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Abstract
The amino acid glycine acts as a neurotransmitter at both inhibitory glycinergic and excitatory glutamatergic synapses pre-
dominantly in caudal regions of the central nervous system but also in frontal brain regions and the retina. After its presyn-
aptic release and binding to postsynaptic receptors at caudal glycinergic synapses, two high-affinity glycine transporters 
GlyT1 and GlyT2 remove glycine from the extracellular space. Glycinergic neurons express GlyT2, which is essential for 
the presynaptic replenishment of the transmitter, while glial-expressed GlyT1 was shown to control the extracellular glycine 
concentration. Here we show that GlyT1 expressed by glycinergic amacrine cells of the retina does not only contribute to 
the control of the extracellular glycine concentration in the retina but is also essential for the maintenance of the glycinergic 
transmitter phenotype of this cell population. Specifically, loss of GlyT1 from the glycinergic AII amacrine cells impairs 
AII-mediated glycinergic neurotransmission and alters regulation of the extracellular glycine concentration, without changes 
in the overall distribution and/or size of glycinergic synapses. Taken together, our results suggest that GlyT1 expressed by 
amacrine cells in the retina combines functions covered by neuronal GlyT2 and glial GlyT1 at caudal glycinergic synapses.

Keywords Glycine · Transmitter · Transporter · GlyT1 · GlyT2 · Retina · Inhibitory neurotransmission · Mouse genetics

Introduction

In the mammalian central nervous system (CNS), GABA 
and glycine are the principal inhibitory neurotransmitters. 
In contrast to GABA, which is present in all major brain 
regions, glycine-dependent inhibition is predominantly 
found in caudal brain regions and the retina (Legendre 2001). 
At glycinergic synapses, glycine is loaded into synaptic 

vesicles by the vesicular inhibitory amino acid transporter 
(VIAAT or VGAT) (McIntire et al. 1997; Sagne et al. 1997). 
After its synaptic release, glycine binds to predominantly 
postsynaptically localized glycine receptors (GlyRs), thereby 
enabling the opening of an intrinsic anion channel (Dutertre 
et al. 2012). In the mature CNS, this results in a hyperpolari-
zation or shunt inhibition of the postsynaptic cell. In addition 
to its function at inhibitory synapses, glycine has also been 
described as a coagonist of ionotropic glutamate receptors 
of the N-methyl-d-aspartate (NMDA) subtype (Dingledine 
et al. 1990). A prerequisite for the dual function of glycine 
in both inhibitory and excitatory neurotransmission is the 
precise regulation of its extracellular concentration. This 
is achieved by two glycine transporters, GlyT1 and GlyT2, 
which belong to the solute ligand carrier family Slc6a of 
Na+/Cl+-dependent neurotransmitter transporters. Although 
both transporters have been shown to have similar affinities 
for glycine, they differ in their transport stoichiometry with 
GlyT1 using  2Na+/Cl− and GlyT2 using  3Na+/Cl− for the 
import of one glycine molecule (Roux et al. 2001). This 
higher driving force for GlyT2-mediated glycine uptake was 
proposed to allow for sufficiently high presynaptic glycine 
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concentrations, required for the VIAAT-mediated uptake 
of glycine into the synaptic vesicles (Supplisson and Roux 
2002).

Consistent with its proposed function, GlyT2 localizes 
to the presynaptic terminals of glycinergic synapses in cau-
dal regions of the brain. Here, GlyT2 is essential for the 
replenishment of the presynaptic glycine pool and loss of 
GlyT2 activity results in a breakdown in glycine-dependent 
inhibition (Gomeza et al. 2003b; Rousseau et al. 2008). Con-
sistently, the human GlyT2 gene has been identified as a 
disease-causing gene for hyperekplexia, a disease that was 
associated previously with dysfunctional glycinergic inhibi-
tion (Eulenburg et al. 2006; Rees et al. 2006).

GlyT1 has been shown to be predominantly expressed by 
glial cells of brain stem and spinal cord. Additional GlyT1 
expression has been reported in presumably glutamatergic 
neurons (Cubelos et al. 2005; Zafra et al. 1995). Whereas 
glial GlyT1 controls the extracellular glycine concentration 
(Eulenburg et al. 2010; Gomeza et al. 2003a; Kurolap et al. 
2016), the neuronal GlyT1 contributes to the regulation of 
NMDA receptor activity (Yee et al. 2006). In the mammalian 
retina, however, GlyT distribution and function appear to 
be different compared to caudal regions of the CNS. In the 
retina, GlyT1 is the prevailing glycine transporter and a reli-
able marker for glycinergic neurons (Haverkamp and Wässle 
2000; Pow and Hendrickson 1999; Zafra et al. 1995). Inter-
estingly, however, analysis of mice expressing EGFP under 
the control of a BAC transgenic GlyT2 promoter revealed 
reporter expression also in glycinergic amacrine cells in the 
retina (Dumitrescu et al. 2006; Zeilhofer et al. 2005). These 
data suggest that both transporters might be coexpressed in 
glycinergic neurons of the mammalian retina.

In this study, we have analyzed the expression and func-
tion of GlyT1 and GlyT2 in the mouse retina by an integra-
tive genetical and electrophysiological approach. By inacti-
vating GlyT1 specifically in glycinergic cells, we show that 
this transporter is required for the maintenance of the gly-
cinergic phenotype of a major subpopulation of glycinergic 
amacrine cells in the mammalian retina, the AII amacrine 
cell. We found that loss of GlyT1 expression in AII amacrine 
cells resulted not only in a decrease in the intracellular gly-
cine concentration but also in an almost complete loss of 
glycine-dependent neurotransmission mediated by this cell 
population. These data establish GlyT1 as a major determi-
nant of glycinergic neurotransmission in the retina.

Materials and methods

Animals

C57BL/6J mice of the indicated genotype were bred at 
the Institute of Biochemistry and were maintained and 

handled in compliance with the local regulations of the 
Animal Care and Use Committee. Animals had access 
to water and food ad libitum and were maintained at a 
12/12-h light–dark cycle. For all experiments, adult mice 
of both genders were used. In none of the experiments, 
differences between male and female mice were observed.

Generation of GlyT1b KI mice

A cDNA fragment encoding for a fusion protein (LucR) of 
the firefly luciferase (Promega) and FP635 (Origene) was 
generated by conventional cloning strategies and tested by 
transient transfection in HEK293 cells. The fusion protein 
was shown to retain both the luciferase activity as well as 
the fluorescent properties of the FP635 (data not shown). For 
the insertion of the cDNA sequence encoding for the fusion 
protein into the GlyT1 gene, a targeting construct (Fig. 6b) 
was generated using a strategy combining conventional 
cloning with recombineering in bacteria (Genebridges, Ger-
many). Mouse genomic fragments were retrieved from the 
BAC clone pBACe3.6 + rp23-105L12 (BACPAC Resources, 
Children’s Hospital Oakland) that contains large parts of the 
mouse GlyT1 gene. Here, the LucR-encoding sequence was 
inserted into the exon 1b of the GlyT1 gene 15 nucleotides 
downstream of the start codon of GlyT1b. For positive selec-
tion, an flp recombinase targeting sequence (FRT) flanked 
PGK–neomycin resistance gene (1.8 kB) was introduced ca. 
400 bp downstream of exon 1b. In addition, a herpes simplex 
virus (HSV) thymidine kinase (2.8 kB) cassette for negative 
selection was inserted at the 3′ end of the targeting con-
struct. For the gene targeting the NotI linearized targeting 
construct was introduced into Sv129/OlaHasd (E14TG2A) 
mouse embryonic stem (ES) cells by electroporation and ES 
cells were selected with FIAU and G418. Individual clones 
that were both 1-(2-deoxy-2-fluoro-1-d-arabinofuranosyl)-
5-iodouracil (FIAU) and geneticin (G418) resistant were 
isolated and analyzed by Southern blot analysis using SpeI/
BglII-digested genomic DNA and the external probe indi-
cated in Fig. 1a (data not shown). In total, 36 positive clones 
were identified of which four were injected into C57BL/6J 
blastocysts. To establish germline transmission of the modi-
fied allele, male chimeras obtained from two of these injec-
tions were mated with C57BL/6J females. Agouti offsprings 
were genotyped by PCR and mice carrying the modified 
allele were mated to Flipper mice (Farley et al. 2000) for 
excision of the Neo selection cassette. Successful removal 
of the Neo cassette was verified by Southern blot analysis 
on SpeI/BglII-digested tail DNA isolated from tail biopsies 
using the probe indicated in Fig. 6a. Heterozygous GlyT1b 
KI mice  (GlyT1b+/ki) were mated to obtain homozygous 
GlyT1b KI mice  (GlyT1bki/ki).
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Southern blot analysis

For Southern blot analysis, genomic DNA isolated from tail 
biopsies was subjected to SpeI/BglII digest. Samples were 
separated by agarose gel electrophoresis and transferred 
to a nylon membrane (Hybond N+, GE Healthcare). After 
crosslinking by UV illumination (1900 µJ/cm2), Southern 
blots were analyzed using 32P-labeled probes that were 
generated with the Random-Primed Labeling Kit (Roche). 
Bound radioactivity was detected using phosphorimager 
screens (Molecular Dynamics).

RNA isolation

For RNA isolation, animals were rapidly killed by cervi-
cal dislocation and decapitation. The respective tissue was 
rapidly isolated, rinsed briefly in ice-cold PBS and frozen 
on dry ice for storage. RNA was extracted according to the 
manufacturer’s instructions using the RNA easy Midi kit 
(Qiagen, Germany) or the E.Z.N.A. Total RNA Kit I (Omega 
Biotec).

RT‑PCR and Northern blot

For RT PCR, RNA isolated from spinal cord, brain stem, 
heart or retina, respectively, was transcribed to cDNA 
using an oligo dT primer and the M-MLV reverse tran-
scriptase (Promega) according to the manufacturer’s 
instructions. PCRs for amplification of GlyT1- or GlyT2-
specific amplicons were performed with the primers ACC 
AAG AAG GAC CAG AAC C and CGA TAG CAG AGG TAT 
GGG AAACG for total GlyT1 and CGA CCA TTT TGA 
CTT TTA TCC TTT G and CGA GCA TAC CAA CTT CAG 
CCTC for GlyT2, respectively. GlyT1a-specific ampli-
cons were amplified with the primers GTG CCA AAG 
GGA TGT TGA ATGG and CGA TAG CAG AGG TAT GGG 
AAACG, GlyT1b-specific amplicons with the primers 
TAT GGC TTC GGC TCA AGG  and CGA TAG CAG AGG 
TAT GGG AAACG and those specific for actin with the 
primers GTG ACG TTG ACA TCC GTA AAGA and GCC 
GGA CTC ATC GTA CTC C. Amplicons were analyzed 
using agarose gel electrophoresis. For northern blot 
analysis, 20 µg RNA was subjected to 1.5% agarose–for-
maldehyde gel electrophoresis transferred via capillary 
transfer to nylon membrane (Hybond N+, GE Health-
care) and detected with DIG-labelled probes using the 
Northern Starter Kit according to the manufacturer’s 
instructions. cDNA fragments of 271 bp of the GlyT1 
cDNA corresponding to the exons 11 and 12 of the GlyT1 
gene or 340 bp of the GlyT2 cDNA corresponding to the 
exons 6–8 of the mouse GlyT2 gene were subcloned into 
the pGEM vector and used for probe synthesis using the 
Northern Blot Starter kit (Roche). Northern blots were 

hybridized with the respective probes and detected using 
a CCD-based camera system (Biorad), according to the 
manufacturer’s instructions.

Membrane preparations/Western blots

Animals of the indicated genotype were killed by cervi-
cal dislocation and retinae and brain stems were quickly 
removed and kept on ice. Tissue samples were homog-
enized in 1 ml membrane isolation buffer (in mM: 330 
sucrose, 1 EDTA, 1 PMFS, 10 HEPES, pH 7.4) using 
a glass Teflon homogenizer. Samples were centrifuged 
(5 min, 1.000g, 4  °C) to remove tissue debris and the 
supernatant was transferred to a new tube. Membranes 
were collected by centrifugation (10 min, 13.000g, 4 °C) 
and washed twice using Krebs–Henseleit solution (KHP) 
(in mM: 125 NaCl, 5 KCl, 2.7  CaCl2, 1,3  MgCl2, 10 Glu-
cose, 25 Tris/Hepes, pH 7.4). Membranes were resus-
pended in KHP and the protein content was determined 
using Bradford protein assay (Biorad). Samples were sub-
jected to 8% SDS-PAGE (20 µg/lane) and transferred to 
nitrocellulose (Hybond P, GE Healthcare). Western blots 
were analyzed using GlyT1 (Eulenburg et al. 2010) and 
GlyT2 (Millipore)-specific antibodies, followed by horse-
radish peroxidase-conjugated secondary antibodies. Blots 
were incubated with chemiluminescent substrate (Super 
Signal West Pico, Pierce) and analyzed using a CCD cam-
era-based system (Biorad). Densitometric analysis was 
performed using Image J 1.50d (Schneider et al. 2012).

Immunohistochemical analysis

For immunohistochemistry, mouse eyes were cut open and 
cornea and lens were removed. The eyecup containing the 
retina was fixed for 30 min in 4% paraformaldehyde in PBS 
at room temperature. Eyecups were washed 3 times for 
10 min in cold PBS shaking on ice. For cryoprotection, eye-
cups were incubated in 10 and 20% sucrose in PBS, for 1 h 
each and overnight in 30% sucrose in PBS. Vertical cryosec-
tions (14 µm) were cut using a cryostat (Leica). Cryosections 
were dried, washed in PBS 3 times for 10 min, and incu-
bated in blocking solution I [10% (v/v); normal goat serum 
(NGS), 1% (w/v) bovine serum albumin (BSA), 0.5% (v/v) 
Triton X-100 in PBS] for 1 h at RT. Sections were incubated 
overnight with primary antibodies diluted in blocking solu-
tion II [3% (v/v) NGS, 1% (w/v) BSA and 0.5% (v/v) Triton 
X-100 in PBS] at 4 °C in a humid chamber. On the following 
day, sections were washed 3 times for 10 min with PBS and 
incubated with the Alexa conjugated secondary antibodies 
(Invitrogen) diluted in blocking solution II (3% (v/v) NGS, 
1% (w/v) BSA and 0.5% (v/v) Triton X-100 in PBS) at RT in 
a dark humid chamber. Subsequently, sections were washed 
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3 times for 15 min in PBS and embedded in Aqua Polymount 
(Polysciences).

The following antibodies were used for immunohisto-
chemical analysis: rat anti-glycine (1:3000, Immunosolu-
tions IG1002), guinea pig anti-GlyT1 (1:50; Schlosser et al. 
2015), rabbit anti-GlyT2 (raised against the N-terminal 
domain 1:200; Gomeza et al. 2003b), guinea pig anti-GlyT2 
(raised against the C-terminal domain, 1:1000, AB1773, 
Merck) rabbit anti-GFP (1:250, A-6455, Invitrogen), rab-
bit anti-Piccolo6 (1:000, Regus-Leidig et al. 2013), mouse 
anti-GlyR α1 (mAB2b; 1:200; Synaptic Systems), and rabbit 
anti-disabled (1:100, AB5840, Merck Millipore). Secondary 
antibodies (goat anti-guinea pig, goat anti-rabbit, goat anti-
rat and goat anti-mouse conjugated to Alexa488, Alexa568 
or Alexa635) were purchased from Invitrogen.

For stainings against GlyR α1, sections were incubated 
for 10 min with 4% paraformaldehyde in PBS at 4 °C and 
washed twice with PBS. Subsequently, before staining sec-
tions were washed once with SC buffer {10 mM sodium 
citrate [0.05% (v/v), Tween-20, pH 8.0] and incubated in SC 
buffer at 95 °C for 30 min}. Afterwards, the sections were 
cooled down to RT and processed for staining as indicated 
above.

Confocal microscopy and image analysis

For analysis of immunohistochemical stainings, a Zeiss Axio 
Observer 710 confocal laser scanning microscope was used. 
Images were acquired using 63x oil immersion objective. 
For image processing, Image J 1.50d and Adobe Photoshop 
CS4 were used.

Quantification of synaptic cluster densities was done 
using an in-house particle analysis protocol using Image J 
1.50d. In brief, a region of interest was defined in the central 
region of the IPL of a single confocal image. The image was 
inverted and digitally filtered using the FT bandpass filter 
and 2D anisotropic filter option. After background subtrac-
tion and thresholding, individual immunofluorescent clusters 
were counted automatically. The filter settings were opti-
mized individually for recognition of clusters of antibody 
stainings against Piccolo and GlyR α as a pre- or postsynap-
tic marker, respectively, and validated by manual counting of 
total cluster number in individual sections. Number and size 
of synaptic clusters were analyzed in single optic sections 
and related to the examined tissue volume. All immunohis-
tochemical samples were treated in parallel and with the 
same optical and chemical parameters to avoid systematic 
differences in analysis.

Retina preparation

To dark adapt, mice were kept 2 h in complete darkness. Ani-
mals were deeply anesthetized and killed by decapitation. 

Retinal whole-mount preparations were performed under 
infrared (IR) conditions (> 780 nm) using a night vision 
device. Eyes were enucleated, transferred into oxygenized 
Ringer’s solution (in mM: 125 NaCl, 25  NaHCO3, 10 d-glu-
cose, 2.5 KCl, 1.6  MgCl2, 1  CaCl2) and equilibrated with 
carbogen (95%  O2, 5%  CO2). Eyes were cut open along the 
ora serrata; cornea, lens and vitreous were carefully removed 
with forceps. The retina was isolated by separating the reti-
nal pigment epithelium and cutting the optic nerve.

Recordings of retinal ganglion cells

For electrophysiological recordings, the tissue was perfused 
with oxygenated Ringer’s solution at room temperature (pH 
7.4). The retina was kept in a recording chamber with the 
photoreceptor side down using a nylon grid. The GCL sur-
face was visualized using a CCD camera and a water immer-
sion objective (20x/NA 1.0) on an upright microscope (Zeiss 
Examiner) under IR conditions. Patch clamp recordings from 
the ganglion cell layer were established under visual control. 
Cells were identified by large soma size and fast sodium 
action potentials. Somatic recordings were performed with a 
patch-clamp amplifier (HEKA) in voltage clamp mode (Vm 
= − 70 mV). Patch clamp pipettes had resistances from 4 to 
6 MΩ, yielding series resistances of 10–20 MΩ, which were 
compensated by a current injection circuit (50%). Intracellu-
lar solution contained (in mM: 125 K-gluconate, 10 KCl, 10 
HEPES, 0.5 K-EGTA). For pharmacological manipulation, 
the respective substances were added to the perfusion solu-
tion. To block glycinergic neurotransmission 4 µM strych-
nine was applied. For blockade of glycine transporter, 10 µM 
ALX-5407 (Tocris) was used. From each retina, only one 
cell was recorded.

Light stimulation

Stimuli were generated on a 7-inch RGB color PC moni-
tor by a custom-made software (QDS, kindly provided by 
T. Euler, University of Tübingen, Germany). Patterns were 
projected via the microscope condenser and focused on the 
outer segments of the photoreceptors. The patched cells were 
initially characterized using a small-spot-mapping paradigm 
to discriminate between ON- and OFF-center ganglion cells 
and to determine the center of the receptive field. Here the 
retina was successively stimulated by illumination with a 
series of brief small spots (diameter 50 µm) dispersed in 
X- and Y-axes (± 400 µm) with the position of the record-
ing electrode defined as the center. The center of the recep-
tive field was determined as the X/Y stimulation position 
that yielded the maximal current response. Here ON-center 
ganglion cells were characterized by a stimulation-induced 
pronounced inward-directed current, whereas OFF center 
ganglion cells showed apparent outward directed currents 
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upon stimulation of the receptive field center. After iden-
tification of the receptive field center, retinal stimulation 
was performed using a 200-µm-diameter white spot aimed 
at the center of the receptive field of the recorded ganglion 
cells. Maximum stimulus intensities were adjusted to sco-
topic intensities with neutral density filters. For stimulation 
of the receptive field center, an intensity of 7 Rh*/rod/s was 
used. To avoid light adaptation, successive stimulation was 
separated by 15-s intervals.

Statistical analysis

Sample sizes were chosen with adequate statistical power on 
basis of the literature and own experiments. For compari-
son of two groups, data were analyzed by the non-paramet-
ric Mann–Whitney U test, if not indicated otherwise. For 
multiple comparisons, one- or two-way ANOVA followed 
by Bonferroni’s post hoc correction was performed. If not 
explained otherwise data were presented as box–whisker 
plots with the whiskers indicating the minimal and maxi-
mal data points.

Results

GlyT1 is the prevailing glycine transporter 
in the mammalian retina

To determine the expression of GlyT1 and GlyT2 in the 
retina, specific PCRs were performed on cDNA preparations 
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Fig. 1  GlyT1 labels glycinergic neurons in the retina. a PCR-based 
analysis for glycine transporter transcripts from RNA and cDNA 
of wild-type mice (n = 4); actin-specific primers were used for con-
trol. cDNA was generated from RNA isolated from brain  stem, spi-
nal cord, heart, and retina. b Northern blot analysis of RNA samples 
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for GlyT1, GlyT2, and actin expression (n = 3). c Western blot from 
wild-type retinal and brain stem membrane preparations detected 
with antibodies specific for GlyT1, GlyT2, and as control GRP75 
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from wild-type mice (n = 4). Upper panels: immunolabeling against 
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was a prominent membrane-associated GlyT1 immunoreactivity in 
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noreactivity with antibodies against GlyT2. Lower panels: double 
labeling of GlyT1 with antibodies against the neurotransmitter gly-
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Immunohistochemical analysis on vertical retinal sections of ROSY/
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INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell 
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from wild-type tissue. For both transporters, specific ampli-
cons of the expected size were detected in samples from ret-
ina, spinal cord, and brain stem, whereas only a low amount 
of the GlyT1-specific amplicon was detected in samples 
from heart. No amplicons were obtained in corresponding 
RNA samples (Fig. 1a). Successful cDNA synthesis was ver-
ified using actin-specific primers, which resulted in strong 
actin-specific amplicons in all cDNA but none of the RNA 
samples. To exclude that the signals obtained in the RT-
PCR experiments were a result of very low expression, we 
performed additionally northern blot analyses. Here, signals 
were obtained with probes specific for GlyT1 and GlyT2 
in RNA samples of both brainstem and retina but not heart 
(Fig. 1b), thus confirming the expression of both GlyTs in 
retinal samples. To investigate whether GlyT mRNA is also 
translated into the respective transporter protein in retina, 
Western blots were performed using GlyT1- and GlyT2-spe-
cific antibodies. In brainstem, strong signals were detected 
with antibodies against both transporters, whereas in the ret-
ina only GlyT1 but not GlyT2 immunoreactivity was found 
(Fig. 1c). Similar results were obtained with a second anti-
body raised against the C-terminal domain of GlyT2 (data 
not shown), thus excluding that the lack of GlyT2 immu-
noreactivity was due to the presence of a different GlyT2 
isoform lacking the antigen for the antibody used (i.e., the 
N-terminal domain). The Western blot results were corrobo-
rated by antibody labeling of vertical retinal sections. Here, 
stainings with a GlyT2-specific antibody did not produce 
immunofluorescent signals different from stainings with the 
secondary antibodies alone (Fig. 1d and data not shown). 
Double-labeling of retinal sections with an anti-GlyT1 and 
an anti-glycine antibody revealed that all GlyT1 immuno-
reactive cells were also labeled for glycine, most likely rep-
resenting the entire glycinergic cell population of the retina 
(Fig. 1d). In addition, a second cell population with their 
cell bodies located in the outer half of the inner nuclear layer 
(INL) showed weak glycine immunoreactivity but lacked 
a GlyT1-specific immunoreactive signal. These cells most 
likely correspond to glutamatergic ON-cone bipolar cells, 
which have been shown to be coupled to glycinergic AII 
amacrine cells via gap junctions, and receiving the glycine 
via diffusion from AII amacrine cells (Vaney et al. 1998).

GlyT1 is essential to maintain high intracellular 
glycine concentrations in glycinergic amacrine cells 
of the retina

Previous findings have shown GlyT2 promoter activity in a 
major subpopulation of retinal GABAergic and also glycin-
ergic amacrine cells (Zeilhofer et al. 2005). Therefore, we 
tested whether Cre recombinase expressed under the con-
trol of a BAC transgenic GlyT2 promoter fragment permits 
an efficient genetic manipulation of glycinergic cells in the 

retina. This promoter fragment was shown previously to 
allow for a specific genetic manipulation of glycinergic cells 
in brainstem and spinal cord (Ishihara et al. 2010). Indeed, 
analysis of GlyT2-Cre/ROSA 26-YFP Cre reporter mice 
revealed YFP-expressing cells in the inner nuclear layer 
and ganglion cell layer, consistent with Cre expression in a 
large subset of retinal amacrine cells. Double labeling with 
antibodies against glycine and GlyT1 showed that a majority 
of glycinergic cells were YFP positive and expressed GlyT1 
(Fig. 1f).

To eliminate the function of GlyT1 in these cells, GlyT2-
Cre mice were mated with mice carrying a modified GlyT1 
allele that can efficiently be inactivated by expression of 
Cre recombinase  (GlyT1fl/fl) (Eulenburg et al. 2010). GlyT1 
expression in retina and brain stem was subsequently ana-
lyzed in membrane preparations using Western blot probed 
with GlyT1-specific antibodies. In samples derived from 
GlyT1fl/fl/GlyT2-Cre  (GlyT1GlyT2-Cre) retinae a significant 
reduction in GlyT1 expression by more than 60% was 
found, as compared to samples from wild-type littermates 
(100 ± 9%, vs. 36 ± 8%; n = 4 samples from different animals 
per genotype p < 0.01, Mann–Whitney U test). In brain stem 
samples, no difference in GlyT1 expression (Fig. 2a, b, 
100 ± 21% vs. 107 ± 14%; n = 6 samples from different ani-
mals per genotype, p > 0.8, Mann–Whitney U test) or GlyT2 
expression (Fig. 2a, b, 100 ± 11 vs. 102 ± 12%; n = 6 samples 
from different animals per genotype, p > 0.7, Mann–Whitney 
U- test) was detected between the genotypes. In addition, 
no change in GlyT2 expression was found in membrane 
preparations from brainstem samples (Fig. 2a, c, 100 ± 12% 
vs. 97 ± 11%, n = 6 samples from different animals per 
genotype).

Immunohistochemical analysis using GlyT1-specific 
antibodies revealed a loss of GlyT1 immunoreactivity 
predominantly in cells with cell bodies positioned close 
to the border of the INL and the inner plexiform layer 
(IPL) in  GlyT1GlyT2-Cre mice (Fig. 2d). Quantification of 
GlyT1-immunoreactive cells in the INL of  GlyT1GlyT2-Cre 
mice revealed a reduction by almost 70% as compared to 
wild-type retina (Fig. 2e, 31.2 ± 8.8 and 11.2 ± 3.5 GlyT1 
immunoreactive cells per 200 µm retina in the INL for 
wild-type and  GlyT1GlyT2-Cre, respectively; n = 9 sec-
tions from 4 different animals per genotype; p < 0.01, 
Mann–Whitney U test). Consistent with our Western blot 
data, no change in the GlyT1 and GlyT2 immunoreactivity 
was found in other brain regions, i.e., spinal cord (Fig. 2f) 
or brain stem (data not shown). In retinal sections, dou-
ble-labeling experiments using glycine and GlyT1-specific 
antibodies showed a significant reduction in the number of 
cells showing GlyT1-immunoreactivity in  GlyT1GlyT2-Cre 
mice (Fig. 3a, b). Additionally, fewer cells showing strong 
glycine immunoreactivity and no cells showing weak 
glycine immunoreactivity were observed in the INL of 
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GlyT1GlyT2-Cre mice (Fig. 3a, b). Strata-specific quantifi-
cation of DAPI-stained cell somata revealed that overall 
cell numbers were not affected (Fig. 3c, n = 9 sections 

from 6 different animals per genotype). The number of 
the glycine immunoreactive cells was reduced in all strata 
analyzed with the strongest reduction in the outer part of 
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Fig. 2  GlyT1GlyT2-Cre mice show an efficient inactivation of GlyT1 
expression in a major glycinergic amacrine cell population. a West-
ern blot analysis from membrane preparations derived from retina 
and brain  stem of two different  GlyT1GlyT2-Cre mice and wild-type 
littermates  (GlyT1fl/fl) using GlyT1-specific antibodies (n = 6 per 
genotype). b Densitometric quantification of the GlyT1 immunoreac-
tive band in relation to the GRP75 immunoreactive band on Western 
blots of brain stem and retinal membrane preparations, respectively 
(n = 6 per genotype). c Densitometric quantification of the GlyT2 
immunoreactive band in relation to the GRP75 immunoreactive band 
from Western blots of brain stem membrane preparations (n = 6 per 

genotype). d Immunohistochemical analysis of vertical retinal sec-
tions from  GlyT1GlyT2-Cre mice and wild-type littermates using 
GlyT1-specific antibodies (n = 9 from 4 different animals per geno-
type). e Number of GlyT1-immunoreactive cells in  GlyT1GlyT2-Cre 
mice and wild-type littermates per 200 µm retinal section (n = 9 from 
4 different animals per genotype). f Immunohistochemical analysis 
of spinal cord sections of wild-type and  GlyT1GlyT2-cre mice using 
GlyT1- and GlyT2-specific antibodies (n = 9 from 4 different animals 
per genotype). Scale bars in (d) 10 µm and in (f) 100 µm (*p < 0.05; 
***p < 0.001)
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the INL, more than 3 cell layers away from the INL/IPL 
border (Fig. 3d, n = 9 section from 6 different animals per 
genotype). In this region, ON-bipolar cells are located, 
which are coupled by gap junctions with glycinergic AII 
and A8 amacrine cells (Lee et al. 2015; Vaney et al. 1998) 
allowing diffusion of glycine from these amacrine cells 
to the bipolar cells. The loss of glycine immunoreactiv-
ity in the bipolar cells suggests that in  GlyT1GlyT2-Cre 
mice, among others AII amacrine cells have lost their 
glycinergic phenotype. To test this hypothesis, sections 
from wild-type and  GlyT1GlyT2-Cre retinae were analyzed 
for disabled immunoreactivity, a reliable marker of AII 
amacrine cells (Lee et al. 2004). In both genotypes, simi-
lar densities of amacrine cells labeled for disabled were 
found (Fig. 4a, b; 7.2 ± 2.2 and 7.8 ± 1.9 disabled immu-
noreactive cells/200 µm retinal section from wild-type 
and  GlyT1GlyT2-Cre mice, respectively, n = 9 sections from 
5 animals per genotype). Importantly, whereas clear mem-
brane-associated GlyT1 immunoreactivity was observed 
in all disabled-positive cells in wild-type retina, no GlyT1 
immunoreactivity was found in disabled-positive cells in 
GlyT1GlyT2-Cre retina (Fig. 4a, b, n = 9 sections from sec-
tions of 5 different animals, per genotype; more than 70 

cells analyzed per genotype). These results demonstrate 
that AII amacrine cells had lost GlyT1 expression in 
GlyT1GlyT2-cre mice.

To determine whether this loss of the glycinergic pheno-
type in a major population of amacrine cells is accompanied 
by synaptic changes in the IPL, we performed immunohisto-
chemical stainings against specific synaptic marker proteins. 
To detect changes in synapse density or size, the presynaptic 
protein Piccolo (Dick et al. 2001) was analyzed. No signifi-
cant differences in the overall cluster density (36.6 ± 2.1/100 
µm2 vs. 39.8 ± 6.1/100 µm2, for wild-type and  GlyT1GlyT2-Cre 
samples, respectively; n = 10 retinal sections from 6 differ-
ent animals per genotype, p > 0.1, Mann–Whitney U test) 
and cluster size distribution of Piccolo immunoreactivity 
in samples derived from wild-type and  GlyT1GlyT2-Cre mice 
were observed (Fig. 4c, d).

To determine possible differences in glycinergic syn-
apse density, a similar analysis was performed with a GlyR 
α1-specific antibody (mAB2b) (Pfeiffer et al. 1984). Again, 
no significant differences in cluster density (55.9 ± 4.1/100 
µm2 (n = 8 retinal sections from 6 different animals) vs. 
55.1 ± 3.0/100 µm2 (n = 11 retinal sections from 6 differ-
ent animals) for wild-type and  GlyT1GlyT2-Cre samples, 

Fig. 3  Inactivation of GlyT1 
expression results in a loss of 
the glycinergic phenotype in 
glycinergic amacrine cells. a, 
b Comparison of GlyT1- and 
glycine-immunoreactivity in 
vertical retinal sections from 
GlyT1GlyT2-Cre mice and wild-
type littermates (n = 9 sec-
tions from 6 animals for each 
genotype). For orientation and 
control, DAPI staining was 
used to visualize the nuclei. For 
quantitative analysis, the IPL 
was divided into 4 strata based 
on the positions of the cell 
bodies (cell layers 1–3 or more 
than 3 cell layers away from 
the IPL/INL boundary, marked 
S1-S3, S3+, respectively). c, 
d Strata-specific quantifica-
tion of cell numbers based on 
DAPI fluorescence (c) and on 
glycine immunoreactivity (d) 
(n = 9 sections from 6 animals 
per genotype). Note the almost 
complete loss of glycine immu-
noreactive cells in S3+. Scale 
bar in (a, b) 20 µm (**p < 0.01; 
***p < 0.001, Mann–Whitney 
U test)
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respectively; p > 0.5, Mann–Whitney U test) and cluster size 
distribution of the GlyR α1 immunoreactivity were observed 
between genotypes (Fig. 4e, f). These data demonstrate that 
the loss of GlyT1 expression in a major glycinergic amacrine 
cell population did not result in general changes in the syn-
apse distribution within the IPL.

GlyT1 is a major determinant of glycinergic 
neurotransmission in the retina

To characterize the functional consequences of reduced 
glycine content in glycinergic AII amacrine cells on retinal 
processing, we analyzed the electrophysiological response of 
retinal ganglion cells while stimulating signaling pathways 
mediated via AII amacrine cells. We, therefore, focused on 
the scotopic rod pathway (Fig. 5a). Here, the OFF signaling 
pathway requires glycinergic synapses from AII amacrine 
cells onto OFF-cone bipolar cells or directly onto OFF-gan-
glion cells (OFF-GCs), whereas the ON signaling pathway 
depends on gap junctional signaling between AII amacrine 
cells and ON-cone bipolar cells (Nelson et al. 1978; Pourcho 
and Goebel 1985). To monitor signal output from both path-
ways, currents elicited by low-intensity light were recorded 
from retinal ganglion cells in the whole cell configuration 
of the voltage-clamp technique. Using a small-spot mapping 
paradigm, large ganglion cells with receptive field centers 
(RFC) of either ON or OFF type were identified. For all 
experiments, dark-adapted retinal whole-mount preparations 
were used, with the stimulation centered on the RFC. In 
voltage-clamp recordings (holding potential Vm = − 70 mV), 
ON-ganglion cells (ON-GCs) showed an inward current in 
response to presentation of a 200-µm-diameter light spot. 
Consistent with the low scotopic ON light response being 
transduced by an electrical synapse (Maxeiner et al. 2005), 
pharmacological blockade with the GlyR antagonist strych-
nine did not result in a marked change in the light-induced 
current (Fig. 5b, d, e; rel. peak amplitude: 1.00 ± 0.1 vs. 
1.13 ± 0.14 before and after strychnine treatment, respec-
tively, n = 6, p > 0.3, Wilcoxon paired test; rel. charge trans-
fer: 1.00 ± 0.34 vs. 1.375 ± 0.32 before and after strychnine 
treatment, respectively, n = 5, p > 0.4, Wilcoxon paired test). 
In contrast, OFF-GCs showed a strong outward directed cur-
rent in response to light stimulation of the RFC. Applica-
tion of strychnine resulted in an almost complete inhibition 
of the light-induced current response (Fig. 5c–e; rel. peak 
amplitude: 1.00 ± 0.3 vs. 0.09 ± 0.06 for before and after 
strychnine treatment, respectively, n = 4, p ≤ 0.05, Wilcoxon 
paired test; rel. charge transfer: 1.00 ± 0.32 vs. 0.05 ± 0.07 
for recordings before and after strychnine treatment, respec-
tively; n = 4 p ≤ 0.05, Wilcoxon paired test). This is consist-
ent with a decrease in glutamatergic input from OFF-bipolar 
cells caused by glycinergic inhibition from AII amacrine 
cells. Subsequently, the experiments were repeated in mice 
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Fig. 5  GlyT1GlyT2-Cre mice show defects in the rod OFF but not ON 
signaling pathway mediated by AII amacrine cells. a Schematic over-
view of synaptic connectivity relaying scotopic light responses [mod-
ified with permission form (Wässle 2004)]. Within the receptive field 
center (RFC) scotopic rod signals are mediated mainly via rod bipolar 
cells and AII amacrine cells. AII amacrine cells transmit their sig-
nals via gap junctions and glycinergic synapses to the ON and OFF 
channel, respectively. Cone bipolar cells convey light responses via 
glutamatergic excitation to ganglion cells. In ON-GCs, illumination 
of the RFC leads to an increase in cone bipolar cell excitatory input, 
while in OFF-GCs cone bipolar cell excitatory input is reduced upon 
light stimulation. b, c Example of light-induced currents from mouse 
retinal ganglion cells with the membrane potential held at − 70 mV 
evoked by a scotopic light spot (diameter 200  µm) projected to the 
RFC (light intensity 7 Rh*/rod/s), time of light onset is marked by 
arrows. Currents from ON-center (b) and OFF-center (c) ganglion 
cells recorded before and after application of strychnine (4  µM, 
2 min). d Normalized light-induced charge transfer before and after 
strychnine application (values normalized to control, n = 6 for ON-
GCs and n = 5 for OFF-GCs, respectively. Each cell was derived from 

a different retina). e Maximum current amplitude before and after 
strychnine application (n = 6 for ON-GCs and n = 5 for OFF-GCs, 
respectively. Each cell was derived from a different retina). f, g Exam-
ples of light responses of ON-GCs (f) and OFF-GCs (g) in wild-type 
(upper traces) and  GlyT1GlyT2-Cre mice (lower traces). Time of light 
onset is marked by an arrow. h Magnified example of the residual 
current of OFF-GCs observed in retinae from  GlyT1GlyT2-Cre mice. i 
Comparison of normalized peak current amplitude in wild-type and 
GlyT1GlyT2-Cre mice (n = 6 cells per genotype for ON-GCs and OFF-
GCs, respectively). j Comparison of the light-induced charge trans-
fer in wild-type and  GlyT1GlyT2-Cre mice. Values were normalized to 
the wild-type amplitudes of ON- and OFF-center-GCs, respectively 
(n = 6 cells per genotype for ON-GCs and OFF-GCs, respectively). 
Vertical bars represent 200 pA current (b, c, f–h). Horizontal bar 
represents 200  ms time. All traces represent a five times average 
response. k Comparison of ON-GC response latency and implicit 
time in wild-type mice compared to  GlyT1GlyT2-Cre mice (n = 6 cells 
per genotype for ON-GCs and OFF-GCs, respectively) (*p < 0.05; 
**p < 0.01; ***p < 0.001, Mann–Whitney U test for h, i, Wilcoxon 
test for d, e)
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deficient in GlyT1 expression in AII amacrine cells. Here, 
in ON-GCs the maximal amplitude of the light-induced 
current response was indistinguishable between genotypes 
(Fig. 5f, i, j; rel. peak amplitude: 1.00 ± 0.20 vs. 0.99 ± 0.21 
for light responses from wild-type and  GlyT1GlyT2-Cre retinal 
preparations, respectively; n = 9 cells per genotype, p > 0.5, 
Mann–Whitney U test; rel. charge transfer: 1.00 ± 0.32 vs. 
1.01 ± 0.25 for recordings from wild-type and  GlyT1GlyT2-Cre 
retinae, respectively, n = 9 cells per genotype, p > 0.3, 
Mann–Whitney U test), although both the implicit time as 
well as the response latency were reduced (Fig. 5k; latency: 
211 ± 17 ms vs. 184 ± 15 ms; n = 9 cells per genotype, for 
light responses recorded from wild-type and  GlyT1GlyT2-Cre 
retina, respectively, p < 0.05, Mann–Whitney U test; implicit 
time: 350 ± 43  ms vs. 309 ± 20  ms; for light responses 
recorded from wild-type and  GlyT1GlyT2-Cre retina, respec-
tively; n = 9 cells per genotype, p > 0.05, Mann–Whitney 
U test). In recordings from OFF-GCs from  GlyT1GlyT2-Cre 
mice, however, a more than 80% loss of the light-induced 
current response was observed (Fig. 5g–i; peak amplitude 
1.00 ± 13 vs. 0.10 ± 0.06 for light responses from wild-type 
(n = 9 cells) and  GlyT1GlyT2-Cre (n = 6 cells) retinal prepara-
tions, respectively, p < 0.01 Mann–Whitney U test; charge 
transfer 1.00 ± 61 vs. 0.05 ± 0.09 for light responses from 
wild-type (n = 9 cells) and  GlyT1GlyT2-Cre (n = 6 cells) retinal 
preparations, respectively, p < 0.001 Mann–Whitney U test).

Although we have not found any significant difference 
in the density of glycinergic synapses, we cannot exclude 
that GlyT1 deficiency caused a specific loss of glyciner-
gic synapses formed by the AII amacrine cells. Since we 
could show that a fraction of GlyT1 expression within the 
retina is GlyT1b (Fig. 6a), we made use of a newly gener-
ated mouse line carrying homozygously an insertion of a 
luciferase reporter construct downstream of the start codon 
of GlyT1b  (GlyT1bki/ki mice, Fig. 6b–d). In these mice, a 
modified GlyT1b mRNA is expressed that does not allow 
for GlyT1b protein expression. The expression of GlyT1a, 
however, is predicted to be unaffected. These mice were born 
at the expected Mendelian ratio and were vital. RT-PCR 
analysis revealed a slight reduction in GlyT1 expression 
in both brain stem and retina, and showed a total loss of 
GlyT1b, but not of GlyT1a expression (Fig. 6e). Immunohis-
tochemical analysis of vertical sections of the retina with a 
pan-GlyT1 antibody revealed not a complete loss but a more 
than 80% reduction in GlyT1 protein expression (Fig. 6f). 
Although the number of cells showing strong glycine immu-
noreactivity within the INL was significantly reduced, the 
number of DAPI-positive cells was unchanged (Fig. 6g, h). 
Electrophysiological recordings of scotopic light responses 
from ON-GCs of  GlyT1bki/ki and wild-type mice gave com-
parable results (Fig. 6i; 748 ± 581 pA vs. 652 ± 297 pA for 
recordings from ON-GC of wild-type and  GlyT1bki/ki reti-
nae, respectively; n = 6 for wild-type and 4 for  GlyT1bki/ki). 

Recordings of light-induced OFF-GC responses, however, 
showed a 70% reduction in current amplitudes and charge 
transfer induced by a low-intensity light stimulus (Fig. 6j–l, 
n = 5 cells per genotype), suggesting a direct correlation of 
GlyT1 activity with glycine-dependent currents recorded 
from OFF-GCs. Consistent with previous experiments, 
the residual current observed was GlyR dependent, since 
an incubation with strychnine (4 µM) resulted in an almost 
complete block of the remaining current (n = 3, data not 
shown). In addition to the reduction in current amplitudes, 
a tendency for a prolongation of the decay kinetics of the 
current response was observed (Fig. 6j, and data not shown). 
These data suggest that GlyT1 might also play a role in ter-
minating the glycine-dependent neurotransmission mediated 
via AII amacrine cells.

GlyT1 expressed by amacrine cells contributes 
to the regulation of the extracellular glycine 
concentration

The contribution of GlyT1 to the control of the extracellular 
glycine concentration was analyzed by its acute pharmaco-
logical blockade with the specific GlyT1 inhibitor ALX5407 
(Atkinson et al. 2001). Current amplitudes elicited by sco-
topic light stimulation measured in recordings from ON-
GCs were indistinguishable before and after 30 min super-
fusion with 10 µM ALX5407 (Fig. 7a, c, 1.00 ± 0.34 vs. 
0.99 ± 0.35; n = 5, p > 0.8, Wilcoxon test). However, a slight 
acceleration in the early decay time (25% decay time) was 
observed (Fig. 7d, g, 1.00 ± 0.21 vs. 0.72 ± 0.29 for light 
responses before and after ALX5407 treatment, respectively; 
n = 5, p < 0.2, Wilcoxon test). In contrast, current amplitudes 
in recordings from OFF-GCs were reduced in response 
to incubation with ALX5407 (Fig. 7b, c, 1.00 ± 0.39 vs. 
0.63 ± 0.19, before and after ALX5407 treatment, respec-
tively, n = 5, p < 0.05, Wilcoxon paired test). Scaling of the 
light-induced currents after ALX5407 treatment to the maxi-
mal amplitude observed in the recording before the start of 
the treatment revealed that inhibition of GlyT1 resulted in a 
significant change in the decay kinetics of the light-induced 
current. Although there was no significant change in the fast 
component of the decay kinetic as illustrated by the 25% 
decay time (Fig. 7g, 1.00 ± 0.26% vs. 0.95 ± 0.29; before 
and after ALX5407 treatment, respectively, n = 5, p > 0.40, 
paired Wilcoxon test), there was a significant increase in the 
slow component of the decay kinetics as indicated by the 
75% decay time (Fig. 7f, 1.00 ± 0.19 vs. 1.67 ± 0.52 before 
and after ALX5407 treatment, respectively; n = 5, p < 0.05, 
Wilcoxon test). These data suggest that GlyT1 is responsible 
for both the maintenance of a high intracellular glycine pool 
required for synaptic release, and the clearance of glycine 
from the synaptic cleft at AII amacrine cell synapses.
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Discussion

Glycine transporter expression in the retina

In this study, we explored the expression, distribution, and 
function of glycine transporters in the mouse retina. Results 
from RT-PCR and Northern blot analysis demonstrated 
that similar to the caudal CNS, mRNAs for both glycine 
transporters, GlyT1 and GlyT2, were present in the retina. 

However, in agreement with previous work, GlyT2 protein 
was not detected in the retina (Pow and Hendrickson 1999). 
Possible reasons for this discrepancy include translational 
silencing, e.g., via a miRNA-based mechanism, or rapid 
degradation of translated GlyT2 protein. Antibody labeling 
revealed the presence of GlyT1 in most glycinergic amacrine 
cells, thus confirming previous results showing that GlyT1 
is the prevailing glycine transporter in the retina and, there-
fore, a reliable marker of glycinergic amacrine cells (Pow 
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and Hendrickson 2000). Consistent with GlyT2 promoter 
activity in the retina, analysis of GlyT2-Cre/ROSA 26-YFP 
reporter mice revealed a large population of YFP-express-
ing cells in the INL of the retina. Immunohistochemical 
experiments showed that reporter-expressing cells not only 
included many glycinergic amacrine cells but also some non-
glycinergic cells within the INL. These findings are in line 
with previous reports from mice expressing EGFP-reporter 
under control of a BAC transgenic GlyT2-promoter frag-
ment, showing that GlyT2-promoter activity is a reliable 
marker of glycinergic amacrine cells although some reporter 
expression was observed in cells containing GABA as a neu-
rotransmitter (Dumitrescu et al. 2006). Consistent with a 
glycinergic phenotype, the majority of GFP-expressing cells 
also showed GlyT1 immunoreactivity. There were, how-
ever, also some GlyT1-positive cells that did not show any 
reporter expression. Whether this is due to insufficient levels 
of Cre expression in these cells (e.g., due to heterogeneity of 

transgene expression) or due to (developmental) heterogene-
ity of the glycinergic amacrine cells themselves is unclear at 
present and deserves further investigation. This, however, is 
clearly beyond the scope of this manuscript.

Interestingly, a clear difference in the pattern of GlyT1 
inactivation was observed in the retina of  GlyT1GlyT2-Cre 
mice and GlyT1b KI mice. Here, glycinergic amacrine cells 
from  GlyT1bki/ki mice showed a homogenous loss of GlyT1 
expression to ca. 20% of that observed in sections of wild-
type animals, suggesting that ca. 20% of the total GlyT1 
activity in the retina are carried by GlyT1a, whereas the 
majority is carried by GlyT1b. Indeed, RT-PCR analysis 
revealed that in the retina, both GlyT1a and GlyT1b were 
expressed (Fig. 6e). Taken together these data suggest that 
in glycinergic amacrine cells, both GlyT1a and GlyT1b syn-
ergistically mediate the high-affinity glycine uptake. This 
contrasts with findings from  GlyT1GlyT2-cre mice. Here the 
loss of GlyT1 expression is solely determined by the expres-
sion of Cre recombinase in amacrine cells showing GlyT2 
promoter activity.

GlyT1GlyT2‑Cre mice show retina‑specific ablation 
of GlyT1 expression

In retinae of  GlyT1GlyT2-Cre mice, we found an almost 70% 
reduction in the number of GlyT1-immunoreactive cells as 
compared to wild-type controls, whereas in samples from 
other brain regions, e.g., spinal cord, no difference in the dis-
tribution of GlyT1 immunoreactivity was observed. These 
findings demonstrate that in these brain regions GlyT1 is not 
expressed in glycinergic neurons (Zafra et al. 1995), thus 
confirming that  GlyT1GlyT2-Cre mice carry a retina-specific 
ablation of GlyT1 expression. In the retina, the loss of GlyT1 
resulted in a reduction in the number of glycine-immunore-
active cells in the INL. All remaining GlyT1-positive retinal 
neurons sustained a high intracellular glycine concentration 
as indicated by strong glycine immunoreactivity. These 
findings are consistent with the idea that GlyT1 is essential 
for the maintenance of the glycinergic “phenotype” in the 
retina. This contrasts findings from brain stem and spinal 
cord. Here, exclusively GlyT2, but not GlyT1, was found to 
be required for the maintenance of high intracellular glycine 
concentrations in glycinergic neurons (Gomeza et al. 2003b; 
Latal et al. 2010). The loss of the weak glycine immunoreac-
tivity in the bipolar cells of  GlyT1GlyT2-Cre mice suggests that 
glycinergic amacrine cells that are gap junction coupled to 
bipolar cells are affected by GlyT1 deletion. These include, 
in addition to the A8 amacrine cells (Lee et al. 2015), the 
AII amacrine cells (Rice and Curran 2000).

Comparable to the effects observed after GlyT2 defi-
ciency in brain stem (Gomeza et al. 2003b; Latal et al. 2010), 
no significant change in the synaptic cluster distribution or 
the overall distribution of inhibitory synapses was found in 

Fig. 6  GlyT1bki/ki mice show reduced expression of GlyT1 and 
altered strength and kinetics in glycinergic neurotransmission. a RT-
PCR analysis of RNA preparations of wild-type retina and spinal cord 
using GlyT1-, GlyT1a- and GlyT1b-specific primer sets. Efficient 
cDNA synthesis was verified by amplification of an actin-specific 
amplicon (n = 3). b Gene targeting strategy for the generation of a 
GlyT1b-LucR knock-in mouse (GlyT1b Ki), LucR reporter is indi-
cated as a grey box, Neo and HSV-TK cassette are indicated as white 
boxes. Frt sites are displayed as triangles. BglII (B) and SpeI (S) sites 
as well as the primers used for genotyping (arrows) and the probe 
used for Southern blot analysis are indicated. c PRC-based genotyp-
ing on genomic DNA derived from tail biopsies of  GlyT1bki mice 
with the primers indicated in b (n = 3 per genotype). c Southern blot 
analysis of SpeI/BglII-digested genomic DNA derived from tail biop-
sies of the mice with the indicated genotype with the probe indicated 
in b (n = 3 per genotype). e RT-PCR analysis of RNA preparations 
from retina and brainstem of wild-type and  GlyT1bki/ki mice using 
GlyT1- and GlyT2-specific primers, in addition, primers specific for 
the GlyT1 isoforms GlyT1a and GlyT1b were used. Efficient cDNA 
synthesis was verified by amplification of an actin-specific amplicon 
(n = 3 per genotype). f Double labeling of vertical retinal sections 
derived from wild-type (left) and  GlyT1bki/ki animals using glycine 
and GlyT1-specific antibodies (n = 4 per genotype). g, h Quantifica-
tion of the number of DAPI-positive nuclei (g) and glycine immuno-
reactive cells (h) within the IPL of wild-type and  GlyT1bki/ki animals, 
respectively (n = 8 section from 4 different animals per genotype). i 
Representative light responses from retinal ON-GC. The top trace 
shows light-induced currents in wild-type animals and lower trace 
from  GlyT1bki/ki animals (n = 5 cells per genotype). j Representative 
current traces from OFF-GC, showing a marked decrease in cur-
rent amplitude in  GlyT1bki/ki animals (bottom trace) as compared to 
those from wild-type animals (top trace) (n = 5 cells per genotype). 
Light stimulation parameters: 200-µm-diameter light spot at 7 Rh*/
rod/s intensity, centered on the receptive field center of the respective 
cell. Time of light onset is marked by black arrows. Note that decay 
kinetics in  GlyT1bki/ki preparations were significantly prolonged. k, 
l Quantification of maximum current amplitude and light-induced 
charge transfer from OFF-ganglion cells light responses of wild-type 
animals and  GlyT1bki/ki (grey bars) (n = 4 cells per genotype). Scale 
bars in (f) 10 µm. Vertical bars in (i, j) represent 200 pA current. Hor-
izontal bars represent 200 ms time (**p < 0.01; ***p < 0.001; Mann–
Whitney U test)

◂
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GlyT1GlyT2-Cre retinae, suggesting that GlyT1 deficiency does 
not result in major adaptive changes in retinal synaptic cir-
cuitry. The density of Piccolo immunoreactive clusters found 
in individual optical sections form our retinal preparations, 
however, was relatively low as compared to the literature 
(Dick et al. 2001). This results probably from technical dif-
ferences like altered thickness of the optical sections and/or 
the staining procedure that might affect the detection limit.

GlyT1 deficiency in AII amacrine cells impairs 
glycinergic neurotransmission

Electrophysiological recordings from OFF-GCs showed an 
almost complete loss of scotopic light-induced responses, 
similar to recordings from wild-type retinae after blockage 
of glycinergic neurotransmission with strychnine. These 
findings are consistent with an almost complete abolish-
ment of glycine-dependent neurotransmission via the AII 
amacrine cells in  GlyT1GlyT2-Cre retinae (Protti et al. 2005). 

Interestingly, light-induced responses from ON-GCs were 
similar to those observed in wild-type recordings, despite 
minor changes in kinetics. Since this pathway depends on 
gap junctional coupling between AII amacrine and ON-cone 
bipolar cells (Deans et al. 2002), these findings confirm that 
AII amacrine cells were still present in GlyT1-deficient ani-
mals, but they have lost their glycinergic phenotype.

GlyT1 expressed by amacrine cells contributes 
to the control of the extracellular glycine 
concentration

Both our electrophysiological experiments on GlyT1b KI 
retinae as well as pharmacological blockage of GlyT1 in 
wild-type retinal whole mounts are consistent with the idea 
that the loss of glycinergic inhibition was not due to a loss 
of glycinergic synapses in AII amacrine cells but was a 
direct consequence of the reduced glycine reuptake capac-
ity of AII amacrine cells. Especially the gradual loss of 
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Fig. 7  Pharmacological inhibition of GlyT1 in wild-type retinal prep-
arations reduces in the OFF-GC current amplitude and prolongates of 
the decay kinetics. GC responses to a scotopic light spot (diameter 
200 µm) projected to the receptive field center (cells held at − 70 mV, 
light intensity 7 Rh*/rod/s, time of light onset marked by arrows). 
a, b Example recording of ON-GC (a) and OFF-GC (b) under con-
trol conditions (black lines) and after 30  min ALX5407 application 
(10 µM, red lines). c Normalized peak current amplitude before and 
after 30  min of ALX5407 (10  µM) application. d, e Effect of gly-
cine transporter blockade on decay kinetics of light-induced currents. 
Examples of normalized currents recorded from an ON-GC (d) and 
an OFF-GC (e) at start (black traces), after 15 min (blue traces) and 

after 30 min (red traces) of ALX5407 (10 µM) application. All traces 
were scaled to the maximal amplitude of the pre-ALX condition. 
f Quantification of the 75% decay time before and after 30  min of 
ALX5407 application (n = 5 cells per genotype for ON and OFF-GCs 
respectively). g Quantification of the 25% decay time before and after 
30 min of ALX application (n = 5 for ON and OFF-GC per genotype, 
respectively). Vertical bars represent 200 pA current (a, b) and 20% 
normalized current (d, e). Values were normalized to the mean ini-
tial amplitudes of ON- and OFF-center GC, respectively. Horizontal 
bar represents 200 ms time. All traces represent a five times average 
response (*p < 0.05, Mann–Whitney U test)
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glycinergic inhibition via the AII amacrine cells observed 
after inhibition of GlyT1 by ALX5407 clearly confirms that 
the maintenance of a high intracellular glycine concentra-
tion is dependent on glycine transport from the extracel-
lular space via GlyT1 and not on de novo synthesis (Pow 
1998). Interestingly, the blockade of GlyT1 does not result 
in the complete loss of glycine-dependent neurotransmission 
within the timeframe of the experiment. This is most likely 
due to the large vesicle pool size and residual glycine in the 
presynaptic terminals of the AII amacrine cells still available 
for glycinergic neurotransmission. In addition to the changed 
current amplitudes, also changes in the decay kinetics of 
the light-induced currents were observed. Whereas the fast 
component of the decay kinetics, most likely driven by dif-
fusion, was unchanged, the slow component of the decay 
kinetic was significantly prolonged. These findings suggest 
that in OFF-light responses GlyT1 is not only required for 
the replenishment of the presynaptic transmitter pool but 
also contributes to the clearance of glycine from the syn-
aptic cleft. In brain stem, this function has been attributed 
to GlyT1 expressed by glial cells (Eulenburg et al. 2010). 
Thus, GlyT1 expressed by glycinergic amacrine cells com-
bines functions which are performed by glial GlyT1 and 
neuronal GlyT2 in other regions of the CNS (Gomeza et al. 
2003a, b). Since Müller glial cells do not show significant 
GlyT1 expression, the turnover of glycine at retinal glycin-
ergic synapses appears to be solely dependent on neuronally 
expressed transporters. Whether this is due to the spatial 
organization of the glycinergic synapses in the retina and 
their effect on neurotransmitter diffusion and/or clearance 
is not clear at present.

Our findings that a pharmacological block of GlyT1 by 
ALX5407 resulted in a time-dependent reduction of gly-
cine-dependent input to OFF-GCs demonstrate that GlyT1 
expressed by retinal amacrine cells is sufficient to maintain 
high intracellular glycine levels required for efficient gly-
cine-dependent neurotransmission. Thus, a transporter that 
has been predicted to work close to equilibrium (Supplis-
son and Roux 2002) suffices to maintain a sufficiently high 
millimolar intracellular glycine concentration in presynaptic 
terminals for VIAAT-mediated vesicle loading.

As a consequence, the requirement for the use of GlyT2, 
i.e., a transporter with a higher driving force for glycine 
uptake as compared to GlyT1, for the presynaptic glycine 
accumulation (Roux and Supplisson 2000; Supplisson 
and Roux 2002) at caudal glycinergic synapses cannot be 
explained by the low affinity of VIAAT for glycine. Alter-
natively, GlyT2 might be required to lower the extracellu-
lar glycine concentration to induce glial GlyT1 to reverse, 
thus triggering the transporter-mediated release of glycine 
form glial cells in close proximity to glycinergic synapses. 
This mechanism might allow for an efficient transfer of gly-
cine from glial cells to glycinergic neurons. In the retina, 

however, only neurons carry high-affinity glycine transport-
ers, thus making the higher driving force of GlyT2 for gly-
cine import dispensable.

In summary, our results show that in contrast to brain 
stem and spinal cord, GlyT1 and not GlyT2 is essential for 
the replenishment of the presynaptic glycine pool in retinal 
AII amacrine cells and is a major determinant of the glycin-
ergic phenotype of this cell population. Moreover, we show 
that GlyT1 contributes to the regulation of the extracellular 
glycine concentration thus converging functions distributed 
to neuronal and glial glycine transporters, respectively, in 
other brain regions. Future work will have to unravel how 
these differences affect transmitter turnover and synapse 
properties.
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