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Abstract Both glycinergic and GABAergic neurons

require the vesicular inhibitory amino acid transporter

(VIAAT) for synaptic vesicle filling. Presynaptic GABA

concentrations are determined by the GABA-synthesizing

enzymes glutamate decarboxylase (GAD)65 and GAD67,

whereas the presynaptic glycine content depends on the

plasma membrane glycine transporter 2 (GlyT2). Although

severely impaired, glycinergic transmission is not com-

pletely absent in GlyT2-knockout mice, suggesting that

other routes of glycine uptake or de novo synthesis of

glycine exist in presynaptic terminals. To investigate the

consequences of a complete loss of glycinergic transmis-

sion, we generated a mouse line with a conditional ablation

of VIAAT in glycinergic neurons by crossing mice with

loxP-flanked VIAAT alleles with a GlyT2-Cre transgenic

mouse line. Interestingly, conditional VIAAT knockout

(VIAAT cKO) mice were not viable at birth. In addition to

the dominant respiratory failure, VIAAT cKO showed an

umbilical hernia and a cleft palate. Immunohistochemistry

revealed an almost complete depletion of VIAAT in the

brainstem. Electrophysiology revealed the absence of both

spontaneous glycinergic and GABAergic inhibitory post-

synaptic currents from hypoglossal motoneurons. Our

results demonstrate that the deletion of VIAAT in GlyT2-

Cre expressing neurons also strongly affects GABAergic

transmission and suggest a large overlap of the glycinergic

and the GABAergic neuron population during early

development in the caudal parts of the brain.
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Introduction

Disturbances of inhibitory neurotransmission can be dele-

terious for the survival of mice around birth. Genetic

ablation of the vesicular inhibitory amino acid transporter

(VIAAT), which is also known as the vesicular GABA

transporter (VGAT) results in perinatal lethality (Wojcik

et al. 2006), as does the absence of Gephyrin, a postsyn-

aptic scaffolding protein at glycinergic and GABAergic

synapses (Feng et al. 1998). Other critical elements for

perinatal survival are the GABA-synthesizing enzymes

glutamate decarboxylase GAD65 and GAD67 (Fujii et al.

2007). On the other hand, mice lacking the glial glycine

transporter 1 (GlyT1) also die shortly after birth (Gomeza

et al. 2003a), whereas mice lacking the neuronal glycine

transporter 2 (GlyT2) (Gomeza et al. 2003b) or the glycine

receptor alpha 1 subunit (Kling et al. 1997) are initially

viable but die around the second postnatal week. In con-

trast, knockout of genes coding for GABAA receptor sub-

units or plasma membrane GABA transporters (GAT)

mostly does not result in early postnatal lethality. Only for

the GABAA receptor c2 subunit (Gunther et al. 1995) and

the b3 subunit (Ferguson et al. 2007) neonatal lethal phe-

notypes with partial penetrance have been described.

Glycinergic neurotransmission has previously been

tightly associated with expression of the neuronal glycine

transporter GlyT2 (Zafra et al. 1995b). GlyT2 localizes to

the presynaptic plasma membrane and is necessary and

sufficient for achieving high glycine concentrations in the

presynaptic compartment (Gomeza et al. 2003b; Aubrey

et al. 2007). Interestingly, residual glycinergic neuro-

transmission is still observed in homozygous GlyT2 defi-

cient mice (Gomeza et al. 2003b; Latal et al. 2010),

suggesting alternative sources for the replenishment of the

presynaptic glycine pool by either de novo synthesis via the

mitochondrial glycine cleavage system (Davies and John-

ston 1974; Kikuchi 1973) or via uptake systems of

low specificity, like ASC-1 (Nakauchi et al. 2000) or the

system A transporter SNAT2 (Yao et al. 2000). This

residual glycinergic activity impeded the precise analysis

of the impact of glycinergic neurotransmission on the

function or development of neuronal networks in the CNS.

Genetic inactivation of VIAAT, which is required for

vesicular uptake of glycine and GABA (McIntire et al.

1997; Sagne et al. 1997), results in an almost complete loss

of GABAergic and glycinergic neurotransmission, without

any induction of changes in gross brain anatomy (Saito

et al. 2010; Fujii et al. 2007; Wojcik et al. 2006; Oh et al.

2010). To determine which aspects of the phenotype of

VIAAT KO mice are caused by defects in glycinergic

neurotransmission, we generated mice with a conditional

inactivation of VIAAT expression specifically in glycin-

ergic neurons. Interestingly, conditional knockout (cKO) of

VIAAT in glycinergic neurons resulted in a phenocopy of

the conventional VIAAT KO mice, although the loss of

VIAAT expression was restricted to caudal regions of the

CNS. The abolishment of both GABAergic and glycinergic

synaptic inhibition suggests that almost all inhibitory

neurons in caudal brain regions express the glycinergic

marker protein GlyT2 at some time point during develop-

ment, indicating that glycinergic neurons are capable of co-

releasing GABA during early development and vice versa.

Materials and methods

Animal ethics

Animals were bred in the animal facility of the Max Planck

Institute for Experimental Medicine (VIAAT cKO) and in the

animal facility of the University medical center (GlyT2-

EGFP) and treated in accordance with the German Protec-

tion of Animals Act (TierSchG Section 4 Abs. 3) and with

the guidelines for the welfare of experimental animals issued

by the European Communities Council Directive, November

24th, 1986 (86/609/EEC). The experiments were commu-

nicated to and notified by the animal welfare office of

University Medical Center Göttingen (institutional act

number T12/11).

Generation of conditional VIAAT knockout mice

Conditional VIAAT knockout mice (VIAATfl/fl) were gen-

erated through homologous recombination in embryonic

stem (ES) cells (129/ola) (Fig. 1). The targeting vector was

based on a genomic 11.2 kb BamHI-SbfI fragment sub-

cloned from a Lambda FIXII 129/Sv phage library (Strat-

agene) and also included two thymidine kinase cassettes

for negative selection. The neomycin cassette (neo) for

positive selection and the loxP sites for Cre-mediated

excision were introduced into the targeting vector by

homologous recombination in E. coli (Liu et al. 2003).

Bacterial strains and plasmids for the bacterial recombi-

neering steps were obtained from the National Cancer

Institute at Frederick (http://ncifrederick.cancer.gov/

research/brb). The neomycin (neo) cassette, which was

flanked by two recognition sites for Flp-recombinase, was

removed from the targeted VIAAT allele (VIAATneo-fl) by

breeding chimeric B6.129ola-VIAATneo-fl males to a Flp-

deleter strain (JAX� strain 016226, B6 N.129S4-

Gt(ROSA)26Sortm1(FLP1)Dym). Mice homozygous for the

conditional VIAAT allele (VIAATfl/fl) were indistinguishable

from wild-type (WT) littermates. Successful inactivation of

the VIAAT gene in response to Cre-mediated recombination

was initially confirmed in vitro by lentiviral expression of

Cre in cultured striatal neurons from postnatal day 0
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VIAATfl/fl pups (Fig. 1d). Antibodies used for Western

blotting were: rabbit anti-VIAAT at 1:1,000, and mouse

anti-Gephyrin 3B11 at 1:20,000 (both from Synaptic Sys-

tems) and mouse anti-Rim at 1:500 (Transduction

Laboratories).

To achieve a cell type specific deletion of the VIAAT

gene in glycinergic neurons, VIAATfl/fl mice were crossbred

with mice expressing Cre recombinase (Cre) under the

control of a BAC transgenic GlyT2 promoter fragment

(GlyT2-Cre; official strain name Tg(Slc6a5-iCre)121Veul).

Animals used in experiments were from timed matings of

GlyT2-Cre, VIAATfl/wt males with homozygous VIAATfl/fl

or heterozygous VIAATfl/wt females. Offspring from these

matings with the following genotypes were used as control

(Ctrl): all GlyT2-Cre negative mice and those GlyT2-Cre

positive animals without the conditional VIAAT allele

(Glyt2-Cre, VIAATwt/wt). Heterozygous mice (Het) were

GlyT2-Cre positive and heterozygous for the conditional

VIAAT allele (GlyT2-Cre, VIAATfl/wt). Throughout the

manuscript we refer to Glyt2-Cre, VIAATfl/fl animals, in

which the VIAAT gene is deleted in GlyT2-Cre expressing

neurons, as conditional knockout (cKO) mice. The day of

vaginal plug detection was defined as embryonic state

(E) 0.5.

Cesarean section

Pregnant female mice were killed by cervical dislocation

under deep isoflurane anesthesia. Embryos were quickly

removed from the uterus and immediately cleaned with lab

wipes and were then placed under an infrared lamp to

prevent cooling. Images of embryos were taken with a

Canon EOS 400 digital camera (Canon, Krefeld, Ger-

many). Whole embryo paraffin sections were stained with

Fig. 1 Targeting strategy for generating the VIAATfl/fl mice. a A

targeting vector was used to introduce two recognition sites (loxP) for

Cre, one directly upstream of the second exon and one downstream of

the 30 untranslated region of the VIAAT gene. The arrow in the first

exon indicates the position of the start codon. The vector contained a

neomycin resistance cassette (neo) for positive selection, flanked by

two recognition sites (frt) for Flp-recombinase. A HindIII restriction

site was introduced to aid detection of the integration of the distal

loxP site. The 50 probe used for Southern analysis of targeted ES-cell

clones should result in a 12.7 kb HindIII fragment for WT, 8.8 kb for

the integration of both loxP sites and a 14.6 kb fragment for the

integration of only the proximal loxP site. b Southern blot of HindIII

digested clonal ES-cell DNA. Clones containing the desired integra-

tion of both loxP sites (8.8 and 12.7 kb bands) were selected for

further analysis and blastocyst injection. c Mice carrying the targeted

allele containing the neo cassette were bred to mice expressing Flp-

recombinase to remove the neo cassette. Expression of Cre results in

the deletion of the second VIAAT exon, as well as the 30 untranslated
region. d To confirm the inactivation of the VIAAT gene upon Cre-

mediated recombination, striatal neurons were cultured from VIAATfl/

fl pups on postnatal day 0. On day in vitro (DIV) 1, the cultures were

then infected with a lentivirus expressing Cre and EGFP. Uninfected

cultures and cultures infected with a lentivirus expressing only EGFP

were used as controls. At DIV12, no VIAAT protein was detectable

by Western blotting in Cre-infected cultures. An antibody recognizing

Gephyrin, a postsynaptic marker of inhibitory synapses and an

antibody to the presynaptic protein Rim1a were used as controls
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hematoxylin and eosin and images were taken using a

Leica MZ16 F stereomicroscope mounted with a Leica

DFC350 FX camera (Leica Camera AG, Solms, Germany).

Whole-body plethysmography and lung buoyancy test

Breathing was measured by whole-body plethysmography

that records pressure changes resulting from the warming

of the inspired air and cooling during expiration (Drorb-

augh and Fenn 1955). The embryos were placed in a 30 ml

chamber that was connected to a differential low-pressure

transducer (model DP1 03, Validyne Engineering, North-

ridge, CA). The signal from the pressure transducer that

was captured by a sine wave carrier demodulator (CD-15,

Validyne Engineering) was digitized (1 kHz sampling rate)

with an analog–digital interface (PowerLab/4 s) and Chart-

Software (ADInstruments GmbH, Spechbach, Germany).

Pressure traces were converted to axon binary format and

analyzed by the threshold based event detection method

using clampfit software (Molecular Devices, Sunnyvale,

CA). Embryos remained in the chamber for 2 min and

periods (60 s), lacking movement artifacts, were identified

and analyzed offline. The respiratory frequency was cal-

culated as the reciprocal of the averaged inspiratory

interval. For the lung buoyancy (floating) test, lungs were

placed in phosphate buffer saline after removal from the

thorax.

Preparation of brain slices

Electrophysiological experiments were performed on

medullary slice preparations from E 18.5 embryos.

Embryos were decapitated and the brain was quickly iso-

lated from the skull. Brainstems were dissected from the

forebrain and placed in carbogen-saturated (95 % O2, 5 %

CO2) ice-cold artificial cerebrospinal fluid (ACSF) that

contained 118 mM NaCl, 3 mM KCl, 1.5 mM CaCl2,

1 mM MgCl2, 1 mM NaH2PO4, 25 mM NaHCO3, and

30 mM D-glucose. The osmolarity was approximately 310

mosm/l and pH was adjusted to 7.4 using 1 N NaOH.

Transverse slices were cut with a vibratome (VT1200S,

Leica, Bensheim, Germany) in a rostro-caudal-direction

using various steps until the lower brainstem was reached

and the principal nucleus of inferior olive became visi-

ble. For recordings from hypoglossal motoneurons,

250–280 lm slices were cut as described before (Latal et al.

2010). Slices were stored in ACSF at room temperature for

at least 30 min before starting an experiment. Subsequently

they were transferred to a recording chamber and kept

submerged by a grid of nylon fibers for mechanical stabil-

ization. The chamber was mounted on a Zeiss Axioscope

microscope (Zeiss, Germany) and continuously perfused

with ACSF (room temperature; 20–23 �C) at a flow rate of

4–7 ml/min. For analysis of respiratory network function,

600–650 lm thick slices were prepared as described earlier

(Winter et al. 2009; Rahman et al. 2013), exposing the

principal nucleus of the inferior olive and the preBötzinger

complex (preBötC) at the upper surface. These slices were

continuously superfused with 8 mM K?-containing ACSF

at 30 �C to secure long-term rhythmic activity that could be

recorded via field potential electrodes.

Electrophysiological recordings

Whole-cell recordings were obtained with Multiclamp

700B patch-clamp amplifier (Molecular Devices, LLC,

Sunnyvale, CA, USA). Recording electrodes were pulled

from borosilicate glass capillaries (Biomedical Instru-

ments, Zöllnitz, Germany) on a horizontal pipette-puller

(Zeitz, Munich, Germany). Resistance of electrodes ranged

from 3 to 6 MX using an intracellular solution containing

(in mM) 140 KCl, 1 CaCl2, 2 MgCl2, 4 Na2ATP, 10

HEPES, 10 EGTA (pH 7.2; adjusted with KOH). Hypo-

glossal motoneurons were identified by their location and

size (Hulsmann et al. 2000) and voltage-clamped at a

holding potential of -70 mV. With a chloride equilibrium

potential E[Cl
-

] at 0 mV, inhibitory postsynaptic currents

(IPSCs) were recorded as inward currents. Synaptic cur-

rents were filtered at 3 kHz. Further noise reduction was

achieved by electrically filtering the signals with a hum-

bug-noise eliminator (Quest Scientific, North Vancouver,

Canada). Signals were digitized at 10 kHz using DigiData

1440 interface and pClamp software (Molecular Devices)

and stored on hard disk for offline analysis.

Spontaneous inhibitory postsynaptic currents (sIPSCs)

were recorded in ACSF containing 20 lM 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX) and 100 lM DL-2-

amino-5-phosphonopentanoate (AP5). Extracellular

recording of the preBötC activity was performed with

1 MX glass microelectrodes filled with ACSF. Field

potentials were amplified by a custom-built AC-amplifier

(5,0009), band-pass-filtered (0.25–1.5 kHz), rectified and

integrated (Paynter filter). Recordings were digitized at

1 kHz and stored using a miniDigi 1B interface and

pClamp (Molecular Devices, LLC, Sunnyvale, CA, USA).

To elicit postsynaptic glycinergic or GABAergic cur-

rents, glycine (1 mM) or GABA (10 mM) was applied

from a patch electrode using a pressure ejection system

(NPI-electronic, Tamm, Germany) that was controlled by

Clampex software. Patch electrode for drug application had

a resistance of 2–4 MX and was placed in a distance of

20–30 lm from the recorded motoneurons. The pressure

was set to 1 kPa and the neurotransmitter was applied for

20 ms (30 s intervals). The amplitude of four subsequent

evoked (e) IPSCs was averaged and used for further

analysis.
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Immunofluorescence analysis

For immunofluorescence analysis, brains were isolated as

described above and immediately stored in 4 % parafor-

maldehyde in phosphate-buffered saline (PBS) containing

(in mM) NaCl 137, KCl 2.7, Na2HPO4 8.1, KH2PO4 1.4 as

described before (Winter et al. 2007). After 24 h, brains

were rinsed in PBS and the brainstem was isolated.

Transverse slices (40 lm) were cut using a vibratome

(VT1200S, Leica, Bensheim, Germany). Before staining,

slices were washed with PBS (four times 5 min). For

VIAAT-staining, slices were permeabilized in blocking

buffer (10 % normal donkey serum, 5 % sucrose, 0.4 %

Triton X-100, 0.2 % NaN3 in 1 9 PBS) for 1 h at room

temperature. The blocking buffer was replaced with

staining buffer (2 % normal donkey serum, 5 % sucrose,

0.4 % Triton X-100, 0.2 % NaN3 in 19 PBS) containing

rabbit anti-VIAAT (1:800; Cat no. 131-003; Synaptic

System, Göttingen) and incubated at 4 �C for 72 h. After

rinsing in PBS, the secondary Cy3-Donkey-Anti-rabbit-

IgG (1:1,000; Cat. No. AP182C; Merck Millipore, USA)

was applied for 2 h at room temperature in the dark to

avoid bleaching of fluorescent dye. For choline acetyl-

transferase (ChAT)-staining, slices were permeabilized in

0.4 % Triton in PBS for 30 min, and non-specific antibody

binding was minimized by adding 4 % normal donkey

serum in PBS with 0.2 % Triton. Sections were incubated

with the primary anti-ChAT-antibody (Chemicon, Teme-

cula, CA, USA) overnight in 1 % serum in PBS with

0.05 % Triton (4 �C) and labeled with Cy5-/Alexa647-

conjugated secondary antibodies the following day (room

temperature, 2 h, anti-goat from donkey, 1:250 dilution;

Jackson IR, Newmarket, UK). After a final washing step,

slices were transferred onto microscopic slides (Thermo

Fischer Scientific, Germany) and allowed to dry for mini-

mum 30 min in darkness before mounting in Fluorescent

Mounting Medium (Dako Industries, Carpinteria, CA).

Negative controls were conducted by omitting the primary

antibody from the protocol described above. Fluorescence

microscopy was performed on a confocal laser scanning

microscope (LSM 510 Meta, Zeiss, Oberkochen, Ger-

many). Cy3 was excited at 546 nm. Fluorescence was

detected through a 560–600 nm band-pass filter. Cy5-

fluorescence was visualized at 633 nm excitation through a

650-nm-long pass filter.

Analysis of VIAAT expression was performed in

regions of interest (ROI) that were matched to the size of

the analyzed brain region using the Atlas of the developing

mouse brain for reference (Paxinos 2007). ROI size was

173 9 181 lm for hypoglossal nucleus (N = 6 embryos),

100 9 100 lm for the preBötC (N = 3) and 237 9

237 lm for the ventromedial hypothalamus (N = 4). All

parameters (objective, laser intensity, pinhole, offset, gains,

ROI size) were identical for cKOs and Ctrls. VIAAT-

immunoreactivity was quantified by defining the area

fraction of VIAAT positive pixel (puncta) using the

‘‘Analyze particle’’ tool of the analysis software ImageJ

(http://rsb.info.nih.gov/ij/). Only pixels above a threshold

(that was defined by the mean of the maximal intensity of

at least two independent negative control stainings; His-

togram tool; ImageJ) were defined as VIAAT puncta.

Finally the area fraction was calculated as VIAAT puncta/

total pixels in ROI (in %).

For GABA staining, TgN(Slc6a5-EGFP)1Uze embryos

and pups were decapitated, the brains removed from the

skull and fixed in 4 % PFA/PBS for 24 h. Free-floating

coronal sections of the brainstem were stabilized in PBS.

Sections were incubated overnight at 4 �C with the primary

antibody (rabbit anti-GABA, 1:5,000, Sigma, Cat. No.

A2052) diluted in blocking reagent (2 % normal goat

serum in PBS). Sections were washed three times for

10 min in PBS and incubated for 2 h at room temperature

with the secondary antibody goat anti-rabbit Cy3 (Dianova/

Jackson Immuno Research, Cat. No. 111-165-144). After

washing with PBS, sections were incubated in PBS con-

taining the nuclear marker DAPI (Roth, Cat. No. 6335.1)

for 5 min and finally mounted in Immu-Mount (Thermo

Scientific, Cat. No. 9990402). Confocal Images were

acquired using a Zeiss LSM700 Axio Observer laser

scanning microscope. EGFP was excited at 488 nm.

Fluorescence was detected through a 555 nm short pass

filter. Red fluorescence was visualized at 546 nm excitation

through a 560-nm-long pass filter.

Quantification of GABAergic cells was performed on

N = 3 animals, for each of which cells were counted in

three 45-lm-thick sections per animal and three areas per

section in a 320 9 320 lm frame using ImageJ. The three

areas analyzed in each slice were always selected in the

same orientation toward the nucleus ambiguous in all slices

of all mice. The number of cells double positive for GABA

and GlyT2 was determined in the same depth within all

slices (between 5 and 7 lm below the surface) using z-

stack recordings (total z-size 10–15 lm) to ensure identical

permeation conditions for the antibodies.

Electrocardiography (ECG)

Electrocardiography was recorded immediately after

removal of the embryos from the mother. Bipolar ECG

recordings were conducted between the forelimbs of the

embryo by wiring of the mice to the field potential

amplifier using small stainless steel clips. For a reference, a

third clip was placed at the tail or a hind limb. Recordings

were conducted for 1 min to keep the skin irritation to a

minimum. The signal was amplified 1,0009, filtered (low

pass 500 Hz), digitized at 10 kHz using DigiData 1440
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interface and pClamp software (Molecular Devices) and

stored on hard disk for offline analysis. Heart rate was

calculated as the mean of the reciprocal of RR-interval of

10 successive QRS-complexes.

Data handling and statistics

Electrophysiological data were stored on hard disk of a

personal computer for offline analysis. IPSC amplitude and

frequency were analyzed using the MiniAnalysis program

(Jaejin Software, Leonia, NJ) as described earlier (Latal

et al. 2010). For data analysis Microsoft Excel (Redmond,

WA) and SigmaPlot (Systat Software, San Jose, CA) was

used. Results are expressed as mean ± standard error (SE).

For statistical analysis t tests or Mann–Whitney Rank Sum

tests were used and differences were considered significant

if p\ 0.05. Mendelian distribution of embryos was tested

using Chi square test.

Results

Appearance and breathing of VIAAT cKO embryos

Live VIAAT cKO (GlyT2-Cre, VIAATfl/fl) pups were never

found in any litter. Therefore, we delivered embryos at

E18.5 by caesarian section (CS). A total of 369 embryos

were genotyped after CS, revealing 66 VIAAT cKO

embryos (Table 1). These numbers matched the expected

ratio, suggesting a normal Mendelian distribution at E18.5

(Chi square test; p = 0.546). Therefore, losses during

earlier developmental stages are unlikely.

VIAAT cKO embryos could be easily identified by their

gross anatomical appearance (Fig. 2). While Ctrl embryos

(GlyT2-Cre, VIAATwt/wt and all embryos without GlyT2-

Cre) and embryos heterozygous (Het) for the targeted

VIAAT allele (GlyT2-Cre, VIAATfl/wt) had a normal muscle

tone and responded to handling with body movements,

VIAAT cKO mice (GlyT2-Cre, VIAATfl/fl) were not moving

and exhibited a hunched (kyphotic) posture (Fig. 2b).

Noteworthy, VIAAT cKO mice showed a defect of the

ventral body wall that is best described as a persistent

umbilical hernia or omphalocele (n = 54; Fig. 2). Fur-

thermore, VIAAT cKO mice also showed a defective

developmental closure of the palate (Fig. 2d). Thus, the

GlyT2-Cre driven VIAAT cKO closely resembles the gross

phenotype of VIAAT KO mice with a global deletion of the

VIAAT gene (Wojcik et al. 2006).

The skin color of Ctrl and VIAAT cKO mice was very

similar during CS and immediately after the removal from

the uterus but cKO mice quickly turned cyanotic. More-

over, we could not detect any breathing by plethysmogra-

phy in VIAAT cKOs (n = 9), while all Het mice (n = 6)T
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and 22 of 27 Ctrl littermates started to breathe and gained a

nice pink skin color (Fig. 3a; Table 2). The breathing fre-

quencies of the WT (1.0 ± 0.19 Hz) and Het mice were

(1.1 ± 0.3 Hz) indistinguishable (Fig. 3b). Since whole-

body plethysmography, however, cannot exclude that

VIAAT cKOs take an initial breath between CS and

placement in the plethysmography chamber, we also iso-

lated lungs from the thorax of Ctrl and cKO embryos and

performed a lung floating (buoyancy) test. While Ctrl/WT

lungs floated on the surface (n = 7), cKO lungs sank to the

bottom (n = 9) indicating that cKO embryos never take a

breath (Table 2).

Dramatic reduction of VIAAT immunoreactivity

in the hypoglossal nucleus and ventrolateral medulla,

but not in the hypothalamus of VIAAT cKO embryos

To assess the extent of VIAAT deletion in cKO mice we

first performed an immunohistochemical analysis in dif-

ferent brain regions. In caudal brain regions that are known

to have high levels of GlyT2 (Luque et al. 1995; Jursky and

Nelson 1996), we observed a strong reduction of VIAAT

expression in the cKO mice. In the hypoglossal nucleus of

cKO mice, the VIAAT puncta area fraction was reduced to

5 % of Ctrl animals (Ctrl 81.48 ± 2.00 %; cKO

4.35 ± 1.10 %; p\ 0.05; n = 6; Fig. 4). A similar

reduction was observed in the ventrolateral medulla and in

the preBötC (Ctrl 75.72 ± 8.32 % vs. KO 6.35 ± 2.05 %;

p\ 0.05; n = 3; Fig. 5a–d), suggesting a general elimi-

nation of VIAAT expression in brain regions with high

numbers of glycinergic neurons.

In contrast, VIAAT expression in cKO embryos was not

reduced in the ventromedial hypothalamus (area fraction =

82.47 ± 4.04 % (Ctrl) vs. 83.47 ± 2.71 % (KO; n.s; Fig.

5e–h), a brain region that has few glycinergic neurons and

is only a minor target of glycinergic projections, but has

significant GABAergic transmission (Zafra et al. 1995b;

Fig. 2 Multiple phenotypic changes in VIAAT cKO mice. a, b Ctrl

mice delivered by CS at E18.5 acquire pink skin quickly and show

spontaneous limb movements. VIAAT cKO littermates, although pink

when the umbilical cord is intact, turn cyanotic after removal from the

mother. c Sagittal hematoxylin and eosin stained whole embryo

section of WT embryo compared to d cKO embryo, which shows an

umbilical hernia (omphalocele; arrow) and a cleft palate (arrow

head). Scale bar in a, b = 10 mm, Scale bar in c, d = 5 mm

Fig. 3 VIAAT cKO mice do not

breathe. a, b Plethysmography

reveals apnea in the VIAAT

cKOs. While Ctrl mice quickly

started to breathe, no air

movement was detected in cKO

mice (basic statistics shown in

(b); see also Table 1). Notably,

the initial breathing rate of Ctrl

mice is very variable

Table 2 Frequency of different phenotypes

Omphalocele Cleft

palate

Breathing in

plethysmography

Positive lung

floating test

Ctrl 0/177 0/76 22/27 7/7

cKO 54/54 23/23 0/9 0/9

Comparison of the frequency of the phenotypes (omphalocele) or

umbilical hernia, cleft palate, breathing detected in plethysmography

and positive lung floating test of embryos with a conditional VIAAT

knockout (cKO) in glycinergic neurons, and the Ctrl littermates

expressed as the number embryos exhibiting a particular phenotype

over the total number examined for that phenotype
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Fig. 4 Immunofluorescence analysis reveals abolished VIAAT

expression in the hypoglossal nucleus of VIAAT cKO embryos.

a Hypoglossal nucleus (XII) in the E18.5 embryo was identified by

anti-ChAT-immunostaining. b Overview of the VIAAT expression in

the hypoglossal nucleus of a Ctrl embryo; Primary Antibody: rabbit

anti-VIAAT (Synaptic Systems), secondary antibody: Cy3-conju-

gated-anti-rabbit-IgG. c VIAAT immunostaining in the hypoglossal

nucleus from a Ctrl embryo. d In cKO embryos, VIAAT immuno-

staining is almost absent. e Fluorescence intensity histogram from the

hypoglossal nucleus of negative control (Neg, no primary antibody),

cKO embryo, and Ctrl embryo. f The average pixel area fraction

(Image J) of VIAAT-(Cy3)-fluorescence from cKO embryos is

significantly smaller as compared to Ctrl embryos. Scale bars

a 300 lm, b 100 lm, and c, d 30 lm

Fig. 5 VIAAT is not reduced in ventromedial hypothalamus of

VIAAT cKO embryos. a, b VIAAT-staining in the preBötC from Ctrl

embryo (a, Ctrl) and cKO embryo (b, KO). c Intensity histogram from

preBötC from Ctrl and cKO embryos. d The pixel area fraction is

reduced to a minimum in VIAAT cKO mice. e VIAAT-staining in the

hypothalamus from Ctrl embryo; f VIAAT-staining from hypothal-

amus of cKO embryo with similar intensity. g Intensity histogram

from hypothalamus from cKO and Ctrl embryos. h The pixel area

fraction does not differ between VIAAT cKO and Ctrl littermates.

Scale bars 20 lm
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Jursky and Nelson 1995; Zeilhofer et al. 2005; Jo 2012),

indicating that the conditional deletion of the VIAAT gene

is limited to caudal brain regions with high GlyT2

expression.

Predominance of the mixed GABAergic/glycinergic

phenotype in the ventrolateral medulla

during embryonic development

The strong reduction of VIAAT expression in caudal parts

of the brain is in line with the assumption that during

embryonic development most inhibitory neurons in this

brain region express GlyT2. In VIAAT cKO embryos, the

GlyT2-Cre driven DNA recombination leading to the

inactivation of the VIAAT gene takes place at a point in

embryonic development before the respiratory network

becomes active (Thoby-Brisson et al. 2009). To assess the

degree of GlyT2-promoter activity in GABA-positive

neurons at this early developmental stage, we quantified the

degree of overlap between EGFP expression and GABA-

immunoreactivity in transgenic mice expressing EGFP

under the control of the GlyT2-promoter (Zeilhofer et al.

2005). We consistently found that only a minor fraction of

inhibitory neurons was labeled only for GABA

(13.0 ± 1.2 % at E15.5 and 12.3 ± 1.2 % at E17.5), while

the remaining 87 % where either ‘‘yellow’’ and thus had a

mixed GABAergic/glycinergic phenotype (65.0 ± 0.1 %

at E15.5; 65 ± 1.1 % at E17.5) or ‘‘green’’, i.e. had a pure

glycinergic phenotype (22.1 ± 1.1 % at E15.5;

22.7 ± 0.5 % at E17.5; Fig. 6). In comparison, after birth

(P0.5) the fraction of pure GABAergic neurons increased

to 35.5 ± 0.5 % (p\ 0.05) at the expense of cotransmit-

ting cells (p\ 0.05) while the percentage of pure glycin-

ergic neurons remained stable 22.0 ± 0.2 %.

Lack of inhibitory synaptic transmission in VIAAT cKO

mice

The reduction of VIAAT expression in the brainstem of

VIAAT cKO mice was almost complete, suggesting that in

almost all inhibitory neurons within this brain region, Cre-

mediated recombination had occurred. To test this on a

functional level, we recorded spontaneous inhibitory

postsynaptic currents (sIPCS) from hypoglossal motoneu-

rons. These neurons have been proven to be an invaluable

tool for the analysis of genetic defects in glycinergic syn-

aptic transmission (Gomeza et al. 2003a, b; Latal et al.

2010). In these recordings, we failed to observe any sIPSCs

Fig. 6 Distribution of

GABAergic and glycinergic

neurons in the embryonic

medulla. Immunohistochemical

identification of GABAergic

neurons (a) in the ventrolateral

medulla of TgN(GlyT2-

EGFP; b) mice that use the

same promoter sequence as the

GlyT2-Cre mice at embryonic

day (E)15.5. The staining for

GABAergic neurons was

performed with an antibody

raised against PFA-fixed

GABA; secondary antibody

Cy3. c The merged image shows

the high degree of

colocalization of GABA-

immunoreactivity with

glycinergic cells (green); scale

bar 40 lm. d Quantification of

the different inhibitory

phenotypes during embryonic

development
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(glycinergic or GABAergic) in slices from VIAAT cKO

mice (Fig. 7a). These data suggest that synaptic inhibition

is virtually abolished in the hypoglossal nucleus.

To exclude the possibility that the failure to detect any

inhibitory input to the hypoglossal motoneurons is a result

of major alterations in the properties of these cells, we

determined their basic electrophysiological parameters.

The input resistances of Ctrl and VIAAT cKO N. XII-

motoneurons were indistinguishable (Ctrl = 0.34 ± 0.05

GX; cKO = 0.42 ± 0.06 GX; n.s.), excluding major

changes in membrane composition. Membrane capacitance

of the cKO neurons was slightly but significantly smaller

(44.55 ± 3.22 pF; n = 21) as compared to neurons from

Ctrl littermates (54.87 ± 3.73 pF, n = 28; p\ 0.05) and

the resting membrane potential of cKO neurons

(-57.57 ± 1.98 mV; n = 35) was more depolarized as

compared to Ctrl hypoglossal motoneurons (-64.34 ±

1.28 mV; n = 41; p\ 0.05). Depolarization of hypoglos-

sal motoneurons by positive currents injections resulted in

slightly higher AP frequencies in VIAAT cKO neurons

compared to Ctrl preparations, however, this difference did

not reach significance (Fig. 7b, c).

To test whether the failure of inhibitory transmission

also involves changes of the postsynaptic receptor

expression, we locally applied GABA or glycine to hypo-

glossal motoneurons. The GABA-induced current (eIPSC)

was not changed in VIAAT cKO XII-motoneurons (Fig. 8a–

c). Application of 10 mM GABA resulted in an inward

current of 2.55 ± 0.97 nA (n = 7) in Ctrl animals and of

3.17 ± 1.15 nA in cKOs (n = 7; n.s.; Fig. 8b). The

amplitude of the postsynaptic glycinergic currents in cKO

mice (3.61 ± 0.64 nA; n = 8) was smaller as compared to

Ctrl mice (5.28 ± 0.39 nA; n = 6; p\ 0.05; Fig. 8d, e).

However, when calculating the current density for glycin-

ergic eIPSC no significant difference was detectable

(Fig. 8f) suggesting that the small overall current does not

result from an altered postsynaptic expression of the

receptors but rather reflects the lower capacitance of the

cell.

PreBötC network activity is altered in conditional

VIAAT KO mice

To assess the respiratory network function in the VIAAT

cKO mice, we analyzed respiratory rhythmic slice prepa-

rations cut from the level of the preBötC of E18.5 embryos

(Winter et al. 2007, 2009; Gomeza et al. 2003a). PreBötC

network activity was detectable in all tested WT embryos

(n = 6). The activity was irregular; however, this is typical

for newborn mice (Gomeza et al. 2003a). We also found

bursting activity in the preBötC in 4 out of 6 slices from

VIAAT cKO mice. Since it has been shown that at birth,

chloride-mediated transmission is inhibitory (Tyzio et al.

2006; Gomeza et al. 2003a), we tested if blockade of

Fig. 7 Absence of IPSCs from

hypoglossal neurons from

VIAAT cKO embryos.

a Inhibitory transmission to

hypoglossal neurons in Ctrl

(upper trace) and VIAAT cKO

embryos (lower trace).

Spontaneous inhibitory

postsynaptic currents (sIPSCs)

from Ctrl mice VIAAT cKO

mice recorded from hypoglossal

neurons in the presence of

CNQX, DL-AP5, Zolpidem.

b Membrane potential traces

from a hypoglossal neuron of

both Ctrl and cKO embryos in

response to a DC injection (see

step protocol below). c AP–

frequency–DC current relation

for cKO and Ctrl embryos
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Fig. 9 Analysis of respiratory rhythmic slices from VIAAT cKO and

Ctrl mice. a Field potential recordings from the preBötzinger

Complex (preBötC) in control solution (ACSF) and after complete

blockade of synaptic inhibition by bicuculline (bic 20 lM) and

strychnine (stry 10 lM). b-e basic statistical discription of

experiments. Respiratory rhythmic activity can be recorded in both

Ctrl and VIAAT cKO mice; however, the activity in the cKO slices

tended to be weaker. Furthermore, only Ctrl slices responded to

blockade of inhibitory transmitter receptors with an increase of the

burst amplitude (b) and frequency (n.s.; d). Bar graphs mean ± SEM

Fig. 8 Evoked postsynaptic glycinergic currents (eIPSCs) are

reduced in hypoglossal neurons of VIAAT cKO embryos. a Averaged

GABAergic eIPSC recorded from hypoglossal neurons of Ctrl and

cKO embryos. Arrow indicates puff-application of GABA (10 mM;

*1 bar, 20 ms). Action currents are truncated. b, c Basic statistical

description of the amplitude (b) and current density (c) of GABAergic

eIPSCs. d Averaged glycinergic evoked IPSC. Arrow indicates puff-

application of glycine (1 mM; 1 bar, 20 ms). e the average amplitude

of glycinergic eIPSC was significantly smaller in cKO embryos as

compared to Ctrl embryos. f Changes of current density are however

not signifcant; Bar graphs mean ± SEM

                                   2845

   



inhibitory neurons by 10 lM strychnine and 20 lM bicu-

culline alters network activity. In Ctrl mice the preBötC

activity indeed increased significantly, while there was no

effect observed in the cKO mice (Fig. 9). Especially, the

burst amplitude was increased by a factor of 2 in WT sli-

ces. Again, these data suggest that synaptic inhibition is

abolished in the brainstem of VIAAT cKO embryos.

However, we can assume that a basal network activity that

is based on excitatory neurons can be generated in the

preBötzinger complex of cKO embryos.

Autonomic effects in VIAAT cKOs

The strong reduction of VIAAT expression detected in the

ventrolateral medulla and the loss of inhibition in the

preBötC suggests that, in addition to the loss of inhibition

affecting respiratory neurons, neighboring inhibitory car-

diac interneurons have also lost VIAAT resulting in a

reduction of inhibition of parasympathetic preganglionic

cardiac vagal neurons in the nucleus ambiguus and bra-

dycardia (Bentzen and Grunnet 2011). To test this

hypothesis, we measured embryonic heart rates (HR) using

ECG. Indeed, the HR of VIAAT cKO mice was signifi-

cantly reduced (Fig. 10). In Ctrl mice, HR was

2.45 ± 1.47 Hz (n = 5) while it was only 0.50 ± 0.11 Hz

in cKOs (n = 4; p\ 0.05; Mann–Whitney Rank Sum

Test), indicating that autonomic regulation was also

impaired in VIAAT cKOs.

Discussion

We found that a neuron-type specific conditional deletion

of VIAAT in glycinergic neurons produces a phenocopy of

VIAAT KOs with a global deletion of the gene (Saito et al.

2010; Fujii et al. 2007; Wojcik et al. 2006; Oh et al. 2010),

although significant inactivation of the VIAAT gene only

occurred in caudal regions of the CNS. The severe distur-

bance of both glycinergic and GABAergic synaptic inhi-

bition in brainstem results in a lethal disturbance of the

cardio-respiratory network.

Implications for glycinergic synaptic inhibition

Our data provide important information for understanding

the complex development of synaptic inhibition in the

brainstem. Glycinergic transmission is eliminated in the

VIAAT cKO mice, which supports the concept that VIAAT

is the only vesicular transporter for glycine in the brainstem

(Wojcik et al. 2006). The absence of any significant

residual glycine release in the VIAAT cKO furthermore

implies that the residual synaptic glycine release (Latal

et al. 2010) observed in GlyT2 KO mice (Gomeza et al.

2003b) results from alternative glycine supply routes to the

presynaptic terminal such as reverse operation of the gly-

cine cleavage system (Beyoglu and Idle 2012; Kikuchi

1973) or low affinity transporters like ASC-1 (Nakauchi

et al. 2000) or SNAT2 (Yao et al. 2000). Such alternative

supply routes should thus be considered when interpreting

data from GlyT2 KO mice that have an isolated failure of

glycinergic transmission, but usually survive until the

second postnatal week (Gomeza et al. 2003b) although

GABA transmission was not up-regulated in GlyT2 KO

mice (Latal et al. 2010). Similarly, in VIAAT cKO mice, we

found no evidence for a compensatory up-regulation of

either transmitter system; neither on the pre- nor on the

postsynaptic site.

GABA/glycine co-transmission in the embryonic

hindbrain

Expression of GlyT2 starts at E11 (Zafra et al. 1995b) and

is fully developed and restricted to the hindbrain at E18

(Zafra et al. 1995a; Jursky and Nelson 1996). The fact that

in the brainstem of GlyT2-Cre VIAAT cKO mice, not only

glycinergic but also GABAergic transmission is absent

suggests that most glycinergic neurons, at least temporar-

ily, also release GABA. Thus it appears that co-transmis-

sion is abundant in the caudal CNS during embryonic

development. Indeed, our analysis of GABA-immunore-

activity in the embryonic hindbrain (at E15.5 and E17.5)

revealed that less than 15 % of inhibitory neurons were

purely GABAergic while 65 % where cotransmitting. After

birth, however, co-transmission appears to become less

relevant and the percentage of cotransmitting neurons

drops to about 40 % (Fig. 6). This matches earlier single

cell PCR data from our group where approximately 40 %

of the glycinergic neurons in the preBötC of newborn mice

were found to express a GABAergic marker protein

Fig. 10 Bradycardia is evident in VIAAT cKO embryos. a Electro-

cardiogram (ECG) from a Ctrl embryo and from a VIAAT cKO

littermate (KO). b Basic statistics of heart rate and c heart rate

variability (C.V. coefficient of variation)
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(GAD65, GAD67, or GAT1; Rahman et al. 2013). Thus,

during the first 1–2 postnatal weeks that GlyT2 KO mice

usually survive (Gomeza et al. 2003a; Latal et al. 2010) the

high overlap of the two inhibitory neuron populations

might, at least temporarily, help to rescue inhibitory con-

nections in the cardio-respiratory network in mouse lines

that have defects in only one transmitter system.

Restriction of VIAAT cKO to caudal brain regions

In VIAAT cKO embryos the reduction of VIAAT expression

was restricted to the hindbrain, as we did not observe

changes in ventromedial hypothalamus (Fig. 5). The lack

of recombination in rostral brain regions in VIAAT cKO

mice suggests that the cortex and midbrain staining

previously observed in adult GlyT2-Cre/ROSA26/LacZ

reporter double transgenic mice (Ishihara et al. 2010), is

indicative of accumulation of Cre recombinase activity

over time rather than of significant expression of GlyT2-

Cre in the embryonic forebrain. Moreover, our data clearly

show that the phenotype of the conventional VIAAT KO is

determined by the hindbrain pathology.

Developmental aspects of the VIAAT cKO phenotype

While cardio-respiratory failure appears to be the primary

cause of death, the persistence of the embryonic umbilical

hernia or omphalocele can have a negative effect on the

detection of stillborn VIAAT cKO pups delivered naturally,

since dams tend to eat stillborn mice with gut herniation

very quickly (Shimizu et al. 2005; Turgeon and Meloche

2009). The loss of GABAergic transmission is apparently a

major factor in the failure to retract the umbilical hernia or

the defective closure of the abdominal wall, since GAD67

KO mice also show an umbilical hernia/omphalocele,

although with only 85 % penetrance (Oh et al. 2010).

Closure of the abdominal wall occurs between E15.5 and

E16.5 (Shimizu et al. 2005), at precisely the time when the

chloride equilibrium potential E[Cl
-

] in spinal motoneurons

falls below the threshold for action potentials and

GABAergic postsynaptic potentials, although depolarizing,

will produce shunting inhibition (Delpy et al. 2008).

Consistent with the idea that synaptic inhibition appears to

be crucial for the repositioning of the gut to the peritoneal

cavity and/or for the proper closure of the body wall,

omphalocele also occurs in KCC2 KO mice, where chlo-

ride-mediated inhibition remains excitatory (Hubner et al.

2001) and in Neurobeachin KOs, where synaptic release of

GABA and glycine is almost absent (Medrihan et al. 2009).

The lack of GABAergic transmission to the hypoglossal

nerve has also been implicated in the failure of palate

closure in VIAAT KO mice (Saito et al. 2010) that is also

observed in GAD67 KO mice (Condie et al. 1997) and

Gabrb3 KOs (Ferguson et al. 2007). Embryonic tongue

movements are strongly reduced in GAD67 KO E14 fetuses

or after GABAAR blockade (Tsunekawa et al. 2005), which

may interfere with palate closure. However, GABA itself

may be required for palate closure, as blockade of GABAA

receptors can induce cleft palate (Ding et al. 2004) and

activation of GABAA receptors by muscimol can rescue it

(Oh et al. 2010). Interestingly, a cleft palate is not observed

in KCC2 KOs (Hubner et al. 2001), which suggests that the

cleft palate results from a lack of the excitatory effects of

GABA before E15.5, i.e. the time point when significant

KCC2 expression is observed in the relevant brain areas.

Failure of breathing in VIAAT cKO mice

In the preBötC, spontaneous activity is mediated by a

network of excitatory pacemaker neurons (Butera et al.

1999; Wallen-Mackenzie et al. 2006), whose functional

integrity is a prerequisite for breathing (Gray et al. 2001).

In WT E18.5 embryos the activity increases after appli-

cation of strychnine and bicuculline, which is in line with

the concept that glycinergic and GABAergic neurons are

integrated in the early respiratory network (Winter et al.

2009; Morgado-Valle et al. 2010; Kuwana et al. 2006) and

that their transmission is inhibitory at birth (Gomeza et al.

2003a). In the preBötC of VIAAT cKO embryos basal burst

activity could still be recorded, while its modulation by

strychnine and bicuculline was completely lost. However,

the low frequency of preBötC activity is rather surprising

and suggests that the loss of synaptic release of inhibitory

transmitters has an additional developmental effect on the

preBötC network. This observation is in line with data from

brainstem spinal cord en-bloc preparations of VIAAT KOs,

showing lack of phrenic (C4) output, while neurons in the

rostral ventrolateral medulla are still spontaneously active

(Fujii et al. 2007). Our analysis of VIAAT cKO adds to the

notion that respiratory neurons are basically healthy, but

network interactions in the preBötC are disturbed. At E18.5

the central respiratory rhythm generator consists of two

coupled oscillators, the rostral para-facial respiratory group

(pFRG), at the level of the cranial nerve VII, and the

preBötC in the ventrolateral medulla (Thoby-Brisson et al.

2009). While both oscillators contain excitatory pacemaker

neurons (Janczewski et al. 2002; Butera et al. 1999) their

interaction by inhibitory feedback from the preBötC to the

pFRG is important for normal respiratory activity (Oni-

maru et al. 1990; Lal et al. 2011; Wittmeier et al. 2008). It

is interesting to note that network activity in GAD65/

GAD67 double KO embryos, which lack only the

GABAergic part of inhibitory transmission, can be rescued

by application of Substance P (Fujii et al. 2007), while in

VIAAT KO mice, Substance P is unable to induce any C4

activity (Fujii et al. 2007). Later experiments demonstrate
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that both transmitters systems, glycine and GABA, are

involved in the function of the respiratory network and

temporary postnatal survival of mice with loss of only one

transmitter system might therefore be due to the fact that

inhibitory respiratory neurons co-release glycine and

GABA.

Conclusion

Our data demonstrate that the development and function of

the respiratory network around birth depend on intact

inhibitory synaptic transmission. Furthermore, since not

only glycinergic, but also GABAergic transmission is vir-

tually absent in the brainstem of GlyT2-Cre driven VIAAT

cKO mice, a large overlap of glycinergic and GABAergic

neurons during fetal development is evident. Taken toge-

ther, our data strongly support the idea of a significant

developmental overlap between the GABAergic and gly-

cinergic neuronal populations in the embryonic hindbrain,

with GABA/glycine co-transmission as the dominant mode

of synaptic transmission.
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