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Introduction

1. Introduction

Within the respiratory network, glial cells are supposed to modulate the
neurotransmission, which is involved in rhythm generation. This is suggested for example by
experiments in which the blockade of the glial metabolism by fluoroacetate strongly reduced
the in vitro respiratory rhythm (Hulsmann et al, 2000). However, the exact function of the
glial cells in the process is not yet fully understood. Our goal is to investigate how the
different glial cell types of the respiratory network can influence the distinct
neurotransmission pathways. The present work is focused on the glycinergic inhibitory

neurotransmission.

1.1. Glial cells

,,Neurons make up only 10 percent of the
brain's cells, yet that's what we've always
focused on. There's 90 percent of the brain

yet to learn about. It's uncharted area.*

Vladimir Parpura and Philip Haydon (1994)

Glial cells were first described by Virchow in 1885 as non-neuronal cells of the
nervous system, and named after the Greek word “glios”, meaning glue or slime. The
development of the Golgi silver-impregnation (1885) and later Cajal’s astrocyte-specific gold
sublimate staining helped to first visualise different glial cell types. However, glial cells were
considered for long time to be simple supportive structural elements of the nervous system,
despite the fact that they outnumber neurons at least ten to one in the human brain (Kandel,
2000). Recently it became clear that glial cells have much more interesting functions, many of
which are yet to be discovered.

According to the general classification (Table 1) the main glial cell types in the central
nervous system are the astrocytes and the oligodendrocytes, known as macroglia, and the
mesodermal microglia, which differs in origin from the other cell types of the nervous system,
which are ectodermal. Microglia are most likely macrophages of the CNS, which migrated
into the brain during the ontogenesis and differentiated there. Recently a possible new
macroglia cell type is described according to morphology (Peters A, 2004), localization and

function (Butt et al, 2002), considered as the fourth main type of glial cells.
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Central nervous system Periferal nervous sytem

1. Macroglia

Astrocytes

Oligodendrocytes Schwann-cells

NG2+ glia Satellite-cells (ganglion cells)

Special cell types: ependymal cells, tanycytes
Miiller-cells (retina
pituicytes (pituitary)
Bergmann-glia (cerebellum)

2. Microglia

Tablel. Classification of glial cells

The table shows the different glial cell types of the central nervous sytem and in the peripheral nervous system

1.1.1. Astrocytes

Astrocytes represent the most numerous population of glial cells in the mammalian
central nervous system. Their name means star-cells, because of the typical shape observed
with the early staining methods. The major identifying characteristic of astrocytes in
ultrastructure level is the presence of an intermediary filament protein, GFAP (glial fibrillary
acidic protein, Eng et al, 1971, Bignami et al, 1972; for review see Eng et al, 2000), which is
present in mature astrocytes.

In transgenic mice expressing the green fluorescent protein under the control of the
GFAP promoter (Nolte et al, 2001) different types of astrocytes were described according to
their current pattern, the intensity of the fluorescence and the response to the excitatory
neurotransmitter glutamate in hippocampus (Matthias et al, 2003), which is comparable to the
results obtained in non-fluorescent mice (Zhou and Kimelberg, 2001). Similar
characterization of astrocytes was also performed in the respiratory network (Gral et al,
2004). Astrocytes with large passive conductance, linear I/V relationship and without A-type
current, termed as “passive” astrocytes, appear preferentially as bright fluorescent cells and
express mainly glutamate transporter current. In contrast, astrocytes with outwardly rectifying
IV relationship and large A-type current, referred to as “outwardly rectifying” astrocytes,
usually appear as dark fluorescent cells and express glutamate receptor current. There are also
astrocytes with linear 1V relationship at the steady state but with an initial A-type current,
termed “intermediate” astrocytes by Grald et al (2004).

Since the glial progenitor marker NG2 labels almost exclusively very dark fluorescent
cells, it can be a possible marker of the outwardly rectifying astrocytes (Gral3 et al, 2004).
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1.1.2. Oligodendrocytes

Oligodendrocytes are the glial cells ensheathing axons with myelin in the CNS. Their
name comes from the Greek words “oligo” meaning few or scant and “dendron” meaning
tree, because through a microscope the cells' projections look like the sparse branches of a
tree. While the myelin-forming cells of the PNS (Schwann-cells) myelinate only one axon, a
single oligodendrocyte can myelinate several axons (usually 10-15) with processes which
wrap themselves around axons to form an insulating sheath. The gaps between myelin sheets
formed by different oligodendrocytes are called nodes of Ranvier. A nerve impulse travels
along an axon by jumping from one node of Ranvier to the next, a process known as saltatory
conduction, which speeds up the conduction and reduces the amount of energy used.

Data of oligodendrocytes in the glycinergic inhibitory neurotransmission are restricted
to a few studies. Oligodendrocytes within the spinal cord were shown to express glycine
receptors (Pastor et al, 1995, Kirchhoff et al, 1996), as well as oligodedrocyte precursors in
cell culture (Belachew 1998a, Belachew 1998b, Belachew et al, 2000), although in
oligodendrocyte precursors the glycine-induced current decreased during differentiation.
Their role in the glycine transport is controversial: strong sodium-dependent glycine binding
was observed in the myelin fraction in rat brain cortex homogenates (Valdes et al, 1977), and
oligodendrocyte precursors showed an intracellular Ca** influx partially due to sodium-
dependent transporters in response to glycine (Belachew et al, 2000) suggesting the role of
GlyT1 in oligodendroyctes, but with autoradiography glycine uptake was not observed in
oligodendrocytes (Reynolds and Herschkowitz, 1986).

1.1.3. The NG2+ glia- a new glial cell type?

NG2 is a cell membrane-associated chondroitin sulphate proteoglycan. Its mouse
homologue is called AN2 (Niehaus et al, 1999, Schneider et al, 2001) and the human
homologue is the melanoma chondroitin sulphate proteoglycane (Smith et al, 1996). NG2 was
described as a marker of oligodendrocyte-type 2 astrocyte progenitor cells in vitro as it was
co-expressed with the A2B5 marker (Raff et al, 1983, Raff et al, 1988, Stallcup and Beasley,
1987, for review see Raff, 1989) and oligodendrocyte progenitor cells in vivo (Levine et al,
1993). It was also found in pericytes and smooth muscle cells of the vasculature, and the

human homologue in human melanoma cells.
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Recently NG2+ glia was discussed as a fourth main glial cell type in addition to
astrocytes, oligodendrocytes and microglia (Butt et al, 2002, Peters, 2004). However, it is not
yet clear whether it is a subpopulation of the NG2+ cells which have special functions (as
suggested in Butt et al, 2002), or all NG2+ cells form a distinct cell type, which is able to
function as oligodendrocyte precursor when needed, as well as fulfill other functions (as
suggested in Nishiyama et al, 2002). At least a subpopulation of the NG2+ glia is generally
agreed to have special functions at the synapses in the grey matter and at the nodes of Ranvier
in the white matter (Ong and Levine, 1999, Bergles et al, 2000, Butt et al, 1999, for review
see Butt et al, 2002). Additionally, NG2+ cells were found to differentiate into neurons
(Belachew et al, 2003).

1.2.  The respiratory network

The respiratory network is a neuronal network in the caudal brain stem of mammals,
which generates a rhythmic activity, finally controlling respiratory motoneurons. It is formed
from a variety of respiratory neurons, which are mostly antagonistically connected (Figure 1;
Richter and Spyer, 2001, Richter, 2000). Six classes of respiratory neurons were described
according to their firing patterns, membrane potential changes, and synaptic inputs (Bianchi et
al, 1995, Richter and Spyer ,2001, Richter, 2000): (1) the pre-inspiratory neurones (Pre-I)
which fire at the transition between expiration and inspiration; (2) the early-inspiratory
neurones (Early-1), which fire from the beginning to the middle of inspiration; (3) the ramp-
inspiratory neurons (Ramp-I), which fire throughout inspiration; (4) the late-inspiratory
neurons (Late-1), which are active at the end of inspiration; (5) post-inspiratory neurons (post-
I) activated during phase transition between inspiration and expiration (post-inspiration); and
finally the (6) expiratory neurones (E;) working during expiration. The main excitatory
neurotransmitter within the network is glutamate, acting on AMPA- and NMDA type
receptors, while in the inhibitory neurotransmission two neurotransmitters, GABA and
glycine are involved. Pacemaker cells were also described to influence the network activity
(Butera et al., 1999, Smith et al, 2000).
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Figure 1. The connections of neurons within the respiratory network

The figure shows the inhibitory (blue) and excitatory (red) connections between the 6 different types of
respiratory neurons: pre-inspiratory (Pre-1), early-inspiratory (Early-1), ramp-inspiratory (Ramp-I), late-
inspiratory (Late-1), post-inspiratory (Post-1) and exspiratory (E,) neurons. The network is driven by the reticular
activating system (RAS). Figure taken from Richter (2000).

The respiratory neurons are organized into a dorsal respiratory group (DRG) and a
ventral respiratory group (VRG) within the lower brain stem (Bianchi et al, 1995). Only the
VRG is essential for rhythm generation (Richter and Spyer, 2001). Neurons in the Pre-
Botzinger Complex (PBC) and neighbouring structures in the VRG are responsible for
respiratory rhythm generation (Smith et al, 1991, Onimaru and Homma, 2003). The
importance of PBC was confirmed by electrophysiological recordings, pharmacological
manipulations, and lesions, both in vitro and in vivo (Gray et al, 2001, Pierrefiche et al, 1998,
Smith et al., 1991, Solomon et al., 1999). It contains all classes of neurons necessary for the
respiratory rhythm generation, which exist in the ventrolateral medulla (Connelly et al., 1992,
Feldman et al., 2003, Rekling and Feldman, 1998, Schwarzacher et al., 1995, Smith et al.,
1991).

Recently, glial cells of the network were discovered to play an important role in the
rhythm generation. Blockade of glial metabolism reduces the in vitro respiratory rhythm
(Halsmann et al, 2000). Glial cells in the respiratory network are supposed to modulate the
synaptic transmission between neurons via their neurotransmitter transporters. The function of
glial cells in the excitatory (glutamatergic) neurotransmission within the respiratory network
was previously studied (Hulsmann et al, 2000; the effect of glutamate transport blockade
already in Greer et al, 1991), and the astrocytes responsible for the glutamate uptake were
identified (GraR et al, 2004).
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1.3.  Glycine in neurotransmission

Glycine is a non-essential amino acid, which acts both as a neurotransmitter, and as a
neuromodulator in the mammalian brain. Glycine is the main inhibitory neurotransmitter in
the lower brain stem and in the spinal cord, where it participates in a variety of motor- and
sensory functions. In the forebrain, which lacks glycine receptors, glycine functions as a
neuromodulator. In contrast to the direct neurotransmitter effect, the neuromodulator role is
expressed in the excitatory transmission where glycine is a high-affinity coagonist of
glutamate at NMDA receptors (Berger et al, 1998, Berger et al, 1999, Supplisson and Roux,
2002).

The importance of glycine in the respiratory rhythm was already supported by the fact
that homozygous mutant oscillator mice, which lack the adult isoform of the al ligand-
binding subunit of the glycine receptor, die at the end of the third postnatal week due to a
severe disturbance of the respiratory rhythm. However, deletion of the glycinergic inhibition
did not result in a failure of respiratory rhythm: these mice continue to generate a disturbed
respiratory rhythm until death. The mutation of this gene in humans, although not lethal,
results in a disease called hyperekplexia whose symptoms also include apnoea. (Busselberg et
al, 2001).

1.3.1. Glycine transporters

There are two main subtypes of transporters for glycine, encoded by distinct genes:
glycine transporter 1 (GlyT1) and glycine transporter 2 (GlyT2). According to the common
classification of transporters (Table 2) both of them belong to the Na/Cl dependent transporter

family.

The glycine transporter 1 (GlyT1)

GlyT1 can be found widespread in the CNS: in the spinal cord, brain stem, and
cerebellum, as well as in the cortex and the hippocampus (Zafra et al, 1995a, Zafra et al
1995b). It is mainly localized on glial cells (Adams et al, 1995, Zafra et al, 1995a), although
newly there are increasing data of neuronal GlyT1. GlyT1 was found in neurons in retinal
transplants (Sharma, 2000), and newly in cortex and cerebellum (Jones et al, 2004, conference
abstract, Cubelos et al, 2005).
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1. Plasma membrane transporters
a. Na/Cl dependent b. Na/K dependent: excitatory AAs
o Classical members: - Glutamate:
- GABA: 1) GLAST1 (EAATL)
1) GAT1(GATA) 2) GLT1(EAAT2)
2) GAT3(GATB) 3) EAACL1 (EAAT3)
3) GAT2 4) EAAT4
4) GAT4 5) EAATS
- Glycine: - Aspartate
1) GLYT1
a. GLYTla
b. GLYT1b/lc
2) GLYT2

- Other AAs: proline, taurine

- Monoamine (DA, NE, SE)

- Osmolite (betaine, creatine)

o New members: ,,orphan” transporters (unknown substrates)
- Rxtl (NTT4)

- V-7-3-2

-ROSIT

-rB2la

2. Vesicular membrane transporters

Table 2. Classification of neurotransmitter transporters
(as reviewed in Masson et al, 1999 and Jursky et al, 1994)

Three isoforms of GlyT1 have been identified: GlyT1a, GlyT1b and GlyT1c (Adams
et al, 1995), which only differ in their N-termini. GlyT1a and GlyT1b are identical except for
the first amino acid residues (10 and 15, respectively), which arise from different exons.
GlyT1c has the same 15 N-terminal amino acid residues as GlyT1b, but contains a 54 amino
acid insert directly afterwards (Borowsky et al, 1993, Liu et al, 1993). The proteins have a
molecular mass of 77 to 88 kDa.

GlyT1 recently became a subject of many investigations because of its possible role as
a target for treatment of schizophrenia. Genetic inhibition of GlyT1 leads to potentiation of
the NMDA receptor mediated synaptic transmission through increased extracellular glycine
concentration. Therefore, specific GlyT1 inhibitors might be useful against symptoms of
schizophrenia due to decreased NMDA activity (Gabernet et al, 2005, Williams et al, 2004,
Lipina et al, 2005, Javitt et al, 2005).

The glycine transporter 2 (GlyT2)

In contrast to the GlyT1, GlyT2 is expressed specifically in neurons. It reflects the
distribution of glycinergic neurons in spinal cord and brain stem, and closely follows the
distribution of the glycine receptor, therefore thought to be involved in the termination of

glycine neurotransmission (Liu et al. 1993, Jursky and Nelson, 1995) and essential for
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replenishing the cytoplasmic pool of glycine in the presynaptic neuron (Zafra et al, 1995a,
Spike et al, 1997, Gomeza et al, 2003b).

GlyT2 is 48% identical to GlyT1 and has a molecular mass of 90 kDa. It has a 160
amino acid residue extension of the N-terminus and a 13 amino acid residue extension in the
C terminus in comparison to GlyT1. A new GlyT2 subtype, GlyT2b has been also identified,
differing in N-terminus, which appears to be unable to accumulate glycine against a

concentration gradient (Ponce et al, 1998).

1.3.2. Glycine receptor

The glycine receptor is a member of the nicotinicoid receptor superfamily along with
the GABAA receptor and the nicotinic acetylcholine receptor (Cascio, 2004). Structurally it is
a pentameric membrane glycoprotein, which consists of 48 kDa (o) and 58 kDa (B)
membrane-spanning subunits, associated with a cytoplasmic polypeptide of 93 kDa, named
gephyrin after the Greek word of bridge (Graham et al, 1985, Betz et al, 1986, Langosch et al,
1988, Prior P et al, 1992). Gephyrin is thought to anchor the GIlyR to subsynaptic
microtubules. The strychnine and ligand binding sites of the glycine receptor reside on the a
subunit. Four different o subunit genes have been identified (Grenningloh et al, 1988, 1990,
Kuhse et al, 1990, Matzenbach et al, 1994). Furthermore, two variants of the al subunit
(Malosio et al, 1991) and two variants of the a2 subunit (Kuhse et al, 1991) are generated by
alternative splicing. During development, the neonatal a2 subunit is replaced by the adult o1
form within the first two weeks of life in mice (Becker et al, 1988, Gomeza et al, 2003b). The
receptor functions as a ligand-gated chloride channel (Reviewed in Lynch, 2004).

There are very few data available about glial GlyRs. Although in cell culture GlyR
was described only in neurons, and not in glial cells (Hosli et al, 1981), in spinal cord slice
preparation GlyR mediated currents were detected from astrocytes and oligodendrocytes and
the mRNA of glycine receptor subunits was also shown by single cell PCR (Pastor et al, 1995,
Kirchhoff et al, 1996). Glial progenitor cells also showed glycine receptor currents. Glycine
receptors expressed by oligodendrocytes were described to have different pharmacological
properties and different molecular structure than neuronal GlyRs (Belachew et al, 1998b).
Glycine receptor mediated currents were also described in Miller-cells of the retina together
with GlyT1-mediated currents (Du et al, 2002).
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1.4. Aims of this work

Our purpose in the present study was to analyze how glial cells affect the glycinergic
neurotransmission of the respiratory network. For this, we used two different approaches.

First, the expression of GlyT1 and GlyR was investigated in different glial cells types
within the ventral respiratory group using immunohistochemistry to show the expression of
the protein, single-cell RT-PCR to show the expression of the mRNA and whole-cell voltage-
clamp for analysis of functional expression.

Second, we studied the effect of the knock out of GlyT1 on the breathing of mice both

in vivo, and in in vitro experiments on rhythmic slices.
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2. Methods

2.1.  Animals used in the experiments

2.1.1. GlyT1 KO mice

Mice deficient in the glial GlyT1 protein were generated in Frankfurt in the research
group of Heinrich Betz by homologous recombination. These mice died during the first day of
their life. Homozygous GlyT1 KO mice showed only weak spontaneous motor activity, and
weighed about 15% less than their control littermates (Figure 2). The newborn mice became
gradually weaker and failed to survive, with death occurring 6-14 hours after birth (Gomeza et
al, 2003a).

The genotypes of the mice were determined by PCR from 5 mm tail samples stored
frozen on —20°C. Genotyping PCR was performed by Volker Eulenburg (Frankfurt).

+/+ +/- -/-

Figure 2. Appearance of newborn GlyT1 KO mice

A wild-type littermate (+/+), a heterozygous littermate (+/-) and a homozygous GlyT1 KO mouse (-/-) is shown.
The homozygous mice have got no milk in their stomach and show a different body posture with drooping
forelimbs. Figure taken from (Gomeza et al, 2003a).

2.1.2. Transgenic mice with fluorescently labelled cells

Three types of transgenic mice were used for the experiments: TgN (hGFAP/EGFP)
mice expressing the enhanced green fluorescent protein (EGFP) under the control of the
human glial fibrillary acidic protein (GFAP) promoter (Nolte et al, 2001), TgN
(mPLP/DsRed) mice expressing the red fluorescent protein DsRed under the control of the

10
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mouse proteolipid protein (PLP) promoter and TgN (Thyl.2/EYFP) mice expressing the
enhanced yellow fluorescent protein (EYFP) under the control of the Thyl.2 promoter. The
TgN (mPLP/DsRed) mice express red fluorescence in oligodendrocytes (Figure 3B), TgN
(Thy1.2/EYFP) mice express yellow fluorescence in neurons. Both mice originate from the
laboratory of Frank Kirchhoff, Departement of Neurogenetics, Max Planck Institute for
Experimental Medicine in Goéttingen.

The TgN (hGFAP/EGFP) mice express green fluorescence in astrocytes in various
regions of the brain, including the caudal brain stem (Figure 3-A). The density of the labelled
cells is high, making them easy to locate. The fluorescence intensity of the cells within a
region is diverse, but correlates with the electrophysiological properties of the astrocytes: cells
with high level of EGFP expression have passive or intermediate current-voltage (I1V)
relationship, while dark fluorescent cells frequently show an outwardly rectifying 1V curve.
(GraR et al, 2004). These properties allow us to easily visualize single astrocytes, thus making
the TgN (hGFAP/EGFP) mice useful for electrophysiological analysis of different types of

astrocytes.

A

Nucl. XII.

100 um

Figure 3. The transgenic mice

(A) shows a confocal image of a slice from the caudal brainstem of the TgN (hGFAP/EGFP) mouse. The ependyma
is strongly green as ependyma cells express the GFAP. (B) shows a confocal image of a lower brainstem slice
from the TgN (mPLP/DsRed) mouse, at the age of pl10. At this age, oligodedrocytes are labelled widespread,

including the VRG, while in the Nucleus hypoglossus, labelled oligodendrocytes are rarely seen.
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2.2.  Plethysmography

To analyze breathing of newborn (p0) mice, plethysmographic measurements were
performed at room temperature using a 10 ml whole-body plethysmographic chamber.
Whole-body plethysmography allows a noninvasive registration of the breathing, based
mainly on the fact that warming up of a gas under constant volume increases the pressure,
thus the pressure in the chamber increases during inspiration as the air becomes warmed and
humidified, and decreases during expiration (Mortola et al, 1998).

Pressure fluctuations were measured with a differential low pressure transducer
(model DP103, Validyne Engineering, Northridge, CA) connected to a sine wave carrier
demodulator (CD-15), which enhanced and transformed them into electric voltage signals
(Figure 4A). Data were recorded using Clampex 9.2 software (Axon Instruments) and stored
for later off-line analysis. Breathing movements were monitored for 3 min. Artifacts
originating from spontaneous limb movements were excluded from analysis (Figure 4). The

analysis was performed with AxoGraph 4.6 software (Axon Instruments).

A B

Validyne

HIAMOd
=]
Z

ZERO  SPAN

Plethysmo- 3
© © graphy “"%{;} ’-
i chamber 45
MODEL Cd15 CARRIER DEMODULA 100 g
INTERFACE COMPUTER 0.5s

Figure 4. Whole-body plethysmography

LNd.LNO

(A) shows the system for plethysmographic measurement. The chamber in which the animal is placed is a 10 ml
syringe, which is connected to the differential low pressure transducer.
(B) shows a typical recording from a healthy animal, the arrow points to a place with movement artifacts. Below

a place without movement artifact is shown at higher magnification.

2.3.  Slice preparation from mouse brain stem

Brainstem slices were prepared as previously described (Hilsmann et al., 2000). Mice
were Killed by decapitation. The brain and upper cervical spinal cord were isolated in ice-cold
artificial cerebrospinal fluid (ACSF, pH7.4, 310 mOsmol/l, content shown in Table 3), which
was saturated with carbogen (95% O, 5% CO,).

12
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Ingredient Concentration Origin

NaCl 118 mM Merck 1.06404.1000
KCI 3mM Merck, 1.04936.0500
CaCl, 1.5mM Sigma, C3881

MgCl, 1mM Merck, 1.05833.0250
NaH,P04 1 mM Merck, 1.06346.0500
NaHCO3 25 mM Fluka Chemika, 71628
D-glucose 30 mM Merck, 1.08342.2500

Table 3: Content of the artificial cerebrospinal fluid (ACSF)

The brainstem was isolated, and consecutively glued with a cyano-acrylate glue (Roti-
Coll1, Roth, 0258.1) to an agar block with its rostral end directed upwards and placed over the
stage of a vibratome (FTB Vibracut, schematic drawing shown in Figure 5). The medulla was
sliced starting from its rostral end. The frontal plane was reclined by approximately 20° to the
horizontal plane (Figure 5). For rhythmic slices, 700 um thick slices were prepared and for
whole-cell recording 300 um thick transverse slices were prepared from the medulla in cold
oxygenated ACSF. After 30 minutes, these slices were transferred to the recording chamber,
placed under a nylon mesh glued to a U-shaped platinum wire and continuously perfused with
oxygenated ACSF. Experiments were performed at room temperature, only for the recording
of the rhythmic activity did we use ACSF pre-heated at 30°C.

Chamber Brain stem
with Agar block
oxygenatm \ -
ACSF \ v
Knife Vibratome

Magnetic plate

Figure 5. Preparation of the slices

The figure shows the vibratome. The brainstem is placed on its dorsal surface and glued at both sides to an
agarblock, which closes an angle with the horizontal plate so that the ventral surface of the brain stem will be
vertical. The agarblock is fixed into a chamber, which is filled with oxygenated ACSF in order to keep the cells
alive. The blade of the vibratome is replaced between preparations. Transverse slices from the brainstem are
prepared moving forward while vibrating to the sides. It moves from rostral to caudal in the brain stem as it is

moved from up to down.
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2.4.  The “rhythmic slice preparation”: recording of the in vitro respiratory rhythm

From the caudal brainstem a 700 um thick transverse slices was prepared, which
contained the intact pre-Botzinger complex as rhythm generator and the synaptically
connected hypoglossal nucleus as motor output. It was superfused with ACSF pre-warmed to
30°C, and the amount of the KCI in the ACSF was increased to 8 mM, to stabilize the
rhythmic activity. From this slice, a respiration-related rhythmic burst activity was recorded
by a surface electrode, either from the hypoglossal rootlets, or from the slice surface that
exposed the pre-Botzinger complex. This represents the in vitro respiratory rhythm. The
respiration-related burst discharges were amplified by a custom-made differential amplifier,
filtered, rectified and then integrated. Data were recorded with Clampex 9.2 software and
analyzed by AxoGraph 4.6 software. Respiratory frequencies were calculated as the reciprocal
values of the mean expiratory interval (Figure 6).

Different substances were applied into the bath solution during the recording of the

rhythmic activity to modulate different pathways of neurotransmission (Table 4).

A NTS Muel T

700um

hypoglossal nerve VRG

N. Xl

IN. X1 |

S g, AR M .

28

Figure 6. Rhythmic slice

(A) shows the rhythmic slice from the caudal brain stem. Schematic electodes mark the places where rhythmic
activity can be recorded by a surface electrode: the hypoglossus nerve (hypoglossus rootlet, electrode left
below), the pre-Bétzinger complex (electrode left above) or the Nucleus hypoglossus (electrode right). (B)

shows a typical recording of the burst activity and the integral of the bursts are shown.
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Drug Function Origin Concentration
Bicuculline GABAA blocker | Sigma, B6889 0.2-20 M

DL-AP5 NMDA blocker | Tocris, 0105 100 pM

Glycine Neurotransmitter | Sigma, G6761 1mM

MK801 NMDA blocker | Tocris, 0924 10 uM

Sarcosine GlyT1 blocker Sigma, S9881 0.1,0.5,1and 2 mM
Strychnine GIyR blocker Sigma, S8753 2 UM

Table 2-1. Drugs applied in experiments with rhythmic slices

2.5.  Whole-cell voltage-clamp recording

The patch-clamp technique, developed in 1976 by Erwin Neher and Bert Sakmann and

awarded with Nobel Prize in 1991, is an electrophysiological method that allows the

recording of macroscopic whole cell or microscopic single-channel currents flowing across

biological membranes through ion channels. Patch-clamp can be performed in four different

configurations: cell attached, whole cell, inside-out and outside-out, shown in Figure 7.

A

C

Figure 7. The four configurations of patch-clamp

cell-attached

B inside-out

Suction

whole-cell

}

’

D

outside-out

(A) shows the cell-attached configuration which is in fact a tight seal. From this configuration, an inside-out

membrane patch can be excised (B) or by opening the seal, the whole cell configuration is achieved (C).

Outside-out membrane patches (D) can be prepared from whole-cell configuration by carefully pulling away the

pipette.
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In principle there are two possibilities for patch-clamp recording: voltage-clamp and
current clamp. In voltage-clamp the membrane potential is held constant (clamped) at
predeterminated levels, which causes current flowing through the membrane. The resulting
change in potential is prevented by injecting an equal and opposite amount of current. In
current clamp the current flowing through the membrane is held at a constant level, allowing
voltage changes.

In this thesis the whole-cell voltage-clamp configuration was used, which allows us to
record from cells and modify their internal environment by using a patch-clamp pipette, and is
employed to record ion currents of the entire cells. The patch-pipette was connected to the
current-measuring electrical circuit through an Ag/AgCl electrode, which was in contact with

the electrolyte in the pipette.

Pressure sensor Camera Patch pipette Objective

» application
z ¥ pipette
Computer i\ \ Y o | . '
monitor ' @ \d ' FT
Control T pulator for
panel of the ' 1l the drug
micromani- application
pulator of
the patch-
pipette
[ Microscope ;
HEKA ampiifier Micromanipulator of the Drug application control

patch pipette

Figure 8. The patch-clamp setup

Pictures are shown from different parts of the patch-clamp setup used for the experiments. In (B) the microscope
is shown, the patch electrode is placed on the left side while the drug application pipette is on the right side. (C)
shows in higher magnification the objective immersed into the recording chamber and the patch pipette and drug
application pipette. In (E) the control of the drug application system is shown, in (D) the HEKA amplifier and in
(A) different other parts of the patch-clamp setup including a pressure sensor and the control panel of the

micromanipulator for the patch pipette.
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Figure 8 shows the different parts of the patch-clamp setup used for the experiments. The
perfusion chamber (Figure 8C) was mounted on the stage of an upright microscope (Axioscope
FS 2, Zeiss, Gottingen, Germany; Figure 8B). Astrocytes or oligodendrocytes were identified by
their characteristic color in the epi-fluorescent illumination (Figure 3). A computer-controlled
monochromator based on a galvanometric scanner (Polychrome II, TILL Photonics, Munich,
Germany) was connected to the microscope via quartz fiber optics (diameter 1.25 mm, NA 0.25)
to allow fluorescent excitation at 460 nm for astrocytes and 546 nm for oligodendrocytes
(objective Achroplan W 637, 0.9 W).

Voltage-clamp recordings were obtained in whole cell configuration and signals were
amplified using an EPC-9 amplifier (HEKA, Lambrecht, Germany; Figure 8D). Patch electrodes
were pulled from borosilicate glass capillaries (0.d. =1.5 mm, i.d.=0.86 mm, Biomedical
Instruments, Germany) on a programmable pipette-puller (Zeitz; Germany). They had tip
diameters of about 2 um and were filled with electrode solution (content shown in Table 5, pH
adjusted to 7.0 with KOH). Electrodes had resistances of 3-6 MQ.

Ingredient Concentration Origin

KCI 140 mM Merck, 1.04936.0500
CacCl, 1 mM Sigma, C3881

EGTA 10 mM Sigma E4378

MgCl, 2mM Merck, 1.05833.0250
Na,ATP 4 mM Sigma, A2383
HEPES 10 mM Biomol, 05288

Table 5. Content of the pipette solution

When mentioned, potassium chloride was replaced by potassium gluconate (Sigma, G4500).

Positive pressure was applied to the recording pipette before immersing it in the bath
to prevent any drebris touching the tip of the pipette. After the pipette has entered the bath the
offset potential between pipette and reference electrode was corrected. The pipette was then
lowered under microscopic control and advanced toward the cell using an electronic
micromanipulator (Eppendorf InjectMan NI2, Hamburg, Germany, or Luigs and Neumann
SMB5, Ratingen, Germany; control panel shown in Figure 8A, the micromanipulator in Figure
8B). The process of seal formation was monitored by observing currents in response to test
pulse (10 mV and -10 mV for 5 ms). The gigaseal was obtained after releasing the pressure,
following in some case by gentle application of negative pressure. After forming the gigaseal,
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the pipette potential was changed toward the resting membrane potential, =80 mV. Fast
capacitance compensation was done to cancel the transient caused by the capacitance of the
pipette holder and pipette wall. The patch of membrane enclosed within the tip of the pipette
was ruptured by applying short suction or by applying short hyperpolarizing voltage pulses
(about 1 V, 10-500 ps; zapping). Electrical access to cell interior was indicated by a sudden
increase in the capacitive transients from the test pulse and a change in the current response to
the test pulse. This reflects the contribution of the cell membrane to the pipette capacitance.
To define the cells according to electrophysiological criteria, a voltage step protocol was
applied from =160 mV to +70 mV in 24 steps, increasing the voltage in 10 mV intervals. Each
step had a duration of 200 ms, after which the potential reversed to the original holding potential

for 200 ms until the next voltage step was performed (Figure 9).

70 mX 70 mV 200 ms

0mV

200 ms -80 mVv ;80 mV

-160 mV -160 mV

Figure 9. The voltage-step protocol
The figure shows the voltage-step protocol used for analysis of the IV relationship of the cell: 200 ms long voltage-
steps from =160 mV to 70 mV in 10 mV steps. On the right a schematic figure is shown how it is commonly

depicted as overlay figure. Similar overlay figures were used for the presentation of the recorded currents (IV curve).

Drugs (Table 6) were applied either to the bath or locally by pressure ejection from a
micropipette or by a fast application system into the perfusion chamber next to the cell.

For pressure ejection, we used a PDES-O2D device (npi electronics, Tamm, Germany).
Drugs were applied using 2 bar pressure and 20 ms application time from a micropipette,
identical to the patch pipette, placed approximately in 10 uM distance from the cell. Three
consecutive recordings were averaged (Oku et al, 1999).

For fast application, a PF-8 8-channel perfusion system (ESF electronic, Gottingen,
Germany; the control panel is shown in Figure 8E) was used, by which the fluid flow in an

application capillary (Figure 8C) could be quickly changed from one substance to another.
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Drug Function Origin Concentration | Application
Bicuculline | GABAA blocker Sigma, B6889 20 uM Bath
CGP55845 | GABAg blocker Tocris, 1248 10 uM Bath
D-Aspartate | GLT substrate Sigma, A8881 200 uM Bath
DL-AP5 NMDA blocker Tocris, 0105 100 pM Bath
DNQX AMPA blocker Tocris, 0189 20 uM Bath
GABA Neurotransmitter | Sigma, A5835 200 uM Bath
Glycine Neurotransmitter | Sigma, G6761 1mM Bath
Glycine Neurotransmitter | Sigma, G6761 2mM Perfusion
Glycine Neurotransmitter | Sigma, G6761 100 mM Pressure ejection
Strychnine | GlyR blocker Sigma, S8753 10 uMm Bath
Strychnine | GlyR blocker Sigma, S8753 20 UM Perfusion
TTX Postsynaptic block | Alomone labs T-500 | 500 nM Bath

Table 6.: Drugs applied in whole-cell voltage-clamp experiments

Recordings were digitized at 10 kHz using an interface of the EPC-9 (ITC-16, HEKA,
Germany) and Pulse software (v 8.10, HEKA, Lambbrecht, Germany). Current responses were
additionally stored at the same time for off-line analysis using the AxoGraph software (v 4.6,
Axon). Whole-cell currents were filtered at 2.8 kHz with a Bessel filter. Current responses to
voltage-step protocol were analysed with IGOR Pro (Wavemetrics, Oregon, USA). Maximal
current responses after application of a substance were manually determinated using AxoGraph
4.6 in the case of bath application, or with IGOR Pro in the case of pressure ejection or fast
application. Results are expressed as means * standard deviation (SD), significance was
determined by Sigma Plot software (SPSS, Chicago, USA) using the Student’s T-test.
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2.6.  Single-cell reverse transcription PCR

The polymerase chain reaction (PCR) method was invented in 1986 by Kary Mullis,
and awarded with the Nobel Prize in 1993. PCR is used to amplify a short, well-defined part
of a DNA strand, usually up to 10 kb. The process consists of a series of twenty to thirty
cycles, with each cycle consisting of three steps carried out in a thermal cycler: (1)
denaturation (94-96°C), when the strands of the DNA are separated, (2) annealing (45-60°C,
depending on the primers), when the primers attach to the single DNA strands, and (3)
elongation (72°C), when the new DNA strand is synthesized. Figure 10 shows the
amplification within the first 3 cycles of PCR.
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Figure 10. The amplification of DNA during the PCR process

The figure shows the amplification of the original DNA (blue) during 3 cycles of PCR. Already after the first
three cycles most of the DNA is newly synthesized (Green is the newly synthesized DNA, red is the primer
DNA). Figure from: http://de.wikipedia.org/wiki/Bild:PCR-pcr.png.

In our experiments we performed PCR using cDNA acquired from reverse
transcription of the RNA content of a single cell. Multiplex nested PCR was carried out in two
steps, which ensures a sufficient amplification to detect the presence of the cDNA transcribed
from the mRNA of the investigated protein in a sample from a single cell. Primers were

intron-spanning to detect only mRNA but no genomic DNA.
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Cells were whole-cell voltage clamped. After recording the IV-curve to define the cell
type, the cytoplasm was harvested by careful suction into the recording pipette. Successful
harvesting was confirmed by obvious change in the fluorescence of the cell and detection of

fluorescence in the tip of the pipette (Figure 11).

Figure 11. Harvesting cells for single-cell RT-PCR
The figure shows a bright fluorescent astrocyte before (A) and after (B) harvesting. The decrease of the

fluorescence can be observed as the cytoplasm of the cell is sucked into the pipette.

The pipette content was transferred into a PCR tube (cap strips, Eppendorf,
0030127.498) filled with 5ul reverse transcription reaction mix by breaking the tip of the
pipette and expelling approximately 5ul solution under positive pressure.

The reaction mix contained: 2.0 pl random nonamer primer (DNA facility of the Max Planck
Institute for Experimental Medicine),
0.5 pl dNTPs (each 2mM; Boehringer-Mannheim),
1.0 pl 5x1* strand buffer (Invitrogen™ 18064-014),
1.0 ul DTT (0.1M, Invitrogen™ 18064-014), and
0.5 pl RNasin (40U/ul; Promega N211A).
The RT reaction was initiated immediately by addition of 0.5ul SuperScript™ 1l reverse
transcriptase (200 U/ml; Invitrogen™ 18064-014). Single-strand cDNA synthesis was
performed at 42°C for 1 h. cDNA samples were stored at -80°C.

A two-round PCR was performed, using the product obtained after the first round as a

template for the second round. The first PCR was run after adding the PCR mix to the RT

product and adjusting it to the final volume, 50 pl.
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The PCR mix contained: 5.0 pl 10x PCR buffer (Sigma D5684),
5.0 ul dNTPs (each 2 mM; Boehringer-Mannheim),
2.5 ul RedTag™ polymerase (1 U/ml; Sigma D5684) and
1.0 pl of the corresponding primers (10 pmol/pl, DNA facility of
the Max Planck Istitute for Experimental medicine)

The PCR was carried out in a Tetrad™ thermocycler (MJ Research, BioRad). Forty-
five cycles were performed (denaturation at 94°C, 30 s; annealing at 49°C, 2 min for the first
5 cycles, and 45 s for the remaining cycles; extension at 72°C, 25 s; final elongation at 72°C,
7 min). The primer pairs used in the first PCR round are shown in Table 7.

For GlyT1 For actin

Sense primer CAGCCCCAGCGAGGAGTA | GATATCGCTGCG-CTGGTCGTC

Antisense primer | GGGAAGCAGCGTGAGAGC | CATGGCTGGGGTGTTGAAGGTC

Table 7. Primers used in the first PCR round

An aliquot (3 pl) of the product of the first round was used as template for the second
PCR (25 cycles; annealing at 57°C (GlyT1) and 54°C (actin); first 5 cycles, 2 min; remaining
cycles, 45 s) using nested primers. The primer pairs used in the second PCR round are shown
in Table 8.

For GlyT1 For actin
Sense primer GGCGTCTCCTGGGTGGTT | CGTGGGCCGCCCTAGGCACCA
Antisense primer CGAAGCCGGCGTAGAGC | CTTAGGGTTCAGGGGGG

Table 8. Primers used in the first PCR round

The reaction conditions were the same as those in the first round. Products were
identified by agarose gel electrophoresis (1.5%; stained with ethidium bromide) using a 100
bp molecular weight marker. The expected fragment lengths were 355 bp for GlyT1 and 238

bp for actin.
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2.7.  Immunohistochemistry

The immunostaining process, which is called immunocytochemistry in the case of
cultured cells and immunohistochemistry in the case of histological preparations, is based on
an antibody binding to its epitope on the antigen. The antibody is used to link a cellular

antigen specifically to a stain that can be seen under a microscope (Figure 12).
, Fluorophor
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<«—the antibody binds

Figure 12. The principle of the immunostaining

A schematic figure of the two-step indirect method of the immunohistochemistry, which was used in our
experiments. The unconjugated first antibody binds to its epitope . The fluorescent dye or enzyme labeled second
antibody is raised against immunglobulins in a species-specific manner. Directed against the species in which the

first antibody was raised, it will bind to the first antibody.

Immunostaining on brainstem slices from the transgenic mice was performed as
described in Zafra et al (1995a).
250 pum acute slices were prepared from brainstem of transgenic animals at the age of
p0 to p7 similar to patch-clamping, and fixed in 4% paraformaldehyde (Sigma HT5014). 100
um slices were prepared from the paraformaldehyde-perfused brain of a pl0 TgN
(mPLP/DsRed) mouse, similar to methods described in GraR et al (2004).
In the first step, the slices were washed (3x1 min and 2x15 min) in PBS, which
contained: ~ 158.0 mM NaCl (Merck, 1.06404.1000),
2.7 mM KCI (Merck, 1.04936.0500),
8.1 mM Na,HPO, (Roth, P030) and
1.4 mM KH,PQO, (Roth, P018), pH adjusted to 7.4.
To neutralize the aldehyde groups remaining from the paraformaldehyde fixation, the slices
were incubated for 30 min in a buffer containing:
1.0 M ethanolamine (Sigma, E6133) and
0.1 M NaH,PO, (Merck, 6346), pH adjusted to 7.4.
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washed for 1 min in PBS, and
incubated in Tris-buffer supplemented with 10% fetal calf serum (FCS). The buffer contained:
0.3 M NaCl (Merck, 1.06404.1000) and
0.1 M Tris-HCI (Roth, 5429 + HCI), pH adjusted to 7.4.
Slices were incubated overnight (12h at room temperature, or 24h at 4°C) with first antibodies
in Tris-buffer supplemented with 1% FCS. Antibodies were diluted for GlyT1 1:200 (final
concentration about 2 ng/ul), for GlyR, NG2 and connexin 43 (Sigma C6219) 1:100 and for
GLAST (Chemicon, AB1782) 1:1000. After incubation, slices were washed (3x1 min and
2x15 min) in Tris-buffer with 1% FCS, and incubated for 1h with fluorescently labeled (Cy3
and Cy5 conjugated) second antibodies (Dianova, Jackson ImmunoResearch Lab Inc). Table
9 shows the first and second antibody pairs we used for the experiments. Finally slices were
washed in Tris-buffer (3x1 min and 2x 15 min), rinsed in PBS and mounted in Aqua
Poly/Mount (Polysciences Inc., 18606). The embedded slices were analyzed under a Zeiss
LSM 510 Meta confocal laser scanning microscope.

First antibody Second antibody Co-staining first AB | Co-staining 2" AB
Anti-GlyT1 Anti-Rabbit Cy3 - -

Anti-GlyT1 Anti-Rabbit Cy5 - -

Anti-GlyT1 Anti-Rabbit Cy3 Anti-NG2 Anti-Rat Cy5
Anti-GlyT1 Anti-Rabbit Cy5 Anti-NG2 Anti-Rat Cy3
Anti-GlyT1 Anti-Rabbit Cy3 Anti-GLAST Anti-Guinea Pig Cy5
Anti-GlyT1 Anti-Rabbit Cy5 Anti-GLAST Anti-Guinea Pig Cy3
Anti-Connexin Anti-Rabbit Cy3 Anti-NG2 Anti-Rat Cy5
Anti-GlyR Anti-Mouse Cy3 - -

Anti-GlyR Anti-Mouse Cy3 Anti-GlyT1 Anti-Rabbit Cy5
Anti-GlyR Anti-Mouse Cy3 Anti-NG2 Anti-Rat Cy5

Table 9. Antibodies used for the experiments

In the case of GlyR-NG2 co-staining, the anti-mouse second antibody interacted with
the rat NG2 first antibody, as they were from related species. To prevent cross-reaction, the
NG2 staining was performed consecutively after the GlyR staining.

The GIlyT1 antibody was kindly donated by Fransisco Zafra (Madrid), the GIlyR
antibody against both al and a2 subunits was a gift from Heinrich Betz (Frankfurt) and the
NG2 antibody was a gift from Jacqueline Trotter (Mainz).
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3. Results

3.1.  Functional expression of glycine receptors and transporters on glial cells of the

respiratory network

3.1.1. Expression of GlyT1 on astrocytes of the respiratory network

To study the expression of GlyT1 on the different glial cell types of the respiratory
network, immunocytochemistry was performed on acute slices from the caudal brainstem of
transgenic mice expressing fluorescently labelled astrocytes or oligodendrocytes. The region
of the ventral respiratory group was studied under a confocal laser-scanning microscope.

The GlyT1 expression on astrocytes was examined using TgN (hGFAP/EGFP) mice
as a tool to visualize astrocytes. Immunohistochemistry was performed on acute slices from
different ages (p0-p6). The antibody against GlyT1 stained preferentially cells with high
EGFP expression level (“bright cells”)(Figure 13), which are electrophysiologically passive
and intermediate cells (Gral3 et al, 2004). The staining was localized at the membrane, both at

the soma and at the processes (Figure 14).

Figure 13. GlyT1 immunohistochemistry on acute slices from TgN (hGFAP/EGFP) mice
The figure shows an overview of the GlyT1 immunostaining (Cy3, red) on an acute slice of a p0 TgN

(hGFAP/EGFP) mouse. GlyT1 expression can be observed predominantly on bright fluorescent astrocytes.
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Figure 14: GlyT1 is expressed on processes of green fluorescent astrocytes

(A) and (B) show the EGFP fluorescence of astrocytes from the TgN (hGFAP/EGFP)mice, (C) and (D) the
GlyT1 staining (Cy3, red) and (E) and (F) the overlay. The arrows point to processes where GlyT1 is expressed.
The age of the animal was p5 in (A), (C), (E) and p6 in (B), (D), (F). The processes of the bright cell and the
following GlyT1 staining shown in (B), (D), (F) surround a not labelled round area (labelled with asterix) which

might represent a big neuron or a blood vessel.
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3.1.2. Expression of GlyT1 on NG2+ glia

NG2, a glial progenitor marker, was found to be expressed on cells with lower
expression levels of EGFP (Grall et al, 2004). About half of these “dark cells” were
electrophysiologically outwardly rectifying (GraB et al, 2004). Co-staining was performed for
GlyT1 and NG2 in pl and p2 mice to determine whether NG2+ cells express GlyT1, and no

GlyT1/NG2 co-staining was found in green fluorescent cells (Figure 15).

Overlay

Figure 15: GlyT1/NG2 co-staining shows no GlyT1 staining on NG2+ cells

(A) shows the EGFP fluorescence of a bright and a dark fluorescent cell in a slice from the TgN (hGFAP/EGFP)
mouse. (B) shows GlyT1 immunostaining on the bright cell, but not on the dark cell. (C) shows NG2
immunostaining (Cy5) on the dark cell but not on the bright cell. (D) shows the overlay. The age of the animal

was pl.
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3.1.3. Co-expression of GlyT1 and glutamate transporter on astrocytes

Bright fluorescent cells in the TgN (hGFAP/EGFP) mouse, which are
eletrophysiologically passive and intermediate astrocytes, were shown to express glutamate
trasporters both by immunohistochemistry and by electrophysiology (Gral} et al, 2004,
Matthias et al, 2003). We performed co-staining on acute slices from p1 and p2 animals with
the glutamate transporter GLAST, to define whether astrocytes can co-express glutamate
transporter and the GlyT1. GlyT1-GLAST co-staining was found on bright fluorescent cells
(Figure 16).

oy GFAP/EGFP : Anti-GlyT1
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Figure 16. GlyT1/GLAST co-staining, showing co-staining on bright fluorescent astrocytes
(A) shows the green fluorescent astrocytes of the TgN (hGFAP/EGFP) mice. (B) shows the GlyT1l
immunostaining (Cy3) on bright fluorescent cells (arrows point to the cells), (C) shows the GLAST

immunostaining (Cy5) on the same cells. Figure D shows the overlay. The age of the animal was p1.
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3.1.4. Expression of GlyT1 on oligodendrocytes

To visualize oligodendrocytes, TgN (mPLP/DsRed) mice were used and immuno-
cytochemistry was performed on slices from different ages (p2-p10).

In very young mice (p2-p4) the majority of the labelled cells were localized at the area
ventral to the Nucleus hypoglossus, probably at the area of Nucleus raphe and rarely found in
the ventral respiratory group, making analysis extremely difficult. However, no GlyT1
staining was found on fluorescently labelled cells in the regions where labelled
oligodendrocytes could be found.

In older mice (P7-p10), when this strong region specificity disappeared, allowing us to
study oligodendrocytes within the VRG, we could show possible membrane staining on a few
labelled oligodendrocytes. However, these results were weak in comparison to the strong
staining of the brightly labelled astrocytes, and the majority of the fluorescently labelled cells
did not show GlyT1 expression (Figure 17). Data on double transgenic mice with both green
fluorescent astrocytes and red fluorescent oligodendrocytes showed that the GIlyT1
immunostaining is stronger on astrocytes than on oligodendrocytes. It also showed however
that the density of fluorescently labelled oligodendrocytes is much lower than that of the
fluorescently labelled astrocytes, which makes it more difficult to locate the cells (Figure 18).

Overview

D Overlay

Figure 17: GlyT1 immunohistochemistry on oligodendrocytes

(A) shows the overview of GlyT1 staining (Cy5) on a slice from a TgN (PLP/DsRed) mouse, where the GlyT1
staining is localized mainly to not labelled cells. (B) shows the DsRed labelling of two oligodendrocytes. (C)
shows the weak GlyT1 staining of two cells, (D) the overview. The slice was prepared from the perfused brain of

a pl10 animal.
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GFAP/EGFP PLP/DsRed

Figure 18: GlyT1 immunohistochemistry on slice from double-trasgenic mice

(A) shows the green fluorescent astrocytes, expressing EGFP under the control of the GFAP promoter. (B)
shows a red oligodendrocyte expressing DsRed under the control of the PLP promoter. (C) shows the GlyT1
staining (Cy5). The white arrows point to the strong GlyT1 staining on bright fluorescent astrocytes, while the

yellow arrow to the weaker staining on the oligodendrocyte. (D) shows the overlay. The age of the animal was
p7.
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3.1.5. Expression of GlyT1 on neurons

Although GIlyT1 is mainly glia specific, neuronal GlyT1 was also described in retinal
transplants (Sharma, 2000) and recently in the cerebellum and in the cortex (Jones et al.,
2004, conference abstract, Cubelos et al, 2005). To check the possibility of neuronal GlyT1 in
the respiratory network, slices from a p7 TgN (Thyl.2/EYFP) mouse were also stained
against GIlyT1. These mice express yellow EYFP fluorescence in neurons, including
respiratory neurons in the VRG (Winter et al, 2005, conference abstract). GlyT1 staining was
restricted to nonfluorescent cells, no circular membrane staining was found in fluorescently

labeled neurons (Figure 19).

Overlay
¥

Figure 19. GlyT1 immunohistochemistry shows no expression of GlyT1 on fluorescently labeled neurons
(A) shows neurons labeled by yellow fluorescence, (B) the GlyT1 staining (Cy3) and (C) the overlay. The arrow
shows a fluorescently labelled neuron, which is not stained, with stained nonfluorescent cells in the neighbour-
hood.

3.1.6. Expression of the mRNA of GlyT1 in glial cells of the respiratory network

The expression of GlyT1 mRNA in different glial cells of the respiratory network was
investigated by single-cell RT-PCR experiments. Cytoplasm was harvested from fluorescent
cells of the VRG in transgenic mice. The cells were defined by electrophysiological criteria.
After cDNA synthesis a multiplex nested PCR was performed for GlyT1 and as a control for
actin. Actin mRNA was detected in 96.7% of the samples (59 of 61 cells).

Expression of GlyT1 mRNA (results shown in Figure 18) was found both in passive
(15 of 21 cells, 71.4%) and intermediate (12 of 13 cells, 92.3%) astrocytes, but also in 7 of 10
outwardly rectifying astrocytes (70.0%). GlyT1 mRNA was shown also in oligodendrocytes
(12 of 15 cells, 80.0%).
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Figure 20. GlyT1 mRNA expression in astrocytes and oligodendrocytes
The figure shows picture of a gel with the results of the sc PCR. The GlyT1 PCR is shown for 3 samples of each

cell type, as well as the actin PCR for the same samples.
3.1.7. Electrophysiology of glial cells

Fluorescently labeled cells of TgN (hGFAP/EGFP) and TgN (mPLP/DsRed) mice
were whole-cell voltage clamped and defined according to the voltage-dependent current
profile. A voltage-step protocol from —160 to +70 mV was recorded and the 1V relationship of
the cell was defined. Three different types of astrocytes were described in the respiratory
network according to electrophysiological criteria (GraR et al, 2004): (1) passive astrocytes
with passive currents and a linear IV relationship (Figure 21A), (2) intermediate astrocytes
with a linear 1V relationship at the steady state but with an initial A-type current (Figure 21B),
and (3) outwardly rectifying astrocytes with outwardly rectifying currents (Figure 21C).

Oligodendrocytes showed similar IV relationship as passive astrocytes (Figure 21D)

A Passive astrocytes B Intermediate astrocytes C Outwardly rectifying D Oligodendrocytes

S astrocytes

Figure 21. Electrophysiological properties of different glial cell types
The figure shows an example for typical 1V relationships of the three different types of astrocytes and of the
oligodendrocytes. In the transgenic mouse bright fluorescent cells are usually passive or intermediate astrocytes,

while outwardly rectifying astrocytes generally appear as dark fluorescent cells.
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Similar to the results described in Grass et al (2004), bright fluorescent astrocytes
were passive and intermediate in our experiments, while both outwardly rectifying astrocytes
and passive and intermediate astrocytes were found among the dark cells.

Outwardly rectifying astrocytes were described to have significantly larger input
resistance and less negative membrane potential than passive and intermediate cells (Gral} et
al, 2004). In Figure 22, the statistical analysis of the membrane potential and the input
resistance is shown. The membrane potential and input resistance was not significantly
different in passive and intermediate astrocytes, -83.9 + 2.6 mV membrane potential and 40.0
+ 11.5 MQ input resistance for passive astrocytes (n=18) and -81.3 = 7.0 mV membrane
potential (p=0.25) and 36.3 + 2.8 MQ input resistance (p=0.2) for intermediate astrocytes
(n=19), respectively. Outwardly rectifying astrocytes showed significantly different
membrane potentials, -54.5 + 13.9 mV (n=12, p<0.001). The input resistance was about 10
times larger in each cell (465.9 + 265.1 MQ, p<0.001).

Oligodendrocytes (n=18) showed similar input resistance than passive and
intermediate astrocytes, 32.1 + 10.4 MQ, but their membrane potential was less negative, -
75.7 £ 5.5 mV, and this difference was significant (p<0.01). As expected, the data from
oligodendrocytes were significatly different from outwardly rectifying astrocytes for both the

input resistance and the membrane potential (p<0.001).
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Figure 22. Membrane potential and input resistance of different glial cells
(A) shows the statistical analysis of the membrane potential in the different types of astrocytes and in

oligodendrocytes. (B) shows the input resistance. Data are shown as mean + SD.

33



Results

3.1.8. Glycine induced currents in glial cells of the respiratory network

The functional expression of the GlyT1 and glycine receptor on glial cells of the
respiratory network was studied in whole-cell voltage clamp experiments performed on
different glial cell types of the ventral respiratory group.

Bath application of 1 mM glycine evoked inward currents in passive and intermediate
astrocytes without significant difference (142.7 + 58.6 pA in passive cells, n= 14, and 147.1 +
76.8 pA in intermediate astrocytes, n=11, p=0.87), but did not elicit a current in outwardly
rectifying astrocytes (n=11). The main part of the glycine-induced current was shown to be
receptor-related, as it could be blocked by the glycine receptor blocker strychnine (10 pM).
However, in passive astrocytes 22.3 + 10.5 % (n=7), in intermediate astrocytes 18.8 + 18.2 %
(n=8) of the original current was strychnine insensitive. This current can be related to glycine
transporter (GlyT1) (Figure 23).
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Figure 23.Glycine induced currents expressed in different types of astocytes

(A) shows the IV curves and glycine induced current traces from up to down from a passive, an intermediate and
an outwardly rectifying astrocyte. On the left, the IV curves are shown; the middle traces show the whole glycine
current, the right traces the current induced in the presence of 10uM strychnine. (B) shows the statistical analysis
of the whole glycine current, (C) the percentage of the strychnine-insensitive current. Data are shown as mean +
SD.
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Since bath application is slow and the applied substance exerts its effect on all of the
cells of the glia syncitium, we used a fast perfusion system for local application in which the
fluid flow could be changed quickly between control and substance-containing solution. With
the application capillary placed close to the cell, and using application time of 10 seconds and
2mM glycine, local application elicited similar responses as bath-application: in passive
astrocytes —136.3 + 23.1 pA (n=4), more variable in intermediate astrocytes —228.8 + 155.0
pA (n=6), but the difference was not significant (p=0.28). After strychnine application 10.0 +
5.5 and 15.2 + 19.6 % remained, respectively (Figure 24).

To study the receptor related current, our goal was to make the glycine application
very short, to simulate to the synaptic transmission. When the duration was reduced to 1 s
however, the recorded currents were close to the detection limit. Only in a very few cases
were similar currents recorded as in the case of longer application time. Similar strong
decrease in glutamate-induced currents with reduced application time was also observed (Data

not shown).
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Figure 24. Currents induced by glycine from a fast drug application system

(A) shows currents evoked by 2 mM glycine in the different types of astrocytes before and after application of 20
UM strychnine. The IV protocol of the example cell is also shown. (B) shows the statistical analysis of the whole
glycine currents, (C) shows the percentage of the glycine currents remaining after application of 20 uM

strychnine. Data are shown as mean + SD.
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Finally, to prove that the glycine response is not indirect, experiments were also
performed in the presence of 500nM TTX, 20uM bicuculline, 100uM DL-AP5 and 20 uM
DNQX for blockade of the synaptic transmission (TTX blocks the voltage sensitive sodium
channels), GABA receptors and NMDA and AMPA/kainate type glutamate receptors,
respectively. To apply the glycine directly to the cell, pressure-ejection application was
performed from an other pipette placed next to the cell (in approximately 10 um distance).
100 mM glycine was applied for 20 ms using 2 bar pressure (Oku et al, 1999). Glycine
induced currents were recorded from passive (-26.5 + 12.8 pA) and intermediate (-36.5 + 28.2
pA) astrocytes but, as expected from the previous data, not from outwardly rectifying
astrocytes. However, in comparison to the bath application, the glycine induced currents were
smaller and artefacts probably due to the pressure were also registered (Figure 25).
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Figure 25. Currents induced by local application of 100 mM glycine in the presence of 500nM TTX, 20uM
bicuculline, 100uM DL-AP5 and 20puM DNQX
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(A) shows the average currents induced by 3 consecutive application of glycine to a passive and an intermediate
astrocyte, pressure artefacts, which were not counted in the analysis, can be observed at the beginning of the

recording. (B) shows the statistical analysis of the total glycine current. Data are shown as mean + SD.

Glycine induced currents were also tested in fluorescently labelled oligodendrocytes.
In these cells, similar currents were evoked upon bath application of glycine than in passive or
intermediate astrocytes: 133.3 + 22.9 pA whole glycine current was recorded and 20.6 + 6.0

% was strychnine resistant (n=10). Figure 26 shows an example result.

36



Results

1 mM glycine 1 mM glycine 44\ strychnine

Figure 26. Glycine induced currents in oligodendrocytes

The figure shows the current evoked by 1 mM glycine in an oligodendrocyte (left) and the current in the same
cell evoked in the presence of 10 uM strychnine (right).

3.1.9. Comparison on the glycine induced currents of astrocytes and neurons

Although passive and intermediate astrocytes respond to glycine with mainly receptor
related currents, these currents are low. When we compared the current upon glycine
application expressed by astrocytes with that of neurons, we found that glycine induced more
than ten times larger larger currents in neurons. Astrocytes expressed glycine currents in a pA
range, just in very few cases exceeding 200 pA, while neurons expressed currents in the nA-

range. Figure 27 shows the glycine response of a neuron in comparison to glycine response
recorded in a selected astrocyte.

Neuron Passive astrocyte
10 nA
100 ms —
1mM glycine 1mhﬂlycine

|I I."III

Y

Figure 27. Comparison of the glycine response between a neuron and an astrocyte

The figure shows currents evoked by application of 1 mM glycine from the fast perfusion system on a neuron

and on a passive astrocyte. IV curves of the cells are shown above the current recording. Recorded in the
presence of 500 nM TTX.
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3.1.10. Involvement of coupling in glycine induced currents of astrocytes

Bath application of drugs exerts widespread effects in the tissue. Therefore, it is
important to know in voltage-clamp experiments whether the cells examined are coupled
through gap junctions. If this is the case, the currents response represents the currents from
nearby coupled cells also.

To analyze potential coupling of astrocytes, immunohistochemistry was performed on
slices from TgN (hGFAP/EGFP) mouse against connexin 43 (Cx43) and NG2. The Cx43
staining was localized on astrocytes with high EGFP expression level. There was no co-
staining of Cx43and NG2 on fluorescently labelled astrocytes, indicating that outwardly

rectifying astrocytes do not express connexin 43 (Figure 28).

20 um
Anti-NG2

Figure 28. Connexin 43/NG2 co-staining showing no connexin 43 staining on NG2+ cells

(A) shows the EGFP fluorescence of two bright and two dark fluorescent cells in a slice from the TgN
(hGFAP/EGFP) mouse, the white arrows point to the cells. (B) shows connexin 43 immunostaining (Cy3) on the
bright cells but not on the dark cells. (C) shows NG2 immunostaining (Cy5)on the dark cells but not on the

bright cells. (D) shows the overlay. The age of the animal was p2.

38



Results

Passive astrocytes were described to form a syncitium connected together by gap-
junctions (Wallraff et al, 2004). The involvement of the astrocytic syncitium in the glycine
response was studied in whole-cell voltage clamp experiments using a different intracellular
solution, in which the potassium chloride was replaced by potassium gluconate. Under this
condition, the chloride-mediated currents of the cell should be reduced due to the fact that the
chloride equilibrium potential (-77 mV) is very close to the holding potential at which the cell
is clamped (-80 mV). Passive (n=33) and intermediate (n=7) astrocytes were examined. Each
of them showed strychnine sensitive glycine currents. The amplitudes of the glycine induced
currents were not significantly different from the glycine induced currents recorded with
chloride containing intracellular solution (In the case of passive astrocytes, -163.9 + 85.6 pA,
p=0.2; in the case of intermediate astrocytes, -182.0 + 33.6 pA, p=0.3). After application of
strychnine 22.8 + 13.4% and and 17.8 + 6.4% remained, indicating that surprisingly large part
of the glycine current was strychnine sensitive receptor current (Figure 29). This suggests that
coupled cells where the chloride equilibrium potential probably has not changed contribute to

the glycine receptor currents.
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Figure 29. Glycine receptor and transporter currents with potassium gluconate containing intracellular
solution

(A) shows the 1V curves (left) and currents evoked by 1 mM glycine in a passive and an intermediate astrocyte
whole-cell voltage-clamped with potassium gluconate containing intracellular solution. The middle traces show
the whole glycine current and the right traces the current in the same cell evoked in the presence of 10 uM
strychnine.(B) shows the statistical analysis of the whole glycine current, (C) the percentage of the strychnine-

insensitive current. Data are shown as mean + SD.
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3.2.11. Co-expression of glycine transporter and glutamate transporter currents in

astrocytes

Since immunohistochemistry showed that the same cells express GlyT1 and glutamate
transporter GLAST, we also tested whether the same cells express glycine transporter and
glutamate transporter currents. Passive astrocytes (n=7) were tested using the potassium
gluconate-containing intracellular solution. Glycine (1 mM) was applied in the presence of 10
KM strychnine, followed by the application of D-aspartate (200 M), a substrate of glutamate
transporters. Both glycine and D-aspartate evoked inward currents in each cells, -29.9 + 8.0

pA in the case of glycine and —203.1 + 115.7 pA in the case of D-aspartate (Figure 30).

1 mM glycine 200uM D-aspartate

10 uM strychnine
100 pAI

100 s

Figure 30. Glycine and glutamate transporter currents in passive astrocytes
The figure shows an example registration of the glycine induced and D-aspartate induced currents of the same

passive astrocytes.

3.1.12. Expression of glycine receptor in glial cells of the respiratory network

Since the main part of the glycine induced current was receptor related,
immunohistochemistry was also performed against glycine receptor on slices from transgenic
mice with fluorescently labelled glial cells to study the GlyR expression on the different glial
cell types.

GlyR immunostaining was preferentially found in non-fluorescent large cells,
supposedly on neurons. In contrast to the GlyT1 immunohistochemistry, anti-GlyR antibody
not only stained cells with high level of EGFP expression in the TgN (hGFAP/EGFP), dark

fluorescent cells were stained as well. Mice of age p3-p6 were examined. (Figure 31)
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Overview

Overlay

Figure 31. GlyR immunohistochemistry on slices from TgN (hGFAP/EGFP) mice
(A) shows an overview of the GIyR staining (Cy3, red) on green fluorescent astrocytes, showing GIlyR
expression on both dark and bright fluorescent cells. The white arrows point to dark cells, the blue arrows point
to bright cells, and the yellow arrows on large non-fluorescent stained cells, probably neurons. (B), (C) and (D)
show GIyR staining at higher magnification in a dark and a bright fluorescent astrocyte; it shows the EGFP
fluorescence, the Cy3 labelled GlyR and the overlay, respectively. (E), (F), (G) show 3 bright and two dark cells,
one of the dark cells and one of the bright cells is stained against GlyR; it shows the EGFP fluorescence, the Cy3
labelled GlyR, and the overlay respectively. Notice in this figure that bright and dark fluorescent cells are found
in close proximity. The age of the animal was p6.
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The glycine induced currents suggested co-expression of GlyT1 and GlyR on passive
or intermediate astrocytes. Therefore, GIyR/GlyT1 co-staining was performed on slices from
a p6 animal, and indeed some bright fluorescent cells were found to show both GlyR and

GlyT1 staining (Figure 32).

Anti-GlyT1 Overlay

Figure 32. GIyR/GIlyT1 co-staining showing co-expression of GlyT1l and GlyR on bright fluorescent
astrocytes

(A) shows the EGFP fluorescence in slice from the TgN (hGFAP/EGFP) mouse. (B) shows GlyR staining (Cy3)
on 2 bright fluorescent cells, a dark fluorescent cell, and a nonfluorescent cell, (C) shows GlyT1 staining (Cy5)
on the same fluorescent cells but not on the nonfluorescent cell, (D) shows the overlay. The white arrows point
to the three green fluorescent cells with GlyT1/GlyR co-staining, the yellow arrow points to the non fluorescent

GlyR+ but GlyT1- cell, which is probably a neuron. The age of animal was p6.
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According to the electrophysiology, outwardly rectifying astrocytes do not express
functional glycine receptors. This is in discrepancy with the previous finding that dark
fluorescent cells show glycine receptor immunostaining. To investigate whether the dark cells
stained against GlyR might be outwardly rectifying astrocytes, or just dark passive or
intermediate cells, co-staining with NG2 was also performed. Surprisingly, some of the NG2+
dark cells seemed to show a weak GlyR staining, but most of the fluorescent cells did not

show GIlyR-GIlyT co-staining (Figure 33).

Anti-NG2

Figure 33. GIyR/NG2 co-staining

(A) shows the EGFP fluorescence, (B) the GlyR staining (Cy3), (C) shows NG2 staining (Cy5), (D) the overlay.
The white arrow points to a bright fluorescent astrocyte with GlyR staining but no NG2 staining, the yellow
arrow to an NG2 positive cell with a weak GlyR staining, and the blue arrow to an NG2 positive cell with no

GIyR staining. The age of the animal was p3
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3.1.13. Comparison of the glycine response of glial cells with the GABA response

In whole cell experiments, currents induced by the other main inhibitory
neurotransmitter, the y—amino butyric acid (GABA) were also studied. In passive and
intermediate astrocytes GABA induced similar inward currents as glycine (-125.0 + 97.7 pA
with n=4 and -281.9 + 179.9 with n=6, respectively, p=0.15). Interestigly, in contrast to
glycine GABA evoked significantly larger currents in outwardly rectifying astrocytes (-
1179.2 + 438.5 pA, n=7; p<0.001 ). Oligodendrocytes showed similar response to GABA than
passive astrocytes (-177.7 + 66.7 pA)(Figure 34).

Outwardly rectifying astrocytes were described to express glutamate receptor currents
(GraB et al, 2004, Matthias et al, 2003). The same cells were found to show GABAergic
EPSCs (Jabs et al, 2004, conference abstract), and NG2+ precursor cells were described to
develop into GABAergic neurons (Belachew et al, 2003), suggesting that outwardly rectifying
astrocytes might express also GABA receptors. Therefore, we tested how much of the GABA
induced current was receptor-related by blocking the two main GABA receptors, GABAA
with bicuculline and GABAg with CGP55845. While the remaining currents were not
significantly different among the different cell types, in the case of passive astrocytes a large
part of the GABA current (40,5% in mean) was remaining after the receptor blockade. In
contrast, the large GABA current of the outwardly rectifying astrocytes is mainly receptor

related as only 17.5% was remaining after the receptor blockade.
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Figure 34. GABA induced currents in different glial cells
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(A) shows current recordings from different glial cell types upon application of 200 uM GABA before and after
application of 20 uM bicuculline and 10 uM CGP55845. (B) shows the statistical analysis of the GABA induced

currents without receptor blockade, (C) shows the statistics of the percentage of the current remaining after

receptor blockade. Data are shown as mean + SD.
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3.2. Role of GlyT1 in the respiratory rhythm
3.2.1. Breathing of GlyT KO mice

Genetically inactivation of GIlyT1l revealed that homozygous GlyT1 KO mice
appeared externally normal but died on the day of birth (Gomeza et al, 2003a). One possible
reason of this would be a respiratory failure. Therefore, newborn mice were examined for
breathing phenotype and in vitro respiratory network activity.

First, breathing was analyzed in living animals by plethysmography. Wild type and
heterozygous animals showed regular breathing. The breathing patterns and respiratory
frequencies were not significantly different between both genotypes (For wild type, 2.53 +
0.58, n=8, for heterozygous 2.07 + 1.04, n=9, p=0.48). In contrast, homozygous GlyT1 KO
mice exhibited severe disturbances of breathing, with characteristic breathing pattern
including prolonged expiratory intervals and “double-breaths” (two single breath events, the
one with smaller amplitude immediately following the one with larger amplitude, Figure 35
A). GlyT1 KO animals displayed a severe depression of respiratory frequencies to 16% (0.34
+ 0.20, n=16, p<0.001) of those of wild-type (Figure 35 B), and the breathing was much more
irregular as shown by the 4-fold increase (p<0.001) of the coefficient variation of the
expiratory interval (0.23 £+ 0.11 for wild-type, 0.35 £ 0.22 for heterozygous and 1.04 + 0.36
for KO, Figure 35 C).
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Figure 35. Breathing of wild type, heterozygous and homozygous Glytl KO newborn mice

(A) shows recording of breathing from a wild type (above) and a Glytl KO (below) mouse. (B) shows the
frequency of the breathing, C the coefficient variation of the expiratory intervals of homozygous, heterozygous
and wt mice. Results are shown as mean + SD. Asterix marks the data significantly different from control

condition.
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3.2.2. The invitro respiratory rhythm of GlyT1 KO mice

The in vitro respiratory activity was further analysed by recording the neuronal
activity of rhythmic slices from the caudal medulla containing the PBC and the nucleus
hypoglossus. Preparations from wild-type animals showed a regular rhythmic bursting (Figure
36 A, E) at a frequency of 0.22 + 0.08 Hz (mean + SD, n=8). The results were similar in
heterozygous mice (frequency 0.16 + 0.07 Hz, n=8, p>0.05), while in homozygous KO
animals (Figure 36 C, E) prolonged periods of inactivity were registered, and burst frequency
was only 0.06 + 0.04 Hz (n=10, p<0.001).

The lack of glial glycine uptake due to the inactivation of the GlyT1 possibly leads to
increased glycine concentration. The question arised whether the strongly reduced in vitro
respiratory rate of the GlyT1 KO mice depends on the effect of the increased synaptic glycine.
Since glycine can act as neurotransmitter on glycine receptors, or as neuromodulator on
NMDA receptors, the effect of blockade of both was tested. In the presence of the glycine
receptor blocker strychnine (2 puM), the reduced respiratory burst activity of the homozygous
GlyT1 KO animals increased 3.6 fold, leading to a frequency (0.27 + 0.09 Hz, n=5, p=0.002)
comparable to that seen under control conditions in wild-type mice (Figure 36 D, E). In
preparations from wild-type animals strychnine did not change the burst frequency (Figure 36
B, E).
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Figure 36. In vitro respiratory activity of GlyT1 KO mice

The figure shows the in vitro respiratory rhythm of a wild-type (A, B) and a Glytl KO (C, D) newborn mouse
before (A, C) and after (B, D) treatment with 2 uM strychnine. The integral of the burst activity recorded from
acute rhythmic slices is shown. (E) shows the statistical analysis of the changes of the in vitro respiratory
frequency in wild type and GlyT1 KO mice in response to 2 UM strychnine. Data are shown as mean + SD,

asterix indicates significant difference.
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In contrast to the strychnine, the NMDA receptor blockers AP5 (100 pM) and MK801
(10 pM) did not induce regular rhythm in slices from GlyT1 KO animals; even in the

presence of both drugs, burst frequencies were unaltered (0.03 + 0.04 Hz, n=3; Figure 37)
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Figure 37. Effect of the NMDA receptor blockers on the in vitro respiratory rhythm of GlyT1 KO mice
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(A) shows the in vitro respiratory rhythm of a GlyT1 KO mouse before (above) and after (below) the application
of 10 uM MK801 and 100 uM APS5. (B) shows the statistical analysis of the effect of 10 uM MK801 and 100
1M AP5 on the in vitro respiratory rhythm of GlyT1 KO mice. Data are shown as mean + SD.

2 mM strychnine was shown to block GABAA receptors as well (Jonas et al, 1998).
Therefore we tested the effect of GABAA receptor blockade too. In contrast to strychnine,
bicuculline did not reverse the respiratory rhythm in slices from GlyT1 KO animals. Although
high concentration induced a slight increase in the frequency in all 3 slices after an initial
decrease at low concentrations of bicuculline (in the case of application of 20 uM bicuculline
from 0.025 + 0.026 Hz to 0.044 + 0.047 Hz, p=0.56, n=3), the change was not significant in
contrast to the effect of strychnine (0.23 + 0.093,p=0.03, n=2) (Figure 38).
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Figure 38. Effect of bicuculline on the in vitro respiratory rhythm of GlyT1 KO mice

(A) shows the in vitro respiratory rhythm of a GlyT1 KO mouse before and after application of 20 uM
bicuculline and finally after application of 2 uM strychnine. (B) shows the statistical analysis of the effect of
different concentrations of bicuculline on the frequency of the in vitro respiratory rhythm of GlyT1 KO mice. In
comparison, the strychnine effect is also shown on the same slices. Data are shown as mean + SD. Asterix marks

the significant difference.
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3.2.3. Effect of glycine and sarcosine on the normal in vitro respiratory rhythm

The previous data suggest that the effect of the genetical inactivation of GlyT1 in the
homozygous GlyT1 KO mice is due to effect of glycine on glycine receptors. Therefore we
also examined the effect of glycine on the in vitro respiratory rhythm of wild type mice.
Furthermore we examined the effect of the GlyT1 inhibitor sarcosine.

In wild-type slices ImM glycine, the same concentration as used for recording GlyR
and GlyT mediated currents, produced a strong suppression of in vitro respiratory activity to
3.2% of that seen under control conditions (n=3) which recovered upon washout (Figure 39)
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Figure 40. Effect of glycine on the in vitro respiratory rate of newborn mice
(A) shows the in vitro respiratory rhythm of a wild-type mouse before and after the application of 1 mM glycine.
(B) shows the statistical analysis of the glycine effect and recovery after washout. Data are expressed as mean +

standard deviation, asterix indicates significant difference.

Finally, application of the GlyT1 inhibitor sarcosine also produced a dose-dependent
slowing of the rhythmic burst pattern in preparations from wild-type mice. At a concentration

of 2 mM, sarcosine reduced the network activity to 15.2% of control (n=4). (Figure 40).
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Figure 40. Effect of sarcosine on the in vitro respiratory rate of newborn mice.
(A) shows the in vitro respiratory rhythm of a wild-type mouse before and after the application of 2 mM
sarcosine. (B) shows the statistical analysis of the effect of different concentrations of sarcosine and the recovery

after washout. Data are expressed as mean * standard deviation, asterix marks significantly different.
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4. Discussion

4.1. GlyT1is expressed in passive and intermediate astrocytes

So far, GlyT1 immunohistochemistry and in situ hybridization was performed in mice
in which no fluorescent marker was used to differentiate between the different cell types
(Zafra et al, 1995a). According to morphological features, glial cells were described to
express GlyT1. We used different transgenic mice to analyze the GlyT1 expression in cells
identified by fluorescent markers. In TgN (hGFAP/EGFP) mice GlyT1 was found in
astrocytes with high EGFP expression in the ventral respiratory group. These bright
fluorescent cells are almost exclusively the passive and intermediate astrocytes. In contrast,
GlyT1 was not expressed on very dark cells, which are supposed to be the outwardly
rectifying astrocytes. The fact that no co-staining was found with the NG2 marker, which is
thought to be a marker of outwardly rectifying astrocytes (GraR et al, 2004), supports that
outwardly rectifying astrocytes do not express GlyT1.

In whole-cell voltage clamp experiments, passive and intermediate astrocytes showed
glycine induced inward currents similar to that of described in astrocytes of spinal cord
identified by morphological criteria (Pastor et al, 1995). In contrast to their results, in our
experiments outwardly rectifying astrocytes did not show any response to glycine. Although
the largest part of this glycine current was receptor related, similar to that in the spinal cord,
one part of the current remained after the complete blockade of glycine receptors with
strychnine, which is considered as transporter current. This shows the functionality of the
GlyT1, which was described in the immunohistochemistry experiments on passive and
intermediate astrocytes. Similar to the GlyT1 related currents previously described in retinal
Muiller-cells together with receptor-currents (Du et al, 2002), and in cerebellar Bergmann-glia
(Huang et al, 2004), the transporter current was quite small, under 50 pA.

Astrocytes with high levels of EGFP expression were reported to express glutamate
transporters according to the immunocytochemistry. Passive and intermediate astrocytes
showed also glutamate transporter currents supporting the fact that these cells express
glutamate transporters (GralR et al, 2004). According to our results these cells express also
glycine transporters. GlyT1 co-staining performed with one of the glutamate transporters,
GLAST, supported this view as strong co-localization was found in bright fluorescent
astrocytes, showing that the same cells express transporters for both glutamate and glycine.
Whole-cell voltage-clamp experiments also confirmed this, as passive astrocytes expressed

both glycine transporter currents and glutamate transporter currents. Concluding these data,
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passive and intermediate astrocytes seem to be important for the uptake of various
neurotransmitters including glycine and glutamate, thereby modulating the synaptic
transmission. Our still preliminary results indicate also a similar role for GABA.

In contrast to astrocytes, the majority of the labelled oligodendrocytes in the TgN
(mPLP/DsRed) mice did not show GlyT1 staining. In the few oligodendrocytes which did
show GlyT1 staining, the staining was weak. The fact, that strong staining could be found in
non-labelled cells, makes it improbable, that the different fluorescent markers of the cells and
of the second antibodies would be the reason. Also, in double fluorescent slice with both
green astrocytes and red oligodendrocytes, oligodendrocytes showed no staining or
comparably weaker staining than astrocytes. Important to mention is that the density of the
labelled oligodendrocytes is significatly less than that of the labelled astrocytes, which makes
it more difficult to find many labelled oligodendrocytes to analyze, thus increasing the chance
not to find stained cells. These results indicate that although oligodendrocytes might express
GlyT1, the expression is very weak in comparison to astrocytes. Despite the poor
immunohistochemistry results, oligodendrocytes expressed similar glycine transporter
currents as passive and intermediate astrocytes, suggesting a possible role in glycine uptake.
This glycine transporter current is different from the results obtained in spinal cord where all
of the glycine current was receptor-mediated (Pastor et al, 1995). Although autoradiography
did not confirm glycine uptake in oligodendrocytes (Reynolds and Herschkowitz, 1986), there
are some other data also showing glycine transport: strong sodium-dependent glycine biding
was observed in the myelin fraction in rat brain cortex homogenates (Valdes et al, 1977), and
oligodendrocyte precursors showed an intracellular Ca2+ influx partially due to sodium-
dependent transporters in response to glycine (Belachew et al, 2000). Our finding of glycine
transporter current in oligodendrocytes is new and the functional role is yet to be discovered,
it might contribute however in extrasynaptic glycine uptake.

GlyT1 mRNA expression was also analyzed by single-cell reverse transcription PCR.
Passive and intermediate astrocytes, as expected, showed GIlyT1 mRNA expression.
Oligodendrocytes, and unexpectedly, 7 of 10 outwardly rectifying astrocytes also expressed
GlyT1 mRNA. However, we should consider that the presence of mMRNA does not mean the
expression of the functional protein, and that the single-cell PCR is not quantitative: as the
amplification is very high, it cannot show the possible differences in the mRNA amount. The
fact that one of the two hypoglossus motoneurons, which were additionally analyzed (data not
shown), also showed GlyT1 mRNA expression by single cell PCR, indicates that single cell
PCR can show mRNA expression even in cells where the functional protein is not present,
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because according to the immunostaining on slices from TgN (Thy1.2/YFP) mice, neurons of
the respiratory network were supposed not to express GlyT1. It is important to mention a
similar contradiction in the case of the glutamate transporter: while, in contrast to passive and
intermediate astrocytes, outwardly rectifying astrocytes did not show glutamate transporter
current and glutamate transporter immunostaining (Gral3 et al, 2004, Matthias et al, 2003),
glutamate transporter mRNA was also shown in outwardly rectifying astrocytes with single-
cell PCR (Matthias et al, 2003).

4.2.  GlyT1 function is necessary for the respiratory rhythm generation

Genetic ablation of GlyT1 in homozygous GlyT1 KO mice led to death of the
newborn mice within the first day of life, showing that GlyT1 is vital at this age. As the
macro- and microanatomical structure of the mice appeared normal, the cause of the lethal
phenotype should be a functional failure. Measuring the breathing, we found that the
respiration of these mice was decreased in frequency and much more irregular in comparison
to the normal breathing of heterozygous and wild-type littermates. These results suggest that
the reason of the death of the newborn mice is respiratory failure. As GlyT1 is considered
glial specific, this result supports the view that contribution of glial cells by modulation of the
neurotransmission of the respiratory network is also necessary for the proper respiratory
rhythm generation, which came from experiments showing that glial metabolism blockade
reduced the respiratory rhythm (Hilsmann et al, 2000).

Studying the in vitro respiratory rhythm recorded from rhythmic slices from the caudal
brain stem, similar differences were found in the frequency than in the breathing (in vivo
respiration). The in vitro preparation allowed us to study the different neurotransmission
pathways. As application of glycine also reduced the in vitro respiratory rhythm of GlyT1 KO
mice, the effect of GlyT1 inhibition is thought to be due to increased extracellular glycine
concentration. Glycine can act either on glycine receptors as an inhibitory neurotransmitter, or
on NMDA receptors as a co-agonist of glutamate (neuromodulator role). Both pathways were
tested in our experiments. The glycine receptor inhibitor strychnine increased the strongly
reduced in vitro respiratory rate of the homozygous GlyT1 KO mice near to normal levels,
while the NMDA receptor blocker MK801 and AP5 had no effect, showing that GlyT1
inhibition expresses its effect on the respiratory rhythm through glycine receptors, rather than
through NMDA receptors. Whole-cell voltage-clamp recordings of glycinergic currents
showed decreased frequency and increased decay time of glycinergic IPSCs in GlyT1 KO
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mice, along with a significantly increased RMS noise, which was reduced with strychnine,
supporting the role of GlyRs in accomplishing the effect of GlyT1 inhibition (Gomeza et al,
2003a). The differences in the glycinergic IPSCs were similar to that observed in spinal cord
neurons using the selective GlyT1 antagonist Org 24598 (Bradaia et al, 2004), showing that
the effects of pharmacological and genetic blockade are similar.

Chloride-mediated inhibition does not seem to be essential for respiratory
rhythmogenesis in newborn mice according to experiments, which show no effect of the
glycine receptor blocker strychnine or the GABAA, receptor blocker bicuculline on the in vitro
respiratory rhythm of wild-type mice at this age (Ritter and Zhang 2000, Paton and Richter
1995). In contrast to newborn mice, in adults the blockade of GABAA and glycine receptors
greatly disturbs or abolishes respiratory rhythm, implying that synaptic inhibition is critically
important in respiratory rhythmogenesis (Richter and Spyer, 2001). Our experiments on
newborn mice indicate a dramatic depression of respiratory activity in homozygous GlyT1
KO mice, which seems to be mediated through glycine receptors, pointing to a critical effect
of increased inhibition in newborn mice. Data from respiratory neurons (Ritter and Zhang,
2000) and hypoglossal motoneurons (Singer et al., 1998) have suggested that the chloride
equilibrium potential is depolarizing in neonatal mice. This could be the reason that transient
activation of glycine receptors during the normal synaptic transmission does not influence the
respiratory network activity. However, persistent GlyR activation by excess glycine leads to
inhibition and thereby depression of the network activity.

Strychnine in high concentration was reported to block GABA receptors too (Jonas et
al, 1998). Although we did not use a very high concentration in these experiments, the
concentration was high enough to have an effect on GABAA receptors. Therefore we decided
to also investigate the effect of bicuculline, the blocker of GABAA, receptors. In contrast to
strychnine, bicuculline did not increase the reduced respiratory rhythm of the GlyT1 KO mice
significantly. An extremely high concentration (20 puM) caused a slight increase of the
frequency, but did not restore the frequency of the respiratory rhythm to a normal level, and
this high concentration of bicuculline was described to block also glycine receptors (Jonas et
al, 1998), thus the effect can be due to GlyR blockade. This shows that strychnine elicited its
effect on glycine receptors, GABA-inhibition is not important in the severe phenotype of the
GlyT1 KO mice. Bicuculline had no effect on the in vitro respiratory rhythm of wild type
mice, similar to other experiments on very young (p1) mice, and in contrast to older animals
(Ritter and Zhang, 2000).
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Similar to the effect of the genetic ablation of the GlyT1 in GlyT1 KO mice, the
pharmacological inhibition of GlyT1 with sarcosine also reduced the in vitro respiratory
rhythm in newborn mice. However, sarcosine, N-methyl-glycine, is a glycine homologue,
therefore the effect of sarcosine can be due not only to GlyT1 inhibition, but also to direct
activation of glycine receptors. Data from whole-cell voltage clamp experiments on
hypoglossus motoneurons showed that sarcosine induced current is mainly due to its effect on
glycine receptors, rather than the effect on GlyT1 blockade (Data not shown). This raises the
question of whether the effect of sarcosine on the in vitro respiratory rhythm might be due to
direct effect on glycine receptors, especially since glycine itself produces a similar effect.

4.3. GlyT1is glial specific in the respiratory network

GlyT1 was originally described as glial specific according to immunohistochemistry
and in situ hibridization results (Zafra et al, 1995a, Adams 1995), however, neuronal GlyT1
was also discovered later. GlyT1 expressing neurons were described in retinal transplants
(Sharma, 2000), in this context it is important to mention that already Zafra described GlyT1
expressing neurons in the retina as exception. Recently neuronal GlyT1 was found in cortex
and cerebellum (Jones et al, 2004, conference abstract, Cubelos et al, 2005). Therefore, the
question arose whether the critical role of GlyT1 in the respiratory rhythm generation is due to
neuronal GlyT1. Our data with TgN (Thy1.2/EYFP) mice, which have fluorescently labelled
neurons, including respiratory neurons, located at important areas of the respiratory network
(Winter et al, 2005, conference abstract), suggest that the GlyT1 in the respiratory network is
glial specific, since the staining was localised exclusively on nonfluorescent cells within the
ventral respiratory group as well as in the Nucleus hypoglossus. Although not every neuron
was labelled with the fluorescent marker, our other data showing strong expression of GlyT1
on passive and intermediate astrocytes support this view.

4.4. Expression of GlyR in different glial cell types

In whole-cell voltage-clamp experiments the main parts of the inward currents that
glycine evoked in passive and intermediate astrocytes and oligodendrocytes were strychnine
sensitive receptor currents, indicating that these cells express functional glycine receptors.
The current recordings were similar to those described in astrocytes and oligodendrocytes of
the spinal cord (Pastor et al, 1995), although in those experiments morphological criteria were
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used for the identification of the cells. The expression of mRNA of different GlyR subunits
was also shown in these cells by single-cell PCR (Kirchhoff et al, 1996). In our experiments,
no glycine induced current was detected in outwardly rectifying astrocytes of the respiratory
network, in contrary to the previous results where glycine induced currents were recorded
from cells with outwardly rectifying 1V relationship. However, due to the lack of the
fluorescent marker, it is not clear whether those cells are identical to our outwardly rectifying
astrocytes, and NG2 staining which would have helped to identify the cells was not
performed.

Bath application has disadvantages: first, the initiation of the drug effect is delayed
and can not always be determined exactly as there could be slight differences in the flow, in
the recording of the application etc., second, it takes long time and finally the applied
substance acts on the whole preparation, not only in our place of interest. Therefore,
experiments were done with a perfusion system in which the fluid flow could be changed
quickly from control to substance-containing solution. To make the effect local, the
application capillary was placed near to the cell. With longer application time similar currents
were recorded than with bath application, but when we tried to close to a more synaptic-like
short application by reducing the application time, the recorded currents were close to the
detection level, making an exact analysis impossible. This might be due to limitations of the
application system, since glutamate currents recorded under these conditions were also very
small.

Finally, glycine induced currents were recorded from passive and intermediate
astrocytes using pressure-ejection of glycine (Oku et al, 1999) in the presence of blockers for
GABA and glutamate receptors and for synaptic transmission, to exclude the possibility of
any indirect effect, as well as make the application synaptic-like. This confirmed that the
glycine effect is not an indirect effect due to for example neuronal glycine response, which
was suspected as neurons express much larger currents in response to glycine, and in cell
culture the glycine effect on glial cells was described as indirect effect from neurons (Hosli et
al, 1981).

GlyR expression was studied also by immunohistochemistry on fluorescently labeled
cells. In TgN (hGFAP/EGFP) mice GlyR staining was found primarily on non-labelled big
cells, supposedly neurons. However, numerous fluorescently labelled cells were found to
express GlyR as well. The GlyR staining of the astrocytes was weaker than the neuronal GlyR
staining, which correlates with the results showing that astrocytes express much smaller
currents in response to glycine than neighbouring neurons. While in the case of astrocytes the
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expressed currents just rarely exceed 200 pA, neurons showed currents in the range of more
nA, indicating that neurons express much more functional glycine receptors than astrocytes.

In contrast to the electrophysiology showing no glycine response in outwardly
rectifying astrocytes, GlyR-staining was found not only in bright fluorescent cells but also in
dark fluorescent astrocytes. However, we can not be sure that these cells are outwardly
rectifying astrocytes, since there are passive and intermediate dark cells also and no clear
NG2/GlyR co-staining was found. Some NG2+ dark cells seemed to show a weak GlyR
staining but the majority of the fluorescently labelled cells did not show co-staining for GlyR
and NG2. It is important to notice that the staining procedure was not perfect, since to prevent
possible cross-reaction of the second antibodies raised against related species, consecutive
staining was performed. The immunohistochemistry results, however, do not exclude the
possibility of GlyR expression on outwardly rectifying astrocytes.

As in images of the green fluorescent astrocytes we often see bright cells in close
proximity with a dark cell, and there are data of processes of bright cells enwrapping the dark
cell, the GlyR staining often seen on dark cells might be staining on the enwrapping processes
of neighbour passive (or intermediate) cells, which are not fluorescently labelled.

An other possibility, that outwardly rectifying astrocytes also express GlyRs similarly
to passive and intermediate astrocytes, but since the expression is weak, the currents
expressed by outwardly rectifying astrocytes are too small to be separated from the noise.
Passive cells, however, were shown to be coupled to many others via gap junctions (Wallraff
et al, 2004). Similarly, immunohistochemistry against connexin 43, the main astrocytic
connexin, showed staining on bright fluorescent astrocytes (passive and intermediate), and no
NG2-connexin co-staining was found. Therefore in passive and intermediate astrocytes
recording might show currents from neighbouring cells of the astroglial syntitium, while
outwardly rectifying cells are not connected by gap junctions, one might only see the currents
of the recorded cell. The facts that just some of the fluorescent cells show GlyR staining,
while with bath application all of them expressed glycine currents, that the glycine current
decreases if the passive conductance of the cell decreases (data not shown), and less glycine
currents were detected with local application of glycine, support this theory.

Finally, there is also a possibility that only very few outwardly rectifying cells express

glycine receptor and we did not found these cells in the electrophysiology experiments.
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4.5.  The functional role of glycine receptors on glial cells

The previous electrophysiology data suggest that the same passive and intermediate
astrocytes express both GlyT1 and glycine receptors within the respiratory network, which
was also confirmed by immunohistochemistry, where cells with high levels ofEGFP
fluorescence showed GlyR co-staining with GlyT1. According to the electrophysiology data,
oligodendrocytes might also co-express glycine receptor and transporter. While the role of
GlyT1 is quite clear because of its vital effect on the respiratory rhythm generation, the role of
GlyR on glial cells is unknown. Our hypothesis was that glycine induce GlyT1 synthesis in
glial cells through the glial GlyR, this would explain the co-expression. However, preliminary
data of astrocytic culture showed that neither application of additional glycine, nor application
of strychnine to the cell culture medium affected the GlyT1 expression noticeably by western
blot, the difference found could be explained with difference in protein amount.
Immunocytochemistry was also performed in cell culture, but no specific staining was found
even in astrocytic-neuronal mixed cultures as suggested by Zafra et al (1997). To analyse the
effect of decreased glycine in brain stem preparation, GlyT1 immunostaining of wild type
mice was compared with GlyT1 immunostaining of mice KO for GlyT2. Although in these
mice the extracellular glycine concentration is strongly decreased (Gomeza et al, 2003b), the
GlyT1 immunostaining was decreased only in one out of three slices from different KO
animals in comparison to slices from wild type littermates. This finding is comparable to the
western blot results showing no difference in expression of GlyT1 (Gomeza et al, 2003b),
which was repeatable in our hands. In summary, we could not support the theory with

experimental data so far.

4.6.  Outwardly rectifying astrocytes express large GABA receptor currents

Similarly to glycine, the other main inhibitory neurotransmitter, GABA also induced
inward currents in passive and intermediate astrocytes, as well as in oligodendrocytes. In
contrast, however, GABA induced significantly larger currents in outwardly rectifying
astrocytes than in the other cell types. While in passive astrocytes a significant part of the
GABA-induced current remained after the blockede of the two main GABA-receptor types,
GABAA and GABAGg, suggesting the presence of GABA transporters, the large current of the
outwardly rectifying astrocytes almost disappeared after the receptor blockade, therefore
thought to be receptor-mediated current. This finding is in line with recent findings of
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GABAergic EPSCs in outwardly rectifying astrocytes (Jabs et al, 2005) and fits to the results
of NG2+ precursor cells differentiating into GABAergic neurons (Belachew et al, 2003)
These results together with the glycine currents show that outwardly rectifying
astrocytes are different from passive and intermediate cells not only in the excitatory
(glutamate, described in GraR et al, 2004) but also in inhibitory (glycinergic and GABAergic)

neurotransmission, supporting the theory that these cells represent a different cell population.

4.7.  Glial cell identity

Two transgenic mice were used as a tool to identify the different glial cell types: the
TgN (hGFAP/EGFP) mice, expressing green fluorescence in cells which are supposed to be
astrocytes, and the TgN (mPLP/DsRed) mice, expressing red fluorescence in
oligodendrocytes. In the TgN (mPLP/DsRed) mice none of the cells labelled with red
fluorescence showed neuron-like electrophysiological features in our experiments, despite the
fact that PLP was shown to be expressed in neurons in the developing brain stem (Miller et al,
2003). The cells labelled with red fluorescence were all oligodedrocytes according to the
electrophysiology. However, the cell identity is less clear in the transgenic mice expressing
the EGFP under the control of the GFAP promoter. In these mice, cells express green
fluorescence with different intensity, which shows correlation with the electrophysiology.
Bright fluorescent cells are electrophysiologically almost exclusively passive or intermediate
astrocytes, while outwardly rectifying astrocytes are very dark fluorescent cells (Gral et al,
2004). Outwardly rectifying astrocytes showed numerous significant difference when
compared with passive and intermediate astrocytes, suggesting that they might be a different
group of cells. First, they were described to have significantly larger input resistance and less
negative membrane potential in comparison to passive and intermediate astrocytes (Gral3 et al,
2004), which is supported by the similar results found in our experiments. An additional new
data we obtained, that oligodendrocytes showed slightly less membrane potential, although
having similar input resistance than passive and intermediate astrocytes, might be explained if
outwardly rectifying astrocytes, which express an oligodendrocyte precursor marker, NG2,
can differentiate into oligodendrocytes. The second significant difference of outwardly
rectifying astrocytes is that of in the glutamatergic neurotransmission. Both in the
hippocampus, and in the lower brain stem (respiratory network) outwardly rectifying
astrocytes were shown to express significantly less glutamate transporter currents and
conversely, more glutamate receptor currents than passive and intermediate astrocytes

(Matthias et al, 2003, GraB et al, 2004). In contrast to passive astrocytes, outwardly rectifying
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astrocytes were described not coupled through gap-junctions (Wallraff et al, 2004), which is
supported by our finding that NG2+ cells do not show immunostaining against connexin 43,
the main astrocytic connexin type; connexin 43 was localized to cells with high EGFP
expression levels. Recently the role of outwardly rectifying astrocytes in the GABAergic
neurotransmission became interesting as NG2+ cells were described to develop into
GABAergic neurons, and outwardly rectifying astrocytes were shown to express GABA
receptor currents. Finally, our data show that outwardly rectifying astrocytes do not respond
to glycine in contrast to the passive and intermediate astrocytes. All these facts point to the
direction that outwardly rectifying astrocytes might be a distinct cell type. The theory is
supported by findings that the A-type currents, which differentiate between passive and
intermediate astrocytes, are depending on the intracellular chloride concentration (Bekar and
Walz, 2002), and the disappearance of A-type current in passive astrocytes was also
considered as artefact due to the outflow of the low-Ca2+ intracellular solution from the
patch-pipette (Bordey and Sontheimer, 1998), suggesting that passive and intermediate cells
are a homogenous cell population and the existence of A-type current is depending on extra-
and intracellular conditions. GlyT1/GLAST co-staining and GlyT1/GlyR co-staining was
localized also

The glial precursor marker NG2, which was described first as a marker of the
oligodendrocyte precursors in vivo and oligodendrocyte/type2 astrocyte progenitors in vitro,
labels cells with very low expression levels of EGFP in the TgN (hGFAP/EGFP) mouse,
therefore it might be considered as a marker of the outwardly rectifying astrocytes. Recently
three research groups found evidences of mature NG2+ glial cells which can be considered as
a fourth main type of glial cells beside the astrocytes, oligodendrocytes and microglia. First,
Butt named them synantocytes, which refers only a population of the NG2 positive cells
sitting close to synapses or nodes of Ranvier (Butt et al, 2002, Berry et al, 2002). In contrast
to the NG2+ oligodendrocyte precursors the synantocytes are considered as a mature cell type
with special fuction and localization, described already by Cajal as “cellules névrogliques
péricellulaires”, which means pericellular glia or perineuronal glia. In the same time
Nishiyama named them polydendrocytes due to the morphology, and in contrast to Butt’'s
definition they consider these cells as oligodendrocyte progenitor cells and as a homogenous
population (Nishiyama et al, 2002). Recently Peters found according to appearance in
electronmicroscopy a distinct cell type, called B-neuroglial cells, similar to protoplasmic

astrocytes and often lying next to neurons, probably identical to the mature NG2+ glia.
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4.8. Final conclusions

There are two main conclusions of this work. First, GlyT1 is expressed on passive and
intermediate astrocytes, but not on outwardly rectifying astrocytes, similar to the glutamate
transporter. Both whole-cell voltage clamp experiments and immunocytochemistry showed
that the passive astrocytes co-express GlyT1 and glutamate transporter, and GlyR and GIlyT
(Figure 41). This leads to another main conclusion: as outwardly rectifying astrocytes were
significantly different not only in the expression of glutamate transporters and receptors but
also in the expression of glycine trasporters and receptors, and GABA receptors, they might
be considered as a different cell type with special functions. According to the
electrophysiology results, oligodendrocytes may also contribute to the glycine uptake.
Second, GlyT1 has vital role in the respiratory rhythm generation of newborn mice, as GlyT1
KO mice die during the first day of life due to severe respiratory failure.

NG2+ glia ?
Outwardly rectifying
astrocyte

Oligodendrocyte

Differentiation

Figure 41. Schematic figure of the fuctions of passive and outwardly rectifying astrocytes/NG2 glia in the
neurotransmission.

Passive astrocytes co-express GlyT1, GlyR and glutamate transporters (GIuT), possibly also GABA transporters
(GABA-TR), suggesting a role mainly in neurotransmitter uptake. Outwardly rectifying astrocytes co-express
GABA, receptor and glutamate receptors (GIUR), suggesting a role in acquiring information through

neurotransmitter receptors.
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5. Summary

Glial cells of the respiratory network are necessary for the rhythm generation. They
are believed to modulate the different neurotransmission pathways via their neurotransmitter
transporters and receptors. The participation of astrocytes in the excitatory (glutamatergic)
neurotransmission was already analyzed in previous studies. In the present work, we aimed to
study the role of glial cells in the inhibitory neurotransmission of the respiratory network.

First, we analyzed how the different types of astrocytes and oligodendrocytes are
involved in the inhibitory neurotransmission in the respiratory network using three different
approaches: whole-cell voltage clamp recordings, immunohistochemistry and single-cell RT-
PCR in acute slices from 0-9 days old transgenic mice, in which astrocytes (TgN (hGFAP-
EGFP)) and oligodendrocytes (TgN (mPLP-DsRed)) are labeled with fluorescent proteins.

Astrocytes with bright fluorescence and linear IV relationship, independently of the
expression of an additional A-type potassium current, showed immunostaining for the glial
glycine transporter (GlyT1) and expressed receptor- and transporter-related whole-cell
currents in response to application of the endogenous agonist glycine. One part of the whole
glycine current was transporter-mediated. In contrast, additional population of astrocytes with
reduced EGFP expression, large A-type currents and outwardly rectifying 1V relationship did
neither show GlyT1 immunostaining nor any response to glycine. However, these cells
displayed much larger and mainly receptor-related currents in response to GABA.
Oligodendrocytes, showing linear IV relationship, elicited both receptor and small transporter
mediated glycine currents, but most of them did not show immunostaining. The mRNA of the
GlyT1 was detected by single cell reverse transcription PCR in all types of glial cells.

Second, we analyzed the effect of genetical ablation of GlyT1 on the respiration of
newborn mice. Both the breathing and the in vitro respiratory rhythm was strongly reduced in
GlyT1 KO mice, and the mice died within the first day of life due to respiratory failure. The
fact that the glycine receptor blocker strychnine restored a near normal in vitro respiratory
rhythm in KO mice while had no effect on the normal rhythm in wild type mice show that the
fatal effect of GlyT1 inhibition on the respiratory rhythm is due to increased glycine
concentration. Conversely, both glycine and the GlyT1 blocker sarcosine reduced the normal
respiratory rhythm of wild type mice.

Taken together, the data suggest, that modulation of the glycinergic inhibition through
GlyT1 is critical in the respiratory network as its inhibition has fatal consequence, and passive
and intermediate astrocytes, possibly also oligodendrocytes are responsible for the glycine

uptake.
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