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D-serine is a physiologic coagonist of NMDA receptors (NMDARs) required for synaptic plasticity, but mechanisms that ter-
minate D-serine signaling are unclear. In particular, the identity of unidirectional plasma membrane transporters that medi-
ate D-serine reuptake has remained elusive. We report that D-serine and glutamine share the same neuronal transport
system, consisting of the classic system A transporters Slc38a1 and Slc38a2. We show that these transporters are not satu-
rated with glutamine in vivo and regulate the extracellular levels of D-serine and NMDAR activity. Glutamine increased the
NMDAR-dependent long-term potentiation and the isolated NMDAR potentials at the Schaffer collateral–CA1 synapses, but
without affecting basal neurotransmission in male mice. Glutamine did not increase the NMDAR potentials in slices from ser-
ine racemase knock-out mice, which are devoid of D-serine, indicating that the effect of glutamine is caused by outcompeting
D-serine for a dual glutamine–D-serine transport system. Inhibition of the system A reduced the uptake of D-serine in synap-
tosomes and neuronal cultures of mice of either sex, while increasing the extracellular D-serine concentration in slices and in
vivo by microdialysis. When compared with Slc38a2, the Slc38a1 transporter displayed more favorable kinetics toward the D-
enantiomer. Biochemical experiments with synaptosomes from Slc38a1 knock-down mice of either sex further support its
role as a D-serine reuptake system. Our study identifies the first concentrative and electrogenic transporters mediating D-ser-
ine reuptake in vivo. In addition to their classical role in the glutamine-glutamate cycle, system A transporters regulate the
synaptic turnover of D-serine and its effects on NMDAR synaptic plasticity.
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Significance Statement

Despite the plethora of roles attributed to D-serine, the regulation of its synaptic turnover is poorly understood. We identified the
system A transporters Slc38a1 and Slc38a2 as the main pathway for neuronal reuptake of D-serine. These transporters are not satu-
rated with glutamine in vivo and provide an unexpected link between the serine shuttle pathway, responsible for regulating D-serine
synaptic turnover, and the glutamine–glutamate cycle. Our observations suggest that Slc38a1 and Slc38a2 have a dual role in regu-
lating neurotransmission. In addition to their classical role as the glutamine providers, the system A transporters regulate extracel-
lular D-serine and therefore affect NMDAR-dependent synaptic plasticity. Higher glutamine export from astrocytes would increase
extracellular D-serine, providing a feedforward mechanism to increase synaptic NMDAR activation.
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Introduction
D-Serine is a gatekeeper of NMDARs that plays an essential role
in synaptic plasticity (Mothet et al., 2000; Papouin et al., 2012; Le
Bail et al., 2015). D-Serine is produced by the serine racemase
(SR), which racemizes L-serine into D-serine in mammals and
invertebrates (Wolosker et al., 1999; Dai et al., 2019). Although
initially thought to be present in astrocytes, both D-serine and
SR are mainly present in neurons (Kartvelishvily et al., 2006;
Miya et al., 2008; Benneyworth et al., 2012; Ehmsen et al., 2013;
Balu et al., 2014). Upon synthesis, D-serine is released from neu-
rons by plasma membrane transporters like the Asc-1/Slc7a10,
which mediates D-serine efflux in exchange for external amino
acid substrates (Rosenberg et al., 2013; Sason et al., 2017; Neame
et al., 2019). On the other hand, astrocytes synthesize the SR sub-
strate L-serine, which shuttles to neurons to support the neuro-
nal synthesis of D-serine by a mechanism called the serine
shuttle (Wolosker and Radzishevsky, 2013; Wolosker et al., 2016;
Coyle et al., 2020). Export of L-serine from astrocytes depends
on the activity of the 3-phosphoglycerate dehydrogenase
(Phgdh) enzyme, a process critical for the de novo synthesis of L-
serine and optimal NMDAR activity (Neame et al., 2019).

The mechanisms by which D-serine signaling terminates have
been unclear. The D-serine catabolic enzyme D-amino acid oxidase
is absent or poorly expressed in forebrain regions (Hashimoto et al.,
1993; Schell et al., 1995). As a result, D-serine has a slow turnover
rate in the forebrain (Dunlop and Neidle, 1997). While D-serine
levels are modulated by different metabolites (Strísovský et al., 2005;
Neame et al., 2019), transmitter receptors (Ma et al., 2014; Papouin
et al., 2017), and SR post-translational modifications (Mustafa et al.,
2007; Kolodney et al., 2016), the regulation of synaptic D-serine is
poorly understood. Conceivably, removal of D-serine from the syn-
apse by plasma membrane transporters could terminate D-serine
signaling. However, the targeted deletion or selective inactivation of
the known D-serine transporters in the brain (e.g., ASCT1/Slc1a4,
Asc-1/Slc7a10) does not lead to extracellular D-serine accumulation,
but rather to lower D-serine levels (Sakimura et al., 2016; Sason et
al., 2017; Kaplan et al., 2018). Since endogenous D-serine or glycine
does not saturate the NMDARs (Chen et al., 2003a; Matsuda et al.,
2010; Hammond et al., 2013), we raised the possibility that uniden-
tified D-serine transporters modulate D-serine levels at the synapse
or perisynaptic sites by mediating D-serine reuptake to prevent
unwanted NMDAR activation. We also hypothesize that acute inhi-
bition of such D-serine reuptake systems would enhance the
NMDAR activity and synaptic plasticity.

In the present study, we sought to identify unidirectional
transporters that affect D-serine signaling in vitro and in vivo.
For this purpose, we conducted a low-throughput screening for
amino acids that interfere with D-serine transport. We found
that glutamine inhibits the transport of both D-serine and
L-serine in vitro and in vivo by interacting with system A trans-
porters (Slc38a1 and Slc38a2), which are capable of transporting
D-serine and are expressed by neurons. Inhibition of system A
transporters mimicked the effects of glutamine in vitro and in
vivo. Glutamine enhanced the isolated NMDAR potentials
and the LTP at the Schaffer collateral–CA1 synapses by out-
competing D-serine for its transport system and therefore
increasing extracellular D-serine. Glutamine did not affect the
isolated NMDAR potentials in slices of SR-KO mice, indicat-
ing that the effect was specific for D-serine. Our data provide
a new mechanism for modulating D-serine signaling and
keeping the local extracellular D-serine concentration below
the full saturation of NMDARs. Our observations indicate
that the system A transporters are not saturated in vivo, which

enables the concomitant transport of D-serine, L-serine, and
L-glutamine.

Materials and Methods
Materials. L-Serine and D-serine were purchased from Bachem.
Acetonitrile, a-(methylamino)isobutyric acid (MeAIB), Boc-L-cysteine,
cholineCl, deoxyribonuclease I, dithiothreitol, glutaminase, tetrahydro-
furan, o-phthaldialdehyde, poly-D-lysine hydrobromide, proteinase K,
2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX), sodium
pyrophosphate, L-glutamate, L-glutamine, Percoll, and trans-4-hydroxy
L-proline were obtained from Sigma-Aldrich. [14C]MeAIB, D-[3H]ser-
ine, L-[3H]serine, L-[3H]glutamine, and L-[3H]glutamate were pur-
chased from PerkinElmer. Basal medium Eagle, DMEM, fetal bovine
serum, L-glutamine solution, penicillin-streptomycin, trypsin-EDTA so-
lution type A, and soybean trypsin inhibitor were obtained from
Biological Industries.

Synaptosomal preparations. Cortices of mice of either sex were dis-
sected and homogenized at 4°C with 10 vol of 0.32 M sucrose and 1 mM

EDTA using a Potter-Elvehjem homogenizer with a Teflon pestle rotated
at 800 rpm. Homogenates were cleared by two sequential centrifugations
at 1000 � g for 5min to yield supernatant (S1). Purified synaptosomes
were prepared by Percoll gradient fractionation from the S1 fraction as
previously described (Dunkley et al., 1988). The synaptosomes were sus-
pended in HBSS consisting of the following (mM): 137 NaCl, 5.4 KCl,
0.18 Na2HPO4, 0.44 KH2PO4, 0.41 MgSO4, 0.49 MgCl2, 1.07 CaCl2, 5.6
D-glucose, 4.2 NaHCO3, 1 Na-pyruvate, and 10 HEPES, at pH 7.4.
When the amount of tissue was limiting, the cerebral cortex or brain-
stem regions were manually homogenized with 18 strokes of 2 ml glass
Dounce homogenizer, and a crude synaptosomal preparation was
obtained by centrifuging the S1 at 12,000� g for 10min. The crude syn-
aptosomal pellets were suspended in HBSS immediately before use. All
animal procedures were performed in accordance with the Committee
for the Supervision of Animal Experiments (Technion–Israel Institute of
Technology).

Uptake of radiolabeled amino acids in synaptosomes.When indicated,
crude or purified synaptosomes were incubated with 5 mM [3H]-labeled
D-serine, L-serine, L-glutamine, or L-glutamate, or 50 mM [14C]MeAIB
in HBSS at 25°C. The uptake was terminated by filtration (10–40mg pro-
tein/sample) through 0.45mm nitrocellulose filters (Millipore) and
washed three times with 9 ml of ice-cold HBSS. Blanks were conducted
by adding synaptosome reaction medium on ice. The radioactivity
retained in the filters was monitored by scintillation counting. The val-
ues were normalized to the protein concentration measured using the
BCA Protein Assay (Thermo Fisher Scientific). For testing the effect of
30–60 mM MeAIB, we reduced the NaCl concentration of the HBSS by
15–30 mM. Controls contained 15–30 mM choline chloride or 30–60 mM

sucrose to preserve the osmolarity.
Primary neuronal cultures. Pregnant Sprague Dawley rats were anes-

thetized with isoflurane and killed by decapitation with the approval of
the Committee for the Supervision of Animal Experiments (Technion–
Israel Institute of Technology). Serum-free neuronal cultures from the
cerebral cortex were prepared from E16 or E17 embryos, as described
previously (Rosenberg et al., 2013), with the following modifications.
Briefly, embryos were harvested, and cortices were dissected in HEPES
Buffered Salt Solution deprived of Ca21 and Mg21 (in mM: HEPES 10,
pyruvate 1, glucose 5.6, KH2PO4 0.44, KCl 5.4, NaH2PO4 0.34, NaHCO3

4.2, and NaCl 137) and digested with 0.12% trypsin for 10min at 37°C.
The digestion was terminated by soybean trypsin inhibitor, followed by
the addition of 400 U of DNase. Then, the tissue was mechanically disso-
ciated with a fire-polished Pasteur pipette. After the clumps were
removed, 1.5� 105 cells/well were seeded in 96-well plates (Nunc) previ-
ously covered with 0.5mg/ml poly-D-lysine. Half of the culture medium
was replaced every 2–3 d and consisted of Neurobasal medium supple-
mented with 2% B27 and 1� 105 U/L penicillin and 100mg/L strepto-
mycin. Biochemical experiments were conducted at day in vitro 4–5
(DIV4–5) and DIV10–12.

Uptake of amino acids in primary cultures. Primary neuronal cell cul-
tures were washed three times with HBSS medium and incubated with
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HBSS supplemented with 5 mM [3H]-labeled D-serine, L-serine, L-gluta-
mine, or L-glutamate, or 50 mM [14C]MeAIB in HBSS for 10–20min at
25°C. When testing high MeAIB concentrations, the concentration of
NaCl was reduced to preserve osmolarity, and sucrose was added to the
controls in place of MeAIB. Uptake was terminated by washing the cul-
tures three times with ice-cold HBSS. Subsequently, cells were lysed by
adding 100ml water, and the radioactivity was monitored by scintillation
counting. The values were normalized to protein concentration meas-
ured using Bradford protein assay (Bio-Rad).

Radiolabeled amino acid release from acute cortical slices. Two- to 3-
month-old Sprague Dawley rats of either sex were anesthetized with iso-
flurane and killed in accordance with the Committee for the Supervision
of Animal Experiments (Technion–Israel Institute of Technology). The
cerebral cortex was cut into 400� 400mm slices with a McIlwain tissue
chopper. The slices were washed three times with oxygenated Krebs-
HEPES Buffer (KB; in mM: 127 NaCl, 1.3 NaH2PO4, 15 HEPES, 10 glu-
cose, 5 KCl, 1 MgCl2, and 2.5 CaCl2, at pH 7.4). Thereafter, the slices
were loaded with 5 mM D-[3H]serine or D-[3H]aspartate for 20min in
oxygenated KB at 37°C. Neither D-[3H]serine nor D-[3H]aspartate is sig-
nificantly metabolized during the period (Palmer and Reiter, 1994;
Rosenberg et al., 2010). Then, the slices were washed three times with
oxygenated KB, transferred to 0.3 ml chambers, and perfused at 0.6 ml/
min using a Suprafusion 1000 (SF-6) apparatus (Brandel) at 37°C for
20–25min. Subsequently, the perfusate was collected at different times
in sixtuplicates, and slices were stimulated with glutamine or drugs. The
radioactivity was normalized by the total loading in the slices from each
channel and expressed as a percentage of the total.

In vivo microdialysis. Ten-week-old male C57BL/6 mice were
anesthetized with xylazine/ketamine and positioned in the stereotaxic
instrument (lab standard with mouse adaptor, Stoelting). A CMA
cannula (Harvard Apparatus) was implanted in the striatum at the
coordinates10.8 mm (anterior), 61.3 mm (lateral), and �2.5 mm
(ventral), and the mice were allowed to recover for 18–24 h. Then the
probe (CMA7; 6 kDa; diameter, 0.24 mm; membrane length, 2 mm)
was slowly inserted and perfused for 16–18 h with a solution containing
the following (in mM): 147 NaCl, 2.7 KCl, 1.2 CaCl2, and 0.85 MgCl2 at
0.3ml/min. Subsequently, samples were collected every 20min for 3 h to
verify the establishment of the baseline. Then, L-glutamine or MeAIB
was administered by retrodialysis for 4 h using a three to four times
higher drug concentration than those in slice experiments to account for
the low extraction fraction of the microdialysis (typically 25%). The aver-
age of the last four samples (last 80min) was used to calculate the effect
of the drugs in comparison with the baseline. The mice were freely mov-
ing during the experiment, with access to food and water ad libitum.
When measuring the effect of glutamine, the samples were treated with
the glutaminase enzyme before the HPLC analysis to prevent the inter-
ference of the glutamine peak with the adjacent D-serine peak, as
described previously (Radzishevsky and Wolosker, 2012). The probe
position was verified by histologic analysis of the probe tract.

To quantify the extracellular glutamine concentration in the stria-
tum, the basal glutamine was calculated from the microdialysis of 12
C57BL/6 mice, in which the values of extracellular D-serine were previ-
ously reported (Kaplan et al., 2018). We used the values of the in vivo re-
covery of the microdialysate in each mouse calculated from the average
of the extraction fraction of the heavy isotopes of amino acids (Hershey
and Kennedy, 2013), consisting of a mixture of the stable isotope-labeled
D4-alanine, D3-serine, 13C,D2-threonine, 15N,D2-glycine, and 13C5-glu-
tamic acid (Cambridge Isotope Laboratories); and D6-GABA (Sigma-
Aldrich). The average6 SEM extraction fraction was 0.226 0.02 (n= 12
mice). The values of the extraction fraction of each isotope in this mouse
cohort and the microdialysis method were reported previously (Kaplan
et al., 2018).

Ex vivo electrophysiology. Experiments were conducted in accordance
with European Council Directive 63/2010 regarding the care and use of
animals for experimental procedures and were approved by the local
ethics committee. Animals were housed under a 12 h light/dark cycle in
a 206 2°C and 456 15% humidity-controlled environment with food
and water available ad libitum. Transverse hippocampal slices (400mm)
were obtained from 3- to 4-month-old C57BL/6 male mice. Animals

were anesthetized with isoflurane before decapitation. Slices were pre-
pared in ice-cold artificial CSF (aCSF), consisting of the following (in
mM): 124 NaCl, 3.5 KCl. 1.5 MgSO4, 2.3 CaCl2, 26.2 NaHCO3, 1.2
NaH2PO4, and 11 glucose, and pH 7.4, and placed in a holding chamber
(.100 ml) for at least 70min. Because we conducted additional record-
ings on the same day, subsequent slices were left in equilibration with
aCSF for longer periods (2–6 h).

Each slice was transferred to the recording chamber and submerged
continuously with aCSF pregassed with 95% O2/5% CO2. Extracellular
recordings were obtained at 25–28°C from the apical dendritic layer of
the CA1 area using micropipettes filled with 2 M NaCl. Presynaptic fiber
volleys (PFVs) and field EPSPs (fEPSPs) were evoked by electrical stimu-
lation of Schaffer collaterals and commissural fibers located in the stra-
tum radiatum. For isolating the NMDAR potentials, the slices were
perfused for 20min with low-Mg21 (0.1 mM) aCSF followed by a 15min
perfusion with low-Mg21 (0.1 mM) aCSF supplemented with NBQX (10
mM). The averaged slope of three PFVs and fEPSPs was measured using
Win LTP software (Anderson and Collingridge, 2001). In control experi-
ments, we also recorded from 3- to 4-month-old constitutive SR-KO
mice (Basu et al., 2009). To evaluate the receptor activation level, the
fEPSP/PFV was monitored at increasing stimulus intensity (300, 400,
and 500mA). The effect of exogenous glutamine was assessed by deter-
mining the fEPSP/PFV ratio after perfusing for 15min with aCSF con-
taining 0.5 mM glutamine, then switching for aCSF containing 1 mM

glutamine for an additional 15min. Thus, the slices monitored for their
fEPSP/PFV ratio were washed out in aCSF for at least 135min since their
preparation.

When testing the effect of MeAIB (25 mM), the drug was added at
least 35min before recording the isolated NMDAR fEPSP/PFV ratios.
The osmolarity of the aCSF was kept constant by decreasing the NaCl by
12.5 mM and adding 12.5 mM CholineCl (control) or 25 mM MeAIB.

The paired-pulse facilitation (PPF) of basal synaptic transmission
was induced by electrical stimulation of afferent fibers with a paired
pulse (interstimulus interval, 30ms). PPF was calculated as the ratio of
the second response slope over the first one. The effect of exogenous glu-
tamine was assessed by determining the PPF ratio 15min after 0.5 mM

glutamine was added to the aCSF. Then glutamine was increased to
1 mM for an additional 15min, and the PPF ratio was determined again.

For evoking long-term potentiation (LTP) of synaptic transmission,
a test stimulus was applied every 10 s in the control medium and
adjusted to get an fEPSP with a 0.1 V/s baseline slope. The averaged
slope of three fEPSPs was measured for 15min before the delivery of a
high-frequency stimulus, consisting of one train at 100Hz pulses for 1 s
at the test intensity. Testing with a single pulse was then resumed for
60min to determine the LTP level. Thus, the LTP slices were washed out
in aCSF for at least 155min since their preparation. When testing the
effect of L-glutamine (1 mM), the amino acid was added 25min before
the establishment of the baseline and maintained throughout the record-
ing. For better solubility, the glutamine stock solution was prepared in
0.1 M HCl, giving a concentration of 1 mM HCl in the recordings, which
did not change the final pH. For consistency, 1 mM HCl was also added
to the controls lacking glutamine.

Transport assays in transfected HEK293 cells. HEK293A cells were
seeded in 96-well plates previously covered with 0.1mg/ml poly-D-lysine
and transfected with untagged mouse Slc38a1-pRK5, mouse Slc38a2-
pRK5, rat Slc7a10-pExpress-1 (Open Biosystems) and its ancillary subu-
nit 4F2hc-pCMV-SPORT6 (Open Biosystems), human Slc1a4-pCMV5,
and rat Slc1a5-pRK5 (Rosenberg et al., 2013), or GFP-pRK5 control.
Thirty-six hours after transfection, the cells were washed in HBSS and
assayed for D-[3H]serine or [14C]MeAIB uptake as described for primary
neuronal cultures. Each condition was typically assayed in octuplicates.
The HEK293A cells overexpress Na1-dependent glutamine and D-ser-
ine transporters like Slc1a5 (Seyer et al., 2016), which increases the value
of the blanks. Unlike Slc1a5, which is an obligatory Na1-dependent
transporter, the Slc38a1 and Slc38a2 transporters tolerate Li1 and work
better at slightly alkaline pH values (Reimer et al., 2000; Chaudhry et al.,
2002). Therefore, to improve the signal-to-noise ratio of D-[3H]serine
uptake by Slc38a1 or Slc38a2, Li1 was substituted for Na1 in HBSS
adjusted to pH 8.0. The uptake of [14C]MeAIB by Slc38a1 or Slc38a2
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was assayed using HBSS containing Na1, at pH
7.4, wherein the total Na1 was reduced to bal-
ance the osmolarity of MeAIB. Blanks consisted
in HEK293A cells transfected with GFP control.
The uptake by all the other transporters was
conducted in the presence of Na1, as described
above.

Mice models. Slc38a11/� mice (Slc38-
a1tm1.1(KOMP)Vlcg) were obtained from the
KOMP Repository (UC Davis, Davis, CA). The
mutant mice were generated by the insertion
of the LacZ cassette followed by a floxed
hUbCpro-neo-cassette between exons 2 and 4
(Targeting Project VG15012). After Cre-medi-
ated removal of the neomycin cassette, the mice
were then backcrossed for five generations with
ICR (CD1) outbred mice and kept as 1/�.
Controls in uptake experiments consisted of the
WT littermates. Offspring genotyping was per-
formed with the following oligonucleotides:
Reg-LacF: 59-ACTTGCTTTAAAAAACCTCC
CACA-39; Reg-Slc38a1-wtF: 59-GCCCGAAG
ATGACAACGTCAGC-39; Reg-Slc38a1-R: 59-
GAGAAAGCAAGCACCAAGAGAGG-39; and
Reg-Slc38a1-wtR: 59-AAATTCATATCGCATC
TTCAAACAGAGC-39. The WT allele gener-
ated a 193 bp PCR fragment (primers wtF and
wtR), while the 1/� mice exhibited an addi-
tional 594 bp fragment corresponding (primers
Reg-LacF and Reg- Slc38a1-R). Constitutive
Slc1a5-KO mice (TF1331, ASCT2-KO) were
obtained from Taconic Biosciences, and their
genotyping was determined as described previ-
ously (Kaplan et al., 2018). The mice were back-
crossed in our facility with C57BL/6J mice for
10 generations. Constitutive SR-KO mice in a
C57BL/6 background were obtained from Prof.
Joseph T. Coyle’s laboratory (Harvard Medical
School, Boston, MA).

Endogenous brain amino acid levels. Levels
of L- and D-amino acid enantiomers in brain
regions of male Slc38a11/� and WT littermates
were determined by HPLC as previously
described (Hashimoto et al., 1992), except that
aminoadipic acid was used as the internal
standard. The GABA levels were determined by
HPLC after derivatization with o-phtalodialde-
hyde and b -mercaptoethanol (Fekkes et al.,
1995).

Western blots. Levels of Slc38a1 were deter-
mined from crude cortical synaptosomes of 6- to
10-week-old mice of either sex using 1:1000 anti-
SNAT1/SLC38A1 (clone D9L2P; catalog #36057,
Cell Signaling Technology) and revealed with anti-mouse 1:10,000 (Jackson
ImmunoResearch). The samples from cortical synaptosomes were pretreated
with the glycosidase PNGase F under denaturing conditions according to
the manufacturer instructions (New England Biolabs). Samples from the
brainstem were not subjected to PNGase F treatment.

LacZ detection. Adult Slc38a11/� C57BL/6 mice were perfused with
4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate
buffer at pH 7.4. After cryoprotection with sucrose 30%, the brains were
cut in a freezing microtome (20mm sections) and the sections were
attached to slides. Histochemical staining for X-Gal was conducted as
previously described (Watson et al., 2008). Controls consisted of WT
littermates.

Experimental design and statistical tests. For analysis between two
groups, we used paired or unpaired two-tailed Student’s t tests. When
the possible outcome was anticipated to be in only one direction (see
Figs. 7B, 8B,D,F), a one-tailed unpaired Student’s t test was used. For

more than two groups, the data were analyzed by repeated-measures or
ordinary one-way ANOVA and Dunnett’s or Sidak’s multiple-compari-
sons test using GraphPad Prism software version 8.2.1 (GraphPad
Software).

Results
A glutamine-inhibitable D-serine uptake in vitro and in vivo
To identify new transport systems for D-serine, we tested the
effects of several amino acids on D-serine transport. We found
that glutamine inhibits the uptake of D-serine by purified synap-
tosomal preparations in adult mice (Fig. 1A) with an IC50 of
2146 120 mM (n=3). Glutamine also inhibited the uptake of L-
serine (Fig. 1B) with a mean IC50 of 556 8 mM (n=4). The
extracellular concentration of glutamine ranges from 80 to 400
mM (Lindroth et al., 1985; Lerma et al., 1986; Kanamori and Ross,
2004; Dolgodilina et al., 2016), suggesting that the effects of

Figure 1. Glutamine affects D-serine and L-serine transport in vitro and in vivo. A, Glutamine inhibits the uptake of 5 mM

D-[3H]serine by purified cortical synaptosomes incubated in Na1-containing HBSS buffer and the absence (*) and the pres-
ence (l) of 10mM LU AE00527, a selective Asc-1/Slc7a10 inhibitor. B, Inhibition of the synaptosomal transport of L-[3H]ser-
ine by glutamine. C, Glutamine (2 mM) inhibits the uptake of 5 mM D-[3H]serine in primary neuronal cultures monitored in
Na1-containing HBSS. ****p, 0.0001, two-tailed paired Student's t test. D, Inhibition of L-[3H]serine uptake by 2 mM glu-
tamine in primary neuronal cultures. Two-tailed paired Student’s t test. E, Glutamine increases the extracellular levels of D-
serine in the perfusate of acute cortical rat brain slices. The slices were preloaded with D-[3H]serine and perfused in KB buffer
as described in Materials and Methods. After the baseline was achieved, the slices were perfused with KB containing 0.25,
0.5, or 2 mM glutamine when indicated. Repeated-measures ANOVA and Dunnett’s multicomparison test between the last
point of the baseline (t= 4.8 min) and subsequent times. F–H, In vivo microdialysis of the striatum in adult mice. After the
baseline was established, 4 mM glutamine was administered through retrodialysis via the probe and the levels of L-serine, D-
serine, and the ratio of D-serine to total serine (L1 D) were determined in the microdialysate by HPLC. Ratio paired t test.
The values are the average6 SEM of 3 (A), 4 (B), 13 (C), 10 (D), 4 (E; with 0.25 mM and 0.5 mM L-Gln), 9 (E; with 2 mM L-
Gln), and 4 (F–H) independent experiments. Ctrl, Control.
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glutamine are observed in a physiological range. The inhibition
by glutamine was not affected by the inclusion of the Asc-1
transporter inhibitor Lu AE000527 (Fig. 1A,B), indicating that
other transport systems mediate this particular D-serine uptake

in synaptosomes. We also tested glutamine
in primary neuronal cortical cultures and
found that it inhibits the transport of both
serine enantiomers (Fig. 1C,D). To verify
the effect of glutamine in a more physio-
logical setting, we measured the extracellu-
lar D-serine levels in rat cortical slices
incubated with different concentrations of
glutamine. We found that perfusion with
glutamine increased the extracellular con-
centration of D-serine (measured in the
slice perfusate) at the same concentrations
it inhibits D-serine uptake (Fig. 1E). To
investigate the in vivo relevance of the glu-
tamine effects, we conducted in vivomicro-
dialysis in the striatum of adult mice. We
found that retrodialysis of glutamine
through the probe increased the extracellu-
lar levels of both D-serine and L-serine
(Fig. 1F,G) but without changing the ratio
of D-serine to the total serine (Fig. 1H).
The data indicate that glutamine likely
interacts with a transport systems that uses
both serine enantiomers as substrates in
vitro and in vivo but without completely
saturating its transport sites in vivo.

A glutamine-inhibitable D-serine
uptake regulates NMDAR activation
Most of the endogenous glutamine and
glutamate are lost from slices after the per-
fusion with aCSF (Kapetanovic et al.,
1993). In agreement, we found that the
perfusion of slices depletes the endogenous
levels of glutamine and glutamate (Fig.
2A). Interestingly, total endogenous D-ser-
ine was also moderately depleted during
the perfusion, while L-serine was unaf-
fected (Fig. 2A). Supplementation of the
aCSF with 0.5 mM glutamine partially
restored glutamine and glutamate levels in
slices (Fig. 2A). However, glutamine did
not increase the levels of D-serine in slices,
which mostly corresponds to the intracel-
lular D-serine pool (Fig. 2A). The data
indicate that the increase in the extracellu-
lar D-serine promoted by glutamine (Fig.
1E,F) is not attributable to changes in the
production of D-serine by the SR.

In light of the inhibition of D-serine
uptake and the increase in the extracellular
levels of D-serine by glutamine application
(Fig. 1), we wondered whether glutamine
would increase NMDAR activation by a
D-serine-dependent mechanism. In agree-
ment, we found that adding 1 mM gluta-
mine to slices for 25min before starting
the recordings led to a 60% increase in the
extent of the NMDAR-dependent LTP at
the Schaffer collateral–CA1 synapses (Fig.

2B,C). Most importantly, the addition of glutamine (0.5 or 1
mM) for 15min increased the isolated NMDAR fEPSPs at differ-
ent stimuli intensities (Fig. 2D). In contrast, glutamine did not

Figure 2. Glutamine stimulates the NMDAR-dependent LTP and isolated NMDAR potentials by a D-serine-dependent mech-
anism. A, Levels of glutamine, glutamate, D-serine, and L-serine in acute slices perfused with oxygenated aCSF at 1 ml/min for
8, 150, or 150min with 0.5 mM glutamine supplementation (n= 4). B, LTP induced by 1� 100 Hz in the Schaffer collateral–
CA1 synapse of adult mice slices (n= 14) was increased by ;60% in slices supplemented with 1 mM L-glutamine added
25 min before the establishment of the baseline (n= 14). C, Quantification of glutamine effect on the LTP determined by the
average of the last 15 min of recording. D, The sequential addition of 0.5 and 1 mM L-glutamine for 15 min to the aCSF of sli-
ces from WT mice increased the NMDAR fEPSP/PFV ratios monitored at increasing stimuli intensity (n= 16). E, The basal syn-
aptic transmission was not affected by 1 mM glutamine. The AMPA fEPSP/PFV ratio was calculated at increasing stimuli
intensity (n= 19). F, Glutamine (1 mM) did not affect the PPF of the synaptic transmission (n= 19), induced by stimulation of
afferent fibers with paired pulses (interstimulus interval, 30 ms). G, Lack of effect of glutamine (1 mM) in the NMDAR fEPSPs of
slices from SR-KO mice. Data were analyzed by one-way ANOVA and Dunnett’s multiple-comparisons test (A), two-tailed
unpaired Student’s t test (C), repeated-measures ANOVA and Dunnett’s multiple-comparisons test (D), and two-tailed paired t
test (G). The p values are: a, 0.037; b, 0.0025; c, 0.001; d, 0.0007; e, 0.0004; f,,0.0001. Ctl, Control. n.s., not significant.
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affect the AMPAR potentials (Fig. 2E) or
the paired-pulse ratio (Fig. 2F), indicating
that glutamine supplementation is not
required for sustaining the glutamine–glu-
tamate cycle under our experimental con-
ditions. This is in line with a previous
report showing that exogenous glutamine
is not needed to maintain the basal glutama-
tergic transmission or quantal size at the
Schaffer collateral–CA1 synapses (Kam and
Nicoll, 2007).

Since D-serine is critical for synaptic
NMDAR activation at the CA1 (Le Bail et
al., 2015), we investigated whether the
selective augmentation of the NMDAR ac-
tivity by glutamine involves an increase in
the extracellular D-serine, like that seen
in our biochemical experiments. To this
end, we monitored the isolated NMDAR
fEPSPs in slices from SR-KO mice, which
display a 90% decrease in endogenous D-
serine (Basu et al., 2009). We found that
glutamine (1 mM) did not increase the iso-
lated NMDAR fEPSPs in SR-KO mice
(Fig. 2G), which suggests that an increase
in the extracellular D-serine underlies the
enhancement of LTP and NMDAR activa-
tion by glutamine.

Characteristics of the glutamine/
D-serine dual transport system
To ascertain the identity of the glutamine-
sensitive D-serine transport systems, we
monitored the glutamine transport in
purified cortical synaptosomes of adult
mice. We found that D-serine inhibits the
transport of glutamine, albeit with less effi-
ciency than L-serine (Fig. 3A). Thus, gluta-
mine transporters may also use D-serine
and L-serine as substrates, but with higher
affinity to the latter. Such glutamine/D-
serine dual transporter systems do not cor-
respond to bonafide D-serine transporters,
like ASCT1 and Asc-1, which do not use
glutamine as a substrate (Arriza et al., 1993;
Fukasawa et al., 2000). Accordingly, inhibi-
tion of the synaptosomal uptake of both
serine enantiomers by glutamine was still
observed in the presence of trans-4-
hydroxy L-proline (OHP) or LU AE00527
(LuAE; Fig. 3B,C), which selectively inhibit
ASCT1/Slc1a4 (Kaplan et al., 2018) and
Asc-1/Slc7a10 (Sason et al., 2017), respec-
tively. The ASCT2/Slc1a5 transporter is capable of transporting
both glutamine and D-serine in vitro (Utsunomiya-Tate et al.,
1996; Rosenberg et al., 2013). In agreement with the low expres-
sion of Slc1a5 in the brain (Kaplan et al., 2018), the inhibitory
effect of glutamine on D-serine and L-serine uptake was also unaf-
fected in purified synaptosomes of Slc1a5�/� mice (Fig. 3D,E).

The classical system A transporters SNAT1/Slc38a1 and
SNAT2/Slc38a2 mediate the electrogenic uptake of glutamine in
neurons (Reimer et al., 2000; Sugawara et al., 2000; Varoqui et
al., 2000; Yao et al., 2000; Chaudhry et al., 2002) and account for

Figure 3. D-Serine is taken up through a glutamine transport system different from known D-serine transporters. A, D-ser-
ine and L-serine inhibit the uptake of 5 mM L-[3H]glutamine into purified cortical synaptosomes monitored in Na1-contain-
ing HBSS. B, Glutamine (2 mM) inhibits the transport of D-[3H]serine in acute cortical synaptosomes, in the presence or
absence of an inhibitor of Slc1a4 (1 mM OHP) or Slc7a10 (10mM LuAE). C, Same as in B but using L-[3H]serine as a substrate.
D, Glutamine (2 mM) inhibited the uptake of D-[3H]serine in synaptosomes from Slc1a5-KO mice to the same extent as in the
WT littermates. E, Same as in D, but with L-[3H]serine as a substrate. The values are the average6 SEM of three to five (A)
and three to seven (B–E) experiments with different synaptosomal preparations. Two-tailed ratio paired t test.
***p, 0.001. Ctl, Control.

Figure 4. Uptake of D-serine by system A-type of glutamine transporters. A, Uptake of 5 mM D-[3H]serine in
HEK293A cells transfected with Slc38a1, Slc38a2, or Slc38a3 transporters compared with GFP controls monitored in
HBSS containing Li1 instead of Na1. B, Inhibition of the D-[3H]serine uptake by 1 mM L-glutamine in Slc38-trans-
fected cells. C, Uptake of L-[3H]serine by Slc38 transporters. D, Uptake of L-[3H]glutamine by Slc38 transporters. In
B, C, and D, the blanks were subtracted from the samples and consisted of the amino acid transport on HEK293
cells transfected with GFP control with or without glutamine addition. The values are the average 6 SEM of 18 (A,
Slc38a1), 25 (A, Slc38a2), 6 (A, Slc38a3), 4–5 (B), 3–6 (C), and 3–4 (D) different experiments. Two-tailed paired
Student’s t test. ***p, 0.0001.

Table 1. Kinetic parameters of Slc38a1 and Slc38a2

Substrate Vmax (pmol/mg/min) Km (mM) Vmax/Km

Slc38a1 D-serine 47476 770 23886 595 2.06 0.8
L-serine 55996 549 8466 183 6.66 0.6
L-glutamine 76956 697 6676 144 11.56 2.8

Slc38a2 D-serine 29146 432 23386 555 1.36 0.1
L-serine 17,0366 1621 599.76 140 28.46 8.2
L-glutamine 66756 701 838.66 194 8.06 2.8

Each value corresponds to the average 6 SEM of three experiments.
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87% of the glutamine transport activity in the brain (Kanamori
and Ross, 2006). In subsequent experiments, we evaluated their
role as dual glutamine/D-serine transporters.

We found that Slc38a1 and Slc38a2 indeed transported D-
[3H]serine when transfected into HEK293 cells (Fig. 4A). In con-
trast, SNAT3/Slc38a3, which belongs to the system N family, did
not use D-serine as a substrate (Fig. 4A). The addition of excess
glutamine impaired the D-serine uptake by Slc38a1 and Slc38a2,
indicating that they compete for the same transporter (Fig. 4B).
As expected, transfected Slc38a1 and Slc38a2 also transported L-
serine and L-glutamine (Fig. 4C,D). Since Slc38a1 and Slc38a2
are permissive to Li1 (Reimer et al., 2000; Chaudhry et al., 2002;
Mackenzie et al., 2003), the experiments in HEK293 cells con-
tained Li1 instead of Na1. This improved the signal by prevent-
ing the activity of other Na1-dependent D-serine transporters
endogenously expressed in HEK293 cells. Table 1 depicts the ki-
netic parameters of Slc38a1 and Slc38a2 toward D-[3H]serine
and other substrates in transfected HEK293 cells. Slc38a2 is
much more efficient for L-serine than for D-serine, while the
transport rate of Slc38a1 for D-serine was closer to its L counter-
part (Table 1). Under our conditions, their apparent affinities for

glutamine were 0.67 and 0.82 mM, similar to the Km values for
glutamine currents in oocytes expressing these transporters (0.5–
2 mM; Chaudhry et al., 2002).

MeAIB is a relatively specific substrate for Slc38a1 and
Slc38a2, albeit displaying low affinity (Chaudhry et al., 2002). D-
Serine inhibited the transport of [14C]MeAIB by Slc38a1 and
Slc38a2 in transfected cells monitored in the presence of sodium,
confirming that D-serine is a substrate of the system A transport-
ers (Fig. 5A). The uptake of D-[3H]serine by Slc38a1 and Slc38a2
in HEK293 cells was inhibited by excess MeAIB as well (Fig. 5B).
Conversely, other D-serine transporters (e.g., Slc1a4, Slc1a5, and
Slc7a10) were insensitive to MeAIB even at very high concentra-
tions (up to 60 mM; Fig. 5B).

Similar to system A-overexpressing cells, D-serine inhibited
the uptake of [14C]MeAIB in purified synaptosomes (Fig. 5C).
MeAIB also inhibited the uptake of D-[3H]serine, confirming the
specificity of the effect (Fig. 5D). The inhibitory effect of MeAIB
on synaptosomal D-[3H]serine uptake was additive to the Slc1a4
and Slc7a10 inhibitors, consistent with the selective inactivation
of system A (Fig. 5E). MeAIB slowed down the initial rate of D-
[3H]serine uptake and decreased the achievable steady state in

Figure 5. Mutual D-serine and MeAIB uptake by system A transporters in cells and synaptosomes. A, Uptake of [14C]MeAIB (50mM) by Slc38a1 and Slc38a2 in HEK293 transfected cells incu-
bated in Na1-containing HBSS medium and different D-serine concentrations. Blanks consisting of cells transfected with GFP were subtracted from the values. B, MeAIB inhibits the uptake of
D-[3H]serine in HEK293 cells transfected with Slc38a1 and Slc38a2 but does not affect cells expressing the other D-serine transporters Slc1a4, Slc1a5, or Slc7a10/4f2hc. C, D-serine decreases the
uptake of [14C]MeAIB (50 mM) in purified synaptosomes of the adult mouse neocortex monitored in Na1-containing HBSS medium. D, MeAIB inhibits the uptake of 5 mM D-[3H]serine in puri-
fied synaptosomes of adult mice. E, Inhibition of D-[3H]serine uptake in purified synaptosomes by MeAIB was additive to inhibitors of Slc1a4 (1 mM OHP) and Slc7a10 (10 mM LuAE). F, MeAIB
slowed down the rate of D-[3H]serine uptake and decreased the achievable steady-state loading of synaptosomes. G, The inhibition of D-[3H]serine uptake by MeAIB is still observed when the
inhibitor was added together with typical system A substrates (AA mix) at physiological-like concentrations, consisting of 14 mM L-alanine, 36 mM L-serine, and 230 mM L-glutamine. H, The
uptake of L-[3H]glutamate (5mM) in purified synaptosomes was insensitive to MeAIB. I, MeAIB reduces the uptake of D-[3H]serine in primary cortical neuronal cultures (DIV14). J, D-Serine (10
mM) or glutamine (2 mM) inhibits the transport of [14C]MeAIB (50 mM) by primary cortical neuronal cultures. All uptake experiments (A–J) were conducted in the presence of Na1. The data
represent the average 6 SEM of 2 (A, H), 3-4 (B), 4 (C, D, E, J), 3 (F), 5 (G), and 10 (I) independent experiments. Data were analyzed by repeated-measures ANOVA and Sidak’s (E) or
Dunnett’s (J) multiple-comparison test. Two-tailed Student’s paired t test (I). a, p= 0.001; b, p= 0.0015, ***p, 0.001.
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synaptosomes (Fig. 5F), compatible with
the concentrative roles of the classical sys-
tem A transporters. Moreover, the inhibi-
tory effect of MeAIB on D-[3H]serine
uptake was still detectable in the presence
of physiological-like extracellular concen-
trations of L-alanine, L- glutamine, and L-
serine, indicating that other substrates do
not entirely saturate the system A (Fig. 5G).
The uptake of L-[3H]glutamate in synapto-
somes was insensitive to MeAIB, confirm-
ing the specificity of the drug (Fig. 5H).

Similar to synaptosomes, MeAIB reduced
the uptake of D-[3H]serine in primary corti-
cal neuronal cultures (Fig. 5I). As expected,
excess glutamine or D-serine also dimin-
ished the transport of [14C]MeAIB in pri-
mary neuronal cultures (Fig. 5J).

System A inhibition alters D-serine
dynamics in slices and in vivo
MeAIB increased the extracellular D-[3H]
serine measured at the perfusate of acute
cortical slices preloaded with D-[3H]serine
(Fig. 6A). The addition of D-Ile, which
releases D-serine through the Slc7a10
transporter by a hetero-exchange mecha-
nism (Rosenberg et al., 2013), caused a
more substantial effect that was additive to
MeAIB, indicating independent mecha-
nisms (Fig. 6A).

Glutamine or MeAIB (5 mM) may pro-
mote small depolarization (2–3mV) of
GABAergic interneurons of the stratum
radiatum of CA1 (Chaudhry et al., 2002).
However, a subsequent study found no
depolarization by MeAIB in fast-spiking
interneurons at the same region (Qureshi et
al., 2019). To evaluate whether any small
depolarization might indirectly affect amino
acid release, we monitored the effect of
MeAIB on D-[3H]aspartate release from sli-
ces, which is readily releasable by depolari-
zation (Palmer and Reiter, 1994). We did
not observe any D-aspartate release by
MeAIB, while depolarization with veratri-
dine robustly releases D-aspartate (Fig. 6B).

Inhibition of system A transport in vivo
by retrodialysis with MeAIB increased the
extracellular concentrations of both D-serine
(Fig. 6C) and L-serine (Fig. 6D) at the stria-
tum, but without changing the ratio of
D-serine to the total serine (Fig. 6E). In
agreement with a previous study (Kanamori and Ross, 2004),
MeAIB increased extracellular levels of glutamine in vivo (Fig. 6F),
but did not affect those of L-glutamate (Fig. 6G). The increase in
extracellular D-serine and L-serine by MeAIB suggests that the sys-
tem A transporters are not saturated in vivo and also normally
transport D-serine and L-serine.

There is considerable variation in the reported extracellular
values of glutamine, which range from 80 to 400 mM (Lindroth et
al., 1985; Lerma et al., 1986; Kanamori and Ross, 2004;
Dolgodilina et al., 2016). These previous studies used the low-

flow rate method to calculate the in vivo recovery of the micro-
dialysis probe and estimate the extracellular glutamine concen-
trations. However, this method has many technical hurdles
because of the use of very low flow rates and nonlinear regression
that may lead to high variability (Chefer et al., 2009).
Furthermore, Kam and Nicoll (2007) assumed the brain extracel-
lular values for glutamine to be as high as 900 mM, but we could
not find any reference to support this claim.

To measure the extracellular concentration of glutamine, we
used retrodialysis with stable heavy isotopes of amino acids,
which provides a more accurate determination of the in vivo

Figure 6. System A transporters regulate the extracellular levels of D-serine in vitro and in vivo, and their inhibition blocks
the augmentation of the NMDAR activity by glutamine. A, MeAIB (30 mM) increases the extracellular D-serine monitored in the
perfusate of cortical slices preloaded with D-[3H]serine in medium containing Na1. The increase in perfusate D-serine was addi-
tive with 1 mM D-isoleucine (D-Ile). The osmolarity was kept constant by decreasing the amount of NaCl and including CholineCl
in the control slices (instead of MeAIB). Different from D-Ile alone; &p=0.046; #p= 0.0097. B, The release of D-aspartate from
slices preloaded with D-[3H]aspartate was not affected by MeAIB but enhanced by depolarization with 50 mM veratridine.
Different from MeAIB alone; **p, 0.01; ****p, 0.0001. C–G, In vivo microdialysis of the striatum of adult mice with and
without MeAIB. Levels of D-serine (C), L-serine (D), D-serine/total serine ratio (E), L-glutamine (F), and L-glutamate (G) in the
baseline microdialysate and 2–3 h after retrodialysis with 60 mM MeAIB. H, The addition of 25 mM MeAIB for 35 min decreased
the isolated NMDAR fEPSPs at the Schaffer collateral–CA1 synapses of adult mice. Subsequent addition of 1 mM glutamine in
the presence of MeAIB failed to stimulate the NMDAR fEPSPs (n= 12 slices). The data represent the average6 SEM of 6 (A, B)
or 5 (C–G) different experiments. A and B were analyzed by two-way ANOVA and Holm–Sidak post hoc test. Data on C–G were
analyzed by two-tailed Student’s t test. H was analyzed by repeated-measures ANOVA, followed by Sidak’s post hoc test. The p
values are as follows: a, 0.047; b, 0.007; c, 0.012; d, 0.007; e, 0.004; f, 0.0067. Ctl, Control. n.s., not significant.
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recovery and neurochemical profile compared with conventional
microdialysis with the low-flow rate method (Hershey and
Kennedy, 2013). We calculated the extracellular glutamine con-
centration at the striatum from the HPLC analysis of the micro-
dialysate from 12 C57BL/6 WT mice, previously monitored for
D-serine (Kaplan et al., 2018). The extracellular glutamine cali-
brated for the in vivo recovery was 82.16 9.5 mM (mean6 SEM,
n= 12 mice). This value is 5–10 times below the Km values of sys-
tem A transporters for glutamine (Table 1; Varoqui et al., 2000;
Yao et al., 2000; Chaudhry et al., 2002), confirming that the clas-
sical system A transporters are not saturated in vivo.

MeAIB application in hippocampal SC–CA1 synapses transi-
ently decreases synaptic transmission (Kam and Nicoll, 2007). In

the calyx of Held synapses, MeAIB
decreases the amplitude of the EPSCs, sug-
gesting that blocking glutamine uptake
reduces the presynaptic glutamate levels
(Billups et al., 2013). We now tested the
effect of MeAIB on the glutamine-mediated
enhancement of NMDAR activation. De-
spite the increase in extracellular D-serine
promoted by MeAIB, we found that the
addition of MeAIB by itself depressed
the isolated NMDAR fEPSPs (Fig. 6H).
Nevertheless, MeAIB prevented the aug-
mentation of the isolated NMDAR fEPSPs
by glutamine (Fig. 6H), suggesting that glu-
tamine-mediated stimulation of NMDARs
(as in Fig. 2) depends on its transport
through the system A transport system.

Slc38a1 knockdown affects D-serine
transport
The Slc38a1 has more favorable kinetics for
D-serine when compared with Slc38a2 since
the transport rate of Slc38a2 for L-serine sur-
passes D-serine by a factor of 20, as inferred
by the maximum value (Vmax)/Km ratio
(Table 1). Targeted deletion of Slc38a1 in
mice depletes glutamine, GABA, and aspar-
tate in the brain (Qureshi et al., 2019), and
affects pathways involved in synaptogenesis,
like mTOR (mammalian target of rapamy-
cin; Yamada et al., 2019). Therefore, to study
the role of Slc38a1 in D-serine transport
without significantly affecting other neu-
rotransmitters, we investigated Slc38a11/�

mice as a model of Slc38a1 knockdown.
Analysis of the cerebral cortex and brain-
stem confirmed reduced levels of Slc38a1
protein expression in Slc38a11/� mice (Fig.
7A,B). The total levels of Slc38a1 substrates
in several brain regions were unchanged in
Slc38a11/�mice, except for a 10% decrease
in the levels of glutamine at the brainstem
(Fig. 7C), a region that exhibits a higher
expression of Slc38a1 when compared with
the cortex (Solbu et al., 2010; Yamada et al.,
2019).

The Slc38a11/� mice have a LacZ cas-
sette insertion that disrupts exons 2 and 4,
allowing the identification of cells that
express Slc38a1 by using the b -galactosi-
dase activity assay in situ, as LacZ expres-

sion is under the control of the endogenous Slc38a1 promoter.
Using LacZ reporter as a surrogate marker for the Slc38a1, we
confirmed that Slc38a1 occurs in several neuronal populations,
including the neurons in the pyramidal layer of the hippocampus
and dentate gyrus, in the striatum and in the thalamus (Fig. 7D).
In agreement with previous Slc38a1 staining (Mackenzie et al.,
2003), strong LacZ activity was also detected in the ependyma lin-
ing the lateral ventricles (Fig. 7D). The corpus callosum was
devoid of LacZ, confirming the lack of Slc38a1 in fibrous astro-
cytes (Mackenzie et al., 2003). No significant LacZ activity was
detected in the WT littermates (Fig. 7D, bottom panels).

Figure 7. Effect of Slc38a1 knockdown on brain amino acid levels. A, Immunoblot of crude synaptosomes prepared from
the neocortex (Ctx) and brainstem (Bs) of Slc38a11/� and WT littermates (1/1). The cortical samples were treated with
glycosidase as in the Materials and Methods. The bottom panel depicts the loading controls with b -actin. B, Quantification
of the immunoblot shows partial reduction in Slc38a1 protein in 1/� mice in both the Ctx (#p= 0.002, n= 3) and Bs
(&p= 0.007, n= 4). One-tailed Student’s t test. C, Total amino acid levels determined by HPLC in adult Slc38a11/� mice
and WT littermates (8 mice/group) show a 10% decrease in L-glutamine in the brainstem (**p= 0.0018, two-tailed
Student’s t test), but normal levels in the other regions analyzed. Ctx, Neocortex; Hip, hippocampus; St, striatum; Bs, brain-
stem. D, Xgal histochemistry for LacZ in Slc38a11/� mice (top panels) compared with the WT littermates (bottom panels).
cc, Corpus callosum; DG, dentate gyrus, ep, ependymal cells; st, striatum; Th, thalamus.
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The body weight of 14-week-old Slc38a11/� mice was ;10%
lower than WT mice (WT, 34.86 0.64 g, n= 9; Slc38a11/�,
27.76 1.1, n=16; p = 0.021). Likewise, their whole-brain weights
were also 10% lower in the heterozygous mice (WT, 5146
8.67mg, n= 7; Slc38a11/�, 4726 10.64, n= 7; p = 0.0098). The
lower weights imply some deleterious effect, even in our knock-
down model. Therefore, we avoided behavioral or electrophysio-
logical measurements that may be affected by pleiotropic effects
and focused on characterizing the transport of D-serine and
MeAIB in the Slc38a11/� mice.

We compared the uptake of [14C]MeAIB in crude synapto-
somes of the cerebral cortex from Slc38a11/1 (WT) and
Slc38a11/� (knock-down) mice with and without excess D-ser-
ine. Significantly lower uptake of [14C]MeAIB was detected in
preparation from Slc38a1 knock-down mice when compared
with WT littermates (Fig. 8A). D-Serine inhibited the uptake of
[14C]MeAIB in WT but not significantly in the Slc38a11/� mice
(Fig. 8A). The extent of D-serine inhibition was lower in
Slc38a11/� mice when compared with the Slc38a11/1 mice (Fig.
8B). Similarly, MeAIB inhibited the uptake of D-[3H]serine in
cortical synaptosomes of Slc38a11/1 mice, but had a more
modest nonsignificant effect on Slc38a11/� mice (Fig. 8C).
Analysis of the effect size shows an anticipated smaller inhibitory
effect of MeAIB in synaptosomes of Slc38a11/� mice when com-
pared with Slc38a11/1 mice (Fig. 8D). The data are compatible
with a role of Slc38a1 in mediating D-serine transport in the
forebrain.

Subsequently, we analyzed the D-[3H]serine uptake in crude
synaptosomes from the brainstem, which expresses higher levels
of Slc38a1 (Solbu et al., 2010; Yamada et al., 2019). Inhibitors of
Slc7a10 and Slc1a4 were included in the assays to inactivate other
D-serine transporters. Lower uptake of D-[3H]serine was
observed in the brainstem synaptosomes of Slc38a1 knock-down
mice when compared with WT littermates (Fig. 8E). The extent
of MeAIB inhibition was also significantly lower in Slc38a11/�

mice (Fig. 8F). The data confirm that Slc38a1 is a physiologic
regulator of D-serine metabolism by transporting D-serine in
several brain regions, providing a novel means to regulate
NMDAR-dependent synaptic plasticity.

Discussion
Our study uncovered an unexpected link between the serine
shuttle pathway, responsible for regulating D-serine synaptic
turnover, and the glutamine–glutamate cycle (Fig. 9). We found
that the system A transporters Slc38a1 and Slc38a2 are not satu-
rated in vivo and use both serine enantiomers and glutamine as
substrates. The evidence of a shared D-serine and glutamine
transport system comes from our experiments using synapto-
somes, primary neuronal cultures, electrophysiology, and in vivo
microdialysis.

The connection of glutamine to the metabolism of D-serine
was uncovered by experiments demonstrating that supplementa-
tion of the aCSF with 0.5–1 mM glutamine increased the
NMDAR-dependent LTP and isolated NMDAR potentials in
hippocampal slices. Glutamine did not affect the NMDAR
fEPSPs in slices from SR-KO mice, which lack D-serine, suggest-
ing that changes in extracellular D-serine mediate the electro-
physiological effects of glutamine. In control experiments, we
found that supplementation of slices with 1 mM glutamine did
not affect the basal neurotransmission via AMPARs or the
paired-pulse ratio, suggesting that glutamine did not change the
glutamate release. In agreement, a similar application of gluta-
mine did not affect the quantal amplitude of the miniature

EPSCs in the Schaffer collateral–CA1 synapses (Kam and Nicoll,
2007), indicating that the hippocampal slices contain enough en-
dogenous glutamine to sustain basal glutamatergic neurotrans-
mission. Our data suggest that changes in D-serine underlie the
enhancement of the NMDAR fEPSPs by glutamine. Since excess
exogenous glutamine or MeAIB inhibited the uptake of D-serine
and increased extracellular D-serine levels in slices and in vivo,
the enhancement of NMDAR activity by the glutamine is attrib-
utable to the competition with D-serine for the system A.

Previous studies assumed that system A transporters are nor-
mally saturated with glutamine (Fricke et al., 2007; Brown and
Mathews, 2010; Tani et al., 2010). In contrast, our study indicates
that the system A transporters are not saturated under physio-
logic conditions and can transport D-serine along with glutamine
for the following reasons: (1) our biochemical and electrophysio-
logical studies with WT and SR-KO mice as controls show that
glutamine increases NMDAR activity in slices by increasing
extracellular D-serine; (2) D-serine uptake in synaptosomes
was sensitive to MeAIB inhibition even in the presence of

Figure 8. Lower transport of MeAIB and D-serine in Slc38a1 knock-down mice. A, Uptake of
[14C]MeAIB (50mM) and inhibition by 2 mM D-serine in crude synaptosomes prepared from the
cerebral cortex of Slc38a11/1 and Slc38a11/� mice (n=6). a, p= 0.0016; b, p=0.028. B,
The extent of inhibition of [14C]MeAIB uptake by D-serine was larger in 1/1 mice when
compared with1/� mice. C, Uptake of D-[3H]serine (5 mM) and inhibition by 60 mM MeAIB
in cortical crude synaptosomes prepared from Slc38a11/1 and Slc38a11/� mice (n=6). c,
p= 0.049. D, The extent of inhibition of D-[3H]serine uptake by MeAIB was larger in 1/1
mice when compared with1/� mice. E, D-[3H]serine (5mM) uptake and inhibition by 30 mM

MeAIB in crude synaptosomes prepared from the brainstem of Slc38a11/1 and Slc38a11/�

mice (n=5). The uptake medium contained 10mM LU AE00527 and 1 mM OHP to inhibit other
D-serine transporters. ***p, 0.001. D, The extent of inhibition of D-[3H]serine uptake by
MeAIB was larger in Slc38a11/1 mice. All data represent the average and SEM. Data on A, C,
and E were analyzed by repeated-measures ANOVA and Sidak’s multiple-comparison test. B, D,
and F were analyzed by one-tailed unpaired Student’s t test. n.s., not significant.
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physiological extracellular concentrations of typical system A
substrates (glutamine, alanine, L-serine); (3) increasing extracel-
lular glutamine or adding MeAIB by retrodialysis increased the
extracellular levels of D-serine in vivo; and (4) when adjusted for
the in vivo recovery using retrodialysis with stable isotopes, our
microdialysis revealed that the extracellular glutamine concen-
tration in freely moving mice is about one order of magnitude
below the values required for half saturating the system A
transporters.

On the other hand, we do not discard the idea that dynamic
increases in glutamine at some synapses might locally inhibit the
D-serine transport, providing another layer of regulation of
NMDARs. For instance, the glutamine concentration at the glu-
tamatergic calyx of Held synapses may saturate the system A
transporters when astrocytes are stimulated (Uwechue et al.,
2012). Selective activation of the glutamate transport by astro-
cytes juxtaposed to these synapses releases glial glutamine within
milliseconds, evoking system A-dependent currents similar to
those elicited by millimolar glutamine concentrations (Uwechue
et al., 2012). The exact mechanism underlying such rapid astro-
cytic release of glutamine remains to be clarified. Furthermore, it
is also possible that excessive synaptic activity such as that
induced with high-frequency stimulation of glutamatergic affer-
ents in the hippocampus alters glutamine availability enough to
modify extracellular D-serine concentration.

The transport of D-serine by system A may be altered in
pathology. A massive increase in the levels of extracellular
glutamine takes place during hyperammonemia, reaching val-
ues as high as 6.5 mM in patients (Tofteng et al., 2006). Such
high levels of extracellular glutamine will prevent the uptake
of D-serine by system A and contribute to NMDAR activa-
tion. In agreement, hyperammonemic rats exhibit a substan-
tial increase in extracellular glutamine, and this is associated
with NMDAR overactivation as well (Kanamori and Ross,
2005; Cauli et al., 2007).

Hatanaka et al. (2002) previously detected a slight transport
of D-serine by Slc38a1 and Slc38a2 in human retinal pigment
epithelial cells, but the results were not considered to be of physi-
ological relevance. Overall, our observations indicate that
Slc38a1 and Slc38a2 account for 30–50% of D-serine transport in
synaptosomes and are significant players in D-serine uptake in
vivo. The efficiency of Slc38a2 for L-serine uptake surpasses D-

serine by 20-fold, while the transport rate
of Slc38a1 for L-serine is only three times
that of D-serine, as measured by the Vmax/
Km ratio. Our observations support the
notion that Slc38a1 is more permissive to D-
enantiomers and is in agreement with a pre-
vious study reporting that D-alanine induces
larger currents in Slc38a1-expressing oocytes
when compared with Slc38a2 (Mackenzie et
al., 2003).

Most importantly, we found the synap-
tosomal uptake of D-serine to be less
inhibited by MeAIB in Slc38a1 knock-
down mice. Inhibition of the MeAIB
uptake by D-serine was also blunted in
cortical synaptosomes of Slc38a1 knock-
down mice. D-Serine uptake by brainstem
synaptosomes was lower in Slc38a1 knock-
down mice as well, confirming the role of
Slc38a1 in mediating D-serine uptake.

The relative roles of Scl38a1 and Slc38a2
in mediating D-serine uptake will likely

depend on the synapse type. GABAergic interneurons of the hippo-
campus express high levels of Slc38a1 (Chaudhry et al., 2002;
Mackenzie et al., 2003; Melone et al., 2004; Solbu et al., 2010), but
are mostly devoid of Slc38a2 (González-González et al., 2005).
Hippocampal interneurons display robust staining for D-serine de-
spite their relatively low levels of SR when compared with glutama-
tergic neurons (Miya et al., 2008; Balu et al., 2014). Therefore, high
Slc38a1 expression may account for the high levels of D-serine in
GABAergic interneurons of the hippocampus.

In glutamatergic neurons, Slc38a2 is likely to be at least as im-
portant as Slc38a1 in mediating D-serine reuptake. Slc38a2
expression is particularly high in the dendrites of pyramidal cell
glutamatergic neurons in the neocortex and CA1 region (Yao et
al., 2000; González-González et al., 2005). These cells have the
highest content of SR and D-serine, which are concentrated in
dendrites and spines, consistent with an autocrine role of D-ser-
ine (Kartvelishvily et al., 2006; Miya et al., 2008; Benneyworth et
al., 2012; Ehmsen et al., 2013; Lin et al., 2016; Neame et al., 2019;
Coyle et al., 2020). Although Slc38a1 is enriched in GABAergic
interneurons, this transporter is also expressed in glutamatergic
pyramidal cells of the CA1 region (Mackenzie et al., 2003;
Melone et al., 2004), and we detected substantial LacZ reporter
activity in the pyramidal cell layer of Slc38a11/� mice.

D-Serine is preferentially synthesized in neurons through the
serine shuttle (Wolosker and Radzishevsky, 2013; Neame et al.,
2019). This metabolic pathway encompasses the export of L-ser-
ine from astrocytes to sustain the neuronal synthesis of D-serine
(Fig. 9). L-Serine does not bind to the NMDAR coagonist site.
However, its availability is essential for the synthesis of D-serine
by SR, and therefore is critical for the NMDAR-dependent syn-
aptic plasticity (Neame et al., 2019). However, the identity of the
L-serine import systems in neurons remained elusive. We found
that glutamine and MeAIB inhibit L-serine transport and
increase extracellular L-serine in vivo, implicating Slc38a1 and
Slc38a2 as potential mediators of the import of L-serine in neu-
rons (Fig. 9). Slc38a2 seems to be a particularly attractive candi-
date for this role because of its much higher efficiency to
L-serine when compared with D-serine (Table 1).

Despite their mechanistic role in mediating L-serine uptake,
the system A transporters do not appear to be essential for pro-
viding the L-serine required for D-serine production under our

Figure 9. Proposed role of the classical system A transporters in the serine shuttle. The synaptic turnover of D-serine depends
on the serine shuttle. The SR substrate L-serine is synthesized from glucose through the Phgdh pathway in astrocytes (Wolosker
and Radzishevsky, 2013; Neame et al., 2019). L-Serine is subsequently exported from astrocytes by the Slc1a4 transporter and is
required for the D-serine synthesis by the neuronal SR (Kaplan et al., 2018). Release of the neuronal D-serine by Slc7a10 or other
pathways activate synaptic NMDARs (Rosenberg et al., 2010, 2013; Sason et al., 2017). The system A transporters (Slc38a1 and
Slc38a2) mediate D-serine reuptake along with the transport of glutamine (via the glutamine–glutamate cycle) into different
types of neurons. L-Serine is also a substrate of system A. This working model predicts that higher export of glutamine from
astrocytes through system N transporters will affect D-serine reuptake mechanisms and NMDAR activation. Templates for the fig-
ure were adapted from Servier Medical Art (https://smart.servier.com).
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experimental conditions. If this were the case, then adding excess
glutamine to inhibit the uptake of L-serine would reduce D-ser-
ine synthesis and impair the NMDAR activity by diminishing
the D-serine pool. However, glutamine stimulated the NMDAR
activity and LTP, indicating that the buildup of extracellular D-
serine promoted by glutamine (Fig. 1) prevails in the short term.
Furthermore, glutamine did not reduce the total levels of D-ser-
ine in slices (Fig. 2A), suggesting that disrupting the L-serine
uptake through system A did not diminish the intracellular D-
serine pool under our conditions. It is also possible that other
neutral amino acid transporters that use L-serine as substrate
(e.g., Slc7a10, Slc7a5, or Slc7a8) compensate for system A inhibi-
tion. Alternatively, since D-serine displays low turnover (4%/h in
vivo; Dunlop and Neidle, 1997), it may take several hours to
deplete its intracellular pool following the inhibition of L-serine
uptake. Therefore, our data do not discard that long-lasting inhi-
bition of the system A-dependent L-serine uptake will affect
NMDAR activity at a different time scale.

A few other transporters are known to use glutamine, D-ser-
ine, or MeAIB as substrates, but none of them fit with the charac-
teristics of the D-serine transport we observed in our study. The
Slc1a5 transporter uses both glutamine and D-serine as sub-
strates, but not MeAIB; its role was also excluded by our D-serine
uptake experiments using synaptosomes of Slc1a5�/� mice.
PAT1/Slc36a1 uses both MeAIB and D-serine as substrates
(Chen et al., 2003b), but it does not recognize glutamine (Sagné
et al., 2001; Wreden et al., 2003). PAT2/Slc36a2 recognizes D-
serine but is less efficient with L-serine or glutamine (Boll et al.,
2002), which is the opposite of the kinetics we observed. Slc36a1
and Slc36a2 are restricted to lysosomes, though the latter is
also present at the endoplasmic reticulum and recycling endo-
somes of neurons (Rubio-Aliaga et al., 2004). SNAT8/Slc38a8
transports MeAIB in oocytes, but it does not use L-serine as a
substrate (Hägglund et al., 2015). Likewise, the glutamine trans-
porter SNAT7/Slc38a7 does not use either L-serine or MeAIB
(Hägglund et al., 2011). Erickson recently reported a high-
affinity uptake of MeAIB (Km=30 mM) by an unknown gluta-
mine transporter that is strongly stimulated by depolarization
(Erickson, 2017). However, we did not observe a high-affinity in-
hibitory component of MeAIB on D-serine transport, excluding
the role of this new glutamine transporter in D-serine dynamics.
It is possible, however, that other unknown glutamine transport-
ers also contribute to the uptake of D-serine in addition to the
classical system A transporters.

In summary, our study identified the first concentrative and
electrogenic transporters capable of mediating D-serine uptake.
Our observations suggest that Slc38a1 and Slc38a2 have a dual
role in regulating neurotransmission. In addition to their classi-
cal role as the glutamine providers, especially under increased
synaptic activity (Tani et al., 2010; Billups et al., 2013), the system
A transporters regulate extracellular D-serine and therefore affect
NMDAR-dependent synaptic plasticity. Higher glutamine export
from astrocytes by the glutamate–glutamine shuttle would slow-
down D-serine reuptake and increase extracellular D-serine, pro-
viding a feedforward mechanism to increase synaptic NMDAR
activation.
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