
                                               

                                     

                                

                                             
Development of synaptic inhibition in glycine transporter 2 deficient mice
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Introduction

In the central nervous system, fast inhibitory neurotransmission is
mediated by glycine andγ-aminobutyric acid receptors (GABA), acting
on postsynaptic glycine receptors (GlyR) or A-subtypeγ-aminobutyric
acid receptors (GABAAR) that open intrinsic receptor-linked anion
channels. Depending on the intracellular chloride concentration,
channel opening inhibits the postsynaptic cell by hyperpolarisation
or by shunting inhibition.

Both transmitter systems share some key components, such as the
postsynaptic scaffolding protein gephyrin or the vesicular inhibitory
amino acid transporter VIAAT (Kneussel and Loebrich, 2007; Wojcik
et al., 2006). The overlap of such key components at many inhibitory
synapses in the spinal cord and brainstem results in the occurrence of
both GlyR and GABAAR mediated inhibitory postsynaptic currents
(IPSCs) at individual synapses (Jonas et al., 1998; Lu et al., 2008; Muller
et al., 2006; O'Brien and Berger, 1999; Singer and Berger, 2000) that
differ in their kinetic and pharmacological properties. The dual-
component nature of unitary IPSCs has been attributed to quantal co-
release of glycine and GABA from single vesicles (Jonas et al., 1998),
linked to simultaneous loading of both transmitters into synaptic
vesicles by the vesicular inhibitory amino acid transporter (VIAAT). A
deficiency in VIAAT results in drastic reduction of GABA and glycine
release from inhibitory nerve terminals (Wojcik et al., 2006), suggesting
that both transmitters compete for VIAAT mediated vesicle loading
(Burger et al., 1991; Christensen and Fonnum, 1991; Christensen et al.,
1991; Rousseau et al., 2008).

Several marker proteins in GABAergic presynaptic terminals have
been identified that are necessary for efficient GABAergic neurotrans-
mission, including the GABA synthesizing enzymes GAD65 and
GAD67 and the GABA transporter GAT1. At present, only the glycine
transporter GlyT2 has been recognized as a reliable marker for
glycinergic presynaptic terminals. GlyT2 is targeted specifically to the
plasma membrane surrounding the presynaptic specializations
(Mahendrasingam et al., 2000; Zafra et al., 1995). GlyT2 deficiency
in mice (GlyT2−/−) produces a complex neuromotor phenotype
including hind feet clasping, spasticity, spontaneous tremors and an
impaired righting response, followed by premature death during the
second postnatal week (Gomeza et al., 2003b). The phenotype seen in
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GlyT2−/− mice mimics most of the symptoms seen in human
hyperekplexia patients. Mutations in the GlyT2 gene have recently
been identified in human hyperekplexia patients, suggesting that
GlyT2 is one of the genes associated with the disease (Eulenburg et al.,
2006; Rees et al., 2006). Similar to other genetic defects resulting in
hyperekplexia-like symptoms such as mutations in the GlyR α1 or β
subunit (Rees et al., 2002; Shiang et al., 1993), the phenotype seen in
GlyT2−/− mice was attributed to marked reduction in glycinergic
inhibitory postsynaptic currents leading to disinhibition of motoneur-
ons. Since major changes in GlyR clustering and/or expression were
excluded, it has been proposed that GlyT2 is essential for the reuptake
and proper reincorporation of glycine into presynaptic glycinergic
nerve terminals (Gomeza et al., 2003b). Although GlyT2 is already
expressed during late embryonic development (E16–17), GlyT2
deficient mice do not show symptoms in early postnatal development
(P0–P4).

To identify the ontogenetic onset of the failure of glycinergic
transmission and to clarify whether the decrease in the levels of
presynaptic glycine significantly affects the content of GABA in synaptic
vesicles, we analyzed glycinergic and GABAergic synaptic transmission
in GlyT2−/− and wild-type (WT) animals.
Fig. 1. Reduction of glycincie immunoreactivity in sections of GlyT2−/− mice. Brainstem an
stained after fixation with antibodies against glycine (A) and VIAAT (B). Note that in section
VIAAT staining, indicative for inhibitory presynaptic terminals was indistinguishable from t
Results

Glycine content of presynaptic terminals is reduced in newborn GlyT2−/−

mice

In postnatal (P0–P4) mice, GlyT2 deficiency does not result in any
detectable phenotype, as tested by simple handling assays that reveal
hypereklexia like symptoms in GlyT2−/−mice (Gomeza et al., 2003b).
It is possible that at this developmental stage, de-novo synthesis of
glycine (Daly and Aprison, 1974) or GlyT2 independent glycine
uptake allows for efficient loading of synaptic vesicles. Therefore, we
testedwhether normal glycine concentration is present in presynaptic
terminals of GlyT2 deficient mice during the first postnatal week.
Glycine accumulation was measured immunohistochemically with an
antibody raised against a paraformaldehyde conjugate of glycine
(Pow et al., 1995). First, we stained brainstem and spinal cord slices of
P10 WT and age-matched GlyT2−/− mice. In both regions of WT
animals, there was a strong labelling of presumptive glycinergic
presynaptic terminals. In contrast, immunoreactivity was strongly
reduced in sections from GlyT2−/− mice (Fig. 1A and Table 1). As
shown previously, this reduction is not caused by a loss of inhibitory
d spinal cord of GlyT2−/− mice and WT littermates were dissected at P5 and P10 and
s from GlyT2−/− mice the anti-glycine staining was nearly completely lost, whereas the
hat seen in WT section (scale bar represents 20 µm).



Table 1
Quantification of immunreactive signals for markers of inhibitory synapses in
brainstem derived from animals with the indicated age and genotype.

P0 P5 P10

+/+ −/− +/+ −/− +/+ −/−

Glycine 111±9 11±6 120±20 10±8 135±28 10±6
VIAAT 141±24 158±28 165±23 177±46 212±21 210±32
Gephyrin 223±31 228±36 226±29 220±34 287±51 320±44
GABA 93±23 86±18 88±15 102±25 47±18 56±18
GAD65 99±8 108±11 83±28 87±29 70±11 74±23
GAD67 85±13 89±18 71±15 56±22 56±13 61±9

Values were determined on brainstem sections stained with the indicated antibodies
manually as immunreactive puncta (N0.7 µm) per 1000 µm2 tissue. Data represent
means±SD (n≥4). For each staining, at least 1000 immunreactive clusters were
counted (with the exception of the glycine staining in the GlyT2−/− mice).
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synapses, since VIAAT immunoreactivity was indistinguishable from
that seen in WT sections (Fig. 1B and Table 1, see also Gomeza et al.,
2003b). The majority of immunoreactive clusters correspond to
inhibitory synapse specializations, as revealed by colabelling of
VIAAT with a gephyrin specific antibody (data not shown). The
reduced immunoreactivity in GlyT2−/− mice is consistent with
electrophysiological studies (Gomeza et al., 2003b) and shows that
GlyT2 gene inactivation results in a drastic reduction of presynapti-
cally accumulated glycine.

The dramatic reduction of glycine staining was also observed in
GlyT2−/− mice during the first postnatal week. At P0 (Table 1) and P5
(Fig. 1 and Table 1), glycine staining in GlyT2−/− spinal cord and
brainstem sectionswas reduced by 90% as compared toWT littermates,
without affecting the number of VIAAT/gephyrin-colabled clusters. It
appears that glycine de-novo synthesis or its uptake by GlyT2
independent transport systems is not sufficient to compensate for the
loss of GlyT2 at any time during postnatal development.
Electrophysiological evidence for depression of glycinergic neurotransmission
in newborn GlyT2−/− mice

To investigate whether the apparent loss of presynaptic glycine
coincides with the onset of defects in glycinergic synaptic transmis-
sion in the newborn mice, we measured amplitude and frequency of
glycinergic inhibitory postsynaptic currents (IPSCgly) in hypoglossal
motoneurons from WT and GlyT2−/− mice, in brainstem slice prepa-
rations at three different stages of postnatal development (Fig. 2).

Similar to our earlier observation (Gomeza et al., 2003b), glycinergic
spontaneous IPSCs (sIPSCgly) were reduced in P6 to P8 GlyT2−/−

animals compared to their WT littermates. The sIPSCgly amplitude in
GlyT2−/− hypoglossalmotoneuronswas 37.1±16.3 pA (n=9)where-
as the average amplitude was 77.2±49.6 pA (n=7) in WT cells
(p≤0.05). The sIPSCgly frequency in GlyT2−/− neurons was somewhat
smaller compared to WT cells (GlyT2−/−: 8.1±11.0 Hz vs. WT: 15.3±
5.9 Hz, n.s).

In slices from younger (P3–P5)WT animals, the sIPSCgly amplitude
was slightly smaller (59.2±28.2 pA; n=15) than P6–8 WT animals.
In P3–P5 GlyT2−/− mice sIPSCgly amplitudes were significantly
reduced (29.7±12.1 pA; n=6; p≤0.05). In these recordings the
sIPSCgly frequency in GlyT2−/− mice was slightly but not significantly
reduced (GlyT2−/−: 4.5±4.8 Hz vs. WT: 11.9±9.7 Hz; n.s.).

Notably, a strong reduction of sIPSCgly amplitude was already
apparent in GlyT2−/− newborn mice (P0–P2) that however, were
phenotypically indistinguishable from WT animals. Here, recordings
from hypoglossal motoneurons of GlyT2−/− mice revealed a massive
reduction of the sIPSCgly amplitude to less than 50% of theWT controls
(GlyT2−/−: 23.7±5.1 pA; n=11 vs. WT: 53.3±27.8 pA; n=5;
p≤0.05). At this early developmental stage, the reduction of sIPSCgly
frequencywas significant (GlyT2−/−: 1.1±0.9 Hz vs. WT: 7.1±6.7 Hz;
p≤0.05).

Postnatal change of sIPSCgly decay kinetics is normal in GlyT2−/− mice

It is known that the subunit composition of glycine receptors
changes during postnatal development (Singer et al., 1998). In a
previous study, we excluded major postnatal changes in GlyRα1 and
GlyRα2 expression in GlyT2−/− mice using an immunohistochemical
approach (Gomeza et al., 2003b). In the present study, we used more
precise electrophysiological methods of analysis.We analyzed sIPSCgly
kinetics in WT and GlyT2−/− neurons at different postnatal stages
(Fig. 2). At P0–P2, the decay time constant (τdecay) of sIPSCgly of WT
mice was 13.6±3.6 ms (n=5), and gradually decreased with age:
12.0±5.8 ms at P3–P5 (n=15), 11.8±4.5 ms at P6–P8 (n=27) and
7.2±1.1 ms at the end of the second postnatal week (P12–14;
n=30), the latter being significantly reduced compared to the earlier
postnatal stages (p≤0.05).

A similar age dependent reduction of τdecay was observed in
recordings from GlyT2−/− neurons: At P0–P2, 17.5±5.9 ms (n=10);
at P3–P5, 12.3±4.9 ms (n=6); at P6–P8, 11.3±3.6 ms, (n=9);
p≤0.05. Values of τdecay in GlyT2−/− neurons were not significantly
different from the age-matched WT neurons. We were unable to
record from GlyT2−/− mice at P12–P14 because the mice died earlier.
The electrophysiological measurements further strengthen our
contention that GlyT2 gene inactivation does not lead to changes in
GlyR expression or subunit composition in the first postnatal week,
although glycinergic neurotransmission is functionally impaired.

GABAergic neurotransmission is not up-regulated in GlyT2 deficient mice

In cell culture experiments, pharmacological blockade of GlyT2 up-
regulates GABA release, presumably due to the reduction of glycine
competition at the VIAAT (Rousseau et al., 2008). Since in GlyT2−/−

mice presynaptic glycine levels appear to be reduced, we investigated
whether GABAergic neurotransmission is up-regulated.

Direct visualization of GABAwith a specific antibody did not reveal
increased presynaptic accumulation of GABA in brainstem or spinal
cord slices of GlyT2−/− mice (Fig. 3 and Table 1). GABA content in
symptomatic GlyT2−/− mice (P10) was comparable to that seen in
WT animals in both regions analyzed. We also looked for changes in
GABA immunoreactivity at earlier postnatal stages, since the number
of GABAergic terminals decreases in brainstem and spinal cord during
early postnatal development (Muller et al., 2006). At P0 and P5, the
number of immunoreactive puncta was almost doubled compared to
P10 (Table 1). However we did not detect differences between
sections from WT and GlyT2−/− mice (Fig. 3 and Table 1).

To measure functional GABAergic neurotransmission in WT and
GlyT2−/− animals, we recorded spontaneous GABAergic currents
(sIPSCGABA, Fig. 4). At P6–P8, when a mild form of the GlyT2−/−

phenotype is behaviourally apparent, sIPSCGABA amplitude was 35.0±
9.7 pA (n=8) in WT and 41.3±16.5 pA in GlyT2−/− littermates
(n=8; n.s.). Frequency of sIPSCGABA in WT mice was 12.4±11.0 Hz
and in GlyT2−/− mice, 11.9±6.6 Hz (n.s.). Decay time constants were
likewise similar (GlyT2−/−: 25.5±7.6 ms; WT: 28.6±8.9 ms; n.s).

In younger animals (P3–P5), of both genotypes, the amplitude of
the sIPSCGABA was indistinguishable (GlyT2−/−: 40.4±10.4 pA; n=8
vs. WT: 37.9±18.3 pA; n=6; n.s). In addition, sIPSCGABA frequencies
were not changed (GlyT2−/−: 3.5±4.2 Hz vs. WT: 5.0±3.3 Hz, n.s.)
and τdecay of GABAergic sIPSCs were similar in GlyT2−/−mice (44.7±
21.4 ms) and WT mice (38.1±18.4 ms; n.s.).

At P0–P2, sIPSCGABAamplitudewas33.6±10.2 pA(n=6) inGlyT2−/−

neurons and 28.6±8.6 pA (n=7; n.s,) in WT neurons. There was also
no significant difference between genotypes in sIPSCGABA frequency
(GlyT2−/−: 1.5±0.9 Hz vs. WT: 2.2±3.2 Hz) or in τdecay (68.7±21.2 ms
in GlyT2−/− mice, 47.5±23.3 ms in WT).



Fig. 2. Glycinergic neurotransmission is already impaired in presymptomatic GlyT2 deficient mice. A, B: glycinergic IPSCs of hypoglossal motoneurons at different stages of postnatal
development: comparison of recordings from WT mice (A) and GlyT2−/− mice (B). C: Normalized average waveforms of spontaneous glycinergic IPSC from hypoglossal
motoneurons of WT and GlyT2−/− mice. D, E: Average amplitudes (D) and frequencies (E) of spontaneous IPSCgly from WT and GlyT2−/− mice (±SD). The asterisks indicate
significant changes. Data were obtained in the presence of 100 µM AP-5, 20 µM CNQX and 20 µM bicuculline.
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Saturation of postsynaptic GABAA receptors during GABA release
events might mask an increased GABA release in GlyT2−/− prepara-
tions. We therefore tested for GABAA receptors saturation measuring
evoked GABAergic IPSC (eIPSCGABA) in paired-pulse-stimulation-
experiments (Fig. 5). Supra maximal stimulation resulted in compara-
ble eIPSCGABA amplitudes in WT and GlyT2−/− mice (WT: 1.1 nA±
0.7 nA; n=4; vs. GlyT2−/−: 1.0±0.5 nA; n=5; n.s.). At a stimulus
interval of 25 ms (Fig. 5A, B, bottom traces), the eIPSCGABA evoked by
the second pulse arises at a time point when GABAA receptors are still
activated by GABA released upon the first stimulus. An increase of the
peak current after the second pulse occurred in bothWT and GlyT2−/−

mice, revealing no difference between the genotypes. In both
genotypes the 2-fold increase of the peak current after the second
stimulus indicates that GABAA receptors were not saturated by GABA
released by the first pulse. The ratio a2total/a1 (see Experimental
methods)was 2.0±0.5 (n=4) inWT and 2.1±0.5; n=5; in GlyT2−/−

mice (n.s., Fig. 5D).
Enhanced presynaptic GABA release from GlyT2−/− neurons could

increase presynaptic auto-inhibition via GABAB receptors, and activa-
tion of GABAB receptors increases paired-pulse facilitation (PPF; Tanabe



Fig. 3. GlyT2 gene inactivation does not lead to impaired GABA accumulation in
brainstem and spinal cord. Brainstem and spinal cord of GlyT2−/− mice and WT
littermates were dissected at the age indicated and after fixation and sectioning stained
with antibodies against GABA (scale bar represents 20 µm).
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and Kaneko, 1996). To test this possibility, we performed paired-pulse
experiments at stimulus frequencies of 2.5 to 40 Hz with supra max-
imal stimuli. Generally the paired-pulse ratio (a2/a1) was very vari-
able and a significant PPF was only observed at 10 Hz in both WT
and GlyT2−/− mice (Fig. 5). At all other stimulation frequencies,
no significant PPF was detectable. However, no differences of the
paired-pulse ratio between WT (1.12±0.1; n=4) and GlyT2−/−

(1.17±0.1; n=5; n.s.) was observed at 10 Hz nor at any other stim-
ulation frequency.

GABAergic unitary release events are not increased in GlyT2−/− mice

Spontaneous IPSCs as well as evoked IPSCs depend on the electrical
activity of thepresynaptic cell. To test if significant changes ofGABAergic
transmission in GlyT2−/− mice were missed when analysing sponta-
neous IPSCs, we recorded GABAergic miniature IPSCs in P3–P5 WT and
GlyT2−/− mice (Fig. 6). Unitary IPSC (mIPSCGABA) amplitudes did not
differ significantly between both genotypes (GlyT2−/−: 19.4±5.5 pA;
n=8; vs WT: 18.0±4.4 pA; n=10; n.s.). In addition, mIPSCGABA
frequency was not altered (GlyT2−/−: 1.5±0.9 Hz vs. WT: 1.3±
1.6 Hz; n.s.). GABAergic mIPSC decay kinetics tended to be slower
in recordings from GlyT2−/− slices compared to WT preparations
(GlyT2−/−: 55.4±15.5 ms vs. WT: 41.6±17.4 ms), but the differ-
ence was not significant.

The electrophysiological findings are consistent with the immu-
nochemical data and indicate that the strong reduction of glycinergic
neurotransmission is not accompanied by a significant up-regulation
of GABAergic neurotransmission in GlyT2−/− mice.

GlyT2−/− mice show normal synaptic protein expression of the
GABAergic system

To determine whether the failure of GlyT2−/− neurons to increase
GABAergic transmission might be related to additional changes in
synaptic protein expression of the GABAergic system in the GlyT2−/−

mice line, we quantified the immunoreactivity of the glutamate
decarboxylases GAD65 and 67 in brain stem and spinal cord sections
(see Fig. 7A and Table 1). We did not recognize any change of GAD65
or 67 distributions in sections from GlyT2−/− mice as compared to
parallel processed WT brainstem and spinal cord sections at all post-
natal stages analyzed (P0, P5 and P10). This indicates that localization
and/or expression of these GABA synthesizing enzymes is not
changed in GlyT2−/− mice.

Another source of intracellular GABA is the plasmamembrane trans-
porter GAT1, which is predominantly localized in the presynaptic
terminal (Conti et al., 1998; Minelli et al., 1995). To investigate whether
GlyT2 deficiency leads to adaptive changes in GAT1 activity, we anal-
yzed expression and transport activity of GAT1. GAT1 specific uptake
activity was analysed as the tiagabine sensitive fraction of total GAT
activity in P2 membrane preparations. GAT1-dependent GABA uptake
was indistinguishable in membrane preparations from brainstem and
spinal cord of WT and GlyT2−/− mice at all ages investigated (P0, P5,
P10; Fig. 7B). Total GAT1 protein expression was also not different in
GlyT2−/− mice (Fig. 7C and Table 2), thus excluding changes in GABA
uptake capacity of the presynaptic terminals, as a consequence of GlyT2
deficiency.

Discussion

The present study focussed on two important aspects of synaptic
inhibition. We investigated how GlyT2 deficiency alters glycinergic
transmission during early postnatal development, and we determined
whether competition of GABA and glycine for VIAAT-dependent
vesicular filling represents a physiological mechanism to compensate
for the loss of glycine uptake in GlyT2−/− mice.

GlyT2−/− mice are born with a strong reduction of glycinergic transmission

By an immunohistochemical approach we demonstrated that
glycine labelling of glycinergic presynaptic terminals is strongly
reduced, suggesting that the reduction of glycinergic transmission
seen in recordings fromGlyT2 deficientmice is caused by an insufficient
reuptake of glycine via GlyT2 as hypothesized earlier (Gomeza et al.,
2003b). Fromananalysis of glycinergic IPSC kinetics,wepropose that no
other more subtle adaptive mechanisms related to glycine receptor
function contribute to the phenotype seen in GlyT2 deficient mice. This
is consistent with previous findings showing normal GlyR expression at
silent glycinergic synapses (Mangin et al., 2002), and can now be
extended to fully functional synapses. Apparently, reduced glycine
uptake into the glycinergic presynaptic terminal in GlyT2−/− mice
cannot be compensated for by de-novo glycine synthesis or by low
affinity uptake systems. Thus, without GlyT2, inhibitory neurons cannot
maintain the high cytosolic glycine concentrations that are required for
adequate loading of vesicles.

Neonatal GlyT2−/− mice are apparently normal at birth, although
there might be a very mild form of the phenotype that, for example,
involves impaired tonguemovements. Gross hypoglossalmotor output,
however, is normal, since no respiratory or feeding phenotype is



Fig. 4. Spontaneous GABAergic IPSCs are unchanged in GlyT2 deficient mice. A, B: Spontaneous GABAergic postsynaptic currents of hypoglossal motoneurons at different stages of
postnatal development. Wild-type mice (WT, A) compared to GlyT2 knockout mice (GlyT2−/−, B). C, D: Average amplitudes (C) and frequencies (D) of identified spontaneous
IPSCGABA from WT and GlyT2−/− mice. Data were obtained in the presence of 100 µM AP-5, 20 µM CNQX and 10 µM strychnine.
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observed in animals of this age. This contrasts with our results obtained
by immunohistochemical and electrophysiological analysis in young
GlyT2 deficient mice, which revealed pronounced disturbances of
glycinergic synaptic function in animals prior to the onset of the
phenotype.

Postnatal changes of glycinergic transmission

The appearance of symptoms at the end of the first postnatal week
coincides with changes of the chloride equilibrium potential. It is
known that glycine induces depolarising postsynaptic potentials in
hypoglossal motoneurons at early developmental stages (P0–P3;
Singer et al., 1998). Moreover in the lumbal spinal motoneurons (P1–
P3) the equilibrium potential for chloride mediated postsynaptic
currents is also depolarising at birth and shifts toward hyperpolarisa-
tion by the end of the first postnatal week (Stil et al 2009). Thus, the
depolarising nature of glycinergic postsynaptic potentials might be
involved in the delay of a phenotype of the GlyT2−/− mice, during the
first days of life. Against these hypotheses argues that some inhibitory
action of glycine (presumably via shunting inhibition) is already seen
in newborn animals. Here the loss of the Glycine transporter 1 (GlyT1)
results in extracellular accumulation of glycine causing severe
symptoms of over-inhibition including a flaccid motor phenotype
and abnormal respiratory activity (Gomeza et al. 2003a). Moreover,
the blockade of glycinergic receptors by systemic application of the
glycine receptor antagonist strychnine leads to severe symptoms of
over-excitation and spasticity already in neonatal mice (P0) thus
corroborating an important inhibitory function of glycine already at
that age (Feng et al., 1998).
No GABAergic compensation occurs in GlyT2−/− mice

In caudal regions of the CNS the analysis of mIPSC decay kinetics
has shown that 35–44% of all inhibitory synapses release both glycine
and GABA in early postnatal development (Jonas et al., 1998; Muller
et al., 2006). At later developmental stages, however, this is reduced
to 12% of all inhibitory synapses (Muller et al., 2006). Both
transmitters are incorporated via the VIAAT into the synaptic vesicle
and thus allowing their simultaneous release from individual vesicles
(Burger et al., 1991; Chaudhry et al., 1998; Christensen and Fonnum,
1991; Christensen et al., 1991; McIntire et al., 1997; Sagne et al.,
1997). Thus GABA and glycine most likely compete for the vesicular
uptake (Christensen et al., 1991), and after inhibition of GlyT2 or loss
of GlyT2 expression GABA loading should be subsequently up-
regulated. Indeed pharmacological blockade of GlyT2 in cultured
spinal cord neurons results in a reduction of glycine release and
increase of GABA release in response to presynaptic electrical
stimulation (Rousseau et al., 2008).

In our study, however, mice with genetic ablation of GlyT2
expression did not exhibit a detectable increase in vesicular GABA
concentration at any developmental stage analysed. Moreover, in
GlyT2−/− mice, changes of the expression or function of key com-
ponents of GABAergic synapses, e.g. GAD65, GAD67 or GAT1 that
counteract the compensatory vesicular GABA loading in GlyT2−/−

mice, were not evident.
To testwhether saturation of postsynaptic GABAA receptormasked a

change of GABA release we analyzed accumulation of GABA in the
synaptic cleft by high frequency (40 Hz) paired-pulse stimulation. Here,
the increase in the total eIPSC amplitude after the second stimulus



Fig. 5. No change in paired-pulse facilitation and GABAA receptor occupancy in GlyT2−/− mice after evoked GABA release. A, B: Evoked GABAergic IPSC after presynaptic stimulation
(P5–P6 WT (A) and GlyT2−/− mice (B), 2.5–40 Hz stimulation frequency). Traces were normalized to unitary amplitudes after the first stimulus. C: Average ratios of the eIPSC
amplitudes after the second to that after the first stimulus inWT and GlyT2−/−mice. At 10 Hz a significant paired-pulse facilitation can be observed inWT and GlyT2−/−mice, which
is not significantly different between these two genotypes. D: The average ratio of the total amplitude after the second to the amplitude after the first stimulus (40 Hz). In both
genotypes maximal half of the postsynaptic GABAA receptors were activated after the first stimulus. There is no difference between the atotal/a1 ratios in both genotypes. Solution
contained 100 µM AP-5, 20 µM CNQX and 10 µM strychnine.

348                                                               
indicates that more GABAA receptors can be recruited after the first
GABA release. Therefore it is unlikely that postsynaptic GABAA receptors
were saturated after single evoked GABA release events. Due to the
experimental procedure with supra maximal stimuli we assume that
the same population of synapses was activated after both stimuli.
However we cannot exclude the recruitment of additional synapses
contributing to the increased amplitude after the second stimulus.

Additionally we demonstrated that GlyT2 deficiency does not
result in changes in the presynaptic GABA release probability e.g. by
increased presynaptic GABAB receptor activation (Mintz and Bean,
1993; Misgeld et al., 1995; Zhang et al., 2002) since no change in
paired-pulse-facilitation (Tanabe and Kaneko, 1996) was observed in
the recordings from GlyT2−/− mice.

Our study suggests that control-mechanisms additional to the
presynaptic transmitter concentrations are responsible for the differ-
ential loading of GABA and glycine into individual synaptic vesicles. One
possibility is that the complex formation of GAD65 with VIAAT (Jensen
et al., 2003; Jin et al., 2003) is a prerequisite for VIAAT mediated
incorporation of GABA into synaptic vesicles. These additional regula-
tory mechanisms might develop during the early postnatal develop-
ment and might not occur in the culture system used by Rousseau et al.
(2008). Clearly, more experiments are required to resolve the precise
mechanism how VIAAT specificity is regulated at mixed inhibitory
synapses.
Taken together, our data show that the massive reduction of
glycinergic neurotransmission at all developmental stages, is not com-
pensated by an enhanced filling of synaptic vesicles with GABA.

Experimental methods

Electrophysiology

Electrophysiological experiments were performed on medullary
slice preparations from GlyT2−/− mice and WT littermates. Genotyp-
ing was performed as described previously (Gomeza et al., 2003b).
Animals used in this study were acquired and treated in accordance
with the guidelines of the German Physiological Society as well as
federal regulations. Neonatal micewere rapidly killed by decapitation.
The brains were removed from the skull, the isolated brainstem was
placed in carbogen-saturated (95% O2, 5% CO2) ice-cold artificial
cerebrospinal fluid (aCSF; see below for composition). Transverse
slices (280–310 µm) were cut with a vibratome (Leica, Wetzlar,
Germany) at the level of the caudal end of the fourth ventricle to
include the nucleus of the hypoglossal nerve. Sliceswere stored in aCSF
at room temperature for at least 30 min before starting an experiment
and subsequently transferred to a recording chamber and kept
submerged by a u-shaped platinum wire with nylon fibres for
mechanical stabilization. The chamber was mounted on a fixed-stage



Fig. 6.Normal miniature GABAergic IPSC in GlyT2−/−mice (P3–P5) in the presence of TTX. A, B: No differences between themean amplitudes of GABAergic mIPSC in both genotypes
were detectable. C, D: Additionally the cumulative fractions of the amplitudes and interevent-intervals are almost the same in both WT and GlyT2−/− mice (cut-offs were made for
amplitudes at 100 pA and for interevent–intervals at 10 s). E, F: Mean amplitudes (E) and frequencies (F) of miniature IPSCGABA (±SD). The aCSF contained 100 µM AP-5, 20 µM
CNQX, 10 µM strychnine, 500 nM TTX, 1 µM zolpidem and 100 mM sucrose during the experiments.
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microscope (Zeiss Axioscope, Germany) and continuously perfused
with aCSF (room temperature; 20–23 °C) at a flow rate of 4–7 ml/min.

The aCSF contained (in mM): 118 NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2,
1 NaH2PO4, 25 NaHCO3, and 30 D-glucose. The osmolarity of the aCSF
was 310 mosm/l, and pH was adjusted to 7.4 with NaOH. sIPSCgly or
sIPSCGABA were isolated by adding 20 µM 6-cyano-7-nitroquinoxa-
line-2,3-dione (CNQX), 100 µM DL-2-amino-5-phosphonopentanoate
(AP5, Alexis) and 20 µM bicuculline or 10 µM strychnine, respectively.
For detection of mIPSCGABA 500 nM Tetrodotoxin (TTX, Alomone labs),
1 µM Zolpidem and 100 mM Sucrose was added to increase the
amplitude and frequency of mIPSCGABA (Perrais and Ropert, 1999;
Rosenmund and Stevens, 1996). All drugs were obtained from Sigma
(St. Louis, MO, USA) or Tocris Bioscience (Ellisville, MO, USA) if not
indicated otherwise.

Hypoglossal motoneurons were visually identified by their
localization, size and shape. Whole-cell voltage-clamp recordings
were obtained with patch-clamp amplifiers L/M-PCA (E.S.F, Friesland,
Germany), Multiclamp 700 (Axon Instruments, Foster City, CA), or
EPC9 (Heka, Lambrecht, Germany). Recording electrodes were pulled
from borosilicate glass capillaries (Biomedical Instruments, Zöllnitz,
Germany) on a horizontal pipette-puller (Zeitz, Munich, Germany).
Electrodes had resistances ranging from 2 to 4 MΩ when filled with
intracellular solution containing (in mM): 110 CsCl, 30 TEA-Cl, 1
CaCl2, 2 MgCl2, 4 Na2ATP, 10 HEPES, 10 EGTA (pH was adjusted to 7.2
using KOH). 5-Lidocaine-N-ethyl bromide (QX-314, 5 mM)was added
to the electrode solution to block fast voltage-dependent sodium
currents. Hypoglossal motoneurons were voltage-clamped at a
holding potential of −70 mV. Since the equilibrium potential of
chloride was close to 0 mV, IPSCs where recorded as inward currents.
Currents were filtered at 3 kHz with a four-pole Bessel filter and
digitized at 10 kHz using a PowerLab interface and Chart 5 software
(ADInstruments Pty. Ltd., Mountain View, CA). Data were stored on
hard disk for offline analysis. IPSC amplitude and frequency was
analyzed using the MiniAnalysis program (Jaejin Software, Leonia, NJ)
as described earlier (Gomeza et al., 2003b). To minimize fitting errors
resulting from noise, decay kinetics of spontaneous IPSCs were
calculated from IPSCs with amplitudes that were larger than the
mean of the respective experiment. Miniature IPSC kinetics were
averaged from all detectable events, independent from their ampli-
tudes, to increase the number of analysed events. Furthermore, only
IPSC, which were clearly separated from each other were used. Decay
phases were fitted by two exponentials, and the mean time constant,
τdecay, was calculated from the respective time constants and their
relative amplitudes (a1,a2): τdecay=τ1a1+τ2a2 using the MiniAna-
lysis Program (Hirzel et al., 2006).

Evoked GABAergic inhibitory postsynaptic potentials (eIPSCGABA)
were recorded after presynaptic electrical stimulation using a
concentric bipolar stimulation electrode (WPI, Sarasota, FL), which
was placed in the Nucleus of Roller, where somata of inhibitory
interneurons projecting to the hypoglossal nucleus are localized. To
reach maximal numbers of presynaptic neurons, supra maximal
stimulation intensities were achieved by increasing the amplitude (5–
20 V) of the constant voltage stimulation pulses (50–100 µs pulse
length) until no further increase of the eIPSCGABA amplitude was
detectable. Paired-pulses stimulation was performed with intervals of
25 ms to 400 ms (frequency of 2.5 to 40 Hz; see Fig. 5). Three repe-
titions (∼2 s interval) were averaged using Igor Pro 3.1B01 (Wave-
Metrics Oregon, USA). Additionally to the paired-pulse-ratio (second
eIPSC (a2) divided by the first (a1)), the peak current after the second
stimulus (a2, total) was used to calculate the ratio a2 total/a1 (see Fig. 5).



Fig. 7. Normal protein expression at GABAergic synapses in GlyT2−/− mice. A: Brainstem and spinal cord of GlyT2−/− mice and WT litter mates were dissected at the age indicated
and after fixation and sectioning stained with antibodies against GAD67 and GAD65 (scale bar represents 20 µm) B: GAT1 specific uptake determined as the tiagabine sensitive
uptake in P2 membrane preparations of brainstem. The uptake was measured in preparations from WT (black bars), and GlyT2−/− littermates (open bars), at three different
timepoints (P0, P5 and P10). GAT1 specific uptake was 40–60% of the total GAT activity measured in this preparation. C: Analysis of protein expression in P2 membrane preparations
of GlyT2, VIAAT and GAT1 at P0, P5 and P10 of WT and GlyT2−/− mice. The expression levels of GAT1 and VIAAT are comparable in the different genotypes, whereas the amount of
GlyT2 is not detectable in the knockout mice.
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Immunohistochemistry

Neonatal mice were killed by decapitation, the brain and spinal
cord was removed and rinsed briefly with ice-cold PBS (in mM: 137
NaCl, 3 KCl, 6.5 Na2HPO4, 1.5 KH2PO4, pH 7.4). The brain was fixed for
24 h with 4% paraformaldehyde in PBS. After cryoprotection with 30%
sucrose in PBS the tissue was frozen on dry ice. 12 µm cryostat slices
were prepared from the frozen tissue and stored until use at −80 °C.
For stainings with VIAAT and/or Gephyrin specific antibodies,
Table 2
Quantification of VIAAT and GAT1 immunreactivities (Western-blot).

GlyT2+/+ GlyT2−/−

P0
VIAAT 100±5 112±18
GAT1 100±12 98±15

P5
VIAAT 100±18 105±11
GAT1 100±7 109±6

P10
VIAAT 100±9 103±14
GAT1 100±11 97±15

Western blots of P2 membrane preparations derived from WT and GlyT2−/− animals
were probed with the indicated antibodies. For quantification, Western blots were
scanned and immunoreactive bands subsequently quantified using Image J. Data
represent n≥4. None of the mutant values differ significantly from wild-type levels.
sections were washed twice for 2 min in PBS and once with SC buffer
(10 mM sodium citrate, 0.05% (v/v) Tween-20, pH 8.0). Sections were
immersed in a pre-heated staining dish containing SC buffer and
incubated for 30 min at 95 °C. After allowing the slides to cool at room
temperature for 20 min, sections were rinsed twice for 2 min in PBS.
For all stainings sections were permeabilized with 0.3% (w/v) Triton
X-100, 4% (v/v) goat serum in PBS, blocked for 3 hwith 10% (v/v) goat
serum in PBS and incubated overnight at 4 °C with the primary
antibodies as indicated in PBS/10% goat serum. Bound antibodies
were visualized with fluorescence-conjugated antibodies. The anti-
bodies used were raised against VIAAT (1:1000, rabbit, polyclonal,
kindly provided by Dr. Bruno Gasnier, Institut de Biologie Physico-
Chimique, Paris, France), GAD65 (1:250, mouse monoclonal, Milli-
pore, Temecula, USA), GABA (1:2000, rabbit polyclonal, Sigma, St.
Louis, USA), GAD67 (1:1000, mouse monoclonal, Millipore), glycine
(rat polyclonal, kindly provided by David Pow, University of New-
castle, Callaghan, Australia) and Gephyrin (mouse monoclonal, 1:500,
(Pfeiffer et al., 1984)). Images were acquired using a Zeiss AxioImager
microscope equipped with an Apotome or a Leica laser scanning
microscope. For quantification, respective immunreactive punctawith
sizes between 0.6 µm and 1.5 µm were counted manually. For each
staining at least 1000 immunreactive clusters were counted.

Uptake experiments in P2 membrane preparation

Mice were killed at the indicated age and brainstem and spinal cord
were dissected and homogenized inmembrane isolation buffer (0.33 M
sucrose, 1 mM EDTA, 1 mM PMSF, 10 mM HEPES/Tris, pH 7.5) using a
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glass-teflon homogenizer and centrifuged at 4 °C and 1000 g. The
supernatant was collected and centrifuged at 4 °C and 10,000 g. Pellets
were resuspended in Krebs–Henseleit–Buffer (KHP, 125 mM NaCl,
5 mM KCl, 2.7 mM CaCl2, 1.3 mM MgSO4, 10 mM glucose and 25 mM
HEPES/Tris, pH 7.4), centrifuged at 4 °C and 10,000 g resuspended in
KHP and stored on ice (P2). For the uptake experiments 20 µl of this
suspension was mixed with 80 µl prewarmed KHP and incubated with
or without 5 µM tiagaine (5 fold IC50 of GAT1) at 37 °C for 5 min. The
incorporation experimentwas started by addition of 100 µl prewarmed
KHP containing 20 µM GABA and 20 nM [3H]GABA. After 1 min,
incorporation was terminated by the addition of 5 ml ice-cold KHP
and rapid filtration using a 0.45 µM cellulose acetate filter (Sartorius,
Göttingen, Germany). The filter was washed once using 5 ml ice-cold
KHP and the incorporation of GABAwas analyzed by liquid scintillation
counting. GAT1 specific uptake was determined as the fraction of
tiagabine sensitive uptake. All measurements were performed as
triplicates.

Western blotting

For Western blot analysis, P2 membrane preparations from
brainstem and spinal cord of GlyT2 deficient mice and their WT litters
were isolated at the indicated time points as described above and
subjected to SDS-PAGE and Western blotting. Per lane 25 µg of total
protein were used. Western blots were probed with antibodies against
GAT1 (rabbit, 1:1000, Millipore), GlyT2 (rabbit, 1:2000, Gomeza et al.,
2003b) and VIAAT (rabbit, 1:2000, Synaptic Systems). After washing,
bound Igs were visualized with horseradish peroxidase-conjugated
secondary antibodiesusing theECLdetection system(ThermoScientific,
Rockford, IL). The Western blots were scanned and digitalized images
were analyzed for quantification using the software ImageJ.

Data analysis

Electrophysiological data were stored on a personal computer for
later analysis with MiniAnalysis program (Jaejin Software, Leonia, NJ)
and SigmaPlot/SigmaStat (Systat Software, Point Richmond, CA). The
unpaired t-test or the Mann–Whitney Rank Sum test was used to
determine the significance of changes when comparing unpaired
values obtained from GlyT2−/− and WT mice. To test for significance
of paired-pulse-facilitation the paired t-test was used. Results were
expressed as mean±standard deviation (SD), and differences were
considered significant if p≤0.05.
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