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Abstract

The Na+-independent alanine–serine–cysteine transporter 1 (Asc-1) is exclusively expressed in neuronal structures throughout the central

nervous system (CNS). Asc-1 transports small neutral amino acids with high affinity especially for d-serine and glycine (Ki: 8–12 AM), two

endogenous glutamate co-agonists that activate N-methyl-d-aspartate (NMDA) receptors through interacting with the strychnine-insensitive

glycine binding-site. By regulating d-serine (and possibly glycine) levels in the synaptic cleft, Asc-1 may play an important role in

controlling neuronal excitability. We generated asc-1 gene knockout (asc-1�/�) mice to test this hypothesis. Behavioral phenotyping

combined with electroencephalogram (EEG) recordings revealed that asc-1�/� mice developed tremors, ataxia, and seizures that resulted in

early postnatal death. Both tremors and seizures were reduced by the NMDA receptor antagonist MK-801. Extracellular recordings from asc-

1�/� brain slices indicated that the spontaneous seizure activity did not originate in the hippocampus, although, in this region, a relative

increase in evoked synaptic responses was observed under nominal Mg2+-free conditions.

Taken together with the known neurochemistry and neuronal distribution of the Asc-1 transporter, these results indicate that the

mechanism underlying the behavioral hyperexcitability in mutant mice is likely due to overactivation of NMDA receptors, presumably

resulting from elevated extracellular d-serine. Our study provides the first evidence to support the notion that Asc-1 transporter plays a

critical role in regulating neuronal excitability, and indicate that the transporter is vital for normal CNS function and essential to postnatal

survival of mice.
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1. Introduction

Amino acids are normally present as L-forms with the

exception of d-serine, d-aspartate, and d-alanine which are

found at relatively high concentrations in the CNS

[8,10,18,20]. d-serine has been shown to be liberated from

glial cells near NMDA receptors [22,23] and can enhance

NMDA receptor activation by activating the strychnine-

insensitive glycine binding site with an affinity 3- to 4-fold
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Fig. 1. Structure of the asc-1 targeting vector and lacZ expression analysis.

(A) Illustration of the structure of the asc-1 targeting vector with respect to

the genomic locus. The dashed lines indicate genomic DNA which lies

outside of the targeting vector. The 5Varm is approximately 3.5 kb and the 3V
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larger than glycine itself [13,23]. Overactivation of NMDA

receptors has been implicated in several pathological

conditions, such as seizures and neurodegenerative disor-

ders [15]. Maintenance of appropriate extracellular concen-

trations of d-serine and glycine in the CNS may be critical

in controlling NMDA receptor activation. Regulation of d-

serine and glycine levels, in turn, depends on several

mechanisms. In addition to d-serine synthesis, involving

serine racemase, extracellular d-serine levels depend on the

activity of d-serine metabolizing enzymes such as d-amino

acid oxidase and uptake through specific transporters [9].

Two Na+-dependent alanine–serine–cysteine transport-

ers (ASCT1 and -2) have been identified, but these two

transporters have lower affinities (Ki: 29–88 AM) for d-

amino acids compared to l-amino acids [1,21,26]. More

recently, a Na+-independent alanine–serine–cysteine trans-

porter termed Asc-1 (or Slc7a10: solute carrier family 7,

cationic amino acid, transporter, y+ system, member 10) has

been cloned and characterized, which has a high affinity for

small neutral amino acids in particular for d-serine and

glycine (Ki: 8–13 AM) [5,14,16]. Basal extracellular levels

of d-serine which were estimated to be around 6.5 AM in rat

prefrontal cortex and striatum, could reach the transporter’s

affinity, especially in the synaptic cleft during excitatory

neuronal activity [9,10]. In contrast to the ASCT1 and

ASCT2 transporters, Asc-1 shows no apparent stereo-

selectivity between l- and d-amino acids [11]. A second

member of this transporter gene family, Asc-2, is more

selective for l- than d-serine [2].

Asc-1 has a widespread distribution in the CNS and is

present exclusively in neuronal structures such as nerve cell

bodies and dendritic fields, whereas both glia and white

matter are devoid of Asc-1. At the ultrastructural level, Asc-1

is confined mainly to presynaptic terminals and dendrites of

principal neurons in the cortex, hippocampus, and cerebellum

[11,14]. In contrast, Asc-2 is predominantly expressed in

peripheral tissues, e.g., kidney, and was not detected in the

brain tissue [2]. For these reasons, it has been hypothesized

that Asc-1 could be critical in regulating extracellular d-

serine levels and may specifically contribute to synaptic

clearance of d-serine in the CNS [5,11]. A physiological role

of Asc-1 has, however, not been demonstrated, in part due to

the lack of selective inhibitors for this transporter. In the

present study, we have taken the gene-targeted deletion, i.e.,

knockout (KO) approach and employed basic behavioral

phenotypic and electrophysiological analyses to address this

fundamental question. Preliminary results were communi-

cated in abstract form [25].

arm is approximately 2.5 kb. The genomic DNA sequence which lies

adjacent to the 5Vand 3Vaspects of the lacZ-neo cassette is indicated below

the construct diagram. The 5V (GCTGTCAGTCAGATGGTCACCTAAG)
and 3V (GTCTCAGCTCTTCAAAGTGTCCTTGG) probes used for PCR

analysis of homologous recombinants are indicated in blue. (B) LacZ

staining (in blue) indicates lacZ expression in the sagittal brain section

taken from a 7-week-old heterozygous mutant mouse. The lacZ is

heterogeneously expressed in the brain with highest staining in the

brainstem, midbrain, diencephalon, and cerebellum. (C) In the spinal cord,

substantial lacZ staining was present in the gray matter exclusively.
2. Materials and methods

2.1. Generation of asc-1�/� mice

Using conventional transgenic and mouse breeding

techniques as described previously [17], a genomic frag-
ment of about 6.0 kb, including Asc-1 protein-coding

regions of the asc-1 gene, was isolated from a mouse

genomic library and subcloned into the BamHI site of the

pBluescript II SK(�) vector. A 115-bp fragment corre-

sponding to a segment of the protein-coding region was

replaced by an IRES-lacZ reporter and neomycin (G418)

resistance cassette (IRES-lacZ-neo; Fig. 1). This mutation

was designed to produce a loss-of-function mutation by
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deletion of amino acids 74 to 112, as well as insertion of the

6.9-kb reporter/resistance cassette. The IRES-lacZ-neo

cassette was flanked by 3.5 kb of mouse genomic DNA at

its 5V aspect and 2.5 kb of mouse genomic DNA at its 3V
aspect. The targeting vector was linearized and electro-

porated into 129P2/OlaHsd mouse embryonic stem (ES)

cells. ES cells were selected for G418 resistance and

colonies carrying the homologously integrated IRES-lacZ-

neo DNA were identified by PCR amplification with neo-

specific primers paired with primers located outside the

targeting homology arms on both the 5V and 3V sides.

Colonies that gave rise to the correct size PCR product were

confirmed by Southern blot analysis using a probe adjacent

to the 5V region of homology. The presence of a single

IRES-lacZ-neo cassette was confirmed by Southern blot

analysis using a neo gene fragment as a probe.

Male chimeric mice were generated by injection of the

targeted ES cells into C57Bl/6 blastocysts. Chimeric mice

were bred with C57Bl/6 mice to produce F1 heterozygotes

(asc-1+/�). Germline transmission was confirmed by PCR

analysis. F1 heterozygous males and females were mated to

produce the F2 wild-type (WT or asc-1+/+) and homozy-

gous (asc-1�/�) mutant animals used in this study.

The lacZ expression analysis of tissues was taken from

7-week-old heterozygous mutant mice. The brains were

frozen, sectioned (10 Am), stained, and analyzed for lacZ

expression using X-gal as a substrate for h-galactosidase,
followed by a Nuclear Fast Red counterstaining.

2.2. Behavioral observation and open-field test

General mouse behavior was closely observed by trained

personnel and recorded by a digital camera as appropriate.

For the open-field test [3], each animal was placed in the

center of the open chamber constructed of opaque PVC, 43

(W) � 43 (D) � 30 (H) cm (SD Instruments, San Diego).

Test duration was 10 min with the experimenter out of the

animals’ sight. Movement of individual mice was detected

by photobeam breaks in the x, y, and z axes and recorded for

the duration of the test. Measurements taken include total

distance traveled and average velocity during the ambula-

tory episodes, and percent of session time spent in the

central or peripheral regions of the test apparatus.

2.3. In vivo electrophysiology

Methods concerning EEG and EMG surgeries, record-

ings, and analysis are detailed in Franken et al. [4]. Briefly,

EEG and EMG electrodes were implanted in WT and KO

mice (both sexes, 30–35 days old,) under deep sodium-

pentobarbital anesthesia (70 mg/kg, i.p.). Two gold-plated

miniature screws served as EEG electrodes and were screwed

through the skull over the right cerebral hemisphere. Two

semi-rigid gold wires served as EMG electrodes and were

inserted along the skull into the neck muscles. The electro-

des, which were soldered to a connector plug, were cemented
to the skull with dental acrylic. Mice were maintained in

poly-carbonate recording cages (31� 18� 18 cm) with food

and water ad libitum, on a 12-h light–12-h dark cycle (light

from 09:00 to 21:00 h), and an ambient temperature between

24.5 and 25.5 -C. After surgery, animals were connected to

counterbalanced recording cables allowing the recording of

EEG and EMG in freely behaving animals. EEG and EMG

signals were recorded continuously starting 1 week after

surgery and up to 5 days. The analog EEG and EMG signals

were directly AD-converted at 2000 Hz and then down-

sampled and stored at 200 Hz on hard disk. Off-line, both

signals were subjected to discrete-Fourier transformation

(DFT) analysis yielding power spectra between 0 and 90 Hz

for selected 4-s epochs. Hardware (EMBLAi) and software

(Somnologica-3i) were purchased from Flaga hf. Medical

devices (now Medcare, Iceland).

2.4. In vitro electrophysiology

Mice (WT and KO, 30–35 days old) were anesthetized

with halothane, decapitated, and their brains were placed

into ice-cold oxygenated (95% O2, 5% CO2) artificial-

cerebrospinal fluid (ACSF in mM: NaCl 125, KCl 3, MgCl2
2.0, CaCl2 2.0, NaHPO4 1.25, NaHCO3 26, and dextrose

13; pH 7.4). The hippocampus was dissected and sliced

parallel to the alvear fibers as previously described [24].

Slices (¨400 Am thick) were transferred to an interface

recording chamber (at room temperature) to incubate for 1–

2 h before recordings. Slices from WT and KO littermates

were prepared on the same day and recorded in a counter-

balanced fashion. Synaptic responses were elicited in area

CA1. The recording electrode was a glass micropipette (2–

6 MV tip resistance) positioned in stratum radiatum 1 mm

from the stimulating electrode (teflon-coated platinum–

iridium). In this configuration, the fiber potential (FP) and

excitatory postsynaptic potential (EPSP) appear as negative

deflections. For population spike (PS) recording, the glass

pipette was moved to the stratum pyramidale. In this

location, the EPSP is a positive-going wave and the PS is a

sharp negative spike superimposed on the EPSP. At each

location, 5 responses evoked by each stimulation intensity

were recorded to construct input/output (I/O) curves. When

recording in normal ACSF was complete, the Mg2+

concentration was reduced to 0 mM and, following a 20-

min incubation period, I/O curves were recorded a second

time in stratum pyramidale. Electrophysiological data were

present in mean T SEM. Two-way repeated-measures

analyses of variance (rANOVA) were used to compare I/

O curves. For excitability analysis, PS amplitudes were

compared by two-way rANOVA with responses collapsed

across stimulation level and Mg2+ concentration as the

repeated measure.

All animal experimental protocols and procedures were

approved by the Animal Care and Use Committees of both

Deltagen and Stanford University. All chemicals and drugs

used in this study were purchased from Sigma and Tocris.



Fig. 2. Neurobehavioral abnormalities of asc-1�/� mice were assessed

using an open-field test and homecage observations. Data points and bars

indicate mean T SEM. (A) In the open-field test, asc-1�/� mice displayed

substantial less locomotor activity as measured by total distance traveled

compared to WT mice. (B) asc-1�/� mice spent a larger percent of session

time in the peripheral regions of the test apparatus (A and B: P < 0.05,

unpaired t tests, n = 8/genotype). (C) The frequency of both tonic–clonic-

like activity and generalized seizures was reduced by the treatment of

NMDA receptor antagonist MK-801 (3 mg/kg, i.p.). (D) The GABAA

receptor modulator diazepam (10 mg/kg, i.p.) also depressed tonic–clonic-

like activity and generalized seizures. In both cases, abnormal behavioral

events were counted in the first hour following the injection of either saline

or drugs in the same animals (C and D: P < 0.05, paired t test, n = 3).
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3. Results

3.1. Generation of homozygous asc-1�/� mutant mice

To explore the physiological role of Asc-1, the asc-1

gene was targeted by homologous recombination and an F1

generation of mice heterozygous for the targeted null allele

(asc-1+/�) was produced (Fig. 1A). The asc-1+/� mice

appeared phenotypically normal and showed undisturbed

development and fertility. F1 mice were intercrossed to

generate WT (asc-1+/+) and homozygous (asc-1�/�) mice.

Expression levels of the reporter gene lacZ in asc-1+/� mice

were heterogeneously distributed throughout the CNS, with

highest expression in the thalamus, hypothalamus, brain-

stem, and cerebellum, lower density in the cortex, and

lowest expression in apparent white matter structures (Fig.

1B). Notably, in the spinal cord, lacZ was expressed in gray

matter exclusively (Fig. 1C).

3.2. Homozygous mutant mice show tremors, ataxia,

seizures, and early postnatal death

Although the general appearance of asc-1�/� pups

seemed normal at birth, body, brain, and other key organs

weighted 20–30% less in both male and female mice

compared to WT littermate controls as measured on

postnatal day 14 (n = 8 for each genotypic group). In

contrast to asc-1+/+ mice, all asc-1�/� mice (at age of 20–

30 days) appeared runted, assumed a hunched posture, and

moved in ataxic gait. In open-field tests, asc-1�/� mice

exhibited less locomotor activity manifested by a 58 T 11%

reduction in traveling distance (Fig. 2A) and decrease in

average velocity, and spent 37 T 12% more time in

peripheral regions compared to asc-1+/+ mice (Fig. 2B;

n = 8 per genotypic group). More obviously, asc-1�/� mice

displayed periodic spontaneous tremors, tonic–clonic, and

seizure-like activities. The tonic–clonic-like activity of asc-

1�/� mice was manifest as sudden, brief activity bursts

lasting for approximately 0.5–1 s and frequently occurred

every 2–30 min. Tonic–clonic-like activity often led to

hind limb extension or generalized convulsive seizure-like

movements lasting for 3–30 s. Between tonic–clonic-like

or seizure activities, animals displayed long-lasting tremors.

These behavioral abnormalities could be triggered or

exacerbated by cage movements, gently tossing of the

animal, or sudden acoustic stimuli (similar to startle

responses), but were not affected by changes in ambient

temperatures (between 18 and 38 -C). In contrast, the

frequency of both tonic–clonic-like activity and generalized

seizures decreased by 61 T 2% (Fig. 2C) and tremors were

also reduced with the NMDA receptor antagonist MK-801

over the 1-h period following the injection (3 mg/kg, i.p.,

n = 3) compared to the number of those events occurring

following saline injection in the same animals. These results

indicate the involvement of the activation of the NMDA

receptors. Moreover, the gamma-aminobutyric acid
(GABA)A receptor modulator diazepam, at a high dose of

10 mg/kg (i.p., n = 3), was also capable of temporarily

depressing tonic–clonic-like activity and generalized seiz-

ures (71 T 3%; Fig. 2D), suggesting that GABAergic

neurotransmission is intact and augmentation of the

inhibitory system can overcome neuronal excitability. Most

asc-1�/� mice did not survive to weaning age (n = 20/26),

whereas none of heterozygous asc+/� mice displayed

behavioral abnormality and early postnatal death was never

observed.

3.3. Homozygous mutant mice show abnormal EEG and

EMG activity

To quantify the phenotype of tremors and seizures in asc-

1�/� mice, standard EEG and EMG recordings were

performed on the few asc-1�/� mice that did survive until

30–35 days old (n = 3) andWTmice (n = 6). When asc-1�/�

mice did not display behavioral tremors and seizures, both
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EEG and EMG signals and corresponding spectra during

wakefulness, rapid-eye-movement (REM) sleep, and non-

REM sleep appeared normally (Fig. 3) and exhibited the

typical patterns characteristic for WT mice [4]. When

paroxysmal behavioral abnormalities occurred, the EEG

and EMG recordings confirmed the observed behavioral

tonic–clonic, seizure-like activity and tremors. Interestingly,

the tonic–clonic activity comprised of high amplitude and

frequency of muscle contractions detected by the EMG,

was, however, rarely associated with abnormalities in the

EEG. Over a 24-h recording period, 1302 instances of

clonic–tonic EMG events were counted of which only 6%

were accompanied with EEG seizure-like activity (Fig. 4A).

Conversely, of the 187 EEG seizure-like events observed

over this period, approximately 41% of the EEG seizure

event was accompanied by EMG abnormal activity (Fig.

4B). Furthermore, the EMG recordings confirmed the

presence of long-lasting tremor activity that was usually

triggered by one or two brief tonic–clonic EMG events

(Fig. 4C). The tremors were regular and of lower amplitude

compared to tonic–clonic EMG activity, with frequencies

around 7–15 Hz (Fig. 4D). During tremors, EEG signals

appeared normal and were typical of that during wakeful-

ness (Figs. 4C, D; compare with Fig. 3 in which traces of the

same individual are depicted). However, when there was a

generalized behavioral seizure, the EEG recording revealed

paroxysmal activity characterized by pronounced F40-Hz_
frequency activity (25–55 Hz), associated with EMG

abnormality that could last up to 30 s (Figs. 4E and F).

The other two asc-1�/� mice recorded displayed very

similar EEG/EMG abnormalities, whereas in none of the

WT controls such abnormal activities were observed. All

three asc-1�/� mice recorded by EEG and EMG eventually

died between postnatal days 36 and 40 following severe

seizures as indicated by a dramatic increase in the F40-Hz_
EEG events on the day before death.

3.4. Homozygous mutant mice show abnormal synaptic

activity in hippocampal slices

In an attempt to investigate the apparent hyperexcitable

phenotype of asc-1�/� at the cellular level, we examined

neuronal synaptic activity in the hippocampus, a brain

region which has high NMDA receptor density and

moderate Asc-1 expression ([11,14], though the lacZ

expression is low, see Fig. 1C) and is prone to generation

of seizure activity in vivo as well as in vitro preparations.

Extracellular recordings were conducted in hippocampal

slices taken from WT and asc-1�/� mouse brains. In

artificial cerebrospinal fluid (ACSF) containing 2 mM

Mg2+, no spontaneous or evoked seizure-like activity were

observed. Unexpectedly, the amplitude of evoked EPSPs

and population spikes (PS) in the CA1 region were smaller

in asc-1�/� compared to WT slices. Mean fiber potential

(FP) amplitude and EPSP slope values across input/output

(I/O) curves were decreased in stratum radiatum recordings
in asc-1�/� compared to WT slices (Figs. 5A and B). There

were, however, no significant differences in EPSP/FP ratios

between asc-1�/� and WT mice, indicating similar synaptic

strength (Fig. 5C). Moreover, PS amplitude recorded in

stratum pyramidale was also smaller for asc-1�/� slices

across the I/O curve (Figs. 5D and E). In contrast, when

Mg2+ was omitted from the ACSF to remove Mg2+

inhibition of NMDA receptors, PS amplitude increased

significantly more for the asc-1�/� slices than WT slices

suggesting a greater sensitivity to nominal Mg2+-free

conditions in the absence of the Asc-1 transporter (Fig. 5F).
4. Discussion

We have demonstrated that target-directed deletion of the

asc-1 gene resulted in tremors and seizures in homozygous

KO mice, which severely impaired movement and caused

early postnatal death. These findings suggest that Asc-1

plays an essential physiological role in regulation of

neuronal excitability.

The expression pattern of the lacZ reporter in the CNS

of asc-1+/� mice are, in general, consistent with studies

[11,14] with the exception of the low level of expression

in various forebrain areas (Fig. 1B). This discrepancy is

not easily explained but may have resulted from differ-

ences in the two methodologies employed; one directly

detects Asc-1 protein distribution whereas the other

assesses lacZ expression initiated from the asc-1 promo-

tor. Interestingly, in the spinal cord, lacZ staining was

found in gray matter exclusively, which underscores that,

as in the brain [11,14], asc-1 is strictly expressed in

neuronal structures.

The null asc-1�/� mice gradually developed periodic

spontaneous seizures and tremors around 20 days of age.

EEG and EMG recordings not only quantified the observed

tonic–clonic, seizure-like behavior, and tremors in asc-1�/�

mice, but also suggest the involvement of sub-cerebral

electrical discharges as the origin of the tonic–clonic muscle

contractions and seizures. The tonic–clonic muscle con-

tractions resemble a condition referred to as myoclonus,

which may arise from deep brain structures and the spinal

cord [19] where the lacZ reporter gene was abundantly

expressed. Simultaneous recordings of sub-cerebral neuro-

nal activity or spinal motorneuron activity and EMG in asc-

1�/� mice could further identify the origin of the myoclonus

and tremors.

Also, the in vitro extracellular recordings indicate that the

hippocampus was not a focus triggering behavioral seizures,

as no signs of spontaneous or evoked seizure activity in the

hippocampal CA1 area were observed in the asc-1�/�

hippocampal slices. Unexpectedly, a clear reduction in

several baseline electrophysiological parameters (e.g.,

EPSPs and population spikes) was observed in KO

compared to WT hippocampal slices. These phenomena

could have resulted from multiple factors. For example,



Fig. 3. Representative examples of EEG and EMG signals (left panels) and corresponding EEG spectra (right panels) of one asc-1�/� mouse, when seizures or tremors were absent. Normal EEG activity was

observed during non-REM sleep [NREMS; high-amplitude EEG with slow-wave oscillations in the delta frequency range (1.0–4.5 Hz); low EMG; upper panels], REM sleep (REMS: regular theta rhythm in EEG;

muscle atonia; middle panels; note heartbeat in EMG signal), and wakefulness (low-amplitude, mixed frequency EEG; high EMG). All EEG/EMG samples were taken from the same mouse recorded continuously

for 5 days. EEG and EMG amplitudes were plotted at the same scale (scale bar: 400 AV).
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Fig. 4. Representative examples of paroxysmal EEG and EMG activity (same individual as in Fig. 3) (A) asc-1�/� mice displayed tonic–clonic EMG activity

during wakefulness that was only rarely accompanied by seizure-like EEG activity. (B) Approximately 60% of the seizure-like EEG activity was not associated

with paroxysmal EMG events. (C) Highly regular tremor activity was usually initiated by sudden, brief tonic–clonic EMG activity, while the EEG was

apparently normal. (D) Spectral analysis revealed a profound peak in the 7–15 Hz range in the EMG signal during tremors. (E) Paroxysmal bursts of low-

amplitude, fast (F40-Hz_) EEG activity were always associated with tonically increased EMG activity. (F) EEG activity was increased dramatically in the (25–

55 Hz) range. This mouse died at 40 days of age following a prolonged and intensive burst of F40-Hz_ EEG activity (not shown). EEG and EMG amplitudes

were plotted at the same scale in panels A–C, and E (scale bars: 400 AV).
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poor development of pyramidal neurons could be due to a

reduced intracellular l-serine supply, since l-serine is also

transported by Asc-1 and is essential for survival and

development of neurons [6]. Alternatively, this reduction

could have resulted from chronically recurrent seizure-
induced cell loss as was observed in many experimental

epileptic models, such as the kainic acid-induced seizure

model [12].

Under nominal Mg2+-free conditions, a relatively

greater increase in evoked synaptic responses was



Fig. 5. (A–C) Schaffer collateral field potential (FP) and CA3–CA1 field EPSP slope are reduced in asc-1�/� slices whereas synaptic strength (EPSP/FP) in

the stratum radiatum remains unaltered. (A) Mean FP amplitude ( F1,66 = 4.98, P < 0.05) and (B) EPSP slopes ( F1,66 = 7.59, P < 0.01) across input/output (I/

O) curves were decreased in asc-1�/� slices (KO; open circles, n = 17) compared to wild-type (WT; filled circles, n = 18). Inset in panel A shows averaged

waveforms (5 sweeps) of responses evoked by electric stimulation (100 AA, 100 As; scale bars: 0.5 mV, 10 ms). (C) EPSP/FP ratios, calculated for responses

above threshold, did not differ between genotypic groups indicating similar synaptic strengths. (D–F) The mean population spike (PS) recorded across I/O

curves is reduced but the excitability response to Mg2+ removal is enhanced in asc-1�/� compared to WT slices. (D) Averaged waveforms (5 sweeps)

representing evoked responses (50 AA stimulation intensity) recorded in stratum pyramidale in 2 (top) or 0 mMMg2+ (bottom; scale bars: 2 mV, 10 ms). (E) PS

amplitude was smaller for asc-1�/� slices in standard ACSF containing 2 mM Mg2+ ( F1,66 = 5.49, P < 0.05). (F) Summary histograms comparing PS

amplitude (evoked by 50 AA stimulation intensity) for KO and WT slices superfused with 2 or 0 mM Mg2+. After Mg2+ removal, PS relatively increased more

for KO than for WT slices, indicating greater sensitivity to Mg2+ removal in asc-1�/� slices ( F1,58 = 6.87, P < 0.02).
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observed in the asc-1�/� hippocampal slices compared to

WT. Our previous studies showed that population spikes

recorded under nominal Mg2+-free conditions were substan-

tially depressed by the NMDA receptor antagonist, 2-amino-

5-phosphonopentanoic acid, confirming that they were

principally mediated by NMDA receptor-mediated synaptic

responses [24]. Because d-serine is a co-agonist acting on the

glycine site of the NMDA receptor, this relatively increased

synaptic responses in asc-1�/� slices is likely to have resulted

from an enhancement of NMDA receptor activation presum-

ably resulting from accumulated extracellular d-serine. This

is supported by the in vivo experiment described above, in
which the NMDA receptor antagonist MK-801 reduced

hyperexcitability in asc-1�/� mice.

Amino-acid transport across cellular membranes is

mediated by multiple transporters with overlapping specif-

icities. In particular, Asc-1 also has a high affinity for

glycine (Ki: 9–13 AM) [11]. Therefore, in addition to d-

serine, extracellular levels of glycine could also have been

affected by the Asc-1 deletion and, consequently, might

have contributed to the hyperexcitability observed in asc-

1�/� mice. However, because other, more specific glycine

transporters exist (e.g., GlyT-1 and -2), extracellular glycine

levels in asc-1�/� mice are expected to be affected to a
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lesser extent as compared to d-serine levels for which no

other high-affinity transporters have been identified so far.

Moreover, the phenotype of mice lacking these specific

glycine transporters differs from that observed in asc-1�/�

mice; GlyT-1 null mice die within 12 h of birth [20], while

GlyT-2-deficient mice develop a lethal neuromotor defi-

ciency during postnatal week two [7]. Interestingly, the gene

targeted knockouts of the Na+-dependent large neutral

amino-acid transporter-1 (Slc7a7) and the cystine–gluta-

mate exchange transporter (Slc7a11) did not cause tremors

or seizures (unpublished observations, Xie et al., at Deltagen

Inc.). Together, these findings underline that the phenotype

described here in asc-1�/� mice does not extend to other,

similar amino-acid transporters, and is likely to be related to

its specificity for d-serine. Obviously, a causal relationship

between elevated d-serine concentrations and the occur-

rence of seizures and tremors should be established more

definitively in future studies by directly measuring extrac-

ellular d-serine levels in asc-1�/� mice.

Taken together with the known neurochemical properties

and neuronal specific distribution of the Asc-1 transporter

[8,9,11,14], the present functional study implicates that the

mechanism underlying the behavioral hyperexcitability in

mutant mice is likely due to overactivation of NMDA

receptors, presumably resulting from accumulated extrac-

ellular d-serine. Our initial characterization of the Asc-1

transporter in the CNS function and behavior provides the

first evidence to support the notion that Asc-1 transporter

plays a critical role in regulating neuronal excitability, and

indicates that the transporter is vital to postnatal survival of

mice.
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