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Abbreviations

% Percent

ACSF Artificial cerebrospinal fluid

AMPA a-Amino-3Hydroxy-5-Methyl-4-lsoxazolpropion
ANOVA Analysis of variance

AP Action potential

APV DL-2-Amino-5-phosphonopentanoic acid

ca?t Calcium

Ch Input capacitance

cm Centimetre

CR-cell Cajal-Retzius cell

nCR-cell Non Cajal-Retzius cell

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione
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CPP 3-(2-Carboxypiperazin-4-yl) propyl-1-phosphonic acid
DIC Differential interference contrast

DMSO Dimethyl sulfoxide

ES cell Embryonic stem cell

En Holding potential



GABA Gamma-amino-butyric acid

GABAA lonotropic gamma-amino-butyric acid receptor
GABAs Metabotropic gamma-amino-butyric acid receptor
GAD Glutamic acid decarboxylase
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PSCs Postsynaptic currents

Rin Input resistance

RMP Resting membrane potential
RT Room temperature
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1. Introduction

1.1 Development of the nervous central system (CNS)

The brain is one of the most sophisticated biological structure. During the first stages
of its development a complex and tightly regulated sequence of proliferation,
migration and maturation must occur (Sur and Rubenstein, 2005). The formation of
CNS starts very early during embryogenesis when it differentiate from the ectoderm,
which is one of the three primary germ cell layers. During gastrulation, cellular
reorganization of the embryo take place and the other germ layers, endoderm and
mesoderm, invaginate inward, leaving the ectoderm on the surface (Squire, 2003).
Following gastrulation in all three newly formed layers, cells begin to generate the
anlagen that later develop into the different organ systems. The ectoderm situated at
the dorsal side of the embryo, begin to thicken and form the neural plate. During two
steps of neurulation (primary and secondary neurulation), a complex morphogenetic
process, cells in the neural plate give rise to the neural tube and subsequently, the
CNS (Squire, 2003). After formation, the anterior end of the neural tube starts to
swell and subdivides into three primary vesicles (the prosencephalon, mesencephalon
and rhombencephalon). The prosencephalic vesicle subsequently divides into the
telencephalon and the diencephalon, the rhombencephalic vesicle forms the
metencephalon and myelencephalon. The telencephalon, which give rise to the
cerebral cortex, is situated at the most rostral part of the vesicles. There two buds
appear and form the two telencephalic vesicles which will lead to the formation of
the cerebral hemispheres. Due to neuron proliferation the telencephalon expand to
form three distinct regions (the cerebral cortex, basal telencephalon and olfactory
bulb). The majority of principal cortical neuronons are generated in the ventricular
zone (VZ)/subventricular zone (SVZ), which develops from the inner, ventricular
surface of the neuroepithelium and migrate outward along radial glial fibers (Sidman
& Rakic, 1973) into the developing neocortex until they reach the marginal zone
(MZ). Radial glia cells are involved in key developmental processes as patterning
and neuronal migration. Recently it was discovered that radial glial cells also
function as precursors during neurogenesis (Noctor et al., (2001). They arise early in
development from neuroepitelial cells and divide asymmetrically in the ventricular

zone (VZ) to generate radial glia cells, postmitotic neurons an intermediate



progenitor cells. At the border of the MZ migrating neurons detach from radial glial
cells to form the cortical plate in an inside-out manner which later develops into the
cortical layers VI to Il (Parnavelas et al., 2000; Frotscher et al.,1998). For this
process reelin, an extracellular matrix glycoprotein released from Cajal-Retzius cells
(CR cells), plays an essential role (D'Arcangelo et al., 1997) A second class of
neurons are GABAergic interneurons. In contrast to principal neurons, nearly all
cortical GABAergic interneurons originate from the ganglionic eminence in the
ventral forebrain and migrate tangentially to the neocortex (Pleasure et al., 2000;
Zhu et al., 1999). However, in humans and non—-humans primates they originate from
both the ganglionic eminence and the SVZ of the dorsal telencephalon (Metin et al.,
2006). The early developmental events like proliferation, migration and primary
axon ingrowth are thought to depend mainly on genetic programs (Spitzer, 2006). In
the last decades experiments on developing neocortical neurons demonstrated that
neurotransmitters could also influence developmental processes like proliferation
(LoTurco et al., 1995), migration (Behar et al., 1998; Behar et al., 2000; Behar et al.,
1999) and differentiation (Altshuler et al., 1993; Fukui et al., 2008).

1.1.1 Role, function and integration of Cajal-Retzius cells

Retzius cells (CR cells) are one of the major neuronal cell types involved in the
development of the cortex. These neurons gain much of interest when it was
discovered that they secrete the extracellular matrix protein reelin, which is essential
for the correct lamination of the brain (D'Arcangelo et al., 1995, Frotscher, 1998).
CR cells reside directly below the pial surface in the marginal zone (MZ). They have
a unique morphology compared with other cell types, displaying a horizontal
orientation with one thick taped dendrite and a long spanning axon (Mienville,
1999). CR cells are under the first cell types appearing in the developing neocortex
(Bayer and Altman, 1991).. Despite their important role in development, CR cells
disappear later in development, most probably by apoptosis (Derer and Derer, 1990;
Meyer and Gonzalez-Hernandez, 1993; Naqui et al., 1999), although dilution of these
cells in the growing cerebral surface or transformation into other cell types are

currently discussed (Marin-Padilla, 1990).



The neuronal nature of CR cells is clearly demonstrated by their ability to fire action
potentials (Zhou and Hablitz, 1996c; Hestrin and Armstrong, 1996; Kilb and
Luhmann, 2000; Kilb et al., 2000). CR cells display electrophysiological properties
typical for immature neurons: a relatively positive resting membrane potential
(RMP), a high input resistance, and slow action potentials with a high threshold
(Zhou and Hablitz, 1996a; Hestrin and Armstrong, 1996). A particular feature of CR
cells is the pronounced hyperpolarization-activated voltage sag, which is caused by a
hyperpolarization-activated inward current (Zhou and Hablitz, 1996a; Kilb and
Luhmann 2000). These cells express a variety of neurotransmitter receptors such as:
gamma-amino-butyric acid type A (GABA,) (Mienville, 1998), N-methyl-D-
aspartate (NMDA) (Mienville and Pesold, 1999), a-amino-3-hydroxy-5-methyl-
isoxazole-propionic acid (AMPA)/kainate (Kim and Connors, 1993; Aguild et al.,
1999), glycine (Kilb et al., 2002; Okabe et al, 2004) and muscarinic and adrenergic
receptors (Schwartz et al., 1998). In the last years, an series of publications indicate
that CR cells are integrated into synaptic networks of the immature neocortex
(Mienville, 1998; Aguilé et al., 1999; Kilb and Luhmann, 2001;Radnikow et al.,
2002;Soda et al., 2003).

The heterogeneity of transcription factors and the different origins of CR cells
indicate that the neurons grouped under the term “Cajal-Retzius cell” may actually
represent different neuronal populations (Meyer and Wahle, 1999; Bielle et al.,
2005). While it was originally thought that CR cells are produced by the local
pallium ventricular zone as part of the primordial plexiform layer (Marin-Padilla,
1998) other regions at the borders of the developing pallium were subsequently
identified as sources of CR cells, like the cortical hem, the septum, or the retrobulbar
ventricular zone (Meyer and Wahle, 1999;Zecevic and Rakic, 2001;Meyer et al.,
2002;Shinozaki et al., 2002;Takiguchi-Hayashi et al., 2004). Neurons from these
origins most probably populate the entire cortical surface via tangential migration
within the marginal zone (Hevner et al., 2003;Takiguchi-Hayashi et al., 2004;Garcia-
Moreno et al., 2007). Recently, an additional origin of CR cells at the pallial-
subpallial border (PSB) of the ventral pallium was identified by the expression of the
transcription factor Dbx1 (Bielle et al., 2005). The homeodomain transcription factor
Dbx1 is expressed in progenitors at the boundaries between dorsal and ventral parts
of the caudal neural tube (Lu et al., 1992;Pierani et al., 1999;Shoji et al., 1996) and in
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the telencephalon is restricted to the pallial-subpallial boundary, the septum and the
preoptic/anterior entopenduncular area (Medina et al., 2004;Yun et al., 2001).
Permanently labeled Dbx1-derived postmitotic cells migrate from the septum and
PSB to populate the embryonic MZ, where they express reelin and show the typical

location and appearance of CR cell (Bielle et al., 2005).

1.1.2 Role, function and integration of subplate cells

Subplate cells (SP cells) are another particularly important cell type during
neocortical development. They are involved in the pathfinding of corticopetal and
corticofugal axonal projections (Ghosh and Shatz, 1993; Ghosh et al., 1990;
McConnell et al., 1989) and the formation of cortical columns (Kanold et al., 2003).
As CR cell, SP cells are born before the majority of the first cortical plate neurons
(Luskin and Shatz, 1985; Valverde et al., 1990). SP cells are well integrated in the
developing cerebral cortex. They receive synaptic inputs from thalamus, cortical
neurons and from other SP cells (Kostovic and Rakic, 1980; Friauf et al., 1990;
Hanganu et al., 2002), indicating that they are capable to process information from
cortical and subcortical regions. Recently it has been show that SP cells plays
important role in the generation of transient oscillatory network activity in the
newborn rodent cortex (Dupont et al., 2006). These observations indicate that SP
cells are essential for activity-dependent formation of cortical circuits during early
stages of development (Kanold, 2004; Kostovic and Judas, 2002; Allendoerfer and
Shatz, 1994).

SP cells express functional NMDA, AMPA/kainate and GABA receptors and these
receptors mediate fast synaptic transmission between cortex and thalamus and within
the SP (Hanganu et al., 2002; Kilb and Luhmann, 2001). Furthermore, cholinergic
fibers from basal forebrain first accumulates in the subplate and plays a modulatory
role via activation of nicotinic (Hanganu and Luhmann, 2004) and muscarinic
receptors (Dupont et al., 2006) expressed in SP cells. Unlike CR cells, SP cells
display a large variety of morphologies (Hanganu et al., 2002).



1.1.3 Role of the GABAergic system during cortical development

GABA is one of the most important neurotransmitter in the brain (Wang et al., 2009)
and acts primarily by binding to GABAA or GABAg receptors. GABA can act as
excitatory or inhibitory neurotransmitter depending on the stage of the development
(Ben-Ari et al., 2007; Wang et al., 2009). The GABAA receptor is an ionotropic
receptor, permeable mostly to CI" and therefore the reversal potential of GABAergic
currents is determined mainly by the CI distribution over the membrane. In
immature neurons activation of GABAAa receptors will lead to membrane
depolarization caused by CI" efflux and can therefore have an excitatory effect
(Luhmann and Prince, 1991). This is due to the high CI" accumulation into the
immature neurons via the Na’™-K*-2CI cotransporter NKCC1, expressed from mid-
embryonic stages until first week of the postnatal life in rodents (Li et al., 2002;
Wang et al., 2002 Plotkin et al., 1997; Wang et al., 2002; Achilles et al., 2007). In the
mature brain, CI" ions are entering into the cell after activation of GABAA receptors,
which will lead to membrane hyperpolarization and therefore inhibitory effect of
GABA. This is due to the low intracellular CI" concentration established by the K-
CI" cotransporter KCC2 (Rivera et al., 1999; Li et al., 2002; Wang et al., 2002).
Because GABAA receptors are expressed early in development in radial glia and
migrating neurons, these cells respond to GABA from the beginning of cortical
development (Muth-Kohne et al., 2010; Owens et al., 1996; Owens and Kriegstein,
2002). Therefore GABA is involved in most of the developmental steps, mediating
the cell proliferation, cell migration and synaptic integration (Wang et al., 2009).
Activation of GABAA receptors decreases cell proliferation (LoTurco et al., 1995;
Andang et al., 2008). In vivo and in vitro studies demonstrated that GABA receptors
(GABAA, GABAg and GABA() are critically involved in the regulation of neuronal
migration (Behar et al., 2000; Behar et al., 2001; Heck et al., 2007; Denter et al.,
2010). It has been shown that GABAA receptors are express before glutamate
receptors in new born neurons of many regions of the developing neocortex and
these young neurons receive first GABAergic synaptic inputs before glutamatergic
synapses are functional in the neocortex (Owens et al., 1999; Tyzio et al., 1999;
Hennou et al., 2002; Ben-Ari, 2006). Therefore spontaneous depolarizations
mediated by GABAAa receptor activation may provide the first excitatory drive

necessary for activity-dependent synapse formation (Ben-Ari, 2006). In addition to
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this excitatory actions, GABA can exert in immature neurons a shunting effect, by
clamping the membrane potential near the CI" reversal potential, thereby preventing
long-lasting activation of voltage-gated channels that might lead to Ca** toxicity. The
shunting property of GABA makes this neurotransmitter an ideal regulator for

synaptogenesis (Ben Avi et al., 2006).

1.1.4 Role of the Glycinergic system during development

The glycinergic system is another neurotransmitter system that plays an important
role in early cortical development (Flint et al., 1998; Kilb et al., 2002; Okabe et al.,
2004; Kilb et al., 2008). The effect of glycine is modulated via glycine receptors. The
glycine receptor, as the GABAA, receptor, is a ligand-gated chloride channel with the
typical pentameric subunit composition. Four highly homologous ligand-binding
subunits (o4) and one B subunit have been identified so far. Both homomeric
glycine receptors containing only o subunits or o/p heteromeric receptors are
functional (Vannier and Triller, 1997). Activation of glycine receptors causes a
membrane depolarization in immature neurons of the developing cortex (Ito and
Cherubini, 1991; Flint et al., 1998; Ehrlich et al., 1999; Kilb et al., 2002; Kilb et al.,
2008). Glycine receptors are involved in generation of correlated neuronal activity
early in development (Momose-Sato et al., 2005). Taurine, a amino acid which is
found in much higher concentration than glycine in the immature cortex (Cutler and
Dudzinski, 1974;Davies and Johnston, 1974), is thought to be the endogenous
agonist of glycine receptors (Flint et al., 1998). Interestingly, taurine is involved in
many neuronal processes as: neuronal neuronal proliferation, migration and
differentiation (Sturman et al., 1994; Altshuler et al., 1993; Maar et al., 1995;
Palackal et al., 1986), suggesting that glycine may have a possible role during
cortical maturation. Functional glycine receptors has been found in different neuronal
populations of the developing neocortex: in neurons of the SVZ, in CP neurons and
in CR cells and SP cells (Flint et al., 1998; Kilb et al., 2002; Okabe et al., 2004; Kilb
et al.,2008), again suggesting an important role of glycine in brain development.
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1.2 Aims of the present study

In my PhD work | concentrated on three elementary questions that are essential to
understand the interactions between the different neuronal cell populations in the
developing neocortex. The questions regarded the identity of CR cells, the ubiquitous
expression of glycine receptors in all major cell populations of the immature
neocortex, and the role of taurine in the modulation of immature neocortical network

activity.

The study of Bielle et al. (2005) provides clear evidence that at least two
subpopulations of CR cells with different ontogenetic origins could be identified.
The question whether CR cells with different ontogenetic origins display distinct
functional properties in the postnatal cortex has not been addressed yet. Therefore, |
investigated in the first part of my work the electrophysiological properties of Dbx1-
Cre positive and negative neurons using whole-cell patch-clamp recordings. These
experiments revealed that no significant differences between CR cells of different
ontogenetic origins could be observed.

A series of experiments unraveled the expression of homogeneous glycine receptors
with a a/p heteromeric subunit composition in neurons of the intermediate zone and
the cortical plate and in CR cells (Flint et al., 1998; Kilb et al., 2002; Okabe et al.,
2004). However, the questions whether similar glycine receptors are also expressed
on SP cells remain unanswered. To address this question, | studied in the second part
of my thesis the effect of glycine and glycinergic agonists on SP cells using whole-
cell patch-clamp recordings. In addition, the effect of low taurine concentration on
the excitability of SP neurons was investigated. These experiments revealed that SP
neurons also expressed ow/f heteromeric glycine receptors, that the activation of
these receptors promotes excitation, and that they are not implicated in synaptic

transmission.

Since the previous finding, in line with published studies (Flint et al., 1998; Okabe et
al., 2004), indicated that glycine receptors mediate extrasynaptic transmission and
promote neuronal excitation, | investigated in the third part of this thesis the effect of
a tonic activation of glycine receptors on identified pyramidal neurons and

GABAergic interneurons of the immature neocortex. These experiments revealed
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that a tonic activation of glycine receptors induced a massive increase in the
frequency of PSCs that are exclusively mediated via GABA receptors. Accordingly,
recordings from genetically labeled interneurons showed that glycine and GABAA
receptors mediate an excitatory action on these cells. These findings suggest that low

taurine concentrations can tonically activate exclusively GABAergic networks.
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2. Material & Methods

2.1 Preparation of the cortical slices

Animal handling was performed in accordance with EU directive 86/609/EEC for the
use of animals in research and approved by the local ethical committee
(Landesuntersuchungsanstalt RLP, Koblenz, Germany). All efforts were made to
minimize the number of animals and their suffering. For electrophysiological
experiments tangential, coronal and sagittal slices of the neocortex were prepared
from pups of mice or rat at postnatal days O - 7 (PO - P7). Wistar rats and C57BI/6
mice had been deeply anaesthetized by hypothermia or enflurane (Abbot,
Wiesbaden, Germany). After opening of the skull, the brains were quickly removed
and placed in ice-cold artificial cerebrospinal fluid (ACSF) (composition given in
2.8.1).

2.1.1 Tangential slice preparation

For preparation of tangential slices the hemispheres of isolated brains were dissected
at the midline, and the pia was removed carefully, using fine tweezers. Tangential
neocortical slices (maximum thickness 600 um) of both hemispheres were cut by
hand using a razorblade. The slices were subsequently mounted on fine tissue paper
(Kodak Lens Paper) to enable the reconstruction of their original orientation in the
neocortex and were transferred to an incubation chamber filled with ACSF at room
temperature in which they recovered for > 1 h before recording began. These
tangential slices covered mainly parietal parts of the developing cortex. Some of the
slices may also have contained portions of frontal regions, while occipital or medial

parts of the cortex were always absent.

2.1.2 Coronal slice preparation

Whole-brain 400 mm thick coronal slices were cut on a Vibratome (HR2, Sigmann
Elektronik, Hiffenhardt, Germany) and cut along the midline to separate the two

hemispheres. Only coronal slices that included the primary somatosensory cortex,
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according to an atlas of the developing rat brain (Paxinos et al.,, 1991) were
transferred to an incubation-storage chamber. Slices were allowed to recover for at

least 1 hour before recording began.

2.1.3 Mini slice preparation

For some experiments a reduced slice preparation was required. Therefore coronal
slices with a thickness of 400 pum were placed under a binocular with magnification
of 2x, 5x, and 10x. The slices where trimmed with a scalpel blade to a width of
approximately 2-3 mm. The trimmed slices were always obtained from
somatosensory areas of the cortex. In some of these slices the SP and WM were
identified by eye and with a help of scalpel blade the subplate was removed.

2.2 Electrophysiological setup

The videomicroscopic setup consisted of an upright microscope (BW51WI,
Olympus) with infrared differential interference contrast (IR-DIC) optics (Dodt et al.,
2007), and a CCD-camera (C5405, Hamamatsu, Japan). The video image was
contrast enhanced by a video processor (C 2400, Hamamatsu) and visualized on a
video-monitor. For whole-cell and cell-attached patch-clamp experiments pipettes
were made from borosilicate tubing (2.0 mm outside diameter, 1.16 mm inside
diameter; Science Products, Hofheim, Germany) using a vertical puller (PP-83,
Narishige, Tokyo, Japan) and filled with pipette solution (see intracellular solution
2.8.2). The patch pipettes were connected to the headstage of a discontinuous
voltage-clamp/current-clamp amplifier (SECO5L, NPI, Tamm, Germany). Signals
were amplified, low-pass filtered at 3 kHz, visualized on an oscilloscope (HM507,
Hameg Instruments), digitized on-line by an AD/DA-board (ITC-18, Heka,
Lamprecht, Germany), recorded and processed with the software WINTIDA 5.0
(Heka), and stored on a personal computer. The bathing solution was connected to
ground via chloride silver wire. The slices were transferred into a submerged
recording chamber, mounted on the fixed stage of the microscope and were
superfused with ACSF at a rate of 1-2 ml/min. All experiments were performed at 30
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+ 1 °C with the help of a peltier-element based temperature controller (Luigs &

Neumann, Ratingen, Germany).

2.3 Identification of Cajal-Retzius cells

CR cells were identified in the tangential slice by their location, morphological
appearance in the IR-DIC (close to pia surface with an ovoid soma and only one,
thick tapered dendrite) and electrophysiological properties (prominent voltage sag
and repetitive APs with small amplitude and relatively long duration) (Zhou and
Hablitz, 1996c¢;Zhou and Hablitz, 1996b;Kilb and Luhmann, 2000;Luhmann et al.,
2000). Since the YFP fluorescence was washed out during whole-cell recordings, no
reliable identification of neurons double stained for biocytin and YFP could be made
after the experiment. Because the classification of the CR cells relies only on the
YFP fluorescence at the patch-clamp setup, we picked for subsequent experiments
only unequivocally YFP* CR cells, in which the location, soma shape and the
orientation of the dendrite perfectly matched between DIC and YFP images (see Fig.
1A) and unequivocally YFP cells, in which clearly no overlap of fluorescence with

soma and dendrite of the CR cells occurred (Fig. 1B).

2.4 Identification of the subplate cells

Subplate cells (SP cells) were visualized by infrared differential interference contrast
(DIC) videomicroscopy and were identified according to their location directly above
the white matter, their morphology and their electrophysiological properties. Neurons
were excluded from analysis if their electrophysiological properties and their
morphological appearance after subsequent staining of fixed slices did not
correspond to those reported previously (Friauf et al., 1990;Hanganu et al.,
2001;Hanganu et al., 2002).
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2.5 Electrophysiological procedures

Resting membrane potential (RMP) was measured directly after establishing whole-
cell configuration. All potentials were corrected for a liquid junction potential of 9.1
mV. The input resistance was calculated from a membrane hyperpolarization induced
by a current pulse according to Ohm’s low. Input capacitance was calculated from
the ratio between time course of the membrane recharging (t) and input resistance.
Action potential (AP) onset was defined as the time point of 50% peak amplitude in
the second derivative of the potential trace (Bar-Yehuda and Korngreen, 2007), AP
threshold was determined from the membrane potential at this time point. AP
amplitude was defined as voltage difference between firing threshold and peak
depolarization and AP width was measured at half-maximal amplitude. Amplitude of
afterhyperpolarization (AHP) was measured as difference between firing threshold
and maximum hyperpolarization following the AP. For the phase plane plots E, and
dE./dt were sampled every 0.084 ms, recordings were aligned to AP onset and
averaged. In this plot the average trajectories were displayed and for each data point
standard error of the mean (SEM) for E, and dEq/dt was plotted (Fig. 5). For
determination of current densities peak current amplitudes were divided by surface
area of the cells, estimated from input capacitance assuming a specific membrane
capacitance of 2 pF/cm? (Barrett and Crill, 1974). For the estimation of binding
constants data points were fitted by the equation l/lmex = c"/(c™+ECso") (with ¢ =
agonist concentration, ECs, = half-maximal response concentration and h = Hill
coefficient) using a least square algorithm.

Spontaneous postsynaptic currents (SPSCs) were recorded in voltage-clamp mode at
holding potentials of -60 mV. PSCs were detected and analyzed in continuous
recordings lasting at least 180 s up to 600 s in a voltage clamp conditions from a
holding potential (Vy) of -60 mV, using the program MiniAnalysis 4.3.3
(Synaptosoft, Leonia, NJ, USA) by adequate program settings followed by visual
inspection. Since the occurrence and frequency of sPSCs in CR cells is rather low
(Kilb and Luhmann, 2001;Kirmse and Kirischuk, 2006b), PSCs induced by bath
application of 100 uM carbachol (CCh-PSCs) were also analyzed (Dupont et al.,
2006). GABAergic PSCs were isolated by bath application of 10 uM CNQX/30 uM
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APV. Miniature glutamatergic postsynaptic currents (mPSCs) in the SP cells were
isolated in 0.2-1 uM TTX and 10 uM gabazine.

For dose-response and kinetic analysis experiments, the agonists were applied semi-
focally for 2 or 20 sec by a fine capillary (inside diameter 250 um, Microfil, WPI,
Sarasota, FL, U.S.A.) placed at a distance of 200-600 um upstream of the
investigated cell. This semi-focal application system allows the delivery of drugs
within 0.4-1 s. In all other experiments taurine, glutamate, glycine, isoguvacine or
GABA was applied by bath application or focally to the soma of the investigated
cells via a patch pipette for 2-100 ms with a pressure of 0.4 bar using a pressure
application system (PDES 02T, NPI; LHDAO0533115H, Lee, Westbrook, CT,
U.S.A.). The analysis of glutamatergic currents in CR cells were made in low-Mg**
solution containing 10 uM glycine. The reversal potentials were calculated after focal
application of the specific agonist to the soma at different holding potentials.
Antagonists were applied via the bathing solution for at least 3 min prior to agonist

application.

2.6 Generation of Dbx1°®;:ROSA26"™" recombinant mice

Dbx1°"® animals were generated by inserting an IRES-CRE-pGK-Hygro" cassette into
the BamH]1 site present in the 3’ UTR of the Dbx1 gene (Bielle et al., 2005). In this
transgenic line, the YFP gene under the control of the ROSA26 ubiquitous promoter
is preceded by a sequence preventing translation surrounded by two LoxP sites
(Srinivas et al.,, 2001). Not all Dbxl-derived CR cells are labeled in
Dbx1°¢;ROSA26"™" animals most likely due to the delay necessary for recombination
of the genome allowing expression of the reporter gene. The earliest generated Dbx1-
derived CRs might escape recombination. All animals are kept on a C57BI/6
background. Animals were genotyped by PCR using primers specific for the
different alleles (Cre, YFP, Dbxl). Mating were performed using Dbx1°"
heterozygous  males and ~ ROSA™®sorlo®¥FP homozygous  females.
Dbx1°"®;ROSA26"™ recombined embryos were sorted directly with a fluorescence
binocular lens. The Dbx1°®;ROSA26"" mice were kindly provided by Prof.
Alessandra Pierani.
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2.7 Generation of GAD67-GFP transgenic mouse

In brief, a cDNA-encoding enhanced GFP (EGFP; ClonTech, Palo Alto, CA) was
targeted to the locus encoding GADG67 using homologous recombination.
Homologous recombinant embryonic stem (ES) cells were used to generate chimeric
male mice by 8-cellstage injection. GAD67-GFP knock-in mice were obtained by
breeding the chimeric male mice with C57BL/6 females. Heterozygous progeny were
backcrossed to C57BL/6 and referred to as GAD67-GFP mice (Nobuaki et al., 2003).

In the GAD67-GFP knock-in mouse GABAergic neurons are specifically labeled
with GFP fluorescence. The GAD67-GFP knock-in mouse was kindly provided by
Dr. Thomas Munsch and Prof. Yuchio Yanagawa.

2.8 Solutions and substances
2.8.1 Extracellular solution

As extracellular solution we used (ACSF) containing (in mM) 124 NaCl, 26
NaHCO3;, 1.25 NaH,POs, 1.8 MgCl,, 1.6 CaCl,, 3 KCI, 20 glucose (equilibrated with
95% 0,/5% CO,), osmolarity 333 mOsm. For low-Mg®* solution MgCl, was
replaced by CaCl,. For low-Ca®* solution, [Mg**]e was increased to 3.4 mM while
[Ca?*]. was omitted. For hypoosmolar solutions ACSF was diluted with distilled
water and the osmolarity was checked using a freezing point osmometer (Knauer,

Berlin, Germany).

2.8.2 Intracellular solution

For whole cell recordings the intracellular solution contained (in mM) 50 KCI, 80 K-
Gluconate, 1 CaCl,, 2 MgCl,, 11 EGTA, 10 HEPES, 2 Na,-ATP, 0.5 Na-GTP, pH
adjusted to 7.4 with KOH and osmolarity to 306 mOsm with sucrose. For the cell
attached recordings the intracellular solution was modified to (in mM) 126 K-
Gluconate, 4 KCI, 1 CaCl,, 2 MgCl,, 11 EGTA, 10 HEPES, 2 Na,-ATP, 0.5 Na-
GTP, pH adjusted to 7.4 with KOH and osmolarity to 306 mOsm with sucrose.
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2.8.3 List of substances used

Taurine and f-alanine were dissolved directly in ACSF, while the following
substances were diluted from the following stock solutions: 10 mM ifenprodil, 10
mM gabazine (GBZ = SR-95531), 30 mM 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and 30 mM strychnine from a stock solution in DMSO, 1 mM tetrodotoxin
(TTX) from a stock solution in citrate buffer, , 100 mM glycine, 30 mM CTB, 10
mM (£) R(-)-3-(2-carboxypiperazine-4-yl)-propyl-1-phosphonic acid (CPP) and 300
mM GES from an aqueous stock solution, and 30 mM picrotoxin and 60 mM DL-2-
Amino-5-phosphonopentanoic acid (APV) from a stock solution in 0.1 M NaOH.
Tetrodotoxin (TTX) was purchased from RBI (Natic, MA), glycine and taurine from
Tocris (Ballwin, MO), guanidinoethyl sulphonate (GES) from TRC (North York,
Canada), and all other substances from Sigma. Cyanotriphenylborate (CTB) was a
kind gift from Dr. Till Opatz (Inst. of Organic Chemistry, Univ. of Mainz, Germany).

The final DMSO concentration never exceeded 0.5 %.

2.9 Staining procedures

In all whole-cell experiments ~.0.5 % biocytin (Sigma, Taufkirchen, Germany) was
added to the pipette solutions to label the cells on which a whole cell configuration
was established for later morphological reconstruction of the cells. Slices were fixed
in a 4 % parafolmaldehyde solution immediately after recording for more than 24 h.
After washing in phosphate buffer, slices were incubated in blocking solution (4 5
normal goat and 3 % normal bovine serum, 0.5 % Triton, 0,05 % sodium azide in
PBS) for 2 h at RT. For reconstruction, patched CR cells biocytin-labeled cells were
stained with Cy-3 conjugated streptavidin (Dianova, Hamburg, Germany) as
described in detail before (Achilles et al., 2007). Since the YFP fluorescence was not
stable during the biocytin-streptavidin reaction, most of these slices were
subsequently counterstained for YFP. For YFP staining a GFP antibody raised in
rabbit (1:500, Invitrogen, Karlsruhe, Germany) was incubated overnight at RT and
was subsequently visualized with a donkey anti-rabbit 1gG secondary antibody
conjugated with Dylight 488 (1:100; Dianova). The slices were embedded in
fluoromount (Sigma).
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Immunofluorescence was investigated with a Nipkow spinning disk confocal system
(Visitech, Sunderland, U.K.) attached to a conventional fluorescence microscope
(Olympus BX51 WI) equipped with water immersion objectives and a cooled CCD
camera (CoolSnap HQ, Roper Scientific) controlled by MetaMorph software
(Universal Imaging, West Chester, USA). Green and red fluorescence was excited

with the 488 nm and the 568 nm lines of a Kr/Ar laser (Laser Physics, Malpas, U.K.).

2.10 Statistics

All values are expressed as mean + standard error of the mean (SEM). For statistical
analysis Student t-test, Mann-Whitney-U-test, ANOVA tests and Fishers Exact test
were used (Systat 11, Systat Inc., Point Richmond, CA). Results were designated

significant at a level of p<0.05.
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3. Results

3.1 Electrophysiological and morphological properties of Cajal-Retzius

cells with different ontogenetic origins

The heterogeneity of transcription factors and the different origins of CR cells
indicate that the neurons grouped under the term “Cajal-Retzius cell” may actually
represent different neuronal populations (Meyer and Wahle, 1999; Bielle et al.,
2005). In order to investigate whether CR cells of different ontogenetic origins have

6" mice in which CR cell

distinct functional properties we used Dbx1“®*;ROSA2
originating from the septum and at the pallial-subpallial border could be identified

by their YFP fluorescence.

3.1.1 Identification of YFP™ and YFP™ Cajal-Retzius cells

CR cells were identified by their appearance in the DIC image of tangential slices.
Only cells in the most superficial layer of the tangential slice preparation and a clear
CR cell like appearance, with an ovoid soma and a long tapered dendrite (Fig. 1A,
B), were chosen for recordings (Zhou and Hablitz, 1996b). Subsequent visualization
of the fluorescence of these cells using an YFP-filter clearly demonstrated that the
CR cell was either YFP™ (Fig. 1A) or YFP" (Fig. 1B).




Figure 1: Identification of YFP™ and YFP™ CR cells. A: Videomicroscopic
(left) and fluorescence images (middle) of a living CR cell (marked by a
white arrowhead) in an acute tangential slice preparation. Note the close
correspondence in the appearance of the ovoid soma and the tapered
dendrite of the CR cell in both images. B: Videomicroscopic and
fluorescence image of YFP™ CR cells (white arrowhead) in an acute
tangential slice preparation. A patch pipette is attached to the YFP™ CR
cell. Note that the YFP fluorescence signal does not overlap with the

patched cell. Scale bar represents 20 pum.

Patched cells displayed the characteristic electrophysiological properties of CR cells
(Zhou and Hablitz, 1996¢;Luhmann et al., 2000) with relatively broad APs upon

depolarization and a prominent voltage sag upon hyperpolarization (Fig. 2A,B).
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Figure 2: A: Electrophysiological properties of the cell shown in Fig 1A.
B: Electrophysiological properties of the cell shown in Fig. 1B. Both CR
cells are characterized by repetitive APs with long duration and small

amplitudes and a prominent voltage sag.

All neurons that could be stained for biocytin (n=51 of 65 recorded cells) displayed
the typical morphological properties of CR cells (Fig. 3), indicating that CR cells can
be unequivocally identified by their location, their appearance in the DIC image and

their electrophysiological properties in tangential slices.
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Figure 3: Confocal fluorescence images displaying YFP™ neurons (left),

a biocytin-labeled CR cell (middle) and the merged image (right). The
patched biocytin-labeled neuron displays the typical features of a CR

cell. Scale bars represent 50 pm.

3.1.2 Passive and active electrophysiological properties of YFP* and YFP™ Cajal-

Retzius cells

No significant differences in passive membrane properties were observed between
YFP* and YFP™ CR cells (Table 1).

Membrane properties

RMP Rinput Cinput I-Amplitude T of Iy

(mV) (GQ) (pF) (PA) (ms)
YFP* -58.3+1.2 (30) 1.98 +0.16 42.6+2.4 21.6+1.6 (26) 688167
YFP" -59.4+1.3 (37) 2.11+0.12 44 4+3.5 22.5+2.0 (31) 650152
p= 0.495 0.605 0.753 0.981 0.892

Action potential properties
Threshold Amplitude d1e VRise Vpecay AHP-Ampl.
(mV) (mV) (ms) (V/s) (V/s) (mV)

YFP* -40.3+1.0 (30) 41.8+1.4 4.2+0.3 28.7+25 -14.3+1.1 -14.8+1.0
YFP" -37.8+0.8 (37) 38.4+1.3 3.5#0.3 27.5#2.7 -16.7+1.2 -17.3+1.0

p= 0.108 0.107 0.033 0.413 0.207 0.069
Glutamate receptors and spontaneous synaptic inputs
Amplitude Glut.- Frequency Amplitude Rise Decay
current (pA) sPSCs (Hz) sPSCs (pA) sPSCs(ms) sPSCs (ms)
YFP* 13.74#3.2(10) 0.08+0.02 (11)  38.4%18.1 4.4+0.6 16.5+2.3
YFP’ 15.3+3.0 (9) 0.13+0.03 (13) 36.915.5 3.7+0.4 17.6x1.9
= 0.591 0.235 0.060 0.235 0.502
Carbachol-induced synaptic inputs
Frequency CCh-ind. Freq. Amplitude Rise Decay
PSCs (Hz) increase PSCs (pA) PSCs (ms) PSCs (ms)
YFP*  0.90+0.32 (10) 15.8+7.1 46.2+15.9 4.3+0.7 17.0+£2.0
YFP" 1.02+0.28 (13) 14.416.4 41.2+41 3.840.2 16.1+1.0
p= 0.901 0.723 0.174 0.951 0.951

Table 1: Electrophysiological properties of YFP* and YFP CR cells
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In both CR cells subpopulations APs with typical properties could be elicited. In
YFP* CR cells APs with an average amplitude of 41.8 + 1.4 mV (n = 30) and a
duration of 4.2 £ 0.3 ms were elicited upon depolarization above a threshold of -40.3
+ 1.0 mV (Fig. 4B). The maximal rate of the rising phase amounted to 28.7 £ 2.5
Vs™ and of the repolarization to -14.3 + 1.1 V/s™. The action potential was followed
by a pronounced AHP of -14.8 + 1.0 mV (Fig. 4B). APs with rather similar
properties were observed in YFP™ CR cells (Fig. 4C). While neither amplitude (38.4
+ 1.4 mV,; n=37) nor threshold (-37.8 £ 0.8 mV) or AHP amplitude (-17.3 £ 1.0 mV)
was significantly different from YFP* CR cells, AP duration was slightly shorter in
YFP™ CR cells (3.5 + 0.3 ms). The maximal rate of the rising phase (27.5 + 2.7 Vs™)
and of the repolarization (-16.7 + 1.2 Vs™) was not significantly different to YFP*
CR cells.

5Vis 5Vis
25 msI 25 msI

10 mV 10 mV
30 ms 30 ms

Figure 4: Passive and active membrane properties of YFP™ and YFP" CR
cells. A: Time course and amplitude of voltage deflections upon injection
of small negative currents are similar between YFP™ (black trace) and
YFP™ (gray trace) CR cells. B: Typical action potential of a YFP* CR
cell. The inset illustrates the first derivation of the action potential
discharge. C: Typical action potential of a YFP™ CR cell. The inset

illustrates the first derivative of the action potential discharge.
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Accordingly, the averaged trajectories in the phase plane were comparable between
YFP" and YFP™ CR cells (Fig. 5).
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Figure 5: Phase plane plot of averaged APs (+ SEM) of YFP™ (black)
and YFP" (gray) CR cells. No significant differences in the trajectories

are evident.

A typical feature of CR cells is a prominent voltage sag upon hyperpolarization
which is mediated by a hyperpolarization-activated inward current (Kilb and
Luhmann, 2000). Hyperpolarization-activated inward current with similar properties
(see Table 1) were found in both YFP* and YFP™ CR cells (Fig. 6).

- 60 mV

- 120 mV

05¢ |

Figure 6: Current traces of YFP™ (black) and YFP™ (gray) CR cells upon

a step in the holding current from -60 mV to -120 mV. Monoexponential
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fits are displayed as dashed lines. Note that amplitude and time course of
the hyperpolarization induced inward current are similar in both CR

cells.

3.1.3 GABA, -receptors on CR cells

Previous studies demonstrated that the majority of synaptic inputs on CR cells are
mediated by GABAAa receptors (Kilb and Luhmann, 2001;Kirmse and Kirischuk,
2006b;Kirmse and Kirischuk, 2006a;Radnikow et al., 2002;Soda et al., 2003). To
investigate whether the properties of GABAergic inputs differ between the YFP* and
YFP" CR cells population, we analyzed spontaneous postsynaptic currents (sPSCs).
In accordance with previous studies (Kilb and Luhmann, 2001;Kirmse and
Kirischuk, 2006b), YFP™ and YFP™ CR cells display sPSCs with a low frequency
(0.08 + 0.02 Hz (n = 11) for YFP* and 0.13 + 0.03 Hz (n = 13) for YFPCR cells;
with no significant difference between both CR cells subpopulations (Table 1). Bath
application of 100 puM carbachol (Dupont et al., 2006) increased the frequency of
PSCs by a factor of 15.8 + 7.1 (n = 10) in YFP" and by 14.4 + 6.4 (n = 13) in YFP"
CR cells. In YFP* CR cells CCh-PSCs with an amplitude of 46.2 + 18.1 pA (n = 11)
and a frequency of 0.90 + 0.32 Hz could be elicited in 11 out of 13 slices (Fig. 7A).
These CCh-PSCs had a rise-time of 4.3 + 0.7 ms and the decay could be fitted with a
single exponential function (t=17 £ 2.0 ms). The CCh-PSCs in YFP" CR cells
showed similar properties (Table 1). In this CR cells population CCh-PSCs with an
amplitude of 41.2 £ 4.1 pA (n = 13), a rise-time of 3.8 + 0.2 ms, a decay time
constant of 16.1 £ 1.0 ms and a frequency of 1.02 + 0.28 Hz could be elicited in 13
out of 16 slices (Fig. 7B).
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Figure 7: Properties of GABAergic inputs and glutamate receptors of
YFP* and YFP™ CR cells. A: Typical recording of carbachol-induced
PSCs in a YFP" CR cell. Next to the recording an average PSC
(averaged from 101 PSCs) is displayed. B: Typical recording of
carbachol-induced PSCs in a YFP™ CR cell. Next to the registration an
average PSC (averaged from 105 PSCs) is displayed. Note that ampli-
tude, decay and occurrence of carbachol-induced PSCs are similar in

both CR cells subpopulations.

Both sPSCs and CCh-PSCs were completely blocked by the specific GABAA
receptor antagonist gabazine (3 uM) in YFP* (n = 7) and YFP" CR cells (n = 7),
indicating that synaptic activity was mediated exclusively via GABAAa receptors in

both populations.

3.1.4 NMDA-receptors on CR cells

Although glutamatergic synaptic inputs had only infrequently been reported in CR
cells (Radnikow et al., 2002), they express NMDA-receptors (Chan and Yeh,
2003;Mienville and Pesold, 1999). Focal application of 100 pM glutamate in Mg**
free solution containing 10 pM glycine induced inward currents with similar
amplitudes of -13.7 + 3.2 pA (n = 10) and -15.3 = 3 pA (n = 9) in YFP" and YFP" CR
cells, respectively (Table 1). The glutamatergic inward currents could be blocked by
the NMDA specific antagonist CPP (20 uM) in YFP* (n = 6) and YFP™ CR cells (n =
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6; Fig. 8), indicating that in both populations only NMDA receptors were

functionally expressed.
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Figure 8: Pharmacological profile of inward currents induced by focal
application of 100 pM glutamate (arrowhead) in a YFP™ (black traces)
and a YFP" CR cells (gray traces). The glutamatergic current is inhibited
by bath application of 20 uM CPP in both populations.

The NR2B specific antagonist ifenprodil (3 uM, Williams, 1993) attenuated the
amplitude of the glutamatergic inward currents by 52.3 + 8.6 % (n = 6) in YFP" and
by 62.1+4.2% (n=7) in YFP" CR cells (Fig. 9).
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Figure 9: Pharmacological profile of inward currents induced by focal
application of 100 pM glutamate (arrowhead) in a YFP™ (black traces)
and a YFP" CR cells (gray traces). The NR2B specific antagonist
ifenprodil (3uM) attenuates glutamatergic inward currents in YFP™

(black traces) and YFP" CR cells (gray traces).

The ifenprodil effect was not significantly different between YFP* and YFP™ CR
cells, suggesting that both populations express NR2B receptor subunits at

comparable ratios.

In summary the results of these experiments revealed that the electrophysiological
properties are comparable between YFP" and YFP'CR cells, suggesting that both
subpopulations of CR cells fulfill similar functions in the marginal zone.

3.2 Glycine receptors mediate excitation of subplate neurons in neonatal

rat cerebral cortex

In order to investigate whether glycine receptors in SP neurons possess the same
properties like in the other neuronal populations of the developing neocortex (Flint et
al., 1998; Kilb et al., 2002; Okabe et al., 2004) we analyzed the pharmacological and

functional properties of glycinergic currents in visually identified SP cells.

3.2.1 Morphology and membrane properties of the subplate cells (SP cells)

Whole-cell patch-clamp recordings were performed on 112 visually identified SP
cells (Fig. 10A). The mean RMP measured under whole-cell conditions was -62.5 +
1.1 mV and the mean input resistance (Rin) was 1245 + 52.7 MQ (n = 112). Upon
depolarization above a threshold of —45.6 + 0.5 mV (n = 112) repetitive APs with a
mean amplitude of 54 + 1.0 mV could be elicited (Fig. 10B).
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Fig. 10. Identification of subplate cells (SP cells) in coronal slices of the
newborn rat cerebral cortex by morphological and electrophysiological
properties. A: Videomicroscopic image of a P3 SP cells. The cell was
recorded with the patch-clamp pipette displayed to the right, while the
pipette for focal glycine application is visible to the left. B: Current-
clamp recordings from the cell shown in Fig. 10 A. Holding potential
was -60 mV. Injection of a depolarizing current pulse elicits repetitive
action potentials, which represents the typical firing pattern of SP cells.

Note the high frequency of sSPSCs and the absence of a voltage-sag.

3.2.2 Glycine-induced membrane responses in SP cells

Under whole-cell conditions, focal application of 1 mM glycine induced a membrane
depolarization of 33.4 £ 2.3 mV (n = 6) and reduced Rj, by 85 *+ 4.9 %. Similar
results were obtained by focal application of the glycinergic agonist B-alanine (5
mM), which caused a depolarization by 30.3 £ 2.8 mV (n = 6) and reduced Rj, by
80.6 + 6.8 %. Focal application of 5 mM taurine caused a membrane depolarization
of 27.2 + 3.1 mV (n = 6) and a R, decrease by 71.1 + 7.1 %. Under voltage-clamp
conditions, focal glycine application induced in all investigated SP cells inward
currents with a mean peak amplitude of 505 + 51.2 pA (n = 31), corresponding to a
current density of 16.1 + 2.2 pA/cm?. While B-alanine (5 mM) caused inward
currents with a mean peak amplitude of 479.9 + 91.3 pA (n = 13), corresponding to a
comparable current density (17.3 + 4.9 pA/cm?), membrane currents evoked by focal
application of 5 mM taurine were significantly (p=0.025) smaller (263.9 + 34.4 pA

and 9.1 + 2.0 pA/cm?, n = 15). The peak amplitudes of the membrane currents
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evoked by the glycinergic agonists glycine, taurine and B-alanine showed a clear

dose dependency (Fig. 11).
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Figure 11: Membrane responses mediated by different glycine receptor

agonists in SP cells. A: Inward currents evoked by various
concentrations of glycine (upper trace), f-alanine (middle trace) and

taurine (lower trace).

The corresponding dose-response curves (Fig. 12) revealed that glycine receptors on
SP cells displayed a higher affinity for glycine (0.25 mM) than for taurine and f-
alanine (1.67 mM and 1.14 mM, respectively). In these experiments taurine and [3-
alanine were applied in the continuous presence of 20 UM bicuculline methiodide to
block GABAA, receptors. Because bicuculline at this concentration had been shown
to partially block glycine receptors (Shirasaki et al., 1991), the currents induced by B-

alanine and taurine may be underestimated.
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Figure 12. Dose-response curve of the peak currents induced by various
concentrations of glycine (black squares), g-alanine (gray circles) and
taurine (open squares). Taurine and p-alanine were applied in the
presence of 20 uM bicuculline methiodide. Data points represent mean +

SEM of at least 6 experiments.

To investigate the Kinetics of current desensitization, glycinergic agonists were
applied semi-focally for 20 s (Fig.13). Under these conditions, glycinergic currents
desensitized to 24.9 + 3.4 % of the peak amplitude with a time constant of 6 £ 0.5 s
(n=13, Fig. 13). Similar values were obtained for currents evoked by 5 mM -
alanine, which desensitized to 27.6 £ 2.8 % of the peak amplitude with a time
constant of 6.9 £ 0.7 s (n = 12). The currents induced by 5 mM taurine showed
significantly (p = 0.002) less desensitization to 41.5 + 3.5 % (n = 14) with a time
constant of 6.9 + 0.8 s (Fig. 13). Determination of the glycine, f-alanine and taurine
reversal potentials revealed that the reduction in current amplitude was partially
related to an attenuation of the CI" gradient. For all three agonists, the estimated
reversal potentials after 15 s applications were negative to the reversal potential
calculated for the pipette solution, but there were no significant differences between
the agonists. Lowering the taurine concentration to 0.3 mM reduced the degree of
desensitization to 66.9 £ 10.3 % (n = 5), while with 100 uM taurine no significant

desensitization (5 + 4.9 %, n = 4) was observed (Fig. 13).
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Figure 13: Inward currents elicited by a 20 s application of 1 mM
glycine, 5 mM p-alanine and 5 mM taurine. Note smaller peak
amplitudes and smaller degree of desensitization of the taurine response.
Application of 100 uM taurine induced non-desensitizing currents with
small amplitude.

3.2.3 Activation of glycine receptors by taurine in SP cells

To elucidate whether taurine indeed activates glycine receptors, cross desensitization
experiments (Wang et al., 2005) were performed in the presence of 3 uM gabazine.
These experiments revealed that bath application of 5 mM taurine nearly completely
abolished (to 1.2 £ 1 %; n = 8) inward currents induced by focal application of 1 mM
glycine (Fig. 14A). Similarly, inward currents induced by focal taurine application
were also massively suppressed (by 98 + 2 %; n = 6) during bath application of 1
mM glycine (Fig. 14B). Since this reduction may be caused by a decline in CI’
gradient and/or space-clamp errors in distal parts of dendrites, control experiments
analyzing the effect of bath applied glycine on GABAergic currents were performed.
In these experiments GABAergic currents were only partially reduced (by 56.6 +
10.3 %; n = 5) in the presence of 1 mM glycine (Fig. 14C), indicating that only a
fraction of the cross-desensitization between glycine and taurine can be due to a

decline in CI" gradient and/or space-clamp errors.
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Figure. 14: Cross
desensitization between
glycine and taurine induced
currents in SP cells. A:
Inward currents evoked by
focal application of 1 mM
glycine (arrowheads) were
nearly completely abolished
during bath application of 5
mM taurine. Current
responses are shown at higher
temporal resolution below the
trace. B: Inward currents
evoked by focal application of
5 mM taurine (arrowheads)
were  nearly  completely
abolished during bath
application of 1 mM glycine.
The experiments in A and B
were performed in the
continuous presence of 3 UM

gabazine.

C: Inward currents evoked by focal application of 100 uM GABA (arrowheads

were only)partially suppressed during bath application of 5 mM taurine.

Current responses are shown at higher temporal resolution below the trace.

3.2.4 Pharmacological properties of glycine-induced responses in SP cells

To discriminate pre- and postsynaptic effects of glycine on SP cells, action potentials

(APs) were blocked by bath application of 1 pM TTX and a low extracellular Ca**

concentration was used to suppress activity dependent synaptic vesicle release (Fig.

15A, B). Under these conditions, the amplitude of glycine-induced currents was
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similar to the glycine-induced control responses obtained in normal ACSF (97.1 +
5.4 % of control values, n = 6, Fig. 15B), indicating that the glycine-induced currents
were predominantly mediated by a direct postsynaptic effect. In the presence of the
selective glycine receptor antagonist strychnine (1 uM) the glycine-induced currents
were inhibited by 92.0 £ 2.1 % (n = 7, Fig. 15A,C), suggesting that focal glycine
application activates glycine receptors with relatively low strychnine affinity (Ye,
2000;0kabe et al., 2004). Increasing the strychnine concentration to 30 uM
completely abolished glycine-induced currents (n =5, Fig. 15A,C).
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B control Low Ca* /TTX C control 1 uM STRY
1
200 pAI 50 pA
1s 1s

Control 30 uM STRY 48' wash

100 pA
s ]
Figure 15: Pharmacological profile of postsynaptic glycine responses in
SP cells. A: statistical analysis of the pharmacological experiments. Bars
represent means + SE of relative peak amplitudes of glycinergic inward

currents. Numbers of experiments are given in the bars. B, C:

characteristic recordings of inward currents evoked by focal application
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of 1 mM glycine before and after bath application of tetrodotoxin (TTX, 1
UM in nominally Ca?*-free solution) and strychnine (STRY, 1 and 30

HM).

The specific GABAA receptor antagonist gabazine (10 uM) had no significant effect
(97.5 £ 0.9 %; n = 5) on the amplitude of glycine-induced currents (Fig. 15A and
Fig. 16). As it had been shown that glycine application is sufficient for NMDA
receptor activation in the absence of an externally applied glutamatergic agonist
(Paudice et al., 1998), the effects of NMDA receptor blockade on the glycine-
induced response were also investigated (Fig 16). However, bath application of the
selective NMDA receptor antagonist APV (60 uM) had no significant effect on
glycine-induced currents in 7 SP cells (99.8 £ 3.8 %; Fig. 15A, 16C). In summary,
these results indicate that the glycine-induced membrane responses in SP cells were

mediated by postsynaptically located, classical strychnine-sensitive glycine

receptors.
Control 10 uM GBZ Control 30 uM PTX
1010 pAI 200 pAI
S
1s
Control 60 uM APV Control 20 uM CTB

7 ]
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Figure 16: Inward currents evoked by focal application of 1 mM glycine

—
o
)
» o
>

before and after application of 10 uM gabazine 60 uM APV, 30 uM
picrotoxin (PTX), and 20 uM cyanotriphenylborate (CTB).

It had been demonstrated that glycine can directly facilitate glutamate release
(Turecek and Trussell, 2001). To rule out such direct effects of glycine or taurine on
glutamate release, we examined the effect of these transmitters on miniature
glutamatergic postsynaptic currents (mPSCs). Bath application of 10 uM glycine has
no significant effect on amplitude (8.4 £ 1 pA vs. 9.5 £ 1.6 pA) and frequency (0.058
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+ 0.019 Hz vs. 0.055 + 0.021 Hz, n = 5) of AMPA receptor mediated mPSCs, which
were isolated in 0.2 pM TTX, 3-10 uM gabazine and 60 pM APV. Similar results
were observed in the presence of 100 uM taurine, where neither amplitude (14 £ 1.1
pA vs. 13 + 0.9 pA) nor frequency (0.24 + 0.06 Hz vs. 0.18 £ 0.02 Hz, n = 8) of
glutamatergic mPSCs (isolated in 10 uM GBZ/0.2 uM TTX) was significantly
affected. In summary, these results suggest that neither glycine nor taurine
considerably affected glutamate release in synapses at SP cells.

3.2.5 Intrinsic activation of glycine receptors

Finally, we investigated whether intrinsically released glycinergic agonists can
activate glycine receptors. To exclude the involvement of GABAA receptors, all of
these experiments were performed in the continuous presence of 3 pM gabazine.
Application of 30 uM strychnine had no effect on the holding current (-1.2 + 0.9 pA,
n=7), demonstrating a lack of tonic glycinergic currents. However, in the presence of
the endogenous glycinergic agonist taurine (100 uM), 30 uM strychnine induced a
significant (p=0.028) shift in the holding current by 4 + 1.9 pA (n = 7; Fig. 17A).
Inhibition of taurine uptake with GES (300 uM) induced an outward current (-13.9 £
4 pA; n = 9), which was inhibited by 30 uM strychnine (Fig. 17B).
A

30 uM Stry

100 puM Taurine

30 uM Stry
300 uM GES
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Figure 17: Extrasynaptic activation of glycine receptors. A: Bath
application of 100uM taurine induced a strychnine sensitive inward
current. B: Bath application of the taurine uptage inhibitor GES induced
an inward current that could be blocked by strychnine. The experiments
displayed in A and B were performed in the continuous presence of 3uM

gabazine.

In summary, these results in combination with the absence of any glycine-sensitive
sPSC suggest that taurine can act as endogeneous neurotransmitter activating glycine

receptors.

3.3 GABAergic networks in the developing cerebral cortex are activated

by taurine

The previous set of experiments and other studies (Flint 1998, Kilb & Luhmann
2002, Okabe et al. 2004) suggest that taurine is the endogeneous neurotransmitter
acting on the glycine receptors. However, the functional consequences of an
activation of these receptors have only partially been resolved. Therefore the
influence of a tonic activation of glycine receptors on the excitability of immature

networks projecting to pyramidal neurons was further investigated.

3.3.1 Basic properties of the investigated pyramidal cells

In total 20 pyramidal neurons from P0-1, 63 pyramidal neurons from P2, and 513
pyramidal neurons from P3-4 animals were identified by their location in the
neocortex and their pyramidal like appearance in IR-DIC image. Threehundredtwo of
these neurons could be subsequently stained for biocytin and their location within the
total cortical layers cold be exactly identified (Fig. 18). Morphological analysis of
these neurons revealed that all stained neurons have a pyramidal appearance (Fig.
18B). The soma of the majority of neurons was located between 20 and 50 % of total
cortical thickness, indicating that the all neurons used for this analysis were located

in supra- and subgranular layers.
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Figure 18: Localization and morphology of biocytin-labeled immature
neurons in coronal slices of newborn mice. A: Nissl staining for coronal
brain section, showing the developing cerebral cortex at different age
stages. Pia is at the top of the figure whereas the beginning of white
matter (WM) is marked with dashed lines. Inserted scale bars correspond
to 100um. B: Confocal images for the biocytin stained pyramidal
neurons reveal that the neurons patched have the same morphological
appearance during the early stage of the development. C: Normalized
soma location for all biocytin stained neurons within the total cortical
thickness for different age groups. In these plots 0 correspond to Pia and
1 to the beginning of the WM.
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The pyramidal neurons from PO-1 animals had an average resting membrane
potential (RMP) of -56 + 2.5 mV (n = 20), an input resistance (Rjy) of 1.7 = 0.14 GQ
and an input capacity (C,,) of 55 £ 4 pF (Fig. 19A). In P2 animals a significantly (p =
0.001) more hyperpolarized RMP of -67.5 = 1.1 mV (n = 63) was observed. Ry, in
this age group was 1.9 = 0.1 GQ and C), 67.7 £ 5.6 pF (Fig. 19A). In P3-4 animals
RMP was -68.8 = 0.4 mV with no significant difference between P2 animals (p =
0.3) but significantly more hyperpolarized than PO-1 animals (p = 0.0001). The Ry, of
P3-4 animals were 1.6 = 0.04 GQ and an input capacity (C,) of 74.6 £ 3 pF (Fig.
19A). In P2 and P3-4 animals the RMP was significantly (p < 0.001) more
hyperpolarized at -68.8 =+ 0.4 mV (n = 63) and -675 = 1.1 mV (n = 513),
respectively. Both R, (1.9 = 0.1 GQ (n = 63) and 1.6 £ 0.04 GQ (n = 509),
respectively) and Cy, (67.7 £ 5.6 pF and 74.6 £ 3 pF) were significantly (p = 0.0001)
larger in P2 as compared to P3-4 animals, indicating the developmental increase in

membrane surface of these neurons.
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Figure 19: Electrophysiological properties of different postnatal age
groups. A: Membrane properties where RMP, R, and C,, are
represented as histogram bars. Bars represent mean value + SEM, with
the number of experiments given in the bars. B: Action potential
properties with threshold, amplitude and dy/, as histogram bars.
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In all three age groups APs could be elicited in pyramidal neurons upon injection of a
depolarizing current. In PO-1 pyramidal cell in only 10 out of 20 cells APs with an
amplitude of 48.8 + 2.3 mV (n = 10) and an duration (dy,) of 5.6 = 0.5 ms could be
evoked upon a depolarization that crosses the AP-threshold of -39.1 + 1.2 mV (Fig.
19B). In P2 animals a significantly (p = 0.003) larger fraction of pyramidal neurons
show APs (50 out of 63 cells). These APs had rather similar properties than in the
younger animals (amplitude 50.7 £ 1 mV, AP-threshold of -41 = 0.8 mV and
duration of 6 = 0.2 ms). In pyramidal neurons from P3-4 animals in 413 out of 513
cells APs with amplitude of 55.1 £ 0.4 mV and duration of 4.7 + 0.07 ms could be
evoked upon a depolarization that crosses the AP-Threshold of -41.4 + 0.3 mV (Fig.
19B).

3.3.2 Effect of taurine on pyramidal neurons

First we investigated the effect of bath applied taurine on holding potential and
frequency of spontaneous postsynaptic currents (SPSCs) in pyramidal neurons. Bath
application of taurine induced a dose-dependent induction of an inward current in
P3-4 animals (Fig. 20). Maximum current was archived with 3 mM taurine and
amounted to 62 * 8.8 pA (n = 15), (Fig. 20C). Similar properties of taurine-induced
currents were also observed on pyramidal neurons from P2 animals (Fig. 21A). Here
the maximal amplitude amounted to 83 + 14 pA (n = 8). The taurine induced current
showed a pronounced desensitization by 27.5 + 3.8 % (n = 6) and 31.4 + 9 %, (n = 4)
in 1 mM and 3 mM taurine, respectively, while no obvious desensitization occurred

at lower taurine concentrations.
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In addition to this inward current, bath application of taurine increased the frequency
of sPSCs in a considerable fraction of pyramidal neurons (Fig. 20B). In 41% (100
out of 245) of all investigated neurons from P3-4 animals taurine enhanced the
frequency of sPSCs by 934.6 + 102.6 % from 0.1 + 0.01 Hz to 0.64 £ 0.05 Hz (n =
100). Furthermore these experiments revealed that above the threshold concentration
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Figure 20: The effect of taurine on pyramidal neurons in P3-4 animals.
A: Whole-cell voltage clamp recording from a pyramidal neuron at -60
mV as holding potential. Bath application of 10 uM Taurine do not affect
the holding current or the frequency of the PSCs upper trace. B: Bath
application of 300 uM taurine clearly induce an inward current and a
massive increase in the frequency of the PSCs. C: Dose response
relationship for the holding current at different taurine concentration.
Bars represent mean + SEM of the relative steady state amplitudes of
taurinergic inward current. Numbers of experiments are given in the
bars. D: Dose dependency of relative amplitude and frequency of the
PSCs induced by bath application of different taurine concentrations.
Bars represent mean + SEM. Note that the effect of taurine on sPSC

frequency displays clear threshold behavior.
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of 300 uM taurine neither the amplitude nor the frequency was significantly affected
by the taurine application (p = 0.39, ANOVA, Fig. 20D).
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Figure 21: The effect of taurine on pyramidal neurons in P2 animals. A:
Dose response for the holding current at different taurine concentration
represented as bar histograms. Bars represent mean + SEM of the
relative steady state amplitudes of taurinergic inward current. Numbers
of experiments are given in the bars. B: Dose responses as histogram for
the relative amplitude and frequency of the PSCs induced by bath

application of different taurine concentrations.

Similar results were also obtained for P2 pyramidal neurons, where a tendentially
smaller fraction of 25% (p = 0.08) showed an increase in the frequency of sPCSs. In
this age group also no significant dose-dependency was observed above a threshold
concentration of 300 uM taurine (p = 0.4, ANOVA) (Fig. 21B). The increase in the
PSCs frequency was also comparable (p = 0.4, t-test) to P3-4 animals. In pyramidal
neurons of PO-1 animals bath application of 300 puM taurine induced neither an
inward current (n = 12) nor increases the frequency of sSPSCs (n = 12). Since in P2-4
animals 300 pM taurine was sufficient to provoke a maximal effect on sPSCs and no
obvious differences between both age groups were performed all subsequent

experiments with 300 uM taurine in P3-4 pyramidal neurons.

To test if taurine responses are stabile during a longer time of measurements, 300uM
taurine was applied repetitively to the same cell. No significant differences in taurine

induced inward currents (Fig. 22A) or the amplitude and frequency of taurine-
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induced sPSCs was observed between the first, second and third bath application of
taurine (Fig. 22B).
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Figure 22: Repetitive taurine application. A: The amplitude of the
current induced after bath application of 300uM of taurine remains
stabile throughout 3 repetitive applications. Bars represent mean + SEM
of the relative steady state amplitudes of taurinergic inward current.
Numbers of experiments are given in the bars. B: The amplitude and the
frequency of the PSCs do not change after repetitive 300uM taurine

application.

In summary, these results show that bath application of taurine at a concentration
> 300 uM increased the frequency of the PSCs in about 45 % of all pyramidal
neurons, suggesting that the network activity was considerably increased by the bath

application of taurine.

3.3.3 Pharmacology of taurine-induced responses in pyramidal neurons

Next we analyzed the pharmacological properties of the PSCs that are evoked by the
bath application of 300 uM taurine in P3-4 pyramidal neurons. In the presence of
0.3-1 uM TTX neither amplitude (16.8 + 2.7 pA vs 16.9 + 2.6 pA) nor frequency
(0.2 £0.1vs. 0.2 £ 0.1 Hz) of sSPSCs were significantly (p = 1 and p = 1 respectively,
n = 3) affected. This observation indicated that SPSCs represent miniature PSCs and
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do not reflect AP dependent activity in the presynaptic cells. However, bath
application of TTX (0.3-1 uM) completely blocked the taurine induced increase in
PSC frequency (Fig. 23), suggesting that the taurine effect requires the activation of

presynaptic networks.
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Figure 23: Taurine effect in the presence of TTX. A: Whole-cell voltage
clamp recording from a pyramidal neuron at -60mV as holding potential.
The taurine-induced increase in PSC frequency was abolished in the
presence of 0.2uM TTX (bottom). Note that taurine induced inward
current was unaffected. B: Bar diagrams of the relative response for the
amplitude and the frequency of the sPSCs in the presence of 0,2uM of
TTX. Neither of these two parameters was affected by TTX. Histograms

represent means + SEM of 3 experiments.

Bath application of 10 uM CNQX or 20 uM CPP, blockers of AMPA and NMDA
subtypes of glutamate receptors, had no significant effect on the taurine-induced
PSCs (Fig. 24B). In the presence of both glutamate antagonists neither amplitude
(27.13 = 3 pA vs. 31.6 £ 6.3 pA) nor the frequency (0.55 + 0.09 vs. 0.55 + 0.11 Hz)
were significantly (p = 0,5 and p = 1, respectively, n = 9) affected. These results

suggest that glutamatergic synapses are not activated by bath application of taurine.
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Figure 24: Pharmacology of the glutamate receptors. A, B: Whole-cell

voltage clamp recordings from a pyramidal neuron at a holding potential
of -60mV. The effect of bath applied taurine was unaltered in the
presence of the glutamatergic antagonists CNQX (10 uM) and CPP (20
puM). C: Statistical analysis of the effect of glutamatergic antagonists on
frequency and amplitude of taurine induced sPSCs. Bars represent mean
+ SEM. Note that glutamatergic antagonists had no effect on the
amplitude or the frequency of taurine induce PSCs.

In the presence of the glycine receptor antagonist strychnine (0.3-1 uM) the taurine-
induced PSC increase was completely suppressed (n = 12) (Fig. 25A). Under this
conditions bath application of taurine had no effect on the amplitude (13.84 = 0.9 vs.
16.3 = 2.4 pA) and the frequency (0.11 + 0.01 vs. 0.11 + 0.02 Hz) of PSCs (Fig.
25A). On the other hand, strychnine had no significant effect on amplitude ( 20.4 +
2.8vs 13.8 £ 0.9 pA, corresponding to 92 + 11 %, n =12, p = 0.11) and frequency
(0.17 £ 0.04 vs. 0.1 + 0.02 Hz, corresponding to 107 £ 15 %, n = 12; p = 0.40) of
sPSCs, suggesting that glycine receptors do not directly contribute to sPSCs.

In contrast, bath application of the GABAAa specific antagonist gabazine (3 uM)
completely blocked sPSCs in 3 out of 8 pyramidal cells investigated and massively
reduced the frequency of sPSCs from 0.14 £ 0.04 to 0.04 + 0.004 Hz, corresponding
to 79 = 8 % in the remaining 5 neurons (Fig. 25B). These results suggest that a
considerably fraction of the sPSCs is mediated by GABAAa receptors. The taurine-
induced increase in the frequency of PSCs was abolished (112 £ 9 %, n =8, p =
0.34) in the presence of 3 UM gabazine. The combined application of 1 uM
strychnine and 3 puM gabazine completely blocked the taurine-induced increase in

PSC frequency.
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Figure 25: Effect of glycine and GABAA receptor antagonists on taurine
induced responses. A: Whole-cell voltage clamp recordings at a holding
potential of -60mV. In the presence of 1uM strychnine the taurine-
induced PSCs increases was completely suppressed. Please note that the
amplitude of the taurine induce inward current was also reduced in the
presence of 1uM strychnine. B: Bath application of 3uM gabazine
massively reduced the frequency of taurine induce PSCs and slightly

diminished the amplitude of the taurine induced inward current.

The taurine induced inward current was reduced by 73 % (n = 8, Fig. 25) in the
presence of 3 UM gabazine, by 55 % (n = 12) in the presence of 1 uM strychnine.
The combined application of 1 uM strychnine and 3 uM gabazine completely
blocked the taurine-induced inward current. In contrast, glutamatergic antagonists

and TTX had no significant effect on this taurine-induced inward current.

Since the later results suggest that taurine induced a direct membrane response in
pyramidal neurons, we next directly analyzed these responses using focal-application

of 5 mM taurine under whole-cell conditions. Focal taurine application (2-5 ms) at a
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holding potential of -60 mV induced in pyramidal neurons an inward current of -
260.4 + 31.9 pA (n =12 ) (Fig. 26A), which reversed at -22.3 £ 1.5 mV (n = 10)
(Fig. 26C), in accordance with the CI” concentration of the pipette solution.
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Figure 26: Activation of GABAa and glycine receptors by focal
application of 5mM taurine on pyramidal neurons: B: Inward currents
elicited by a 5 ms of 5mM taurine. The left traces illustrate the effect of 3
UM gabazine, the right traces the effect of strychnine. After a partially
washout of strychnine, the combined application of gabazine and
strychnine completely suppressed the taurine-induced current. C: Bar
histograms demonstrating the effect of gabazine and strychnine on
taurine-induced currents. Bars represent mean = SEM of the relative
responses. A: I-V plot of the inward current after focal application of
5mM taurine at different voltages.

Bath application of 1 pM strychnine significantly (p<0.001) reduced the amplitude of
taurine-induced currents by 80 £ 5.2 % (n = 7, Fig. 26B). Bath application of 3 uM
gabazine reduced the amplitude of taurine induced currents by 22 + 2.5 % (n = 8),
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and the combined application of 1 uM strychnine and 3 uM gabazine completely
blocked taurine induced currents (n = 6, Fig. 26A, B). In summary these results
suggest that the taurine-induced inward currents were carried by both GABA and
glycine receptors with the GABAAa receptors mediating approximately 20% and

glycine receptors approximately 80% of the responses.

As it had been shown that the pharmacological properties of glycine and GABAAa
systematically change during development (Aguayo et al., 2004, Carlson et al.,
1998), we performed control experiments to prove the efficacy of glycinergic and
GABAergic agonists in immature pyramidal cells. In these experiments focal
application of 100 uM glycine induced an inward current of -180.2 = 42.5 pA (n = 9)
that was completely blocked by 1 uM strychnine (n = 6), while 3 uM gabazine (n =
7) had no effect (103 £ 7.4 %, n=7, Fig. 27A).
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Figure 27: Pharmacological profile of glycine and GABA, receptors. A:
Focal application of 100uM glycine induce an inward current that was
unaffected in the presence of 3uM gabazine and completely blocked in
the presence of 1uM strychnine. B: Focal application of 100puM

isoguvacine (top) induce an inward current that was unaffected by 1uM
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strychnine (middle) and completely blocked in the presence of 3uM
gabazine.

Focal application of the GABAergic agonist isoguvacine (100 pM) induced an
inward current of — 382.3 £ 37.9 pA (n = 7) that was completely blocked by 3 uM
gabazine (n = 6), while 1 uM strychnine had no effect (99 £ 1.8 %, n = 4, Fig. 27B).
In summary these experiments revealed that 1 pM strychnine and 3 pM gabazine
could be used as specific antagonists for glycine and GABAA receptors, respectively,

already in P3-4 neocortical pyramidal neurons.

3.3.4 Reversal of taurine-induced sPSCs

To strengthen our previous finding, that GABAa and glycine receptors are
underlying the taurine-induced sPSCs, in the next voltage-clamp experiments a
pipette-solution with a [CI], of 8 mM was used, to shift Ecaga to values around -60
mV (Fig. 28). In these experiments Egaga Was determined experimentally for each
cell by a series of focal GABA pulses at different holding potentials. Subsequently
the cells were clamped exactly to this experimentally determined Egaga t0 unravel

PSCs that were not driven by ligand-gated CI- channels.

These experiments revealed that the frequency of sSPSCS was reduced to about 50%
if the membrane was clamped to Ecaga, indicating that a substantial fraction of
sPSCs may be mediated by glutamatergic receptors. However, at this holding
potential bath application of 300 uM taurine had no significant (p = 0.35) effect on
the frequency of PSCs (Fig. 28A). In contrast, under conditions when the holding
potential was negative (-85 mV) or positive (0 mV) to Ecasa a significant increase in
the frequency of PSCs was observed during the application of 300 uM taurine,
indicating that taurine exclusively initiates PSCs that are mediated via ligand-gated
CI" channels. Accordingly the voltage dependence of the taurine-induced PSCs

reversed approximately at the estimated Ecaga (Fig. 28B).
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Figure 28: Taurine induces CI" dependent PSCs. A: Current traces
recorded at E,=0mV (upper trace), Ex=Ecasa (middle trace) and at E;= -
85mV (bottom trace). Note that no taurine-induced PSCs were visible if
En=Ecasa and that the PSCs reverse their direction at this potentia.l B:
Determination of the reversal potential of GABAergic currents (Ecasa)
induced by focal GABA application (red trace) and of average taurine-

induced PSCs (black trace).

Since it had been reported by a variety of studies that ligand-gated CI" channels
mediate depolarizing membrane responses in immature pyramidal neurons, we next
investigated whether taurine-induced membrane responses mediate excitatory actions
under physiological conditions. Therefore we performed cell-attached recordings to
investigate this effects under conditions in which the [CI]; remained undisturbed.
These experiments revealed that bath application of 300uM taurine enhances the AP
frequency of pyramidal neurons by 780 + 320 % from 0.16 £ 0.05 Hz to 0.76 £ 0.09
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Hz (n = 5). In summary these results strongly suggest, that the taurine-effects

mediate an excitatory action of pyramidal neurons (Fig. 29).

300 puM Taurine

2 mV
30s

>5Hz

Figure 29: Cell-attached recording from a pyramidal neuron. Bath application of
300 pM taurine induced APs. The recorded data were highpass-filtered at SHz.

3.3.5 Effect of taurine on GABAergic interneurons

As the previous results strongly suggested that taurine enhanced the frequency of
GABAergic and/or glycinergic PSCs and because no evidences for synaptic release
of glycine in the immature cortex had been reported so far, we next concentrated on
the role of GABAergic interneurons. Therefore we performed whole-cell
measurements on 55 interneurons identified by GFP expression under the control of
GADG67 (Fig. 30).

GAD67-GFP Biocytin

Figure 30: Identification of GABAergic interneurons. A: Confocal
fluorescence image displaying GFP™ interneurons. B: Confocal image

for a biocytin-labeled interneuron. C: Mergeed image.
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In total 32 YFP" GABAergic interneurons were recorded. These GABAergic
interneurons had an average RMP of -65.7 £ 2 mV (n=32),aRjy,0of 4+ 1.5GQ and a
Cin of 37 £5.2 pF. In 60 % of the GABAergic interneurons APs could be elicited upon
injection of a depolarizing current. These APs had an amplitude of 41.4 £ 2.5 mV (n =
19), a duration of 2.4 + 0.2 ms and could be evoked upon a depolarization that crosses
the AP-threshold of -48 + 1 mV. Upon persistent injection of depolarizing currents
these cell could discharge with a frequency of 53 £ 5.8 Hz (n = 17). Focal application
of 100uM of glycine induce in GABAergic interneurons a current of -91.4 + 21.2 pA
(n = 7) that was completely blocked by 1uM strychnine (n = 7), whereas 3uM
gabazine had no effect 106.2 + 5.3% (Fig. 31B). Focal application of 100uM of
isoguvacine induces in GABAergic interneurons a current of -131.6 £ 40.7 pA (n =7)
current that was completely blocked by 3uM gabazine (n=7), whereas 1uM strychnine
had no effect 96.3 = 3.8% (Fig. 31C). Interestingly, in GABAergic interneurons the
current that was induced by focal application of 5mM taurine (-154.8 £ 22 pA; n = 10)
was completely blocked by 1 uM strychnine (n = 9), while 3 uM gabazine (n = 8) had
no effect (99.3 = 6.6 %; Fig. 31A).
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Figure 31: Activation of GABAA and glycine receptors on interneurons
A: Focal application of 5mM taurine induces an inward current that is
unaffected by 3uM gabazine and completely blocked in the presence of
1uM strychnine. B: Focal application of 100uM glycine induces an
inward current that is unaffected by 3uM gabazine, but completely
blocked in the presence of 1uM strychnine. C: Focal application of
100uM isoguvacine induces an inward current that is completely blocked
by 3uM gabazine, but unaffected in the presence of 1uM strychnine. D:
Bar histograms representing mean + SEM of the relative amplitude of the
inward current after focal application of taurine, glycine and
isoguvacine in the presence of GABA, receptor antagonist gabazine or
glycine receptor antagonist strychnine. The numbers of experiments are

given in bars.

The tonic activation of the GABAA and glycine receptors in these cells by 300 uM
taurine induced an inward current of 8.9 = 2.5pA (n = 7). This inward current was
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blocked by 72 + 12% (n = 7) in the presence of 1 UM strychnine and by 49 + 10 % (n
=7) in the presence of 3 uM gabazine (Fig. 32).
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Figure 32: Tonic effect of taurine on interneurons. Bar diagrams of the
relative response for the amplitude of the tonic current induced by bath
application of 300uM taurine in the presence of 1uM Strychnine or 3uM

gabazine. Histograms represent means + SEM of 7 experiments.

To uncover the effect of this taurine-induced inward current under conditions with
undisturbed [CI]; we performed cell-attached experiments. These experiments
revealed that in 4 out of 9 recorded GABAergic interneurons bath application of 300
UM taurine induced an increase in AP frequency by 995 + 55 % (Fig. 33A, D). This
increase in the frequency could be reduced by 28 + 18 % (n = 3) in the presence of 1
MM strychnine and by 54 + 20 % (n = 3) in the presence of 3 UM gabazine and 1uM
strychnine (Fig. 33D).
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Figure 33: Effect of taurine on GABAergic interneurons under cell-
attached conditions. A: Bath application of 300uM of taurine increase
the frequency of the APs. B: In the presence of 1uM strychnine taurine
has smaller effect on the AP frequency C: In the presence of strychnine
and gabazine taurine had no effect on AP frequency. D: Statistical
analysis of the taurine effect on AP frequency reveled that taurine has no
effect in the presence of strychnine and gabazine. Bars represent mean +

SEM, number of experiments is given in the bars.

In summary these results suggest that bath application of taurine excites
GABAergic interneurons and that this activity was mediated mainly via glycine

receptors.
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3.3.6 Taurine effect on pyramidal neurons in reduced slice preparation

In an additional approach, we used a reduced slices preparation to unravel whether
SP cells, which comprised of a significant fraction of GABAergic neurons,
contribute to this activity induced a comparison of reduced slice preparations either
containing the SP or lacking the showed that in both preparations bath application of
300 puM taurine induced in a comparable fraction of pyramidal neurons (531 + 138 %
vs. 697 + 170 %, p=0.45, n = 6) PSC activity (Fig. 34A). The taurine-induced PSCs
had comparable properties in both preparations (amplitude 14.4 + 1.9 vs. 18.8 £ 1.8
pA, frequency 0.19 + 0.02 vs. 0.26 + 0.05 Hz for slices including SP vs. slices w/o
SP, respectively).

A Slice with SP Slice without SP

Slice with SP { 3
300uM Taurine 4

1

Slice without SP
300uM Taurine

Figure 34: Taurine effect on pyramidal neurons in reduced slice

preparation. A: Bath application of taurine in reduced slice preparation
with subplate (top) and without subplate (bottom). B: Confocal images of
the biocytin-labeled neurons (green) used for the current recordings in
A, counter-stained with propidium jodide. Note the absence of the

subplate (white arrowheads) in the right slice.

No differences in the frequency of PSCs were observed between slices which
contained a SP (531 £ 138 %) and slices without SP (697 + 170 %). However, both
values were significantly smaller when compared to a conventional coronal slice
(934.6 £ 102 %, n = 6).
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3.3.7 Effect of isogavacine and glycine on sPSCs in pyramidal neurons

Since these results indicate that glycine and/or GABAA receptors of GABAergic
interneurons mediate the effect of taurine on the sPSC; activity, we next investigated
whether a selective activation of GABAAa receptors with 10 uM isoguvacine or 100
UM glycine can induce comparable effects on the frequency of PSCs in pyramidal
neurons. These experiments in P3-4 animals revealed that bath application of 100uM
glycine induced an inward current (Fig. 35) of 37.6 = 4.6 pA (in 23 out of 24 cells)
whereas bath application of 3uM isoguvacine induce an inward current with an
amplitude of 44.4 £ 5.3 pA in 13 out of 14 cells (Fig. 35A).
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Figure 35: The effect of bath applied glycine and isoguvacine on
pyramidal neurons. A: Bar diagram summarizing the steady-state inward
currents induced by bath application of 100uM of glycine or 3uM
isoguvacine. Bars represent mean £ SEM, numbers of experiments are
given in the bars. B: Bar diagram illustrating the effect of 100 pM
glycine and 3 uM isoguvacine on PSCs. For comparison the effect of 300
UM taurine was added to this graph. Note that the effects of taurine,
glycine are not significantly different, while the frequency of isoguvacine
induced PSCs was significantly smaller. Bars represent means = SEM,

numbers of experiments are given in bars.
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In addition to this inward current, bath application of 100uM glycine increased the
frequency of sPSCs in a considerable fraction of pyramidal neurons. In 45 % (11 out
of 24) of all investigated neurons 100uM glycine enhanced the frequency of PSCs by
1027 + 250 % from 0.19 £ 0.05 to 0.71 + 0.2 Hz (n = 18, Fig. 35B). This effect was
not significantly different (p = 0.74, t-test), from the effect of 300uM taurine on
PSCs. Bath application of 3uM isoguvacine also increased the frequency of PSCs in
64 % (9 out of 14) of all investigated neurons by 559 + 146 % from 0.11 + 0.03 to
0.34 £ 0.08 Hz (n = 10, Fig. 35B), which was significantly (p=0.005, t-test) smaller
than the effect of 300uM taurine. The relative amplitude of the PSCs induced by
glycine and isoguvacine application was not significantly different (122 £ 7.7 % vs.
133 £ 16 %, p = 0.5, pair t-test), (Fig. 35B).

To test if the glycine-induced PSCs were mediated via GABAA receptors in the
postsynaptic membrane, we bath applied 100uM glycine in the presence of 3uM of
gabazine, under this conditions all PSCs were completely blocked (n = 3, Fig.36),

suggesting that glycine induced exclusively GABAergic PSCs.

100 uM Glycine

Em=-60mV

Em=-60mV 100 uM Glycine
In 3 uM GBZ

e

Figure 36: The PSCs induced by bath application of 100uM glycine are

completely suppressed in the presence of 3 uM gabazine (GBZ).

3.3.8 Temporal coherence between taurine-induced PSCs

As the previous results indicate, that GABAergic interneurons respond to the bath-
application of 300 uM taurine with suprathreshold responses, we next performed
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simultaneous recordings from in total 10 pairs of pyramidal neurons. In 5 of these
simultaneous recordings both neurons showed a taurine-induced increase in the
PSCs. In 3 out of these 5 simultaneous recordings a rather high cross correlation
between taurine-induced PSCs was observed (Fig. 37), while only 2 cells lack tight
correlation. In the cells with a close correlation 12 + 4 % (n = 3) of all PSCs occurred
highly correlated with a latency of 6.7 £ 3.3 ms between the PSCs. In summary,
these results suggest that a rather small subset of the GABAergic interneurons

project to pyramidal neurons to induce GABAergic PSCs in these neurons.
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Figure 27: Temporal coherence between taurine-induced PSCs in a

simultaneous recordings from two pyramidal neurons.
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4. Discussion
4.1 CR cells of different origins show homogenous electrophysiological properties

The finding that all neurons selected by their morphological appearance and
electrophysiological parameters could be characterized as CR cells after biocytin
staining indicates that CR cells can be unequivocally identified in the tangential slice
preparation by their appearance in the videomicroscopic image and their
electrophysiological properties, as already discussed in previous studies (Kilb and
Luhmann, 2000;Kilb and Luhmann, 2001;Kilb et al., 2002;Achilles et al., 2007).
YFP* and YFP™ CR cells were classified in our study only by the YFP fluorescence
observed at the patch-clamp setup, since a reliably classification of YFP* and YFP~
CR cells after biocytin/YFP immunostaining was not possible, probably caused by a
washout of YFP fluorescence during whole-cell recordings. Therefore we used only
cells that could be unequivocally classified as YFP™ or YFP~ CR cells before
recording in subsequent experiments (Fig. 1A). The YFP® and the YFP~
subpopulation both might represent CR cells with heterogeneous origin. While the
YFP" CR cells derive from Dbx1-expressing progenitors and thus originate from the
septum and PSB (Bielle et al., 2005), the YFP™ CR cells derive from caudomedial
portions of the pallial border (cortical hem) (Zecevic and Rakic, 2001;Shinozaki et
al., 2002;Takiguchi-Hayashi et al., 2004). In addition, some Dbx1-derived CRs
might not be labeled in Dbx1°%;ROSA26"™" animals due to a delay in recombination

6'7F animals and, thus, be included in the

or recombination escape in Dbx1°"*;ROSA2
YFP™ population (see experimental procedures). However, hem-derived CR cells
have been shown to represent the majority of CR cells in parietal cortex (Yoshida et
al., 2006), where most recorded neurons were located, while very few, if any, septum
Dbx1-derived CR cells populate this area (Bielle et al., 2005). Therefore it is likely
that YFP™ and YFP™ represent two fairly homogeneous subpopulations, namely PSB
Dbx1-derived and hem-derived CR cells, respectively. On the other hand, the present
study can make no prediction whether CR subpopulations in medial or more lateral
regions of the cortex may display different morphological or electrophysiological
properties, how YFP" and YFP™ CR cells differ in these properties during prenatal
development, and whether other properties, like their life span, differ between these

CR cells subpopulations.
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This study is the first direct comparison of electrophysiological properties between
different subpopulations of CR cells. No considerable differences between YFP™ and
YFP CR cells in any of the aspects investigated were found. RMP and input
resistance observed in the present study for both populations are comparable with
values reported previously (Zhou and Hablitz, 1996c;Mienville, 1998;Kilb and
Luhmann, 2000;Kilb and Luhmann, 2001;Kilb et al., 2002;Radnikow et al.,
2002;Kilb et al., 2004). Due to short circuit effects of the leak conductance between
cell membrane and patch pipette, the measured membrane potential most probably
underestimated the RMP (Fricker et al., 1999;Tyzio et al., 2003). If the measured
potential was corrected for seal and input resistance (both values were determined for
all CR cells) according to the formula delivered by Tyzio et al. (2003) a RMP of —83
+ 5.2 mV (n = 30) for YFP" and of =80 + 5.6 mV (n = 37) for YFP™ CR cells was
obtained. These values were not significantly (P < 0.427) different and are close to
the RMP determined from reversal potential of NMDA receptor currents for CR cells
(Achilles et al., 2007) and other immature neurons (Hirsch and Luhmann,
2008;Tyzio et al.,, 2003). AP potential tended to be shorter in YFP™ CR cells,
however, this difference was not significant after a Bonferroni—-Holm adjustment of
the error-level a. The other AP parameters as well as the properties of the Iy current
were also not significantly different between both CR cells subpopulations.

Many reports found that CR cells receive synaptic inputs that are mainly or
exclusively mediated by GABAAa receptors (Kilb and Luhmann, 2001;Kilb et al.,
2004;Kirmse and Kirischuk, 2006a;Soda et al., 2003;Dvorzhak et al., 2008). Since
the GABA reversal potential is positive to action potential threshold in CR cells,
GABAergic PSCs can mediate excitatory responses (Achilles et al., 2007;Mienville,
1998). In the present study spontaneous and CCh-induced synaptic activity were
completely suppressed by the GABA, specific antagonist gabazine in both YFP™ and
YFP CR cells, indicating that in both CR cells subpopulations synaptic activity was
primarily mediated via GABAA, receptors. In addition, the properties of sPSCs and
CCh-induced PSCs were similar between both subpopulations, indicating that YFP*
and YFP neurons express GABAA, receptors with similar characteristics and that
cholinergic activation of network activity in the immature cortex (Dupont et al.,

2006) mediates similar activity in both CR cells subpopulations. However, whether

63


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T0F-4YG1M3K-9&_user=1413242&_coverDate=05%2F19%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000052648&_version=1&_urlVersion=0&_userid=1413242&md5=0dafd698b4cde3b9842995fc1606597e&searchtype=a#bib52

the different CR cells subpopulations receive specific GABAergic inputs from

distinct sources could not be resolved by our study.

This study also demonstrated the functional expression of NMDA receptors in both
YFP* and YFP™ cell populations, in accordance with other studies revealing NMDA
receptors in the membrane of CR cells (Chan and Yeh, 2003;Lu et al.,
2001;Mienville and Pesold, 1999;Radnikow et al., 2002). In the presence of the
NMDA specific antagonist CPP all glutamatergic responses were blocked,
supporting the finding that functional AMPA receptors are absent in rodent CR cells
(Lu et al., 2001;Radnikow et al., 2002). The observation that 3 uM ifenprodil inhibits
NMDA receptors in YFP* and YFP™ CR cells with similar efficacy suggests that in
both populations NR2B receptor subunits are expressed at comparable ratios
(Williams, 1993). A comparable inhibition of glutamatergic currents has been
previously reported in other CR cells studies using 1-10 uM ifenprodil (Mienville
and Pesold, 1999;Lu et al., 2001;Radnikow et al., 2002). The observation, that
NMDA receptors are equally expressed in both CR cells populations suggests that

these populations are most probably not differentially affected by glutamate.

In addition to their electrophysiological parameters, the morphological organization
of neurons is also an important factor for their functional role within neuronal
networks by virtue of the constrains it imposes on the input-output features.
Therefore the morphological properties of YFP* and YFP™ CR cells were also
analyzed. These studies revealed that most morphological properties are comparable
between YFP* and YFP™ CRc, with a slightly larger dendritic compartment in YFP*
CR (Sava et al., 2010). However, even in YFP" CR cells the dendritic compartment
covers a rather small area, in accordance with previous findings (Zhou and Hablitz,
1996b; Kilb and Luhmann, 2001; Radnikow et al., 2002). Such a larger dendritic
compartment suggests a larger capacity for synaptic integration of YFP* CR cells,
but the result of the electrophysiological experiments revealed no evidence that this
CR cells subpopulation received more synaptic inputs. Thus the morphological
difference between both CR cells subpopulations did most probably not reflect any
functional difference in the amount of synaptic integration between both CR cells

subpopulations.
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Because CR cells are an integral part of neuronal networks in the marginal zone of
the developing cortex, their synaptic inputs and membrane properties will influence
the activity in these neuronal networks (Aguil6 et al., 1999; Soda et al., 2003). In
particular, the activity of CR cells may provide the synaptic input to developing
pyramidal neurons that is essential to attach the dendritic bouquets of pyramidal
neurons to the most apical part of the developing cortex (Marin-Padilla, 1998;
Radnikow et al., 2002). The findings that the electrophysiological properties and
synaptic integration, representing the physiological substrate for neuronal activity,
are similar in YFP" and YFP~ CR cells and that no considerable differences in the
morphological appearance, representing the anatomical basis for connectivity and
neuronal information processing, were found, suggest that both neuronal populations
are equally implicated in the regulation of neuronal activity in the immature cortex.
The recruitment of additional origins for CR cells at the pallial-subpallial boundary
and the resulting increase in number of available reelin positive neurons has been
proposed as an essential step for the evolution of the laminated mammalian cortex
(Pierani and Wassef, 2009). The dynamic distribution of these molecularly distinct
CR subtypes in pallial territories at early stages of development appears to influence
early cortical regionalization/arealization and each individual CR subtype appears to
play a specific role in this process (A. Griveau and A. Pierani unpublished results).
However, the results of the present study propose that CR cells originating from
these additional sources fulfill similar tasks within transient neuronal networks in the

marginal zone of the early postnatal cortex

4.2 Functional expression of glycine receptors in SP cells

The application of glycine and the glycinergic agonists taurine and p-alanine evoked
membrane responses in all SP cells, with a higher affinity for glycine than for taurine
and B-alanine. The obvious cross desensitization between glycine and taurine
suggests that both substances act on similar receptors. The affinities for glycine, B-
alanine and taurine observed in the present study were comparable to those in other
immature cortical neurons (Okabe et al., 2004) and resembles the values found in
Xenopus oocytes expressing a, subunit-containing glycine receptors (Schmieden et
al., 1992). Because glycinergic responses were blocked by the glycine receptor
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antagonist strychnine and since the GABAAa receptor antagonist gabazine and the
NMDA receptor antagonist APV were without effect, the glycine-induced currents
were mediated exclusively by classical strychnine sensitive glycine receptors in the
SP cells. The SP cells glycine receptors showed a rather low strychnine sensitivity,
which is a characteristic property of glycine receptors during early development (Ye,
2000). Although B-alanine is known to block GABA transporters expressed in
immature neurons GAT3, (Liu et al., 1993), a significant contamination of the
membrane currents by altered transporter currents could be excluded because of their
low turnover rates resulting in currents below the resolution of patch-clamp

recordings in vertebrate neurons (Masson et al., 1999).

The glycinergic currents recorded in SP cells showed a significant desensitization.
The slow time-constant of this desensitization is in the range observed for o,
subunit-containing glycine receptors (Kungel and Friauf, 1997). Estimation of the
reversal potentials, as well as the reduction of GABAergic currents in the presence of
glycine, revealed that part of the desensitization was caused by an attenuation of the
CI" gradient. In SP cells, the time-constant of desensitization was similar for all three
glycinergic agonists tested. In contrast, in CR cells or CP neurons, a significantly
slower desensitization was observed for taurine (Okabe et al., 2004). Since the
kinetics of glycine receptor desensitization depend on agonist concentration
(Gisselmann et al., 2002), this finding may indicate that the effective taurine
concentration at the receptor site may vary between SP cells, CR cells and CP
neurons. A more effective taurine uptake or a denser extracellular matrix in the
cortical plate and marginal zone may explain different taurine concentrations and
glycine receptor desensitization kinetics. In any case, reducing the taurine
concentration attenuated the desensitization in SP cells. At a taurine concentration of
100 uM no significant desensitization was observed, suggesting that taurine is

capable to induce stable tonic currents in SP cells.

Pharmacological evidences suggest the functional expression of o/f heteromeric
glycine receptors, which did not contain al subunits, in SP cells. The lack of
inhibition by 30 uM picrotoxin, which at this concentration predominantly inhibits
homomeric o receptors (Pribilla et al., 1992;Kungel and Friauf, 1997), argues against

the expression of homomeric o receptors in SP cells. The oy subunit specific
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inhibitor CTB was also without effect on the glycine responses, demonstrating that
oy subunit containing glycine receptors did not significantly contribute to the
observed glycinergic effects. The pharmacological properties of glycine receptors on
SP cells were similar to receptors found in other cell types of the developing cerebral
cortex (Kilb et al., 2002;0Okabe et al., 2004) and other parts of the immature CNS
(Ye, 2000). Since previous studies demonstrate the predominant expression of o, and
B glycine receptor subunits in all layers of the immature cortex (Malosio et al.,
1991;Fujita et al., 1991;Sato et al., 1991;Flint et al., 1998;0Okabe et al., 2004),
glycine receptors in SP cells most probably have mainly an oy/p heteromeric
composition. Glycine, taurine and B-alanine are capable to activate o,/p heteromeric

glycine receptors (Farroni and McCool, 2004).

While glycine evokes hyperpolarizing membrane responses in the adult nervous
system (Curtis et al., 1967;Vannier and Triller, 1997), glycine receptors mediate a
depolarizing action in immature neurons (Ito and Cherubini, 1991;Kandler and
Friauf, 1995;Singer et al., 1998;Flint et al., 1998;Ehrlich et al., 1999;Kilb et al.,
2002). Since activation of GABAA receptors depolarizes SP cells (Hanganu et al.,
2002), the glycinergic responses in this cell type should also have a depolarizing
effect. Indeed, depolarizing membrane responses were induced by glycine receptor
activation in all investigated SP cells. The depolarizing action of glycine most
probably reflects an increased intracellular CI~ concentration in immature cortical
neurons (Cherubini et al., 1991;0wens et al., 1996;Ehrlich et al., 1999;Rivera et al.,
1999;Shimizu-Okabe et al., 2002;Yamada et al., 2004), although a contribution of
HCOj3 fluxes has been suggested in fetal motoneurons (Kulik et al., 2000, for review
see Kaila, 1994;Payne et al., 2003). From the reversal potential of glycine-induced
currents in SP cells (-36.7 £ 2 mV) an intracellular CI" concentration of 34.3 + 2.7
mM can be estimated, which is higher than the passive CI distribution (~15 mM at a
membrane potential of -60 mV). Thus, an active uptake mechanism for CI" ions must
exist in SP cells. There is strong evidence that the Na*-K*-2CI -transporter (isoform
NKCC-1) mediates this active CI" accumulation in immature cortical neurons (Sun
and Murali, 1999;Yamada et al., 2004;Achilles et al., 2007), although a NKCC-1
independent regulation of intracellular CI" has been observed in other brain regions
(Balakrishnan et al., 2003;Titz et al., 2003).
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Depolarizing membrane responses mediated by ligand-gated CI" channels do not
elicit excitatory responses per se, but may also mediate an inhibitory action due to
shunting of membrane currents (Staley and Mody, 1992;Lamsa et al., 2000). In fact,
it has been demonstrated in the immature cortex that the glycine-induced membrane
depolarization mediates shunting inhibition in postnatal Cajal-Retzius cells (Kilb et
al., 2002). However, glycine application elicited APs in the majority of SP cells. In
addition, subthreshold glycine-induced depolarizations reduced the injection currents
required to evoke APs. The generation of APs by AMPA-EPSPs was also facilitated
by simultaneous application of glycine in SP cells. However, since no glycinergic
synaptic currents had been observed in SP cells (Hanganu et al., 2001), this
stimulation paradigm do not mimic the effect of physiological glycine receptor
activation. As taurine is the endogenous agonist of glycine receptors in the immature
cortex (Flint et al., 1998) and is acting mainly via glycine receptors in the immature
cortex (Yoshida et al., 2004), it is also highly significant that low concentrations of
this agonist also reduced the thresholds to elicit APs by current injection or synaptic
activation. In summary, these results demonstrate a robust excitatory effect of
glycine receptor activation in this cell type, which may contribute to the maintenance
of adequate activity levels in SP cells to facilitate neuronal information processing in
the immature cortex. Whether an excitatory effect of SP cells will increase the
activity level within the cortex cannot be predicted from our experiments due to the
heterogeneity of subplate neurons (Antonini and Shatz, 1990) and possible
implication of inhibitory interneurons. It had been demonstrated at corticostriatal and
hippocampal synapses that taurine can induce long-lasting enhancements of synaptic
efficiency (Sergeeva et al., 2003). But since this phenomenon is pronounced in adults
and much smaller in animals between the second and fourth postnatal week

(Chepkova et al., 2002) it may not occur in the early postnatal neocortex.

Because a synaptic activation of glycine receptors does not occur under physiological
conditions in SP cells, as suggested by the complete suppression of synaptic activity
in the presence of GABAA and glutamate receptor blockers (Hanganu et al.,
2001;Hanganu et al., 2002), glycine receptors are most probably activated by non-
synaptic processes. One possibility is the tonic activation of these receptors by the
presumable endogenous neurotransmitter taurine, which can be released by non-

synaptic processes (Flint et al., 1998). In contrast to this publication, an inhibition of
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glycine receptors with strychnine had no effect on holding currents, indicating the
lack of tonic glycine receptor-mediated currents in our slice preparations. While we
cannot rule out that experimental differences like the different pipette solutions,
temperature or solution exchange rates contribute to this diverse findings, the lower
density of SP cells, as compared with the cortical plate neurons investigated by Flint
et al. (1998), may result in lower extracellular taurine levels. However, the
conditions used in both studies did not exactly reproduce the in-vivo situation, where
extracellular neurotransmitter levels are sufficient to maintain tonic activation of
receptors (Chadderton et al., 2004). Indeed, addition of low taurine concentrations to
the bathing solution uncovered a strychnine sensitive tonic current. The observation
that this current did not desensitized demonstrates that taurine at a physiological
concentration, which is probably less than 100 uM (Andiné et al., 1991), can indeed
induce stable tonic currents. The strychnine sensitive currents induced by the taurine
uptake blocker GES indicates that functional taurine transporters are present in the
immature cortex and suggests that these transporters may contribute to the regulation

of extracellular taurine concentrations.

4.3 Taurine activates GABAergic networks in the immature neocortex

The previous results demonstrate that activation of glycine receptors by taurine, even
at concentrations that could not elicit action potentials by themselves, had an
excitatory influence on SP cells. This excitatory effect of taurine on SP cells
influence the neuronal activity of this important neuronal population but can
subsequently also modulate neuronal activity in downstream neocortical networks
(Dupont et al., 2006;Friauf and Shatz, 1991). Taurine should thus interfere with
activity-dependent modifications of early cortical networks (Allendoerfer and Shatz,
1994;Ghosh and Shatz, 1994;Anderson and Price, 2002;Antonini and Shatz,
1990;Kanold et al., 2003). In addition, activation of glycine receptors also provide an
excitatory action on other cortical cell types (Flint et al., 1998;Kilb et al., 2002),
which can also promote activity within immature neuronal networks. Therefore |
investigated in the third part of my PhD work the affect of a tonic activation of
glycine receptors on the network activity in the immature neocortex. In this study

PSCs recorded in pyramidal neurons of the P0-4 neocortex, which are generated
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mainly by presynaptic action potential activity, directly represent the activity level in

the immature network.

A direct comparison between the cortical depth of the investigated pyramidal
neurons and Nissl-stained slices suggested that most neurons are located in
supragranular layers or within Layer IV. The morphological and electrophysiological
properties of these neurons and their gradual developmental progress within the
investigated interval are comparable to previous studies (Luhmann et al.,
2000;McCormick and Prince, 1987). Both, the increasing Ry, and C, will influence
dendritic filtering of GABAergic currents (Rall, 1977;Rose and Call, 1992), therefore
disabling a direct comparison between the amplitudes and Kinetic properties.
However, dendritic filtering has no influence on the frequency of PSCs.

The main finding of this study is that bath application of taurine increases the
frequency of PSCs. Since the taurine-induced increase in PSCs frequency was absent
in the present of TTX, these PSCs reflect an increased network activity rather than an
increased release probability of presynaptic neurotransmitter vesicles (Hessler et al.,
1993;Kirmse and Kirischuk, 2006a). Interestingly, the taurine-induced increase in
PSC frequency can be mimicked by bath application of either glycine or the
GABAergic agonist isoguvacine. These results suggest that taurine acts on both,
GABA and glycine receptors to increase the network activity. This observation is a
clear indication that GABAA and glycine receptor activation has an excitatory action
on neocortical networks. On the other hand, the taurine induced PSCs could be
completely abolished by the glycinergic antagonist strychnine. However, this
observation most probably reflects an insufficient activation of GABAA receptors on
presynaptic cells under this condition, because we used only a relatively small
taurine concentration of 300 uM and GABA receptors have a relatively low affinity
for taurine (Bureau and Olsen, 1991). The observation that activation of GABAa
receptors induces network activity is in line with observations in the early postnatal
hippocampus, where GABA clearly trigger network activity (Ben-Ari et al.,
1997;Sipila et al., 2005). In the neocortex spontaneous GABAAa receptor mediate
network activity occurs later in development around the end of the first postnatal
week (Allene et al., 2008), while in the first postnatal week spontaneous network

activity was clearly independent of GABAA receptors (Garaschuk et al., 2000). On
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the other hand, despite the observation that glycine evokes depolarizing responses in
a variety of immature neuronal cell types (Flint et al., 1998;Ehrlich et al., 1999;Kilb
et al., 2002), direct experimental evidence for the involvement of glycine receptors in
immature network activity has been delivered only for the spinal cord (Jean-Xavier
et al., 2007;Sibilla and Ballerini, 2009). However, since my experiments demonstrate
the absence of spontaneous GABAergic activity in the slice, these results only
indicate that GABAA and glycine receptors can potentially contribute to network
activity. On the other hand, under in-vivo conditions the GABAergic PSCs occurred
at rather high frequencies, suggesting that under this condition these receptors

contribute to network activity (Hanganu et al., 2006;Khazipov et al., 2004).

Astonishingly, the results of experiments suggest that taurine enhanced only the
frequency of GABAA receptor mediated PSCs. Several lines of evidence support this
suggestion. First, the taurine-induced increase in PSC frequency was virtually
unaffected in the presence of glutamate receptor antagonists, but completely
suppressed in the presence of a GABAA receptor antagonists. While the later finding
may indicate that an activation of GABAAa receptors on the presynaptic cells is
required for the activation of these cells, the observation that bath-application of
glycine induced a similar gabazine-sensitive increase in PSC frequency strongly
suggest that a taurine-mediated glycine-receptor activation is sufficient to induce
these PSCs. And third, no increase in the frequency of PSCs was observed when the
holding potential was set exactly to the GABA reversal potential. Under this
condition, existing GABAergic PSCs could not be detected due to the fact that the
driving force for any current through this receptor was abolished. The frequency of
remaining PSCs, which were most probably mediated by glutamate receptors, were
unaltered under this condition, again emphasizing that exclusively GABAergic PSCS
were increased by taurine. And finally, gabazine drastically reduced spontaneous
PSCs while strychnine was without effect, suggesting that glycinergic PSCs are
absent in pyramidal neurons. To my knowledge, this observation is the first report of
a specific activation of GABAergic presynaptic networks by GABAergic agonists or

by glycine.

It has been shown by various groups that GABAAa receptors mediate depolarizing

membrane responses in pyramidal neurons of the immature neocortex (Owens et al.,
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1996;Rheims et al., 2008). This depolarizing membrane responses reflect the
elevated [CI]; due to the absence of CI extrusion transporters like the neuron
specific K*-CI-cotransporter KCC2 (Rivera et al., 1999;Lee et al., 2005) and CI -
accumulation by the Na'-dependent K*-2CI"-cotransporter NKCC1 (Rohrbough and
Spitzer, 1996;Delpire, 2000;Zhu et al., 2008). In accordance with this publications,
cell-attached recordings revealed that the GABAergic PSCs evoked by taurine
indeed massively increase action potential frequency in pyramidal neurons,
unraveling that under native conditions these PSCs mediate an excitatory effect. This
observation indicates that bath application of taurine will also enhance the activity of
pyramidal neurons, which are glutamatergic. However, our observation that
glutamatergic antagonists had no effect on frequency and amplitude of the taurine
induced PSCs suggest that this action potential firing of pyramidal neurons is not
reflected in synaptic inputs towards pyramidal neurons. This observation may
indicate that in the neocortex GABAergic connections dominate before the onset of
glutamatergic connections (Hennou et al., 2002;Ben-Ari et al., 2004;Gozlan and
Ben-Ari, 2003).

The fact that bath application of taurine, glycine or GABA induced GABAergic
PSCs clearly indicate that GABAergic interneurons are activated by these
substances. Recordings from genetically labeled and visually identified GABAergic
interneurons indeed revealed that they express both GABAA and glycine receptors.
This observation is in line with previous report showing the expression of GABAA
and glycine receptors on adult interneurons (Xiang et al., 1998;Chattipakorn and
McMahon, 2002). While GABAa receptors had already been described in
interneurons of the immature hippocampus (Gozlan and Ben-Ari, 2003) no evidences
for glycine receptors on cortical interneurons were published so far. The taurine-
induced current was in interneurons mediated by both GABAA and glycine receptors.
The observation that strychnine reduced the amplitude of the tonic taurine-induced
current to a larger extend than gabazine is in line with the observation that strychnine
can effectively abolish the PSCs recorded in pyramidal neurons. In contrast, focal
application of high taurine concentration resulted in a large gabazine insensitive
current, which is probably mediated mainly by GABAA receptors (Bureau and Olsen,
1991). In accordance with the excitatory role of ligand-gated Clchannels like
GABAA, and glycine receptors in the immature CNS (Ben-Ari et al., 2007), bath
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application of taurine increases the frequency of action potentials in interneurons,
which strongly suggested an excitatory action of GABA and/or glycine in these cells.
Therefore also GABAergic synapses on interneurons (Gozlan and Ben-Ari, 2003)
will have an excitatory influence on the activity within the GABAergic network.
These GABAergic synapses may also contribute to the amount of GABAergic
activity induced by the activation of glycine and GABAa receptors on interneurons.

In summary, the results of this part of my thesis demonstrated for the first time that
an activation of glycine or GABAA receptors induced network activity, which was
exclusively mediated via GABAergic interneurons. As many studies demonstrated an
effect of depolarizing GABAA receptor responses on a variety of developmental
events, like neurogenesis (Haydar et al., 2000;LoTurco et al., 1995), neuronal
migration (Behar et al., 1996;Behar et al., 2000;Denter et al., 2010;Heck et al., 2007)
or differentiation (Maric et al., 2001) the glycine and GABA mediated increase in
GABAergic activity can profoundly influence the development of neocortical circuits
and corticofugal connections (Nguyen et al., 2001;0wens and Kriegstein, 2002). In
particular, the excitatory effect of taurine may contribute to the crucial role of taurine
during neuronal development (Palackal et al., 1986;Sturman et al., 1994;Maar et al.,
1995).

4.4 Conclusion

In summary, the results of all these experiments complemented the knowledge about
the neuronal interactions in the immature neocortex and provide additional evidence
for the important role of taurine as nonsynaptic neurotransmitter during development.
These findings improve our understanding of cellular processes that guide neuronal

development and thus shape the brain.
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5. Summary

In my PhD work | concentrated on three elementary questions that are essential to
understand the interactions between the different neuronal cell populations in the
developing neocortex. The questions regarded the identity of Cajal-Retzius (CR)
cells, the ubiquitous expression of glycine receptors in all major cell populations of
the immature neocortex, and the role of taurine in the modulation of immature
neocortical network activity.

To unravel whether CR cells of different ontogenetic origin have divergent functions
| investigated the electrophysiological properties of YFP™ (derived from the septum
and borders of the pallium) and YFP  CR cells (derived from other neocortical
origins). This study demonstrated that the passive and active electrophysiological
properties as well as features of GABAergic PSCs and glutamatergic currents are
similar between both CR cell populations. These findings suggest that CR cells of
different origins most probably support similar functions within the neuronal
networks of the early postnatal cerebral cortex.

To elucidate whether glycine receptors are expressed in all major cell populations of
the developing neocortex | analyzed the functional expression of glycine receptors on
subplate (SP) cells. Activation of glycine receptors by glycine, B-alanine and taurine
elicited membrane responses that could be blocked by the selective glycinergic
antagonist strychnine. Pharmacological experiments suggest that SP cells express
functional heteromeric glycine receptors that do not contain oy subunits. The
activation of glycine receptors by glycine and taurine induced a membrane
depolarization, which mediated excitatory effects. Considering the key role of SP
cells in immature cortical networks and the development of thalamocortical
connections, this glycinergic excitation may influence the properties of early cortical
networks and the formation of cortical circuits.

In the third part of my project | demonstrated that tonic taurine application induced a
massive increase in the frequency of PSCs. Based on their reversal potential and their
pharmacological properties these taurine-induced PSCs are exclusively transmitted
via GABAA receptors to the pyramidal neurons, while both GABAA and glycine
receptors were implicated in the generation of the presynaptic activity. Accordingly,
whole-cell and cell-attached recordings from genetically labeled interneurons
revealed the expression of glycine and GABAAa receptors, which mediated an
excitatory action on these cells. These findings suggest that low taurine
concentrations can tonically activate exclusively GABAergic networks. The activity
level maintained by this GABAergic activity in the immature nervous system may
contribute to network properties and can facilitate the activity dependent formation
of adequate synaptic projections.

In summary, the results of my studies complemented the knowledge about neuronal
interactions in the immature neocortex and improve our understanding of cellular
processes that guide neuronal development and thus shape the brain.
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