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Functional activity of N-methyl-D-aspartate (NMDA) receptors
requires both glutamate binding and the binding of an endog-
enous coagonist that has been presumed to be glycine, although
D-serine is a more potent agonist. Localizations of D-serine and
it biosynthetic enzyme serine racemase approximate the distri-
bution of NMDA receptors more closely than glycine. We now
show that selective degradation of D-serine with D-amino acid
oxidase greatly attenuates NMDA receptor-mediated neuro-
transmission as assessed by using whole-cell patch– clamp re-
cordings or indirectly by using biochemical assays of the se-
quelae of NMDA receptor-mediated calcium flux. The inhibitory
effects of the enzyme are fully reversed by exogenously applied
D-serine, which by itself did not potentiate NMDA receptor-
mediated synaptic responses. Thus, D-serine is an endogenous
modulator of the glycine site of NMDA receptors and fully
occupies this site at some functional synapses.

D -Amino acids play prominent roles in bacteria but have not
been thought to occur in substantial quantity or to have any

important function in vertebrates. Recently, techniques to dis-
tinguish isomers of amino acids in routine assays have led to the
identification in some mammalian tissues of substantial amounts
of at least two D-amino acids, D-serine and D-aspartate (1).
Although D-aspartate is present in selected neuronal populations
in the brain, it is concentrated mainly in glands, especially the
epinephrine-containing cells of the adrenal medulla, the poste-
rior pituitary, and the pineal gland (2–4).

In contrast, D-serine occurs primarily in the brain, with highest
concentrations in regions enriched in N-methyl-D-aspartate
(NMDA) receptors (5–7). In these areas immunohistochemical
studies have localized D-serine to protoplasmic astrocytes, which
ensheathe nerve terminals especially in areas of the brain
enriched in NMDA receptors (7). Stimulation of the kainate
subtype of glutamate receptor releases D-serine from protoplas-
mic astrocytes (7).

Because exogenous D-serine potentiates NMDA receptor-
mediated neurotransmission (8–11) and D-[3H]serine selectively
binds to the glycine site (6), D-serine has been proposed as an
endogenous ligand for the strychnine-insensitive glycine site of
the NMDA receptor (6). Activation of NMDA receptors re-
quires the presence of a coagonist, initially thought to be glycine
(8, 12–14), and a glycine-selective recognition domain has been
localized on NMDA receptors (15–17). However, D-serine is at
least as potent as glycine as a coagonist at this site (8, 10, 14). In
addition, immunohistochemical studies have revealed an over-
lapping distribution of D-serine and NMDA receptor immuno-
reactivity in forebrain (7). In the developing cerebellum,
D-serine is localized to Bergmann glia that regulate granule cell
migration during development via NMDA receptors (7). In
contrast, glycine immunoreactivity is localized differently from
that of NMDA receptors except in the brainstem, where it closely
parallels the distribution of NMDA receptors (7). Extracellular
levels of D-serine in the forebrain are comparable to glycine,

whereas in some areas, such as striatum, extracellular D-serine
concentration is 2.6-fold higher than glycine (18).

The localization of D-serine to glia in the vicinity of neurons
enriched in NMDA receptors, the release of endogenous
D-serine by kainate, and the ability of exogenous D-serine to
activate the glycine site of NMDA receptors all suggest that
D-serine is an endogenous ligand for the glycine site. However,
until now, there has been no direct evidence for such a role.
In the present study, we have monitored NMDA receptor-
mediated neurotransmission electrophysiologically as well as
by the stimulation of NO synthase activity and cGMP levels.
We demonstrate that NMDA receptor-mediated synaptic
transmission is diminished greatly by treatment with D-amino
acid oxidase (DAAOX), which depletes endogenous D-serine
but not glycine.

Experimental Procedures
Materials. D-Amino acid oxidase (DAAOX) was purchased from
Boehringer Mannheim in suspension with 3.2 M ammonium
sulfate solution, pH 6.5. Each new batch of DAAOX was
dialyzed for 8 h at 4°C against 20 mM phosphate buffer (pH 7.4)
with two to three changes and stored at 220°C with no detect-
able decrease in activity. SCH50911 was obtained from Tocris
Neuramin (Bristol, U.K.). 2,3-Dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline (NBQX) and D-serine were purchased from
Research Biochemicals. Cs-BAPTA and QX-314 were obtained
from Molecular Probes and Alomone (Jerusalem), respectively.
3-[(6)-2-Carboxypiperazin-4-yl]propyl-1-phosphonate (CPP)
was a generous gift from Sandoz Pharmaceutical. N-tert-
butyloxycarbonyl-L-cysteine was purchased from Nova Biochem.
All other compounds were obtained from Sigma.

Animals. Biochemical experiments were performed on cerebelli
removed from male postnatal day 9–11 or 6-week-old Sprague–
Dawley rats. For electrophysiological experiments, hippocampi
from postnatal day 13–16 male Sprague–Dawley rats (slice
recording) or from 19-day-old rat embryos (cell cultures) were
used. Rats were housed under a 12-h lighty12-h dark cycle with
food and water ad libitum. All animal-use procedures were in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
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Biochemical Assays. Protein concentrations were assayed by
using the Coomassie Plus reagent (Pierce). Each new batch of
DAAOX was assayed for the presence of any contaminant by
SDSyPAGE gel (12% acrylamide) followed by Coomassie
staining. DAAOX was assayed by a chemiluminescent assay
method for evolved H2O2 (19). NO synthase was assayed by
monitoring the conversion of [3H]L-arginine to [3H]L-citrulline
(20). cGMP was monitored by an RIA kit (Amersham Phar-
macia). To measure amino acid enantiomers, brain slices,
cultured cells, and culture media were homogenized at 4°C in
1 M trichloroacetic acid (TCA) and the homogenate was
centrifuged at 10,000 3 g for 15 min at 4°C. TCA was extracted
three times with 2 ml of water-saturated diethyl ether, and the
aqueous layer was stored at 280°C. Detection of free D- and
L-amino acids was performed by f luorescence HPLC after
derivatization with N-tert-butyloxycarbonyl-L-cysteineyo-
phthaldialdehyde as described (21).

Electrophysiology. Rats were anesthetized lightly with halothane
and decapitated, and the hippocampi were dissected quickly.
Transverse slices (500-mm thick) were cut by using a Vibratome
in oxygenated (95% O2y5% CO2), ice-cold, Ca21-free artificial
cerebrospinal f luid. The slices were held at room temperature
for at least 60 min in standard oxygenated artificial cerebrospinal
f luid (aCSF) containing 3 mM CaCl2 before transfer to an
interface-type recording chamber perfused with oxygenated,
Ca21-containing aCSF (1 mlymin) and were maintained at 33°C.
The slices were allowed to equilibrate for an additional 60 min
in the recording chamber. Catalase (1,000 unitsyml) was added
to the aCSF to degrade the peroxide products produced by
metabolism of D-serine. Field excitatory postsynaptic potentials
were elicited by alternately delivering 0.05-msec constant-
current pulses at 0.033 Hz through two platinum concentric
bipolar stimulation electrodes placed on opposite sides of the
recording site in the stratum radiatum of the CA1 region. The
resulting extracellular potentials were monitored by using a
low-resistance (1–5 MV) glass pipette filled with 1 M NaCl. The
stimulus intensity then was adjusted to evoke a test response that
was approximately 30% of the maximal level. Stable baseline
field responses were recorded for at least 60 min before begin-
ning the experiment. The area of the synaptic response was
determined and used to calculate the percent change with
respect to the area at zero time.

Whole-cell recordings were obtained from pyramidal-shaped
neurons in mixed hippocampal neuron–astrocyte cultures prepared
from 19-day-old rat embryos and maintained in vitro for 12–15 days
(22). During recording, the cells were perfused continuously (0.5
mlymin) with an external solution of Hepes buffer (10 mM)
containing NaCl (140 mM), KCl (5 mM), CaCl2 (3 mM), dextrose
(10 mM), NBQX (10 mM), picrotoxin (50 mM), strychnine (5 mM),
SCH50911 (10 mM), and catalase (500 unitsyml) adjusted to pH 7.4.
To record a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor-mediated synaptic currents, CPP (50 mM) was
substituted for NBQX and the recording solution was supple-
mented with MgCl2 (1.5 mM). In experiments examining responses
to exogenously applied NMDA, tetrodotoxin (1 mM) was included
in the perfusion solution.

Patch electrodes (3–5 MV) were filled with solution contain-
ing cesium gluconate (100 mM), Hepes (40 mM), MgCl2 (5 mM),
cesium-BAPTA (10 mM), Na2-ATP (5 mM), Na3-GTP (0.5
mM), and lidocaine N-ethyl bromide (QX-314; 5 mM). Whole-
cell currents were recorded from individual pyramidal cells
under voltage–clamp at room temperature. Cells were held at
270 mV. The currents were filtered at 2 kHz and digitized
at 5 kHz.

Test substances were dissolved in external solution and were
applied by using a switched multibarrel gravity-fed perfusion
system in which the perfusion solution exited via two barrels

positioned close to the cell of interest. Unless otherwise indi-
cated, test solutions were applied for periods of 5 min after a 20-
to 30-min baseline recording period. In some experiments,
NMDA-evoked synaptic responses were simulated with puffs of
NMDA solution (100 mM) applied by air-pressure ejection (5–15
psi; 1 psi 5 6.89 kPa) from a glass micropipette situated near the
cell under study. In these experiments, other test solutions were
applied by using the gravity-fed multibarrel perfusion system. In
other experiments, NMDA receptor currents were evoked with
the multibarrel perfusion system, in which case the NMDA
concentration was 10 mM.

Statistical Analysis. Data were analyzed by one-way ANOVA with
independent posthoc Turkey’s or Scheffé multiple comparison
test except for analysis of HPLC data, in which case a Student’s
t test was used. Data are presented as mean 6 SEM.

Results
DAAOX is a highly selective enzyme that degrades only neutral
D-amino acids (23, 24). Its best substrates in vitro are D-serine and
D-alanine. Glycine is not a substrate at physiological pH values,
although modest activity toward glycine is evident at pH 10. The
purity of DAAOX was verified as a single, 39-kDa band on
SDSyPAGE. The enzyme exhibited robust degradation in pure
solution of D-serine but not glycine or NMDA (data not shown).
To characterize further the specificity of DAAOX, we evaluated
the influence of the enzyme on endogenous amino acid con-
centrations in cerebellar slices of immature rats (postnatal day
9–11), where D-serine concentrations are high (5–7). As shown
in Table 1, glutamate and glutamine levels are highest, whereas
D-serine levels are 15% of L-serine levels and 40% of the levels
of glycine. D-aspartate levels are only about 4% of those of
L-aspartate. DAAOX treatment reduces D-serine levels by 90%
while exerting no influence on levels of glycine, D-aspartate, or
any other amino acid assayed. Thus, DAAOX acts highly
selectively on D-serine under our experimental conditions.

In cerebellar slices from immature rats, NMDA rapidly and
markedly augments the activity of neuronal NO synthase (NOS)
(25, 26), which we confirm here (Fig. 1). Addition of purified
DAAOX in cerebellar slices diminishes basal NOS activity in
cerebellar slices maximally about 50% at 100 mgyml DAAOX
(Fig. 1 A). Heat-inactivated DAAOX fails to produce any sig-
nificant effect on NOS activity (data not shown). The reduction
of NOS activity in the absence of NMDA indicates that basal
NOS activity is regulated by endogenous D-serine. We further
investigated the effects of DAAOX on NMDA-evoked NOS
activity. NMDA (10–500 mM) stimulates basal NOS activity
50–250%, and DAAOX abolishes the stimulation, reducing
NMDA evoked NOS activity to basal levels (Fig. 1B). The
proportional decrease of NOS activity is fairly similar over a wide

Table 1. DAAOX selectively depletes D-serine in cerebellar slices

Amino acid

Content, nmol/mg protein Effect of
DAAOX, % of

controlBefore DAAOX After DAAOX

L-serine 7.2 6 0.3 8.1 6 0.6 112.5
D-serine 1.1 6 0.20 0.12 6 0.03 10.9*
Glycine 2.8 6 0.7 2.7 6 0.4 96.4
L-Glutamate 25.5 6 3.0 28.5 6 4.5 111.8
L-Glutamate 18.7 6 1.6 19.7 6 1.8 105.3
L-Aspartate 9.6 6 1.4 10.9 6 2.0 113.5
D-Aspartate 0.35 6 0.07 0.33 6 0.05 94.3

Separation of free D- and L-amino acids was performed by HPLC as described
in Experimental Procedures. Content values are expressed as mean values
6 SEM for five independent determinations.
*P 5 0.0095, t test.
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range of NMDA concentrations. Like NMDA, glutamate stim-
ulates NOS activity 2.8-fold and DAAOX prevents this stimu-
lation (Fig. 1C).

NMDA stimulation of NOS activity and of cGMP levels in
cerebellar slices is greater in immature than adult cerebellum
(25, 26). Previously, we reported that D-serine in the cerebellum
declines to negligible levels in the adult (7). In the present study,
using HPLC, we confirm the substantial levels of D-serine in
cerebellar slices of 9- to 11-day-old rats, whereas D-serine is
virtually undetectable in the cerebellum of 6-week-old rats (Fig.
2A). As described previously (25), NMDA stimulation of NOS
activity in adult cerebellar slices is significantly less than in slices
from immature rats (Fig. 2B). This difference is not due to
changes in the pattern of expression of NOS, because immuno-
blotting analysis reveals no decrease in the level of the protein
between immature and adult rats (data not shown), and it cannot
be accounted for by changes in the levels of glycine (Fig. 2 A). In
marked contrast to findings in the immature rats, in adult tissue,
DAAOX fails to reduce either basal or NMDA-stimulated NOS
activity (Fig. 2B). Coupled with the absence of detectable
D-serine in adult cerebellum, these findings indicate that regu-
lation of NMDA receptor activity by endogenous D-serine in
immature cerebellum no longer takes place in the adult. In
addition, this latter observation weighs against the possibility
that DAAOX itself interferes with the function of NMDA
receptors and confirms that D-serine is not a contaminant of the

solutions used in our experiments as demonstrated by HPLC
analysis (see below).

Interpreting the influence of DAAOX on NMDA receptor
function depends on the selectivity of enzyme action. The

Fig. 1. DAAOX diminishes basal and evoked cerebellar NMDA receptor-
mediated neurotransmission monitored by NOS activation. The activity of NOS
was used as an index of NMDA receptor activity. NOS was assayed by the
conversion of [3H]L-arginine (3 mCiyml in the assay) to [3H]L-citrulline in cere-
bellar slices from 9- to 11-day-old rats. (A) DAAOX reduces basal NOS activity.
The IC50 for DAAOX is '10 mgyml. (B) NMDA augments NOS activity in a
concentration-dependent manner. DAAOX (10 mgyml) diminishes NMDA-
evoked NOS activity. When DAAOX is heat-inactivated, it fails to reduce basal
or NMDA-evoked NOS activity (data not shown). (C) DAAOX (10 mgyml)
reduces glutamate-evoked NOS activity. Data are the mean 6 SEM of three to
five independent experiments, with triplicate determinations in each case.
The basal activity was 5,300 6 603 cpmymg. Statistical comparisons are with
respect to the corresponding condition in the absence of DAAOX. #, P , 0.05
and *, P , 0.001; one-way ANOVA with Tukey’s multiple comparison test.

Fig. 2. DAAOX does not affect either basal or NMDA-evoked NOS activity
monitored in mature cerebellum. (A) D-Serine and glycine levels were deter-
mined by HPLC in cerebellar slices from immature (9- to 11-day-old) and adult
(6-week-old) rats. †, P , 0.0001; t test. (B) Basal and NMDA-evoked NOS
activity was determined as in Fig. 1. Data are the means 6 SEM of four
independent experiments, with triplicate determinations in each case. Statis-
tical comparisons are with respect to the corresponding controls in the ab-
sence of NMDA and DAAOX. *, P , 0.001; one-way ANOVA with Tukey’s
multiple comparison test. NMDA-evoked NOS activity in adult was signifi-
cantly less than in the immature cerebellum (#, P , 0.05).

Fig. 3. D-Serine reverses inhibitory effects of DAAOX on NMDA receptor
activation in cerebellar slices. NOS was monitored as in Fig. 1, and cGMP
formation was measured by RIA. (A and B) The inhibitory effect of DAAOX on
NMDA-evoked NOS activity (A) and cGMP formation (B) was almost wholly
reversed by exogenous D-serine. (C) The AMPAykainate receptor antagonist
NBQX does not influence the inhibitory action of DAAOX on NMDA-evoked
NOS activity. (D) Effects of 5,7-dichlorokynurenic acid (DCKA), an antagonist
of the strychnine-insensitive glycine site, on NMDA-stimulated cGMP forma-
tion. Data are the means 6 SEM of three to five independent experiments,
with triplicate determinations in each case. Some of the SE bars are too small
to be seen at this scale. Asterisks indicate a significant difference from NMDA-
stimulated values. *, P , 0.001; one-way ANOVA with Tukey’s multiple com-
parison test.
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catalytic degradation of D-serine by DAAOX generates hydro-
gen peroxide (19) that could cause lipid peroxidation, which can
irreversibly alter NMDA receptor function (27). To avoid this
possibility, excess catalase was included in all incubation solu-
tions. Moreover, in studies on cerebellar slices, the enzyme
preparation did not exhibit any proteolytic activity that could
degrade NMDA receptors (data not shown). To directly dem-
onstrate the functional integrity of NMDA receptors, exogenous
D-serine was used to reverse the DAAOX effect. D-Serine
(0.1 mM) fully reverses the inhibitory effect of DAAOX on NOS
activity (Fig. 3A), and glycine (0.1 mM) has a similar action (data
not shown). In the absence of DAAOX, the increase of NOS
activity elicited by NMDA is the same in the presence or absence
of D-serine (Fig. 3A). DAAOX treatment reduces NOS activity
to levels almost as low as in the absence of NMDA. D-Serine fully
reverses these effects.

We also monitored effects of DAAOX on NMDA stimulation
of cGMP levels in cerebellar slices from immature rats (Fig. 3B).
NMDA elicits an 8- to 10-fold stimulation of cGMP levels,
substantially greater than the augmentation of NOS activity,
which is the same with or without added D-serine (0.1 mM).
DAAOX reduces the influence of NMDA by 71 6 2%. The
actions of DAAOX on both NOS activity and cGMP are
reversed completely by D-serine, indicating that DAAOX effects
do not reflect nonspecific proteolysis of NMDA receptors by a
contaminating enzyme or irreversible receptor oxidation by
hydrogen peroxide generated from DAAOX activity.

To ensure the selectivity of DAAOX for NMDA receptors, we
used various receptor antagonists. To evaluate AMPA andyor
kainate receptors, we used NBQX, a selective AMPA and
kainate receptor antagonist that does not interact with the
glycine site of NMDA receptors (28–30). NBQX (20 mM) does
not influence NMDA-evoked NOS activation in the absence or
presence of DAAOX whereas it decreases by 36% the basal
activity of NOS when applied alone (Fig. 3C). This latter
observation shows that 20 mM NBQX blocks AMPA and kainate
receptor-mediated NOS activation so that some fraction of basal
NOS activity is dependent on these receptors. 5,7-Dichlo-
rokynurenic acid, an antagonist of the glycine site of NMDA
receptors (31, 32), reduces by 33% the basal level of cGMP in
cerebellar slices (Fig. 3D) and completely blocks the increase in
cGMP induced by NMDA. In these experiments, DAAOX
reduces by 76% the NMDA stimulation of cGMP levels. 5,7-
Dichlorokynurenic acid virtually abolishes NMDA-induced
cGMP production, and DAAOX does not exert any additional
effect. As expected, MK-801 (20 mM) blocks NMDA-induced
cGMP formation and NOS activation (data not shown).

We carried out experiments by using hippocampal slices to
determine the role of D-serine as a modulator of physiologically
activated NMDA receptors. In slices perfused with a recording
solution containing 20 mM NBQX, 100 mM picrotoxin, 20 mM
SCH50911, and 10 mM strychnine to block AMPAykainate,
g-aminobutyric acid type A (GABAA), GABAB, and glycine
receptor currents, respectively, CA1 field responses [field exci-
tatory postsynaptic potentials (fEPSPs)] were evoked by Schaf-
fer collateral stimulation. Perfusion with 10 mgyml DAAOX
reduced the amplitude of the CA1 fEPSPs by 25 6 2% (P , 0.05)
30 min after the onset of the enzyme perfusion in six slices
studied. To directly determine the extent to which DAAOX
perfusion affects D-serine levels in the slice, we analyzed the
D-serine content of six slices treated with DAAOX. We observed
a 19 6 4% reduction in D-serine levels compared with untreated
control slices. The modest effect of DAAOX on NMDA recep-
tor responses and D-serine levels likely reflects the limited
penetration of DAAOX into hippocampal slices.

To provide enhanced access to synaptic sites during perfusion
of the enzyme, primary hippocampal cell cultures were used in
the remainder of the electrophysiological experiments. Whole-

cell patch–clamp recordings were carried out from pyramidal-
shaped neurons in 12- to 15-day-old cultures. AMPA and kainate
receptor currents were blocked by inclusion of 10 mM NBQX in
the recording solution. In addition, GABAA, GABAB, and
glycine receptor currents were eliminated with 50 mM picrotoxin,
10 mM SCH50911, and 5 mM strychnine, respectively. We also
included 5 mM QX-314 in the patch-pipette solution to block
Na1 channels. Perfusion of cultured hippocampal neurons with
active or heat-inactivated DAAOX fails to affect the holding
current, demonstrating that the enzyme does not compromise
the integrity of the cell membrane (control: 266 6 54 pA;
heat-inactivated DAAOX: 311 6 59 pA; DAAOX: 327 6 78 pA;
n 5 13, P . 0.05). We evaluated synaptically activated NMDA
receptor responses by recording spontaneous NMDA receptor-
mediated inward currents. Perfusion with the NMDA receptor
antagonist CPP (50 mM) eliminates the currents (Fig. 4 A1 and
A2), indicating that they are mediated by NMDA receptors (33,
34). Exposure for 5 min to active DAAOX (10 mgyml) produces
a significant reduction in current amplitude (Fig. 4 C1 and C2),
whereas heat-inactivated DAAOX fails to affect the amplitude
of NMDA receptor current events (Fig. 4 B1 and B2). When the
cultures were perfused with a solution containing DAAOX plus
D-serine, there was a time-dependent reversal of the inhibitory

Fig. 4. DAAOX reduces spontaneous NMDA receptor-mediated synaptic
currents in cultured hippocampal neurons. Whole-cell spontaneous excitatory
postsynaptic currents (EPSCs) were recorded in pyramidal neurons of embry-
onic rat hippocampal in monolayer culture. Inward currents are downward.
Triangles indicate artifacts resulting from valve opening for solution changes.
(A1 and A2) CPP (50 mM) abolishes the synaptic currents, indicating that they
are mediated by NMDA receptors. Five-minute exposure to heated DAAOX (10
mgyml) fails to affect the synaptic currents (B1 and B2) whereas active 10
mgyml DAAOX (C1 and C2) reduces the peak synaptic current amplitude by
more than 50%. (C3 and C4) D-Serine (100 mM) plus DAAOX fully reversed the
inhibitory effect of the enzyme. (D1– D4) Spontaneous AMPA receptor cur-
rents, which are blocked by 10 mM NBQX, are not affected by DAAOX
application. (E) Summary of results of experiments similar to those of A–C
analyzed as described in Results. Numbers of cells for each condition are
shown in parentheses. Values are expressed as mean 6 SEM of the control
values. Statistical significance was evaluated by using ANOVA analysis fol-
lowed by Scheffé posthoc comparison. (**, P , 0.0001.)
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effect of DAAOX. In this case, excess D-serine (100 mM) was
used to overcome the activity of the DAAOX, which degraded
only '10% of the D-serine added to the DAAOX solution (data
not shown). Glycine (100 mM) also reverses the inhibitory effect
of DAAOX (Fig. 4E). DAAOX does not affect non-NMDA
receptor-evoked currents recorded without NBQX and in the
presence of 50 mM CPP (Fig. 4 D1– D4). The CPP-resistant
currents are eliminated by 10 mM NBQX, demonstrating that
they are dependent on AMPA or kainate receptors.

Total charge carried by NMDA receptors was quantified in
5-min epochs by power spectral analysis. The epochs were
acquired 5 min after treatment with DAAOX, D-serine, or a
combination of the two. As shown in Fig. 4E, active DAAOX (10
mgyml) reduces by 55% the total charged carried by NMDA
receptors, whereas heat-inactivated DAAOX has no significant
effect. The inhibitory effect of DAAOX is eliminated by 100 mM
D-serine, and, interestingly, 100 mM D-serine by itself fails to
significantly enhance the total NMDA receptor current above
basal level. This latter observation suggests that the glycine site
of synaptic NMDA receptors is largely saturated under these
experimental conditions.

To directly assess whether DAAOX can affect postsynaptic
NMDA receptor responsiveness, NMDA receptor currents were
evoked by using a multibarrel fast-perfusion system. This al-
lowed us to investigate the time course of DAAOX action and
its reversal by D-serine. Application of 100 mM CPP rapidly (t 5
186 6 23 ms) and completely blocks the NMDA-evoked cur-
rents, demonstrating that they are dependent on NMDA recep-
tor activation (data not shown). Coapplication of active (but not
heat-inactivated) DAAOX during NMDA perfusion results in a
slower (t 5 1,937 6 292 ms) decrease in the NMDA-evoked
current to a steady-state level that, on average, is 45 6 8% less
than the pre-DAAOX control value (Fig. 5 A1– A3 and B). In
10 of 18 cells, the decrement was .75% (as in the example of Fig.
5 A3– A4), whereas in the remaining 8 cells there was ,10%
decrement. The variability is likely due to differences in the local
concentrations of D-serine among the cultured neurons. Inhibi-
tion by DAAOX recovers rapidly, presumably because local
levels of coagonist can be replenished by diffusion from adjacent
cells that were not affected by the local enzyme application. To
evaluate the specificity of the inhibitory effect of DAAOX, we
coapplied excess D-serine (100 mM), which completely reverses
the inhibitory action of DAAOX and augments the current
response 2-fold (Fig. 5 A4 and B). Thus, when cultured hip-
pocampal neurons are perfused continuously, glycine sites on
nonsynaptic NMDA receptors are not fully saturated (see also
Fig. 6). This contrasts with the situation for synaptic NMDA
receptor responses (Fig. 4) and NMDA receptor-evoked NOS
activity and cGMP formation (Fig. 3 A and B). At the synapse,
D-serine appears to saturate NMDA receptors, raising the
possibility that nonsynaptic D-serine is washed away more easily
than is the D-serine that has access to NMDA receptors during
synaptic transmission. This latter pool of D-serine presumably is
sequestered within the synaptic compartment or by adjacent glial
cells.

Because our fast perfusion system may wash away endogenous
coagonist, we carried out further experiments in which NMDA
was applied by using a micropuffer fluid application technique
that allowed NMDA to access the cell gently with minimal bulk
fluid flow. Brief pulses of NMDA (1 sec) were applied to the
soma of the patched cell by pressure ejection from a micropipette
positioned '50 mm away. As in the experiments using fast
perfusion, coapplication of DAAOX (1–10 mgyml) significantly
attenuated the amplitude of NMDA-evoked currents (Fig. 6).
Coapplication of DAAOX with excess D-serine (100 mM) po-
tentiated the evoked current amplitude about 2-fold, confirming
the observations with fast perfusion and indicating that the
fast-perfusion system does not wash away all of the endogenous

coagonist. Moreover, the results with both techniques indicate
that, under the conditions of our experiments, glycine sites on
extrasynaptic NMDA receptors are not fully saturated.

We confirmed by HPLC that DAAOX depletes D-serine in
hippocampal cultures as it does in cerebellar slices with a 60%
decline at 5 min and complete depletion at 15 min (data not
shown). In culture medium exposed to hippocampal neurons for
7 and 14 days, D-serine accumulates whereas in the uncondi-
tioned medium there is no D-serine, indicating that D-serine
comes from the cells and not from contaminating D-serine in the
medium.

Fig. 5. DAAOX inhibition and D-serine reversal of NMDA-evoked currents in
cultured hippocampal neurons. Solutions were applied by using a multibarrel
fast-perfusion device. Tetrodotoxin (1 mM) was present in the perfusion
media. (A1) Representative current evoked by 10 mM NMDA. (A2) Heated
DAAOX minimally affects the current amplitude. (A3) DAAOX (10 mgyml)
produces a 75% reduction in the current amplitude that recovers slowly upon
termination of the DAAOX perfusion. (A4) D-Serine (100 mM) rapidly over-
comes the DAAOX and induces a marked potentiation of the NMDA-evoked
current. (B) Summary of data from 18 experiments similar to that of A. Acute
application of DAAOX produced a significant decrease in the magnitude of
inward current (†, P 5 0.0014), whereas heat-inactivated DAAOX application
did not alter significantly NMDA-evoked current (not shown). DAAOX-
induced inhibition of NMDA current is reversed and the current is enhanced
further by D-serine (**, P , 0.0001). Total number of recordings for each
condition is indicated in parentheses. Bars indicate mean 6 SEM of the
maximal response expressed as a percentage of control. Statistical significance
was evaluated by using ANOVA analysis followed by Scheffé posthoc
comparison.

Fig. 6. DAAOX reduces NMDA receptor currents evoked with the mi-
cropuffer perfusion technique in cultured hippocampal neurons. To avoid
washing away endogenous D-serine, NMDA (100 mM, 1 sec) was applied by
gentle pressure ejection from a puffer pipette located '50 mm from the cell
soma. Perfusion with DAAOX (1–10 mgyml) attenuates the response to NMDA.
The effect of DAAOX is fully reversed by the application of D-serine (100 mM),
which also potentiates the NMDA-evoked current response. Recordings were
in the presence of 1 mM tetrodotoxin. Values are expressed as mean 6 SEM
percent change in peak current amplitude with respect to control. Total
number of recordings for each condition are shown in parentheses. Repre-
sentative traces are shown to the right. Statistical significance was evaluated
by using ANOVA analysis followed by Scheffé posthoc comparison. #, P , 0.05;

**, P , 0.0001.
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Discussion
The main finding of the present study is that DAAOX selectively
attenuates NMDA receptor function monitored both biochem-
ically and electrophysiologically, under conditions in which the
enzyme selectively degrades D-serine without affecting other
amino acids levels, strongly supporting a role for D-serine as an
endogenous coagonist for NMDA receptors. Are synaptic levels
of D-serine sufficient to physiologically occupy NMDA recep-
tors? Total brain D-serine levels are only 40% of those of glycine,
but concentrations at the receptor in situ are not known. D-Serine
is up to 3-fold more effective than glycine at recombinant
NMDA receptors in Xenopus oocytes (10). Extracellular
D-serine levels are similar or even greater than glycine in some
brain areas as measured by in vivo microdialysis (18). Moreover,
D-serine is functionally 100-fold more effective than glycine at
potentiating NMDA receptor-mediated spontaneous synaptic
currents in hypoglossal motoneurons (14). Whether the glycine
site normally is fully saturated has been unclear (35–37). How-
ever, the failure of D-serine to potentiate NMDA-evoked NOS
activity and cGMP formation in the absence of DAAOX sug-
gests that it is fully saturated under the conditions of our
experiments. This conclusion is supported further by our exper-
iments with hippocampal cell cultures. DAAOX reduced the
amplitude of spontaneous NMDA receptor-mediated synaptic
currents with no effect on the pattern of activity, implying a
postsynaptic effect. The inhibitory effect of DAAOX was fully
reversed by exogenous D-serine. However, D-serine failed to
potentiate NMDA receptor synaptic responses, confirming that
the NMDA receptor glycine site is largely occupied. When we
examined NMDA receptor currents activated by exogenously
applied NMDA (presumably carried largely by ‘‘extrasynaptic’’
NMDA receptors), DAAOX also was able to reduce NMDA
receptor activity. This occurred whether the agonist was applied
directly by using a conventional fast-perfusion technique or with
the micropuffer technique that attempts to avoid washing
D-serine from NMDA receptors. However, in contrast to the
situation with synaptic NMDA receptors, D-serine not only
reversed the action of DAAOX, but also produced a substantial
increase in the amplitude of the recorded currents. We interpret
this difference to indicate that extrasynaptic NMDA receptors

are not fully occupied by D-serine or another glycine site agonist
in those experiments.

Although our evidence is consistent with D-serine as the major
endogenous ligand for the glycine site of NMDA receptors,
NMDA responses were not fully blocked by the addition of
DAAOX. The DAAOX-insensitive fraction varied depending
on the experimental conditions, ranging from 30% to 50% of
NMDA receptor activity. Endogenous glycine might occupy the
remainder of the sites, and, in some parts of the brain, glycine
may well be the major endogenous ligand. Evidence regarding
the relative roles of these two amino acids in various brain
regions derives from immunohistochemical studies in which we
mapped both glycine and D-serine (7). In the adult cerebral
cortex, where NMDA receptor-mediated neurotransmission is
particularly prominent, neuronal levels of glycine are extremely
low (7, 18). On the other hand, in the adult cerebellum, D-serine
levels are low and occur only in Bergmann glia. Transmission at
NMDA receptors takes place to a major extent on dendrites of
granule cells. Endogenous glycine in Golgi type II neurons may
activate glycine sites of the granule cell NMDA receptors (7). In
the adult rat cerebellum, DAAOX fails to affect NMDA recep-
tor activity (Fig. 3), providing additional support for the proposal
that D-serine is a developmentally regulated modulator in this
brain region (7).

One reason for the skepticism about a biological function in
mammals for D-amino acids has been the absence of any
demonstrated biosynthetic pathway. Recently, we purified (19)
and cloned (38) mammalian serine racemase, which directly
converts L-serine to D-serine. Serine racemase is localized to the
same astrocytes as D-serine in the vicinity of NMDA receptors
(38). Thus, astrocytes may play active roles in supporting synaptic
transmission via the activation of NMDA receptors (39–42).
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