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Glutamate uptake inhibitor, L-trans-pyrrolidine-2,4-dicarboxylate (PDC, 20 uM) elevated basal
and N-methyl-D-aspartate (NMDA, 100 pM)-induced extracellular glutamate accumulation,
while it did not augment kainate (100 uM)-induced glutamate accumulation in cultured cere-
bellar granule neurons. However, pretreatment with PDC for 1 h significantly reduced NMDA-
induced glutamate accumulation, but did not affect kainate-induced response. Pretreatment
with glutamate (5 pM) for 1 h also reduced NMDA-induced glutamate accumulation, but did
not kainate-induced response. Upon a brief application (3-10 min), PDC did neither induce
elevation of intracellular calcium concentration ([Ca’"]) nor modulate NMDA-induced [Ca®'],
elevation. Pretreatment with PDC for 1 h reduced NMDA-induced [Ca®"], elevation, but it did
not reduce kainate-induced [Ca®], elevation. These results suggest that glutamate con-
centration in synaptic clefts of neuronal cells is increased by prolonged exposure (1 h) of the
cells to PDC, and the accumulated glutamate subsequently induces selective desensitization
of NMDA receptor.
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INTRODUCTION

Glutamate is a predominant excitatory neu-
rotransmitter in the mammalian CNS and induces a
variety of physiological and pathological neuronal
responses. Glutamate is in high concentration
(approximately 100 mM) in glutamatergic synaptic
vesicles and present at concentrations of 10 mM in
the cytoplasm of neurons (Talor et al, 1992). Hip-
pocampal extracellular glutamate concentration great-
ly increases almost immediately after onset of
ischemia up to 50 uM (Globus et al/, 1991; Mat-
sumoto et al., 1991; Shimada et a/, 1993).

Removal of glutamate from the synaptic cleft is an
essential component of the transmission process at
glutamatergic synapses. In contrast to most non-am-
ino acid transmitters, the action of glutamate is ter-
minated by leaving the extracellular synaptic space
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via uptake into the surrounding cells, both neurons
and glia. This mechanism of glutamate uptake is so-
dium dependent and high affinity transport systems
(Watkins and Evans, 1981; Flott and Seifert, 1991).
Dihydrokainate, a glutamate uptake inhibitor, in-
creases the N-methyl-D-aspartate (NMDA) receptor-
mediated excitatory postsynaptic currents (EPSCs) in
CA1 neurons of hippocampal slices, but it fails to af-
fect non-NMDA component evoked EPSCs (Hestrin et
al, 1990). However, dihydrokainate is a weak in-
hibitor of glutamate uptake and directly activates post-
synaptic excitatory amino acid (EAA) receptors
(Bridges et al., 1991). Preincubation with another glu-
tamate uptake inhibitor, DL-threo-3-hydroxy-aspartate
produces a time-dependent and selective inhibition of
glutamate-mediated c¢GMP synthesis, but not sig-
nificant inhibition of kainate-mediated cGMP for-
mation (Marini and Novelli, 1991). The specific glu-
tamate uptake inhibitor, L-trans-pyrrolidine-2,4-di-
carboxylate (PDC) has been developed as a com-
pound having no activation or inhibition of iono-
tropic EAA receptors (Bridges et al, 1991). Sarantis et
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al, (1993) reported that PDC decreased the NMDA
component of EPSCs, whereas it either unaffected or
slightly reduced the non-NMDA-induced EPSCs. Re-
cently, PDC was reported to depress excitatory synap-
tic transmission via a presynaptic mechanism in cul-
tured hippocampal neurons (Maki et al, 1994). The
present study was aimed to see the effects of PDC on
NMDA receptor-mediated Ca®* influx and ex-
tracellular glutamate accumulation in primary cul-
tures of cerebellar granule neurons. Primary cultures
of rat cerebellar neurons were used in this study, be-
cause they are mostly glutamatergic granule cells and
used widely to study the physiological, biochemical
and toxicological effects of EAAs.

MATERIALS AND METHODS

Materials

NMDA, kainate and PDC were purchased from RBI
{Natick, MA, U.S.A.). Fura-2/acetoxymethyl ester (fura-
2 AM) was purchased from Molecular Probes (Eugene,
OR, U.S.A). Bovine calf serum and fetal bovine
serum were purchased from Hyclone (Logan, UT,
USA) and JCR Bioscience (Lenexa, KS, USA), respec-
tively. All other chemicals used were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.).

Cerebellar granule cell culture

Cerebellar granule neurons were cultured as des-
cribed (McCaslin and Morgan, 1987; McCaslin and
Ho, 1994) with slight modifications. Briefly, 8-day-old
rat pups (Sprague-Dawley) were decapitated, and the
heads were partially sterilized by dipping them in 95%
ethanol. The cerebellum was dissected from the tissue
and placed in culture medium which lacks serum and
bicarbonate. Dissociated cells by mechanical tri-
turation were grown in Dulbecco's modified Eagle's
medium (DMEM) containing sodium pyruvate (0.9
mM), glutamine (3.64 mM), sodium bicarbonate (40
mM), glucose (22.73 mM), 6% bovine calf serum and
6% fetal bovine serum on glass slides coated with po-
ly-L-lysine. After 2 days incubation (37°C; 10% CQO,),
growth medium was aspirated from the cultures and
new growth medium (5 ml/dish, 300 mOsm) con-
taining 25 mM KCl was added with 5 UM cytosine ara-
binoside to prevent proliferation of nonneuronal cells
(McCaslin and Ho, 1994). The cells were then in-
cubated for 14 days at 37°C under 10% CO,-90% filt-
ered room air. At this stage, less than 10% of the cells
show glial fibrillary acidic protein immunoreactivity,
as described previously (McCaslin and Ho; 1994)

Glutamate measurement

Experiments were performed using cultures grown
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for 10-14 days after plating on glass slides. Cells were
washed to remove medium and placed in a phy-
siological saline HEPES (PSH) buffer solution con-
taining the following mM concentrations: 135 NaCl,
3.6 KCl, 2.5 CaCl,, 40 bicarbonate, 10 glucose and 5
HEPES (pH 7.4, 300 mOsm). After a 30 min e-
quilibration period in PSH buffer, cells were rein-
cubated in the presence of various concentrations of
compounds at 37°C for 1 h. The quantities of glu-
tamate secreted into the buffer (3 ml) was separated
and quantified by high performance ligid chro-
matography (HPLC) with an electrochemical detector
(Ellison et al., 1987). Briefly, after a small aliquot was
collected from the culture dish, amino acids were
separated on a Rainin (particle size, 5 um; 4.6x 150

mm) C18 column (reverse-phase) after prederi-
vatization with o-phthaldialdehyde/2-mer-
captoethanol. Derivatives were detected by elec-

trochemistry at 20 nA/V, and the reference electrode
was set at 0.70 V. The column was eluted with
mobile phase (pH 5.25) containing 0.1 M sodium
phosphate buffer with 37% (v/v) HPLC-grade
methanol at a flow rate of 1.0 ml/min.

Measurement of intracellular Ca** levels ([Ca™])

Intracellular Ca’" levels were determined by ratio
fluorometry as described (Grynkiewicz, 1985; Cai
and McCaslin, 1992). Cells grown for 10-14 days on
glass slides were loaded with 10 uM frua-2 AM
(dissolved in dimethylsulfoxide (DMSQ)) for 1 h in
PSH buffer at 37°C, and then washed with PSH buffer.
The DMSO concentration never exceeded 0.1% and
this concentration of DMSO had no effect on the dye
signals. Cell culture slides were cut and mounted into
spectrophotometer cuvettes containing 2.5 ml PSH
buffer (without bicarbonate). Fluorescence was
measured with a FLUOROLOG-2 spectrophotometer
(SPEX Ind. Inc., Edison, NJ) equipped with a Xenon
lamp, and wavelength was alternated between 340
and 380 nm for excitation using a chopper system
and 505 nm for emission using a filter system. Base-
line of [Ca®™], was measured for 60 sec before the ad-
dition of various experimental compounds. lono-
mycin and EGTA (final concentration 10 uM and 20
mM, respectively) were added at the end of ex-
periments to determine the emission of dye saturated
with Ca** and free of Ca®, respectively. Calcium con-
centrations were calculated according to the method
of Grynkiewicz et al (1985) using a KD of 224 nM
by using TM 3000 software (SPEX).

Statistical analysis

Statistical differences were analyzed by analysis of
variance (ANOVA) followed by the Duncan's test. p
<0.05 was considered as a statistical significance.
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RESULTS

Cells were incubated for 1 h with PDC (20 puM)
and one of EAAs, NMDA or kainate. PDC alone caus-
ed elevation of extracellular glutamate levels 3 times
over control levels (control; 0.60+0.03 uM, PDC; 1.
981+0.31 uM). And NMDA or kainate at 100 uM also
produced significant elevation of glutamate con-
centration (Fig. 1). To study the effect of PDC on glu-
tamate accumulation induced by EAAs, PDC and
NMDA or kainate were simultaneously added to cells
and incubated for 1 h. PDC showed an synergic ef-
fect on NMDA-induced glutamate accumulation. But
it did not augment kainate-induced glutamate ac-
cumulation (Fig. 1).

Pretreatment with PDC for 1 h prior to the addition

Glutamate (UM}

CONT PDC NMDA NMDA+PDC KA

Fig. 1. Effect of PDC on NMDA- or kainate-induced glu-
tamate accumulation. Cultured cerebellar granule cells
were incubated with NMDA or kainate (KA), 100 pM each,
with or without PDC (20 uM) for 1 h. Values represent the
mean SEM of uM in 3 ml of extracellular buffer. Data were
analyzed by an ANOVA followed by the Duncan's test. * p
<0.05, ns (no significant), (n=6-8)
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Fig. 2. Effect of pretreatment with PDC on NMDA- or kaina-
te-induced glutamate accumulation. Cultured cerebellar
granule cells were incubated with PDC (20 uM) for 1 h and
washed, and reincubated with NMDA or kainate, 100 uM
each, for 1 h. Values represent the mean+SEM of uM in 3
ml of extracellular buffer. Data were analyzed by an ANO-
VA followed by the Duncan's test. * p<0.05, (n=6-8)
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of EAAs induced reduced NMDA-induced glutamate
accumulation (from 2.00+0.54 to 1.041+0.47, uM),
but did not affect kainate-induced glutamate ac-
cumulation (Fig. 2). This result suggests that the reduc-
tion of NMDA-induced glutamate accumulation may
be due to prolonged increase in glutamate induced
by PDC. To further determine the involvement of glu-
tamate accumulated in extracellular fluid by pro-
longed treatment of PDC on NMDA-induced glu-
tamate accumulation, the effect of exogenous glu-
tamate (5 uM) was examined. Similar to the effects of
PDC, pretreatment of glutamate for 1 h also reduced
the NMDA-induced glutamate accumulation (from 2.
39+0.60 to 0.61£0.06, uM). But, this treatment did
not affect kainate-induced glutamate accumulation
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Fig. 3. Effect of pretreatment with glutamate on NMDA- or
kainate-induced glutamate accumulation. Cultured cere-
bellar granule cells were incubated with exogenously add-
ed glutamate (5 uM) for 1 h and washed, and reincubated
with NMDA or kainate, 100 uM each, for 1 h. Values
represent the mean+SEM of pM in 3 ml of extracellular
buffer. Data were analyzed by an ANOVA followed by the
Duncan's test. * p<0.05, (n=6-8)
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Fig. 4. Effect of PDC on the basal or NMDA-induced in-
tracellular Ca® levels ([Ca™]). Cultured cerebellar granule
cells were loaded with fura-2 AM for 60 min, washed with
PSH buffer, and stimulated with PDC (20 uM) at 60 sec for
curve a and ¢, and NMDA (50 uM) was added at 200 sec
for curve a and b. Each curve represents the average of
three experiments
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Fig. 5. Effect of PDC pretreatment on NMDA- and kainate-
induced intracellular Ca®* levels ([Ca’},). After cultured cere-
bellar granule cells were loaded with fura-2 AM for 1 h,
cells were incubated with or without 20 uM PDC for 1 h,
and washed with PSH buffer. And NMDA (A) or kainate
(KA; B), 50 UM each, was added at the break in the curve.
Each curve represents the average of four experiments.

(Fig. 3).

NMDA and kainate receptors are ligand-gated/vol-
tage-gated ion channels and have high permeabilities
to Ca®. Because it is possible that accumulation of
glutamate by uptake blocker may induce NMDA re-
ceptor desensitization, changes in [Ca®"]; induced by
EAAs were measured with or without PDC pre-
treatment. In short-term (3-10 min) pretreatment, PDC
affected neither basal [Ca™]; (Fig 4, ¢) nor NMDA-in-
duced elevation of [Ca®'], (Fig. 4, a) compared to
NMDA alone (Fig. 4, b). However, pretreatment with
PDC for 1 h prior to application of EAAs reduced
NMDA-induced elevation of [Ca®"]; (control; 304+ 10.
20 vs pre-PDC; 211+ 15.44, nM), but did not kainate-
induced elevation of [Ca®™]; (Fig. 5).

DISCUSSION

To maintain CNS healthy, an appropriate
glutamate's action as an excitatory neurotransmitter is
required. But, glutamate, as a potent excitotoxin, in
as much as prolonged exposure of most cultured neu-
rons to micromolar concentrations, leads to either ra-
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pid or delayed neurctoxicity (Choi, 1988). But it has
been reported that relatively high concentrations of
NMDA or glutamate fail to induce acute neu-
rotoxicity of cultured cerebellar granule cells (Lysko
et al, 1989; Kato et al, 1991). For this reason, und-
erstanding the mechanism of the change of glutamate
receptor function is likely to provide an insight into
normal and diseased CNS processes. Receptor desen-
sitization has been considered as a mechanism for
modulating glutamate responses.

In this experiment, long-term pretreatment of neu-
ronal cells with PDC decreased NMDA receptor-medi-
ated elevation of calcium influx into the cell and glu-
tamate accumulation in extracellular fluid, but did
not affect kainate receptor-mediated responses. Ex-
ogenously added glutamate also reduced the NMDA-
induced glutamate accumulation. If PDC directly ac-
tivate NMDA receptors, it may augment the NMDA-
induced elevation of [Ca’], in short-term exposure.
However, PDC treatment of short term affected neither
basal [Ca®™]; nor NMDA-induced elevation of [Ca™],
(Fig. 4). And, co-application of PDC in a brief period
with NMDA to cells augmented NMDA-induced glu-
tamate accumulation, since reuptake of glutamate re-
leased by NMDA receptor activation was blocked by
PDC (Fig. 1). Thus, it was presumed that increased ex-
tracellular glutamate by PDC, a glutamate reuptake
blocker, selectively desensitized the NMDA receptors.
In support of this idea, Issacson and Nicoll (1993) sug-
gested that the PDC-induced modulation of current is
due to an elevation of ambient concentrations of glu-
tamate rather than direct activation of NMDA receptor.

Each glutamate receptor subtype shows different
features in their desensitization. Chizhmakov et al.,
(1992) suggested that the NMDA receptors display dif-
ferent features in a desensitized state when tested aft-
er pre-incubation of the neuron in aspartate alone or
in aspartate with glycine. Aspartate alone induces
desensitization of the NMDA receptor manifested as
a reduced maximal response with no change in ap-
parent Kd, whereas a combination of both co-agon-
ists induces a desensitization of the NMDA receptor
which is accompanied by an increase in affinity of re-
ceptor for both co-agonists. Inhibition of glutamate up-
take, and the subsequent accumulation of extracellular
glutamate, could have both presynaptic and postsy-
naptic consequences. Rapid desensitization of the
AMPA receptors (Trussel and Fischbach, 1990) by am-
bient concentrations of glutamate could result in a de-
creased amplitude of the EPSC. An increase in the
NMDA component of the EPSC may also be ex-
pected, given the high affinity of the NMDA receptor
for glutamate (Patneau and Mayer, 1990). Trussell et
al., (1993) indicated that AMPA receptors were desen-
sitized by neurotransmitter and that this desensiti-
zation depended on the number of quanta in the
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synaptic cleft. Though there is a couple of observation
that kainate responses do desensitize (Huettner, 1990;
Arvanov and Usherwood, 1991), it is not consistent in
all vertebrate CNS neurons. Also in the present ex-
periment, kainate receptor failed to show desensitiza-
tion (Fig. 2, 5).

One form of NMDA receptor desensitization is vol-
tage- and Ca”*-dependent with both the rate and de-
gree of desensitization increasing with hyperpolariz-
ation and higher extracellular Ca® concentrations (Clark
et al, 1990). Whether Ca** promotes desensitization
by acting intracellularly or extracellularly is unclear.
Although a role of desensitization is to protect cells
from the deleterious effects of prolonged or repeated
stimuli, whether NMDA receptor desensitization, und-
er physiological conditions, plays a protective role re-
mains to be determined.

In summary, glutamate reuptake inhibitor, PDC,
augmented NMDA-induced glutamate accumulation
in shortterm application. However, pretreatment of
cells with PDC reduced NMDA-induced glutamate ac-
cumulation and elevation of [Ca*], but did not affect
kainate-induced responses. Similar to the pretreatment
effect of PDC, exogenous glutamate pretreatment re-
duced NMDA-induced glutamate accumulation.
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