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D-Cycloserine facilitates synaptic plasticity but impairs
glutamatergic neurotransmission in rat hippocampal slices
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1 The glycine-binding site of the glutamatergic N-methyl-D-aspartate receptor subtype (NMDAr)
has been proposed as a putative target for treating cognitive impairments in neurodegenerative
disorders and schizophrenia. Although behavioural evidence has been accumulated showing that the
partial agonist D-cycloserine (DCS) facilitated learning and memory, physiological mechanisms of the
drug still remained to be characterized. In the present study, we have investigated the effects of DCS
on glutamatergic neurotransmission and synaptic plasticity in CA1 region of rat hippocampal slices,
using extracellular field excitatory postsynaptic potentials.

2 We showed that DCS facilitated NMDAr-mediated synaptic potentials. In addition, we found that
the magnitude of NMDAr-dependent long-term depression was significantly enhanced by the agonist,
while the threshold for the induction of lasting potentiations was lowered.

3 We found that DCS decreased neurotransmission mediated by z-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate subtypes of glutamate receptors. This inhibition was not
prevented by the y-aminobutyric acid GABA, antagonist bicuculline, but was antagonized by the
glycine antagonist strychnine.

4 These results, therefore, show opposite effects of DCS on NMDA and non-NMDA synaptic
responses within the hippocampus. They also demonstrate that DCS facilitates long-term synaptic
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plasticity that may support the DCS-induced enhanced cognitive performances.
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Introduction

The potential usefulness of agonists and antagonists of N-
methyl-D-aspartate subtype of glutamate receptors (NMDAr)
as therapeutic agents has been extensively investigated
(Rogawski, 2000). In particular, the use of drugs specifically
acting at the strychnine-insensitive glycine-binding site indi-
cates that the NMDAr-modulatory site should be involved in
cognitive processes in normal subjects and might contribute to
deficits in pathological states including neurodegenerative
disorders, anxiety, depression and schizophrenia (for a review,
see Danysz & Parsons, 1998). Originally used as an antibiotic
agent for the treatment of tuberculosis, D-cycloserine (DCS)
was later characterized as a partial agonist at the NMDAr
glycine-binding site (Hood et al., 1989; Watson et al., 1990).
DCS is now generally reported as a performance enhancer in a
wide range of learning tasks involved in spatial memory and
trace eye blink conditioning that are closely dependent on the
hippocampus (Thompson et al., 1992; Quatermain et al., 1994;
Lelong et al., 2001). Although beneficial effects of DCS have
been shown in aged memory-deficient rats (Baxter et al., 1994;
Aura & Riekkinen, 2000), DCS-induced improvement in
Alzheimer’s disease is still debated (Mohr et al., 1995).
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Similarly, DCS in schizophrenia has also been reported as
beneficial (for a review, see Javitt, 2002), but a general
consensus is still lacking since worsening of symptoms was
observed at high doses (Goff er al., 1996). These data raise the
question of the cellular mechanisms activated by DCS. For
example, it may be postulated that DCS could produce
different effects depending on the subunits composing the
NMDAr (Priestley et al., 1995; Sheinin et al., 2001).
Alternatively, the possibility exists of DCS-mediated side
effects that should not be dependent on NMDAr. Interest-
ingly, only one study investigated the effects of DCS in
neuronal activity as compared to the extensive behavioural
trials (Pitkdnen et al., 1994). Considering this lack of
physiological data and the questions that persist after
behavioural investigations, we determined, in the CAl
hippocampal field, the effects of DCS on glutamatergic
neurotransmission and calcium-dependent forms of synaptic
plasticity considered as a basic neuronal activity underlying
memory formation (Bliss & Collingridge, 1993).

Methods

Experiments were conducted in 2—4-month-old (7= 33) male
Sprague—Dawley rats purchased from IFFA-CREDO
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(France). All experiments were performed in compliance with
French laws on animal care, using relevant INSERM guide-
lines. Rats were housed five per cage and were maintained on a
controlled light—dark cycle at a constant temperature
(22 +2°C) with ad libitum access to food and water.

One animal was daily studied using extracellular recordings
in the ex vivo slice preparation. The rat was anaesthetized with
halothane and decapitated. The hippocampus was quickly
removed and placed in a cold oxygenated medium. Slices
(400 pM thick) were cut and placed in a holding chamber for at
least 1h. A single slice was transferred to the recording
chamber where it was held between two nylon nets. The slice
was then submerged beneath a continuously superfusing
medium pregassed with 95% O, and 5% CO,. The composi-
tion of the medium was (mM): NaCl, 124; KCl, 3.5; MgSO,,
1.5; CaCl,, 2.3; NaHCO;, 26.2; NaH,PO,, 1.2; glucose, 11.

Extracellular recordings were obtained at 20°C from the
apical dendritic layer of CAl area using micropipettes filled
with 2M NaCl (resistance of 2-6MQ). Field excitatory
postsynaptic potentials were evoked every 10s by electrical
stimulation of afferent fibres (Schaffer collaterals and com-
missural fibres), located in the stratum radiatum. Stimuli (20—
100 us duration) were applied between the two poles of a
bipolar electrode, one pole inserted into the slice and the other
in the fluid just above the slice.

Synaptic transmission

Input/output (I/O) curves of NMDAr-mediated synaptic
responses were constructed from slices perfused for 30 min in
an Mg?*-free medium, supplemented with the «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate
receptor antagonist 6-cyano-7-nitroquinoxaline-2 (CNQX,
10 uMm). In these experiments, a knife cut separating CA3 and
CA1 was introduced to prevent the propagation of epilepti-
form discharges. I/O curves were constructed before and
15 min after DCS (2—100 uM) was added to the perfusate. The
slope of three averaged field excitatory postsynaptic potentials
(fFEPSPs) was measured and plotted against different intensities
of stimulation (from 0 to 500 #A) using the Acquis 1 software
(CNRS, Paris). To estimate the effects of DCS, the changes in
fEPSP slope expressed as the percentage of the control value
were calculated and averaged for intensities from 200 to
500 pA. Under our experimental conditions, the variability of
each fEPSP slope did not exceed 5% of the mean baseline
value calculated from a 15min recording. As a consequence,
an fEPSP was considered to be drug responsive if the per cent
change of its slope exceeded 10%.

1/O curves were also constructed in control medium to assess
the responsiveness of AMPA /kainate subtypes of glutamate
receptors (non-NMDAr) to DCS. The effects of the drug were
quantified as previously described for NMDAr-mediated
synaptic responses.

Pharmacological characterization of the response to DCS
was investigated in the presence of the y-aminobutyric acid
(GABA), receptor antagonist bicuculline (10 uM) and the
glycine receptor antagonist strychnine (10—20 uM).

Synaptic plasticity

PPF of synaptic transmission was induced by electrical
stimulation of the Schaffer collateral/commissural fibres with

paired pulses at interstimulus interval (ISI) of 50 ms. The PPF
was quantified as the ratio of the second slope over that of the
first response.

In order to investigate the effects of DCS on long-term
depression (LTD) of synaptic transmission, test stimuli were
applied every 10s and adjusted to get a baseline fEPSP slope of
0.1mVs™'. The initial slope was measured for 10 min before
the delivery of an LFS (900 pulses, 1 Hz at test intensity).
Testing with single pulses was then resumed for 45 min after
LFS. Synaptic potentiation was investigated using the same
protocol, but following a conditioning stimulation of 50 Hz for
I's at test intensity.

Drugs including DCS, CNQX, D-2-amino-5-phosphonova-
lerate (2-APV), glycine, strychnine, bicuculline and L689-560
were purchased from Tocris (Illkirch, France). They were
dissolved in water, except CNQX, which was dissolved in
dimethylsulphoxide (DMSO).

All results are expressed as mean+s.e.m. throughout. In
order to take the correlation inherent in repeated measure data
(experiments of synaptic plasticity) into account, the degree of
statistical significance was calculated using multivariate
analyses of variance (ANOVA). In cases of nonrepeated
measures, paired 7-test was used. Finally, to compare the per
cent of synaptic responses sensitive to different doses of DCS,
a y* test was used. In all cases, differences were considered
significant when P<0.05.

Results
Effects of DCS on NM D Ar-mediated synaptic responses

An fEPSP of prolonged duration (Figure 1a), totally abolished
at the end of the recordings by the NMDAr competitive
antagonist 2-APV (30 uM) or the antagonist of the glycine-
binding site L689-560 (10 uM), was recorded in 20 slices from
14 animals. In 19 slices, DCS (2—100uM) significantly
increased the slope of NMDAr-mediated synaptic responses
(P<0.0001) with an average of 37.94+5.1%. Considering a
threshold of 10% increase (see Methods), half of responses
were facilitated by the drug at the concentration of 2 uM (five
over 11 slices). The per cent of slices sensitive to the drug
increased relative to the concentration of the agonist
(Figure 1b). It was significantly higher at 20 uM (nine over
10 slices) and 100 uM (nine over 11 slices) (P<0.05 for both
concentrations).

When added to the bath supplemented with the glycine
receptor antagonist strychnine (20 um), DCS (20 uM: two
slices; 100 uM: eight slices) also increased the magnitude of
the NMDAr-mediated synaptic responses (seven animals).
Interestingly, we found that in these conditions, the averaged
increase (64.9+7.8%) was significantly higher than in control
medium (P <0.01). These results, therefore, showed (i) that the
facilitation of NMDAr-dependent neurotransmission by DCS
involves the glycine-binding site of NMDAr and (ii) that it is
prevented by the activation of glycinergic receptors.

Effects of DCS on AMPA/kainate-mediated synaptic
responses

Stimulation of the stratum radiatum induced, in a control
medium, an AMPA/kainate receptor-mediated fEPSP
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Figure 1 Facilitation of NMDA receptor-mediated synaptic re-
sponses by DCS. (a) Examples of fEPSPs recorded in a magnesium-
free medium supplemented with CNQX (10 uM) before and 15min
after bath application of DCS (20 uMm). (b) Histograms of the
percentage of facilitated fEPSP as a function of DCS concentration.

(Figure 2a), as confirmed by its complete suppression at the
end of the recording by the AMPAr antagonist CNQX
(10 uM). Experiments from 13 animals showed a significant
decrease in fEPSP slope by DCS (2—-100 uM) in 20 over 25
tested slices (P<0.0001) that reached an average of
24.34+2.4%. At 2 uM, only four over 10 slices were responsive
to the drug, the slope decrease exceeded 10% (Figure 2b). The
percentage of depressed fEPSPs significantly increased to nine
over 10 slices and 12 over 15 slices for concentrations of 20 and
100 uM, respectively (P <0.05).

We then determined the mechanisms by which DCS
decreased non-NMDAr-mediated fEPSPs. In the presence of
the GABA, receptor antagonist bicuculline (10uM), the
magnitude of AMPA /kainate receptor-mediated synaptic
potentials was significantly enhanced (P<0.05) in seven over
nine tested slices (six animals). This in fact reflected a loss of
GABAergic inhibition (Figure 3a, left). In these conditions
(Figure 3a, right), DCS added to the perfusate still signifi-
cantly depressed synaptic responses (P<0.02). On the con-
trary, when recorded in the presence of strychnine (20 uM),
which had no significant effect on fEPSPs (Figure 3b, left), the
depression by DCS (20 uM: six slices; 100 uM: four slices) was
prevented in nine over the 10 tested slices (six animals)
(Figure 3b, right). These results showed that the inhibitory
effect of DCS on non-NMDAr glutamatergic neurotransmis-
sion was dependent on the activation of glycinergic but not
GABAergic receptors. When glycine (20 uM: three slices;
100 uM: seven slices) was added to the perfusate, a significant
decrease in AMPA/kainate receptor-mediated fEPSPs
(»<0.05) was found in six over 11 tested slices (seven animals)
with an averaged magnitude of 16.1+2.2%.
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Figure 2 Depression of AMPA /kainate receptor-mediated synaptic
responses by DCS. (a) Examples of fEPSPs recorded in a control
medium before and 15min after bath application of DCS (20 uM).
(b) Histograms of the percentage of depressed fEPSP regarding
increased concentration of DCS.
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Figure 3 Depressive effects of DCS on AMPA /kainate receptor-
mediated synaptic responses is mediated by glycinergic receptors. (a)
Left: examples of fEPSPs recorded before and in the presence of the
GABA,4 receptor antagonist bicuculline (10 uM); right: examples of
fEPSPs recorded in the presence of bicuculline before and after DCS
(20 um). (b) Left: examples of fEPSPs recorded before and in the
presence of the glycinergic antagonist strychnine (10uM); right:
examples of fEPSPs recorded in the presence of strychnine before
and after DCS (20 uMm).

Inhibitory effects of DCS might be driven by glycinergic
receptors located either on CA3 pyramidal cells, CAl
glutamatergic terminals and/or pyramidal cells. When applied
on slices where CA3 was severed from CAl with a knife cut,
DCS (20 uM: three slices; 100 uM: two slices) still significantly
depressed fEPSPs by 24.5 5% (P <0.05) in four over the five
tested slices (four animals). This result indicated that
glycinergic receptors were located within CA1 field. To test
whether they were on presynaptic glutamatergic terminals, we
used the paradigm of PPF that is usually used to assess the
presynaptic control of neurotransmitter release (Creager et al.,
1980). Our results showed that the facilitation ratio of the
response evoked by the second pulse at 50 ms ISI (five animals/
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eight slices) was not significantly affected in the presence of
DCS (100 uM) (1.21+0.13 vs 1.324+0.1) (P>0.05). This result
indicated that the release of glutamate was not affected by the
drug. Taking together, our data strongly suggest that the
depressive effect of DCS is carried out by glycinergic receptors
located postsynaptically on CA1 pyramidal cells rather than
on presynaptic glutamatergic terminals.

Effects of DCS on NM D Ar-dependent synaptic plasticity

Figure 4a shows the effects of DCS on LTD induced by an
LFS of glutamatergic afferents. When applied in a control
medium (12 animals/15 slices), LFS produced a depression of
the fEPSP, which stabilized around 30% and persisted for at
least 40 min (baseline vs last Smin: F(1,20)=85.4, P<0.0001).
When delivered in the presence of the competitive NMDAr
antagonist 2-APV (60 uM, six animals/nine slices) or L-689-560
(10 uM, three animals/five slices), LFS still depressed fEPSPs,
but the response rapidly returned towards basal values (not
illustrated). These results indicated that activation of the
glycine-binding site of NMDAr was necessary to induce long
lasting depression of synaptic transmission. In seven animals
recorded in the presence of DCS (20 uM: nine slices; 100 uM:
two slices), the decrease in fEPSP described above was
compensated during the baseline by increasing the stimulus
intensity. In these conditions, fEPSPs were significantly more
depressed than in control medium in response to the
conditioning stimulation (around 40%, see Figure 4a) as
raised by a statistical analysis of the whole time course of the
depression (F(1,23) =4.46, P<0.05).

In Figure 4b are illustrated the effects of DCS on synaptic
potentiation induced by a 50Hz conditioning stimulation.
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Figure 4 Facilitation of long-term synaptic plasticity by DCS. (a)
LTD expressed as the per cent change in fEPSP slope versus time in
slices recorded in control medium and in the presence of DCS (20—
100 uM) before and after low-frequency conditioning stimulation
(900 pulses at 1Hz) of the stratum radiatum (arrow). (b) LTP
expressed as the per cent change in fEPSP slope versus time in slices
recorded in control medium and in the presence of DCS (100 uM)
before and after 50 Hz conditioning stimulation. The arrows indicate
the delivery of the conditioning stimulation.

When delivered in a control medium (five animals/11 slices), a
strong facilitation of synaptic transmission was induced, which
progressively returned towards baseline values during the first
Smin post-tetanus, indicating that only short-term potentia-
tion was generated. In the presence of DCS (100 uM, seven
animals/11 slices), the post-tetanic potentiation, which devel-
oped in response to the conditioning stimulation, also decayed
but then stabilized around 20% increase after 10min
(Figure 4b). As a consequence, fEPSPs remained significantly
potentiated 30 min post-tetanus as compared to baseline values
(baseline vs last 10 min: F(1.20)=12.5, P<0.002). This result
indicated that the duration of the potentiation of synaptic
transmission was facilitated by DCS.

Discussion

The aim of the present study was to determine the
physiological effects of DCS in CA1 field of the hippocampus.
Our results point out three major issues.

The first contribution is to show that DCS facilitated
NMDAr in synaptic transmission. Indeed, we found that
isolated NMDAr-mediated fEPSPs were significantly en-
hanced by DCS. Since recordings were carried out in the
presence of CNQX, which, at 10uM, produces a small
antagonism at the NMDA glycine site (Kessler et al., 1989),
some effects of DCS might be to reverse any small CNQX
antagonism. Our study is the first physiological demonstration
that DCS is indeed able to enhance NMDAr-dependent
synaptic potentials in the brain by activating the glycine-
binding sites of the receptors. This result found in CAl
hippocampal area correlates with a previous report indicating
that DCS might increase in vivo the excitability of dentate
granule cells, possibly by enhancing the NMDAr component
of the response to the stimulation of the perforant pathway
(Pitkdnen et al., 1994).

As a second contribution, our study shows that DCS also
facilitates synaptic plasticity of glutamatergic transmission,
increasing the magnitude of LTD and lowering the threshold
to induce a lasting potentiation. Different by the strength of
the conditioning stimulation and consequently by the intra-
cellular activated pathways, both forms of synaptic plasticity
are closely dependent on the activation of the NMDAr glycine-
binding site (Watanabe et al, 1992; Kew et al., 2000; Ballard
et al., 2002). Accordingly, we showed in the present study that
blocking the site by the specific antagonist L689,560 impaired
LTD. Synaptic plasticity is now generally referred as a major
property of neuronal networks involved in the formation of
memory traces (Bliss & Collingridge, 1993; Abel & Lattal,
2001). Its facilitation by DCS in CAl field of the hippocampus
reported here may thus represent the physiological mechanism
allowing DCS to improve cognitive performances, which has
been reported for hippocampal-dependent memory tasks
(Thompson et al., 1992; Quatermain et al., 1994; Lelong
et al., 2001).

The third contribution of this work is to show that the
glutamatergic neurotransmission, which involves the activa-
tion of AMPA /kainate receptors, is depressed by DCS. Based
on the maintenance of the depression in the presence of
bicuculline and the lack of effects in the presence of strychnine,
we concluded that DCS reduced fast glutamatergic transmis-
sion by activating inhibitory glycinergic receptors. Accord-
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ingly, we found that glycine, although to a weaker extent,
might also depress AMPA/ /kainate synaptic responses.
Furthermore, we determined that presynaptic calcium-depen-
dent mechanisms controlling glutamate release were not
affected by DCS, showing that the depressive effect of the
agonist should be mediated by glycinergic receptors located
postsynaptically on pyramidal cells. Accordingly, immunobhis-
tochemical studies recently displayed the expression of
glycinergic subunits in adult rat CAl hippocampal area
(Chattipakorn & McMahon, 2002), while patch-clamp record-
ings of pyramidal cells showed that glycine-gated chloride
currents might be recorded in response to iontophoretic
application of the agonist (Yoon et al., 1998; Chattipakorn
& McMahon, 2002). In addition, inhibitory effects of
endogenous f-alanine and taurine on glutamatergic neuro-
transmission were recently demonstrated in the hippocampus.
This inhibition was also dependent on the activation of
glycinergic receptors like the mechanism described in the
present study for DCS (Chattipakorn & McMahon, 2002;
Mori et al., 2002).

Clinical and preclinical studies indicate that DCS might find
some use in the alleviation of negative symptoms in schizo-
phrenia (Goft et al., 1996; Javitt, 2002). However, this benefit
seems limited regarding the narrow range of effective doses
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