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Summary

The glycine transporter subtype 1 (GlyT1) is widely
expressed in astroglial cells throughout the mamma-
lian central nervous system and has been implicated
in the regulation of N-methyl-D-aspartate (NMDA) re-
ceptor activity. Newborn mice deficient in GlyT1 are
anatomically normal but show severe motor and respi-
ratory deficits and die during the first postnatal day.
In brainstem slices from GlyT1-deficient mice, in vitro
respiratory activity is strikingly reduced but normal-
ized by the glycine receptor (GlyR) antagonist strych-
nine. Conversely, glycine or the GlyT1 inhibitor sarcosine
suppress respiratory activity in slices from wild-type
mice. Thus, during early postnatal life, GlyT1 is essen-
tial for regulating glycine concentrations at inhibitory
GlyRs, and GlyT1 deletion generates symptoms found
in human glycine encephalopathy.

Introduction

The amino acid glycine has important roles in both excit-
atory and inhibitory neurotransmission. Besides serving
as an essential coagonist of glutamate at excitatory
N-methyl-D-aspartate (NMDA) receptors (Johnson and
Ascher, 1987; Verdoorn et al., 1987), glycine is the princi-
pal inhibitory neurotransmitter of many interneurons in
spinal cord, brain stem, and some other brain regions,
which are all involved in the processing of motor and
sensory information (Zafra et al., 1997; Legendre, 2001).
Glycine-mediated inhibition involves the uptake of the
amino acid into synaptic vesicles, its exocytotic release
upon depolarization-induced Ca?* influx, and the subse-
quent activation of postsynaptic strychnine-sensitive
glycine receptors (GlyRs) (Betz et al., 2000). Glycinergic
neurotransmission is terminated by the rapid re-uptake
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of glycine from the synaptic cleft. This process is medi-
ated by Na*/Cl~-dependent glycine transporters (GlyTs)
localized in the plasma membranes of neurons and sur-
rounding glial cells (Johnston and Iversen, 1971; Lopez-
Corcuera et al., 2001).

Two GlyT subtypes encoded by distinct genes, GlyT1
and GlyT2, have been identified in the mammalian cen-
tral nervous system (Guastella et al., 1992; Liu et al.,
1992, 1993; Smith et al., 1992). Both GlyT proteins exist
in different splice variants and belong to the Na*/Cl~-
dependent transporter family, a group of glycoproteins
that also includes the transporters for proline, mono-
amines (serotonin, norepinephrine, and dopamine), and
GABA (Amara and Kuhar, 1993; Schloss et al., 1994;
Nelson, 1998). All of these membrane proteins share a
common transmembrane topology with 12 membrane-
spanning domains and cytoplasmic N- and C-terminal
regions.

In situ hybridization and immunohistochemical stud-
ies have shown that GlyT1 is widely expressed in glial
cells of the hippocampus, cortex, and cerebellum, as well
as glial cells of the brain stem and spinal cord (Adams
et al., 1995; Zafra et al., 1995a, 1995b). In contrast, GlyT2
is found predominantly in brain stem and spinal cord
neurons, i.e., regions rich in glycinergic synapses (Jur-
sky and Nelson, 1995; Zafra et al., 1995a, 1995b), and
has been shown to be concentrated in the plasma mem-
brane of axonal boutons directly apposed to GlyRs (Jur-
sky and Nelson, 1995; Spike et al., 1997). Based on these
localizations, GlyT2 is thought to provide the principal
glycine uptake mechanism at inhibitory glycinergic syn-
apses (Liu et al., 1993; Jursky and Nelson, 1995; Zafra
et al., 1995a), whereas GlyT1 has been proposed to mainly
function at excitatory synapses by regulating glycine
levels at the coagonist binding site of NMDA receptors
(Smith et al., 1992; Berger et al., 1998; Roux and Supplis-
son, 2000). However, due to the overlapping expression
patterns of GlyT1 and GlyT2 in caudal regions of the CNS
(Jursky and Nelson, 1995; Zafra et al., 1995a, 1995b) and
the limited availability of GlyT antagonists that display
high subtype selectivity (Lopez-Corcuera et al., 2001),
the precise in vivo roles of these transporters remain to
be determined.

To address this issue, we have generated knockout
mice deficient in GlyT proteins. Here, we describe amouse
line that lacks functional GlyT1; mice deficient in GlyT2
are described in the accompanying paper (Gomeza et
al., 2003 [this issue of Neuron]). GlyT1-deficient mice
show severe motor and respiration deficits at birth and,
unexpectedly, die during the first postnatal day, reveal-
ing a previously unrecognized vital role for GlyT1 in neo-
natal life. The phenotype of these newborn mice is con-
sistent with GlyT1 being the major transporter isoform
that regulates glycine concentrations at GlyRs at early
stages of postnatal development. Furthermore, it mim-
ics several of the symptoms seen in human glycine en-
cephalopathy (also named nonketotic hyperglycinemia)
and thus defines a novel animal model for this disease.
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Generation of GlyT1~/~ Mice

To generate mice lacking functional GlyT1, we inacti-
vated the GlyT1 gene (Adams et al., 1995) in mouse E14
(129/0LA) embryonic stem (ES) cells via homologous
recombination. As shown in Figure 1A, a fragment of
0.37 kb encompassing exon 3, which encodes the sec-
ond transmembrane region of GlyT1, was replaced by a
neomycin-resistance cassette. Targeted ES cell clones
were identified by Southern blot analysis, exploiting a
newly introduced EcoRV site. Using an external 3’ probe,
a 2.5 kb fragment was detected for the mutant allele.
Two independent properly targeted ES cell clones were
injected into blastocysts to generate chimeric male
mice. These animals then were crossed with C57/BL6
female mice to establish germline transmission of the
mutation. Mice heterozygous for the GlyT1 mutant allele
(GlyT1*/~) appeared phenotypically normal and showed
undisturbed development and fertility. Intercrossing of
the heterozygous mice generated wild-type (+/+), het-
erozygous (+/—), and homozygous (—/—) GlyT1 mutant
mice. Mouse genotyping was carried out by Southern
blot analysis of mouse tail DNA (Figure 1B). The homozy-
gous mutants (GlyT1~/~) were delivered at normal Men-
delian ratios, indicating that there was no increased
embryonic mortality in the mutant animals. The absence
of the wild-type GlyT1 transcript and protein in the
GlyT1~/~ mice was confirmed by RT-PCR (Figure 1C)
and Western blot analysis (Figure 1D), respectively.

Glycine Transport Activity Is Reduced

in GlyT1~/~ Mice

To examine the effects of GlyT1 gene deletion more
directly, high-affinity glycine uptake was measured by
incubating P2 membrane fractions prepared from both
forebrain and combined brainstem/spinal cord tissue
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Figure 1. Targeted Disruption of the Mouse
GlyT1 Gene
(A) Knockout strategy showing restriction
maps of the wild-type GlyT1 locus, the tar-
geting construct, and the targeted allele. Ex-
ons are represented as black boxes. The
probe used for Southern analysis and the
sizes of the restriction fragments detected
with this probe are indicated. Only relevant
restriction sites are shown. K, Kpnl; X, Xbal;
Bg, Bglll; H, Hindlll; Ns, Nsil; Ev, EcoRV.
(B) Genotyping of newborn F2 offspring by
Southern blot analysis of Nsil/EcoRV-
digested mouse tail DNA. The 14 kb and 2.5
/- kb bands represent the wild-type (+) and mu-
tant GlyT1 (—) alleles, respectively.
(C) RT-PCR analysis of brain stem/spinal cord
expression of GlyT1, B-actin, and GlyT2 in
wild-type (+/+), heterozygous (+/-), and ho-
GlyT1 mozygous (—/—) knockout mice. Note the ab-
sence of GlyT1 transcripts in homozygous an-
imals.
(D) Western blot analysis of brain stem/spinal
cord fractions (40 g protein/lane) using the
GlyT1 antibody. GlyT1 expression was re-
duced in heterozygotes (+/—) and completely
abolished in homozygous (—/—) knockout an-
imals.
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of newborn mice with a final concentration of 2 uM
[PHlglycine. As shown in Figure 2, [*H]glycine uptake was
strikingly reduced, by =70% and =80% (p < 0.001) in
the forebrain and CNS caudal regions, respectively, of
GlyT1~/~ mice, as compared to wild-type animals. This
is consistent with GlyT1 being the major GlyT isoform
expressed at birth (Zafra et al., 1995b; Friauf et al., 1999).
P2 membrane fractions from heterozygous animals
showed intermediate [*H]glycine uptake values, consis-
tent with a clear gene dosage effect of GlyT1 expression.
Notably, incubation of membrane fractions from wild-
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Figure 2. [*H]Glycine Uptake in Different CNS Regions of New-
born Mice

Membranes were prepared from the indicated tissues of wild-type
and mutant neonates and preincubated for 2 min at 37°C. Transport
in the absence (control) or presence of 2 mM sarcosine was initiated
by the addition of 2 wM [*H]glycine in Krebs-Henseleit buffer for 1
min. Data are given as means *= SD (n = 3-4 for each genotype).
Asterisk indicates significantly different from wild-type mice, p <
0.001 (Student’s t test).
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Table 1. Body Weight and Responsivity of Newborn Littermates

Genotype (n) GlyT1*/*+ (9) GlyT1*~ (16) GlyT1~/~ (10)
Body weight (g) 1.39 = 0.09 1.41 = 0.13 1.19 = 0.10%
Tail pinching response

Strong 9 15 0

Weak 0 8

None 0 0 2

Data are expressed as means + SD.

aSignificantly different from the wild-type value, p < 0.001 (Student’s t test).

type animals with 2 mM sarcosine, a specific inhibitor
of GlyT1 (Lopez-Corcuera et al., 2001), decreased the
uptake of [*H]glycine in fractions from wild-type and
heterozygous animals to values comparable to the trans-
port activity measured in the GlyT1~/~ membranes. These
results indicate that GlyT1-mediated [*H]glycine uptake
is totally abolished in the homozygous mutants.

Homozygous GlyT1~/~ Mice Die within
the First Day of Birth
Homozygous GlyT1~/~ pups appeared externally normal
but, unexpectedly, died on the day of birth, indicating
that GlyT1 is dispensable for embryonic development
but essential for postnatal survival. GlyT1~/~ mice
weighed ~15% less than their control littermates (Table
1), most likely because of their inability to suckle and a
lack of milk in their stomachs (Figure 3A). The newborn
mutant pups survived for some hours but gradually be-
came weaker and failed to thrive, with death occurring
6-14 hr after birth. Heterozygous GlyT*/~ animals, in
contrast, developed normally, without any significant
differences to wild-type littermates.

GlyT1~/~ neonates showed only weak spontaneous
motor activity. In an attempt to evaluate the neuromotor
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performance of the newborn pups, simple handling assays
were performed. First, the response to mild tactile stim-
uli was tested. After being touched gently, wild-type
and heterozygous neonates flailed their limbs, trying to
change their body position. In contrast, GlyT1~/~ lit-
termates did not move upon tactile stimulation, assum-
ing an abnormal body posture while dropping their fore-
limbs (Figure 3A). As a second parameter to monitor
neurological reflexes, we also tested their “pinching re-
sponse” behavior. When picked up and nipped by their
tail, newborn mice tended to spread out their legs while
producing a characteristic vocalization. As opposed to
the wild-type and heterozygous neonates, the GlyT1
mutant animals only reacted weakly to strong mechani-
cal stimuli (Table 1). In summary, GlyT1~/~ newborn mice
showed severe motosensory deficits characterized by
lethargy, hypotonia, and hyporesponsivity.

Notably, GlyT1~/~ mice exhibited severe disturbances
of breathing. To measure in vivo respiratory motor activ-
ity in control and mutant mice, plethysmographic re-
cordings were performed using a modified barometric
method previously employed in neonates (Fortin et al.,
1994; Chatonnet et al., 2002). Wild-type (Figure 3B) and
heterozygous (not shown) newborn pups showed regu-

Figure 3. Phenotypical Analysis of GlyT1~/~
Mice
(A) Compared to wild-type (+/+) and hetero-
zygous (+/-) littermates, homozygous mu-
tant animals (—/-) did not move spontane-
ously. Note that GlyT1~/~ mice have no milk
in their belly and assume an abnormal body
posture with dropping forelimbs.
(B) Depression of in vivo respiratory activity
* in newborn GlyT1~/~ mice. Whole-body ple-
thysmographic recordings were obtained
from wild-type (+/+) and homozygous mu-
tant (—/-) littermates; the mutant traces
shown are from a severely suppressed
animal.
(C) Mean respiratory frequencies (Hz) of all
genotypes analyzed.
(D) Regularity of breathing expressed by the
coefficient of variation (c.v.) of the expir-
atory interval.
Data are presented as means = SD (n =
18-38 for each genotype). Asterisk indicates
significantly different from wild-type mice,
p < 0.001 (Student’s t test).

+H+ +H- /-

+H+ /- /-
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lar breathing as recorded during periods without limb
or body movements. Breathing patterns and respiratory
frequencies were not significantly different between
both genotypes (Figure 3C). In contrast, GlyT1~/~ new-
born animals displayed a severe depression of respira-
tory frequencies to 16% (p < 0.001) of those of wild-
type pups (Figures 3B and 3C). The durations of single
breaths were only marginally longer, but expiratory inter-
vals were considerably prolonged. The irregularity of
breathing was characterized by a 4-fold increase of the
coefficient of variation (p < 0.001, Figure 3D) that again
was not found in heterozygous littermates. In conclu-
sion, GlyT1~/~ animals showed a severe respiratory defi-
ciency that may be causal for their early death.

GlyT1~/~ Mice Show Normal Histology

and Synaptic Protein Expression

To reveal eventual developmental abnormalities in GlyT1~/~
mice, a general histological analysis of cresyl violet-
stained sections was performed. Both macroscopic or-
gan sizes and morphologies at the light microscopic
level were completely normal in all tissues examined,
and no differences were detected between wild-type
and GlyT '~ littermates (Figures 4A and 4B). Bronchioles
displayed uniformly expanded alveolar ducts and alve-
oli, showing that respiratory depression in GlyT1~/~ mu-
tants was not due to malformations of the airways or
lungs (Figures 4C and 4D). Similarly, no alterations of
the musculo-skeletal system could be detected.

Since no anatomical changes of peripheral organs
were found, systematic histological analysis of the CNS
was performed. The corpus callosum of GlyT1~/~ mice
was fully developed as compared to control animals,
and the hippocampi of the mutants contained a dentate
gyrus and all CA pyramidal fields similar to those in
wild-type mice (data not shown). Finally, brain stem and
spinal cord sections of newborn GlyT1~/~ mice did not
differ morphologically from those of control littermates
(Figures 4E-4H). Taken together, our data indicate that
GlyT1~/~ newborn animals were histologically indistin-
guishable from GlyT1*/* pups.

Different knockout experiments have shown that inac-
tivation of a single gene may alter the expression of
related proteins. Therefore, Western blot analyses were
performed on pooled brain stem/spinal cord fractions
prepared from wild-type, heterozygous, and homozy-
gous GlyT1-deficient mice to determine whether expres-
sion levels of different synaptic components differed
between these genotypes. Immunoblottings were car-
ried out with antibodies against the o subunit of the GlyR
(GlyRq) (Pfeiffer et al., 1984); gephyrin, a postsynaptic
protein involved in the clustering of glycine and GABA,
receptors (Pfeiffer et al., 1984; Prior et al., 1992); the
presynaptic vesicular inhibitory amino acid transporter
(VIAAT), which transports glycine and GABA into synap-
tic vesicles (Dumoulin et al., 1999); GlyT2 (Liu et al., 1993);
the NR1 subunit of the NMDA receptor (Moriyoshi et al.,
1991); and the glial fibrillary acidic protein (GFAP) (Lewis
et al., 1984). In all genotypes analyzed, the amounts of
these proteins were not detectably altered (Figure 4l).
Quantification of the immunreactive bands indicated that
the rate of synthesis of these proteins did not change
upon GlyT1 deficiency (Table 2).

In an attempt to verify whether inactivation of GlyT1
may cause adaptive changes in synapse densities, brain
stem and spinal cord sections were stained with anti-
bodies specific for the synaptic components described
above (Figure 4J). No difference in the typical punctate
staining, i.e., the synaptic localization, of GlyRa (Kirsch
and Betz, 1995) was detected when comparing GlyT1~/~
and control sections. Likewise, the density of gephyrin
puncta indicative of inhibitory postsynaptic membrane
specializations (Kneussel and Betz, 2000) was not al-
tered in spinal cord sections of GlyT1~/~ mice. By using
antibodies against both VIAAT and GlyT2, the distribu-
tion of inhibitory presynaptic terminals was evaluated.
Again, no changes in VIAAT (Dumoulin et al., 1999) and
GlyT2 (Jursky and Nelson, 1995) punctate immunostain-
ing were seen between GlyT1~/~ mice and wild-type
littermate sections. In addition, the integrity of glial cells
was analyzed using antibodies against GFAP and GlyT1.
In both wild-type and mutant mice, similar patterns of
GFAP glial cell staining were obtained. Consistent with
previous results (Zafra et al., 1995a), GlyT1 staining of
wild-type sections revealed processes of glial cells that
penetrated in between the perikarya of neurons and
formed a dense network around dendrites and cell bod-
ies (Figure 4J, and not shown). As expected, no GlyT1
staining was detected in preparations from homozy-
gous mutants.

GlyT1~'~ Mice Show Abnormal In Vitro

Respiratory Activity

As GlyT1~/~ mice did not breathe properly, neuronal
activity of the isolated respiratory network was analyzed
in transversal slices from caudal medulla (Smith et al.,
1991; Ramirez et al., 1996; Hiilsmann et al., 2000; Richter
and Spyer, 2001). This preparation preserves both the
pre-Bétzinger complex, the region essential for the con-
trol of the respiratory rhythm, and the connections to
the hypoglossal nucleus, thereby allowing us to monitor
in vitro inspiratory activity. Under control conditions,
preparations from wild-type animals showed a regular
rhythmic bursting (Figure 5A) at a frequency of 0.22 =
0.08 Hz (mean = SD; n = 8; Figure 5B). Similar results
were obtained with heterozygous GlyT1*/~ mutant mice
(frequency of 0.16 = 0.07 Hz; n = 8). In contrast, prepara-
tions from GlyT1~/~ animals revealed prolonged periods
of inactivity (Figure 5A), and burst frequency was only
0.06 = 0.04 Hz (n = 10; p < 0.001; Figure 5B) with
variable interburst intervals (Figure 5C). Interestingly,
the rhythmic activity recovered in slices from GlyT1~/~
mice after application of the GlyR antagonist strychnine
(Figure 5A). In the presence of 2 pM strychnine, burst
activity increased 3.6-fold, leading to a frequency
(0.27 = 0.09 Hz; n = 5; p = 0.002; Figure 5B) comparable
to that seen under control conditions in wild-type mice.
However, under all conditions examined, the activity of
slices from GlyT1~/~ mice was consistently more irregu-
lar than that of wild-type preparations. The coefficient
of variation of the interburst interval was 0.36 = 0.15
in wild-type and 0.88 = 0.24 in GlyT1~/~ mice. Upon
strychnine application, this irregularity of the rhythm was
only partially improved (coefficient of variation 0.76 =
0.32, n = 5; Figure 5C). In preparations from wild-type
animals, no significant changes in burst frequency and
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Figure 4. Histological and Immunochemical Analysis of GlyT1~/~ Mice

(A-H) Cresyl violet-stained sections of wild-type (+/+) and GlyT1-deficient (—/—) mice. Sagital midline (A and B) and horizontal (C and D,
scale bar equals 50 um) sections are shown for wild-type (+/+) and GlyT1~/~ mutant mice. No defects were detected, and the overall anatomy
appeared normal for all animals analyzed. The corresponding sections of brain stem (E and F, scale bar equals 20 um) and spinal cord (G
and H, scale bar equals 100 um) also revealed no alterations in the CNS structures of the homozygous mutants. Xll, hypoglossal nucleus;
Amb, nucleus ambiguus; Th, thymus; H, heart; Li, liver; Lu, lung.

() Western blot analysis of brain stem/spinal cord fractions prepared from newborn wild-type (+/+), heterozygous (+/-), and GlyT1 (—/-)
mutant animals. Equal amounts of protein (40 pg/lane) were loaded and probed with the indicated antisera. Note that the expression levels
of all proteins tested were not significantly different between genotypes.

(J) Immunohistochemistry of wild-type (+/+) and GlyT1~/~ brain stem regions. Brain stem sections from newborn GlyT1~/~ mice and wild-
type littermates were stained with antibodies specific for the indicated proteins. Note that the punctate staining patterns of GlyRa, gephyrin,
VIAAT, and GlyT2 seen in GlyT1~/~ samples were indistinguishable from those in wild-type specimens. In addition, the density and morphology
of glial cells stained for GFAP were unaltered in the mutants (scale bar equals 20 pwm).

interburst interval were observed in the presence of
strychnine. Also, no differences in rise time and burst
duration were found between slices from wild-type and
GlyT1~/~ mice (Figures 5D and 5E). Notably, the applica-

Table 2. Quantification of Synaptic Protein Immunoreactivities

Genotype GlyT1*++ GlyT1*+/~ GlyT1~/~
GlyRa 100+ 17 98 = 6 113+ 9
Gephyrin 100 = 15 91 £ 13 99.81 = 17
VIAAT 100 = 15 99 + 18 108 = 13
GlyT2 100 = 15 99 + 13 114 = 16
NR1 100 = 9 131 = 22 120 = 19
GFAP 100 = 20 95 + 22 103 = 20

Values were determined by scanning immunoreactive bands on
Western blots and represent means = SD (n = 3). None of the
mutant values differs significantly from wild-type levels.

tion of the GABA, receptor antagonist bicuculline (1-2
wM) did not lead to a normalization of burst patterns
(n = 3, data not shown).

To more directly examine the effects of GlyT1 gene
deletion on glycinergic transmission, whole-cell voltage-
clamp recording was performed in hypoglossal motoneu-
rons from wild-type and GlyT1~/~ mice at a holding po-
tential of —70 mV. Bicuculline (20 n.M), CNQX (10 pM),
and AP5 (100 wM) were added to the bath solution in
order to block GABA and glutamate receptor-mediated
transmission. The noise recorded from GlyT1~/~ neu-
rons was higher as compared to that from wild-type
cells. During periods without obvious IPSCs, the aver-
age noise values (root-mean-square noise, rms) were
3.9 = 0.8 pA (n = 5) in control and 8.3 = 2.4 pA (n = 6,
p = 0.003) in GlyT1~/~ cells, respectively (Figures 6A and
6B). The mean interval of IPSCs identified in GlyT1~/~
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Figure 5. In Vitro Respiratory Activity in Brain Stem Slices of GlyT1~/~ Mice

(A) Integrated network activities of slice preparations from newborn GlyT1*/* and GlyT1~/~ mice. The GlyR antagonist strychnine (2 pM) did
not increase breathing frequency in preparations from wild-type and heterozygous (not shown) mice, but normalized the respiratory frequency
in slices from GlyT1~/~ pups.

(B) In vitro burst frequencies (Hz) of wild-type and mutant animals as recorded under control conditions (black columns) and after application
of strychnine (white columns).

(C) Regularity of in vitro respiratory bursting expressed by the coefficient of variation (c.v.) of the interburst interval, in the preparations shown
in (B).

(D and E) Analysis of in vitro respiratory burst waveforms. (D) Rise (10%-90%) and (E) duration (half max amplitude) of inspiratory bursts
(integrated activity) in slices from GlyT1*/* and in GlyT1~/~ mice, prior to and after strychnine application.

Data in (B)-(E) are collected from recordings as shown in (A) and represent means *= SD (n = 5-10 for each genotype). Asterisk indicates
significantly different, p < 0.005 (Student’s t test).

neurons (1.7 = 1.7 s, n = 6) was lower than in wild-type that seen under control conditions (n = 3, p = 0.005),
cells (8.6 = 6.6 s, n = 5; p = 0.03; Figure 6C), whereas which recovered upon washout (Figures 7A and 7B).
the averaged IPSC amplitude in GlyT1~/~ neurons Furthermore, application of the GlyT1-specific inhibitor
(46.1 = 13.6 pA, n = 6) was not significantly smaller sarcosine also produced a dose-dependent slowing of
than in wild-type cells (51.4 = 9.8 pA, n = 5; Figures 6D the rhythmic burst pattern in preparations from wild-
and 6E). In addition, the IPSC decay time was signifi- type mice (Figures 7C and 7D). At a concentration of 2
cantly prolonged upon GlyT1~/~ deficiency (GlyT1~/~, mM, sarcosine reduced the network activity to 15.2%
14.2 =+ 2.1 pA, n = 6; wild-type, 9.3 = 0.6 pA, n = 5, of wild-type values (n = 4, p = 0.002). Interestingly, no
p = 0.001; Figures 6F and 6G). regular rhythm could be induced in slices from GlyT1~/~
Application of strychnine reduced the steady-state mice by application of the NMDA receptor blockers MK-
holding current (l,,) in identified hypoglossal motoneu- 801 and AP-5; even in the presence of both drugs, burst
rons from GlyT1~/~ animals (Al = 62.2 pA; p = 0.01, frequencies were unaltered (0.03 = 0.04 Hz, n = 3; Fig-
n = 4), whereas no significant change was observed in ures 7E and 7F). These results imply that the depression
preparations from wild-type mice (Figures 6A and 6H). of respiratory network activity is not due to increased
Similarly, the increased synaptic noise seen in GlyT1~/~ NMDA receptor activity resulting from elevated glycine
neurons was reduced to wild-type levels after applica- levels in the cerebrospinal fluid.
tion of strychnine (Figure 6B). Taken together, these
dataindicate that the suppression of respiratory network Discussion
activity seen in GlyT1~/~ mice is due to an increased
accumulation of extracellular glycine, which leads to a Here, we report a genetic analysis of the in vivo function
sustained activation of inhibitory GlyRs. of the glial GlyT subtype, GlyT1, in the mouse central
Consistent with this interpretation, superfusion of nervous system. Inactivation of the GlyT1 gene by ho-
wild-type slices with 1 mM glycine produced a strong mologous recombination caused a complete loss of

suppression of in vitro respiratory activity to 3.2% of transporter expression, as demonstrated by Southern
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Figure 6. Whole-Cell Recordings from Hypoglossal Motoneurons

(A) Whole-cell currents of identified hypoglossal motoneurons re-
corded in the presence of 10 uM CNQX, 100 uM AP5, and 20 pM
bicuculline. Application of the GlyR antagonist strychnine reduced
the steady-state holding current in GlyT1~/~ but not in GlyT1*/* an-
imals.

(B) Synaptic noise recorded from hypoglossal motoneurons ex-
pressed as root-mean-square noise (rms) in GlyT1** and in
GlyT1~/~ mice. Note that synaptic noise in mutant mice (—/-) is
reduced to wild-type level (c.f. Figure 7A) after application of strych-
nine (10 wM).

(C) Frequencies and mean amplitudes (D) of IPSCs recorded form
hypoglossal motoneurons.

(E) Cumulative probability of spontaneous IPSC amplitudes (binned
in 5 pA increments) in wild-type (triangles, 915 events, 5 cells) and
GlyT1~/~ (circles, 976 events, 6 cells) neurons recorded at 30°C.
Note that events from GlyT1~/~ neurons tend to have smaller ampli-
tudes as evident from the leftward shift of the curve.

(F) Normalized and average waveforms of spontaneous IPSCs from
hypoglossal motoneurons of GlyT1"/* and GlyT1~/~ mice.

(G) Average decay times of identified spontaneous IPSCs from
GlyT1** and GlyT1~/~ mice.

(H) Average changes in steady-state holding current (Al,4) induced
by the application of strychnine.

Data in (B)—(E), (G), and (H) are collected from recordings as shown
in (A) and (F) and represent means =+ SD (n = 4-6 for each genotype).
Asterisk indicates significantly different.

blotting, RT-PCR, Western analysis, and [*H]glycine up-
take assays. Our data confirm the authenticity of the
GlyT1~/~ line and exclude the possibility that loss of
GlyT1 may lead to compensatory changes in the expres-
sion of functionally closely related transporter proteins,
e.g., the neuronal isoform GlyT2. The severe phenotype
observed in the homozygous mutant mice thus can be
confidently attributed to GlyT1 ablation.

GlyT1 Has a Vital Role in the Postnatal CNS
Newborn GlyT1~/~ pups consistently died during the
first postnatal day, most likely due to respiratory failure
combined with wasting and dehydration caused by the
inability to suckle. Such early postnatal lethality has not
been reported for other knockouts of related neurotrans-
mitter transporters, e.g., dopamine transporter (Giros et
al., 1996), serotonin transporter (Bengel et al., 1998),
and norepinephrine transporter (Xu et al., 2000) deficient
mice, but often is found upon inactivation of genes en-
coding proteins of glycinergic synapses. For example,
gephyrin-deficient mice also die during the first postna-
tal day (Feng et al., 1998), whereas inactivation of the
GlyR a1 subunit gene by a spontaneously generated
microdeletion in the mouse mutant oscillator results in
death during the third postnatal week (Buckwalter et al.,
1994). A lethal phenotype resembling that of oscillator
mice is also found in GlyT2-deficient animals (Gomeza
et al., 2003). Together, these gene-targeting data em-
phasize the importance of glycinergic inhibition for
proper functioning of the mammalian CNS.

The phenotype of GlyT1~/~ mice cannot be attributed
to insufficient differentiation or anatomical malforma-
tion. In contrast to observations made with other mouse
mutants displaying a phenotypically similar early lethal-
ity (Forrest et al., 1994; Li et al., 1994; Hubner et al., 2001;
Zhao et al., 2001), we did not detect any morphological
defects in peripheral organs of GlyT1~/~ newborn ani-
mals. Likewise, no histological abnormalities were found
in sections of brain stem and spinal cord of mutant
neonates at both light (this study) and electron (J.G.
and K.O., unpublished results) microscopic levels. Thus,
GlyT1 appears not to be required for organogenesis
during embryonic development but is essential for vital
postnatal CNS functions.

A surprising result obtained here is that ablation of the
GlyT1 gene apparently does not lead to major adaptive
alterations in synapse biochemistry. Previous studies
with dopamine transporter, serotonin transporter, and
norepinephrine transporter knockout mice have high-
lighted the importance of these transporters in modulat-
ing the extracellular dynamics of monoamines as well
as in controlling pre- and/or postsynaptic protein ex-
pression, as revealed by up- or downregulation of spe-
cific components of the respective synapses (Bengel et
al., 1998; Gainetdinov et al., 1998; Jones et al., 1998,
1999; Xu et al., 2000). In contrast, our Western blot analy-
ses indicate similar expression levels of the GlyR « sub-
unit, the NMDA receptor subunit NR1, gephyrin, VIAAT,
and GlyT2 in all genotypes analyzed. Moreover, our im-
munohistochemical data show that the localization of
different pre- and postsynaptic proteins of inhibitory
synapses is unaltered in homozygous mutant animals.
These results suggest that no major changes in synaptic
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protein accumulation occur in the CNS in response to
inactivation of the GlyT1 gene. In addition, neither the
expression level of GFAP, a glial marker protein (Lewis
et al., 1984), nor glial cell morphology were altered in
the GlyT1~/~ mice. Thus, the respiratory deficiency seen
in the mutants cannot be attributed to glial cell death.
In conclusion, all presently available data suggest that
neuronal, glial, and synaptic differentiation proceed nor-
mally in GlyT1-deficient embryos. Similarly, in mice lack-
ing GlyT2, synaptic differentiation is not affected (Go-
meza et al., 2003).

GlyT1 Is Essential for Lowering Glycine
Concentrations at Inhibitory GlyRs
One of the crucial roles of GlyT1 clearly lies in the regula-
tion of centrally generated rhythmic motor functions that
are essential for autonomous neonatal life, such as
breathing. Our recordings of in vivo breathing behavior
on the first postnatal day indicate a dramatic depression
of respiratory frequency in the homozygous mutants.
Instead of the regular breathing characteristic of wild-
type animals, gasp-like inspirations interrupted long pe-
riods of apnea in GlyT1~/~ pups. This points to an impor-
tant role of glycine uptake by glial cells in the control
of respiratory rhythms in newborn animals.

Although the failure of strychnine application to alter
respiratory activity in slice preparations from newborn
rodents has led to the postulate that glycinergic inhibi-

O control
H glycine
O wash

O control
B sarcosine [mM]

O wash

O control
B MK801/AP5

EE [

Figure 7. Effects of Glycine, Sarcosine, and
NMDA Antagonists on In Vitro Respiration
(A) Response to the application of glycine (1
mM) is shown. In vitro respiratory activity is
reversibly suppressed in brainstem slices
from wild-type mice (+/+).

(B) Corresponding average burst frequencies.
(C) Dose-dependent inhibition of in vitro re-
spiratory activity was also obtained by addi-
tion of the GlyT1 inhibitor sarcosine (2 mM).
(D) Dose dependence of respiratory suppres-
sion upon application of increasing concen-
trations of sarcosine as monitored by deter-
mination of burst frequencies as shown in (C).
(E) Application of the NMDA receptor block-
ers MK-801 (10 M) and AP-5 (100 .M) did not
restore a regular respiratory rhythm in slices
from GlyT1-deficient mice (—/-).

(F) Average burst frequencies corresponding
to (E).

Data are presented as means = SD (n = 3-4
for each genotype). Asterisk indicates signifi-
cantly different from control conditions, p =
0.005 (Student’s t test).

tion is not essential for the generation of the respiratory
rhythm in newborn mice (Paton et al., 1994; Ramirez et
al., 1996), our analysis of in vivo breathing behavior and
in vitro network activity indicate a dramatic depression
of respiratory activity in GlyT1~/~ neonates. This is con-
sistent with enhanced inhibition caused by the accumu-
lation of extracellular glycine in the mutant animals. We
are aware of the fact that there is an ongoing debate
whether chloride-mediated inhibition by glycine or GABA
is functional immediately after birth. Data from respira-
tory neurons (Ritter and Zhang, 2000) and hypoglossal
motoneurons (Singer et al., 1998) have suggested that
the choride equilibrium potential is depolarizing in neo-
natal mice. This might explain why transient activation
of GlyRs does not influence respiratory network activity
in wild-type mice (Paton et al., 1994; Zhang et al., 2002).
Persistent GlyR activation by excess glycine, however,
will cause inhibition and depression of network activity
through shunting of neuronal input resistance. There-
fore, the crucial consequences of GlyT1 deletion most
likely result from insufficient regulation of extracellular
levels of glycine at GlyRs of respiratory neurons.
While respiratory rhythm generation can be attributed
to the neuronal network in the pre-Bétzinger complex
(Smith et al., 1991; Ramirez et al., 1996; Richter and
Spyer, 2001), glial cells have been postulated to exert
a modulatory and stabilizing function. Previous pharma-
cological studies have shown that metabolic coupling



Glycine Transporter 1 Knockout Mice
793

between glia and neurons is necessary for maintaining
rhythmic activity in the respiratory network (Hilsmann
et al., 2000). Our in vitro data from rhythmic slices of
newborn wild-type and GlyT1~/~ animals extend these
findings. The reduction of spontaneous activity in GlyT1 /'~
preparations provides direct genetic proof that glial gly-
cine uptake by GlyT1 is essential for stabilizing respira-
tory network activity. Furthermore, glycine and the GlyT1
inhibitor sarcosine induced a slowing of the rhythmic
burst pattern in wild-type slices, which mimicked that
seen in GlyT1~/~ mice, suggesting that ablation of GlyT1
function does not lead to alterations in cellular, synaptic,
or network architecture. In addition, the normalization
of firing frequency seen in the GlyT1~/~ but not wild-
type slices upon application of the GlyR antagonist
strychnine is consistent with extracellular levels of gly-
cine being elevated in mutant as compared to wild-type
animals. Taken together, our results demonstrate that
during early postnatal life GlyT1 modulates the activa-
tion of GlyRs in caudal regions of the CNS.

Depending on physiological conditions, GlyT1-medi-
ated glycine uptake into or release from glial cells (Roux
and Supplisson, 2000) could result in suppression or
potentiation of NMDA receptor function. However, this
hypothesis could not be directly tested in our slice prep-
arations, since NMDA receptor blockers did not restore
regular rhythmicity of in vitro respiration in GlyT1~/~
preparations. Similarly, NMDA receptor antagonists have
been reported to have no or only minor effects on in
vitro respiration in slices from neonatal rats (Greer et
al., 1991; Funk et al., 1993). Further evidence against
a significant role of NMDA receptors in post-partum
respiratory control comes from electrophysiological
studies with mutant mice lacking the essential NMDA
receptor subunit NR1 (Funk et al., 1997). In these experi-
ments, brain stem-medullary slice preparations from
homozygous NR1-deficient mutants generated a respi-
ratory rhythm virtually identical to that in wild-type, al-
though the NMDA receptor-mediated modulation of the
respiratory rhythm is impaired. Thus, NMDA receptors
are not essential for respiratory rhythm generation in
the neonate. It should, however, be emphasized that
our results do not exclude an important role of GlyT1 in
the regulation of NMDA receptor activation by glutamate
in other regions of the central nervous system or at
later developmental stages. Notably, a very recent study
indicates that increased levels of glycine cause internal-
ization of NMDA receptors by clathrin-mediated endo-
cytosis (Nong et al., 2003). Such coagonist-triggered
downregulation of NMDA receptors might explain the
inability of strychnine to fully restore all parameters of
the in vitro respiration in slice preparations from GlyT1 '~
mice. In addition, GlyT1 may have a role in regulating
the activity of excitatory glycine receptors that may form
by the assembly of the NMDA receptor NR1 and NR3
subunits (Chatterton et al., 2002).

GlyT1~/~ Mice as a New Animal Model of the

Human Glycine Encephalopathy Syndrome

As outlined above, during neonatal life GlyT1 appears
to be the major GlyT isoform that catalyzes the clearance
of extracellular glycine in caudal regions of the CNS,
since its inactivation is not functionally compensated

by the neuronally expressed GlyT2 protein. GlyT1~/~
mice display severe motor deficits accompanied by leth-
argy, hypotonia, and hyporesponsivity. This overall re-
duction of motosensory functions is similar to some
of the symptoms associated with a group of inherited
human diseases that develop in early postnatal life,
named glycine encephalopathy or nonketotic hyperglyc-
inemia (NKH). Muscular hypotonia, lethargy, and poor
feeding with hiccups characterize these disorders (Tada
etal., 1992; Boneh et al., 1996; Lu et al., 1999; Applegarth
and Toone, 2001). NKH can rapidly progress to a lethal
symptomatology with respiratory insufficiency, apnea,
coma, and finally death. Enzymatic analysis indicates
that most patients with NKH have a primary defect in
the glycine cleavage system that degrades excess intra-
cellular glycine (Boneh et al., 1996; Applegarth and
Toone, 2001). As a consequence, elevated levels of gly-
cine accumulate in the blood and cerebrospinal fluid of
the affected individuals. Notably, in the CNS the glycine
cleavage system is localized in astrocytic glial cells
where it is thought to metabolize glycine provided by
GlyT1-mediated uptake (Sato et al., 1991; Sakata et al.,
2001). Thus, some yet unclassified forms of NKH might
involve mutations in the GlyT1 gene, since reduced glial
glycine uptake similarly will result in elevated cerebro-
spinal glycine levels. Indeed, a 20-year-old study de-
scribes an atypical case of NKH with a defective glycine
transport system in postmortem nervous tissue (Mayor
et al., 1984). It should be emphasized that such muta-
tions may not cause the full range of classical NKH
symptoms, as several symptoms are directly linked to
the loss of glycine cleavage activity (Applegarth and
Toone, 2001). In conclusion, our GlyT1-deficient mice
might provide a useful animal model to study the patho-
mechanisms of glycine encephalopathy.

Experimental Procedures

Generation of GlyT1~/~ Mice

The mouse gene encoding GlyT1 was isolated from a mouse geno-
mic library prepared from 129Svd mouse DNA (Genome Systems,
St. Louis, MO) by hybridization with a PCR fragment corresponding
to the region of the GlyT1 cDNA that encodes the middle of the
fourth up to the sixth transmembrane domain. The targeting vector
consisted of a 5.9 kb genomic sequence, including exons 1c to 4,
in which a 0.37 kb fragment encompassing exon 3 was replaced
with the 1.8 kb PGK-neomycin resistance gene (PGK-neo). A 2.8 kb
herpex simplex virus thymidine kinase gene fragment was attached
to the 3’ end of the construct for negative selection. The targeting
vector was linearized at a unique Notl site and introduced into E14
(129/0LA) mouse embryonic stem (ES) cells by electroporation, fol-
lowed by selection in G418 and FIAU. Colonies that survived the
double selection procedure were isolated and screened by Southern
blotting for homologous recombination using a 3’ external probe.
This analysis showed that 2 out of a total of 136 screened clones
had been targeted properly. Positive ES cell clones were injected
into C57BL/6 blastocysts to generate chimeras that were back-
crossed with female C57BL/6 mice. Heterozygous offspring were
crossed to yield homozygous mutant animals. All mice used in the
present study were F2 hybrids.

RNA Isolation and RT-PCR Analysis

Total RNA was obtained from brain stem and spinal cord prepara-
tions of each genotype as described (Chomczynski and Sacchi,
1987). For comparative RT-PCR analyses, the following sense (s)
and antisense (as) primers were used: GlyT1, OL-5 (s) 5'-AACTGGG
GCAACCAGATCGA-3' (transmembrane domain TM1) and OL-102
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(as) 5'-GTACATGATACCCGTGAAGGC (TM5), both oligos flanking
the selection marker cassette and yielding a 735 bp fragment; GlyT2,
0I-201 (s) 5'-TCTGCAGGGATTGAATATCC-3' and OL-303 (as) 5'-CTC
AATGTTGACTTTGCGCTC-3', generating a 460 bp fragment; B-actin,
OL-ActinS (s) 5'-ATACCAACCGTGAAAAGATGA-3' and OL-Actin-
AS1 (as) 5'-ATACCCAAGAAGGAAGGCTGG-3/, yielding a 469 bp
PCR band.

The reactions were carried out according to standard protocols
(Kawasaki, 1990). Tubes contained equal aliquots of RNA for RT
reactions. PCR amplification was done by an initial denaturation at
94°C for 10 min and 30 cycles of denaturation (94°C, 30 s), annealing
(55°C, 30 s), and extension (72°C, 1 min).

Brain Membrane Preparation

Mouse brain samples were homogenized in 1 ml of ice-cold isolation
medium (0.33 M sucrose, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 mM HEPES-Tris [pH 7.4]) using a Dounce-type glass
homogenizer. The homogenate was centrifuged (1000 X g, 5 min)
at 4°C, the pellet discarded, and the supernatant centrifuged at
17,000 X g for 10 min. The resulting high-speed pellet (P2) was
washed once and resuspended in modified Krebs-Henseleit medium
(125 mM NaCl, 5 mM KClI, 2.7 mM CaCl,, 1.3 mM MgSO,, 10 mM
glucose, 256 mM HEPES-Tris [pH 7.4]). Protein concentrations were
determined using a protein assay system (Bio-Rad, Minchen,
Germany).

[*H]Glycine Transport Assay

20 pl aliquots of the membrane suspension (equivalent to 30-50 n.g
of protein) were preincubated for 2 min at 37°C. Uptake was initiated
by addition of 80 pl of a modified Krebs-Henseleit solution kept
at 37°C containing [2-*H]glycine (2 pM) (1.52 GBg/p.mol, Movasek
Biochemicals, Brea, CA). After a 1 min incubation with gentle agita-
tion, uptake was terminated by diluting the incubation mixture with
3 ml of modified Krebs-Henseleit medium kept at room temperature
followed by rapid filtration through a moistened filter (SM 11106,
0.45 um pore size) (Sartorius, Géttingen, Germany). Filters were
rinsed twice with 3 ml of modified Krebs-Henseleit medium. All
dilution, filtration, and washing procedures were performed within
15s. Filters were dried and placed in microvials, and their radioactiv-
ity measured by scintillation spectrometry.

Western Blotting

Crude membrane fractions prepared from mouse brain stem and
spinal cord (40 p.g of protein) were separated by 8% SDS-polyacryl-
amide gel electrophoresis, transferred to nitrocellulose (Schleicher &
Schll, Dassel, Germany), and probed with antibodies specific for
GlyT1 (1:3000) (kindly provided by Carmen Aragon and Francisco
Zafra), gephyrin (Pfeiffer et al., 1984; Prior et al., 1992) (1:500), VIAAT
(1:1000) (kindly provided by Bruno Gasnier), GlyT2 (1:1000), the «
subunit of the GlyR (Pfeiffer et al., 1984) (1:1000), and the NR1A
subunit of the NMDA receptor (1:500) (Chemicon, Hofheim, Ger-
many). After washing, bound Igs were visualized with horseradish
peroxidase-conjugated secondary antibodies using the ECL detec-
tion system (Pierce, Rockford, IL). The Western blots were scanned
and digitalized images were analyzed for quantification using the
software NIH-Image 1.63.

Histology and Immunocytochemistry

Histological and immunocytochemical analysis was performed on
GlyT1™* and GlyT1~/~ neonates (>3 animals per genotype). The
pups were anesthesized, frozen, and cut into 20 um sections on
the cryostat. Sections were fixed with 4% (w/v) paraformaldehyde
in standard PBS (pH 7.4) and stained with 0.1% (w/v) cresyl violet.
For immunostaining, 12 um cryostat sections were cut and immedi-
ately fixed with 4% (w/v) paraformaldehyde for 2 min, washed in
PBS, and incubated with primary and secondary antibodies as de-
scribed (Kirsch and Betz, 1995; Feng et al., 1998). Confocal micros-
copy was performed using a confocal laser-scanning microscope
(Leica) equipped with the image software Leica TCS-NT.

Respiratory Network Analysis
Plethysmographic measurements were performed at room tempera-
ture using a 10 ml whole-body plethysmographic chamber. Pressure

fluctuations were measured with a differential low-pressure trans-
ducer (model DP103, Validyne Engineering, Northridge, CA) con-
nected to a sine wave carrier demodulator (CD-15). Breathing move-
ments were monitored for 3 min during the first 12-14 hr after birth.
Artifacts originating from spontaneous limb movements were ex-
cluded from analysis.

In vitro respiratory activity of isolated brainstem slice preparations,
containing the intact pre-Botzinger complex and the synaptically
connected hypoglossal nucleus, was monitored from hypoglossal
rootlets or from the slice surface that exposed the pre-Bétzinger
complex. Preparation and recording techniques were as described
before (Ramirez et al., 1996; Hiilsmann et al., 2000). Slices, 600-750
wm thick, were superfused with artificial spinal fluid (ACSF) at 30°C
gassed with 95% 0,/5% CO,. ACSF contained (in mM): 118 NaCl,
8 KCl, 1.5 CaCl,, 1 MgCl,, 1 NaH,P0,, 25 NaHCO;, and 30 D-glucose
(pH 7.4, 310 mosmol/l). Respiration-related burst discharges were
amplified by a custom-made differential amplifier, filtered, rectified,
and then integrated. Respiratory frequencies were calculated as the
reciprocal values of the mean expiratory interval.

Whole-Cell Voltage-Clamp Experiments

Microelectrodes were pulled from borosilicate glass capillary tub-
ings (Biomedical Instruments, Germany) and had resistances rang-
ing between 5 and 7 M(). The electrode solution contained (in mM)
125 KCl, 1 CaCl,, 10 1,2-bis(2-aminophenoxy)-ethane-N,N,N’,N’-tet-
raacetic acid (BAPTA), 2 MgCl,, 4 Na,ATP, 10 N-2-hydroxyethylpi-
perazine-N’-2-ethanesulfonic acid (HEPES) (pH adjusted to 7.2 with
KOH). Under these conditions, the equilibrium potential for chloride
was about 0 mV. Therefore, at a holding potential of —70 mV we
observed glycinergic IPSCs as inward currents. Currents were re-
corded using a Multiclamp 700 patch-clamp amplifier (Axon Instru-
ments Inc., Foster City, CA), low-pass filtered at 3 kHz, and sampled
at 10 kHz and analyzed on a PC using an interface (Digidata1320)
and pClamp 8.2 software (Axon Instruments). Series resistance and
cell membrane capacitance were compensated prior to recordings.
Synaptical events were analyzed by using Mini Analysis Program
(Synaptosoft, Leonia, NY), which allows for threshold-based event
detection. Frequencies and amplitudes of spontaneous IPSCs were
determined from 2-3 min epochs recordings, by using the software
event detector set to identify events above background. IPSC events
were visually inspected to ensure that no false IPSCs were included
in data sets. For calculation of the time constants of IPSC decay,
IPSCs that were 8-10 times larger than the noise level were detected
by the program; double-peak IPSCs were excluded from analysis.
Spontaneous IPSC decay phases were fit by two exponentials, and
the mean time constant, t....,, was calculated from the respective
time constants and their relative amplitudes: tq..., = tia/t,a, using
the Mini Analysis Program.
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Erratum

Inactivation of the Glycine Transporter 1 Gene
Discloses Vital Role of Glial Glycine Uptake
in Glycinergic Inhibition

In Figure 6C of this paper, the ordinate should be labeled frequency [Hz] instead of interval
[s]. Correspondingly, the last sentence on page 789 is incorrect. It should read: “The mean
frequency of IPSCs identified in GlyT1~'~ neurons (1.7 = 1.7 Hz, n = 6) was lower than in
wild-type cells (8.6 = 6.6 Hz, n = 5; p = 0.03, Figure 6C),...”
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