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Mice Lacking Brain/Kidney Phosphate-Activated
Glutaminase Have Impaired Glutamatergic Synaptic
Transmission, Altered Breathing, Disorganized
Goal-Directed Behavior and Die Shortly after Birth
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Neurotransmitter glutamate has been thought to derive mainly from glutamine via the action of glutaminase type 1 (GLS1). To address
the importance of this pathway in glutamatergic transmission, we knocked out GLSI in mice. The insertion of a STOP cassette by
homologous recombination produced a null allele that blocked transcription, encoded no immunoreactive protein, and abolished GLS1
enzymatic activity. Null mutants were slightly smaller, were deficient in goal-directed behavior, hypoventilated, and died in the first
postnatal day. No gross or microscopic defects were detected in peripheral organs or in the CNS. In cultured neurons from the null
mutants, miniature EPSC amplitude and duration were normal; however, the amplitude of evoked EPSCs decayed more rapidly with
sustained 10 Hz stimulation, consistent with an observed reduction in depolarization-evoked glutamate release. Because of this activity-
dependent impairment in glutamatergic transmission, we surmised that respiratory networks, which require temporal summation of
synaptic input, would be particularly affected. We found that the amplitude of inspirations was decreased in vivo, chemosensitivity to CO, was
severely altered, and the frequency of pacemaker activity recorded in the respiratory generator in the pre-Bétzinger complex, a glutamatergic
brainstem network that can be isolated in vitro, was increased. Our results show that although alternate pathways to GLS1 glutamate synthesis
support baseline glutamatergic transmission, the GLS1 pathway is essential for maintaining the function of active synapses, and thus the
mutation is associated with impaired respiratory function, abnormal goal-directed behavior, and neonatal demise.
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tion, and this is mediated by brainstem glutamatergic circuits.
Later on in development and continuing into adulthood, gluta-
matergic synaptic transmission is involved in every CNS circuit.
Despite extensive investigations, the source of neurotransmitter
glutamate has not been resolved. Because de novo synthesis from
a-ketoglutarate is minimal in neurons (Peng et al., 1993; Hertz et
al., 1999), metabolic studies have suggested that most neuro-
transmitter glutamate is recycled via the glutamine-glutamate

Introduction
Glutamate is the principal excitatory neurotransmitter in the
CNS. At birth, the first behavior essential to survival is respira-
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neuron-astrocyte shuttle, involving brain/kidney phosphate-
activated glutaminase type 1 (GLS1; enzyme commission num-
ber 3.5.1.2). A review of studies ranging from physiology to bio-
chemistry and magnetic resonance spectroscopy concluded that
the majority (70%) of neurotransmitter glutamate is recycled by
GLS1, with the remainder reflecting de novo synthesis (Hertz,
2004).

The predominant means of inactivation of released glutamate
is by rapid uptake into glia via transporters (Danbolt et al., 1998).
Glutamine synthetase, which is expressed exclusively in glia rap-
idly converts the glutamate to glutamine. Glutamine is then re-
leased from astrocytes via System N transporters and taken up by
neurons via System A transporters (Varoqui et al., 2000;
Chaudhry et al., 2002). This provides a major flux of glutamine
into neurons, which convert glutamine into glutamate via the
action of GLS1. The critical role of GLSI has been supported
further by pharmacological experiments in which a near com-
plete depletion of neuronal glutamate was observed after inhibi-
tion of glutamine synthesis (Ottersen et al., 1992). Furthermore,
direct inhibition of GLS1 by the suicide inhibitor 6-diazo-5-oxo-
L-norleucine decreased the release of glutamate from cerebrocor-
tical synaptosomes (Bradford et al., 1989), glutamate immuno-
reactivity in neurons (Conti and Minelli, 1994; Sulzer et al.,
1998), and glutamate-dependent secretion of gonadotropin-
releasing hormone from hypothalamic explants (Bourguignon et
al.,, 1995).

GLS1 was cloned in 1988 (Banner et al., 1988) and shown to be
expressed with high baseline activity in the brain (Beitz and Eck-
lund, 1988; Farb et al., 1992; Chatziioannou et al., 2003) but also
in kidney, intestinal endothelium, fetal liver, lymphocytes, adi-
pocytes, and tumor cells. GLS1 was (other than glutamate itself)
the only known marker for the glutamatergic status of neurons
(Kaneko and Mizuno, 1988) until recently, when three families of
vesicular glutamate transporters were identified with strikingly
different distributions in subpopulations of glutamatergic neu-
rons (Bellocchio et al., 2000; Bai et al., 2001; Gras et al., 2002).

Here, we asked how important GLS1 is for glutamatergic syn-
aptic function by knocking out the GLSI gene in mice. We in-
serted a STOP cassette ahead of the initiating ATG codon in the
GLS1 gene on mouse chromosome 1. GLS1 null mice do not feed
properly, show a respiratory deficit, and die shortly after birth.
Glutamate release from GLS1 null neurons is impaired, presum-
ably accounting for the lethal phenotype, and revealing the rela-
tive importance of the pathway as the source of neurotransmitter
glutamate.

Materials and Methods

Animals. Procedures involving mice and their care were conducted in
conformity with the institutional guidelines of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were per-
formed under protocols approved by the Institutional Animal Care and
Use Committees of Columbia University and New York State Psychiatric
Institute, and in compliance with Council directive #87-848, October
19, 1987, Ministere de ’Agriculture et de la Forét, Service Vétérinaire de
la Santé et de la Protection Animale, permissions #75-974 (M.D.), #75—
805 (J.M.), and # 75-116 (M.H.).

Generation of the GLS1—/— mice. The GLSI gene was isolated in sev-
eral Bac clones from a 129SvEv/] mouse library (Genome Systems, St.
Louis, MO) by using the quasi-complete rat GLSI cDNA (gift from Dr.
Norman P. Curthoys, Colorado State University, Ft. Collins, CO) as a
probe (a Dralll-HindIII fragment of 1734 kb). A Sphl-HindIlI fragment
containing the first exon of GLSI gene was cloned in pGEM-3Z(+). The
PGKneo gene (inreverse, Neo ") followed by a Stop sequence (Lakso et al.,
1992), flanked by loxP sites, was inserted into a new Xho site (created by
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site-directed mutagenesis) located just before the initiating codon of the
GLS1 gene (Fig. 1). W9.5 embryonic stem (ES) cells were electroporated
(Bio-Rad Gene Pulser; 800 V and 3 wF; Bio-Rad, Hercules, CA) with 30
pg of the targeting construct. These embryonic stem cells were then
plated onto mitomycin-treated mouse embryonic fibroblasts for 1 week
in the presence of G418 (150 pg/ml active substance). The G418-resistant
clones were screened by Southern blot analysis with a HindIII digest and
a ??P-labeled outside probe (probe A: 336 bp fragment isolated by PCR
from the Avall-Sphl fragment in 5" of the targeting construct). Clones
showing homologous recombination were screened further with a Neo
probe to ensure that the recombination event was unique. The selected
clones were then injected into C57BL6/J blastocysts. These blastocysts
were reimplanted in BECBAF1/] foster mothers to give chimeras, which
were mated to C57BL/6 mice to produce heterozygotes. The GLSI mu-
tant colony was kept on a mixed background 129SvEv/J- C57BL6/]. A
three-primer PCR strategy [two primers in the wild-type (WT) locus
flanking the mutant cassette and one in the mutant cassette] was used for
genotyping. Primers used were as follows: GLSI forward (5'-CAC ACC
CCG TCC CGG ACT TTT TC-3"); GLSI reverse (5'-TTA AGA GCA
GCT CCC GTA GCA TC-3"); and neo reverse (5'-CCA GCT CAT TCC
TCC CAC TC-3'). GLS1 forward plus GLSI reverse amplified a 156 bp
band from the 5’ region of exon 1 from the wild-type allele, and GLS1
forward plus neo reverse amplified a 347 bp band from the mutant allele.

Quantitative reverse transcription-PCR. RNA was isolated using
TRIZOL (Invitrogen, Gaithersburg, MD) following the protocol of the
manufacturer, and quantities were standardized by UV spectrofluorom-
etry. Small PCR products (100-200 bp) were amplified in quadruplicate
on an Opticon real-time PCR machine (M] Research, Waltham, MA)
using universal PCR conditions (65°C to 59°C touch-down, followed by
35 cycles; 15 at 95°C, 10 at 59°C, and 10 at 72°C), as described previously
(Galfalvy etal., 2003). Amplification of 150 pg of cDNA was done in 20 ul
reactions, with 0.3X Sybr-green, 3 mm MgCl,, 200 um dNTPs, 200 um
primers, 0.5 U Platinum TagDNA polymerase (Invitrogen). Primers
chosen (forward 5'-GCA CTA CAC TTT GGA CAC CA-3’ and reverse
5'-TAG CAA CCC GTC GAG ATT-3") were directed to sequences near
the 3" end of the GLSI gene, and free of primer-dimers or other nonspe-
cific signal after the 35 cycle run. Results were calculated as relative in-
tensity compared with actin (expression level 1000) and then normalized
to the average of the wild-type adult brain samples.

Western blot analysis. Adult cortex (Cx) or heart (He) tissue and total
newborn brain were homogenized in Laemmli buffer and sonicated. Two
micrograms of total protein from adult mice or 10 ug total protein from
embryonic mice were separated by 10% SDS-PAGE and blotted onto
nitrocellulose (Bio-Rad). A crude rabbit antiserum raised against rat
GLS1 was used at 1:5000 dilution (gift from Dr. Bjerg Roberg, University
of Oslo, Norway). Blot was incubated with peroxidase-linked goat anti-
rabbit antibodies (Amersham Biosciences, Piscataway, NJ) at a 1:1000
dilution. Immunoreactive bands were visualized by chemiluminescence
following the instructions of the manufacturer (ECL; Amersham
Biosciences).

Enzymatic activity. Tissue preparation and measurement of GLS1 ac-
tivity were performed according to established procedures (Curthoys
and Lowry, 1973; Conjard et al., 2002). Neonatal tissues were removed,
immediately frozen in liquid nitrogen, and kept at —80°C until analyzed.
Homogenates were prepared at 0°C in 20 mm phosphate buffer, pH 7.4,
containing 0.5 mm EDTA, 5 mm 2-mercaptoethanol, 25% (v/v) glycerol,
and 0.02% (w/v) BSA and then warmed to 37°C for the assay in a spec-
trofluorimeter microplate reader.

Postnatal day 0 pup behavioral observations. The procedure, test cham-
ber (see Fig. 3A), and scoring for the observation of maternally directed
orienting behaviors (MDOBs) in neonatal pups followed methodology
described previously (Polan and Eljuga, 2002). Just before testing, the
dam was administered general anesthesia (ketamine/xylazine) to keep
her motionless (except for respirations), allowing the pups to respond to
passive maternal cues without active assistance. Anesthesia was adjusted
so that the dams did not respond to ambient visual, auditory, or tactile
stimulation and was flaccid when held. Postnatal day 0 (P0) pups were
held in a nest-temperature, humidified incubator and then individually
transferred to a nest temperature-maintained test chamber for 4 min
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without the dam (the control condition) and then for 4 min with the dam
(the test condition) and videoed. Videotapes were transferred onto the
hard drive of a personal computer using Dazzle Digital Video Creator
(Pinnacle Systems, Mountain View, CA) and then to The Observer
Video-Pro software (Noldus Information Technology, Wageningen, The
Netherlands) for analysis by an observer blind to genotype.

Time spent in three different orientations (prone, side, and supine)
was calculated from the record of orientation changes and expressed as a
percentage of total time observed. Individual head, torso, and limb
movements were counted. Locomotion counts included all behaviors
that resulted in movement across the test platform. Barking was recorded
with the aid of a microphone. Mouth/lick counts included any mouth
opening or closing and any tongue licking.

Histology. Embryos removed from mother uterus or PO newborn mice
were fixed in 10% formaldehyde for histopathological analysis (Biodoxis,
France). Transverse sections were obtained through the skull (forebrain,
midbrain, and hindbrain) and from the thorax, abdomen, and pelvis.
Trimmed pieces were processed through paraffin and sectioned at 5 wm.
Sections were stained with hematoxylin, eosin, and safran and examined
at the light microscopic level. For analysis of brain structure, tissues from
newborn mice were fixed in 4% paraformaldehyde-PBS, frozen sections
made at 10 wm, and Nissl stained.

In vivo measurement of ventilation. Respiratory activity was measured
using a barometric method (Jacquin et al., 1996). A plethysmograph
recording chamber (20 ml) equipped with a temperature sensor was
connected to a reference chamber. The pressure difference between the
recording chamber and reference chamber was measured using a differ-
ential pressure transducer (DP-103-12; Validyne, Northridge, CA) con-
nected to a sine wave carrier demodulator (Validyne CD15). The spiro-
gram was stored on a personal computer. Calibrations were made during
each data collection period by injecting 5 ul of air into the recording
chamber with a syringe. Each animal was placed in the chamber, which
was maintained at 28.0-29.5°C and hermetically sealed during the 2 min
recording session. Oral temperature was measured before and after each
recording by means of a small flexible thermocouple probe.

We analyzed periods of quiet breathing, after excluding movement
artifacts and periods of polypnea (fast, high amplitude breathing pat-
tern). Periods of apneas (T} exceeding 1 s) were analyzed separately. A
computer-assisted method (ACQUISI software; BioLogic, Claix,
France) was used to measure the duration of inspiration (7}) and expi-
ration (Ty), breathing frequency ( f,), tidal volume (V-;), and ventilation
(Vg). Neonates were tested in random order. Respiration was always
measured first with animals breathing room air (control), and then the
chamber was flushed with a mixture of 6% CO,/21% O,/balance N, for
1 min and additional measurements made (hypercapneic challenge).

Primary cell culture. Preparation of primary cell cultures followed pre-
viously described methods (Sulzer et al., 1998; Jolimay et al., 2000). The
cortices of mouse embryos were dissected at embryonic day 18 (E18).
Cells were trypsinized, dissociated, and plated on poly-L-lysine-coated
12-mm-diameter coverslips in four-well culture dishes at a density of
50,000-100,000 cells per well in complete Neurobasal medium with B27
supplement (Invitrogen, Carlsbad, CA), 1 mum L-glutamine, penicillin G
(10 U/ml), and streptomycin (10 mg/ml).

Immunofluorescence. Immunofluorescence was performed 6-21 d af-
ter plating as described previously (Jolimay et al., 2000). Briefly, cover-
slips were washed quickly in PBS+ (PBS containing 0.1 mm CaCl, and
0.1 mm MgCl,) and then fixed with 4% paraformaldehyde for 10 min.
After three washes with PBS+, cells were permeabilized with 0.5% Triton
X-100 and treated with 0.1% Triton X-100/10% donkey serum (Inter-
chim, Montlugon, France) in PBS+ (antibody buffer) to block nonspe-
cific labeling. Incubation with primary antibodies was performed in the
antibody buffer overnight at 4°C. After three washes of 10 min with
PBS+, incubation with the secondary antibodies proceeded for 1 h at
room temperature. For GLS1 immunolabeling, crude rabbit GLS1 anti-
body (gift from Dr. Bjerg Roberg) was diluted at 1:5000 and then visual-
ized with Alexa 488-conjugated donkey anti-rabbit IgG (1:800 dilution;
Interchim). For mitochondrial labeling, anti-human mitochondria
mouse IgG, monoclonal antibody (1:100; Interchim) was visualized with
a biotin-HRP complex reaction [anti mouse IgG, biotinylated whole
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Figure 1.  Targeted disruption of the mouse GLS1. 4, Schematic representation of the GLS1

genomic DNA [allele (+)] and disrupted gene [allele (—)]. A targeting vector was constructed
by introducing a cassette (gray box) containing a neomycin resistant (Neo") and a STOP se-
quence, flanked by two loxP sites (triangles), upstream of the ATG initiating codon (dashed
arrow) in the first exon (white box). B, Southern blot analysis of ES cell clones. After digestion of
ES cell DNA by Hindlll, probe A (GLS1 probe) hybridized to a 5.6 kb band for the mutant allele
(arrow) and a 7.0 kb band for the wild-type allele (+); probe B (neo probe) hybridized when
homologous recombination occurred to a 5.6 kb band for the mutant allele (arrow). ¢, PCR GLS1
genotyping. Mice were genotyped using a three-primer PCR strategy (two primers in the wild-
type sequence, one in the mutant cassette). The wild-type allele yielded a 156 bp band, and the
targeted allele yielded a 347 bp band. D, Genotypic distribution of offspring of GLST mutants.
Embryos were genotyped at E17-E18, newborns were genotyped at birth, and adults were
genotyped at 1-3 weeks of age (n = number of animals). GLS1—/— pups died at P0.

antibody from goat (1:100 dilution; Amersham Biosciences), Alexa 555-
conjugated streptavidin (1:800; Interchim)]. Coverslips were mounted
with Vectashield (Vector Laboratories, Burlingame, CA) for fluorescence
with 4’-6-diamidino-2-phenylindole (DAPI) (Interchim). Immunoflu-
orescent images were acquired at low magnification (20X oil immersion
lens) with a Leica (Nussloch, Germany) fluorescence microscope with
fluorescein or UV filters, and higher magnification images were acquired
with a Leica TCS-400 laser-scanning confocal microscope (100X oil im-
mersion lens). Contrast and brightness were chosen to ensure that all
pixels were within the linear range. Confocal images were generated from
eightfold line averages.

Spontaneous EPSCs and IPSCs in cortical neurons. For electrophysio-
logical recording, cortical neurons growing on coverslips [8—17 d in vitro
(DIV)] were placed in a recording chamber and perfused at 2 ml/min
with extracellular physiological solution at room temperature
(24-26°C). The neurons were visualized using an upright fixed-stage
microscope (Zeiss Axioskop FS; Zeiss, Thornwood, NY) with Nomarski
optics. Whole-cell voltage-clamp recordings were made using an Axo-
patch 200B amplifier (Molecular Devices, Foster City, CA). Recording
pipettes were pulled from borosilicate glass tube (1.2 mm external diam-
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eter) and coated with beeswax. The tip resistance of the recording pi-
pettes was 3—4 MJ(). The series resistance was estimated by applying
voltage steps of 5 mV at the beginning and the end of each recording
session. Data were filtered at 5 kHz, digitized at 10 kHz, and stored
directly to disk using a Labmaster TL-1 DMA acquisition board (Molec-
ular Devices). Data were analyzed using Acquisl software (Biologic).
Spontaneous synaptic currents were automatically detected using a
threshold-crossing derivative with parameters set for each cell and held
constant for each recording session (Perrais and Ropert, 1999). Peak
amplitude and 10-90% rise times were measured. The decay phase of the
EPSCs was fitted with a single exponential function.

The extracellular solution contained the following (in mm): 130 NaCl,
1.9KCl, 1.2KH,PO,, 1.3 MgSO,, 2.5 CaCl,, 10 glucose, 26 NaHCO; 310
mOsm, pH 7.4 (adjusted with NaOH). Two pipette solutions were used
that contained the following (in mwm): (1) 110 CsGluconate, 10 CsCl, 4
K-ATP, 0.4 Na-GTP, 2 MgCl,, 10 HEPES, 10 BAPTA, pH 7.3 (adjusted
with CsOH), 273 mOsm; (2) 130 KGluconate, 5 NaCl, 2 MgCl,, 4 ATP-
K,,0.5 GTP-Na, 10 HEPES, 0.5 EGTA. Internal solution 1 was used when
the holding potential was shifted from negative (near restat —70 mV) to
positive values (near +40 mV) to reduce the background noise resulting
from K™ channel activation at positive holding potentials; the second
intracellular solution was used when the cells were maintained near rest
for miniature EPSC (mEPSC) recordings, which were done under
GABA,, blockade. The following drugs were applied by perfusion: p-2-
amino-5-phosphonopentanoic acid (p-AP-5; 50 um; Tocris Cookson,
Ballwin, MO); 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 um;
Tocris Cookson); bicuculline hydrochloride (BIC; 10 wMm; Sigma, St.
Louis, MO); 2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)-
pyridazinium bromide (SR95531; 10 um; Tocris Cookson); tetrodotoxin
(TTX; 1 s Sigma).

In vitro release of glutamate and GABA. Endogenous amino acid re-
lease experiments were performed following methods described previ-
ously (Pin et al., 1986). Briefly, neuronal cultures at 14—15 DIV were
washed twice with 0.5 ml of basal solution (in mm: 20 HEPES, 128 NaCl,
5 KCl, 1.2 MgSO,, 1.1 CaCl,, 10 glucose) prewarmed to 37°C. Cultures
were then incubated in 0.3 ml of basal solution, and the experiment
proceeded at 37°C. For evoked release, cultures were exposed to a stim-
ulatory solution (in mm: 20 HEPES, 77 NaCl, 56 KCl, 1.2 MgSO,, 1.1
CaCl,, 10 glucose). At 1 min intervals, the bathing solution was removed
and replaced with a fresh 0.3 ml of solution. Cultures were tested follow-
ing a sequence of basal-evokedl-basal-evoked2-basal, changing condi-
tions after three incubations (at 3 min intervals). Control experiments
were performed in the absence of Ca?* with all solutions containing 1
mM EGTA. Fractions were collected in tubes and then stored at —80°C
before analysis of amino acid content. Endogenous GABA and glutamate
concentrations in each sample were determined by capillary electro-
phoresis with laser-induced fluorescence detection. On the day of the
analysis, 30 ul of sample and 30 ul of standard solutions were derivatized
at room temperature by adding 12 ul of a mixture (1:2:1 v/v/v) contain-
ing the internal standard (10 ~* mol/L cysteic acid in 0.117 mol/L per-
chloric acid), a borate/NaCN solution [mixed solution (100:20, v/v) of
500 mm borate buffer, pH 8.7, and 87 mm NaCN in water] and the
fluorogen naphthalene-2,3-dicarboxaldehyde solution (2.925 mM in ace-
tonitrile/water; 50:50, v/v). The electrophoretic system and optimized
separation procedure were as described by Sauvinet et al. (2003). Sepa-
rations were performed with a 50 um inner diameter X 63 cm fused-
silica capillary (effective length, 52 cm) using 75 mum sodium borate con-
taining 10 mm HP-B-CD and 70 mm SDS, pH 9.2, as the running buffer,
an applied voltage of 25 kV and hydrodynamic injections of samples.
Excitation wavelength was set at 442 nm. Electropherograms were ac-
quired at 15 Hz with P/ACE MDQ software.

Evoked EPSC recording in cortical neurons. Cortical neurons were
plated on coverslips and recorded at 12-17 DIV (BX-61WI; Olympus
Optical, Tokyo, Japan). The chamber was continuously perfused by the
same extracellular solution as for spontaneous PSC recording (1 ml/
min), saturated by carbogen (95% O,: 5% CO,). For internal solution,
Cs *-based solution (solution 1) was used for better space clamp, and 5
mM lidocaine N-ethylbromide (QX314) was added to block the firing of
recorded neurons. Whole-cell voltage-clamp recordings were performed
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Figure2.  GLSTexpression and activity in neonates. 4, Quantitative RT-PCR determination of

GLST expression. mRNA expression level was normalized to the mean of adult wild-type brain
(141.8 = 16, with respect to actin, which was set to 1000) and expressed as a percentage
(mean == SEM). Samples were taken from young adult (1- to 2-month-old) and late-gestation
fetuses and reported for WT, heterozygous mutants (+/—), and nulls (—/—). A further nor-
malization to fetal brain is shown in italics. GLS1 expression was reduced in the mutants. B,
Western blot analysis using anti-GLS1 antibody. Adult brain tissues show a ~65 kDa specific
band in Cx and no signal in He. For newborn brain (P0), the intensity of specific signal was
strongly reduced in heterozygous (+/—) compared with wild-type tissues (+/+), and no
signal was detected in null tissues (—/—), despite the fact that five times more protein was
loaded on the gel. C, GLST activity. Enzymatic GLS1 activity assay was measured in newborn
tissues (brain, kidney, and liver). In GLS1 heterozygous pups, reduced activity was observed in
the kidney (*p << 0.005), but activity in the brain and liver was not significantly different from
WT pups. No GLS1 activity was detectable in GLS1 null tissues. Error bars represent SEM.

from large pyramidal shaped neurons with an Axopatch 200B amplifier
(Molecular Devices). Series resistance (16—40 M()) was compensated
on-line (60-70%). Holding potential was —75 mV. Liquid junction po-
tential (~12 mV) was corrected off-line. Field stimulation was delivered
using a bipolar tungsten electrode (TM33CCINS; World Precision In-
struments, Sarasota, FL) with pulses of 100 us, 50—-200 nA. SR95531 and
D-AP-5 were included in the extracellular solution to block GABA, and
NMDA receptor responses, respectively. Data were filtered at 5 kHz with
a four-pole Bessel filter. Sampling frequency was 10 kHz. Acquisition was
done with Pulse Control 4.7 (Richard J. Bookman, University of Miami,
Miami, FL; http://chroma.med.miami.edu/cap/; InstruTech, Port Wash-
ington, NY) running under Igor Pro 4 (WaveMetrics, Lake Oswego, OR)
on an Apple PowerMac G3 (Apple Computers, Cupertino, CA). Re-
corded data were analyzed off-line in Igor Pro and Axograph 4.6 (Mo-
lecular Devices).

Brainstem slice preparation and recordings. Coronal brainstem slices
were obtained from newborn mice. Animals were decapitated at the
C3-C4 level, and the brainstems were isolated in ice-cold artificial CSF
(a-CSF) bubbled with carbogen. a-CSF composition was as follows (in
mw): 128 NaCl, 8 KCl, 1.5 CaCl,, 1 MgSO,, 24 NaHCO,, 0.5 Na,HPO,,
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30 glucose, pH 7.4. Using a vibratome, slices
were made in the transverse plane from rostral
to caudal until the axial level of the respiratory
neural network was reached (Smith et al., 1991;
Ramirez et al., 1996). A 500-um-thick slice was
then removed, placed with its rostral surface up
in the recording chamber maintained at 30°C,
and continuously perfused with oxygenated
a-CSF. The non-NMDA glutamate receptor
antagonist CNQX (20 um) was applied by per-
fusion. Extracellular population activity re-
cordings were obtained using a suction elec-
trode positioned on the surface of the slice over
the pre-Botzinger complex (PBC). The signal
was amplified using a high-gain AC amplifier
(Grass 7P511; Grass Instruments, Quincy,
MA), bandpass filtered (3 Hz to 3 kHz), inte-
grated (Neurolog System; time constant, 100
ms), digitized (DigiData 1322A; Molecular De-
vices) to disk, and analyzed with pClamp 9
(Molecular Devices).

Statistical analysis. All results are expressed
as mean *= SEM, except for the data on
mEPSCs, which are given as mean * SD. Over-
all genotype effects were documented by
ANOVA, and then specific comparisons were
made by ¢ tests, with Bonferroni—-Dunn post hoc
correction for multiple comparisons. For
MDOB experiments, statistical analysis was
done in SPSS (SPSS, Chicago, IL) and Systat
(Systat Software, Point Richmond, CA). Re-
peated measures ANOVAs with test condition

Masson et al. « GLST Knock-Out and Glutamate Transmission

A. B1. B2. B3.
_ . 100F A . - . .
190" prone (% time) o Side (% time) 100 Supine (% time)
8o} 80 80f
60} 60 60
} 40 40 40F
KN |
& \| 20} 20 20k
0 0 o
[control W test (shown) FY7V A /- FYZ) /
C. Total awake D1. D2. D3.
behavior (counts) Bark (counts) Locomotion (counts) Mouth/lick (counts)
18 30 30 301
201 201 20F
10+ 10F 10+
o
0 +/+ +/- -/- +/+ +/- -/~ 0 ++ +/- -/~

Figure3. Maternally directed orienting behaviors in PO pups. 4, For video monitoring, pups were placed in a Plexiglas corral in
the middle tier of a nest temperature-controlled three-tiered chamber, first alone (the control condition; data not shown) and then
under the anesthetized dam placed in the upper tier (test condition; as illustrated). A mirror was placed below the pup in the
bottom tier ata 45° angle to provide a simultaneous ventrum-angle view of the pup; a microphone was mounted on the right side
of the corral to record barking (adapted from Polan et al., 2002). For each litter, pups were monitored sequentially for 4 min under
the control condition (open bars in subsequent graphs) and then for 4 min under the test condition with an anesthetized dam
(filled bars in subsequent graphs). BT-B3, Pups were scored for the time they spent prone (B1), on their side (B2), or supine (B3).
Wild-type mice responded to the introduction of the dam by rotating to the supine position (B3), whereas nulls showed no
significant response ( p values for effects of genotype, test condition, and their interaction were all <<0.01). Nulls spent more time
on their side than wild types and heterozygotes ( p << 0.05). C, Mean number of total awake behaviors was scored. There were no
overall genotypic differences in activity counts. Awake behaviors included dorsal/ventral turning; limb, torso, or head movement;
mouth/lick; bark; and locomotion. D, Nulls rarely barked or locomoted, either when they were alone or with the dam (genotype
effect, p <<0.1and p < 0.05, respectively; test condition effect, p << 0.01). Nulls mouthed and licked excessively ( p << 0.01). Error
bars represent SEM.

as the within subjects variable were used to test

whether MDOB:s differed by genotype (which

served as the between subjects or grouping vari-

able). To account for the often considerable litter-to-litter variation com-
mon in behavioral studies, even in inbred strains, litter number was used
as a second grouping variable.

Results

Generation of GLS1 mutant mice

Via homologous recombination, we generated a mutation in the
gene encoding GLS1 by inserting a floxed Neo-STOP cassette in
exon 1, 5" of the ATG initiating codon (Fig. 1 A). Southern blot
analysis using a 336 bp genomic probe 5’ of the targeting con-
struct (probe A) was used to identify successful recombination
events in a Hindlll restriction digest of ES cell DNA (Fig. 1B).
Consistent with homologous recombination, probe A identified
a band of genomic DNA of 5.6 kb in a mutant, instead of a 7 kb
band in wild-type ES cells. This was confirmed with a specific neo
probe (probe B) (Fig. 1B, first column) that identified the same
5.6 kb DNA band, and no other bands, indicating that there had
been just a single recombination event. Using a PCR assay to
genotype embryos and neonates (Fig. 1C) revealed a Mendelian
distribution of wild-type (+/+), heterozygous (+/—), and null
(—/—) mutant genotypes (Fig. 1 D), demonstrating that fetal sur-
vival was not affected by the GLS1 deletion. However, no null
adult mutant could be observed.

GLS]1 expression and activity

Reverse transcription (RT)-PCR analysis with primers directed
to the 3’ end of the GLS1 mRNA showed that transcription of the
mutant gene was blocked (Fig. 2A). In adult brain, GLS1 message
was decreased to approximately one-half in GLS1 heterozygous
mice; in late gestation fetuses, GLS1 expression was similarly de-
creased in GLS1 heterozygous fetuses and strongly reduced in

GLS1 null fetuses. The measured very low level of GLS1 transcrip-
tion in GLS1 null pups most likely reflects background in the
assay, because the combination of “false” initiating and terminat-
ing codons and splice sites in the STOP cassette completely blocks
transcription (Lakso et al., 1992; Srinivas et al., 2001).

This was confirmed in Western blot analysis using a GLSI
antiserum raised against the C terminus of the rat enzyme (Laake
etal., 1999), which is encoded by a sequence not modified in the
targeted mutation. We tested the specificity of this antibody in
adult brain tissues in mice; this revealed a ~65 kDa band in Cx
but no signal in He. In wild-type pup brain, GLS1 expression was
low, and we had to load five times more protein onto the gel for
comparison. The intensity of the ~65 kDa GLS1 band was re-
duced in GLS1+/— tissue, and no signal was detected in
GLS1—/— tissue (Fig. 2B).

Enzymatic assay of GLS1 in neonatal tissues (brain, kidney,
and liver) revealed no activity in any tissues from GLS1 null pups;
reduced activity was observed in GLS1 heterozygous pups (Fig.
2C). In neonatal liver, all GLS1 activity was caused by GLS1, which is
downregulated during development, and supplanted by the liver-
specific glutaminase type 2 (GLS2) in adulthood. Liver-type glutam-
inase (GLS2) activity is also present in neonates, but it differs in pH
optima and sensitivity to end product inhibition (Curthoys and
Watford, 1995) and thus can be assayed separately.

Phenotypic characterization of GLS1 neonate mutant mice
Neonatal demise

GLS1 heterozygous mice were indistinguishable from their wild-
type littermates; they developed normally and had normal repro-
ductive functions and maternal behavior (gestation duration, lit-
ter size, and maternal feeding). In contrast, although GLS1 null
neonates obtained from breeding GLS1 heterozygotes showed no
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Figure 4.
safran staining) of newborn wild-type (+/+) and GLST null mutant (—/—) periphery showed no microanatomical differences.
B, Photomicrograph showing Nissl-stained sections of forebrain, midbrain, and brainstem. No differences were observed in the
brain size, gross structural organization, or ventricular size in GLST null (—/—) compared with wild-type mice (+/+). 0B,
Olfactory bulb; hip, hippocampus; cx, cerebral cortex; thal, thalamus; IC, inferior colliculi; cb, cerebellum. €, Enlargement of the
rectangle in the second picture in € showing the normal cellular organization of hippocampal and cortical layers (cortical plate,
layers Vand V1) in GLS1 null mice.

gross physical or behavioral abnormalities, none survived for
longer than 36 h after birth. GLS1 null pups showed no abnormal
distinguishing behaviors. They were able to right themselves
properly after being placed on their back. However, a few hours
after birth, when wild-type and heterozygous littermates had
nursed, null mutants were easily distinguished by the lack of a
milk band. In fact, they rarely had milk in their stomach (and, if
any, in small amount) and became dehydrated. However, death
did not result from starvation, because unfed wild-type and het-
erozygous littermates all survived beyond 36 h, the maximal life
span of the GLS1 null pups. GLS1 null pups were not abandoned,
because they were found intermixed with other littermates under
the dam. Manual stimulation of the mouth region or dropper
feeding evoked rhythmic jaw movements in the null pups, and
they would suckle a feeding tube. Decreased feeding was there-
fore not a result of gross defects in facial structure or the ability to
suckle. Once pups had begun nursing, litters were culled to in-
clude pups without milk bands (presumptive null mutants) and
two pups with milk bands (presumptive heterozygotes or WT
littermates) to maintain lactation in the dam. Even with favored
access to the dam, GLS1 null pups did not survive any longer,
indicating that the demise of GLS1 null pups was not a result of
the inability of these mutants to compete with more fit
littermates.

Normal GLST null mutant brain and peripheral development. A, Histopathological analysis (hematoxylin, eosin,
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Maternally directed oriented behavior

The goal-directed behavior of the GLS1
null pups was not normal. Normally, neo-
nates must seek and maintain close con-
tact with their mother to maintain body
temperature and gain nourishment. Re-
cent work has identified a suite of MDOBs
by which neonatal rodents seek, achieve,
and maintain close contact with their
dam’s ventrum and position themselves to
grasp a nipple (Stern, 1997; Polan et al.,
2002). We observed 29 PO pups from six
litters. Pups had the chance to nurse at
least once, as evidenced by the presence of
milk bands. Pups were placed individually
in a nest-temperature plastic corral (Fig.
3A) and videotaped for 4 min, first alone
(control condition) and then for an an-
other 4 min with the anesthetized dam
(test condition). In the control condition,
the pup was placed prone in the corral and
could move about freely; when tested with
the dam, the pup was again placed prone
inside the corral and the anesthetized
dam, facing ventrum-downward, was
lowered gently onto a supporting scaffold
above the corral so that her ventral surface
came into light contact with the dorsal
surface of the pup, initiating the 4 min test.
This arrangement creates a naturalistic en-
counter between the pup and the dam,
which mimics the hovering position over
the litter pile assumed by lactating dams.
Pups were scored blinded to genotype for
wakeful behaviors, including MDOB and
nipple grasp using the scoring method of
Polan et al. (2002). Two wild-type pups
and one heterozygote pup (but no null
pups) grasped a nipple during the 4 min
test; the mean latency to grasp was 12 s. Because nipple grasp
affects the subsequent behaviors of pups, these three pups were
not included in the subsequent analysis.

Of the 26 pups scored, the most striking difference was a mas-
sive reduction compared with wild type in the proportion of time
that GLS1 null pups spent supine, specifically under the dam’s
ventrum (Fig. 3B). In particular, the null pups spent only 2.6 =
2.7% of their 4 min encounter with the dam in the supine orien-
tation; the heterozygotes spent 17.6 = 5.3% of their test time
supine, whereas the wild-type pups spent fully 52.0 = 15.8% of
their time supine (main effects of genotype and test condition,
F=7.49 and 20.30; df = 2 and 1, p < 0.0005, respectively; inter-
action of genotype and test condition, F = 8.36, df = 2, p <
0.005). The reduction in the amount of time spent supine by nulls
was mostly compensated for by an excess in the amount of time
the nulls spent in the on-side orientation (main effect of geno-
type, F = 3.88; df = 2; p < 0.05). Without supination, pups
cannot achieve ventrum-to-ventrum contact with the dam and
are therefore not positioned to efficiently gain warmth from the
dam or locate and grasp a nipple to initiate suckling. Thus, the
deficits in supination seen in the heterozygotes and the nulls
suggest an impairment in their ability to orient to their mothers,
the severity of which is GLS1-genotype dependent.

Barking and locomotion under the dam’s ventrum were also
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reduced in the nulls (Fig. 3D1,D2). The nulls locomoted a mean
of just 2.2 £ 0.1 times and barked a mean of only 0.44 * 0.26
times, compared with 22.1 = 7.0 and 18.1 = 8.1 locomotions for
heterozygotes and wild types, respectively, and 11.6 = 5.5 and
16.1 = 8.0 barks for heterozygotes and wild types, respectively
(for locomotion main effects of genotype and test condition, F =
4.65 and 9.54, df = 2 and 1, respectively, both p < 0.05; for
barking main effects of genotype and test condition, F = 3.48 and
8.46,df = 2 and 1, p = 0.053 and <0.05, respectively; interaction
of genotype and test condition for locomotion, F = 2.61, df = 2,
p = 0.10, and for barking, F = 3.42, df = 2, p = 0.055).

Evidently, the reductions by the nulls in time spent supine,
locomotion, and barking under the dam’s ventrum were not sim-
ply a result of a generalized reduction in arousal or activation.
There were no significant differences across the genotypes in the
frequencies of head, limb, or torso movements nor the frequency
of change of dorsoventral orientation. However, mouthing/lick-
ing, possibly a neonatal correlate of vacuous chewing, was mark-
edly increased (Fig. 3D3). The nulls mouthed/licked 14.9 = 6.6
times while under the dam, compared with 4.1 = 2.1 times by the
heterozygotes, and 2.6 = 1.0 times by the wild types (main effect
of genotype, F = 7.18, df = 2, p < 0.05). Mouthing/licking was
not affected by test condition or the interaction of genotype and
test condition. A quantitative index of general arousal or activa-
tion was computed for each pup in each test as the sum of the
frequencies of all awake behaviors (Fig. 3C), which showed no
differences among the genotypes or between the test conditions,
nor an interaction of genotype with test condition. Thus, the
nulls are capable of movement but are deficient in normal, neo-
natal, goal-directed behavior.

Anatomy

Comparison of the body weight of wild type (1.42 * 0.02 g; n =
35), heterozygous (1.42 = 0.02 g;n = 54),and null (1.30 = 0.03 g;
n = 37) newborns revealed null mutant weighed 8.5% less than
controls (+/+ and +/— combined; p < 0.05). To determine
whether GLS1 null pups were just smaller or had more serious
defects, we analyzed whole-body coronal sections stained with
hematoxylin, eosin, and safran. Qualitative assessment per-
formed on thoracic and abdominal sections of E12-E18 embryos
and newborn mice (P0) revealed no differences between geno-
types, in gross anatomy or histology of the brain, spinal cord,
lung, heart, esophagus, trachea, stomach, pancreas, liver, intes-
tine, kidney, spleen, bone, or fat tissues (P0) (Fig. 4A). The brain
at birth showed no abnormalities in size, structural and cellular
organization, or in ventricular size (Fig. 4B,C).

Respiratory function

During baseline breathing in room air, minute-ventilation (Vy),
breathing frequency ( fz), and tidal volume (V) were not signif-
icantly different between wild-type and heterozygous animals,
but null mice hypoventilated (Fig. 5Ac,B, left panel). V;; was 40%
lower than in wild-type mice ( p < 0.05); this lower ventilation
essentially resulted from a lower Vi (—29%; p < 0.05). On the
first day of life, neonates normally exhibit apneic periods (Jac-
quin et al., 1996), with large variations between animals and in
the same animal over successive records. Apneic respiration, ex-
pressed as average percentage of recording time, was not signifi-
cantly different in wild-type (7.2 = 2.1%) and heterozygous
(3.5 £ 2.0%) mice but was significantly higher in null mutants
(13.8 £ 2.3%; p < 0.05 vs the other two genotypes). Hypercap-
neic challenge equally increased Vi in both wild-type and het-
erozygous animals (for both, p < 0.01) (Fig. 5Ab) through in-
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Figure 5.  Respiratory function of newborn GLS1 mutants. A, Plethysmographic recordings

showing baseline respiration in a wild-type (+/+) and a null mutant (—/—) mouse breath-
ing room air (a, ¢) and ventilatory responses (b, d) to a hypercapneic challenge (6% (0,).
Vertical calibrations: 10 w.l, inspiration up. B, Minute ventilation (V;) in wild-type, heterozy-
gous, and null mutant mice inhaling room air or 6% (0,. *p << 0.05; **p << 0.01 versus
wild-type mice; °°p << 0.01 versus baseline air breathing. GLS1—/— pups hypoventilated and
showed a paradoxical hypercapneic response. Error bars represent SEM.

creases in both Vi and f;. However, in null mutants, V; decreased
by 22% during CO, breathing compared with air breathing (Fig.
5B). This was attributable to a profound decrease in V. (—30%;
p < 0.02), whereas f; was slightly but significantly increased
(+9%; p < 0.05) (Fig. 5Ad,B). As a result, with hypercapnia, both
Vg and Vi were paradoxically much lower in GLS1 null mice
(p < 0.01-0.001) (Fig. 5Ad,B, right panel). Apneic respiration
decreased in all genotypes with hypercapnia but remained signif-
icantly higher in null mice (9 * 2% of recording time) compared
with the other genotypes ( p < 0.01 for both genotypes), in which
periods of apnea nearly disappeared (<2.5% of recording time).
After 2 min of hypercapnia, three of the five GLS1 null mice
showed short periods of “gasping” inspiration, sometimes inter-
mingled with eupneic breaths, a pattern that was never seen in the
other genotypes.

Glutamatergic synaptic transmission

Because of the neonatal demise, we used primary cultures of cor-
tical neurons isolated from E18 brain embryos to examine exci-
tatory neurotransmission. Cultures comprised ~80% neurons.
Glial fibrillary acidic protein (specific marker of glial cells) label-
ing showed each well also contained astrocytes (data not shown)
that presumably supported neuronal survival and would contrib-
ute to maturation of synapses. At 6—21 DIV, neurons from wild-
type embryos expressed GLS1 (Fig. 6). GLS1 labeling superim-
posed on mitochondrial labeling (Fig. 6C), showing that GLS1,
which is a mitochondrial enzyme (Laake et al., 1999; Kvamme et
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Figureé.

etal., 1999).

al., 2000), exhibited the expected subcellular distribution. Neu-
rons from null embryos (—/—) displayed no GLSI labeling (Fig.
6E), whereas neurons from heterozygous embryos showed an
intermediate phenotype with a reduction in GLS1 labeling (data
not shown).

In cultures of GLS1+/+ and GLS1—/— neurons, spontane-
ous synaptic currents were recorded in whole-cell configuration.
At a holding potential near resting level (—70 mV), spontaneous
inward currents with fast or slow kinetics were recorded (Fig. 7A,
left bottom panel). The fast synaptic currents were identified as
EPSCs, because they reversed near 0 mV and were blocked by the
AMPA/kainate receptor antagonist CNQX (10 um). The slow
synaptic currents were identified as GABA ,-mediated IPSCs with
a reversal near —30 mV (the chloride equilibrium under our
recording conditions) and were blocked by the GABA , receptor
antagonists bicuculline (10 um) (Fig. 7A, right panels) or gaba-
zine (SR95531; 10 uMm).

Recent evidence indicates that the postsynaptic AMPA recep-
tors are not saturated following the single-site release of gluta-
mate (Auger and Marty, 2000). Therefore, efficacy of glutamater-
gic transmission depends on the amount of glutamate released. In
fact, it has been shown that the amplitude of the TTX-resistant
mEPSCs depends on the glutamate content of the presynaptic
terminals (Ishikawa et al., 2002). To test the possibility that the
synaptic terminals of GLS1 —/— neurons contain less glutamate
than the GLS1+/+ terminals, we compared the amplitude and
the kinetics of the mEPSCs (Fig. 7 B, C). We found no difference
in the two parameters (27.89 * 6.84 pA, n = 7 and 26.87 * 4.49
pA,n=8;and 2.45 = 0.36 ms,n = 7and 2.79 = 0.61 ms,n = 8

GLS1 expressionin cortical neuron primary culture. A-C, Mitochondrial GLS1 labeling. Confocal immunofluorescence
detection of labeling performed with anti-GLS1 (4) and anti-mitochondria (B) antibodies. Pictures were inverted and colors were
indexed to show GLS1 in green and mitochondria in red. Colocalization of GLS1 and mitochondria labeling is shown in C. In each
panel, an enlargement (5X) of the staining is shown in the top left, corresponding to a portion of the picture represented by the
gray rectangle. GLST and mitochondria pictures were slightly shifted to show clearly the coincidence of staining patterns. D, E,
Fluorescence detection of GLS1 expression with Alexa 488-conjugated anti-rabbit antibodies (green) and nuclear cell localization
detected with DAPI (blue). The mitochondrial GLS1 immunofluorescence observed in wild-type culture (D) was absent in
GLST—/— neurons (E). Residual GLS1 nuclear labeling was evident, but this has been shown previously to be nonspecific (Laake

z : a0 T Sy in the GLS1+/+ and the GLS1—/— neu-
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discharge and synaptic currents. Thus, the
release of glutamate and GABA was exam-
ined at 14-15 DIV. Basal GABA and glu-
tamate release was first determined during
15 min to access their ability to release
during this timeframe. Both cultures pre-
pared from wild-type or GLS1 null em-
bryos released GABA (Fig. 8 AI) and glu-
tamate (Fig. 8A2). The effect of
depolarization by 56 mmM K * (high K™) on
GABA and glutamate release was exam-
ined during two 3 min epochs followed by
a return to low K™ (5 mm). Depolariza-
tion resulted in a large increase in GABA
and glutamate release (twofold to four-
fold) in GLS1+/+ and GLS1—/— cul-
tures. Evoked glutamate release was signif-
icantly lower in GLS1—/— cultures with a
deficit of 28.5% during the first stimula-
tion (Fig. 8 A2, column 2) and 42.3% dur-
ing the second (Fig. 8A2, column 4),
whereas GABA release was unchanged
(Fig. 8AI). Evoked release was Ca** de-
pendent, whereas basal release (5 mm K )
was Ca’" independent (data not shown),
suggesting that basal release was caused by
nonsynaptic mechanisms, possibly reverse
transport (Danbolt, 2001), and thus
would reflect diminished cytoplasmic glutamate levels. Consis-
tent with this idea, we observed that basal Ca”—independent
glutamate release, but not GABA release, was diminished in
GLS1—/— compared with GLS1+/+ cultures (Fig. 8A2, col-
umns 1, 3, 5).

To examine the effect of the GLS1 knock-out on glutamatergic
synaptic transmission more directly, we recorded from single
neurons in whole-cell patch configuration and stimulated neigh-
boring neurons in the presence of gabazine (10 um) and the
NMDA blocker D-AP-5 (50 um) to isolate the AMPA/kainate
receptor-mediated EPSC. The amplitude of the evoked EPSC was
not different in GLS1—/— cultures. However, with repeated field
stimulation at 10 Hz for 20 s, the EPSC decremented exponen-
tially. The decrement was several-fold faster in GLS1—/— cells
(Fig. 8 B). In contrast, there was no genotypic difference in the
evoked GABAergic field IPSC with 10 Hz stimulation. Nor did we
find any difference between GLS1—/— and WT cultures in the
average amplitude of the first three IPSCs (GLS1—/—, 156.2 =
25.1 pA, n =13 cells; WT, 206.8 = 42.2 pA, n = 13 cells; p = 0.30,
unpaired t test), the average amplitude of the last 30 IPSCs
(GLS1—/—,16.0 £ 2.2 pA, n = 13 cells; WT, 21.4 = 6.3 pA, n =
13 cells; p = 0.43, unpaired ¢ test), or the decay time constant
(GLS1—/—,0.70 = 0.12s,n = 13 cells; WT, 0.85 = 0.37s,n = 13
cells; p = 0.69, unpaired t test). Thus, neurons lacking GLS1 show
apparently normal, unaltered baseline glutamatergic synaptic ac-
tivity but are less resilient when activated at physiological fre-
quencies. Therefore, the GLS1 deficit should principally impact
more active neural circuits.
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Effect of GLS1 mutation on the
glutamate-dependent rhythmic activity
generated by an active neural network

in vitro

In a final set of experiments, we examined
the presumed impact of the GLSI1 deletion
on rhythmic activity in the PBC in brain
slices made from the ventrolateral me-
dulla. The PBC is known to contain the
brainstem respiratory generator and relies
mainly on excitatory glutamatergic con-
nections (Funk et al., 1993), without sig-
nificant  contribution of  chloride-
mediated inhibitory connections in
newborn mice (Feldman and Smith, 1989;
Ritter and Zhang, 2000). The PBC can be
isolated in vitro in a transverse slice and
continues to generate the spontaneous
rhythmic activity that drives respiratory
motor output, although at a lower fre-
quency than in vivo (Smith et al., 1991).
Extracellular field recordings showed that
the PBC network was functional in GLS1
mutants (Fig. 94, left). However, the fre-
quency of respiration-associated bursts
was significantly higher in null mutants
(Fig. 94, left panel). Blockade with CNQX
(20 wm) suppressed rhythmic activity in
wild-type controls as well as in null mu-
tants (Fig. 9A, compare control and
CNQX), and this effect was reversible (Fig.
9A, wash out), indicating that in GLS1 null
mutants, the respiratory rhythm is present
and still depends entirely on glutamatergic
transmission, although its frequency is al-
tered. These results confirm that the con-
trol of respiratory frequency depends on
the integrity of glutamatergic transmis-
sion in the respiratory network. Appar-
ently, even a modest alteration in gluta-
matergic  transmission can change
neuronal rhythms significantly with pro-
found consequences.

Discussion

We addressed the importance of GLS1 in
the enzymatic provision of neurotrans-
mitter glutamate by knocking out the gene
in mice. GLS1 null mutants failed to feed
because of deficits in goal-directed behav-
ior and died within the first postnatal day
with a phenotype of altered respiration. In
culture, cortical neurons from GLS1 null
mutants showed normal mEPSCs; how-
ever, evoked glutamate release was dimin-
ished, and when synapses were driven at
physiological frequencies, they were more
quickly exhausted. Despite the conclu-
sions of many previous studies that GLS1
is the principal source of neurotransmitter
glutamate, knocking out the enzyme had a
surprisingly subtle effect on glutamatergic
synaptic transmission. However, it per-
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Figure7.  Spontaneous EPSCs and IPSCs in GLS1+/+ and GLS1—/— cortical neurons in culture. A, In a GLST—/— neuron
(13 DIV), spontaneous synaptic currents were recorded under control conditions and after perfusion of 10 um BIC at two holding
potentials: at 0 mV, near the reversal potential of the EPSCs, and at —70mV, near the resting potential. At 0 mV, the slow outward
(upward) currents, recorded in control (gray asterisks) and blocked by 10 um BIC, were GABA,-mediated IPSCs; they were also
recorded at —70 mV as slow inward (downward) currents seen in control but not in BIC. The faster inward currents (black asterisks) that
were recorded at —70 mV and persisted in BIC were spontaneous glutamatergic AMPA receptor-mediated EPSCs. B, Superimposed
average of mEPSCs (n = 100), recorded in 1 m TTX and 10 um SR95531, from GLST+/+ (black trace) and GLS1—/— (dotted trace)
neurons showed no genotypic difference. €7, €2, The amplitude (C7) and the decay (€2) of the mEPSCs (measured in TTX and SR95531)
showed no genotypic difference. Error bars represent SD.
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Figure 8.  Neurotransmission in cultured cortical neurons. A7, A2, GABA (A1) and glutamate (A2) basal and evoked release.
Columns 1, 3, and 5 represent basal release (5 mm KCl). Evoked release with 56 mm KCl was performed during the 3 min corre-
sponding to columns 2 and 4. Each column represents amino acid concentration released/minute, pooled by three fractions, with
triplicate determinations per animal. *p << 0.05; **p << 0.01. B1, B2, Decay of EPSCs during electrical stimulation. Field stimulation was
delivered at 10 Hz for 20 s (200 stimuli) and EPSCs recorded in whole-cell mode. The intracellular solution contained QX314 to prevent
spiking. Graphs show the decline of EPSC amplitude during 10 Hz stimulation in wild-type (BT, top) and GLS1—/— (B1, bottom) cells.
EPSC traces are shown for closed circles. The decay followed a single exponential (7 = time constant). The decay time constant was
significantly shorter in GLS1—/— neurons (B2). Neither the average amplitude of the first three EPSCs nor the average amplitude of the
last 30 EPSCs showed significant genotypic variation (data not shown). Numbers of recorded cells are indicated in parentheses. Data were
obtained from three sets of matched cultures. *p << 0.01. Error bars represent SEM.
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Figure 9.  Rhythmic activity generated by the respiratory neural network in vitro in coronal brainstem slices. A, Integrated (Bianchi et al., 1995; Haji etal., 2000). Al-

population activity recorded in preparations obtained from wild-type (+/+) and null (—/—)mutants in control conditions (top
traces) after blockade of glutamatergic connections (middle traces) and after wash out (bottom traces). Bath application of 20 um
CNQX abolished spontaneous rhythmic activity in both wild-type and null mutant slices. B, Mean frequency of rhythmic activity.
There was a significant increase in respiration-associated burst frequency in null mutant slices (—/—). Numbers of animals are
indicated in parentheses. ***p << 0.001 nulls versus wild type and heterozygotes. Error bars represent SEM.

turbed glutamatergic neural networks such as brainstem respira-
tory circuits that depend on robust summation of synaptic inputs
and thus could account for the altered respiration phenotype.

Persistence of glutamatergic activity in GLS1 null mutants
mEPSC amplitude was not reduced in cultured GLS1—/— corti-
cal neurons, suggesting that there were adequate levels of intra-
synaptic glutamate to load vesicles under conditions of basal ac-
tivity. Similarly, field stimulation at low frequencies showed no
impact of the GLS1 deletion on evoked EPSC amplitude. More-
over, glutamatergic neuronal networks, such as those generating
the respiratory rhythm in the PBC, remained functional in GLS1
null mutants. Therefore, under basal conditions, GLS1—/— neu-
rons showed normal glutamatergic synaptic function. However,
basal glutamate release was strongly reduced in GLS1—/— cul-
ture. Because GLS1 is only expressed in neurons, presumably this
reduction reflects a reduction in cytoplasmic glutamate levels,
given that glutamate produced by GLS1 must traverse the cyto-
plasm before being taken up into vesicles. Indeed, in preliminary
magnetic resonance spectroscopic determinations of glutamate
levels in brains of PO GLS1—/— pups, we found that there is an
~50% reduction in glutamate levels compared with WT brains,
with no reduction in GABA levels (Galloway et al., 2005). The
persistence of glutamatergic synaptic transmission in GLS1 null
mutants can be accounted for by other glutamate-synthetic path-
ways that have long been known in neurons such as transamina-
tion of a-ketoglutarate with alanine, branched-chain amino ac-
ids, or lysine (Papes et al., 2001; Hertz, 2004; Sweatt et al., 2004;
Yudkoff et al., 2005). Direct reuptake of glutamate into neurons
(Chen etal., 2004; Waagepetersen et al., 2005) could also account
for relatively normal glutamatergic synaptic function in the ab-
sence of GLSI.

Altered functioning of glutamatergic neural networks in

GLS1 null mutants

Evoked glutamate release from GLS1—/— cortical neurons in
culture was reduced, providing an estimate of the relative impor-
tance of the GLS1 pathway (28 —42%). When synapses were stim-
ulated at a sustained rate, glutamatergic synaptic transmission
was exhausted more rapidly in GLS1—/— neurons. Presumably,
the readily releasable synaptic vesicle pool was smaller, or presyn-
aptic mechanisms were altered in GLS1—/— neurons because of
the GLS1 deficit. The diminished Ca*"-independent basal gluta-
mate release in GLS1—/— neurons, presumably because of non-
synaptic mechanisms, together with the diminished overall glu-

tered rhythm generation was observed
only in the isolated PBC generator in vitro
but not in vivo, because other brainstem
structures control breathing frequency.
The functioning of the PBC generator, iso-
lated in vitro, depends entirely on gluta-
matergic synaptic transmission at PO, because chloride-
dependent inhibitions develop later (Feldman and Smith, 1989).
PBC cells discharge intensely during each inspiratory phase
(Thoby-Brisson and Ramirez, 2000). The increased PBC respira-
tory frequency in slices from null mutants probably results from
the deficit in glutamatergic transmission, although an indirect
effect of the mutation on the network cannot be entirely ruled
out. Modeling the respiratory network reveals that excitatory
synaptic transmission and respiratory frequency are inversely re-
lated (Butera et al., 1999). The hypothesis was that weaker syn-
aptic currents induce weaker activation of conductance involved
in burst generation. Then, burst termination requires a weaker
current inactivation, leading to a shorter recovery from inactiva-
tion, and higher burst frequency. Predictions of this model have
been tested in two recent in vitro studies using different ap-
proaches. Del Negro and colleagues (2001) demonstrated that
decreasing the excitatory synaptic coupling within the network
by removing inputs coming from the contralateral network re-
sulted in an increase in respiratory frequency. Conversely, en-
hancement of the glutamatergic synaptic drive, as a result of ex-
posure to brain-derived neurotrophic factor, decreased the
frequency of rhythmic activity (Thoby-Brisson et al., 2003).

Tidal volume, which requires robust summation of glutama-
tergic synaptic inputs to generate the inspiratory ramp-like mo-
tor output, was severely affected in vivo. Altered tidal volume was
the main cause of hypoventilation in vivo, and it was not com-
pensated for by an increase in respiratory rate. Chemosensitivity
to carbon dioxide was also affected. The inability of GLS1 null
mutants to increase ventilation in response to a chemosensory
challenge suggests that the baseline synaptic activity of respira-
tory neurons was already at maximum, without the normal re-
serve. This impaired reactivity can be related to the exhaustion of
glutamatergic transmission after physiological stimulation that
we observed in GLS1—/— cortical neuron cultures. Alternatively,
the response to CO, might have been blunted by dysfunction of
glutamatergic neurons in chemosensory areas near the ventral
surface of the medulla (Mulkey et al., 2004; Weston et al., 2004).
In either case, the hypoventilation phenotype is consistent with
the glutamate release deficit demonstrated in vitro.

Demise of GLS1 pups

Newborn GLS1 null pups invariably died during the first postna-
tal day. Although alternative pathways might have been upregu-
lated during gestation, the results show clearly that normal GLS1
function is essential for the proper functioning of glutamatergic
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networks of vital importance. GLS1 also plays a key role in sup-
plying metabolic energy in the developing embryo by cataboliz-
ing amino acids for energy production in liver, kidney, and small
intestine (Curthoys and Watford, 1995), so its absence could
explain the smaller size of the GLS1 null mutants at birth but
probably not their early demise, because there were no micro-
scopic abnormalities in the organs of GLS1 null pups. This leaves
the respiratory dysfunction as the probable cause of their early
demise. Renal GLSI1 expression normally increases dramatically
with acidosis, driving the excretion of NH, * (Curthoys, 2001).
Lacking this compensatory mechanism, null mutants would de-
velop a respiratory acidosis. This would explain the increase in
gasping seen in the mutant pups and argues for uncompensated
respiratory acidosis as the proximate cause of their early demise.

Impact of GLS1 knock-out on neonatal behavior

Some of the behavioral abnormalities observed in the GLS1 null
pups could be related to their respiratory abnormalities. For ex-
ample, increased mouthing/licking might be attributable to ab-
normal respiration, whereas the decrease in barking might be
attributable to the impact of the respiratory compromise on the
ability to vocalize. However, it seems unlikely that this would
explain all of the altered behavior of the nulls, such as the dra-
matic decrease in supination. Thus, it would appear that the al-
tered behavior of the GLS1 null pups arose at least in part from
nonrespiratory mechanisms, possibly because of deficits in the
central processing of sensory input or in the organization of goal-
directed behavior. The GLS1 null pups showed a normal level of
behavioral activity, but it was disorganized: the pups did not
orient to the dam, never succeeded in grasping a nipple, and did
not reliably obtain milk. It seems plausible that the deficits in
MDOBs interfere with the ability of the null pups to locate and
grasp their dams’ nipples. Null pups did suckle a feeding tube,
indicating that they were capable of orally grasping an object.
Although, starvation does not explain their demise, starvation
and/or dehydration resulting from the failure to nurse could
make the null pups more vulnerable to the effects of respiratory
compromise. Just as the respiratory rhythm is abnormal in the
GLS1—/— brainstem, one may surmise that the overall frequen-
cies or organization of regular neuronal rhythms responsible for
the integration of brain function (Engel and Singer, 2001) are also
impaired, accounting for the disorganized behavior.

Implications and conclusion

The GLS1 mutant mice we have made will permit tissue-specific
rescue, because the STOP cassette we inserted to block GLS1
transcription is flanked by lox P sites. Therefore, breeding the
GLS1 mutant mice with tissue-specific cre recombinase-
expressing mice should restore GLS1 expression selectively
(Ghosh and Van Duyne, 2002). Rescuing GLS1 in brainstem re-
spiratory neurons or in kidney would provide means to prove
that the early demise of the mice is a result of respiratory failure or
uncompensated respiratory acidosis. At this point, we conclude
that GLS1 null mutants have an activity-dependent deficit in glu-
tamatergic synaptic transmission resulting in altered respiratory
rhythms and early goal-directed behavior. Although alternative
synthetic pathways allow temporary postnatal survival, the mice
breathe poorly and die, indicating that GLS1 function is essential
for survival.
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