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Na*-dependent high-affinity uptake of L-glutamate in cultured fibroblasts
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Uptake of 1 uM [*H]L-glutamate by cultured 3T3 fibroblasts was strongly dependent on extracellular Na*: it was reduced by elevated concentrations

of K* (60 mM) but it was not influenced by variations in the concentration of Ca® (0-9.6 mMj}. p- and v-Asparate, b~ and (-threo-3-hydroxyas-

partate DL-threo-3-methylaspartate and a few other glutamate derivatives and analogues inhibited the uptake but several close analogues of

L-glutamate (including p-glutamate) had no effect, implying that the uptake system is highly structurally selective. The recently idemtified inhibitor

of glutamate uptake in synaptosomal preparations, L-frans-pyrrolidine-2,4-dicarboxylate, was also among the inhibitors. Apparent K, of the uptake

was found 1o be <10 uM. The present observations indicate that Na'-dependent *high-affinity’ uptake of L-glutamate may appear in struciures
which are apparently unrelated to glutamatergic synaplic transmission in the CNS.

Amino acid, L-Glutamate; Glutamate analogue; Agonist and antagonist; High-aftinity uptake: Fibroblast 373

1. INTRODUCTION

L-Glutamate has been shown to be accumulated by
‘high-affinity’ (apparent X, < 50 uM), Na*-dependent
uptake systems in rat brain sy~ _‘osomes [1], ‘mini-
slices’ of rat cerebral cortex [2], glia-enriched fractions
of rabbit cerebral homogenates [3], cat [4] and rat [5]
spinal cord slices (but see also [6)), human brain
tumours [7], dorsal spinal ganglia [8], preparations from
human brain ([9] for a review see [10]), cell lines cultured
from, respectively, glioma (C6) [3,1i}. mous¢ neuro-
blastoma (C1300) [12] and neonatal syrian hamster glial
cells (INN) [13], as well as by primary cultures of both
glia and neurons from newborn and embryonic mouse
and rat brain [14-17). The principal common aim of
virtually all of those studies was to investigate the rela-
tionship of high affinity uptake of L-glutamate to the
glutamatergic synaptic transmission in the nervous tis-
sue. In contrast, the experiments discussed in the pres-
ent article were conducted in order to examine whether
a similar high-affinity uptake system of t-glutamate can
be expressed in cells other than those originating from
the central nervous tissue, for example in cultured fi-
broblasts of embryonic origin.

2. MATERIALS AND METHODS

Cell line, 3T3, was selected as a readily available model of em-
bryonic fibroblasts in culture. The cells were grown in 35 mm culwre
dishes (Corning, Sclby Anax and Disposable Products, Sydney) in
bicarbonate-buffered Dulbecco’s modified Eagle's medium (DMEM,
Sigma) containing p-glucose at 4.5 g/1 (25 mM) and supplemented with
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10% of heat-inactivated (5§5°C for 60 min) foetal bovine scrum (FBS,
Cytosystems). The dishes were kept at 37°C in a humidified atmo-
sphere comaining $% CO.. After 4-6 days, when the cells formed
confluent monolayers. they were used for experiments.

A previously described technique was used to study uptake of [*H]i-
glutamage [13,17). The culture niedium was replaced with 2 m of
incubation medium {125 mM NacCl, 4.5 mM KCl, 1.2 mM CaCl,, 1.2
mM MgCl,) buffered (pH 7.4) by 10 mM sodium phosphate or, when
higher concentrations of CaCl, or choline chloride were present. by
25 mM Tricine-Na” (pH 7.4). Also, 1 g of p-glucose/l {5.5 mM) was
added to the medium.

The cells were pre-incubated, in the presence of a potential inhibitor
when necessary. at 25°C in a shaking water bath (about 60-70 strokes/
min. dishes held in a custom-made rack). {"H]t.-Glutamate a1 a re-
quired concentration and specific activity was then added and the
incubation continued for as long as necessary in each particular exper-
iment (usually 5 min). At the end of the incubation. the medium was
removed by suction 2nd the cells were washed twice with 2 mi of frech
[FH)v-glutamate-frec medium (at room temperature §7-22°C). The
cells were extracted with 1 ml of 0.25 mM NaOH overnight and 0.5
ml aliquots were taken for the determination of radicactivity by
scintillation counting using 4.5 mt of Opti-Fi..or (Canbetra Packard)
in plastic minivials and Packard 2000C scintillation counter. The -c-
mainder of the ~kaline extract was used for proicin esiumaiion (15
Kinetic constants were calculated  usig Multifit 11 program
{Cambridge, UK).

Possible metabolic conversion of [*H]L-glutamate taken up by the
cells was investigated as described in an carlier study [13), except that
a high performance autoradiographic film (Hyperfilm-"H, Amersham,
UK). rather than a scanncr. was used to visualisc the distribution of
radioactivity on the thin layer chromatogram. Also, follawing the
autoradiography. samples of silicagel ware collected irom the plates
(T-6145, Sigma. St. Louis, MO, USA) aind assayed for radioactivity
by scintillation counting. The experiments indicated that it least 80%
of the recovered tritium was present in the formn of ['H]L-glutamate (R,
~ 0.42 in n-butanolacelic acid/water. 4:1:1 by vol.). There was no
evidence. such as additional spots or peaks. of any "H-labelled meta-
bolites.

("Hh-Glmamic acid (41.9 Cirmmol, Lot 2646-203) was puichasad
from New England Nuclear (Boston, MA, USA), 3-4RS)-2-Carboxy-
pipcrazin-d-y1)-propyl-1-pho- “honate (CPI™, A&’ <hlorophenyh-m -
glutamic agid, Leysten acid . i v- and t-threo- 3-hydroavaspartic
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acid (017 Q17 N-mchyl-paspartc acid.  6cyano-T-nitro-
quinoxaline-2 3dione (CNQX/FG 9065). L<ysicine sulphinic acid
(006), Ehvdrokainic ackd. L-Bomocysicic acid (022) and 1-fraws-pyr-
rolidine-2.3-dacarbornylic acid (0.38, bright yellow spot produced by
ninhwdrin neaction) were obtained from Tocris Neuramin, Bristol.
UK ot~ -Ammoadspucaad, vammoampacaad.hmnogiumncand
o -or UV-stositive spol). 1-

t-gistamate-S-benrylester (0.69). L-g!um acid (0.43), p-glutamic
and(ﬂ.MLhmacaud.u—mhmmsulpboxﬂe.bmhmmnc
sulphone, Di-tnethiomme-pe-sulphoximine, N-methyvl-o-aspartate, L-
aspartate-$-methylester (0.34), pi-2-methyl aspartic acid and o1-
threo-3-methy] aspartic acid (0.47) came from Sigma, St. Louis, MO,
USA. Chelidonic acid was purchased from Akdrich Chemical Com-
pany. Mitwaukee, WL USA. The figttres in parentheses are the values
of R, obtained by thin laver chromatography (TLC) on polyester
snngdnhzslsbna-rmmmn-bmanolmaqdlmzer(u 1.
by vol.). No UV-sensitive or ninhdrine-positive impurities were de-
tected in any of the compounds subjected to the TLC analysis. All
other chemicals, not specifically listed, were bought from cofiimercial
supplicrs and were of at least analvtical grade.

3. RESULTS

The uptake was found to be linear with time for at
least 7.5-10 min at 1 gM PH]i-glutamate and was
within S and 10% of linearity after 5-7.5 min at 100 uM
and 5 min at 1 mM concentrations of substrate. respec-
tively. The uptake values obtained at 5 min (1-100 zM)
or 2.5 min (0.1-1 mM) were considered as satisfactory
approximations of initial rates of uptake within those
concentration intervals f19]. Analysis of the initial rates
using a model which included both saturable and non-
saturable componems [12-14] produces the values of K,
~5-10 uM, V., ~0.1-0.2 nmol/mg prot/min and k4
~3-4 pllmglnun. Results of a representative kinetic
study are shown in Table I.

Several compounds structurally similar to glutamate
(Fig. 1) inhibited the uptake of 1 yM [‘H]L-glutamate

Table |
Kinctic characteristics of high-affinity uptate of L-glutamate in cul-
turcd 373 clls
K, (M) Ve (pmotmg koo Wmg protcin/
proicin/min} min}
791 £ 106 185+ 6 327+02

The constants, exprossed as mean + S.E.M. are based on the kinetic
cquation s = 7, xSHK, « 5) + kxS where S is the concentration
of substrate. Uptake was measured a1 the following substrate con-
ceatrations (M 1, X S, 10, 15, 20, 25, 35. 40, 50, 7S. 100, 250, S00,
750 and 1.000. Specific activily varied between 1 and 167 gCiigmeol for
5.000 and § uM concentrations, respectively. Incubations lasied 5 min
(1- 100 pM) or 2.5 min (250-1.000 M), Blanks were zero-time (in
reality. 5-10 v) incubations and acooumtad for abowt 12-20% of the
wial vaive of uptake. Four valucs were oblained at each concenteation
(%0 a1 75 and 100 gM), iz the todal of 60 experimental points were
tscluded in the caloulation. Kineti constants wene computed from the
valuer obtaused a1 1-100 gM concentrations (46 points). comrected for
2 aon-suturable compoenes: Sncrsunad by linesr regrovion a1 $00-
14505 N3 (18 poimtst concentsations {§3.14), The zmoust proteindink
varied from 278 (0 496 gp, mexn ¢ S0 = 372 « 84
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L-ASPARTATE -GLUTAMATE

L-CVSTENE SULPHINATE

DINYDROKAINATE L-trans-PYRROLIDINE-2,4-DICARBOXYLATE

Fig. 1. Structural formulae of L-aspartate, L-glutamate, L-cysteine sul-

phinate, L-homocysteate, dihydrokainate and L-frans-pyrrolidine-2,4-

dicarboxylate. The structures are represented in fully ionized forms.

L-Aspartate. L-cysteine sulphinate and L-frans-pyrrolidine-2 4-dicar-

boxylate inhibited 1-glutamate uptake, L-homocysteate was a weak
inhibitor and dihvdrokainate was inactive.

(Table ). Among them, L- and p-aspartate, together
with their 3-substituted derivatives, threo-3-hydroxyas-
partate and threo-3-methyl aspartate, as well as L-Cys-
teinesulphinate and L-cysteate (i.e. analogues closer to
aspartate than to glutamate in terms of the distance
between the two negatively charged groups) inhibited
strongly (> 50%) at 250 uM and in some cases at 25 yM
concentration. In contrast, i-homocysteate, which is
only one carbon atom longer than L-cyst. .t¢, was a
relatively weak inhibitor even at 250 4M. Significantly,
although p-aspartate was an inhibitor, albeit weaker
than L-aspartate, p-glutzmate had no effect, even at 250
#M concentration. Among the other types of structural
alterations only the esterification or hydroxamation of
the & or S-carboxyl in aspartate or glutamate produced,
in some cases, compounds capable of interacting with
the uptake system. However, their inhibitory potency
also depended on the configuration of the 2-carbon (L-
cnantiomer stronger than p-enantiomer) and on the
length of the carbon-atom chain (5C a weaker inhibitor
than 4C). Thus. L-aspartate-4-hydroxamate was a more
potent inhibitor than the corresponding p-enantiomer
and the L-glutamate derivatives (L-glutamate-5-
benzylester and  1-plutamate-S-hydroxamate) were
weaker mhibitors thun the corresponding L-aspanate
derivatives (Table ). N-Substitution, 2-substitution.
longer carbon aiom chain (6C). as well as additional
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conformational restrictions. such as those in 3-((RS)-2-
carboxypiperazin-4-yl)-propyl-1-phosphonate  (CPP,
antagonist, at N-methyl-p-aspartate receptors in the
CNS [26)), kainate (active on another subclass of exci-
- tatory glutamate receptors [20]) and dihydrokainate,

Table 11
Inhibition of the uptake of 1 uM [*H]L-glutamate in 3T3 cells

Compound Inhibitor concen- % inhibition
tration (gM)
L-Glutamate s Jox2
25 50+ 3
250 841
p-Glutamate 250 ns.
L-Aspartate 25 542
250 66 + 3
D-Aspartate 25 277
250 53+6
pL-threo-3-Methylaspartate 25 40 %2
250 55+ 7
L-Cysteinesulphinate 250 66+ 5
L-threo-3-Hydroxyaspartate 25 6535
250 %+2
o-tireo-3-Hydroxyaspartate 25 27+3
250 58+4
L-trans-Pyrrolidine-2 d-dicarboxylate 25 42+ 4
250 73
L-Cysteate —n 79 1
3-Aminoglutarate 250 52+9
t-Homocysteate 250 25+ 4
L-Aspartate-4-hydroxamate 250 605
p-Aspattate-4-hydroxamate 250 n.s.
L-Aspartate-4-benzylester 250 96
L-Aspariate-4-methylester 250 62+ 5
L-Glutamate-5-hydroxamate 500 ns.
L-Glutamate-5-benzylester 250 18 +4
500 29+8
pL-3-(4"-chloropheny))-glutamate®* * 3727

Tested compounds were present in the medium during the 5 min
pre-incubation, | gM ['HlL-glutamate (usually 250 u4Cijumol) was
then added and the incubation continued for another § min. Zero-time
(~5-10 s) incubations were used as blanks accounting for 10-15% of
the total, The resulis are expressed as % inhibition (decrease in uptake
as compared to an inhibitor-free control) £ S.D. (1 = 4), il'the presence
of a compound in the incubation medium resulted in less than 17%
difference from controls (and P > 0.02% by Siudent’s -1est) the inhibi-
tion was marked n.s. (not significant) or the compound was listed as
inactive. Typical control valucs were about 20 pmol/mg protein/min
{not corrected for diffusion which would account for about 14% of
uptake at 1 4M substrate concentration, ¢f, Table I) and although
constant within a batch of cells, could vary considerably from batch
to batch from as low as 9 to as high as 40 pmol/mg protein/min.

Inactive as 250 uM: pL-2-Aminoadipate, 3-aminoadipate, 3-((RS)-2-
carboxypiperszin-d-yl)-propyl-1-phosphonate  (CPP)™”. chelidonic
acid”, 6-cyano-T-nitroguinoxaline-2,3-dione (CNQX, FGY065)™. di-
hydrokainate, kainate, L-methionine sulphoxide, ni-methionine-ot.-
sulphoximine, 2-methyl-pL-aspartate, 2-methyl-oi-glutamate and N-
methyl-p-aspartate (NMDA),

#Suturated solution (< 250 y4M).
**Stock selution prepared in 50% DIMSO (final concentration 2.5%)
and compared (o cositrols containiag 2.5% IMRD which wercabvnt
33 43% lower than OMSO-[ree contsols.
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produced inactive compounds (Tabi: H). However, the
conformationally restricted glutamate analogue, L-
rrans-pyrrolidine-2,4-dicarboxylaie, was an inhibitor of
L-glutamate uptake (Table II). Several other com-
pounds related to L-glutamate, such as 5-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX, active at non-NMDA
receptors in the CNS [20]) or chelidonic acid and pe-
methionine-pL-sulphoximine (inhibitors of enzymes in-
volved in the metabolism of L-glutamate [21,22]) were
inactive.

Uptake of 1 uM [*H]L-glutamate was virtually abol-
ished when the concentration of Na* was reduced to §
mM (Fig. 2a}. However, neither the absence (in the
phosphate-buffered medium, not shown) nor an 8-fold
increase in the concentration of Ca®* had any effect,
although an increase in the K* concentration to 60 mM
reduced the uptake significantly (Fig. 2a). This reduc-
tion was even higher when the increase in K* concentra-
tion was offset by the corresponding decrease in the
concentration of Na* to maintain constant osmolarity
(Fig. 2c). Replacement of Na* by choline or Li* rather
than by K" resulted in a smaller decrease in the uptake
(Fig. 2c, replacement by Li* not shown). When the con-
centration of 100 gM [PH]L-glutamate was used, only
the reduction of Na” concentration to 5 mM resulted in
a decrease of uptake, which was, moreover, rather
modest when compared with that observed at 1 g4M
[*H]L-glutamate (Fig. 2b).

4. DISCUSSION

The high-affinity uptake of L-glutamate has not y=t
been extensively studied in cultured fibrobiasts al-
though there is at least one report in the literature of
L-glutamate uptake in 3T3 cells which is of *high affin-
ity’ (K, = 16 uM). This uptake system was described as
moderately Na*-dependent, not affected by clevated
concentration of K* but sensitive to the absence of Ca™
[11]). thus perhaps indicating that it might have been
similar to the Ca**/Cl -depundent glutamate uptake oh-
served in gh~' cells and brain homogeaates [22-2.).
However, a more recent attempt to study the high-affin-
ity component of L-glutamate uptake in 3T3 fibrobiasts
was unsuccessful [28]. These contradictory obscrvations
could be explained by the variations in the potency of
L-glutamate uptake (sometimes encountered in the pres-
ent experiments, too, cf. Table 11, legend) among bat-
ches of 3T3 cells.

The strong Na'-dependence, insensitivity to the
variations in Ca**-concentration and inhibition by 3-
substituted glutamate analogues demonstrate that the
high-affinity uptake for glutamate in 3T3 cclls obscrved
under the present experimental conditions is clearly dif-
ferest from the Ca™'- and Cl -dependent glutamate
uptake [23-27). Rather. “he kinetic properties and ionic
requirements would scem to relate it to the class of high
affnity Na“-dependent uptake systems usually dis-
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ia} 1 pM { "RILGhstamale

Contot  SmMNa* 96mMCa2* 60mMK*

{b) 100 uM [PH]L-Glutamale

% Control

Control 5mMNa* 9.6mMCa2* 60mMK®

(e} 1 M [*H]L-Glutamate

100 J

nMK' BQmMCh"
Conrol  minus K™ (65 mM Na ) (65 mM Na*)

Fig. 2. Effects of variations in ionic concentrations on the uptake of
1 #M [H]L-glutamate by 3T3 cells. The bars are means + S.D. (a =
4). nomalized, so that the controls = 100%. Conirol concentrations
of Na™ were 125 mM in tricine-bufTered medium. In (@) and (b) the
increases in Ca’™ und K concentrations were not compensated for by
dexreases i Na ™ concentrations. A S mM Na ' 120 mM choline (Ch'y
chionde was used to replace NaCl. In (¢} the increases in [K '] and
decreases in [Na '] were counterbatanced by corrovponding ckanges in
iNaT) or by addition of Ch'. The cifeets of seduoed [Na ] (S mM in
fa: and (b) and 65 mM in {ch) were stanstically mignifwant at P« 6.2
by Student’s r-tent, Also, uprake a1 60 1M (K ] o sipnificanty (P <
0.0 bower than that a1 60 M {Ch Jiboth a1 65 mM [Na | Absoluie
vzluew Gi oontrols were ot always determined for the eaperiments in
{ah and (60 but the valum o CPM/mg protetn indwated that tho were
wernber o thow o Table 11 Controle i (55 aere aboul S &0

3 vos bk e ol o A9% pemodiey g ot fabout 635 by ditta

I frern the baume cgaaluen ond consdents on Fablr §
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cussed within the context of synaplic cvents in the cen-
rral nervous tissuc [29.30).

1t has been proposed that the high-affimty uptake is
the chief means of limiting the excitatory action of L-
glutamate released from glutamatergic synaptic termi-
nats {31]. High-affinity uptake of 1-glutamate has even
been used as a marker for glutamatergic synapses, pre-
sumably on the assumption that it is localized within the
glutamatergic terminals or adjacent glial cells [32-38],
although this approach has recently been criticized [24].
In fact. several studies using synaptosomes and brain
slices have demonstrated regional variations in the
brain [39-41) and thus provided an indication that glu-
tamate uptake may not be a homogeneous process
linked to a single aspect of the neuronal function, but
rather a family of distinct, though mutually similar,
uptake systems. This view has been supported by data
obtained in cultured cells which have, furthermore, sug-
gested that, according to their structural requirements,
glutamate-specific, Na*-dependent high-affinity uptake
systems could be broadly classified into two groups.
Those found in cultured neuroblastoma [12,42] do not
take up aspartate very efficiently but they interact with
the longer carbon atom-chain analogue of L- glutamate,
2-aminoadipate. In contrast, L-glutamate uptake in cuf-
tured glial cells readily interacts with aspartate and is
only very weakly, or not at all, affected by 2-aminoadi-
pate [13.42). Other differences. along the same lines,
have also been reported [43].

The high affinity uptake of L-glutamate discussed in
the present communication is, using the above criteria,
similar to the ‘glial” Na*-dependent high-affinity glu-
tamate uptake system. It is strongly inhibited by aspar-
tate, especially by the L-enantiomer, and it is insensitive
to 2-aminoadipate. This is paralleled by ihe action of
sulphur-containing aspartate/glutamate analogues, L-
cysteate (shorter analogue, stronger inhibitor) and .-
homocystecate {longer analogue. weaker inhibitor). The
same principie holds for Ly droxamates and venzy! cs-
ters of L-aspartatc and L-glutamate. It would seem,
therefore, that :he binding site on the putative carricr
mteracts preferentially with a folded (shorter}, rather
than cextended {longer) conformation of L-glutamate,
but this simple interpretation is not entirely consistent
with the strony inhibition shown by the recently identi-
fied specific inhibitor of synaptosoinal uptake of L-glu-
tamate.  L-frans-pyrrolidine-2.4-gicarboxylate  [44]
which maintains, through a conformationally restric-
ting presence of a rigid pyrrolidine ring within its struc-
ture. a distance between the two negatively charged
{carboxyl) groups closer to that in the extended. rather
than folded. conformation of glutamate (Fig. 1). in ad-
dition, dihydrokainate [45], in which 4 non-bonded in-
teraction between 4-isopropyl and 3-carboxymethyl
would scem 10 force the glutamate-hike part of the mol-
ccule away from the exiended conformation, was inac-
tive, The lutter observation could be explained by an
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analogy between the nitrogen atom within the pyrroli-
dine ring of dihydrokainate and the N-substitution
which makes N-methyl- p-asparate inactive as a gluta-
mate uptake inhibitor. However, this explanation disre-
gards the fact that the same structurai feature in L-trans-
pyrrolidine-2.4-dicarboxylate does not have a similar,
inactivating, effect.

High-affinity uptake of i-glutamate has been studied
in blood platelets [46,47] which are known to have se-
veral distinct neuronal characteristics [48] and a similar
system has been Jdetected in brain capillaries {49]. How-
cver, the presence of ¢ Na'-dependent high affinity up-
take of L-glutamate in fibroblasts and the potential ubi-
quity of such celis in vivo would seem to indicate that
a type of glutamate uptake usually found only in ner-
vous tissue may sometimes appear in structures which
are in no way reiaicd cither to the central or peripheral
nervous system. The present findings may thus help to
explain the recent failure of an antibody raised against
the glycoprotein thought to form the glutamate trans-
porter [50] to specifically label the neuronal structures
known to be glutamatergic in the rat brain [51]. Also.
the existence of fibroblast-located giutamate uptake
may have important implications for the experiments in
which Xenopus laevis oocyte system is utilized to study
the characteristics of glutamate . iuaporter expressed
from fragments of mRNA obtained in carly postnatal
tissues [S2).
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