Tris(pH 7.4). When Na" dependence and substrate specificitieswere examined,
the incubation medium a o contained 5 mM KCl. The washed cells were resuspended

in the same medium to yield ahematocrit va ue of 20 %.

Preparation of the resealed ghosts  Resealed ghosts were prepared according to
the procedure of Klonk and Deuticke (Klonk and Deuticke, 1992). Heparinized venous
blood from LK dogs was centrifuged at 1,000 x g for 5 min and plasmaand buffy coat
cells wereremoved by aspiration. The cells were washed three times with Na'-K™ free
phosphate buffer (150 mM choline chloride, 1 mM MgCl,, and 10 mM
orthophosphoric acid/ Tris(pH7.4)) a 4°C. The lag centrifugation was done a 2,000 x
g for 10 min and supernatant was sufficiently removed. One volume of packed cells

was lysed in 40 volumes of the hypotonic buffer (5 mM orthophosphoric acid/Tris
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(pH7.4), 1 MM MgCl,, 0.8 mM PMSF) with stirring for 10 min on ice. Unseded
ghosts were pelleted by centrifugations a 15,000 x g for 20 min. One volume of
unsed ed ghosts were dil uted with an equal volume of hypotonic buffer foll owed by the
addition of 0.5 volumes of 5x recongitution buffer containing 750 mM KCI or choline
chloride, 100 mM MopgTris (pH7.4) with gentle stirring on ice for 10 min. The
internal K* concentration was changed by a combination of the reconditution buffers
(see figure legends for details). This mixture was incubated for 45 min at 37°C and
centrifuged for 5 min a 15,000 x g. The supernatant was thoroughly removed and

resealed ghosts were obtained as pink pe lets

Measurement of L-glutamate transport  L-Glutamate uptake was measured as
previoudy described (Inaba and Maede, 1984). Briefly, 100 ul of the incubation
medium containing 1-5 puCi/ml L-[*H] glutamate was added to 100 pl of the red cell
sugpens on and incubated at 37°C for the indicated periods Structurd analogues of L-
glutamate were added at 25 uM, when present. Incubation was stopped by the addition
of 1 ml of ice-cold incubation medium and the cells were washed with the same buffer
by repeated centrifugation (15,000 x g, 10 sec). After the final wash, cells were lysed
by the addition of 200 pl of 0.5% (v/v) Triton X-100 followed by the addition of 200
pl of 5% (w/v) trichloroacetic acid and centrifuged (15,000 x g, 3 min). The resulting
200-ul supernatants were counted for radioactivity using the solid scintillant Ready

Cap (Beckman, Fullerton, CA, U.SA.). The resultswere expressed as nmol es/ml cells.

When the internd anions were replaced, 100 pl of HK cell sugpendon was
prepared as described above. The cells were washed three times with the medium
containing 150 mM NaX (X = Cl, Br, F, I) or 25 mM NaHCO,/5% CO,+125 mM
NaCl, 5 mM KCI, 1 mM MgCl,, 5 mM D-glucose, 0.1% BSA, 10 mM MopgTris
(pH7.4), a 4°C and placed a room temperature (22°C) for 5 min to load the cells with
each anion via an anion exchanger (band 3). Fifty microliters of the supernatant were

removed from the cell sugpendons after rgpid centrifugation (15,000 x g, 10 sec) and



resuspended cells were preincubated a 37°C for 1 min. Uptake of L-glutamate was
measured a 37°C for 1 min by the addition of 250 pl of medium containing 150 mM
Na gluconate, 5 mM KCI, 1 mM MqgCl,, 5 mM D-glucose, 0.1% BSA, 10 mM
MopgTris (pH7.4), 6 uM L-[*H]glutamate, 6 M vainomycin and 12 uM DIDS.
Movement of anions was diminished by DIDS, which is specific inhibitor for band 3
(Cabantchik et al., 1978). Vdionomycin was a0 added to abolish the effect of
membrane potential, which is dtered when anion exchange is inhibited (Payne et al.,
1990). Thus, 125 mM Na gluconate, 25 mM Na sdts of loaded anions 5 pM L-
[*H]glutamate and vainomycin, and 10 uM DIDS were present outside the cellsin this
sysem. To assess the effect of externd anion subgtitution, the cells were sugpended in
the medium containing 150 mM NaCl, 5 mM KCl, 1 mM MgCl,, 5 mM D-glucose,
0.1% BSA, 10 mM MopgTris (pH7.4), with an Hct vaue of 20%. The L-glutamate
uptake was measured at 37°C for 1 min in medium containing 150 mM NaX (X = Cl,
Br, F, 1) or 25 mM NaHCO,/5% CO,+125 mM NaCl using the same procedure as

interna anion subgitution.

When L-glutamate uptake in resealed ghosts was measured, 190 pl of medium
containing 150 mM NaCl, 20 mM Mopg Tris(pH7.4), and 1-5 pCi/ml L-glutamate was
added to 10 pl of resealed ghosts. After the incubation, the resealed ghosts were
washed with the ice-col d medium three times by centrifugation a 15,000 x g for 30 sec.
A hundred microliter each of 0.5% Triton X-100 and 5% trichloroacetic acid were
added and centrifuged and the resulting supernatant was used for counting
radi oactivity. The results were expressed as nmol es/mg protein. The protein contents
of the resealed ghosts were determined by the method of Bradford (1976) with bovine
serum abumin as the standard. To determine the membrane protein contents of the
resealed ghosts, hemoglobin-depleted ghosts were prepared from the resealed ones by
hypotoni c lysis and washing (Inaba and M aede, 1986).

The efflux of L-glutamate was measured in the LK cells pre oaded with 40 nM (2
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UCi/ml) L-[*H] glutamate at 37°C for 30 min in medium containing 150 mM NaCl, 5
mM KCl, 1 mM MgCl,, 5 mM D-glucose, 0.1% BSA and 10 mM MopdTris (pH7.4).
The loaded cells were washed three times with the ice-cold efflux medium containing
NaCl and/or KCI (NaCl + KCI = 150 mM), 5 mM KCl, 1 mM MgCl,, 5 mM D-glucose,
0.1% BSA, 10 mM MopgTris (pH7.4), Fifty-microliters of the cell sugpenson (Hct =
20%) were added to 1 ml of the same effl ux medium. After incubation for the indicated
period a 37°C, the radioactivity of L-[*H]glutamate retained in the cells was
determined as described above. The efflux was expressed as a percentage of the

retained radioactivity at timeO.
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Results

The ionic dependence of L-glutamate trangport in canine red cells was
invedigated in intact cells and resealed ghosts. The dependence on externd Na“ was
determined in LK cells to minimize the association of the K* gradient (Fig. 1). The
sigmoida dependence on the Na' concentration suggested that multiple Na' ions were
involved in the trangport process. Andysis by Hill's equation showed a Hill coefficient
of 2.01 and hdf activation a 71 mM [Na,, (Fig. 1, inset), indicating that two Na’

ions were invol ved in the trangport process.

Fig. 2 shows that high-affinity Na'-dependent L-glutamate trangport was

recongituted in the resealed ghosts that contained K* as the interna cation. However,
when interna K* was replaced by choline, L-glutamate uptake was totaly abolished
(Fig. 2). Thus, it was demongrated that not only externa Na" but dso interna K* was
required for the L-glutamate trangport, as demondrated for the trangporter in rat brain
(Kanner and Sharon, 1978; Pines et al., 1992). We surveyed the dependence of the
uptake on the interna K* concentration and K* gradient in resealed ghosts (Fig. 3).
Externd K™ inhibited L-glutamate transport according to its concentration, suggesting
that the outward gradient of K™ gradient facilitated the uptake. Thisis consistent with
the model in which the efflux of K* was coupled to L-glutamate influx. Kinetic
analysis showed that the dependence on internd K™ fit to a simple MichadisMenten
equation, equivaent to Hill's model with a Hill coefficient of 1.0, with a K, v ue of
23 mM and a V,,, of 0.41 nmoles/mg protein per 10 min under conditions in which
[Na],, = 100 mM, [K™],,, = 0 and [L-glutamate] , = 5 uM (Fig. 3A and 3B). The first-
order dependence of glutamate uptake suggested that one K* ion was involved in the

transport process.
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Figure 1. The dependence on the external Na* of L-glutamate transport in
canine red cells. Uptake of 5 uM L-[3H]glutamate (1 xCi/ml) was measured at
37°C for 2 min in medium containing x mM NaCl (x = 0-150) and 150-x mM
choline chloride. Data were expressed as mean values of experiments in duplicate.
Linear transformation of data expressed as the Hill’s equation is shown in the
set.
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Figure 2. The requirement of Na* and K+ in L-glutamate transport. Resealed
ghosts were loaded with 150 mM KCI (O, @) or 150 mM choline chloride ([,
M ). Uptake of 5 uM L-[3H]glutamate (2 uCi/ml) was measured at 37°C for the
indicated periods in medium containing 150 mM NaCl (O, [J) or choline chloride
(@, M). Data are expressed as mean values of experiments in duplicate.
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Figure 3. The dependence on the internal K+ of L-glutamate transport in
resealed ghosts. Resealed ghosts were loaded with x mM KCI (x = 0-100) and
150-x mM choline chloride. Uptake of 5 uM L-[3H]glutamate (2 pCi/ml) (A) was

measured at 37°C for 10 min in medium containing 100 mM NaCl, 0 (O) or 25

mM (@) or 50 mM () KCI (50 mM, 25 mM and O choline chloride were added,
respectively). Data are expressed as mean + S.D. of experiments in triplicate and
linearized by Lineweaver-Burk plot (B) with the data of [K+]out=0.



The dependence on the externa L-glutamate concentration was a 0 described by
aMichaeisMenten equation witha K, vdueof 7.2 uM and aV , of 1.89 nmoles/mg
protein per 10 min ([N&a],, = 100 mM, [K*],, = 0). This first-order dependence
suggestedthat one L-glutamate was associated with the trangport cycle (Fig. 4). When
the externad K* concentration was raised to 50 mM ([N&],,, = 100 mM), the V _, vaue
decreased to 0.57 nmoles/ml cells per 10 min without a significant change of the K,
vaue (12.1 uM), indicating that the inhibition by externd K* (Fig. 3 and Fig. 4) was

not caused by a change of affinity to L-glutamate.

Fig. 5 shows the efflux of L-glutamate from canine red cells. Approximately 90%
of L-glutamate within the cells was retained even after 2 h incubati on when the inward
Na" and outward K* gradients were present ([Na],, = 150 mM and [K™],, = 0).
However, retaned L-glutamate was markedly decreased when the extracellular
concentrations of Na” and K* were changed to 100 mM or less and 50 mM or more,
respectively, which were sufficient to reverse the gradient directi onsof these cationsin
LK cells (Maede et al., 1983). These results suggested that L-glutamate can be
transported by the transporter in the opposite direction using reverse gradients of Na'

and K" as the driving forces This could be the cause of the gpparent inhibition of the

trangoort by external K* described above.

These resultsshowed that Na” and K* are completely coupl ed to L-glutamate transport,
and that two Na" and aK™ are involved in each trangport cycle. This stoichiometry is
el ectroneutral while the trangport process is considered to be € ectrogenic in intact cells
(Inaba and Maede, 1984) and resealed ghosts. Therefore, the effect was examined for
replacement of intracellular or extracellular Cl” by several other anions Extracellular
HCQO," (added as 15 mM NaHCO,/5% CO,) increased the uptake by 20% as shown in
Fig. 6. This effect of extracellular HCO;™ disappeared in the presence of acetazolamide,
acarbonic anhydrase inhibitor, athough acetazolamide itself did not change the uptake

in the CI" medium (Fig. 6). When the uptake was measured in the presence of DIDS
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and vainomycin, some halides increased the L-glutamate uptakein the order F > Br >
ClI" = I" despite their intra and extracellular distribution (Fig. 7). Under the same

condition, the cells loaded with 25 mM HCO, showed an incresse in trangport of L-

glutamate by 55% that was as intensive as F-loaded cells, whereasthe addition of 25
mM HCO; outside the cells did not affect the uptake. These resultsdemongrated that

HCQO," accumul ated inside the red cells facilitated L-glutamate trangport.

Several structura derivatives of L-glutamate were tesed for their inhibitory
effects on glutamate uptake into red cells. Cross-inhibition analysis reveded that the
canine red cell L-glutamate trangport sysem was highly sensitive to threo-3-
hydroxyaspartate and L-cysteinesulfinate as well as to L- and D-aspartate (Fig. 8).
threo-3-Hydroxyaspartate is a potent inhibitor of the transporter in rat brain (Storck et

al.,, 1992) and L-cysteinesulfinate is another candidate for physiologica subdrate

(Recasens et al., 1982). In contrast, the use of dihydrokainate and DL-o-aminoadi pate,
both of which suppressed glid uptake by 70-90% (Pines et al., 1992), resulted in no

obvious inhibition in the red cells. Dihydrokai nate and L-cysteine poorly inhibited the

glutamate trangport in caninered cells.
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Figure 4. Effect of the external K+ and L-glutamate concentration on the
uptake of L-glutamate in resealed ghosts. Resealed ghosts were loaded with 100
mM KCI, 50 mM choline chloride. Uptake of L-[3H]glutamate (1-5 xCi/ml) by the
resealed ghosts (A) was measured at 37°C for 10 min in medium containing 100

mM NaCl, 50 mM KCI (@)or choline chloride () and various concentration of
L-glutamate. Data are expressed as mean + S.D. of determinations in triplicate and
linearized by Lineweaver-Burk plot (B).
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Figure 5. The efflux of L-glutamate from canine red cells. LK red cells were
loaded with 40 nM L-[3H]glutamate (2 xCi/ml) in medium containing 150 mM
NaCl at 37°C for 30 min. Percentage of the retained L-[3H]glutamate were
measured after incubation of the L-[3H]glutamate loaded cells for the indicated
periods at 37°C in medium containing 150 mM NaCl (O), 100 mM NaCl + 50

mM KCI (@), 50 mM NaCl + 100 mM KCI ([J) and 150 mM KCI (H). Data are
expressed as mean + S.D. of determinations in duplicate.
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Figure 6. Effect of HCO;/CO, buffer on L-glutamate transport in canine red

cells. Uptake of 5 uM L-[3H]glutamate (1 pCi/ml) was measured at 37°C for 1 min
in medium containing 150 mM NaCl or 135 mM NaCl + 15 mM NaHCO3/5%

CO, with or without 1 mM acetazolamide (ACZ). Data are expressed as mean +
S.D. (n=7, **P < 0.01, t-test compared with the uptake value in Cl- without ACZ).



Relative uptake

Cl- F- Br - |- HCOs

Figure 7. Effects of diverse anions on L-glutamate transport in canine red cells.
HK red cells were loaded with diverse anions by incubation at 22°C for 5 min in
medium containing 150 mM NaX (X = Cl, F, Br, I) or 125 mM NaCl+25 mM
NaHCO5/5% CO,. Uptake of 5 uM L-[3H]glutamate (1 pCi/ml) was measured at
37°C for 1 min in medium containing 150 mM Na gluconate in the presence of 10
uM DIDS and 5 uM valinomycin. Data are expressed as mean+S.D. of the relative
uptake (CI- = 1.0, n = 3, *P < 0.05, **P < 0.01, r-test compared with the uptake

value in CI").



120

o
el
c 1
000
o
[T
5 80
D
S 60
©
il
s
040
]
©
E 20
e
=
S 9
N @ @ Q@ @ @ 2@ 0 o @
SFEFFFIFTE LS
F &§ &§ F & & & K29
o & & F F &F 5§ s L LEE
anheecf*@q’@"o
~N N 3 OO,
o 0 FT JF S5 gFssFoe
V9Y e eTE
S & & J
S & ¢
S O Vv
AR Q
ed
N
N

Figure 8. Cross-inhibition of L-glutamate transport in canine red cells by
structural analogues. Uptake of 5 uM L-[3H]glutamate (1 pCi/ml) was measured
with HK cells at 37°C for 5 min in medium containing 25 M of each analogue
unless otherwise stated. Data are expressed as mean = S.D. of determination in
triplicate.



Discussion

This study demondrated that high-affinity L-glutamate trangport in canine red
cells is coupl ed to cotransport of two Na'" ions and countertransport of one K™ ion (Figs.
1 and 3). Since the trangport processis dectrogenic as reported previoudy (Inaba and
Maede, 1984), the stoichiometry should require additional movement of other cation(s)
such as H* or anion(s). Bouvier & al. (1992) have proposed, based on several
e ectrophysologica invedigations in sdlamander retinal glid cells (Barbour et al.,
1988), the stoichiometry involving cotransport of two Na' ions and countertransport of
one K" ion and one pH changing anion for one glutamate. According to the anion
involved in the trangport of L-glutamate, they suggested that OH' is the main anion
trangported and that occasionally HCO;™ is trangported in vivo because they did not
observe a significant decrease of pH due to L-glutamate movement across the
membrane of the cells in which carbonic anhydrase was blocked (Bouvier e al., 1992).
Direct measurement of uptake in the present study demondrated that the trangport was
enhanced by HCO, a physiologicd concentrations (15-25 mM NaHCO,/5% CO,).
This increase was diminished by acetazolamide, a potent inhibitor of carbonic
anhydrase, suggesting astimulating effect of HCO, accumul ated within the cells (Fig.
6). The effect of HCO,” was more evident when the major trangport sysem for HCO,
in red cells, band 3 (Cabantchik et al., 1978), was blocked with DIDS &fter partia
subgitution of HCO;" for internal anions (Fig. 7). These results indicated that L-
glutamate transport in caninered cells was stimulated in the presence of internd HCO;
as the subdrate anion. However, L-glutamate uptake was not disturbed by HCO;
deprivation in resealed ghosts (Figs. 3 and 4) or in red cells sugpended in medium
degassed and equilibrated with N, (data not shown), indicating that a major basal
fraction of the L-glutamate uptake was linked to movement of anionsother than HCO,,
such as OH.. It is most likely, therefore, that glutamate trangporter in canine red cells

has the stoichiometry in which the trangport of one glutamate is accompanied by two
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Na'" ions and by the countertrangport of one K* ion and one anion (OH or HCO,) asin
sdamander glid cells (Bouvier et al., 1992). Although F and Br increased the L-
glutamate uptake, it is unlikely that these hdides, including ClI" and I, were coupled to
the trangport, since both the external and interna replacements exhibited the same
effect to a similar extent (Fig. 7). In fact, strong stimulation of glutamate-dependent
current by these halides was not coupl ed to the trangport process and these anionswere
trangported by glutamate-gated anion channd intrinsic to glutamate transporters
(Wadiche et al., 1995). Thus, only HCO,” was the possble subsrate to couple with

glutamate trangport activity in caninered cells.

Possibl e regul ation of the trangport by HCO, would occur in a variety of tissues
depending on their metabolic state, including CO, production and its converson to
HCQO,". In particul ar, in tissues and cells exposed to rdl &ively high level of O, and CO,,
enhancement of L-glutamate uptake by HCO,” may be helpful to protect the contents
from oxidative damage in response to O, consumption and CO, production. The
increase of intracellul ar L-glutamate has been shown to stimulate glutathi one synthesis
in endothdid cells (Barbour et al., 1988) and canine red cells (Maede et al., 1983) by
rdeasing the feedback inhibition of y-glutamylcysteine synthetase by glutathione

(Maede et al., 1983). In normal (LK) canine red cells, L-glutamate is not accumul ated

as in HK cells because the intracellular Na® and K* reverse to col lgpse the inward Na'
and outward K* gradients due to complete loss of NaK-ATPase during reticul ocyte
maturation (Inaba and Maede, 1986). In this stage, the L-glutamate transport sysem
will excrete excessL-glutamate and L-aspartate since trangport in the reverse direction

seems to occur (Fig. 5). Thus, the Na and K*-dependent L-glutamate trangport sysem

in canine red cells plays a role in regulation of these amino acids and glutathione
contents at the maturational stage from reticul ocyte to red cell. Moreover, in other
tissues and cells, the dependence of L-glutamate trangport on Na', K*, and HCO,” may

be important because such ioni c environmentsare closely rel ated to energy metabolism
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and respiration.

The canine red cell L-glutamate trangport sysem a so showed subsrate specificity
(Fig. 8) that was similar to those of several distinct glutamate trangporters identified
cloning strategies (Pines et al., 1992; Storck et al., 1992; Kana and Hediger, 1992).
The red cell trangort sysem, however, showed a rather low sensitivity to
dihydrokainate and DL-a-aminoadipate, which potently inhibited a glia trangporter
GLT-1 (Pines et al., 1992) but not a neuronal one (Kanai and Hediger, 1992). The
neuronal trangporter, EAAC1, was origindly cloned in rabbit intestine and was shown
to be distributed to many tissues including brain, intestine, kidney, liver and heart
(Kana and Hediger, 1992). Although ubiquitous expression of EAAC1 would suppose
that EAAC1-type trangporter is eicited in canine red cells, it is incons gent with that
L-cysteine, which is asdective inhibitor of human EAAC1 (Zerangue and Kavanaugh,
1996) , lacked inhibitory effect on red cell glutamate uptake (Fig. 8). Based on these
observations, it is most likely that a glid glutamate trangporter GLAST (Chaudhry et
al., 1995; Lehre et al., 1995) would be the glutamate trangporter in canine red cells.
However, there has been no report on the exigence of this subtype of glutamate
trangoorter in periphera tissues other than the centrd nervous sygem. Genetic
identification is required to precisely determine mol ecul ar nature of the caninered cell

glutamate trangporter.
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Chapter 2

Identification of Glutamate Transporter in CanineRed Cells
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I ntr oduction

Glutamate trangoorter gene family consists of GLAST, GLT-1, EAACL, EAAT4,
and EAATS (Storck et al., 1992; Pines et al., 1992; Kana and Hediger, 1992; Fairman
et al., 1995; Arriza et al., 1997). The first four subtypes are principa ly locdized to the
centrd nervous sysem and the lagt one is rather restricted to the retina. In the brain,
glutamate trangporters are highly differentidly distributed, that is, GLAST and GLT-1
are specific to glid cells (Pines et al., 1992; Chaudhry et al., 1995; Lehreet al., 1995),
and EAAC1 and EAAT4 are found in neurons (Kanai and Hediger, 1992; Fairman et

al., 1995).

The findings in Chapter 1 have demondrated that Na'-dependent glutamate
trangoorter in canine red cells has functional properties representing those of the
trangporters in the brain. Based on its pharmacol ogical characteristics, it appeared most
likely that canine red cell glutamate trangporter was GLAST as discussed in the
preceding Chapter. In this Chapter, isolation and identification of the cDNA were
conducted to unambiguously define the molecular nature of the red cell glutamate
trangporter. First, canine brain and bone marrow cDNAs were subjected to PCR-based
cloning of cDNA clones for GLAST, GLT-1, EAAC1, and EAAT4, assuming that the
brain and erythroid cells share one of those trangporter subtypes. Then, kinetic and
pharmacol ogical characterization of canine counterparts in Xenopus oocyte expression
sysem and determination of tissue distribution of their transcripts were performed to
elucidate the molecular feature of red cell trangorter, followed by verification by

immunologica detection and identifi cation of the trangporter protein.
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Materialsand Methods

Dogs Some pure Shiba, Beagle and Jgpanese mongrel dogs were used. These
dogs were clinicdly healthy and hematological parameters of their red cells were

within reference ranges

Isolation of RNA and DNA, reverse transcription, and PCR  Methods for
isolation of tota RNA, poly(A)+ RNA, and genomic DNA, reverse transcription, PCR,
and cloning of PCR products were as described in previoudy (Inaba et al., 1996).
RNAs were treated with DNase 1. DNA sequencing was carried out using a Thermo
Sequenase fluorescent labeled primer cycle sequencing kit with 7-deaza-dGTP
(Amersham Pharmacia Biotech, Bucki nghamshire, United Kingdom) on an automated
DNA sequencer ALF express (Amersham Pharmacia Biotech, Uppsala, Sweden), or
using a BigDye primer or terminator cycle sequencing kit (Perkin-Elmer Applied

Biosystems Foger City, CA, U.SA.) on a377A DNA sequencer.

PCR amplification of cDNA fragments of glutamate transporters  To obtain
patid cDNA sequences of canine trangporter subtypes, cONAs from the brain were
amplified using degenerate primers designed according to the sequences of previoudy
identified clones including rat GLAST (Storck et al., 1992), rat GLT-1 (Pines et al.,
1992), rabbit EAAC1 (Kana and Hediger, 1992), and human EAAT4 (Farman et al.,
1995).

Poly(A)* RNA from canine forebrain cortex was reverse-transcribed using

oligo(dT)12-18 primers and SuperScript Il reverse transcriptase (Life Technologies,
Rockville, MD, U.SA.) and amplified with PCR to detect cDNA fragments of GLAST,
GLT-1, EAACI, and EAATA4. Primer pars used were as follows: GLAST, 5-ACC
AC(CIT) ATC ATT GCT GTG GTG-3 and 5-GC(A/G) GTC CCA TCC ATG TTA
ATG-3, corregponding to nt 388-408 and nt 1,208-1,188 of rat GLAST, respectively
(Storck et al., 1992); GLT-1,5- CTG GAT GCT AAG GCT AGT GGC CGC-3' and
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5-GC(A/G) GTC CCA TCCATG TTA ATG-3, corresponding to nt 322-345 and nt
1,202-1,183 of rat GLT-1, respectively (Pines et al., 1992); EAACL, 5-GG(A/C/G/T)
GAA ATC CTG ATG AGG ATG CTG-3 and 5-GC(A/G) GTC CCA TCC ATG
TTA ATG-3', corresponding to nt 165-188 and nt 1,111-1,092 of rabbit EAACL,
respectively (Kana and Hediger, 1992); and EAAT4, 5-GG(A/C/G/IT) GAA ATC
CTG ATG AGG ATG CTG-3 and 5-GGG GAA GGG GTT CCG GTG AGT GAC-
3', corresponding to nt 277-300 and nt 1,116-1,093 of human EAATA4, respectively
(Farman et al., 1995). PCR-amplified fragments were cloned into pCR2.1 by the TA
cloning method (Invitrogen, San Diego, CA, U.SA.) and sequenced. The similarities
of nucl eoti de sequences of each PCR product to rat GLAST, rat GLT-1, rabbit EAAC1

and human EAAT4 were 86.7, 86.6, 88.8, and 93.3%, respectively.

Rapid amplification of cDNA ends (RACE) reactions and constructions of the

plasmid cl ones containing full open reading frames of glutamate transporter subtypes
Adapter-ligated cDNAs were prepared from poly(A)* RNA from the forebrain cortex

of a dog, using a Marathon cDNA Amplification kit (CLONTECH, Pado Alto, CA,
U.SA.) according to the manufacturer's instructions. RA CE reacti ons were performed
using Advantage Klen Taq DNA polymerase (CLONTECH) with the adapter primers
supplied by the manufacturer and gene-specific primers synthesized according to the
sequences of the PCR-amplified cDNA fragments of canine bran glutamate
trangporters obtained as described above. The GLA ST -specific primers for 5'- and 3-
RACE were EAT1p2 (5-TGC CCC CCA ATT ACT CCC ATG TCT TCC-3, nt 938-
912) and EAT1pl (5-ATT GTA CAA GTG ACA GCT GCA GAC GCC-3, nt 481-
507), respectively. Nested primers were EAT1p4 (5-TTT CCC TGC AAT CAGGAA
GAG GAT GCC C-3, nt 900-873) for 5-RACE and EAT1p3 (5-AAA GTG CCC
ATC CAG TCC AAT GAG ACG-3, nt 598-624) for 3-RACE. PCR-amplified
fragments were cloned into pCR2.1, and combined into pSPORTL1 vector (Life

Technologies, Inc., Rockville, MD, U.SA.) to create 5'- and 3'-stretched canine brain
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GLAST cDNA, pcGLAST. A bone marrow GLAST cDNA clone (pcGLASTbm) was
a 0 prepared in the same manner using poly(A)* RNA from bone marrow cells as the
starting materid. The GLAST cDNA fragments containing the coding region in full
length were a0 obtained by PCR using a primer pair of EAT1p5 and EAT1p6 (see
Table 1 and Fig. 9).

Likewise, 5'- and 3'-RACE reactions were performed to isolate and analyze
cDNA clones of other canine brain trangorter subtypes. Findly, cDNA clones
containing full-length coding regions of canine GLT-1 (pcGLT-1), EAAC1
(pcEAACL), and EAAT4 (pcEAATA) were isolated. The sequences and positions of

the primers utilized in cloning of these clones are shown in Table 1 and Fig. 9.

The complete nucleotide sugences of canine GLAST, GLT-1, EAAC1, and
EAAT4 have been submitted to the GenBank™/EBI Daa Bank with accession
numbers AF067847 (canine GLAST cDNA), AF167076 (canine GLT-1 cDNA),
AF107675 (canine EAAC1 cDNA), and AF107677 (canine EAAT4 cDNA).

Expression of canine glutamate transporter in Xenopus oocytes  Oocytes
(stage V-VI) were isolated from Xenopus laevis under ice-cold aneshesia and
defolliculated by treatment with 0.2% collagenase (Type I-A, Sigma, St. Louis MO,
U.SA.)in ND96 (96 mM NaCl, 2 mM KCI, 1 mM MgCl2, 5 mM Hepes/Tris pH7.5).
The oocytes were microinjected with 10-25 ng (in 50 nl) of capped synthetic RNA of
each glutamate trangporter subtype. GLAST RNAs were transcribed from pcGLAST
linearized with Bgl Il immediately downdream of the termination codon using
MEGAscript kit with T7 RNA polymerase and a cap analogue (Ambion, Audin, TX,
U.SA.). GLT-1 and EAAC1 RNAs were prepared from pcGLT-1 and pcEAAC1L
linearized with BamH | within vector sequences, respectively. For EAAT4 RNAS,
Hind 111 site within vector was used for linearization of pcEAAT4. The oocytes were

incubated a 19°C in ND96 containing 1.8 mM CaCl2, 100 unitsml penicillin and 100
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pg/ml streptomycin for 36-72 hr.

RNA analyds by RT-PCR  Totad RNA (10 pg) from canine tissues were reverse
transcribed using oligo(dT)12-18 primers and Super Script 1l reverse transcriptase in a25
pl-reaction. The resultant single-grand cDNA (0.5 pl) was amplified using Tag DNA
polymerase at amplification conditions of denaturation at 94°C for 30 sec, anneding a
65°C for 30 sec and extension a 72°C for 1 min for 30 cycles or 40 cycles in a 25-pl
reaction mixture. Primer pairs used for subtype specific PCR were as follows: EAT1pl
and EAT1p2 for GLAST, EAT2pl and EAT2p2 for GLT-1, EAT3pl and EAT3p2 for
EAACL, and EAT4pl and EAT4p2 for EAAT4. Canine glycerd dehyde 3-phosphate
dehydrogenase (GA3PDH) gene was d <0 amplified as an internd control a the same
conditions for 25 cycles using primers (5-TGC TCC TTC TGC T GAT GCC CCCAT-
3 and 5-TCT GGG TGG CAG TGA TGG CAT GGA-3') prepared according to the
sequencereported by Grone et al (1996). Ten-microlitter diquots of PCR productswere
analyzed on 2% agarose gel. The remaining products were sequenced to confirm the

specificity of the products

Preparation of antibodies to canine GLAST  Multiple antigen peptides were
synthesized using Fmoc solid phase method for the amino acid sequence of carboxyl-
terminal region of canine GLAST (NH2-As-Ser-Vd-lle-Glu-Glu-Asn-Glu-Met-Lys-
Lys-Pro-Tyr-GIn-Leu-COOH; residues 511-525, see Fig. 10) using a peptide
synthesizer (Shimadzu, Kyoto, Jgpan) a Dr. Y. Takakuwas laboratory (Tokyo

Women's Medica University). New Zedand white rabbits were immunized with 100-
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200 pg peptides with Freund's complete adjuvant followed by three successive
immunization with Freund's incomplete adjuvant by 2 week intervas Antisera were
obtained 3 days after intravenous injection of the peptides. Anti-GLAST antibody was
purified on an afinity chromatography media that were prepared by immobilizing
synthetic peptides to N-hydroxysuccinimide-activated HiTrap column (Amersham
Pharmacia Biotech) at the concentration of 1 mg/ml of packed gd. Antibodies bound to
the column were euted with 0.5 M NaCl, 0.1 M glycing/Tris pH2.7 and neutrdized

immediately with Tris

Analyses of membrane proteins Red cell ghosts were prepared as described
(Indba and Maede, 1986). Crude synaptic membranes from bran were prepared
according to Kanner (1978). Membrane proteins were separated by 8% SDS-PAGE.
The GLAST polypeptides were detected by immunoblotting using affinity-purified anti-
GLAST antibodies and ECL chemiluminescence detection sysem (Amersham
Pharmacia Biotech). In some experiments, membrane proteins were solubilized in 2%
(w/v) CHAPS (Dojin Laboratories, Kumamoto, Japan) and kept on ice for 30 min to
induce oligomeri zation of the GLAST proteins that lead to an efficient detection of the
polypeptides with the antibodies After addition of half volume of 3 x Laemmli's sample
buffer, they were concentrated with ultrafiltration unit (Ultrafree MC, 30,000 nomina

mol ecul ar weight limit, Millipore Corp., Bedford, MA, U.SA.).

In vitro translation of canine GLAST  pcGLAST was transcribed and trand ated
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using TNT T7 coupled reticulocyte lysate sysem (Promega Corp., Madison, WI,
U.SA.) with or without canine pancreatic microsomes (Promega) in the presence of
[**S]methionine (EXPRE**S**S; 1,175 Ci/mmol, NEN Life Science Products, Boston,
MA, U.SA.). Trand ated products were analyzed by SDS-PAGE followed by exposure

to Kodak BioMax MR films.

Deglycosylation studies Red cell membranes and crude synaptic membranes
were deglycosylated using peptide:N-glycos dase F (PNGaseF; New England Biol abs,
Beverly, MA, U.SA.). Briefly, the membrane proteins (100-150 pug) were solubilized in
0.5% SDS, 1% B-mercaptoethanol a room temperature for 30 min. After addition of
1/10 volume of 10% Nonidet P-40 and 0.5 M Na phosphate, pH7.5, samples were
incubated with 2,000 U of PNGase F at 37°C for 1 hr. Reactions were stopped by the

addition of Laemmli's sampl e buffer and subjected to SDS-PAGE and immunoblotting.

Glutamate transport assay in red cells and Xenopus oocytes  Uptake of L-
glutamate in canine red cells was measured as previoudy described (Inaba and Maede,
1984).0ocytes injected with synthetic RNA were incubated at 19°C in ND96 medium
containing L-[3,4-*H]glutamate (49 Ci/mmol; NEN Life Science Products) and 1.8 mM
CaCl2 (100 pl/oocyte). After incubation, oocytes were washed three times with
excesd ve amount of ice-chilled ND96 medium. Each oocyte was transferred into a 1.5
ml tube, lyzed in 200 pl of 1% SDS and radi oactivity was determined using ReadyCap

(Beckman, Fullerton, CA, U.SA.). To estimate Na'-independent trangport, NaCl was
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subgtituted by equimolar choline chloride. Under these conditions, the Na'-dependent
component, given by subtraction of the va ues in the absence of Na" from those in the
presence of Na', increased linearly for the initial 5 min. Inhibitor sensitivity of the
trangporter was estimated by determining the trangport activity for 5 UM L-glutamatein
the presence of agppropriate concentrations of various compounds such as L- and D-
glutamate, L- and D-aspartate, L-cysteine (Wako Pure Chemical, Osaka, Jagpan), threo-3-

hydroxyaspartate (THA; Tocris Neuramine, Bristol, UK) and dihydrokainate (Sigma).
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Table 1. Primers used to obtain canine Na‘/K*-dependent glutamate transporter

subtype cDNA clones.

Subtype Primer Sequence Position

GLAST EAT1pl 5-ATTGTACAAGTGACAGCTGCAGACGCC-3' 481—507
EAT1p2 5-TGCCCCCCAATTACTCCCATGTCTTCC-3' 912<-938
EAT1p3 5’-AAAGTGCCCATCCAGTCCAATGAGACG-3’ 598—624
EAT1p4 5-TTTCCCTGCAATCAGGAAGAGGATGCCC-3' 873<-900
EAT1pS 5’-CCCGAACACCCGGGCACAGTCGGCGAAG-3’ -120—-93
EATI1p6 5’-TGTAAAACTAATTTCTTTTCTTTATTG-3’ 3,632<-3,658

GLT-1 EAT2pl 5’-GCCATGGTGTATTACATGTCCACAACCA-3’ 331—358
EAT2p2 5’-CCATCCTTGAACTCCAAGCCCTTCTTG-3’ 663<689
EAT2p3 5’-CTGGCCAGCTCCAAGCACGGGTGCGAG-3’ -74—-48
EAT2p4 5’-AATCAAGAGGTGGTATTAAAAGAGGCACAG-3’  2,731<-2,760

EAACI1 EAT3pl 5’-TGGGAA ATATTCCGCAAGCTAGGCCTT-3’ 826—852
EAT3p2 5’-TTTCTTCTGCACAGCGGAAAGTGACAGG-3’ 1,012<1,039
EAT3p4 5’-TGGCTGAACTGGAAGAGATCATGAGAGC-3’ 979<1,006
EAT3p5 5’-CCCGCCATGGGCAAGCCGGCGAGGAAG-3’ -6—21
EAT3p6 5’-GGGAAGGAGGAAGGGCAGAAGTATTTAT-3’ 3,457<-3,484

EAAT4 EAT4pl 5’-CACTCATTGTCTCCAGCCTGGTCACAG-3’ 317—343
EAT4p2 5’-TCTTGAACTGTTTGAAGCAGGCCTCCA-3’ 572<-598
EAT4p3 5’-CCCTGGATAACAAGGCAACAGGGCG-3’ 353—=377
EAT4p4 5’-GCAAAGGCCAGACTGACCCCAATG-3’ 201224
EAT4p5 5’-TTGCAGTTGAGGCTCCCGATAGACG-3’ -25—1
EAT4p6 5’-TTCCTGCTCCTTTATCTCAGTTTCCACCAAAC-3* 1,810<1,841
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Figure 9. Positions of PCR primers for isolation of canine Na+/K+-dependent glutamate
transporter subtype cDNA clones. Each Open box and solid lines represent coding resion,
and 5'- and 3'-untranslated regions (UTR) of canine glutamate transporter subtype cDNA,
respectively. The sense primers are shown as right-directed arrows and antisense primers are
shown as left-directed arrows. Initiator ATG is indicated. Nucleotide position of each primer is

listed in Table 1.



Results

| dentification of caninered cell glutamate tranporter
Isolati on of cDNAs of canine brain glutamate transporter cDNA

PCR amplification of canine bran cDNA generated cDNA fragments
corresponding to those of four different glutamate transporter subtypes, GLAST, GLT-
1, EAAC], and EAAT4. Nucleotide sequences of these cDNA fragments from dogs
showed high similaritiesto those from other sources as described under "M aterid sand
Methods." Based on the sequences obtained, primers specific to each glutamate
trangporter were prepared and 5'- and 3'-RA CE reacti ons were carried out using canine
brain cDNAs as templates. Thus, nucl eoti de sequences of cDNAs for canine GLAST,

GLT-1, EAAC], and EAAT4 were determined.

Figure 10 shows deduced amino acid sequences of four distinct glutamate
trangporters in dog brain with sequence similarities each other (48.1 - 65.7%). The
deduced amino acid sequence of each subtype showed high similarity to those from
other sources: canine GLAST, for example, had high similarity, over 96%, to human
(Kawakami et al., 1994), bovine (Inoue & al., 1995), and ra (Storck et al., 1992)

homol ogues.
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Figure 10. Alignment of deduced amino acid sequences of canine glutamate transporters. Amino acid
sequences of canine GLAST, GLT-1, EAACI, and EAAT4 deduced from nucleotide sequences of their
c¢DNA clones all of which were isolated in this study were aligned. Conserved amino acid residues are
shaded. Theoretical molecular masses of these transporters are 59,757 Da, 61,831 Da, 56,837 Da, and 61,435
Da for GLAST, GLT-1, EAACI, and EAAT4, respectively. The complete nucleotide sequences of canine
GLAST, GLT-1, EAACI, and EAAT4 have been submitted to the GenBank™/EBI Data Bank with accession
numbers AF067847 (canine GLAST), AF167076 (canine GLT-1), AF167075 (canine EAACI), and
AF167077 (canine EAAT4).



Characteri zation of glutamate transport by canine GLAST

Oocytes injected with synthetic RNAs of canine GLAST, GLT-1, and EAAC1

showed high-affinity Nat-dependent glutamate uptake that was completely abolished

when the extracellular Na™ was replaced by choline. The Nat-dependent uptake was
domi nated by a saturable component obeying Michaeis-Menten kinetics (Fig. 11). The
Km vaues for L-glutamate obtained from Lineweaver-Burk plot were 36.3 uM, 55.6
UM, and 22.7 uM for GLAST, GLT-1, and EAACI, respectively (Fig. 11). These
vaues were slightly higher than that estimated for the uptake in canine red cells a
37°C (7-14 uM, (Inaba and Maede, 1984; Sato e al., 1994), whereas lower affinity
was reported for glutamate trangporters expressed in oocytes (70-80 uM) (Storck et al.,
1992; Tanaka, 1993; Kawakami et al., 1994; Inoue & al., 1995). Since glutamate
uptake by EAAT4 was not dicited even when the amount of synthetic RNA was

increased to 50 ng/oocyte, EAAT4 was not analyzed further in the present study.

Several structurd analogues of L-glutamate were tesded for their inhibitory effects
on glutamate trangport to compare the pharmacological properties of glutamate
trangporter(s) in the brain and red cells (Table 2). Potent inhibition of the glutamate
uptake was observed for GLAST, GLT-1, and EAAC1 in response to threo-3-
hydroxyaspartate, L-glutamate, L- and D-aspartate but not by D-glutamate. These were
the properties common to dl the brain glutamate trangporters (Kanai, 1997) and were

a0 observed in canine red cells as described in Chapter 1. Dihydrokai nate and L-
cysteine inhibited the uptake of glutamate in oocytes injected with GLT-1 RNA and
EAACL1 RNA, respectively, being compatible with previous findings that
dihydrokainate and L-cysteine are sdlectiveinhibitors for human GLT-1 (Arriza et al.,
1994) and human EAAC1 (Zerangue and Kavanaugh, 1996), respectively. Whereas
these agents poorly inhibited the glutamate transport by canine GLAST in oocytes and

that in red cells. In addition, cysteinesulfinate, which reduced glutamate trangport in
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oocytes injected with GLAST a0, inhibited the uptake of glutamate into red cells.
Glutamate trangport in canine red cells thus exhibited responses to the structura
analogues, which were most consistent with those of the GLAST expressed in the

oocytes (Table 2).
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Figure 11. Kinetical analysis of L-glutamate transport in Xenopus oocytes
expressing canine glutamate transporters. Xenopus oocytes were injected with
25 ng of synthetic capped RNA of GLAST (A and B), 10 ng of RNA of GLT-1 (A
nd C), EAACI1 (A and D). After incubation for 48-60 hours, glutamate uptake was
measured in ND96 medium containing L-[3H]glutamate (5 xCi/ml) and various
concentrations of L-glutamate at 19°C for 60 min (A), 5 min for GLAST (B) or 10
min for GLT-1 (C) and EAACI (D). Nat*-dependent uptake was calculated by
subtracting the mean values in the absence of Na* from values obtained in the
presence of Nat. Data represent means + S.D. (n = 6-8). Lineweaver-Burk plot of
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glutamate uptake by each isoform is shown in each inset.
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Table 2. Cross-inhibition of canine glutamate transporters expressed in oocytes by

structural analogues

Activity (% of control)

Inhibitors GLAST GLT-1 EAACI Red cells*

None (control) 100.0 £21.8  100.0 +£10.2 100.0 £26.5 100.0 +5.0
L-Glutamate 46.3 +24.0 59.9+£383 656+234 223+0.3
D-Glutamate 87.8 £21.3 87.6+256 87.1+x44.1 76.7+11.8
L-Aspartate 439 +16.9 60.2 + 1.7 482 +15.8 20.3+0.9
D-Aspartate 61.5+279 63.4+4.3 51.7+9.3 53.2+22
threo-3-Hydroxyaspartate 15.7 5.6 20.3+4.8 409+19.2 16.6+04
Dihydrokainate (0.5 mM) 73.1 £21.2 19.7 £ 6.3 117.1 £31.9 56.4 +11.7 (1 mM)
L-Cysteine (0.5 mM) 73.3 £10.7 65.6+124 429+135 88.4+1.0
L-Cysteinesulfinate 43.5+£6.0 N.D. ** N.D. ** 20.6 + 1.0

The uptake of 5 uM L-[’H]glutamate was measured in oocytes expressing canine glutamate
transporters (GLAST, GLT-1 or EAAC1) at 19°C for 5 min (GLAST) or 10 min (GLT-1 and
EAACI) in ND96 containing 25 uM of each analogue unless otherwise stated. Each value
represents mean + S.D. from 4-8 oocytes. *Reference data on dog red cells at 37°C (see

Chapter 1). **N.D., not determined.

43



Analysis of mRNA expression by RT-PCR

RT-PCR andys sindicated amplification of cONAs for GLAST, GLT-1, EAACL,
and EAAT4 with strong signd sin the brain, i.e. the cerebra cortex, hippocampus, and
cerebe lum (Fig. 12). Amplification of GLAST cDNA was a0 observed in other
tissues and cells except tha a very faint band and no bands were obtained in
reticul ocytes and liver, respectively. It should be emphasized that signas for GLAST
cDNA were detected clearly in reticulocytes and liver when the PCR cycles were
incressed (Fig. 12, right panels). Signds for GLAST cDNA fragments were d <0
detected in a | other ti ssues examined, including col on, spleen, pancress, thyroid gland,
adrend gland, and tedis, with intensities similar to those of reticul ocytes and liver
(data not shown). Under the PCR conditions employed, no noti ceable amplification of
the trangporter cDNA other than that of GLAST cDNA was observed in bone marrow
cells and reticul ocytes athough EAACL showed avery faint band of PCR productsin
bone marrow after extended PCR cycles. These results demondrated a ubiquitous
expression of GLAST transcripts in a variety of cells and tissues in dogs and indicated
that canine erythroid cells contained the GLAST mRNA but not the transcripts of other
glutamate trangporter genes. The cDNA clones from the brain (pcGLAST) and bone
marrow cells (pcGLASTbm) isolated by 5 - and 3'-RACE reactions were both about
3.8 kb inlength with a 1,629-bp open reading frame encoding a protein of 542 amino
acid residues The size of the GLAST mRNA was confirmed by Northern blotting

athough the signd intensity was very weak for bone marrow mRNA even when more

than 10 pg of poly(A)* RNA was applied (data not shown).
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Figure 12. RT-PCR analysis for mRNAs of glutamate transporters in various canine tissues.
mRNA of glutamate transporters was evaluated by RT-PCR using first-strand cDNA reverse-
transcribed from total RNAs of various canine tissues. PCR amplification was carried out for 30
cycles. The results after 40 cycles (asterisk) are shown in the right panel. Canine glyceraldehyde-3-
phosphate dehydrogenase (GA3PDH) cDNA was also amplified as the internal control for 25

cycles.



| dentifi cati on of the GLAST protein in caninered cells

The findings described above suggested that the glutamate trangporter in canine
red cells was one of the subtypes, GLAST. To verify the presence of GLAST in red
cells, antibodies specific to the GLAST protein were prepared and utilized in

immunologica identification of the polypeptide.

Affinity-purified antibodies to the synthetic peptide of GLAST reacted with 60-
kDa proteins in membranes from the cerebra cortex, while the antibodies
immunospecifically recognized polypeptides with an Mr of 66 kDa in red cell
membranes as documented in Fig. 13A (Membranes). When the brain membranes
were solubilized with CHAPS, the distinct higher molecular mass signdsa 120 kDa
agppeared on the immunoblot (Fig. 13A, CHAPS extracts) as reported for rat GLAST
(Haugeto et al., 1996). Likewise, 130-kDa bands agppeared instead of the 66-kDa
polypeptides in red cell membranes solubilized with CHAPS. The 130-kDa and 120-
kDa bands were dimers presumably induced by oxidation of the thiol groups not
reducible by sulfhydryl reducing agents as reported by previous investigators for rat
GLAST (Haugeto et al., 1996) and human GLT-1 (Trotti e al., 1999). Additiona
bands a 96-100, 72, and 45 kDa werevisudized in red cell membranes when a large
amount of protein was loaded onto the gels These bands were probably derived from

nonspeci fic reactions of the antibodieswith band 3, protein 4.2, and actin, respectively,

because corresponding bands were a so observed in human red cells that lacked Nat-

dependent glutamate trangport activity (Fig. 13A).

It was interesting that the GLAST proteins synthesized in a reticul ocyte lysate
sysgem had an Mr of only 50 kDain our SDS-PAGE sysem (Fig. 13B), much less than
those of the polypeptidesimmunospeci fically recognized with antibodies and showed a
mobility shift up to approximately 55 kDa when the trand ation reaction contained
pancresatic microsomes (Fig. 13B), suggesting that N-glycosyl ation led to heterogeneity
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inthe Mr of GLAST proteins on SDS-gd s Actually, the Mr of the vast majority of the
GLAST protein in cerebrum and cerebel lum was reduced to about 50 kDa, consistent
with that of the in vitro trand aion product, after remova of N-glycan with PNGase F
(Fig. 13C). Based on the sequence similarity between canine and human GLAST as
described above, recent models for membrane topol ogy of human GLAST (Wahle and
Stoffel, 1996; Sed and Amara, 1998) with 10 or 11 membrane spanning regions and
cytoplasmic locdlization of N- and C-termini can be adopted to the canine homol ogue.
This prediction supposes two potential N-glycosylation sites at Aan206 and Asn216
with N-glycosylation consensus sequences (Aan-X, where X represents any residue
except Pro-Ser/Thr) within the putative second extracellular loop. The incond gency
between the Mr of deglycosylated GLAST on SDS-gd s (45 kDaor 54-57 kDa) and its
theoreticd molecular mass (60 kDa) has d s been reported in the previous studies
(Wahle and Stoffd, 1996; Schlag et al., 1998). At present, | have no explanation for
this phenomenon. Dimer bands in red cell membranes as well as those in bran
membranes showed a reduction in their Mr to about 110 kDa &fter the treatment with
PNGase F (Fig. 13C). These results showed that canine red cells had the 66-kDa
GLAST protein (and its dimer) with N-glycan structures somewhat different from
those in the brain. These findi ngs evi dently demondrated that the glutamate trangporter

in caninered cells was GLAST.
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Figure 13. Analysis of canine GLAST proteins. A, membrane proteins from canine brain (cerebrum 1 pg each)
and red cells (100 pg), and human red cells (100 pg) were separated by SDS-PAGE on 8% gels and transferred
onto PVDF membranes (Membranes). GLAST proteins were detected using affinity-purified anti-C-terminal
peptide of canine GLAST. Membrane proteins solubilized woth 2% CHAPS (CHAPS extracts) were alsc
processed for immunoblotting. Monomers (M, 60 or 66 kDa) and dimers (D, 120 or 130 kDa) of GLAST
polypeptides are indicated. Monomers (62 kDa) and dimers (120 kDa) were also detected in membranes from
cerebellum (data not shown). Nonspecific bands corresponding to band 3 (100 kDa), Protein 4.2 (72 kDa), and
actin (45 kDa) are indicated with gray arrowheads. B, in vitro synthesis of canine GLAST protein. Canine GLAST
cDNA was transcribed and translated in a TNT reticulocyte lysate system with [33S]methionine in the presence (+)
and absence (-) of canine pancreatic microsomal membranes (CMM). The products were separated by SDS-PAGE
and detected by autoradiography. C, removal of N-glycan from the GLAST proteins in brain and red cells. The
crude membranes from cerebrum (5 pg), cerebellum (5 pg), and red cell ghosts (75 ug) were solubilized in 0.5%
SDS, 1% p-mercaptoethanol at room temperature for 30 min. After addition of 1/10 volume of 10% Nonidet P-4C
and 0.5 M Na phosphate, pH7.5, they were incubated at 37°C for 1 hour in the presence (PNGase F) or absence
(Mock) of peptide:N-glycosydase F, followed by SDS-PAGE and immunoblotting. Migrating position of
monomers (M) and dimers (D) of GLAST polypeptides are indicated with arrow heads.
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Discussion

GLAST is one of the most abundant glutamate trangporters in the centra nervous
sydem (Storck et al., 1992) and has been believed to be rather specific to glid cells
(Chaudnry et al., 1995; Lehre et al., 1995). The present study unequivocaly
demondrated the presence of GLAST in a variety of periphera tissues and cells,
including red cells, as well as in the centrad nervous sysem. The molecul ar features of
canine GLAST in erythroid cells and the brain were basicdly identica, and similar to
those observed for previoudy identified GLAST homol ogues in terms of the affinity to
glutamate, € ectrophoretic mobility on SDS-gel, and characteristic dimeric association
upon solubilization (Figs. 11 and 13). Moreover, € ectrogenic properties and subdrate
specificity of the trangport by canine GLAST (Table 2, see d <0 Fig. 8 in Chapter 1,
and (Inaba and Maede, 1984) are a0 consistent with those of the counterparts in
human and rat. To my knowledge, this is the first demondration of the ubiquitous

expression of thisglutamate trangporter subtype.

The observation that the GLAST transcripts in erythroid cells and the brain were
identicd in size and sequence suggests the use of the same promoter(s) in the brain and
peripherd cells. Furthermore, the GLAST transcripts were found in al the tissues
examined in the present study (Fig. 12). These are consistent with the previousfinding
that the promoter sequence of the 5'-flanking region of the murine GLAST gene has
the characteristics of a housekeeping gene containing CCAAT box and GC-rich
regions (Hagiwara e al., 1996). However, transcriptional regulation of GLAST in
erythroid cells of dogs would be somewhat different from those of other mammals
including human whose red cells do not possess Na'-dependent L-glutamate transport
sygem (Young and Ellory, 1977). Although preiminary analysis of 5 upstream
sequence of the canine GLAST gene reveded the presence of some motifs for
transcription factors including CCAAT motif, GC-rich region, CACCC motif, CACC-
binding protein motif, and GATA recognition site, exact mechanians for
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transcriptiona regul ation of canine GLA ST remains to be determined.

Glutamate trangporters contribute to the termination of excitatory trangmisson
(Nicholls and Attwell, 1990) and the prevention of excitotoxic mechaniansof neuronal
cell death (Szatkowski and Attwdl, 1994). In addition to being trangorters for
glutamate, al of the glutamate trangporter subtypes cloned to date involving GLAST
a2 function as ClI" channds (Wadiche et al., 1995). The CI" influx is activated by
glutamate, but is not thermodynamically coupled to the trangport of subdrates
(Farman et al., 1995). Thus, as mediators of both trangport and ion channel activities,
glutamate trangporters have the potential to modul ate synapti ¢ transmiss on through the
simul taneous execution of multiple functions. In peripherd tissues, EAACL has been
presumed to be atrangporter in intestinal or renal epithelid cells, becauseitstranscripts
were found in those tissues (Kana and Hediger, 1992). Although abundant
distributions of EAAC1 RNAs in those tissues were exemplified in the current study
(Fig. 12), signdsfor EAACI reative to those of GLAST gppear to be much less in
other periphera tissues, indicating functiona expression of GLAST in various ti ssues.
Trangport and absorption of acidic anino acids (Schneider et al., 1980; Rg endran et
al., 1987) and in modulation of glutathione metabolism (Deneke et al., 1987) are
supposed to be dicited by GLAST in those tissues and cells. In canine red cells,
function of GLAST would be a determinant of glutathionelevels (Maede et al., 1983;
Inaba and Maede, 1984) and would provide resistance or susceptibility of red cells to
different typesof oxidative attacks (Maede et al., 1989). The differentia distri bution of
trangporter isoforms (Fig. 12) with Km vaues for glutamate which were very close
each other (Fig. 11) a0 suggests that these trangporters share their roles via some
selecti ve mechani amsincluding interactions with components of the plaama membrane

or the cytoplasm in different organs.

GLAST, GLT-1, and EAAC1 exhibit redox-sensing properties (Trotti et al., 1998).

Glutamate uptake is regul ated by the chemical redox state of reactive cysteine residues
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in the trangporter structure. Reversble interconversons of cysteines between the
reduced and the oxidized state are accompanied by dynamic upward and downward
changes of trangport activity. These glutamate transporters appear to exigd as
homodimeric assemblies in which the subunits are noncovalently associated
presumably through disulfide bonding, and spontaneous oxidation of the polypeptides
causesthe formation of covalent bonds (Haugeto et al., 1996; Trotti et al., 1999) which
was d 0 observed for canine GLAST as shown in Fig. 13. Therefore, disulfide bonds
that affect the trangport activity could form ether between cysteine residues within
individual monomers, between cysteines in different subunits, or between the subunits
and nove proteins connected to them. Oxidative inhibition of glutamate trangporters
implies opposite functiona consequences, as it would increase extracellular glutamate
levels and continuous activation of the receptors, leading to neurodegenerative
disorders. Interestingly, the present study showed that two of three cysteine residuesin
the GLAST protein, Cysl86 and Cys375, are conserved among four different
trangporter subtypes (Fig. 10). Mutational analysis on these cysteine residues would

provide some new insightsinto pathogenesis of neuronal disorders.
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Chapter 3

Molecular Basisfor Inherited Defects of GLAST in CanineRed Cdls
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I ntr oduction

Dydunction of glutamate trangporters has been considered to be involved in the
pathogenesis of neurodegenerative diseases such as amyotrophic lateral sclerods (Lin
et al., 1998; Trotti et al., 1998). Sdective depletion of glutamate trangporters in ras
paticularly glid transporters GLAST and GLT-1, by chronic administration of
antisense oligonucleotides (Rothstein et al., 1996) or by gene disruption (Tanakaet al.,
1997; Watase et al., 1998) led to the gppearance of neurological symptoms Moreover,
recent studies have suggested a direct link between oxidation and neurodegeneration
based on the vulnerability to biological oxidants and posd ble involvement of an SH-
based redox regulatory mechaniam of glutamate trangporters including GLAST and
GLT-1 (Trotti e al., 1998). These findings and ubiquitous expression of GLAST
demondrated in the preceding Chapter suggest that dysfunction of GLAST would
caue multiple disorders including neurodegeneration and oxidative injury in

peripherd tissues in dogs.

Japanese Shiba and mongrel dogs have the HK red cell trait in an autosoma

recess ve manner (Maede et al., 1983), whereas dogs usudly possess LK red cells. HK

red cells show accd erated Nat/K *-dependent glutamate/aspartate uptake due to an

increased concentration gradient of Nat and K+ across the plasmamembrane, leading
to marked accumul ations of intracellular glutamate, aspartate, and glutamine (M aede et
al., 1983; Inaba and Maede, 1984). The increased concentration of glutamate further
results in an eevated levd of reduced glutathione and affects the redox state and
protection against oxidative stress of the red cell (Maede et al., 1989). Interestingly,
these breeds ds0 include dogs characterized by reduced (Fujise et al., 1993) and
nondetectable (K. Sato, M., Inaba, and Y. M aede, unpubli shed observation, Oct. 1991)
red cell glutamate trangport, generating variant HK cells without accumulation of

glutathione. During a preliminary study in which dogs were screened for their HK/LK
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phenotypes, red cell glutathione, and red cell glutamate trangport, afamily of dogs was
found to contain individua s whose red cells with adecreased leve of glutathione were
deficient in Na'-dependent glutamate transport (LGIuT, low glutamate transport).
Their red cells were readily accessible to oxidants such as acetyl phenyl hydrazine and
generated Heinz bodies much more than normal HK cells with normal glutamate
trangoort (NGIuT) activity did (K. Sato, M. Inaba, and K. Kagota, unpublished
observation, Apr. 1999). Such a hereditary defect of the glutamate transporter in

mammals has never been descri bed.

The purpose of the study in this Chapter was to define the molecular cause that
underlies the hereditary deficiency of red cell glutamate trangport in those dogs. Based
on the findingson mol ecul ar features of the red cell glutamate trangporter (Chapter 2),
the GLAST cDNAs from dogs with LGIUT phenotype and expression of the GLAST

protein in their red cells were analyzed.
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Materialsand Methods

Dogs Dogs used in this study were from afamily of Japanese mongrel dogs
which were mixed breed of Japanese Shiba. Some pure Shiba dogs and Beagle dogs
were d 0 used. These dogs were clinicaly healthy and hematol ogical parameters of
their red cells (Table 3) were within reference range except that HK red cells had mean
corpuscular volume slightly larger than that of LK red cells as demondrated before

(Maede e al., 1982).

Isolation of RNA and DNA, reverse transcription, and PCR  Methods for
isolation of tota RNA, poly(A)+ RNA, and genomic DNA, reverse transcription, PCR,
and cloning of PCR products were as described in previous Chapters. RNAs used in

reverse transcriptase reactionswere treated with DNase |.

Expression of canine glutamate transporter in Xenopus oocytes  Expression of
the GLAST cones and glutamate trangport measurements were carried out as
described in the “Materials and Methods” in Chapter 2. In some experiments, 10 pg/ml

cycloheximide (Sigma) were included in cul ture medium up to 12 hrs.

Analyses of red cell membrane proteins Preparation of red cell ghosts,
solubilization with CHAPS, SDS-PAGE, and immunoblotting were performed as

described in “Materials and Methods” in Chapter 2.

Redriction enzyme assay Restriction enzyme assay was carried out to
determi ne genotypes for G492S mutation. PCR fragments corresponding to nt 1,427-
1,657 of canine GLAST cDNA were amplified using genomic DNA from dogs as the
templates. The resulting PCR productswere digesed with NgoM 1V for 3 hrsa 37°C

and separated on 4% agarose gdl .

Quantitation of GLAST mRNA  GLAST mRNA was quantitated by RT-PCR
combined with 5'-nuclease assay or SYBR green detection using the GeneAmp 5700
sequence detection sysem (Perkin-Elmer Applied Biosystems Foger City, CA,
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U.SA.). 5-Nuclease assay of GLAST mRNA was carried out with PCR primers, 5'-
AAT GTG TCG GAA GCC ATG GAG-3' (nt 646-666), and 5-TTG ACCCCA TTC
ACA GAC CCT-3' (nt 725-705) in the presence of TagMan probe of 5-ACA AGG
ATCACGGAG GAG TTGATC CCA G-3' (nt 673-700) and was normalized with the

amount of GAPDH mRNA..
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Results

Pedigree analys sfor NGIuT and LGluT red cell phenotypes

M easurement of red cell glutamate trangport in individua sof afamily of Japanese
mongrel dogs reveded the presence of a red cell phenotype with low glutamate
trangport (LGIUT) as shown in Figs. 14 and 15. Dogs carrying red cells with the LK
phenotype (dogs I-1, 1-2, 111-2, and 111-3) and a dog with HK red cells (dog II-1)
exhibited glutamate trangport that was reduced to about 20-30% of that in the normal
LK and HK cells, while red cells from other dogs in this family had trangport activity
within the reference ranges (normal glutamate trangport, NGIuT). Moreover, two
purebred Shiba dogs had LGIuT red cells in which glutamate trangport was hardly
detectable in routi ne uptake assays with 2-5 min of incubation (S-1 and S-2). Extended
period of incubation showed that glutamate uptake into these cells linearly increased
for 60 min with an initial uptake rate of gpproximately 10 pmol/ml cells/min which
was 1/80-1/70 of thatin NGIUT/HK cells (Fig. 15). Pedigree analysis a s0 shows that

the LGIuT phenotype was totaly independent of HK/LK phenotypes (Fig. 14).

Hematologica parameters of red cells from dogs in the family were within
reference range except that HK red cells with NGluT phenotype had an increased mean
corpuscular volume and a decreased mean corpuscular hemoglobin concentration
(Table 3), indicating hydration of these cells, as demondrated before (Maede et al.,
1982). Actually, NGIUT/HK red cells (II-5 and 1l1-4) showed an increased
concentration of glutathione as high as 10 mmol/l cells. However, red cells with
LGIuT/HK phenotype (11-1 and S-2) showed reduced content of glutathione compared
with NGIUT/HK cells (Table 3). Particularly, red cells from an individud S-2 with
markedly decreased glutamate trangport activity had extremely reduced levd of

glutathi one which was less than that in LK red cells (Table 3).
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Table 3. Hematological parameters in various phenotype dog red cells

HK/NGIuT HK/LGIuT LK/NGLuT LK/LGIuT
(n=2) (n=2) (n=4) (n=4)

RBC (x 10%/ul) 6.46 6.88 778 +£0.60 7.58 +0.89
Hb (g/dl) 14.0 14.5 170+ 1.3 17.0x 1.7
Hct (%) 51.0 49.3 51.0+3.8 52.0+4.8
MCV (1) 78.0 71.8 66.0 + 1.7 69.0 £2.0
MCH (pg) 22.0 21.2 21.0+0.5 22.0+0.5
MCHC (g/dl) 28.0 29.5 33.0x04 32.0+0.5
GSH (mmol/I cells) 9.5 5.6 (II-1), 1.3 (S-2) 2.1+04 1.9+0.3

Data are expressed as mean values (= S.D.). Abbreviations used areas follows: HK,
intracellular high K*; LK, intracellular low K*; NGIuT, normal glutamate transport;
LGIuT, low glutamate transport; RBC, red blood cells; Hb, hemoglobin; Hct,
hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; and GSH, reduced glutathione.
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When red cells were incubated with 30 mM acetyl phenyl hydrazine, turbidity of
hemolysate showed an increase with a concomitant increase of Heinz body count
(Maede et al., 1989). The increase of turbidity and Heinz body count in HK red cells
with a high concentration of glutathione was far less than those observed in LK red
cells, while LGIuT red cells from HK dogs (I1-1 and S-2) showed a remarkable
increase in Heinz body formation (Fig. 16). Typicdly, turbidity of hemolysate from
LGIUT/HK red cells of S-2 was about 2.5-fold that of normal LK cells and 6-fold that
of normal HK cells: most of al red cells from adog S-2 contained more than 5 Heinz
bodies after incubation with acetyl phenyl hydrazine for 6 hrs. These results indicated
that defective glutamate trangport is responsible to the decreased leve of reduced

glutathi one, ultimatel y fecilitating oxidative damagein red cells.

The GLAST protein leves in canine red cells with inherited reduced glutamate

transport

Immunoblotting using antibodies to the GLAST peptide demondrated that
CHAPS extractsof red cells with normal trangport contained the GLAST dimers (130
kDa) at fairly detectable levels, whereas red cells from LGIUT dogs gave only faintly
visible bands for the GLAST dimers (Fig. 17). Densitometric scanning of the
immunoblot indicated that the content of immunoreactive GLAST polypeptides
detected as dimers in LGIuT cells was much less than 10% of that in the NGIuT red
cells or was nearly totaly missing. There was no significant difference between NGluT
and LGIuT red cells in terms of their major membrane protein profiles on SDS-gel s
stai ned with Coomassie Brilliant Blue. These findingsindi cated that impaired trangport
of glutamate in LGIUT cells was in parallel with specific reduction of the GLAST

protein content.

Genetic analys sof the GLAST cDNA from dogs with reduced red cell glutamate

transport
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Sequencing analysis of the GLAST cDNA clonesisolated from bone marrow cells of
some LGIuT dogs showed a missense mutation of G to A a nucleotide 1,594 that
generated subgitution of Gly492 to Ser (G4929). This mutation was confirmed by
restriction enzyme assay of the PCR products from genomic DNA. It was not likely
that this mutation was a simple polymorphism, since none wereidentified in genomic
DNAss from 50 control dogs other than Shiba and Japanese mongrel dogs. However,
pedigree analysis indicated that this G492S subgitution did not simply cosegregate
with the red cell phenotype of reduced glutamate transport by itself, since while red
cells from individuds 11-1, I11-2, S-1, and S-2, homozygous for this mutation,
exhibited the LGIUT phenotype, the heterozygous state resulted in either LGIUT or
NGIuT red cells (Fig. 14). Therefore, we analyzed mRNA levels and characteristi cs of
G492S GLAST to figure out significance of thismutation.
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Figure 17. Immunoblot analysis of the GLAST protein in LGIuT red cells. Red cell membranes (100 pg)
from dogs shown in Fig. 14 were solubilized in 2% CHAPS and concentrated by ultrafiltration after addition of
Laemmli's sample buffer. Proteins were separated on 8% SDS-gels and the GLAST proteins were detected
using affinity-purified anti-GLAST antibodies. Black arrows indicate GLAST monomers and dimers, and
shaded arrows indicate nonspecific bands. NGIuT and LGIuT traits, genotypes for G492S mutation, and
individual identifications are indicated. G/G, G/S, and S/S represent free (wild type), heterozygous, and
homozygous for G492S mutation. The lower panel shows band 3 (100 kDa) region of Coomassie brilliant
blue-stained gel for comparison.
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Quantitation of GLAST mRNA in bone marrow cells

To guantitate GLAST mRNA leves in bone marrow cells, we employed a 5'-
nuclease assay using TagMan probes because the reaive abundance of GLAST
transcripts was insufficient for estimation by Northern blotting as described in Chapter
2. As shown in Fig. 18A, copy numbers of the GLAST mRNA, determined by
amplification of the nt 646-725 sequence, in LGIUT dogs heterozygous for G492S
mutation were remarkably decreased compared to those in NGluT dogs. A similar
decresse in totd GLAST mRNA was a0 observed in an LGIUT dog homozygous for
G492S (S-2), while relative abundance of the GLAST mRNA in individud 11-1

(homozygousfor G492S, LGIuT phenotype) was apparently increased.

PCR amplification of another target sequence including the G492S locus (nt 1,427-
1,657) gave a similar result (data not shown). Digestion of this sequence with NgoM
IV (or Nae 1) showed that GLAST transcripts from the G492S dld e were obviously
abundant in the amplification products of LGIuT dogs, while PCR productsof NGluT
dogs carrying the G492S mutation had digegion profil es indi ginguishabl e from those
of genomic DNA (Fig. 18B). Thisindicated that a selective decrease in accumul aion
of GLAST mRNA with anormal coding frameoccurred in LGIUT dogs heterozygous
for G492S mutati on, suggesting that some transcriptional defect of normal aldewould
contribute to generate decreased level of GLAST proteins in a subset of LGIuT

phenotype.

65



>

50

40 |

30

GLAST RNA
(copies/ 103 GAPDH RNA)

20
10 +
o 1

C |13 |[M4| 11 |1-2]|11]8S2
G/G G/S S/S
NGIuT LGIuT
B
M | ¢ [ 13 [m-4| 11| 12 | 11 | S-2
gDNA cDNA

Figure 18. Quantitative analyses of GLAST mRNA by RT-PCR-based assay. A, GLAST mRNA in bone
marrow cells of NGIuT and LGIuT dogs were quantitated by RT-PCR combined with a 5'-nuclease assay, and
shown in copy numbers normalized for 1,000 copies of GAPDH mRNA. B, GLAST cDNA fragments containing
G492S mutation locus were amplified from bone marrow cDNAs and were digested with NgoM IV as in PCR-
RFLP analysis for G492S genotyping (see legend for Fig.14). The digestion profile for the fragment amplified from
genomic DNA of a dog heterozygous for G492S mutation is shown at left (gDNA). For abbreviations, see legend

for Fig.17.

-« 231 bp
185

46



Functions and stability of G492S GLAST in Xenopus oocytes

Xenopus oocytes microinjected with synthetic RNA carrying G492S mutation
showed glutamate uptake with kinetic constants similar to that of wild-type GLAST
(Fig 19A). Co-injection of wild type and G492SRNA caused no significant alteration
in trangoort activity. Furthermore, functiond expression of G492S GLAST was

observed in COS-7 cells (data not shown).

It was then examined whether the mutant protein was different from wild-type
GLAST in terms of the stability or turnover rate. After incubation of oocytes for 12 hr
in the presence or asence of cycloheximide, glutamate trangport activity of the wild
type was not affected by the addition of this trand ation inhibitor. However, glutamate
uptake in the oocytes injected with G492S GLAST and incubated with cycloheximide
was only about 60% of that in control oocytes incubated without cycloheximide, and
was less than that observed before the addition of cycloheximide (Fig. 19B). It is not
likely that the reduction in the activity of G492S GLAST was due to a decrease of the
mutant RNA content within the oocytes since the trangport activity of G492S GLAST
was increased when oocytes were not exposed to cycloheximide, as observed for the
wild type (Fig. 19B). These findings demondrated that G492S GLAST was fully
functional for Na'-dependent glutamate transport but was unstable compared to the

wild-type trangporter.
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Figure 19. Characterization of G492S GLAST expressed in Xenopus oocytes.
A, L-glutamate uptake into Xenopus oocytes injected with 25 ng of capped RNAs
from wild-type (open circles) and G492S mutant (closed squares) GLAST. Uptake
was measured as described in the legends for Fig. 11. No significant difference
was observed in their kinetic constants (wild type vs G492S; Km, 43.5 vs 38.6 uM;
Vmax, 32.6 vs 27.2 pmol/oocyte/5 min). B, the effect of cycloheximide on the
activities of wild-type and G492S in oocytes. At 24 hr after injection of synthetic
RNAs, glutamate uptake was measured, and the remaining oocytes were further
incubated for 12 hrs in the presence or absence of 10 pug/ml cyclohexmide. Data
are expressed as means + S.D. (n = 8-16, *P < 0.05) of the uptake value relative to

the uptake at 24 hr after injection.



Discussion

Recent studies have shown that GLAST plays essentid roles in the brain and
retina for normal neurotransmission and protection of neuronal cells from the
excitotoxicity of glutamate (Trotti et al., 1998; Watase et al., 1998; Harada et al.,
1998). The vulnerability to biological oxidants and posdble involvement of an SH-
based redox regulatory mechanian of glutamate trangporters, including GLAST, have
suggested a direct link between oxidation and neurodegeneration (Trotti et al., 1998).
Previous studiesby Maede and hid colleagues (Maede et al., 1983; Maede et al., 1989)
have suggested that glutamate trangport in dog red cells regulaes the synthesis and
accumulaion of reduced glutathione, affecting the susceptibility of the cells to
oxidative stress. The present study demondrated that LGIUT red cells with the HK
phenotype had glutathione content reduced to 15% (S-2) and 60% (I1-1) (1.3-5.6
mmol/liter of cells, respectively) of that in HK cells with normal glutamate trangport
(Table 3). Typicdly, red cells from an LGIUT/HK dog (S-2, Fig. 14) showed
remarkably acce erated formation of Heinz bodies when incubated with acetyl phenyl
hydrazine, while NGIuT/HK dogs had red cells resistant to this oxidative agent (Fig.
16). These findings and the identification of GLAST in canine red cells indicate that
one of the physiologicd roles of GLAST in periphera tissues is to modul ate the
antioxidative defense of the cells. In turn, they a0 suggest that neuroprotection by

GLAST under physiologica conditions may invol ve the glutathi one metabol ism.

The most interesting finding was that defecti ve glutamate trangport in LGIUT dogs
was associated with a decrease of the GLAST protein content in their red cell
membranes (Fig. 18). Thisis convincing evidence for the previousobservation that the
difference in glutamate trangport activity between HK cells and HK cells with alow
glutathi one concentration was quantitative but not quditative (Fujise et al., 1995). It is
likdy that the decrease of the trangporter protein is a co-trandationa or

posttrand ationd event that occurs simultaneoudy with or immedi ately after synthesis
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and trander of the protein to the plasma membrane, or due to an anomay in gene
expression. Thisis because amplification of the GLAST cDNA fragment was observed
in normal reticul ocytes as well asin bone marrow cells (Chapter 2, Fig. 12), while no
noti ceable Na'-dependent uptake of glutamate was detected in reticul ocytes obtained

from LGIuT dog S-1 made anemic by successive bleeding (data not shown).

The present study provided evidence indicating that the LGIUT phenotype resulted
from a complicated heterologous combination of several different adldes with
mutations being compatible with the prediction described above. First, we
demondrated that the GLAST protein with G492S mutation, which was the only
causative mutation found in GLAST cDNA isolated from LGIuT dogs, was unstablein
the Xenopus oocyte expresson sysem, while it was fully functiona in terms of
glutamate trangport (Fig. 19). The instability of G492S GLAST would result in an
aberrant deficiency of the trangporter protein if G492S RNA serves as the major part of
the GLAST gene transcript as observed in dogs I1-1 and S-2 (Fig. 14). According to
the proposed membrane topol ogy of the human GLAST protein, Gly492 resideswithin
the wdll-conserved intracellular C-terminal region (Sed and Amara, 1998) or in the
10th membrane-gpanning [3-sheet structure (Wahle and Stoffel, 1996). Alteration of
this amino acid residue might affect the stability of the protein. In this respect, recent
reportson phosphorylation-regul ated ubiquitination of two proteins, IkKBa (Chen et al.,
1995) and (-catenin (Orford et al., 1997) are interesting. These studies demondrated
that phosphorylation of aspecific Ser residue within the conserved target sequenceled
to ubiquitination and degradation of members of the IkBa and B-catenin families
(Orford et al., 1997), and this ubiquitination target sequence consisted of a motif of
A $-Ser-Gly-hydrophobic residue-any residue-Ser, similar to the mutant sequence
surrounding the G492S locus Asp-Ser-L eu-Gly-AlaSer492.

Second, a quantitative decrease of mMRNA derived from the normal dlde, which

was observed in LGIUT dogs heterozygous for G492S mutation, appeared to be an
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additional cause of the reduced accumulation of tota GLAST mRNA (Fig. 18). The
decressed level of mMRNA in these animds (I-1 and 1-2), in combination with the
instability of GLAST with G492S mutation, would lead to a defect of the trangporter
protein. Two types of GLAST cDNA were obtained from NGIuT and LGIuT dogs
carrying G492S mutation in the heterozygous state (Fig. 14), and these cDNAS were
basically identical except for the G492S mutation. Neither dternative splicing products
nor additional mutati ons that might result in instability of the transcripts were observed
in PCR amplification of bone marrow cDNAs from these LGIUT dogs using several
distinct primer pairs encompassing 5- and 3-stretched ends (data not shown).
Therefore, some transcriptiona regulation may be responsible for the sdective

reduction of normal GLAST mRNA.

Thus, the G492S mutation and its heterologous combination with some putative
transcriptional defect as causes for GLAST protein deficiency appear to fit the
gppearance of the LGIUT phenotype in the pedigree currently studied well. That is,
dogs homozygous for G492S mutation, and a0 those heterozygous for G492S
mutati on and a selective decrease of normal GLAST mRNA, possess LGIuT red cells
in which the protein content and transport activity of GLAST are reduced to much less
than 50% of thosein NGIuT dogs (Figs. 14, 17, and 18). The heterozygous exigence
of normal GLAST mRNA a aleve even with that of G492S mutation seemsto be
sufficient to compensate for the GLAST protein and trangport activity, resulting in the

NGIuT phenotype (dogs I-3 and I11-4, Figs. 14 and 17).

Transcriptiond regulation of GLAST agppears to be responsible to the promoter
seguence with housekeeping genes (Hagiwara et al., 1996) as described in the previous
Chapter. These findings raise intriguing questions as to whether the GLAST protein
leve, and therefore the trangport activity in the central nervous sysgem and the retina
cells of LGIUT dogs, is afected as in erythroid cells and, if so, whether it causes

neuronal or retind dysfunction. Although these LGIUT dogs have not exhibited serious
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manifestations due to neuronal disorders, careful follow-up studies will provide
information concerning these queries because chronic imparment of glutamate
trangoort induces slow neurotoxicity (Rothstein et al., 1993), and slight motor
discoordination is the major sign observed in GLA ST -knockout mice (Watase et al.,

1998). Analysis of the promoter regionsof the GLAST gene is in progress.

It should be noted that red cells from HK dogs with LGIUuT phenotype had the
mean corpuscular volume which was similar to that of LK dogs, while NGIUT/HK
dogs possessed overhydrated red cells with undefined etiologies (Table 3, and Maede
et al., 1982). Glutamate is accumul ated in HK dog red cellsat > 10 mM (Maede et al.,
1983). Decreased uptake of glutamate might reduce accumulation of glutamate, an
anionic amino acid, which lead to entry of excess water into the cells, thus preventing
overhydration. An aternate explanation would be poss ble. Recent studieshave shown
that application of subdrates to the glutamate trangporters dicits a chloride
conductance that is thermodynamical ly uncoupl ed from substrate movement (Wadiche
et al., 1995; Sed and Amara, 1998), indicating that glutamate trangporters including
GLAST mediates both trangport and chloride channd activity. Therefore, an dternate
expl anation would be poss ble that ion channd activity of GLAST somehow affect cell

volume regul ation of caninered cells.

In conclusion, this study identified GLAST in peripherd cells and its genetic
variations in dogs. Studies on these animals should provide new insights into the
structurd and functiona characterization and pathologica implications of GLAST, a

major glutamate trangporter isoform.
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General Concluson

High-affinity Nat-dependent glutamate trangporters play important physiological
rolesin various mammalian tissues and cells. Several distinct glutamate transporters,
GLAST, GLT-1, EAACL, EAAT4, and EAATS have been cloned to date. In the
centrd nervous sysgem, these trangporters are highly differentially locdized and
paticipate in glutamate uptake into gliad or neuronal cells to terminate excitatory
neurotransmission. They also participate in maintaining the extracellular glutamate
concentration at the submicromolar leve, thereby preventing accumulation of
glutamate in the synaptic cleft, which causes overstimulation of the receptors and
neurodegeneration. Dydunction of glutamate trangporters, therefore, has been
considered to be involved in the pathogenesis of neurodegenerative diseases In
periphera tissues, glutamate trangoorters are beieved to have pivotd functions in
epithdiad trangoort and absorption of acidic amino acids, and in modulaion of
glutathione synthesis. However, physiologicd and pathologica functions of other

trangporter isoforms in peri pherd ti ssues have not been well characterized.

Canine red cells possess a high affinity Nat- and K*-dependent L-glutamate and
L-aspartate trangport sysem, despite the fact that most mammalian red cells are

impermeable to these amino acids. Whereas dogs usudly have red cells with low K+
and high Nat concentrations (LK red cells), some Japanese Shiba and mongrel dogs
have HK red cells with high K* and low Na* concentrations. HK red cells show

accd erated Nat/K *-dependent glutamate uptake, leading to marked accumul ati ons of

intracellular glutamate, and reduced glutathione. Interestingly, these breeds d<o
include dogs characterized by reduced or nondetectable red cell glutamate transport,
generating variant HK cells without accumulation of glutathione. Such a hereditary
defect of the glutamate trangporter in mammals has never been descri bed.
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The long-range goad of the current study is to define the molecular basis that
underlies the trangport deficiency in canine red cells and facilitate our understanding of
the regul atory mechaniams for expression of, and the physiological and pathologicd

rolesfor, the glutamate trangporter in vari ousti ssues, including the brain.

Chapter 1. Characterization of Na'-dependent glutamate trangport in canine

red cells

In Chapter 1, stoichiometric and pharmacol ogic properties of Na'-dependent L-

glutamate trangport in canine red cells were studied by using intact cells and resealed
ghosts. The glutamate transport showed a precise dependence on extracellular Na™ and
intracellular K*. Kinetical analysis reveded that two Na' ions and one K* ion were
involved in each glutamate trangport cycle. The glutamate trangport was inhi bited most
potently by threo-3-hydroxyaspartate and L-cysteinesulfinate, and weekly by
dihydrokainate and DL-a -aminoadi pate, while no significant inhibition was observed

for L-cysteine. Glutamate uptake was increased by internd, but not externd, HCO3

when the internd and externa anions of the red cell were replaced by several other
anions Moreover, this enhancement was blocked by inhibition of carbonic anhydrase,
which indicated that glutamate trangport was a least patly dependent on HCO3
generated inside the cells. These observations indicated that anion countertransport is
coupl ed to the high-affinity Na'/K*-dependent glutamate trangport in canine red cells.
These stoichiometricd and pharmacol ogical properties indicated that the glutamate
trangporter in canine red cells was a product of the glutamate transporter gene family

and resembled aglia trangporter GLAST .

Chapter 2. ldentification of canine red cell Na'-dependent glutamate

transporter

Chapter 2 consisted of PCR-based cloning of cDNAs for four different canine
brain glutamate trangporters, functionad analysis of the isolated clones in Xenopus
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oocyte expression sysem, analysis on tissue distributions of the transcripts of

trangporter subtypes, and immunologica identification of canine red cell trangporter.

Canine GLAST, GLT-1, EAACL, and EAAT4 cDNAs were isolated from brain
cortex cDNAs by 5- and 3'-RACE reactions These trangporters exhibited high-
affinity Na'-dependent glutamate transport (Km values for glutamate were 23-56 uM)
in Xenopus oocyte expression sysgem except that EAAT4 did not show the trangport
activity. The oocytes microinjected with GLAST RNAs showed responses to the
structura analogues of glutamate which were most consistent with those of glutamate
trangport in red cells. RT-PCR reveded strong signa sfor four different trangportersin
the brain and ubiquitous expression of GLAST. GLAST but not other subtypes showed
amplification of cDNA fragments in bone marrow cells and reticul ocytes The GLAST
cDNA that was 3.8 kb in length identica with that in the brain was isolated from bone
marrow cDNAs. These results suggested that the GLAST protein functions in canine

erythroid cells.

Immunoblotting analysis demondrated the presence of 66-kDa glycoprotein in
canine red cell membranes that was immunospecifically recognized with antibodies to
synthetic C-terminal peptides of GLAST. Red cell GLAST was larger than that in the
brain (60-62 kDa) due to a difference in N-linked oli gosaccharides, and spontaneoudy
formed dimers upon solubilization, being compati ble with previous findings on brain
glutamate trangporters. These findings demondrated that canine red cell glutamate

trangporter was the canine homol ogue of GLAST .

Chapter 3. Molecular basis for inherited defects of Na'-dependent glutamate

trangport mediated by GLAST in caninered cells

Molecular basis for the inherited defects of the trangport found in afamily of dogs
that led to decreased levd of red cell glutathione and a high susceptibility to oxidative
stress of red cells was invegigated in Chapter 3.
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Variant dog red cells, LGIUT red cells characterized by an inherited remarkable
decresse in glutamate trangoort activity showed decressed levels of reduced
glutathi one and were highly susceptible to oxidation. The GLAST protein content was
extremely reduced in LGIUT red cell membranes All LGIuT dogs carried a missense
mutation of Gly492 to Ser (G492S) in either the heterozygous or homozygous state.
The GLAST protein with G492S mutation was fully functiona in glutamate transport
in Xenopusoocytes. However, G492S GLAST exhibited amarked decreasein activity
after the addition of cycloheximide, while the wild type showed no signifi cant change,
indicating that G492S GLAST was unstable compared to the wild-type trangporter.
Moreover, LGIUT, but not normal, dogs heterozygous for G492S mutation showed a
selective decrease in the accumulation of GLAST mRNA from the normal alde.
Based on these findings it was concluded that a complicated heterologous combination
of G492S mutation and some transcriptiona defect contributes to the pathogenesis of
the LGIUT red cell phenotype. Exact mechanisms for abnorma transcription and
putative implications of defective glutamate trangport in neurodegeneration remain to

be determi ned.

In conclusion, the present study unequivocally demongdrated that canine red cell
glutamate trangporter was the canine homol ogue of GLA ST, and showed the mol ecul ar

basis for an inherited defect of red cell glutamate trangport found in Japanese dogs.
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Abstract

Canine red blood cells have a high-affinity Na'/K*-dependent glutamate

trangporter. In the present study, it is demongrated that this transport is mediated by
the canine homol ogue of GLAST, oneof the glutamate trangporter subtypes abundant
in the centrd nervous sysem, based on the findings from PCR-based cDNA cloning
and expression analyses of the brain and red cell trangporters and immunologica
identification. It is aso demondrated that GLAST is the most ubiquitous glutamate
trangporter among the trangporter subtypes that have been cloned to date. Canine red
cell GLAST was a 66-kDaglycoprotein, slightly larger than that in the brain (60 kDa)
due to the different N-glycosylaion. The GLAST protein content was extremely
reduced in variant red cells, LGIUT red cells characterized by an inherited remarkabl e
decresse in glutamate trangport activity. Sequencing and expression analyses of the
GLAST cDNAs from LGIuT dogs demondrated that a complicated heterologous
combination of a missense mutation of Gly492 to Ser and some transcriptiona defect

contributesto pathogenesis of the LGIuT red cell phenotype.
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