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The Glutamate Uptake Inhibitor L- Trans-pyrrolidine-2,4-dicarboxylate
Depresses Excitatory Synaptic Transmission via a Presynaptic
Mechanism in Cultured Hippocampal Neurons
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Sodium-dependent high-affinity uptake of glutamate is
thought to play a major role in the maintenance of very low
extracellular concentrations of excitatory amino acids (EAA),
and may modulate the actions of released transmitter at
G-protein—coupled receptors and extrasynaptic receptors
that are activated over a longer distance and time course.
We have examined the effects of the recently developed
uptake inhibitor L-trans-pyrrolidine-2,4-dicarboxylate (L-trans-
PDC) on monosynaptically evoked excitatory postsynaptic
currents (EPSCs) in very-low-density cultures of hippocam-
pal neurons. L-Trans-PDC produced a decreased amplitude
of both the non-NMDA and NMDA receptor-mediated com-
ponents of monosynaptically evoked EPSCs. Examination of
miniature EPSCs (mEPSCs) indicated that changes in the
sensitivity of postsynaptic non-NMDA receptors did not un-
derlie the decrease in evoked EPSC amplitudes. The me-
tabotropic receptor agonist (1S5,3R)-1-aminocyclopentane-
1,3-dicarboxylic acid (1S,3R-ACPD) also depressed both
components of the EPSC. The competitive metabotropic re-
ceptor antagonist (RS)-a-methyl-4-carboxyphenylglycine
(MCPG) blocked the depression of EPSC amplitude induced
by 18,3R-ACPD and also blocked the effects of L-trans-PDC.
Finally, low concentrations of L-glutamate (2 um) mimicked
the effects of L-trans-PDC on EPSC amplitude. From these
results we conclude that the application of L-trans-PDC to
cultured hippocampal neurons results in the activation of
presynaptic metabotropic receptors, leading to a decrease
in synaptic transmission. We propose that this effect is due
to anincrease in ambient glutamate concentrations following
inhibition of glutamate uptake, resulting in presynaptic in-
hibition of excitatory synaptic transmission.
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Most previous studies on the involvement of reuptake in ex-
citatory synaptic transmission have shown potentiated neuronal
responses to exogenously applied glutamate (Lodge et al., 1979,
1980; Johnston et al., 1980; Saweda et al., 1985; Brodin et al.,
1988; Hestrin et al., 1990). However, the temporal and spatial
characteristics of exogenous application of glutamate may be
very different from synaptically released transmitter. Ionto-
phoretically applied transmitters are not localized to the syn-
apse, exist in nonphysiologic concentrations, and affect both
synaptic and extrasynaptic receptors, and are therefore more
susceptible to slow removal processes by neuronal and ghal
transporters.

Recent studies have addressed the effects of uptake inhibition
on the time course of excitatory postsynaptic currents (EPSCs).
Dihydrokainate (DHK), a glutamate uptake inhibitor, did not
affect the non-NMDA component of evoked EPSCs in CAl
neurons of hippocampal slices but did increase the amplitude,
but not the duration, of the NMDA receptor-mediated com-
ponent (Hestrin et al., 1990). However, DHK is a weak inhibitor
of glutamate uptake, and directly activates postsynaptic EAA
receptors (Bridges et al., 1991; see also Results). Sarantis et al.
(1993) investigated the effects of the potent and selective uptake
inhibitor L-trans-pyrrolidine-2,4-dicarboxylate (L-trans-PDC)
on synaptic currents in hippocampal and cerebellar slices.
L-Trans-PDC at 300 uMm decreased the NMDA component of
EPSCs, whereas the non-NMDA EPSCs were either unaffected
or slightly reduced in amplitude, with no effect on the decay
time constant. Isaacson and Nicoll (1993) reported that while
L-trans-PDC potentiated the effects of exogenously applied glu-
tamate in hippocampal slices, synaptically evoked EPSCs were
unaffected. The time course of the EPSCs was unchanged; a
small and variable decrease in the peak amplitude of the EPSC
in a fraction of the cells was noted. Application of L-trans-PDC
to these hippocampal slices resulted in an elevation of the ex-
tracellular levels of glutamate. Very recently, Mennerick and
Zorumski (1994) reported that inhibition of glutamate uptake
by glial depolarization, Li*, or hydroxyaspartate prolonged the
decay rate of non-NMDA autaptic currents in the presence of
cyclothiazide (in order to block non-NMDA receptor desensi-
tization), as well as the decay rate of NMDA autaptic currents
in cultured hippocampal single-neuron microislands. To date,
this is the only demonstration that inhibition of glutamate up-
take may affect the time course of the postsynaptic response.

Inhibition of glutamate uptake, and the subsequent accu-
mulation of extracellular glutamate, could have both presyn-



aptic and postsynaptic consequences. Rapid desensitization of
the quisqualate/AMPA receptors (Tang et al., 1989; Trussel and
Fischbach, 1990) by ambient concentrations of glutamate could
result in a decreased amplitude of the EPSC. An increase in the
NMDA component of the EPSC may also be expected, given
the high affinity of the NMDA receptor for glutamate (Patneau
and Mayer, 1990). Conversely, accumulated glutamate could
feed back onto presynaptic autoreceptors and depress EPSC
amplitude (Forsythe and Clements, 1990; Baskys and Malenka,
1991, Pacelli and Kelso, 1991; Desai and Conn, 1992). In fact,
inhibition of GABA uptake produces a decrease in the ampli-
tude of GABA-mediated IPSCs between hippocampal neurons
in culture by acting in an analogous manner; activation of pre-
synaptic GABA, receptors decreases neurotransmitter release
(Oh and Dichter, 1994).

In the experiments reported here, we have examined the ef-
fects of L-trans-PDC on excitatory synaptic transmission be-
tween hippocampal neurons in very-low-density culture. L-Trans-
PDC potently inhibits glutamate uptake in these cultures, and
does not induce a sizeable inward current, unlike previously
used uptake inhibitors. L-Trans-PDC significantly decreased the
amplitudes of both the non-NMDA and NMDA receptor—me-
diated components of monosynaptically evoked EPSCs between
pairs of hippocampal cells. This appeared to be due to a pre-
synaptic mechanism, possibly due to an increased concentration
of ambient glutamate feeding back onto presynaptic metabo-
tropic glutamate receptors to decrease neurotransmitter release.

Materials and Methods

Primary hippocampal cultures. Primary dissociated cultures were pre-
pared from embryonic rat hippocampi as described previously (Buch-
halter and Dichter, 1991) with additional modifications for plating at
very low density (Wilcox and Dichter, 1994),

Electrophysiological techniques. Miniature EPSCs (mEPSCs) were re-
corded at room temperature using the whole-cell patch-clamp technique
(Hamill et al., 1981) from high-density cultured hippocampal neurons
ranging from 14 to 28 d old. Recordings were made using patch elec-
trodes with resistances of 2-4 MQ made from borosilicate glass capil-
laries (Kimax). Postsynaptic currents were monitored in the whole-cell
voltage-clamp configuration with seal resistances of 300 MQ to 1 GQ at
a holding potential of —80 mV using a DAGAN 8900 or 3900 patch-
clamp amplifier.

Evoked EPSCs were recorded from monosynaptically connected pairs
of hippocampal neurons maintained in very-low-density cultures. Iso-
lated pairs of neurons were visualized using phase-contrast microscopy
with a Nikon inverted microscope. A DAGAN 3900 or 8900 patch-
clamp amplifier was used to monitor and stimulate the presynaptic cell
in the current-clamp mode; postsynaptic currents were monitored in
the whole-cell voltage-clamp configuration, at a holding potential of
—-80 mV. Low-frequency stimulation (0.125 Hz) was used to ensure
relatively stable amplitudes of EPSCs.

Electrode offset potentials were compensated prior to recording with
amplifier circuitry. Recordings were filtered at 5-10 kHz using amplifier
circuitry; data were digitized at 10 kHZ by the pcLaMP data acquisition
system (Axon Instrument) for subsequent analysis. Data was stored on
videotape using a VR-10 digital data recorder (Instrutech) for off-line
analysis.

Recording solutions. The external bath solution, a HEPES-buffered
saline (HBS), contained the following (in mm): NaCl, 145; KCl, 3; HEPES,
10; CaCl,, 2 or 4; glucose, 8 (pH 7.4, 300-320 mOsm). For the recordings
of mEPSCs, 1 mm MgCl,, 100 um APV, and 3 um tetrodotoxin (TTX)
were included in the bath solutions of the experiments to block NMDA
receptor-mediated activity, and to block sodium-dependent action po-
tentials. Bicuculline at 10 uM was used to block inhibitory synaptic
inputs. Recordings of evoked EPSCs were done in Mg?*-free HBS and
10 um glycine (unless otherwise indicated) to allow full expression of
the NMDA component of the EPSC; 4 mm CaCl, was also used in the
external solution to reduce the excitability of the membrane and thereby
reduce the probability of spontaneous action potentials. Perfusion of
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the neurons with various extracellular solutions was achieved using a
peristaltic pump. The antagonist MCPG was coapplied with either 1.5, 3R-
ACPD or L-trans-PDC by bath perfusion.

The internal solution of the whole-cell patch electrode for mEPSC
recordings contained (in mm) CsCl, 140; EGTA, 2; HEPES, 10; glucose,
10; ATP-Mg2+, 4 (pH 7.4, 290-300 mOsm). For the paired recordings,
140 mm K-gluconate was used as the major ionic constituent to allow
excitatory postsynaptic currents (EPSCs) to be readily distinguished
from inhibitory postsynaptic currents (IPSCs) on the basis of reversal
potential; the reversal potential for IPSCs with potassium gluconate
electrodes is approximately —50 mV, whereas the reversal potential for
EPSCs remains between 0 and +10 mV.

Pharmacologic compounds used in these experiments included bi-
cuculline methiodide (10 um), APV (100 um) (both from Sigma), CNQX
(10 um) (Research Biochemicals Inc.), TTX (3 um) (Calbiochem), di-
hydrokainate (1 mm) (Cambridge Research Biochemicals), p,L-3-threo-
hydroxyaspartate (50 um) (Calbiochem), L- aspartate-3-hydroxamate
(100 um) (Sigma), L-trans-PDC (100, 250 um), (1S,3R)-1-aminocyclo-
pentane-1,3-dicarboxylic acid (15,3R-ACPD; 100 um), and (RS)-o-
methyl-4-carboxyphenylglycine (MCPG; 500 um) (all from Tocris Neu-
ramin).

L-*H-glutamate transport assays. Inhibition of uptake of r-*H-glu-
tamate was measured as previously described (Robinson et al., 1991)
with some minor modifications. Triplicate assays were performed in a
final volume of 0.5 ml of HBS containing 2 mm CaCl, and 0 Mg?* in
the presence and absence of L-trans-PDC. In parallel assays, uptake was
measured in the absence of sodium by substituting equimolar choline
chloride for the NaCl in the HBS. All assay components were added to
cultures grown in 12-well 22 mm culture plates (Corning). Assays were
performed at room temperature and stopped after a 5 min incubation
by addition of 2 ml of cold (4°C) choline-containing buffer. The cells
were rinsed three times with 1 ml of ice-cold choline-containing buffer,
and then lysed with 1 ml of 0.1 N NaOH. The radioactivity was deter-
mined by scintillation spectrometry at an efficiency of >45%. Sodium-
dependent uptake was calculated to be the difference between the amount
of radioactivity observed in the presence of sodium and the amount
observed in the choline-containing buffer.

The IC,, value is a weighted mean value assuming a theoretical curve
with a Hill coefficient of 1.

Data analyses. Data were analyzed using pcLAMP analysis software
(Axon Instruments).

Amplitudes for miniature currents were plotted on relative cumula-
tive frequency histograms, which plot the cumulative frequency of all
currents as a function of amplitude. The nonparametric Kolmogorov—
Smirnov statistical test was then applied to various populations of minis
to determine significance in the difference of amplitude distribution.
Only values of p < 0.05 were considered significant in these experiments
(van der Kloot, 1991).

Unpaired Student’s ¢ tests were used to determine significance of
differences between populations of evoked EPSCs; paired Student’s ¢
tests were applied to means of EPSC amplitude to determine significance
of an overall effect. The control values used to compare the effect of a
given drug were determined before each application treatment in a given
cell to account for potential variability over the course of a recording.
The mean amplitudes for each drug were then compared to the control
mean amplitude of the EPSCs recorded immediately previous to the
trial (and immediately following to determine reversibility). Values of
p < 0.05 were considered significant.

All data reported are mean + SD.

Results

Inhibition of L-*H-glutamate uptake by L-trans-PDC

The effect of L-trans-PDC on the sodium-dependent high-affin-
ity transport of L-*H-glutamate (0.5 uM) in high-density hip-
pocampal neuronal cultures was examined. Concentrations
ranging from 10 uM to 1 mm L-trans-PDC were used to deter-
mine the potency of this recently described uptake inhibitor
(Bridges et al., 1991) in our culture system (Fig. 1). The IC,,
value was 26 uM; this and other published data (Robinson et
al., 1991, 1993) indicate that L-frans-PDC is one of the most
potent inhibitors of glutamate uptake identified to date. The
1C,, value reflects both glial and neuronal uptake in these cul-
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Figure 1. Uptake of L-*H-glutamate (0.5 um) was measured in the
absence and presence of increasing concentrations of L-frans-PDC using
high-density cultured hippocampal neurons. IC;, is 26 um. Data points
are mean + SD (error bars) values from six independent observations.

tures, since the neurons grow on a confluent bed of glia. The
concentrations of L-frans-PDC used for the electrophysiological
experiments were chosen to fall within the range of the IC,, for
uptake inhibition in these cultures.

Glutamate uptake inhibitors induce inward currents mediated
by EAA receptors

Bridges et al. (1991) have used pharmacological techniques to
address whether L-trans-PDC and other uptake inhibitors di-
rectly interact with ionotropic EAA receptors. We used focal
puffer application to determine electrophysiologically whether
L-trans-PDC and other previously available uptake inhibitors
had direct agonist actions resulting in the induction of inward
currents in cultured hippocampal neurons. Focal puffer pipettes
allow the rapid, quantitative replacement of extracellular media
with media containing known concentrations of neurotrans-
mitter or drug (Choi and Fischbach, 1981). Concentrations of
the uptake inhibitors dihydrokainate (DHK; 1 mm), L-aspartate-
B-hydroxamate (L-ASH; 100 um), p,L-G-threo-hydroxyaspartate
(THA; 50 um), and L-trans-PDC (100, 250 uM) were chosen
based on two factors: (1) the concentrations are at least 10 times
the IC,, for inhibition of glutamate uptake as measured in syn-
aptosomes (Robinson et al., 1991, 1993), and (2) these are con-
centrations that have been used in previous experiments ex-
amining the effects of uptake inhibition in various preparations
(Lodge et al., 1979, 1980; Johnston et al., 1980; Saweda et al.,
1985; Brodin et al., 1988; Hestrin et al., 1990). DHK, L-AGH,
and THA directly activated ionotropic EAA receptors, and in-
duce sizable inward currents at the concentrations used (Table
1). Currents induced by these compounds could be fully blocked
by 100 uM APV and 10 um CNQX and were not characterized
further. Moreover, the rapid onset of the inward current upon
application of the compounds was comparable to the time course
of the response to 100 um glutamate, indicating rapid activation
of postsynaptic EAA receptors. This direct effect on the hip-
pocampal neurons would preclude these compounds from being
useful for further physiological studies.

Table 1. Glutamate uptake inhibitors induce inward currents in
cultured hippocampal neurons®

Compound Current (pA)
250 um L-trans-PDC (n = 4) 20 = 44

1 mm dihydrokainate (n = 5) 525 + 189
100 umM L-aspartate-3-hydroxamate (n = 7) 621 + 459
50 uM D,L-B-threo-hydroxyaspartate (n = 7) 500 = 435

The uptake inhibitors were applied to hippocampal neurons by pressure puffers
with constant bath perfusion of extracellular HBSS 2/0 with no added glycine,
containing 10 um bicuculline and 3 um TTX. Values described for the currents
(mean * SD) were calculated based on the overall mean magnitude of the current
induced in each individual cell; the number of cells tested for each compound is
indicated by the n value in parentheses.

« In these cells, 100 um glutamate induced an inward current of 3125 * 1790 pA.

At very high (>1 mM) concentrations, L-frans-PDC induced
a similar rapid onset inward current. However, at the concen-
trations used for the following experiments (100 and 250 um),
L-trans-PDC did not induce any substantial current: a small
inward shift in the baseline noise was noted at 250 uMm L-trans-
PDC; this increase in baseline noise had a slower onset than the
currents seen for the above compounds, and was completely
blocked by 100 um APV. These results are consistent with recent
reports (Isaacson and Nicoll, 1993; Sarantis et al., 1993) that
L-trans-PDC induces an increase in tonic background NMDA
receptor-mediated activity, probably via elevation of extracel-
lular glutamate concentration (see below).

L-trans-PDC depresses the amplitude of both NMDA and
non-NMDA receptor-mediated components of the
monosynaptically evoked EPSC

In isolated pairs of hippocampal neurons, presynaptic stimu-
lation of action potentials resulted in excitatory postsynaptic
currents whose latencies, rise times, peak amplitude, and time
to decay to one-half peak amplitude have been previously re-
ported (Wilcox et al., in press). Stimulation of an action potential
in the presynaptic cell results in an EPSC that contains both the
fast non-NMDA receptor-mediated component and a slower
rising and longer duration NMDA component (for review, see
Collingridge and Lester, 1989). To determine the effects of up-
take inhibition on monosynaptically evoked EPSCs, L-trans-
PDC (100 and 250 um) was perfused into the bathing solution.
The extracellular bathing solution contained 4 mm Ca?* to re-
duce the excitability of the neurons; 0 Mg?+ and 10 um glycine
were also used to allow full expression of the NMDA receptor—
mediated component of the EPSC. L-Trans-PDC at 100 um
reduced the peak non-NMDA component by 25.2 + 9.5% and
the NMDA component, measured at 30-50 msec after the stim-
ulus artifact, by 34.7 + 11.7% (percentage change compared to
control + SD; n = 6). L-Trans-PDC at 250 uM reduced the peak
non-NMDA and NMDA components by 39.8 + 14.7% and
50.39 + 18.9%, respectively (n = 15) (Fig. 24, B). The percentage
reduction in the non-NMDA and NMDA receptor-mediated
components of the EPSCs are not significantly different (paired
Student’s ¢ test, p > 0.1). At 100 um, L-trans-PDC had no effect
on the holding current; however, in 14 of the 15 cells recorded,
perfusion of 250 uM L-trans-PDC resulted in a small inward
shift of the baseline current (~20-40 pA). As shown in the next
set of experiments, and also consistent with the findings of Sar-
antis et al. (1993) and Isaacson and Nicoll (1993), this inward
current may be attributed to an increased tonic activation of
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The EPSCs were fitted with a sum of two exponential func-
tions, indicating the initial rapid non-NMDA receptor-medi-
ated component of the EPSC, followed by the slower decay of
the NMDA receptor-mediated component. The decay time con-
stants for EPSCs in 10 cells were not significantly changed in
the presence of L-trans-PDC. Under control conditions, the fast
component had a decay time constant of 5.8 + 5.8 msec, where-
as the slow phase had a time constant of 89.9 + 28.0 msec. At
250 um L-trans-PDC, the decay time constants were 5.4 + 4.5
msec and 92.1 + 35.5 msec for the fast phase and the slow
phase, respectively. This finding is consistent with the reports
that the decays of the non-NMDA and NMDA receptor-me-
diated components of the EPSC are determined by channel
kinetics (Tang et al., 1989; Trussell and Fischbach, 1989; Hes-
trin et al., 1990; Lester et al., 1990) and not the clearance of
transmitter from the synaptic cleft (Clements et al., 1992).

L-trans-PDC does not affect the peak amplitude of miniature
EPSCs

We then determined whether the depression of EPSC amplitude
following application of L-trans-PDC was due to a changes in
postsynaptic receptor sensitivity. Miniature postsynaptic cur-
rents in our hippocampal culture system have been previously
characterized (Wilcox et al., in press), and are composed of both
the fast non-NMDA and slow NMDA receptor-mediated com-
ponents under permissive conditions. The analysis of the fre-
quency and the distribution of amplitudes of miniature synaptic
currents can provide indications of changes in the sensitivity of

250 uM
L-trans-PDC
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Figure 2. L-Trans-PDC decreases
EPSC amplitude in isolated pairs of
hippocampal neurons. 4, EPSCs re-
corded at —80 mV (0 mm Mg2+, 10 um
glycine) are reversibly decreased in am-
plitude upon perfusion of 250 um
L-trans-PDC. B, Both the non-NMDA
(dark bars) and NMDA (light bars) re-
ceptor-mediated components of the
EPSC are significantly decreased by 100
uM and 250 uM L-trans-PDC (paired
Student’s ¢ test, p < 0.05). The NMDA
component was measured at a single
point for each cell at 30-50 msec after
the stimulus artifact. The percentage re-
duction in the non-NMDA and NMDA
receptor-mediated components of the
EPSCs are not significantly different
(paired Student’s ¢ test, p > 0.1). Note:
the time course of decay of the EPSC
remained unchanged.

postsynaptic receptors and/or of changes in the process of pre-
synaptic transmitter release (del Castillo and Katz, 1954; Red-
man, 1990; Malgaroli and Tsien, 1992; Manabe et al., 1992).
First, mEPSCs were recorded in high-density hippocampal cul-
tures in the presence and absence of L-trans-PDC (250 um) under
extracellular conditions where the NMDA receptors were blocked
(1 mm Mg+, 100 um APV, —80 mV holding potential). No
change in the amplitudes of the mEPSCs was observed upon
application of L-trans-PDC (n = 8), cumulative frequency his-
tograms of mEPSC amplitudes were not significantly changed
(Kolmogorov-Smirnov statistic, p > 0.5) (Fig. 34) (van der
Kloot, 1991). Thus, desensitization of postsynaptic non-NMDA
receptors does not account for the depression of EPSC amplitude
by L-trans-PDC. Figure 3B provides a positive control for this
analysis; a cumulative histogram plotting the relative frequency
of mEPSC amplitudes at —60 mV and —20 mV shows a sig-
nificant increase (Kolmogorov-Smirnov statistic, p < 0.001) in
the occurrence of larger-amplitude currents as the membrane
potential increases and the driving force for the EPSC increases.

18,3R-ACPD, a selective metabotropic receptor-agonist,
depresses the non-NMDA and NMDA receptor-mediated
components of the EPSC; the depression is blocked by a
metabotropic receptor antagonist MCPG

It has been demonstrated that activation of metabotropic glu-
tamate receptors results in the depression of EPSC amplitude
in various preparations (Forsythe and Clements, 1990; Baskys
and Malenka, 1991; Desai and Conn, 1991; Pacelli and Kelso,
1991). To test whether the depression of EPSC amplitude by
L-trans-PDC results from the activation of presynaptic auto-
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Figure 3. Cumulative frequency distributions of miniature EPSC amplitudes: mEPSC amplitude frequency distribution indicates a presynaptic
mechanisms of action of L-trans-PDC. A4, Bath application of 250 um L-frans-PDC does not have any significant effect on the distribution of mEPSC
amplitudes (Kolmogorov-Smirnov statistic, p > 0.5). B, To demonstrate the power of this analysis, a cumulative histogram plotting the relative
frequency of mEPSC amplitudes at —60 mV and —20 mV shows a marked increase (Kolmogorov-Smirnov statistic, p < 0.001) in the occurrence
of larger-amplitude currents as the membrane potential increases and the driving force for the EPSC increases.

receptors, we first characterized the effects of the metabotropic
agonist 15,3R-ACPD and the antagonist (RS)-a-methyl-4-car-
boxyphenyl-glycine (MCPG) on monosynaptically evoked
EPSCs. It has been recently reported that MCPG is a selective
and competitive antagonist of 15,3R-ACPD-mediated effects,
as determined biochemically (Eaton et al., 1993; Littman and
Robinson, 1994) and electrophysiologically (Bashir et al., 1993;
Eaton et al., 1993).

15,3R-ACPD (100 um) did not induce any inward current
when applied to the hippocampal neurons, but did decrease non-
NMDA and NMDA receptor-mediated components of the EPSC
by 48.0 + 23.9% and 49.9 + 20.4%, respectively (n = 7; all
values represent percentage change compared to control + SD)
(Fig. 44,C). MCPG (500 um) alone had no effect on EPSC am-
plitude (n = 5; —8.7 = 13% and 3.4 + 13%, non-NMDA and
NMDA components, respectively). MCPG at 500 um complete-
ly reversed the effects of 100 um 1.5,3R-ACPD (n = 4; —14.5
+ 16% and —9.71 = 11%, non-NMDA and NMDA compo-
nents, respectively). There was no significant difference in the
degree of depression induced by 1.5,3R-ACPD between the non-
NMDA and NMDA receptor-mediated components of the EPSC
(paired Student’s ¢ test, p > 0.1).

15,3R-ACPD and MCPG did not significantly affect the time
course of decay of the EPSCs. Under control conditions, the
time constants were 2.9 = 0.2 msec and 55.4 £ 6.6 msec for
the non-NMDA and NMDA receptor-mediated components,
respectively; in the presence of 1.5,3R-ACPD, the time constants

“were 3.1 + 0.2 msec and 49.6 + 6.6 msec (paired Student’s ¢

test, p = 0.6 and p = 0.4 for the fast and slow phases, respec-
tively). MCPG also had no effect on the time constants of the
EPSCs. Note that the time constants for the slow component
are faster in this set of experiments because glycine, an NMDA
receptor coagonist, was omitted from the extracellular bath so-
lution and the NMDA receptor-mediated component of the
EPSC was only partially expressed.

MCPG blocks the depression of EPSC amplitude by
L-trans-PDC

We hypothesized that L-trans-PDC acts via a presynaptic mech-
anism to depress EPSC amplitude in monosynaptically con-
nected pairs of hippocampal neurons. We therefore used MCPG
to determine whether perfusion of L-trans-PDC results in the
activation of metabotropic receptors. In eight of eight pairs
tested, 500 um MCPG blocked the ability of 250 uM L-trans-
PDC to depress EPSC amplitude (Fig. 4B8,C). L-Trans-PDC (250
uM) depressed the non-NMDA and NMDA receptor-mediated
components of the EPSC by 40.2 + 10.2% and 46.5 + 15.8%,
respectively (mean + SD for this subset of pairs). MCPG alone
(500 um) had no significant effect (—1.6 + 8.4% and 0.52 +
6.0%; mean percentage change compared to control + SD);
MCPG fully reversed the effects of L-trans-PDC (—1.6 = 9.3
and —12.4 + 11.7%). There was no significant difference in the
degree of depression of the non-NMDA and NMDA receptor—
mediated components of the EPSC by L-trans-PDC (paired Stu-
dent’s ¢ test, p = 1.0); however, there is a small significant
difference between the degree of reversal by MCPG of the non-
NMDA component and the NMDA component (paired Stu-
dent’s 7 test, p = 0.04). This may be explained by the differences
in affinity of the non-NMDA and NMDA receptors for gluta-
mate (Patneau and Mayer, 1990). CNQX at 10 uM was used as
a positive control to verify the flow of the perfusion system,
and to demonstrate that the non-NMDA receptor-mediated
component of the EPSC could be selectively blocked postsy-
naptically. The decay time constants for the fast and slow com-
portients of the EPSC were, as before, not significantly affected
by either L-trans-PDC or MCPG (paired Student’s ¢ test, p >
0.5).

It is also important to note that in seven of the eight cells
recorded, there was a significant inward shift of the baseline
current upon perfusion of L-trans-PDC as seen previously, and
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it remained unaffected by MCPG. Thus, to verify that the de-
crease in EPSC amplitude was not due to a postsynaptic effect
of the increased baseline activity, conditions that isolated the
non-NMDA component of the EPSC were used (1 mm extra-
cellular Mg?+, 2 mm Ca** or 4 mm extracellular Mg+, 0 mm
Ca?* + 100 uMm APV). The increase in baseline noise did not
occur under these conditions, indicating that the inward shift
of the current was due to tonic activation of NMDA receptors.
The peak amplitude of the isolated non-NMDA component
EPSC was still decreased upon perfusion with 250 uM L-trans-
PDC (36.5 £+ 22%, n = 4 in the presence of 1 mm Mg2+; 48.8
+ 26%, n = 4 in the presence of APV) and was completely
blocked by 500 um MCPG in all the cells tested (n = 5).

400 DA Figure 4. 1S,3R-ACPD and r-trans-
p PDC decrease EPSC amplitude, and are
120 ms blocked by MCPG. A4, 18,3R-ACPD, a

metabotropic glutamate receptor ago-
nist, at 100 um decreased the amplitude
of the monosynaptically evoked EPSC
at a holding potential of —80 mV (0
mum Mg?*, 0 uM glycine). As seen in the
third trace, this depression was com-
pletely blocked by 500 um MCPG, a

100 — — — - newly described metabotropic gluta-

mate receptor antagonist. The time
course of decay of the EPSCs remained
unchanged. B, MCPG (500 um) fully
reversed the effect of L-trans-PDC (250
uM) at a holding potential of —80 mV
(0 mm Mg?*, 10 uM glycine). The time
course of decay of the EPSCs remained
unchanged. C, Application of 1S,3R-
ACPD (100 um) and L-trans-PDC (250
uM) decreased the non-NMDA (dark
bars) and NMDA (light bars) receptor—
mediated components of the EPSC.
MCPG at 500 um completely reversed
the effects of 100 um 15,3R-ACPD (n

ACPD MCPG L-trans-PDC MCPG = 4) and 250 uMm L-trans-PDC (n = 8).

+ MCPG (500 um) alone had no effect on
L-trans-PDC EPSC amplitude (n = 5).

Depression of EPSC amplitude by 2 um L-glutamate is
blocked by MCPG, mimicry of the actions of L-trans-PDC

Forsythe and Clements (1990) have previously reported that
very low concentrations of glutamate decrease EPSC amplitude
in cultured mouse hippocampal neurons via a presynaptic mech-
anism. We proposed that L-trans-PDC indirectly caused an ac-
tivation of metabotropic receptors by an accumulation of ex-
tracellular glutamate due to uptake inhibition. Therefore, 2 uM
glutamate was added to the bath while recording from pairs of
hippocampal neurons in order to determine if this could mimic
the effects of L-trans-PDC on EPSC amplitude and baseline
noise. Perfusion of 2 uM glutamate resulted in an increase in
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tonic NMDA receptor-mediated activity, as indicated by APV
sensitivity of the increase in baseline noise (n = 3). Glutamate
at 2 um also reversibly depressed both components of the EPSC
amplitude (36.7 + 24% and 44.6 = 29%; n = §; all values
represent percentage change compared to control). MCPG, the
metabotropic receptor antagonist, at 500 uM had no effect on
EPSC amplitude when applied alone, but blocked the effects of
2 uM glutamate (—4.7 + 25% and 1.4 + 15%). There was no
significant change in the time course of decay upon application
of 2 um glutamate (control, 3.12 + 0.6 msec and 115.23 + 9.77
msec; glutamate, 3.0 = 0.5 msec and 114.3 + 16.2 msec for
the fast and slow components, respectively). Thus, these ob-
served effects of very low concentrations of glutamate on ex-
citatory synaptic transmission in our culture system are consis-
tent with the hypothesis that the effects of L-trans-PDC are due
to the accumulation of extracellular glutamate which then ac-
tivates presynaptic metabotropic receptors.

Discussion

Our data indicate that inhibition of glutamate uptake by L-trans-
PDC causes a depression of the amplitude of evoked EPSCs
with no change in their durations. We propose that this occurs
via a presynaptic mechanism, possibly due to glutamate accu-
mulation in extracellular spaces activating metabotropic recep-
tors.

L-Trans-PDC potently and selectively inhibited the reuptake
of glutamate with an IC,, of 26 uM in high density cultures of
hippocampal neurons. However, unlike several other glutamate
transport inhibitors, L-trans-PDC at concentrations up to | mm
did not directly activate postsynaptic ionotropic EAA receptors.
On the other hand, each of the other previously used glutamate
uptake inhibitors (DHK, THA, and L-ABH) did activate EAA
receptors when applied directly onto hippocampal neurons
monitored in the whole-cell voltage-clamp mode. Direct agonist
action of uptake inhibitors could alter the postsynaptic response
to both exogenously applied or synaptically released neurotrans-
mitter, either via enhanced activation of postsynaptic currents
or desensitization of postsynaptic receptors.

Neurons that were fairly isolated from neighboring neurons
and dense glia were used to minimize the effects of local glu-
tamate release in the presence of these compounds. The currents
induced by all the compounds, including very high concentra-
tions of L-trans-PDC, were blocked by the EAA receptor an-
tagonists APV and CNQX. The currents induced by application
of DHK, THA, and L-AGH (at concentrations used to inhibit
glutamate uptake) were rapid in onset and identical in shape
and time course to the response of the neurons to direct puffer
application of glutamate. Unusually high concentrations of
L-trans-PDC were needed to induce a similar inward current in
response to direct application via the puffers. Compounds that
interact with the glutamate transporter can serve as substrates,
and thereby cause a heteroexchange, resulting in release of cy-
toplasmic glutamate (Attwell et al., 1993). Therefore, it is pos-
sible that the uptake inhibitors DHK, THA, and L-ASH cause
a rapid inward current by direct activation of postsynaptic re-
ceptors, by indirect release of glutamate via rapid heteroex-
change with cytosolic glutamate that activates these receptors,
or by a combination of these processes. Our data favor direct
activation of postsynaptic receptors.

It is important to recognize that the lower concentrations of
L-trans-PDC that were used in the EPSC experiments resulted
in a slow increase in baseline noise that could be blocked by the

NMDA receptor antagonist APV, which was very different from
the fast inward current induced by the uptake inhibitors dis-
cussed above. The activation of NMDA receptors could result
from the direct activation by L-trans-PDC, or from an indirect
consequence of the accumulation of extracellular glutamate fol-
lowing uptake inhibition by L-frans-PDC. As with the puffer
experiments, the increase in baseline noise following bath ap-
plication of L-trans-PDC occurred gradually over several sec-
onds, consistent with an increase in extracellular glutamate rath-
er than a direct action at the NMDA receptors. In fact, when
we mimicked this change in background noise by perfusion of
2 uM glutamate, the onset of the increase in baseline noise was
faster than the time course of this response to L-trans-PDC in
all cells tested, indicating that slow accumulation of extracellular
glutamate concentrations may account for the increase in base-
line noise.

Sarantis et al. (1993) also reported that L-zrans-PDC caused
a substantial inward current and increase in baseline noise that
could be completely blocked by the NMDA antagonist APV.
Isaacson and Nicoll (1993) concluded that the current induced
by L-trans-PDC is due to an increase in ambient concentrations
of glutamate rather than direct activation of NMDA receptors;
channel activity in outside-out patches was used as an indicator
for glutamate presence in the extracellular space following ap-
plication of L-frans-PDC to a hippocampal slice preparation.

Depression of excitatory synaptic transmission by
L-trans-PDC is via a presynaptic mechanism

Several lines of evidence suggest that L-trans-PDC results in a
depression of EPSC amplitude via a presynaptic mechanism.
First, both the non-NMDA and NMDA components of the
EPSCs were depressed to approximately the same degree upon
perfusion of L-trans-PDC. A decrease in the probability of pre-
synaptic release readily explains a parallel decrease in both com-
ponents of the evoked EPSC. Second, mEPSC amplitude dis-
tribution was unchanged upon application of L-trans-PDC,
indicating no change in receptor sensitivity and therefore dem-
onstrating that a presynaptic mechanism mediates the decrease
in EPSC amplitude. Desensitization of non-NMDA receptors
would have been detected as a shift in the amplitude distribution
of mEPSCs, and thus does not account for the decrease in the
EPSC amplitude. Third, the demonstration that the novel an-
tagonist MCPG not only blocked the ability of the selective
metabotropic agonist 1S5,3R-ACPD but also rL-trans-PDC to
depress EPSC amplitude indicates that activation of presynaptic
metabotropic receptors is involved.

We propose that L-frans-PDC causes an accumulation of glu-
tamate in the extrasynaptic space, which results in activation
of presynaptic metabotropic receptors. This hypothesis was test-
ed indirectly by perfusing very low concentrations of L-gluta-
mate to mimic the effects of L-trans-PDC on EPSCs. Like L-frans-
PDC, 2 um glutamate decreased both the non-NMDA and
NMDA receptor-mediated components of the EPSC; this effect
was blocked by the metabotropic receptor antagonist MCPG.
As was observed for L-trans-PDC, glutamate caused an increase
in the baseline noise which was abolished in APV, indicating
that increased tonic activation of NMDA receptors may serve
as an indicator of increased ambient levels of glutamate (Sah et
al., 1989). By contrast, isolated pairs of inhibitory neurons in
our very-low-density cultures may not be in contact with a
nearby source of glutamate release and may be expected to not
show the increased membrane noise with L-trans-PDC. Indeed,



only five of 13 neurons in inhibitory pairs tested exhibited an
increase in baseline noise upon application of L-trans-PDC (Maki,
Robinson, and Dichter, unpublished observation), despite all
inhibitory hippocampal neurons in our cultures having func-
tional NMDA receptors. Thus, at least in these neurons, L-trans-
PDC does not directly activate NMDA receptors.

Our data cannot conclusively rule out the possibility that
L-trans-PDC 1s acting directly on metabotropic receptors. Ex-
periments aimed at determining whether the effects of L-trans-
PDC are due to direct activation of metabotropic receptors can-
not be done in an intact system where sources of glutamate
release, glutamate transporters, and metabotropic receptors ex-
ist in proximity to each other (e.g., cell culture, slice). It would
be necessary to completely isolate the process of glutamate up-
take from the activation of EAA receptors to assess systemat-
ically whether L-trans-PDC is acting directly or indirectly via
increased glutamate concentration. Indirect consequences of lo-
cal accumulation of glutamate following uptake inhibition will,
in a physiologic environment, result in responses that are not
able to be distinguished from direct agonist actions of the uptake
inhibitor. In our hippocampal cultures, the actions of L-trans-
PDC on any cellular effector system (e.g., EPSCs, PI hydrolysis,
cAMP, Ca?+ signals, etc.) cannot be conclusively deemed direct
or indirect. It seems clear that L-trans-PDC acts presynaptically
to depress excitatory synaptic transmission. In addition, the data
indicating that L-trans-PDC induces gradual increases in tonic
NMDA receptor activation following uptake inhibition and that
this effect is mimicked by low concentrations of glutamate, and
the preliminary data in inhibitory paired recordings, all suggest
the hypothesis that L-frans-PDC acts indirectly via an accu-
mulation of extracellular glutamate to activate metabotropic
receptors,

The depression of evoked EPSCs between hippocampal neu-
rons in culture induced by L-trans-PDC is robust and occurred
in all cells tested. However, Sarantis et al. (1993) and Isaacson
and Nicoll (1993) using an more intact system of hippocampal
slices did not observe consistent depression of EPSC amplitude.
Negative feedback of increased ambient glutamate may not play
as pivotal a role in a more complex tissue as it does in culture,
possibly due to differences in accessibility of presynaptic au-
toreceptors. Earlier experiments with GABA uptake inhibitors
demonstrated a decrease in the amplitude of spontaneous IPSCs
in cultured hippocampal neurons, presumably by activation of
presynaptic GABA;, receptors (Oh and Dichter, 1994). How-
ever, similar experiments in the slice preparation demonstrated
enhancement of IPSCs by inhibition of GABA uptake, presum-
ably by activation of postsynaptic GABA, receptors (Thompson
and Gahwiler, 1992; Isaacson et al., 1993) (which do not appear
to be expressed in neurons in dissociated cell cultures). Thus,
the relative roles of different receptor activation patterns for
pre- and postsynaptic receptors in both the GABA-mediated
inhibitory system and the EAA system may differ in different
preparations of CNS tissues and between different regions in the
intact CNS. Consequently, the effects of drugs which act as
uptake inhibitors may be hard to predict at the level of the
whole organism (Oh and Dichter, 1994).

It is interesting to note that desensitization of the non-NMDA
receptors did not appear to occur under conditions where the
ambient concentrations of glutamate were presumably increased
(Tanget al., 1989; Trussel and Fischbach, 1990). It may be that
the non-NMDA receptors at synaptic endings are somewhat
“sheltered” from the increased glutamate concentrations. Al-
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ternatively, data from single-channel recordings may not di-
rectly apply to the receptors as they are anchored in the mem-
brane (see Frosch et-al., 1992). It seems clear, however, that
metabotropic glutamate receptors found on presynaptic termi-
nals are affected by the increased ambient glutamate (Forsythe
and Clements, 1990). In addition, the NMDA receptors (syn-
aptic or extrasynaptic) were sensitive to the changes in ambient
glutamate concentrations, as shown by the increase in baseline
noise upon application of 2 um glutamate or the uptake inhibitor
L-trans-PDC. Sah et al. (1989) have also shown that NMDA
receptors may be tonically activated by ambient glutamate. Thus,
the NMDA receptor-mediated noise could serve as an indicator
of slight increases in ambient glutamate concentrations.

The experiments reported here support a model whereby in-
hibition of glutamate uptake appears to cause an increase in
ambient glutamate concentrations, which in turn activates pre-
synaptic metabotropic receptors, leading to a decrease in syn-
aptic transmission. Thus, alterations in the clearance of gluta-
mate from the extracellular space may have significant
consequences for changes in synaptic efficacy.
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